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1. Introduction 

The field of this research is the reconstruction of paleoenvironmental changes used complex 

methods obtained by Compositional Data Analysis statistical methods (CoDA), so in the result to 

develop new transfer functions (mathematical methods to obtain data to reconstruct 

paleoenvironmental changes) due to which we can observe the paleoclimatic and 

paleoenvironmental changes and volcanic activities during The Late Glacial and Holocene in the 

Gulf of Naples and Gulf of Salerno (fig.3) in collaboration with IAMC (CNR) and University of 

Girona (statistical methods). 

To obtain this we use quantitative analysis of planktonic and benthic Foraminifera, 

radiocarbon dating, stable isotope 13C and 18O, TOC (total organic carbon analysis), 

granulometric analysis and tephrostratigraphy, all analyzed by the innovative statistical CoDA 

method. As the results we obtained the calibrated radiocarbon age, correlation of the main tephra, 

planktonic and benthic Foraminifera compositional zones on the base of clustering algorithms, SST 

(sea surface temperatures) and relative abundance of each species of Foraminifera within the core. 

For the reference core form G. of Salerno GNS98 C106 (34Ky) has been published the results in 

Alpine and Mediterranean Quaternary with obtained SST, the errors for the closest modern 

analogues, and Aitchison distances obtained from isometric log-ratio coordinates of relative 

abundances. The number of analogues from which obtain the estimates was determined through 

leave-one-out verification of modern assemblages, mean distances and local outlier factor are 

considered to evaluate the quality of palaeoestimates. The method has been tested on Atlantic 

Ocean and Mediterranean planktonic foraminiferal assemblages to reconstruct SST, which is more 

precise than obtaining SST through raw data MAT. CoDa-MAT yields lower estimates of the W 

Mediterranean last glacial period SST than previously studied ones. The future development of the 

method is to obtain more precise data than through traditional methods. 

Quantitative estimation of past environmental parameters is one of the most challenging 

engagements of palaeoclimatical and palaeoecological investigations. In palaeoceanographical 

studies quantitative palaeoclimatic reconstructions can be attained by means of geochemical 

methods, such as the analysis of long chain alkenones (Brassel et al., 1986) and the Mg/Ca ratio in 

foraminifera (Elderfield and Ganssen, 2000), or more strictly paleontological methods based of 

statistical analysis of census counts of assemblages. These methods, known as transfer function 
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methods, have been introduced to provide quantitative estimates from counts of fossils, including 

regression-based methods (Imbrie and Kipp, 1971), modern analogue techniques (MAT) (Hutson, 

1979; Pflaumann et al., 1996; Waelbroeck et al., 1998) and artificial neural networks (Malmgren 

et al., 2001). The starting point of these methods is a modern dataset usually consisting of counts 

of modern assemblages and measured environmental parameters.  

Gulf of Naples and Gulf of Salerno have been studied before, but still they are not well known, 

there are a lot of researches which should be done in this complicated area. Until now for the 

Holocene in the Gulf of Naples were studied global paleoclimatic changes and 

palaeoceanoceanographic evolution of Mediterranean Sea from foraminiferal assemblages from 

the marine cores (Cita et al., 1977; Blanc-Vernet et al., 1984; Violanti et al., 1987; Vergnaud-

Grazzini et al., 1988; Flores et al., 1997; Kallel et al., 1997; Capotondi et al., 1999, Ariztegui et al., 

2000; Cacho et al., 2001, Pérez-Folgado et al., 2003, 2004; Sprovieri et al. 2003; Amore et al., 

2004). In this regard, high-resolution analysis of continuous and well-preserved sedimentary late-

Quaternary records, collected from key areas of the Mediterranean Basin (e.g. Asioli et al., 2001; 

Rohling et al., 1998, 2002; Cacho et al., 2000, 2001, 2002; Pérez -Folgado et al., 2003, 2004; 

Sprovieri et al. 2003, 2006; Sbaffi et al., 2004, Geraga et al., 2005) suggested that the principal 

climatic events and oscillations of the Northern Hemisphere, documented by multi-proxy records 

of the Greenland GRIP and GISP ice cores, were faithfully recorded in its sedimentary marine 

archives. 

In comparison with the Gulf of Naples, the Gulf of Salerno is by far better known, as 

characteristics and architecture of sediments along the continental shelf were reconstructed by 

means of seismic profiles, geomineralogical and sedimentological analyses (Buccheri et al., 2002; 

Naimo et al., 2005). Paleontological studies (planktonic forams, palynomorphs, nannofossils, 

ostarcods and pteropods) and researches focused on sea-level and climatic changes during the late 

Pleistocene-Holocene were carried out by – Buccheri at al., 2002; Ciampo, 2003; Buccianti and 

Esposito, 2004. Quantitative paleoclimatic reconstructions (on pollen and planktonic foraminifera) 

based on statistical CoDA methods were proposed by Di Donato et al. (2008) and Di Donato and 

Martin-Fernandez (2008). CoDA methods were also applied in this area on the base of planktonic 

and benthic foraminifera (Di Donato et al., 2009) and geochemistry (Vallefuoco, 2008). 
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Objective of the thesis 

One of the main objectives of the thesis is to elaborate statistical methods under the framework 

of CoDa (Compositional data analysis: CoDa; Aitchison, 1986) to obtain the SST (sea surface 

temperatures) from counting of fossil assemblages. Two approaches were considered: 

1) The modern analogue technique (CoDaMAT)– the revised method adopts the Aitchison 

distance, obtained from isometric log-ratio coordinates of relative abundances, as a natural measure 

of similarity among assemblages. The number of analogues from which obtain the estimates was 

determined through leave-one-out verification of modern assemblages. Mean distances and local 

outlier factor are considered to evaluate the quality of palaeoestimates. The method has been tested 

on Atlantic Ocean and Mediterranean planktonic foraminiferal assemblages to reconstruct past sea 

surface temperatures (SST). The MAT compares fossil assemblages with modern ones using a 

distance measure or a similarity coefficient. The palaeoenvironmental estimates are obtained from 

the environmental parameters measured at the location of the most similar modern assemblages. 

For each fossil samples the nearest modern ones are found by adopting an appropriate distance (d). 

2) Regression-based methods - standard and robust Partial Least Squares Regression (PLSR) and 

Principal Component Regression (PCR), applied to the log-ratio coordinates of percentage data of 

Atlantic Ocean and Mediterranean Sea planktonic foraminifera assemblages. Due to the presence 

of groups, it was preferred to model separately high latitude and mid to low latitude assemblages. 

The application of the obtained transfer function involves cluster, MANOVA and discriminant 

analysis applied to the log-ratio transformed fossil assemblage’s composition. 

Why this area of the research? 

The Mediterranean basin (Fig.1), is considered as one of the most complex marine environment 

on the Earth (Williams, 1998) for its hydrogeography and geographic extension. The 

Mediterranean is an example of an excellent ‘natural laboratory’, where processes can be studied 

in conveniently reduced spatial scales and short time, and with better signal to interferences than 

we can expect in the open ocean (Rohling, 2001). 

Researchers are usually focused on the study of Late-Quaternary record to recognize the 

geological record, paleo-analogues to the modern climatic conditions and for understanding the 

evolution of the climate in the future. Anyhow, there are still some uncertainties concerning the 

resolution of the chronostratigraphic outline. The most important, and not so easy issue is to choose 
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and find a proper marine core, records and high-resolution proxies needed for the high-resolution 

paleoclimatic studies in a tens and hundreds of years scale. For this reason, the Mediterranean Sea 

is a specific and exceptional area to observe global and regional climate changes at high resolution 

time scale and to analyze continuous sedimentation series without high sedimentation rates and not 

disturbed ones. 

Moreover, due to the complex geological structure of the region and the multitude of 

volcanoes in the area, for the short-time interval control and for a high-resolution integrated 

stratigraphy are very important independent tie-points such as tephra layers. During the late-

Quaternary, several volcanoes such as Vesuvius, Campi Flegrei and volcanoes of Ischia and 

Procida Islands have been active in the Mediterranean area (Fig.1 and 3). For our paleo-studies the 

eruptive events can be considered as immediate geologic events, and then vitreous volcanic 

extrude, tephra, can be used as time-synchronous marker horizons at regional scale. 

 

 

Figure 1 Mediterranean Sea map (Spanò and De Domenico, 2017) with the location of the studied 

area from Tyrrhenian Sea, South Italy, Western Mediterranean Sea (white square, see fig.3 for the 

details).  
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1.1. Holocene climatic changes in the Mediterranean Sea 

The reconstruction of the climate for the Holocene is still controversial due to the different 

times and different event amplitudes in different areas of the Mediterranean basin. However, a 

clearer indication of the evolution of this period has recently emerged as the number of high-

resolution marine and land records became available. 

The beginning of the Holocene was characterized by a warm interval (Optimum climatic). 

The times of this maximum temperature range varied according to the different sub-regions, being 

11.5 - 10.2 ka BP in the Gulf of Cadiz, 10 - 9 km BP in the Alboran sea (Cacho et al., 2001), 8, 9 - 

8.4 ka BP in the Tyrrhenian Sea (Sbaffi et al., 2001) and 9.2 - 8.5 ka BP in the Aegean Sea (Rohling 

et al., 2002). This interval was characterized by warmer summers and colder winters today (Watts 

et al., 1996) due to the greater summer insolation in the northern hemisphere (Kutzbach and Webb, 

1993).  There is the evidence that precipitation (of a non-monsoon nature) has increased in the 

Mediterranean regions, along with monsoon rainfall and sapropel deposition (Toucanne et al., 

2015, Quaternary Science Reviews; Wagner et al., 2019, Nature). At the same time, the eastern 

Mediterranean basin was affected by a strong stagnation of deep water responsible for the 

formation of the anoxic layer known as Sapropel 1 (Rossignol-Strick, 1985; Kallel et al., 1997; 

Rossignol-Strick, 1999; Ariztegui et al., 2000). 

The middle Holocene (from about 7 to 5 ka BP) was globally characterized by strong climate 

changes (Steig, 1999). In the Mediterranean area, this time interval marked the beginning of a 

process of aridification connected with an orbital change that caused a weakening of the monsoon 

activity after 7 ka BP (Rossignol-Strick, 1985; Gasse and Van Campo, 1994; deMenocal et al., 

2000).  

The late Holocene (about 5 - 0 ka BP) shows a weak general tendency of simultaneous cooling to 

progressive aridification (Cacho et al., 2001; Sbaffi et al., 2001; Rohling et al., 2002). 

Data from peri-Mediterranean continental speleothems indicate that the last part of the Holocene 

was characterized by a complex substructure with a decrease in temperature starting from 7.5 ka 

BP (McDermott et al., 1999). These long-term trends have been superimposed on a number of short 

events that led to significant decreases in sea and air surface temperatures. 
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The western Mediterranean Sea has undergone a brief cooling (lasting between 250 and 1500 years, 

Cacho et al., 2001) of greater intensity towards the east, ranging from 1.5 ° C in the Alboran Sea 

to 3 ° C in the Tyrrhenian Sea. The frequency of these events was calculated by Cacho et al. (2001) 

and is approximately 730 years old. The Aegean Sea record shows short-lived events caused by 

flows of winter air from the north. These events showed an intensity comparable to that of the 

western Mediterranean (2 - 4 ° C), but with a periodicity of about 2300 years (Rohling et al., 2002). 

During the last part of the Holocene, two intervals of increasing humidity were recorded in deep 

water cores from the eastern Mediterranean Sea to Israel (between 3.5 - 3 and 1.7 - 1 ka BP), 

suggesting a change of fresh water balance several times during this period (Schilman et al., 2001). 

1.2. Southern Tyrrhenian Sea 

The Southern Tyrrhenian Sea area, which contains the Gulf of Naples, the Gulf of Gaeta 

and the Gulf of Salerno, probably can be considered as one of the most complicated coastal 

environments of the Mediterranean Sea. The Gulf of Naples (figs. 2 and 3) is located between the 

Ischia and Procida Island and Phlegrean Fields in the northwest and Capri Island and Sorrento 

Peninsula in the south (Sgarrella, 1993). The Gulf of Naples is surrounded by the two main volcanic 

complexes of Mount Somma-Vesuvius and Phlegrean Fields. It is an approximately rectangular 

marginal basin, NW oriented with an area of about 900 km2 which is a part of the Campanian 

Volcanic Province (CVP) (Passaro et al., 2016). The Gulf of Naples belongs to the volcano-tectonic 

Phlegrean Fields system. The geology in this region is very dynamic and is related to quite recent 

and intensive volcanic activity to which are associated with bradyseismic movements and also gas 

emissions on land and underwater (Bergamin et al., 2005). 

The area has around 150km3 with quite deep mean depth about 170m. Connection with the 

Tyrrhenian Sea in the major place is SW oriented and up to 9,5km2 (Sgarrella and Moncharmont-

Zei 1993). Gulf of Naples is connected with the Tyrrhenian Sea by the two openings: the Bocca 

Piccola, a small opening between Punta Campanella (Sorrento Peninsula) and Capri Island, and the 

Bocca Grande between two islands – Capri and Ischia. There are also two more openings 

connecting Gulf of Naples with the Gulf of Gaeta in the north – the Procida Channel with shallow 

threshold of 12m between Procida Island and the coast and the Ischia Channel with the threshold 

of 24m separating two islands Ischia and Procida (de Ruggiero, 2013; Sgarrella and Moncharmont-

Zei 1993). 
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The Tyrrhenian Sea is the result of extension, from Miocene up to Quaternary, 

contemporary with the eastward accretion and anticlockwise rotation of the Apenninic fold and 

thrust belt in the time of the roll-back of the subducting Adria plate (Milia and Torrente, 1999; 

Bruno et al., 2003; Sacchi et al., 2005; Insinga et al., 2008; Wang et al., 2015). The Gulf of Naples 

and The Campanian Plain with the Gulf of Salerno and the Sele Plain are parts of half-graben 

basins, which are developed along the eastern Tyrrhenian margin (Sacchi et al., 2015). The 

Campanian Plain extends from NW to SE starting from Roccamonfina and Aurunci Mountains to 

the Sorrento Peninsula. Caserta Mountains are the evident subsidence that has been started during 

the Late Quaternary (Branaccio et al., 1991; Insinga et al., 2008) and got filled up with 3km of 

Pliocene-Pleistocene deposits discovered by seismic profiles (multichannel reflection) and bore  

data (Ippolito et al., 1973; Finetti and Morelli, 1974; Mariani and Prato, 1988; Brocchini et al., 

2001). The sedimentary succession consists of siliciclastic deposits interbedded with volcanoclastic 

rocks and lavas mostly from Campi Flegrei, Procida island, Ischia island and Mount Somma-

Vesuvius (Insinga et al., 2008).    
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Figure 2 Geological sketch of the studied area – Southern Tyrrhenian Sea (G. of Naples, G. of Salerno and 

G. of Gaeta) (from D’Argenio et al., 2004, modified). 

The sea bottom of the Gulf of Naples and Gulf of Salerno is covered by Pleistocene-

Quaternary sedimentary and from pyroclastic fall deposits (Bruno et al., 2003). They are two peri-

Tyrrhenian basins situated in the eastern part of the Tyrrhenian Sea (Mariani and Prato, 1988), 

which represent the offshore equivalent of the Campania and Sele coastal plains. Those basins are 

the effect of a large-scale Late Neogene to Pleistocene distensive tectonics (Insinga et al, 2008). 

The volcanism in the area has a potassic affinity with the emission of lava flows, domes, and 

pyroclastics related to strombolian eruptions and lava fountain and caldera-forming plinian 

eruptions. It was developed since about 300-360 ka and is currently active, dated on the basis of 

the oldest found rocks in deep wells (Orsi et al., 2004). The last eruptions in Gulf of Naples 
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occurred at Ischia Island in 1302 CE (Vezzoli et al., 1988), Phlegrean Fields in 1538 AD (Di Vito 

et al., 1987) and Mt. Somma-Vesuvius in 1944 CE (Santacroce et al., 2008). These three active 

volcanoes are aligned along a WNW–ESE strike (e.g. Acocella and Funiciello, 2006; Berrino et 

al., 2008). Submarine volcanic vents (e.g. Nisida, Miseno, Penta Palummo banks) are developed 

offshore the Phlegrean Fields, within and around in Pozzuoli Bay (De Pippo et al., 1984; Ferraro 

and Molisso, 2000), which are represented by monogenic volcanic centers that mostly formed in 

shallow marine environments and were active at different phases during the last 200 kyr (Milia, 

2010; Sacchi et al., 2014). The Ammontatura and Dohrn channels are the main sedimentary 

structures in the area (D’Argenio et al., 2004). 

 The Sele Plain, jointly with on-shore Salerno basin, is a quite deep basin, which was 

developed during the Pliocene-Pleistocene situated between the Sorrento Peninsula to the north 

and the Cilento Promontory to the south. Data from the boreholes (AGIP, 1977) and seismic 

profiles (Sacchi et al., 1994) point to maximum thickness more than 1,7km of the post-Miocene 

infilling in the Gulf of Salerno, and due to that progressing subsidence until middle-upper 

Pleistocene (Budillon et al., 1994) with average sedimentation rates of 24cm/1ky (Sacchi et al., 

1994).  

 

1.2.1 Late Quaternary evolution of the Campania Plain–Naples Bay basin   

 The Campania Plain is characterized by the evident subsidence during the Late Quaternary 

(Branaccio et al., 1991). The beginning of the last glaciation between 125 ka and 18 ka occurred 

together with decreasing sea level and resulted in a seaward shift of the shoreline, parallel with the 

forced regression of paralic-shallow marine depositional systems (Milia,1996, 1999a,b, 2000; 

Cinque, 1999; Conforti, 2003). When the base level was low, all continental margin of Campania 

was uncovered and in consequence modern submarine canyon system of the Gulf of Naples (Dohrn 

and Magnaghi canyons) quickly evolved across the old continental slope. Major role in creating 

morphology of the coastal landscape and continental shelf had widespread volcanic activity and 

formation of a number of volcanic centers in the coastal zone of Campania (Vesuvius and Campi 

Flegrei) (Sacchi et al.2005). 

 Further volcanic activity of the Phlegrean Fields occurred with the eruption of Neapolitan 

Yellow Tuff ~15ka (Insinga, 2003; Deino et al., 2004) and also formation of numerous submarine 
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and subaerial vents (tuff rings and tuff cones) across the Campi Flegrei coastal plain and the Gulf 

of Pozzuoli continental shelf between 10ka and 1538 CE. 

 The reconstruction of the extent of the Holocene (Flandrian) transgression on the Sarno 

river plain (Cinque, 1999) was possible to obtain due to radiocarbon dating, geomorphologic 

evidence on land and subsurface data. During the Latest Pleistocene-Early Holocene (~15-6 ka) 

rising sea level systematically flooded the lower part of the Plain and lead to progressive expanding 

of the inner shelf by cutting into Upper Pleistocene alluvial fans. Late Early Holocene erosional 

terraces are possible to find on the water depth from 20 up to 13m. The ending of the transgressive 

phase had place about 6 ka ago and meant significant landmark within the coastline migration trend 

and the beginning of the Late Holocene progradation (Barra et al., 1989; Conforti, 2003). During 

the last 5 ka lower delta plain together with the delta system have changed sites of deposition, 

which was accompanied by a general seaward migration of the shoreline in the range of 3-6km 

(Cinque et al., 1997), however the area was still subsiding with rates about 2mm/year. Beach 

deposits of the age 5,6-4,5 ka occur from 3,5 to 10m below nowadays sea level and beach deposits 

from the Roman Age are found 4m below the present sea level (Sacchi et al., 2005). 

1.2.2 Physiography of the Gulf of Naples  

 The southeastern Gulf of Naples is characterized by a range of 10 to 15 km wide continental 

shelf, cut in its distal part by two branches of the Dohrn canyon. The general physiography of the 

Gulf is affected by the interplay of volcanism and sedimentary processes during the Late 

Quaternary (Milia, 1999a,b; Milia and Torrente, 2000, 2003; Aiello et al., 2001). The zone is 

characterized by a wide continental shelf spreads up to 100-180m water depths (Milia, 1999b). The 

shelf width ranges from a maximum of ~20km in the middle part of the Gulf to about 2,5km off 

the Capri and Procida islands. The northern shelf area is characterized by an irregular morphology 

due to the occurrence of numerous submarine volcanoes, with a shelf break lying at the 70-150 m 

water depth. The inner shelf depositional system of the eastern Gulf of Naples is controlled by the 

occurrence of two small coalescent deltas, namely formed by the Sarno and Sebeto rivers, which 

are partially separated by an irregular relief on the south of Vesuvius, down to a depth of 100 m, 

associated with around 18ka old volcanic debris avalanche (Milia et al., 2003b). The southeastern 

sector of the Gulf of Naples continental shelf inclines from the Sorrento Peninsula toward the 

northwest. The morphology of this area is the result of the erosion and depositional features created 
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by sea level fluctuations over the past 39 ka (Milia, 1996, 1999b). Offshore the Sarno river mouth, 

the occurrence of extensive seafloor instability of Upper Holocene deposits has also been registered 

(Aiello et al., 2001; Conforti, 2003; Sacchi et al. 2005). 

 

1.2.3 Physiography of the Gulf of Salerno 

The physiography of the Gulf of Salerno has a significant control by the tectonic setting of 

the coastal zone and the high sediment supply. The width of the continental shelf varies greatly 

along of Gulf. In the Sele delta, southern sector, the shelf break is located around 15-25km away 

from the coast (Insinga et al., 2008).  

Detailed seismostratigraphic studies (Bartole et al., 1984; Sacchi et al., 1994; Budillon et 

al., 1994; Conforti, 2003) distinguished a thick Pleistocene clinostratified succession, which is 

prograding to the south and west part of the Gulf. The top of that succession is cut by a sharp 

erosive surface related to the last sea level fall and low stand culminated during the Last Glacial 

Maximum (~18ka). The sea level during that period was at ~120m. The lates Pleistocene-Holocene 

deposits progress above that surface and can arrive at maximum offshore thickness of 35m in Vietri 

and Maiori (Conforti, 2003; Budillon et al., 2005). High resolution stratigraphy, petrophysical and 

paleomagnetic measurements point out important variations in the average sedimentation rate 

throughout the Holocene in the northern part of the Gulf (Buccheri et al., 2002; Iorio et al., 2004). 
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Figure 3 Base map with the location of the cores: GMS_98-01 C14, GMS_98-01 C58, GMS_84 

C106, Transect_2017 TR1. 

 

1.3. Mediterranean Sea hydrography 

 

The Mediterranean Sea is characterized by the presence of thresholds that separate the basin 

in a series of sub-basins. The Strait of Gibraltar, a threshold with a depth of 284 m (Fig. 4) (Bryden 

and Kinder, 1991) controls the exchange of Atlantic and Mediterranean waters, has an important 

role to play in the circulation and productivity of the Mediterranean Sea. The Strait of Sicily divides 

the Mediterranean into the main western and eastern basins, while several satellite basins and 

definite entities may be distinguished in more detail, such as the Ligurian, Tyrrhenian, Alboran, 

Balearic, Adriatic, Ionian and Aegean Seas (Vallefuoco 2008). 



16 
 

 

 

Figure 4 West - East cross-section showing water mass circulation in the Mediterranean Sea 

during winter (after Wüst, 1961). Isolines indicate salinity values and arrows indicate the 

direction of water circulation in the Mediterranean Sea (Rohling et al., 2008). 

 

The Mediterranean Sea anti-estuarine circulation pattern is driven by the negative 

hydrological balance and the density gradient with the Atlantic Ocean (Robinson and Golnaraghi, 

1994). The Mediterranean Circulation is driven also by water exchange through the various straits, 

wind stress, and thermohaline fluxes, with the latter depending on the basin's freshwater and heat 

budgets (Robinson et al., 2001). In the northern sector of the basin the surface water circulation 

pattern is dominated by cyclonic gyres. In the southern sectors surface waters derived from the 

Atlantic Ocean flow eastwards through currents, jets (Western basin) and anticyclonic gyres 

(Eastern basin) (Pinardi and Masetti, 2000). The Mediterranean Sea is defined a concentration 

basin, with an excess of evaporation over freshwater input resulting in strong temperature and 

salinity gradients in surface waters from West to East (Wüst, 1961; Béthoux, 1979; Garrett, 1996; 

Gilman and Garrett, 1994), despite the high freshwater input from rain or rivers in the region. The 

vertical distribution of the Mediterranean water masses includes the surface waters (0-200 m), the 

intermediate waters (200-600 m), and the deep waters (> 600 m) (Pinardi and Masetti, 2000; 

Tsimplis et al., 2006) (Fig. 4). Atlantic water (AW, 0-200 m) interacts and mixes with upwelled 
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Levantine Intermediate Water (LIW) (Hayes, 1999). Modified Atlantic Water (MAW) has nutrient 

levels higher than in resident waters and they favor the phytoplankton bloom in the western 

Mediterranean (Alboran, Balearic Seas), even in the Sicilian Channel (Rinaldi et al., 2014, 

Continental Shelf research). 

In the Southern Tyrrhenian Sea, for example in Gulf of Naples, the two water masses: 

Modified Atlantic Water (MAW) and the Levantine Intermediate Water (LIW) are representative 

of the surface and intermediate branches of the so-called Mediterranean conveyor belt (Malanotte-

Rizzoli, 2001; Robinson et al., 2001). Water of Atlantic origin (AW, e.g. Atlantic Water) get into 

the surface through the Strait of Gibraltar, mainly along the southern boundary, leaving the 

Algerian Basin and flowing along the northern coast of Sicily (Astraldi et al., 2002; Poulain and 

Zambianchi, 2007) and circulates eastwards and in this way replenish the upper layer of the entire 

Mediterranean, then mixing with the ambient waters and so modifying its original characteristics 

(therefore the definition of MAW). The LIW forms in the Levantine basin at subsurface levels, as 

the very salty water mass (e.g. in the Rhodes gyre), where intensive winds cause strong evaporation, 

what provides the huge increase of surface salinity (more than 39.0 psu, see e.g. Lascaratos, 1993). 

The constantly increasing density causes that this water sink and settle at intermediate depths. The 

LIW flows westwards between 200 and 500m, circulating in the eastern sub-basin and entering the 

western Mediterranean through the Straits of Sicily thresholds (Sparnocchia et al., 1999). 

 

Moreover, during its passage eastward, AW nutrients are further reduced by phytoplankton 

(Béthoux et al., 1997), while climatic factors such as evaporation have resulted in its salinity 

increasing by up to 10% (Milliman et al., 1992) (Fig. 4, 5a). Consequently, the Atlantic Water 

(AW) that eastward up inflow in the Mediterranean Sea is currently referred to as the Modified 

Atlantic Water (MAW) (Heburn and La Violette, 1990; Milliman et al., 1992; Millot, 1999). 

During winter occasional outbreaks of cold and dry air masses above the northern Levantine basin 

cool the sea surface, what leads to vertical convection of the cold, dense and salty surface waters 

and form the Levantine Intermediate water (LIW, 200-600 m) in the Rhodes Gyre (Fig. 5b) 

(Malanotte-Rizzoli and Hecht, 1988; Georgopoulos et al., 1989; Buongiorno Nardelli and Salusti, 

2000). This water mass afterwards settles between 200 and 600 m and spreads out in the entire 

Mediterranean basins and eventually enters the Atlantic Ocean, by Gibraltar Strait (Parrilla et al., 

1986; Richez and Gascard, 1986; Marino, 2008) (Fig. 5b). The interaction of the LIW with cold 
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surface waters in the northern basins of the Mediterranean (the Gulf of Lions and the Adriatic Sea) 

governs deep water formation processes (Fig. 5b), which is responsible for the deep-sea ventilation 

(Pinardi and Masetti, 2000). Sites of deep-water formation are the Gulf of Lions for the western 

basin (Western Mediterranean Deep Waters, WMDW), while the sources of the Eastern 

Mediterranean Deep Water (EMDW) are the Adriatic and Aegean Seas (Schlitzer et al., 1991) (Fig. 

5c). 

The incoming Atlantic water is lighter and flow above water out of the Mediterranean, 

Levantine Intermediate Water (LIW) and the Mediterranean Deep Water (MDW) (Fig. 5b). 

 

The East-West gradient in ocean productivity exists (Turley et al., 2000) because of 

important for life nutrients such as nitrogen and phosphorus (Krom et al., 1991). Because of this 

conditions the marine climate of the Mediterranean Sea is characterized by relatively warm, salty 

and poor in nutrients waters. Nowadays it is believed that the gradients are thought to exert the 

main control on present day planktonic foraminiferal distribution patterns (e.g. Thunell, 1978; 

Pujol and Vergnaud-Grazzini, 1995). Probably it can be expected that temporary variations in the 

temperature and salinity gradients would be expressed by changes in the planktonic foraminiferal 

assemblage records, for example from the sediment cores.   
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Figure 5 Water mass circulation in the Mediterranean Sea (a) The schematic of major basin 

current and gyres systems. 0 Ligurian-Provencal current; 1 Lion Gyre; 2 Tyrrhenian cyclonic 

circulation; 3 Algerian current; 4 Rhodes Gyre; 5 Western Cretan Gyre; 6 Western Ionian Gyre; 

7Anticyclone in the Gulf of Syrte; 8 Shikmona and Mers a-Matruh gyres system; 9 Cilican and 

asia Minor current; 10 Southern Adriatic gyre; 11 Western Adriatic Coastal current. Ligur. - 

Prov. crt. = Ligurian-Provencal current; Adr. crt. = Adriatic current; Mid Med. Jet = Mid 

Mediterranean Jet. (b) LIW dispersal pathways. (c) Sites of deep-water overturning. WMDW 

(western Mediterranean Deep Waters); ADW (Adriatic Deep Waters); AeDW (Aegean Deep 

Waters). (after Pinardi and Masetti, 2000; Vallefuoco 2008 and Schlitzer, 2018). 
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1.3.1 Hydrology of the Gulf of Naples  

 Hydrology of the Gulf of Naples was studied in the past by several authors among others: 

Hapgood, 1960; De Maio, 1959; Düing, 1965; De Maio and Moretti, 1973; Carrada et al., 1980. 

They indicated the exact relationship between the water masses and circulation within the Gulf 

(Sgarrella and Moncharmont-Zei 1993). To achieve more current data from 1977 to 1981 it was 

created a monitoring program performed by the Institute of Meteorology and Oceanography of the 

Istituto Universitario Navale of Naples (currently Department of Environmental Sciences of the 

“Parthenope” University by De Maio et al., 1978-1979a, 1978-1979b, 1980-1981, 1983). Marine 

currents were measured at 11 fixed sites along the coast of Gulf of Naples. That studies have 

provided for longer time the only information on the oceanography of the Gulf. More recent 

research in modelling of the wind-driven circulation of the Tyrrhenian Sea (Gravili et al.,2001; 

Grieco et al., 2005) analyzed the barotropic dynamical features and the dispersion of 

reactive/passive tracers in the Gulf of Naples. All these researches emphasized the spatio-temporal 

complexity of the dynamics in that coastal area. There is a strict relationship between the circulation 

and water masses within the gulf, which is part of the Tyrrhenian Sea. With specific reference to 

the hydrological features the Gulf of Naples is characterized by the presence of two main water 

masses (De Maio et al., 1978-1979a and 1978-1979b): the Modified Atlantic Water (MAW) and 

the Levantine Intermediate Water (LIW).  

 Modified surface waters of Atlantic origin (AW) typically lies in the upper 100-200m of 

the water column Millot, 1987; Astraldi et al., 1996; Millot, 1999; Fusco et al., 2003; Budillon et 

al., 2009). These waters are identified by a subsurface salinity minimum (S<37.4) and a seasonally 

variable temperature value. The MAW shows a constant temperature around 14℃ during the 

winter period due to the intensive mixing of the water column. 

 The LIW enters the lower layers of the Tyrrhenian Sea (~400-500m) through the Straits of 

Sicily. It appears in the Gulf of Naples at the deepest measure sites close to the Bocca Grande and 

is located below 300m during the winter and 200m during the summer. Typical hydrological values 

of the LIW in the Gulf of Naples are T = 14.2°C, S = 38.65 psu (De Maio et al., 1978-1979a and 

1978-1979b). 

 Also, other water masses can be present in the Gulf of Naples, depending on the season 

(Carrada et al., 1980). Winter mixing favors the formation of the Tyrrhenian Intermediate Water 
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(TIW), which is present in the homogeneous water column at the depth ~150m (e.g. Düning, 1965, 

Carrada et al., 1980). The thermocline is located in the surface layers during spring and deepens up 

to 20-30m with the end of the summer (Düning, 1965). A coastal currents flows SE during the 

summer with values up to 7500 m3/s and in the opposite direction during the fall up to 40000 m3/s 

through the Ischia and Bocca Piccola Channels (Düning, 1965). TIW is characterized by the 

temperature around 14 °C and salinity around 38.1 psu. Due to the summer warming and freshening 

the TIW rises in the water column above 75m, where it is changing for Tyrrhenian Surface Water 

(TSW) with the typical temperature 25 °C and salinity 38.3 psu (Hopkins et al., 1994). The Coastal 

Surface Water (CSW) is strongly affected by the river discharges and by the industrial and urban 

sewages as well, which in result causes an eutrophic coastal subsystem near the coast in opposite 

to the oligotrophic subsystem present in the open sea with a water warmer and fresher than the 

TSW (Sgarrella and Moncharmont-Zei 1993; Cianelli et al., 2012).  

 The hydrology in the Gulf of Naples shows a seasonal pattern featured by the summer 

stratification of the water column, which determines a formation of a surface mixed layer 30-40m 

dense. By the other hand, the intensive winter mixing affects the entire water column, which is 

homogenous down up to 150m (Carrada et al., 1980). 
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2. Ecological and palaeoceanographic meaning of benthic foraminifera 

 

Benthic foraminifera are often considered fundamental not only in biostratigraphic studies, 

but also in paleoenvironmental studies, they are abundant in the geological record and from their 

appearance they form the majority of the microfauna and meiofauna of the ocean floor. Usually 

there are no single species present but different peculiar assemblages of benthic foraminifera 

distributed mainly according to latitudes, temperature and salinity gradients.  

Foraminifera are perfectly suitable for environmental studies, because they record the 

environmental changes due to their wide distribution over all marine environments. A large number 

of physical and chemical parameters, such as temperature, salinity, depth, sediment, oxygen, food 

availability, influence the distribution of benthic foraminifera, and make them a useful tool for 

them useful tools for ecological and environmental interpretations. 

Benthic foraminifera are widely used in ecological and palaeoceanographic studies of 

different marine environments. In shallow-water habitats, they can be influenced by a variety of 

parameters as oxygen, gradients in light, temperature, salinity, organic matter, substrate, as well as 

velocity and turbulence of surface water currents (Culver and Buzas 1986; Sen Gupta 2003). These 

microfaunas commonly show a high number of specimens, variable diversity and a dominance of 

epifaunal and shallow infaunal taxa (e.g. Semeniuk 2000; Murray 2006). In the Mediterranean Sea, 

the distribution of shelf benthic foraminifera is well documented in various regional studies (e.g., 

Jorissen 1987; Cimerman and Langer 1991; Sgarrella and Moncharmont-Zei 1993; Frezza and 

Carboni 2009; Mojtahid et al. 2009). These studies show significant spatial contrasts in the 

composition of shelf faunas. In fine grained sediments of the Adriatic Sea and of the Gulf of Lions, 

benthic foraminifera assemblages are influenced by food availability, oxygen penetration into the 

sediment and distinct microhabitat zonation (Barmawidjaja et al. 1992; Jorissen et al. 1992; 

Schmiedl et al. 2000). In other regions is observed a strong correlation between the diversity and 

abundance of symbiont-bearing shallow-water foraminifera and water column illumination 

(Langer 1988). In the last decades, several authors have investigated on the distribution of benthic 

foraminiferal assemblages from the southern Tyrrhenian Sea mainly focused on restricted sectors 

of the Campania continental shelf (Sgarrella and Barra 1984; Sgarrella et al. 1983; Coppa et al. 

1994; Coppa and Di Tuoro 1995; Ferraro et al. 1997; Ferraro and Lirer 2006). The Campania 

continental shelf encompasses a variety of coastal marine habitats, as inner parts of continental 
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shelves, delta areas, outer shelf and seagrass areas, which are usually areas of high environmental 

variability, in which benthic foraminiferal species and their distribution are mainly controlled 

and/or related to several parameters as water depth, substratum type, food availability, nutrient 

fluxes, salinity and water currents. 

  

2.1 Arrangement of benthic foraminifera in the sediment 

Benthic foraminifera are commonly used as a tool in the reconstruction of seabed 

paleoenvironments and their changes in time and space (Tab.1). We use here a close relationship 

between the morphology of individual groups of benthic foraminifera and their requirements for 

specific environmental parameters (Gooday, 2003). The explanation of the pattern of benthic 

foraminifera arrangement requires consideration of many different environmental factors. It cannot 

be expected that every accumulation of foraminifera can be explained in terms of only a few factors, 

such as the availability of oxygen or the supply of organic matter, as this would be too simplistic 

(Murray, 2001). However, in deeper sea or ocean waters, where a number of environmental factors 

show lack or little spatial or temporal variability, several main factors can be indicated that have 

the greatest impact on the distribution of the foraminifera in the sediment (Murray, 2001). Such 

major factors seem to be the degree of oxygenation of the sediment and the amount of delivery of 

organic matter to the bottom of the basin. In muddy/silt sediments, the redox boundary in the 

sediment is separating oxygenated waters from waters containing hydrogen sulfide (Wilkin et al., 

1996) and usually occurs at the level of a few centimeters below the level of the seabed. Due to the 

fact that in most of silty environments the access of oxygen in the sediment is limited, benthic 

foraminifera are usually located no deeper than 1cm. As a result, epifaunal and infaunal species 

appear relatively close to each other. Thus, assemblages found in marl sediments may consist of 

diverse microenvironments. This is well reflected by the foraminiferal oxygen indicator proposed 

by Kaiho (1994) - see below. In any paleoecological interpretation, the presence of fauna living in 

environments with a limited amount of oxygen should not be automatically interpreted as evidence 

of the low-oxygen toxicity of the seabed. In fact, such conditions are where disoxia or anoxia 

extend down to the bottom of the water column (Murray, 2001).  



24 
 

 

Table 1. Overview of the most important fields in which benthic foraminifera are applied as proxies (from 

Van der Zwaan, 1999).  

Jorissen et al. (1995) summarized the earlier research of Corliss and Emerson (1990) 

regarding the distribution of benthic foraminifera in the sediment as a function of the inflow of 

organic matter to the bottom and oxygenation of the sediment. This model was called TROX (Fig. 

6) model - trophic conditions and oxygen concentrations (Jorissen et al., 1995). This model uses 

the assumption that the depth to which organisms can live is determined by the availability of 

oxygen and its presence in the sediment, for infaunal forms. The authors suggest that benthic 

foraminifera have certain requirements for the critical amount of oxygen and food necessary for 

life (quantity and quality of nutrients) and they differ between different species. In the model, the 

depth of life of benthic foraminifera is limited by the critical value of nutrient levels in oligotrophic 

environments, while for eutrophic environments this limitation will be the critical oxygen content 

(Jorissen et al., 1995). In relatively shallow environments, where the supply of marine organic 

matter is quite high, oxygen consumption is high and, as a consequence, penetration of the infauna 

is shallow because the redox zone is also at a shallow depth (Jorissen et al., 1995, Van der Zwaan 

et al., 1991). The oxygen content of pore water decreases because oxygen is used by bacteria to 

dissolve organic matter (Peryt, 2003). In much deeper or more oligotrophic environments, 

penetration of the fauna occurs deeper due to less absorption of oxygen by decomposing organic 

matter, consequently the boundary of the redox zone is also deeper. The inflow of organic matter 

to the deepest parts of the ocean is the smallest. The redox border is deep and not related to limiting 
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the distribution of the fauna. In this case, the supply of organic matter is so small that the amount 

of organic matter can be a parameter limiting the occurrence of deep infauna due to lack of food in 

the deeper layers of the sediment. The second parameter limiting the presence of foraminifera in 

the discussed model is the availability of organic matter (food). The largest number of foraminifera 

is always in the upper centimeters of sediment, which is associated with a large amount of organic 

matter in the sediment. Benthic foraminifera are also found very deep in the sediment, even in the 

deep sea, suggesting that at least some of them are able to survive in such conditions. As the water 

depth increases and the organic supply decreases, the main strategy for feeding benthic 

foraminifera changes. In such deep-sea environments, the dominant nutritional strategy, in contrast 

to shallow-water environments, where a significant amount of epifauna and infauna feed on the 

detritus occurring in the sediment, is filtration. There is a change from bands dominated by 

burrowing forms to bands living on the water/sediment boundary (Van der Zwaan and Jorissen, 

1991; Jorissen et al., 1995) and which are very characteristic for very deep environments (above 

1000m deep). 
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Figure 6 TROX model (from Jorissen et al., 1995). 

The differences in the amount of oxygen at the water/sediment boundary significantly affect 

the occurrence and taxonomic/morphologic composition of benthic foraminifera assemblages. 

These changes may be visible in the size, thickness or porosity of the foraminifera shell. These 

morphological and taxonomic differences were defined as the foraminiferal oxygenation indicator 

for sediment (Kaiho, 1994). 

High oxygen environment indicators: 

- epifaunal forms with thick and large walls (> 350 μm) 

- epifauna living under high-oxygen bottom water conditions, and which are absent in low 

oxygen environments. 
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- flat-biconvex, biconvex, round trochospiral and spherical test shapes (e.g. Cibicidoides 

spp., Gavelinella spp., Nuttallides spp., Stensioina spp. and Globocassidulina spp.) and large, 

thick-walled millolides (Kaiho, 1994). 

Indicators of suboxic environments (medium oxygenation) are divided into three groups: 

A. Small species, smaller than 350 μm, are indicators of average oxygenation, since small 

individuals can live in conditions with reduced oxygen content, as mentioned earlier. 

B. Between the niche occupied by morphotypes characteristic of aerobic and dysoxic 

environments there is a taxonomic group B. These include Lenticulina spp., Dentalina spp., large 

Nodosaria spp., large ornamented species – Bulimina spp.; rounded planispiral, flat-oval and 

spherical forms (Kaiho, 1994); small and / or thin-walled, flat-convex and biconvex forms, as well 

as Uvigerina spp. and 4 taxa related with low oxygen content: Gyroidinoides spp., Gyroidina spp., 

Hoeglundina spp. or Oridorsalis spp.. Group B species include both infauna and epifauna 

inhabiting the well-oxygenated bottom zone, as well as epifauna living in the poorly oxygenated 

zone. 

C. The last group consists of foraminifera that have thin walls but occupy micro-

environments between the dysoxic and those occupied by group B. These are Bulimina aculeata, 

Nonionella spp and Elphidium excavatum. 

Indicators of low oxygen (dysoxic) environment: 

The most characteristic feature of foraminifera from low oxygen microenvironments have 

a thin shell, e.g. Bolivina spp., Chilostomella spp., Fursenkoina spp., and Globobulimina spp.. The 

thin shell wall can be associated with a limited calcium carbonate precipitation in dysoxic 

environments (Kaiho, 1994). 

- Most of benthic foraminifera are small in size (the diameter of the spiral molds is usually 

less than 200µm (at constant temperature, oxygen consumption increases significantly for 

individuals larger than 250µm), while the length of the elongated molds does not exceed 500µm 

(Kaiho, 1994); 
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- Foraminifera with unornamented and highly perforated shells, longitudinal and conical, 

are also typical for these environments. The high surface area to volume ratio of such morphotypes, 

small shell sizes and high porosity, can provide better oxygen capture. 

- The high porosity of the shells may also indicate difficulties associated with calcium 

carbonate precipitation in dysoxic environments. 

In addition to the above-mentioned characteristics of low oxygen foraminiferal 

assemblages, it is worth to emphasize that the same infaunal morphotypes occurring deep (down 

to several cm) in a sediment in a well-oxygenated environment can live very shallowly as epifauna 

or a shallow infauna (shallow infauna) in a poorly oxygenated environment, with the low content 

of dissolved oxygen in the surface sediment. 

Based on analysis of modern and fossil species, Bernhard (1986) presented a summary of 

taxa and morphotypes of benthic bore holes of low-oxygen and organic-rich environments. Such 

benthic foraminifera include, among others: 

1. Forms with a flattened shell. The author speculates that such a flattened shell having a 

larger surface of the shell in relation to its volume than in more isometric, convex forms, can 

maximize oxygen uptake and further minimize sinking in the sediment with even lower oxygen 

concentration. These observations suggest that while small, low-density, foraminifera prefer low-

oxygen environments, those with larger-weight foraminifera can more easily adapt to underlying 

anaerobic deposits (Bernhard, 1986). 

2. Calcareous foraminifera with small-sized shells that also maximize relative surface area. 

The tendency for small sizes with a spherical shape is observed in anaerobic syndromes. Convex, 

unfolded youngest chambers, observed in lenticulinides, may also provide additional surface area 

in relation to volume. 

3. Foraminifera with elongated, convex chambers including Bolivina spp., Bulimina spp.. 

4. Generally, anaerobic environments are dominated by unornamented, perforated, thin-

walled shells, which may be associated with difficulties in the precipitation of calcium carbonate 

in these environments (Bernhard, 1986). The reason for the reduction of carbonate organisms in 

these environments is the acidic environment and/or low calcium water. Paradoxically, if these 

foraminifera need to maximize the surface area to volume ratio to increase oxygen uptake or reduce 
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sinking in sediment, then calcium carbonate precipitation will need to be increased. The solution 

can be thinning of walls with maximum surface area, many pores and a thin, unornamented shell, 

and this is what foraminifera from anaerobic units look like (Bernhard, 1986). 

Corliss (1985) also stated that morphologically dominant deep-infaunal foraminifera 

(tolerating less oxygen than epifaunal forms) are those with a large surface area to volume ratio 

and numerous pores, while epifaunal foraminifera have fewer pores and a smaller surface area to 

volume ratio (Bernhard, 1986). These infaunal deep foraminifera, found at a depth of 15cm below 

the seabed, can occur in an environment with very low oxygen content. The most characteristic 

species of foraminifera for dysoxic environments are, as in the case of anoxic environments, those 

with a thin wall, including Bolivina spp. or Globulimina spp. (Kaiho, 1994). Most species found in 

such environmental conditions have a problem with calcium carbonate precipitation, so they are 

small in size (the diameter of the spiral forms is less than 200 μm, and the length of elongated, flat 

forms are less than 500 μm; after Kaiho, 1994). Dominant morphogroups in anaerobic syndromes 

are similar to infaunal forms (after Bernhard, 1986). 

The second way to deal with insufficient calcium carbonate precipitation may be to produce 

agglutinated shells using organic cement. Some agglutinating foraminifera occur in anaerobic 

environments, but are not the dominant group (e.g., Textularia) (Bernhard, 1986). 

 

2.2 Ecological features of selected benthic foraminifera taxa 

Angulogerina angulosa: it is a semi-infaunal species omnivorous and euhaline. It lives in 

substrates formed by coarse sediments, generally sandy, in waters with temperatures of 16 - 0 ° C 

and salinity around 34 p.s.u. (Rögl, 1998). In the Mediterranean, it lives in circalittoral and bathyal 

depths. In the Tyrrhenian Sea it was found at 2860 m (Sgarrella and Moncharmont Zei, 1993). 

Amphycorina scalaris: is a species commonly found in a circalittoral zone, but more 

abundant in a bathyal environment (Blanc-Vernet, 1969; Sgarrella and Barra, 1984; Sgarrella and 

Moncharmont Zei, 1993). 

Bolivina aenariensis: it is an infaunal species, from shallow to deep, of mesotrophic / 

eutrophic environments, possibly in combination with hypoxic conditions (Corliss, 1991; Gooday, 
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1994; De Stigter et al., 1998; Schmiedl et al., 2000; Melki et al., 2010). It lives at depth from neritic 

to batial. It is considered a cold climate marker. 

Bolivina albatrossi: it is found in sediments with high organic carbon content and reduced 

oxygen concentrations, in bathyal muds (Sgarrella and Moncharmont Zei, 1993). In the 

Mediterranean Sea it is more abundant during the last glacial period than in the Holocene. 

Bolivina dilatata: it is an infaunal species, from shallow to deep, of mesotrophic / eutrophic 

environments, possibly in combination with hypoxic conditions (Corliss, 1991; Gooday, 1994; De 

Stigter et al., 1998; Schmiedl et al., 2000; Melki et al., 2010). It is associated with a high input of 

organic matter. Its habitat extends from the inner platform to the bathy plain. 

Bolivina spathulata: it is a potential infaunal opportunistic species. The species of Bolivina 

(B. alata, B. spathulata and B. dilatata) are shallow or deep infaunal taxa, which are commonly 

found in a wide range of mesotrophic and eutrophic conditions, possibly in combination with 

hypoxic conditions. It tolerates low amounts of oxygen (Stefanelli, 2004), lives at infralittoral and 

circalittoral and bathyal muds (Sgarrella and Moncharmont Zei, 1993).  

Bulimina aculeata: it is found at depth from infralittoral to batial, commonly at circalittoral 

depths (40 - 130 m) (Jorissen, 1988; Avnaim-Katav et al., 2013). It is an opportunistic infaunal 

species that tolerates low amounts of oxygen and high amounts of organic matter (Schmiedl et al., 

2000). It is abundant in areas of high productivity where the flow of organic matter is high, often 

combined with non-toxic or sub-toxic conditions of the bottom or pore waters (Schmiedl et al., 

2000). It lives in fine-grained sediments, in water masses with temperatures> 0.5 ° C. 

Bulimina marginata: it is an opportunistic species that lives in superficial infaunal 

environments with high organic input associated with nutrient-rich waters (Abu-Zied et al., 2008; 

Frezza and Carboni, 2009). It tolerates low oxygenation levels (Sen Gupta et al., 2009b; Davidsson, 

2014) and prefers temperate-cold waters. It is commonly found in in environments with eutrophic 

conditions. It lives at depths from neritic to lower bathyal. 

Bulimina costata-inflata: it is an opportunistic infaunal species from low to intermediate. It 

lives in highly productive areas with low oxygenation conditions at the sea bottom (Miller and 

Lohmann 1982, Lutze and Coulbourn 1984). 
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Cassidulina crassa: it is an opportunistic infaunal species that prefers high concentrations 

of oxygen. It lives in eutrophic conditions at a shallow water. It is frequent from circalittoral to 

bathyal muds (Sgarrella and Moncharmont Zei, 1993). 

Cassidulina carinata: it is an opportunistic infaunal species and not very resistant to sub-

toxic conditions, present in temperate-cold waters. It adopts an opportunistic life strategy in order 

to profit from organic matter pulses (Jorissen et al., 1998; Schmiedl et al., 2000; De rijk et al., 2000; 

Morigi et al., 2001). It is found in the circalittoral and bathyal muds (Sgarrella and Moncharmont 

Zei, 1993). 

Cibicidoides pachyderma: it is an epifaunal and opportunistic species, but in some cases 

specimens have been found at different depths within the sediment according to their ontogenetic 

stage: the youngest at greater depths (1.5 - 6 cm) than adults (0 - 1 cm) (Rathburn and Corliss 

1994). It mainly prefers the upper bathyal area (200 - 1000 m). It lives in well-oxygenated 

environments with stable physico-chemical conditions (Van der Zwaan, 1982). 

Gyroidina spp.: it is an opportunistic species typical of oligotrophic and well-oxygenated 

environments. They tolerate small inputs of organic carbon, low primary production. Gyroidina 

Neosoldanii (or G. orbicularis) is a characteristic species of deep and abyssal bathymetry (Wenger, 

1987), it is more common at depths greater than 550 m (Dieci, 1959). 

Hoeglundina elegans: it is an oligotrophic, epifaunal or surface water species. It is found 

in well-oxygenated environments (Corliss and Emerson, 1990; Cacho et al., 2001; Geslin et al., 

2004). It is typical of areas with small input of organic carbon and low primary production. It is 

found at depth from neritic to bathyal. 

Hyalinea Baltica: it is a shallow opportunistic or intermediate opportunistic species, 

slightly resistant to low oxygen content. It is essentially a circalittoral and especially epibathyal 

muds in Mediterranean Sea (Sgarrella and Moncharmont Zei, 1993). In the current ocean, H. 

baltica is more abundant in the cold waters of the North Atlantic (van Morkhoven et al., 1986). 

Melonis barleeanum: it is an intermediate and deep infaunal species. It is abundant in areas 

of high productivity, with large flows of organic matter, in non-toxic or sub-toxic conditions, in 

bottom waters or pore waters (Schmiedl et al., 2000). 
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Miliolidae: miliolids are characteristic of well-oxygenated oligotrophic and mesotrophic 

environments. They are abundant in shallow waters, along the coast and also present at great 

depths. 

Sigmoilopsis schlumbergeri: lives in environments with an influence of a river delta, at 

depths from the muddy circalittoral and bathyal bottoms. They seem to have a preference for 

nutrient-rich levels (Sgarrella and Moncharmont Zei, 1993). 

Sphaeroidina bulloides: it is a mesotrophic epifaunal species (Linke and Lutze, 1993, 

Loubere and Fariduddin, 1999; Altenbach et al., 1999). It does not tolerate stress related low level 

of oxygenation. In the Mediterranean Sea this species lives in the circalittoral and bathyal muds, 

below 1300 m depth. (Sgarrella and Moncharmont Zei, 1993). 

Uvigerina mediterranea: it is a shallow infaunal and opportunistic species. It lives from 

circalittoral to bathyal muds (Sgarrella and Moncharmont Zei, 1993) in Mediterranean Sea, but in 

the Eastern Mediterranean only in epibathyal zone, what is probably related to the scarce 

ventilation of the deep waters. 

Uvigerina peregrina: it is a shallow infaunal and opportunistic species, abundant in regions 

with a high supply of organic matter and in areas affected by river discharge. It only tolerates a 

moderate lack of oxygen and avoids anoxic areas (Schmiedl et al., 1997). It lives in eutrophic to 

mesotrophic conditions but prefers mesotrophic environments. It is commonly found down to 3000 

m water depth. 

Valvulineria bradyana: it is an opportunistic species and prefers environments rich in 

organic matter and low oxygenation such as VTC (coastal terrigenous muds) bottoms (Blanc-

Vernet, 1969; Sgarrella and Moncharmont Zei, 1993) from circalittoral and epibathyal muds. 

 

2.3 Planktonic foraminifera biogeography and life strategy. 

Planktonic foraminifera are an important component of marine plankton. They appeared in 

the Middle Jurassic, but the peak of their development occurs on the Late Cretaceous period, for 

which they are one of the main orthostratigraphic fossils. Planktonic foraminifera are largely used 

in paleoenvironmental and paleoceanographic reconstructions (Hemleben et al., 1989). 
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Figure 7 Planktonic foraminifera bioprovinces according to data from plankton tows and sediment 

samples (Hemleben et al. 1989, and references therein). Latitudinal provinces are polar (p), subpolar (subp), 

transitional (trans), subtropical (s), and tropical (tr). A sixth province is characterized by upwelling (u) and 

eutrophic conditions.  

 

The horizontal and vertical distribution and the number of planktonic foraminifera 

specimens is determined by various biotic and abiotic factors. These include temperature, salinity 

and depth of the basin; sea current system; reproductive potential; presence/absence of symbionts; 

primary oceanic productivity and the associated supply of nutrients (Hemleben et al., 1989; Premoli 

Silva and Slitter, 1995). Modern planktonic foraminifera are limited to the open sea environment 

with normal sea salinity and transparent water (Leckie, 1987). They occur most frequently in the 

euphotic zone, although the environmental conditions for specific species are different. The 

distribution of planktonic foraminifera in the water column reflects the depth stratification closely 

related to the morphology of their shells: Most of spinose planktonic foraminifera are symbiont-

bearing species and are limited into the photic zone (Schiebel and Hemleben, 2017).  
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In today's oceans, five planktonic foraminifera bioprovinces are identified: tropical, 

subtropical, transient, subpolar, polar (Hemleben et al., 1989). Different planktonic foraminifera 

assemblages in each bioprovinces reflect species preference for different oceanographic settings, 

among other water column configuration, surface ocean streams activity and oceanic fronts (Fig. 

7).  

 

Figure 8 Relationship between planktonic foraminifera life strategists and primary 

productivity at different latitude (from Schiebel, 2005). 



35 
 

 

 

Figure 9 Planktonic foraminifera water depth preference (middle cretaceous vs. present) and their 

relationship to environmental trophism (from Hart and Bailey, 1978). 

 

The different preference of planktonic foraminifera species is illustrated in Figure 9. In Figure 10, 

it is instead illustrated the reproductive strategy followed by different species. Planktonic 

foraminifera reproduce at species-specific depths (fig.8), possibly close to the pycnocline 

(separates water masses with different densities), thereby increasing the chances of successful 

fertilization and ensuring optimal living conditions for the offspring (Schiebel, 2005).  
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Figure 10 Planktonic foraminifera species and their reproduction strategy from Schiebel (2005). 

 

Foraminifera with a short and shallow life cycle are characterized by a simple shell structure and 

small size. They reach maturity quickly, have a high reproductive potential and low requirements. 

These are called r-strategists. In contrast, foraminifera with longer and deeper life cycles reach the 

adult stage ready for reproduction only after achieving a large morphological change in the shell 

(fig.11) (after Caron and Homewood, 1983).  
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Figure 11 Life cycle of planktonic foraminifera and water depth migration (Caron and Homewood, 1983). 

 

The variety of life strategies of planktonic foraminifera is closely related to food access 

(Fig.8), reproductive potential and size. There are three life strategies for planktonic foraminifera 

(Petrizzo, 2002; Tab. 2): 

R-strategists - opportunists. They live in nutrient-rich environments and allow the release of 

numerous offspring. They are capable of rapid population growth through rapid reproduction and 

adhering to small sizes. They prefer eutrophic conditions and are associated with instability of 

environmental conditions. 

K-strategists - highly specialized forms. They live in poor-nutrient water. They are characterized 

by long individual life and low reproductive potential, and generally larger sizes. They are 

associated with oligotrophic environments that guarantee stable environmental conditions.  

In the center are the so-called R/K-strategists (intermediate forms) living in a mesotrophic 

environment (Petrizzo, 2002). They can be either more K-strategists or more R-strategists. This 

subgroup is more widespread than more R-strategists (Petrizzo, 2002; Nederbragt et al., 1998). 
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Tab.2 Life strategy and morphology of planktonic foraminifera (from Petrizzo, 2002). 

 

2.4 Ecological preference of planktonic foraminifera species. 

In the Mediterranean Sea the temperature, salinity, presence of eddies and gyres and 

nutrients gradients between Western to Eastern part of the basin have the main control on modern 

planktonic foraminiferal distribution patterns (e.g. Thunell, 1978; Pujol and Vergnaud-Grazzini, 

1995). Because of this planktonic foraminifera fossil assemblages can be considered a perfect 

proxies for paleoclimatic and paleoceanographic researches. 

The anoxic or dysoxic sedimentation during periods of sapropel deposition prevents 

bioturbation, hence allowing highly resolved reconstructions of planktonic foraminiferal changes 

in the time domain. It provides important information on planktonic foraminiferal palaeoecological 

features (e.g. Thunell et al., 1978; Thunell and Williams, 1983; Ganssen and Troelstra, 1987; Tang 

and Stott, 1993; Rohling et al., 1997, Hayes, 1999). 

 

Globigerinoides ruber (d’Orbigny 1839) 

Globigerinoides ruber is the most frequent species in tropical to subtropical waters 

of the global ocean (e.g., Bé 1977; Schiebel and Hemleben, 2017). Globigerinoides ruber bears 

dinoflagellate symbionts similar to those occurring in other Globigerinoides species and O. 

universa (Hemleben et al. 1989).  

Both pink and white varieties appear to range among the shallowest dwelling planktonic 

foraminifera out of all modern species (e.g., Bé 1977). Globigerinoides ruber is thought to be a 

tolerant species to low sea surface salinity (SSS), caused by continental fresh water runoff into the 

ocean (Deuser et al. 1988; Guptha et al. 1997; Ufkes et al. 1998; Schmuker 2000; Schmuker and 

Schiebel 2002; Rohling et al. 2004). 



39 
 

Although this species is able to tolerate a broad range of temperatures and salinities, it 

usually thrive in the warm, nutrient-poor waters of the summer mixed layer well above the 

thermocline and nutricline (Hemleben et al., 1989). In the Mediterranean, the highest frequencies 

are found at the end of summer. At that time, it occurs all over the Mediterranean, but maximal 

densities are recorded east of the Sicilian Strait and in the Ionian basin at in the 50-100 m water-

depth (Pujol and Vergnaud Grazzini 1995). 

 

Globigerinoides sacculifer (Brady 1877)  

Ecology: Globigerinoides sacculifer is an abundant tropical to subtropical surface dweller (e.g., 

Bé 1977; Schmuker and Schiebel 2002, Schiebel and Hemleben, 2017). It is one of the most 

investigated planktonic foraminifera species in laboratory culture, and a large amount of 

experimental ecological data are available for this species (e.g., Hemleben et al. 1977; Spero and 

Lea 1993). Globigerinoides sacculifer bears dinoflagellate symbionts, feeds mostly on calanoid 

copepods, and reproduces on a synodic lunar cycle (Hemleben et al. 1989; Bijma et al. 1990a; Erez 

et al. 1991). Globigerinoides sacculifer is a euryhaline species tolerating salinities between 24 and 

47 PSU, and temperatures ranging from 14 to 32 °C (Bijma et al. 1990b). Globigerinoides 

sacculifer is one of the most frequent species in oligotrophic surface waters (e.g., Naidu and 

Malmgren 1996a; Conan and Brummer 2000; Schiebel et al. 2004). In the northwestern 

Mediterranean Sea, data collected over ten years in sediment traps show that this species increases 

in abundance in late summer/early fall (Rigual-Hernández et al., 2012). 

 

Globigerina bulloides (d’Orbigny 1826)  

 

Globigerina bulloides mainly dwells above the thermocline within the upper 60 m of 

the water column, and is a non-symbiotic species usually associated with temperate to sub-polar 

water masses, as well as upwelling (Schiebel and Hemleben, 2017). Globigerina bulloides is 

equally characteristic of upwelling environments in lower latitudes (e.g., Thiede 1975; Bé and 

Hutson 1977; Kroon and Ganssen 1988; Naidu and Malmgren 1996a, b; Conan and Brummer 2000; 

Seears et al. 2012), as of seasonally enhanced primary production at mid and high latitudes (e.g., 

Bé and Tolderlund 1971; Bé 1977; Ottens 1992; Schiebel and Hemleben 2000; Chapman 2010). 

Moreover, in the Mediterranean Sea this species occurs in significant abundances in winter and 
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spring (Pujol and Vergnaud-Grazzini, 1995; Rigual-Hernández et al., 2012). High frequencies are 

observed between 50 and 200 m water depth in the western Mediterranean (Pujol and Vergnaud-

Grazzini 1995). In contrast to most spinose species, an important part of the diet of G. bulloides 

consists of algae, as indicated by the olive green to brownish coloration of its cytoplasm in freshly 

collected specimens and shown by transmission electron microscopy.  

 

Orbulina universa (d’Orbigny 1839) 

 

Orbulina universa tolerates a wide range of temperature and salinity values and is abundant from 

tropical to temperate waters (e.g., Hemleben et al. 1989 and references therein; Bijma et al. 1990b; 

De Vargas et al. 1999; Chapman 2010). This taxon lives in the mixed layer (Bé et al., 1985; 

Vergnaud-Grazzini et al., 1986; Thunell and Reynolds, 1984) and deeper waters (Fairbanks et al., 

1982; Almogi-Labin, 1984; Bé et al., 1985). It generally prefers surface waters with temperatures 

between 13°C and 19°C. Its symbiont activity may also partly control its distribution (Spero and 

Parker, 1985). In the Mediterranean, O. universa is more prolific at the end of summer in the 50-

100 m depth interval along the North African coast and around the Balearic Isles (Pujol and 

Vergnaud-Grazzini 1995). Orbulina universa is mostly carnivorous, particularly during its 

spherical adult ontogenetic stage. Pre-adult stages may prefer herbivorous diet (Anderson et al. 

1979).  

 

Turborotalita quinqueloba (Natland 1938) 

 

Turborotalita quinqueloba is one of dominant species in the modern ocean. 

Standing stocks of T. quinqueloba in the Arctic Ocean reach up to several hundreds of specimens 

(>63 μm) per cubic meter at the sea-ice margin (Carstens et al. 1997), following an overall 

enhanced primary production and food availability (Volkmann 2000a). T. quinqueloba is a 

eurythermal (shallow dweller) species that increases production during diatom blooms (in spring) 

(Sautter and Thunell, 1991). The temperature range for this taxon is 2.2°C - 16°C, with optimum 

between 4.6°C and 10.8°C (Tolderlund and Bé, 1971). It reaches the highest concentrations in 

upwelling regions or in areas of vigorous mixing in water column (Reynolds and Thunell 1985) 

where high phytoplankton productivity prevails.  
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Neogloboquadrina dutertrei (d’Orbigny 1839) 

 

Neogloboquadrina dutertrei is frequent in tropical to subtropical waters and may be present in 

temperate waters during summer (e.g., Bé 1977; Kemle-von-Mücke and Hemleben 1999; Schiebel 

and Hemleben 2000). In the eastern tropical Atlantic, N. dutertrei occurred at maximum standing 

stocks at the Deep Chlorophyll Maximum (DCM) (Ravelo et al. 1990). Along hydrographic fronts 

of the nutrient rich Congo River fresh water plume, and in the western Caribbean Sea 

(Amazon/Orinoco River discharge), N. dutertrei occurred at increased numbers in surface to 

thermocline waters, possible displaying an opportunistic behavior to increased food availability at 

DCM depths (Ufkes et al. 1998; Schmuker and Schiebel 2002). Neogloboquadrina dutertrei 

tolerates salinities and temperatures between 25 and 46 PSU, and 13 °C to 33 °C, respectively, 

under laboratory conditions (Bijma et al. 1990b).  

 

Neogloboquadrina incompta (Cifelli 1961) – Neogloboquadrina pachyderma dx is mostly 

represented by N. incompta type specimens, however due to the large morphological variability we 

preferred not to count separately N. pachyderma dx and N. incompta. Neogloboquadrina 

incompta/pachyderma dx is a typical surface-dwelling species of the temperate ocean (e.g., Cifelli 

1961; Fairbanks and Wiebe 1980; Ottens 1991; Kemle-von-Mücke and Hemleben 1999; 

Kuroyanagi and Kawahata 2004). It is characteristic of subpolar and transitional waters (Bé and 

Tolderlund, 1971; Cifelli, 1973) that reproduces on a synodic cycle (Schiebel and Hemleben, 2005) 

that could well live at or below the thermocline (Bé, 1960, 1977; Bé and Ericson, 1963). The 

distribution in the Mediterranean is almost restricted to the Northern Basin (core top database of 

Kallel et al.,1997), where it reaches high concentrations in surface waters and at mesopelagic depth 

during winter (Pujol and Vergnaud Grazzini, 1995). Pujol and Vergnaud Grazzini (1995) suggested 

that the distribution of this species in the Mediterranean would mainly be controlled by 

temperature, only being present in those areas where annual SST reach temperatures below 13 °C 

(Rigual-Hernández et al., 2012). In NW Mediterranean the maximum annual fluxes of 

N.pachyderma dx occur during March in sediment traps, with the period with maximum 

phytoplankton productivity (Rigual-Hernández et al., 2012). Peaks of maximal abundance of this 

species are usually found at the depth of maximum chlorophyll biomass when the upper part of the 

water column is isothermal and cold, what suggests that it feeds on material concentrated at the 



42 
 

DCM level (Pujol and Vergnaud Grazzini, 1995). It can partly explain its increased production 

when fertility levels are high 

 

 

Globorotalia inflata (d’Orbigny 1839) 

 

Globorotalia inflata is most abundant in the subtropical to the subpolar ocean. Due to its regionally 

high standing stocks, and its high fossilization potential, G. inflata is of considerable interest as a 

proxy in paleoceanography (e.g., Dittert et al. 1999; Niebler et al. 1999; Lončarić et al. 2006). 

Globorotalia inflata prefers cool and well-mixed waters with intermediate to high nutrient levels 

(Pujol and Vergnaud-Grazzini, 1995). It prefers cooling and/or increased seasonal contrast, with 

vertical mixing during winter. The absence of this species has been observed in many Late 

Quaternary sapropel layers and this pattern is interpreted as the response to a lack of mixing of the 

water column, with year-round stratification (Capotondi et al., 2000; Ariztegui et al., 2000; 

Principato et al., 2003). G.inflata has often been found to occur in the vicinity of hydrologic fronts 

and eddies, in mesotrophic conditions (Lončarić et al. 2007; Storz et al. 2009; Chapman 2010; 

Retailleau et al. 2011). Is a species that can live in deep levels of the water column because it 

migrates vertically during its life cycle. During enhanced phytoplankton production in the spring, 

the cytoplasm has often been found to be greenish due to consumed chrysophytes, or orange in 

case of diatom prey (Hemleben et al. 1989). In addition to its abundance in pelagic waters, G. 

inflata may dominate the planktic foraminifer fauna at surface (0–40 m) or subsurface (40–100 m) 

water depths in neritic waters of enhanced food availability, caused by weak topographically driven 

upwelling over a submarine canyon head in the SE Bay of Biscay (Retailleau et al. 2012).  

 

Globorotalia scitula (Brady 1882) 

 

Globorotalia scitula is a cosmopolitan species most frequent at mid-latitude temperate regions 

during spring and fall, i.e. during times of increased primary productivity (Schiebel and Hemleben 

2000; Schiebel et al. 2002; Chapman 2010; Schiebel and Hemleben, 2017). From mid latitudes 

towards low and high latitudes, G. scitula decreases in abundance (Schiebel et al. 2002). In pelagic 

waters, G. scitula dwells at subsurface waters below the thermocline to 200–300 m depth (Ottens 
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1992; Schmuker and Schiebel 2002; Retailleau et al. 2011). Itou et al. (2001) propose a G. scitula-

to-N. dutertrei ratio as a proxy of the mixed layer depth at the Kuroshio-Oyashio confluence off 

NE Japan. Globorotalia scitula may be present in high standing stocks in neritic waters following 

time-intervals of enhanced primary productivity (Retailleau et al. 2012). In neritic waters <200 m 

waters depth, G. scitula may be most frequent in the surface water column (Retailleau et al. 2011). 

Globorotalia scitula co-occurs with G. hexagonus in the upper Oxygen Minimum Zone (100–200 

m depth) of the central Arabian Sea, which may possibly indicate a preference in diet 

than low-oxygen conditions (cf. Baumfalk et al. 1987). In the western Arabian Sea off Somalia, 

G. scitula increases in number during the late phase of SW monsoonal upwelling (Conan and 

Brummer 2000). 

 

Globorotalia truncatulinoides (d’Orbigny 1839) 

 

G. truncatulinoides is a very deep dwelling species (Tolderlund and Bé, 1971; Hutson, 

1977; Hemleben and Spindler, 1983; Vergnaud-Grazzini et al, 1986; Hemleben et al.,1989) that 

live between 15.4°C to 22°C (Tolderlund and Bé, 1971; Brummer and Kroon, 1988; Hemleben et 

al., 1989). In the Mediterranean, this non-spinose taxon prevails during winter in deep waters of 

the western basin. It seems that the primary factor controlling the distribution of this species within 

the Mediterranean is the winter convection and vertical mixing whereas food availability and 

temperature are secondary limiting factors (Pujol and Vergnaud-Grazzini 1995). Globorotalia 

truncatulinoides probably populates the deepest habitat of all extant species, having been sampled 

alive from the water column below 2000 m water depth (Schiebel and Hemleben 2005). 

Globorotalia truncatulinoides was found to reproduce once per year, i.e. in late winter in surface 

waters at different regions at the poleward margin of the subtropical gyres (Bé and Hutson 1977: 

Indian Ocean; Weyl 1978: North Atlantic; Hemleben et al. 1985: Bermuda; Kemle-von-Mücke and 

Hemleben 1999: South Atlantic; Schiebel et al. 2002: Azores), and this is probably true for the 

Pacific Ocean (cf. Bé 1977). It is speculated that G. truncatulinoides generally reproduces in 

surface waters to provide sufficient food for offspring (compared to deeper waters), and to avoid 

competition or predation. In the subtropical ocean towards higher latitudes, G. truncatulinoides 

dwells at decreasing water depths, possibly driven by the availability of food. A similar shoaling 
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of habitat towards the poles has been observed in other subsurface dwelling globorotalid species 

like G. crassaformis (Hemleben et al. 1985). 

Globorotalia truncatulinoides may enter marginal basins like the Mediterranean Sea and the 

Caribbean Sea through shallow and narrow passages and occurs at some distance from the passage 

at subsurface depth (e.g., Schmuker and Schiebel 2002). Globorotalia truncatulinoides is absent 

from the modern Red Sea and Arabian Sea (e.g., Ivanova et al. 2003). In the Arabian Sea, G. 

truncatulinoides was present in low standing stocks during the past glacials, possibly imported by 

currents from the southern Indian Ocean (e.g., Auras-Schudnagies et al. 1989; Ivanova et al. 2003).  

 

Globigerinita glutinata (Egger 1893) 

 

Globigerinita glutinata is possibly the most ubiquitous planktonic foraminifera species in the 

modern ocean. Globigerinita glutinata is most abundant in subtropical to temperate waters, and 

decreases in frequency towards high latitudes (cf. Ottens 1992; Schiebel and Hemleben 2000; 

Volkmann 2000a; Schmuker and Schiebel 2002). In the NE Atlantic, G. glutinata is present in 

surface waters throughout the year and constitutes up to 20 % of the live fauna during spring, 

following enhanced phytoplankton production in surface waters (Schiebel et al. 1995; Schiebel and 

Hemleben 2000; Chapman 2010). A second seasonal maximum of G. glutinata in the NE Atlantic 

occurs in fall, when wind-driven nutrient entrainment into surface waters triggers phytoplankton 

production at the nutricline (Schiebel et al. 2001). Similarly, the occurrence of G. glutinata in the 

Gulf of Aden is related to nutrient entrainment into surface waters during the NE monsoon (Ivanova 

et al. 2003). With up to 35 individuals per cubic meter, G. glutinata is the second most frequent 

species in the Caribbean Sea after G. ruber and may be related to eddy-driven nutrient entrainment 

into surface waters, and phytoplankton production (Schmuker and Schiebel 2002). Calcification 

depths of G. glutinata tests range from surface waters down to thermocline depths (Lončarić et al. 

2006; Friedrich et al. 2012).  

 

 

3. Materials, site setting and the Oceanographic Cruise Transect_17 

During the first phase of the research was important to select few cores belonging to CNR- 

ISMAR (Istituto delle Scienze Marine, Naples) and given for usage of that research. It is important 
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to choose the cores which are in appropriate distance from the coast, so far from the anthropogenic 

pollution, major river and volcanoclastic inputs, in order to avoid too strong dilution of fossil 

assemblages due to very high sedimentation rates. The best cores are that with normal marine 

sedimentation. To understand it was needed to study geomorphological maps of the sea bottom and 

in some cases deciding after opening the core to control, if the sediment is not too sandy or too 

clayey, which would be a difficulty with finding the proper number of the Foraminifera.  

Three cores were selected for this study, among those stored in the Naples CNR-ISMAR 

archive. These cores were recovered in the Gulf of Naples (GMS_98-01 C14, GMS_91-01 C58 

and Transect_2017 TR1). Moreover, additional data were obtained fom the core GNS84-C106, 

recovered in the Gulf of Salerno (Buccheri et al., 2002) (Fig.12).  

 

Figure 12 Base map with the location of all the cores: GMS_98-01 C14, GMS_98-01 C58, 

GMS_84 C106, Transect_2017 TR1. 

The Oceanographic Cruise Transect_17 

 Aims of the Oceanographic cruise 
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The Cruise had place from 6th of October till 17th of October 2017, during which was possible to 

take the new cores from nearby of Capri island and make seismic profiles of that area.   

The Oceanographic Cruise Transect_17 stems from the collaboration between ISMAR-CNR 

Naples, University of Palermo, University of Catania, University of Naples, INGV-Roma1 and 

private companies (Geo Marine Survey Systems (Rotterdam, The Netherlands) and GeoSurveys 

(Aveiro, Portugal)). The aim of the study was to understand tectonics and active geodynamic 

processes in the marine and coastal areas, and the recognition and mapping of shallow structures 

associated with active tectonic and volcano-tectonic deformations of selected areas of the Italian 

continental margin. Another aim of the Oceanographic Cruise was to obtain with a gravity corer 

(fig.13) three cores near the Capri island (tables 3-4), in specific South Capri, Banco Di Fuori and 

Alto Sele plus a fourth core in the Offshore Licosa, on the base which will be received 

paleoecological, sedimentological and stratigraphic view for that areas. 

The survey area included a transect across the eastern Tyrrhenian margin, with especial reference 

to the underwater volcanic submerge of the Phlegrean Fields and the Campania continental margin 

between Palinuro Seamount and P.ta Licosa. In that areas have been acquired: 

1. High resolution reflection multichannel seismic tomography (3D) with two 2kJ sparker 

sources with two 2 kJ sparker sources and four 48-channel streamers, sub-bottom Chirp, 

multibeam bathymetry and gravity cores (Pozzuoli and Naples Bay);  

2. Single-channel 1.5 kJ sparker reflection seismic profiles, sub-bottom Chirp, multibeam 

bathymetry, magnetometry and gravity cores (morpho-structural high between Palinuro 

Seamount and P.ta Licosa). 

Technical parameters of the vessel Minerva Uno 

The vessel Minerva Uno is about 41m long operated by the company SO.PRO.MAR. on behalf of 

CNR.  The vessel is used for geological, geophysical, biological research in the Mediterranean and 

in the neighboring areas, included the Black Sea. Minerva Uno is equipped with DGPS and 

SEAPATH (satellite linking system FURGO), single beam and multibeam echo sounds, and 

another instrumentation for the sampling of deep sea and water columns, and as well for the 

acquisition of geophysical and oceanographic data (as for example ADCP, CHIRP SBP and another 

sonar sensors). 
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Parameters of the core TR1 taken during the Oceanographic Cruise: 

 

Table 3. Gravity core TR_1, Location:  Capri Sud 

N. spez./camp. Lung. Liner (m) 

A 1.000 

B 1.000 

C 1.000 

D 1.000 

E 1.000 

F 0.195 

 

Table 4. The length of the core. Sample taken from the top: Dark grayish clayey silt. 

 

Methodology of taking the core with the gravity corer: 

Gravity Corer is a simple and reliable instrument for collecting sediment cores from coastal and 

deep water sites for sample analysis. The corer uses the pull of gravity to penetrate the seabed with 

its carbon steel core barrel, which can collect samples of up to six meters in length. The entire corer 

is made from carbon steel and is fitted with stabilizing fins to ensure that the corer penetrates the 

seabed in a straight line. A replaceable core liner is housed within the carbon steel barrel to ensure 

Istituto CNR -  ISMAR 

Data:  10/12/2017 

Strumento: Gravity corer 

Ora:  18:30 

Campagna:  TRANSECT_2017 

Lat (° ') 40° 29.31' N 

Nome: TR1 

Lat (° ' ") 40° 29' 18.6000" N 

Nave: MINERVA UNO 

Long (° ') 14° 10.39' E 

Operatore: Joanna Jamka 

Long (° ' ") 14° 10' 23.4000" E 

Zona: Capri Sud Lung. Camp.: 5.195 m Prof. (m): 1055.0 
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that it is simple to remove the collected sample. The barrel is fitted with a sharpened replaceable 

carbon steel core cutter to ensure minimal disturbance. Sample loss on retrieval is minimized by a 

core catcher fitted inside the end of the barrel. 

 

Figure 13 Gravity corer and operation of taking the cores, and geoseismic instrumentations on the 

board of the vessel Minerva Uno. 

3.1. Cores description and analysis. 

The data presented in this table include 4 marine cores (Table 5). 

Core Location Depth Length 

GNS84-C106* 14°42.40’ E; 40°28.87’ N 292 m 617 cm 

TRANSECT_2017 TR1 14°10.39' E; 40°29.31' N 1055m 516 cm 

GMS_98-01 C14 14°11.30' E; 40°44.47' N 186.5m 521 cm 

GMS_98-01 C58 14°09.17' E; 40°39.20' N   335 m 366 cm 

*see Buccheri et al., 2002; 

Table 5. The four studied cores with their location, depth and length. 
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Core Transect_2017 TR1 

The gravity core TR1 (fig. 14 and 15) is located close to the southern part of Capri Island, in the 

Gulf of Naples (40° 29.31' N, 14° 10.39' E, eastern Tyrrhenian), at a water depth of 1055m and 

with a the length 5.16 m.  

 

 

 

 

 

 

 

 

 

 

 

e2 – reworked tephra; t7 – 15ky, NYT. 

t1 

t2 

t3 

t4 

t5 

t4 

e1 

t7 

t6 

e2 

Fig.14 Snapshot of the 

gravity core Transect_2017 

TR1, from the Capri Island 

offshore (grants to Monica 

Capodanno, CNR-ISMAR). 
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Figure 15 Log of the core Transect_2017 TR1 with calibrated radiocarbon age points.  
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The core is represented mostly by sandy, clayey silt with sandy events, mostly tephra layers 

or tephra lenses from the eruptions of Vesuvius, Campi Flegrei and Ischia. The core can be divided 

on three facies.  

Facies a (319-516 cm below sea floor (cmbsf)) consists mostly of silty clayey sand and sandy 

clayey silt interrupted by a number of tephra layers (real tephra and reworked ones) and shows 

some erosive layers, parallel lamination, normal gradation and bioturbated. From the 504-

516cmbsf is very fine clayey silty sand: tephra layer (Neapolitan Yellow Tuff, identified by Prof. 

Petrosino and Prof. Insinga); reworked tephra from 473-494cmbsf with grey and white pumices, 

rhodoliths and a lot of mollusks; 466-467cmbsf: tephra lens; 419-441cmbsf dark grey volcanic 

sand with white pumices and scoria; 408-419cmbsf olive grey clayey silt (volcanic with bioclasts 

and with white sharp pumice, scoria and sanidine; 391-396cmbsf very dark grey tephra layer 

(Pomici Principali) (medium/coarse sand, good sorting, white and dark pumices, scoria and 

sanidine and lithoclasts from Vesuvius, and borrowing. All of that layers inside of hemipelagic 

sediment, olive grey clayey sandy silt with some bioclasts.  

Facies b (150-319cmbsf) – consists of olive grey clayey sandy silt hemipelagic with bioclasts 

(foraminifera, gastropods, bivalves, radiolaria, ostracoda, big pteropods and plants fragments). The 

sediment is bioturbated and shows distinctive erosive surfaces and wo tephra layers were identified. 

From 287-293cmbsf (tephra lens Vesuviane) very dark grey fine silty sand and 201-208cmbsf, 

there are tephra lens (Piano Liguori) that consist of dark grey silty medium/coarse sand with 

obsidian, mica, pyroxene, augite and sanidine.  

Facies c (0-150cmbsf) – consists mostly of olive grey clayey sandy silt with bioclasts. It has normal 

gradation, big bioturbation and erosive surfaces. The sediment is mixed with volcanic sand from 

the tephra layers. There are abundant tephra lenses and also reworked tephra with Posidonia 

accompanying the eruption of Vesuvius 79CE. The main tephra events are: 127-144cmbsf the 

range with tephra lenses from eruptions of AP with very dark grey and white, quite sharp pumices 

and sanidine; 60-80cmbsf Somma-Vesuvius eruption 79CE with a lot of Posidonia. It is 

characterized by a very fine sandy silty with sanidine and good sorting; 28-47cmbsf: range with 

tephra lenses from Pollena eruption; 7-8cmbsf 1631+medieval eruption characterized by a dark 

grey tephra lens with quite sharp black pumices. Sedimentation rate in this facies is much lower 

than in others.  
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Core GMS_98-01 C14. 

 

Figure 16 Snapshot of the core GMS_98-01 C14, located in the Ammontatura Canyon (Grants to 

Monica Capodanno, CNR-ISMAR). 
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The gravity core C14 (fig. 16 and 17) is located in Ammontature Canyon in the Gulf of Naples 

(40° 44.47' N, 14° 11.30' E), next to the Gulf of Pozzuoli (eastern Tyrrhenian) and was recovered 

at 186.5 m depth with a recovery of 521 cm of sediments. Mostly the sediment in the core is 

hemipelagic clayey silt interrupted by the tephra events or tephra lenses. The tephra were identified 

by Prof. Petrosino and Prof. Insinga. 

 

 

Figure 17 The log of the core GMS_98-01 C14 

with dated tephra (Petrosino et al., 2018) and 

the calibrated radiocarbon ages. 
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In the following, there is a short description of lithological and sedimentological features. 

488–521cmbsf – sandy clayey silt with tephra lenses (500cmbsf) with pumices. 

474-488cmbsf – tephra layer (Mercato + Fondi di Baia). 

370-474cmbsf – clayey silt with pumices and mollusks. 

358-370cmbsf- tephra layer with pumices and normal gradation. 

336-358cmbsf - clayey silt strongly bioturbated with some white pumices. 

332-336cmbsf - tephra layer with pumices, some dark minerals and normal gradation. 

294-332cmbsf - clayey silt with tephra lenses (310cmbsf) with reworked pumices and Mollusks. 

290-294cmbsf – tephra layer (Averno2). 

280-290cmbsf – clayey silt. 

236-280cmbsf – tephra layer with some dark minerals and pumices and normal gradation (Miseno). 

222-236cmbsf – clayey silt. 

218-222cmbsf – tephra layer with some dark minerals and pumices. 

215-218cmbsf – clayey silt. 

192-215cmbsf – tephra layer with pumices, some dark minerals and normal gradation (Astroni). 

94-192cmbsf – clayey silt slightly bioturbated and with pumices. 

84-94cmbsf – tephra layer with some dark minerals, pumices and normal gradation. 

0-84cmbsf – clayey silt strongly bioturbated with pumices and reverse gradation with tephra lenses 

(50cmbsf) with reworked pumices. 
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Core GMS_98-01 C58 

The gravity core C58 (fig. 18 and 19) is located in the Dohrn Canyon in the Gulf of Naples (40° 

39.20' N, 14° 09.17' E eastern Tyrrhenian), at 335 m water depth, with a recovery of 366 cm of 

sediments. In comparison with the nearest core C14, the C58 has much more silty sand, less 

hemipelagic sandy silt interrupted with tephra events and tephra lenses.  

In the following, there is a short description of lithological and sedimentological features. 

342–366cmbsf – sandy silt with tephra lenses (350cmbsf) with pumices and some minerals. 

300-342cmbsf – silty sand (m/c) with mollusks very strong bioturbation, with tephra lenses (at 

340cmbsf and reworked from 330cmbsf) with some dark minerals, pumices and reworked pumices. 

294-300cmbsf – tephra layer with erosive surface, reworked pumices, some dark minerals, pumices 

and normal gradation. 

274-294cmbsf- silty sand (m) with mollusks and rhodoliths. 

270-274cmbsf – tephra layer with erosive surface and reworked pumices. 

250-270cmbsf – silty sand (f/m). 

244-250cmbsf - tephra layer with erosive surface, pumices, reworked pumices and normal 

gradation. 

212-244cmbsf - sandy silt with mollusks and tephra lenses (240 and 220cmbsf). 

210-212cmbsf – tephra layer with erosive surface and some dark minerals. 

200-210cmbsf – clayey silt. 

198-200cmbsf – tephra layer with erosive surface and some dark minerals. 

141-198cmbsf – clayey silt with quite strong bioturbation. 

137-141cmbsf – tephra layer with erosive surface and normal gradation. 

132-137cmbsf – silty clayey silt. 

120-132cmbsf – tephra layer with erosive surface, pumices, normal gradation and tephra lenses. 

80-120cmbsf – sandy clayey silt with quite strong bioturbation and pumices. 

76-80cmbsf – tephra layer with some dark minerals, erosive surface and quite strong bioturbation. 

46-76cmbsf – clayey silt with quite strong bioturbation. 

40-46cmbsf – tephra layer with erosive surface, some dark minerals and pumices. 

0-40cmbsf –sandy clayey silt with tephra lens (20cmbsf) with reworked pumices. 
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Figure 18 Snapshot of the core 

GMS_98-01 C58 located in the 

Canyon Dohrn (Grants to 

Monica Capodanno, CNR-

ISMAR).  

 



57 
 

                                                              

 

                      

 

 

 

         

 

Figure 19 The log of the core GMS_98-01 C58 with dated tephra (Petrosino et al., 2018) and the 

calibrated radiocarbon age. 

 

 

5198 +/- 25 
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Core GNS84-C106. 

 

Figure 20 Stratigraphy and sedimentology of core C106. Legend: (a) sandy silt; (b) silt, clayey silt and/or 

silty clay; (c) pumice level; (d) sharp contact; (e) erosional contact. In figure: C=clay; S=silt; G=gravel; SkI 

=inclusive graphic skewness; KG =graphic kurtosis; Md =median diameter. (From Buccheri et al., 2002) 
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The gravity core C106 (fig. 20) from the Gulf of Salerno is 6.17 m long, was collected off 

the Sele River mouth (40o28’N, 14o42’ E) at a depth of 292 m, beyond the continental shelf break, 

in a basin on the continental slope (Buccheri et al., 2002) and already studied before and described 

in previously published papers. Previous studies on this core were aiming at reconstructing 

characteristics and architecture of sediments along the continental shelf based on seismic profiles, 

geomineralogical and sedimentological analyses (Buccheri et al., 2002; Naimo et al., 2005). 

Paleontological studies (planktonic foraminifera, palynomorphs, nannofossils, ostracods and 

pteropods) provided paleoclimatic trends, in agreement with changes in the isotopic composition 

of oxygen. 

That core was included within this research because it had very good record, is already well 

dated (the bottom is 34 ky old) with the volcano event – 79CE Vesuvio represented by a 50 cm 

thick pumice layer. In the current research, more benthic and planktonic foraminifera data were 

kindly provided by Prof. Valentino Di Donato). 

In Buccheri et al. (2002), the Core GNS84-C106 was divided on 9 units on the basis of 

lithology and sedimentology (Fig. 20): 

 

1 unit (617 – 579-6cmbsf): olive grey sandy silt and dark grey silt at the top of the unit. Inside the 

sediment are numerous fragments of bioclasts and fine sand lenses. The calcium carbonate ranges 

from 30 to 35%. That unit was dated for 28-29 ka. 

 

2 unit (579 – 565 cmbsf): light grey to olive grey colour sub-rounded pumices and ashes. The 

lower part rests on an erosive contact. This is the level of tephra Y3 of the Campi Flegrei, dated at 

26 ka BP (Keller, 1981). 

 

3 unit (565 – 465 cmbsf): alternating silty clay and silt, from gray to olive gray, with rounded 

pumice and unidentifiable fragments of shells. The sediment is moderately sorted at the bottom 

and very little sorted at the top. From 550 to 493 cmbsf there is a black silt lens. The amount of 

calcium carbonate ranges from 24.5% to 40%. This unit is dated 26- 19.5 ka. 
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4 unit (465 – 363 cmbsf): alternating sandy silt, from gray to olive gray, little sorted, loosely sorted 

silty clay, moderately sorted silt rich in fragments of shells (molluscs, briozoa, worm tubes). The 

basal contact is of the erosional type. The calcium carbonate content ranges from 14.5 to 34%. This 

unit is dated 19.5 - 13.9 ka. 

5 unit (363- 346 cmbsf): bad sorted olive gray sandy silt with bioclasts. The contacts at the bottom 

and at the top are erosional. The calcium carbonate content ranges from 28.5% to 32.5%. It is dated 

13.9 - 12.8 ka. 

 

6 unit (346 – 157 cmbsf): bad sorted sandy silt, with colors ranging from dark gray to dark olive 

gray, grading towards the top with moderately sorted silt, rich in fragments of shells (molluscs) 

and a low content of organic matter; presence of pumice rounded to the bottom. Carbonate ranges 

from 12.5 to 23.5%. This unit is dated 12.8 - 4 ka. 

 

7 unit (157 – 110 cmbsf): moderately sorted silt: black, olive gray and olive at the bottom, with a 

sandy silt bad sorted at about 140 cmbsf and moderately sorted at the top. The upper and lower 

contacts are erosive. The carbonate content ranges from 10 to 17.5%. It has been dated from 4 ka 

to 79 CE. 

 

8 unit (110 – 55.5 cmbsf): at the bottom there are sub-rounded light gray pumices (110 - 88.5 

cmbsf), sub rounded gray pumices (88.5 - 61 cmbsf) and black ashes with gray top pumice (61 - 

55 cmbsf); This unit has been identified as a fall deposit of the eruption of Vesuvius in 79 CE 

(called Pumices of Pompei). 

 

9 unit (55.5 – 0 cmbsf): sandy silt bad sorted at the bottom from olive to dark olive gray and silt 

quite bad sorted at the top; the silt consists mainly of volcanic ash and sand of millimetric pumice. 

 

The core GMS_98-01 C14 was sampled every 1cm and the core GMS_98-01 C58 each 2cm 

and the core Transect_17 TR1 each 1cm, only bigger tephra layers each 2cm. Every sample then 

is closed in the plastic bags with the name of the core, which section and from which cm of the 

core was taken. 
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3.2 Processing the samples in the laboratory. 

All the samples were processed in the same way. Each wet sample of ~20g was dried in 105oC and 

washed over sieves with mesh-width size of 63 microns. Afterwards to dissolve organic matter was 

made two times washing with H2O2 and then once with H2O. Sediment minor than 63microns is 

needed for granulometric analysis. Samples were sieved with the following size mesh: 2000, 1000, 

500, 250, 125, 63, <63microns and weighed.  

Processing and preparation of all the samples has been done in the sedimentological laboratories 

of CNR- ISMAR (Naples). 

 

Fig. 21 Snapshots on different activities carried out on the studied cores, including benthic 

and planktonic foraminifera analysis, lithological description, sediment sampling and TOC 

analysis. 

 

3.3 Quantitative analysis of planktonic and benthic foraminifera. 

Samples for quantitative micropaleontological analyses were taken every 5 cm, sometimes 

if needed more often or each 10cm, depends on a sedimentological feature of the studied core. At 

least 300 specimens of planktonic foraminifera were analysed on both 106- and 150-micron size 
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fractions. The 150-micron size fraction was used to perform quantitative SST reconstructions, 

according to the modern core top assemblages reference dataset (Prell et al., 1999; Hayes et al., 

2004; Kucera et al., 2004). However, the analysis of this size fraction may bias the relative 

abundance of small sized species, such as T. quinqueloba. In order to better highlight trend of these 

species, the >106-micron size fraction seem to be more suitable (Di Donato et al., 2015). More 

than 300 specimens were analyzed for benthic foraminifera assemblages, in the size fraction > 106 

microns. For the quantitative analysis was used a microscope Olympus SZX12. 

 

3.4 TOC – Total Organic Carbon method. 

Total Organic Carbon analyses from 65 samples from the core Transect_2017 TR1 were 

kindly performed by Dott. Paola Rumolo et the CNR-ISMAR of Naples. Sediments were treated 

with 1 M HCl. This process was repeated three/four times in order to completely remove 

carbonates. Samples were then dried (60 ℃) in an oven and weighed (15–20 mg) in silver capsules. 

Total organic carbon (TOC) and total nitrogen (TN) were measured on freeze-dried powdered 

samples by a Thermo Electron Flash Elemental Analyzer (EA 1112) with combustion and 

reduction temperatures of ~1020℃ and 680 ℃, respectively (Verardo et al., 1990). The external 

standard was acetanilide (C8H9ON, elemental composition: 71.09% carbon and 10.36% nitrogen). 

Samples were run with blank cups and known acetanilide standards in order to correct the C and N 

associated with tin/silver cups and calibrate for elemental analysis. Detection limits for TOC and 

TN are 0.07% and 0.01%, respectively.  

C/N ratio (carbon/nitrogen) = TOC/TN  

 

3.5 Granulometric analysis – diffractometer and sedimentological features. 

Grain-size analyses (fig. 22 and 24), performed at ISMAR in Naples, followed wet-sieving 

of samples which minimizes pumice breakage and facilitates the separation of fine ash coatings 

from larger clasts. The sandy fraction was separated with wet sieving using a sieve >125 μm and 

successively dry sieved by hand. Grain-size distributions were determined using sieves with mesh 

sizes spaced at one-phi interval between −2Φ and 3Φ and a Helos/KF/ Quixel Sympatec grain size 

laser analyzer for the fine fraction (b125 μm). Sedimentological analysis conducted along the split 
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cores were carried out at cm-scale using both a 10× hand lens and microscope observations of 

dried-sieved sand and silt (N3 μm) after the wet separation between the coarse and fine fractions.  

Measurements in micrometers were converted into the phi (Φ) equivalent value (Krumbein, 

1938). Principal statistical parameters were calculated using graphic expressions (Mz,σI) after Folk 

and Ward (1957). The sedimentological nomenclature used in the classification for grain size of 

the pyroclastic deposits is from Sohn and Cough (1989) and for the mixed marine portion from 

Wentworth (1922). The colour of the deposits is determined using a Munsell Soil Color Charts 

(1994) and the grade of bioturbation according to Droser and Bottjer (1991). 

 

 

Figure 22 Integrated log of gravity core TR1: a) facies b) Mz: Mean-grain size; c) MS Magnetic 

susceptibility; d) C/N; e) TOC: Total Organic Carbon: Carbon/Nitrogen. 
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4. Statistical methods – Compositional Data Analysis (CoDa). 

A row vector, x = [x1, x2, . . ., xD], is defined as a D-part composition when all its 

components are strictly positive real numbers and they carry only relative information. Indeed, that 

compositional information is implicitly stated in the units, as they are always parts of a whole, like 

weight or volume percent, ppm, ppb, or molar proportions. The most common examples have a 

constant sum κ and are known in the geological literature as closed data (Chayes, 1971). 

Frequently, κ = 1, which means that measurements have been made in, or transformed into, parts 

per unit, or κ = 100, for measurements in percent. Other units are possible, like ppm or ppb, which 

are typical examples for compositional data where only a part of the composition has been 

recorded; or, as recent studies have shown, even concentration units (mg/L, meq/L, molarities and 

molalities), where no constant sum can be feasibly defined (Buccianti and Pawlowsky-Glahn, 

2005; Otero et al., 2005). 

  Compositional data are data where the elements of the composition are non-negative and 

sum to unity. While the data can be generated directly (e.g. probabilities), they often arise from 

non-negative data (such as counts, area, volume, weights, expenditures) that have been scaled by 

the total of the components. Geometrically, compositional data with D components has a sample 

space of the regular unit D-simplex, SD. The key question is whether standard multivariate 

analysis, which assumes that the sample space is RD, is appropriate for data from this restricted 

sample space and if not, what is the appropriate analysis? Ironically, most multivariate data are 

non-negative and hence already have a sample space with a restriction to RD + (Pawlowsky-Glahn 

and Buccianti, 2011). 

 

4.1. Sample space. 

The sample space of compositional data is the simplex, defined as 

 

The components of a vector in SD are called parts to remark their compositional character 

(Pawlowsky-Glahn et al., 2011). 
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In any statistical analysis of data, it is important to recognize the sample space within which one's 

data lie. It is taken for granted that most data are represented by variables free to vary from -∞ to 

+∞ within Euclidian space and that classical statistical techniques provide a rich set of tools to deal 

with these sorts of data. However, compositional data occupy a restricted space where variables 

can vary only from 0 to 100, or any other given constant. Such a restricted space is known formally 

as a simplex. In the following discussion, only full compositional vectors are considered, including 

a residual part if necessary, and a compositional (row) vector of D parts, x = [Xl, X2, , . . . ,XD], will 

always be a vector of strictly positive components summing to a constant. Zero components are 

not considered here, as they require a particular approach, as discussed by Martin-Fernández & 

Thi6-Henestrosa (2006) in the third section of this volume. The D-part simplex, SD, is a subset of 

D dimensional real space. For D = 2, it can be represented as a line segment; for D = 3, as a triangle 

(the ubiquitous ternary diagram) and for D = 4, as a tetrahedron. Clearly, no graphical 

representations of simplices are possible beyond D = 4. Therefore, discussion is restricted to 

numerical examples with D < 4 parts. However, the definitions, operations and interpretations are 

valid for any number of parts. At this juncture, it is important to emphasize that data in which the 

components do not sum exactly to a constant are not free from the constant sum constraint. The 

fact that there is commonly not an exact constant sum merely reflects measurement error and/or 

unanalyzed components - particularly a feature of geochemical data. Recall that the problems of 

spurious correlation affect pairs of measurement: correlation coefficients, computed using the 

traditional Pearson product-moment correlation coefficient, will not change if a residual part is 

added to the vector of measurements (Pawlowsky-Glahn and Egozcue, 2006). 

A final comment on units is important. Besides the above-mentioned units, there are other 

types of units that do not close to a constant, such as molar or molal composition. They are a 

particular type of compositional data that can be handled with the same log-ratio methods 

(Buccianti and Pawlowsky-Glahn 2005). The strategy is simple: convert the data to weight percent, 

compute the results, then convert them back into the desired units. 

 

4.2. Perturbation and powering. 

The classical algebraic/geometric operations (addition/translation, product/scaling, scalar 

product/orthogonal projection, Euclidean distance) used to deal with conventional real vectors are 

neither subcompositionally coherent nor scaling invariant. As an alternative, Aitchison (1986) 
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introduced a set of operations to replace these conventional ones in compositional geometry. 

Perturbation plays the role of sum or translation and is a closed component-wise product of the 

compositions involved: 

 

With “compositions”, one can perturb a pair of compositions in two ways: by using the command 

perturbe (x,y) or by adding or subtracting two vectors of class. 

 Powering or power transformation replaces the product of a vector by a scalar 

(geometrically, this is equivalent to scaling) and is defined as the closed powering of the 

components by a given scalar: 

 

(van den Boogaart and Tolosana-Delgado, 2013). 

For an illustration of the effect of perturbation and powering on a set of compositions, see Figure 

23. 

 

Figure 23. Left: Perturbation of initial compositions (°) by p = [0:1; 0:1; 0:8] resulting in 

compositions (*). Right: Powering of compositions (*) by α= 0:2 resulting in compositions (°) 

(Pawlowsky-Glahn et al., 2011). 
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4.3. Aitchison geometry: clr and ilr. 

Aitchison (1986) used the fact that for compositional data size is irrelevant as interest lies 

in relative proportions of the components measured to introduce transformations based on ratios, 

the essential ones being the additive log-ratio transformation (alr) and the centered log-ratio 

transformation (clr). Then, he applied classical statistical analysis to the transformed observations, 

using the alr transformation for modelling, and the clr transformation for those techniques based 

on a metric. The underlying reason was, that the alr transformation does not preserve distances, 

whereas the clr transformation preserves distances but leads to a singular covariance matrix. In 

mathematical terms, we say that the alr transformation is an isomorphism, but not an isometry, 

while the clr transformation is an isometry, and thus also an isomorphism, but between SD and a 

subspace of RD, leading to degenerate distributions. Thus, Aitchison’s approach opened up a 

rigorous strategy, but care had to be applied when using either of both transformations. Using the 

Euclidean vector space structure, it is possible to give an algebraic geometric foundation to his 

approach, and it is possible to go even a step further. Within this framework, a transformation of 

coefficients is equivalent to express observations in a different coordinate system. We are used to 

work in an orthogonal system, known as a Cartesian coordinate system; we know how to change 

coordinates within this system and how to rotate axis. But neither the clr nor the alr transformations 

can be directly associated with an orthogonal coordinate system in the simplex, a fact that lead 

Egozcue et al. (2003) to define a new transformation, called ilr (for isometric logratio) 

transformation, which is an isometry between SD and RD−1, thus avoiding the drawbacks of both 

the alr and the clr. The ilr stands actually for the association of coordinates with compositions in 

an orthonormal system in general, and this is the framework we are going to present here, together 

with a particular kind of coordinates, named balances, because of their usefulness for modelling 

and interpretation (Pawlowsky et al., 2007). 

 The centered logratio transformation denoted by clr is the one-to-one function 

from the compositional space CD-1 to the subspace 
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The inverse transformation, from V to CD-1, is given by  

 

The logarithmic and the exponential transformations establish a one-to-one correspondence 

between the simplex SD and the hyperplan V in IRD. 

 Ilr – isometric logratio 

 

The isometric logratio transformation |denoted by ilrV | is the one-to-one function from the 

compositional space CD-1 to IRD-1 defined by 

 

Like clr , the transformation ilrV is an isomorphism between the vector spaces 
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(Barceló Vidal et al., 2019). 

 

 

4.4. Stats:  

a) Geomean - expected value. 

In a compositional context, totals have no meaning. If we want to add cases, we have to go 

back to the original amounts. For the geometric mean composition on the contrary, the result is the 

same, whether the amounts are averaged first and then an average composition is computed, or 

whether the geometric mean of the compositions is computed directly. The D-part composition 

giving the closed arithmetic mean of amounts and closed geometric mean estimators 

are, respectively 

 

In second equation, the product is computed component wise. We can notice that only the closed 

geometric mean is compatible with Aitchison’s geometry (Pawlowsky-Glahn and Egozcue 2002). 

On the other hand, when a data set is created, the compositions of interest are frequently obtained 

from closed sums of amounts. For example, household incomes are sums of the incomes of 

individual household members. It is necessary to go back to the individual data in order to compute 

the sampling variability at the household level (Pawlowsky-Glahn and Buccianti, 2011) 
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 The geometric means are central values of the parts in each group of parts; its ratio measures 

the relative weight of each group; the logarithm provides the appropriate scale; and the square root 

coefficient is a normalizing constant which allows to compare numerically different balances. A 

positive balance means that, in (geometric) mean, the group of parts in the numerator has more 

weight in the composition than the group in the denominator (and conversely for negative balances) 

(Pawlowsky-Glahn et al., 2007). 

b) Variation array. 

A typical way to present estimations of the centre and the variability is the variation array 

(Aitchison 1986). 

Aitchison (1986) has pioneered methods for compositional data analysis, founded upon log-

ratios of components. Among other things, this approach provides a sound alternative to the 

analysis of covariance in compositions by using the compositional variation array (Aitchison 1986) 

4.5. Data analysis methods. 

4.5.1 Constrained cluster analysis.  

The constrained cluster analysis (CCA; Grimm, 1987) is a zonation technique based on 

Ward’s clustering algorithm. For CoDa it can be computed (Di Donato et al., 2009) from a matrix 

of Aitchison distances between observations. It is worth noting that the Aitchison distance is 

equivalent to the Euclidean distance between log-centered observations. CCA was applied to both 

micropaleontological and granulometrical data to obtain compositional zones for the analyzed 

cores.  

Cluster analysis, or group analysis, is a multivariate data analysis technique through which 

it is possible to group homogeneous elements into a set of data. Clustering techniques are based on 

measures relating to the similarity between the elements. In many approaches this similarity (or 

dissimilarity) is conceived in terms of distance in a multidimensional space. The validity of the 

analyzes obtained by the clustering algorithms depends very much on the choice of the size, and 

therefore on how the distance is calculated. 

Considering a set X of points in a space with p dimensions, a distance is a function that 

associates to each pair of points a real number: 
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d= X × X → R 

so that for every choice of points xik, xjk, xkk in X we have: 

(i) d (xik, xjk) ≥ 0 and (xik, xjk) = 0 if and only if xik = xjk  

(ii) (ii) d (xik, xjk) = d (xik, xjk)  

(iii) (iii) d (xik, xjk) ≤ d (xik, xkk) + d (xjk, xkk) (triangular relation) 

There are various choices for the function d, the most common being the Euclidean distance, which 

for two objects i and j in a p-dimensional space is given by: 

 

The clustering algorithms group the elements on the basis of their mutual distance, and 

therefore the belonging or not to a whole depends on how much the element taken into 

consideration is distant from the same whole. The hierarchical cluster groups the data on different 

scales represented by a dendrogram, or a tree cluster. The latter is not a single data partition, but 

rather a multilevel hierarchy, where the clusters of a level can be joined as clusters to the next level. 

This allows you to decide the level or scale of the clustering most appropriate for your application. 

Each branch of the diagram corresponds to a cluster, while the connecting line of two or more 

branches identifies the distance level. In the dendrograms that will be illustrated, the distances are 

shown on the abscissa axis and the individual elements are shown on the ordinate axis. Clustering 

techniques can be based on aggregative or divisive methods. For this work, an aggregative method 

is used where in principle all the data are considered clusters by itself and the algorithm joins the 

nearest clusters. The algorithm continues to join elements to the cluster until a predetermined 

number of clusters is obtained, or until the minimum distance between the clusters does not exceed 

a certain value, or again in relation to a given statistical predetermined criterion. 

In the constrained Cluster Analysis (CCA) (Grimm, 1987), the analysis is constrained so 

that the order of the objects remains unchanged. Consequently, the dendrogram reflects the 

similarity between successive observations. This is obviously very useful in stratigraphic studies 

as a method of zoning, that is as a method of subdivision of the sequences on the basis of the 
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analyzed characteristics. In the constrained grouping only the adjacent data or clusters are analyzed, 

so the dendrogram keeps the objects in the initial order. 

The CCA was calculated with an Aitchison distance matrix between the elements. 

Aitchison's distance is equivalent to the Euclidean distance between log-centered data. The log-

centered transformation (clr) can be described as follows: 

 

With  that is, the geometric mean of the composition. 

This transformation requires the zero-substitution procedure with very small values so as not to 

significantly influence the results. 

The matrix of Euclidean distances between log-centered observations was used to calculate the 

CCA based on the Ward method, whose aggregation index is based on a square Euclidean distance. 

Based on the distances of Aitchison (Aitchison, 1986), defined as: 

 

the intervals obtained can be defined as compositional zones. The compositional zones, in some 

cases, have been further subdivided into subzones. 

 

4.5.2 Relative Variation Biplot. 

A biplot is a graphical display of the rows and columns of a rectangular n × p data matrix 

X, where the rows are often individuals or other sample units and the columns are variables. In 

almost all applications, biplot analysis starts with performing some transformation on X, depending 

on the nature of the data, to obtain a transformed matrix Z which is the matrix that is actually 
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displayed. Examples of transformations are centring with respect to the overall mean, centring with 

respect to variable means, normalization of variables, square root and logarithmic transforms. 

Suppose that the transformed data matrix Z has rank r. Then Z can be factorized as the product 

Z = FGT , 

where F is n × r and G is p × r. The rows of F and the rows of G provide the co-ordinates of n 

points for the rows and p points for the columns in an r-dimensional Euclidean space, called the 

full space since it has as many dimensions as the rank of Z. This joint plot of the two sets of points 

can be referred to as the exact biplot in the full space. There are an infinite number of ways to 

choose F and G, and certain choices favor the display of the rows; others the display of the columns. 

For any particular choice, however, the biplot in r dimensions has the property that the scalar 

product between the ith row point and jth column point with respect to the origin is equal to the (i; 

j) th element zij of Z. We are mainly interested in low dimensional biplots of Z, especially in two 

dimensions, and these can be conveniently achieved by using the singular value decomposition 

(SVD) of Z: 

 

where U and V are the matrices of left and right singular vectors, each with r orthonormal columns, 

and Γ is the diagonal matrix of positive singular values in decreasing order of magnitude: γ1 ≥. . . 

≥ γ r > 0. The Eckart–Young theorem (Eckart and Young, 1936) states that if one calculates the n 

× p matrix Ẑ using the first r* singular values and corresponding singular vectors, e.g. for r* = 2, 

 

then Ẑ is the least squares rank r* matrix approximation of Z, i.e. Ẑ minimizes the fit criterion 

 

over all possible matrices Y of rank r*, where denotes the Frobenius matrix norm. It is this 

approximate matrix Ẑ which is biplotted in the lower r*-dimensional space, called the reduced 
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space. This biplot will be as accurate as is the approximation of Ẑ to Z. The sum of squares of 

Z decomposes into two parts:    

and 

  (γ2 
r* + 1+. . . + γr

2) 

and the goodness of fit is measured by the proportion of explained sum of squares  

(γ1
2 + . . . + γ2

r*) / (γ
2

1 + . . . + γ2
r), usually expressed as a percentage. 

The SVD also provides a decomposition which is a natural choice for the biplot. For example, 

from equation (3) in two dimensions. Ẑ = FGT with 

 

for some constant α. The most common choices of α are the values 1 or 0, when the singular values 

are assigned entirely either to the left singular vectors of U or to the right singular vectors of V 

respectively, or 0.5 when the square roots of the singular values are split equally between left and 

right singular vectors. Each choice, while giving exactly the same matrix approximation, will 

highlight a different aspect of the data matrix. The term principal co-ordinates refer to the singular 

vectors scaled by the singular values (e.g. F with α = 1 or G with α = 0), whereas standard co-

ordinates are the unscaled singular vectors (Greenacre, 1984). In the CoDA framework, biplots can 

be computed on clr data (Aitchison and Greenacre, 2002), the so-called Relative Variation Biplots 

can be evaluated by focusing links between column (variable) points instead of rays, in practice: 

- Short links between two parts indicate that they are proportional;  

- 3 separate, very long rays define a high-variance subcomposition; 

- collinear links: indicate subcompositions showing a onedimensional; 

- orthogonal links: indicate that two subcompositions are uncorrelated. 
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In order to compute RVB for foraminiferal assemblages, data must be strictly positive. This 

procedure requires a zero substitution. In order to reduce the number of zero values to be 

substituted, analysis was only performed on the most abundant taxa. Moreover, less abundant taxa 

were amalgamated into informal taxonomic groups. With regard to planktonic foraminifera, it can 

also be noted that Neogloboquadrina incompta refers to right-coiled specimens, N. pachyderma 

left-coiled ones being recorded sporadically throughout the core. The planktonic foraminifera 

amalgamated warm species group (PFAWS) includes Orbulina universa, Globoturborotalita 

tenella, Globoturborotalita rubescens and Globigerinella siphoniphera. This group, with the 

exception of Globigerinoides sacculifer which was not included within it, corresponds to the 

SPRUDT group of Jorissen et al. (1993). Within benthic foraminiferal assemblages Bulimina 

costata and Bulimina inflata were put together; Miliolids includes deep water species belonging to 

this groups; Arenaceous includes all the agglutinant species (mostly Textularia spp., Bigenerina 

spp., Clavulina spp.). Deep infauna includes oxygen-resistant species such as Globobulimina spp., 

Chilostomella spp., Cassidulinoides bradyi; shallow water (such as Ammonia spp. and Elphidium 

spp.) and epiphytes taxa (mostly Rosalina spp., Cibicides lobatulus) were also considered as 

groups.  
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5. Results  

5.1 Granulometric and TOC analysis 

 

 

 

Figure 24 Integrated log of the gravity core TR1: a) facies b) Mz: Mean-grain size; c) MS Magnetic 

susceptibility; d) C/N; e) TOC: Total Organic Carbon: Carbon/Nitrogen. 
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Granulometric data (fig. 24 and 25) are summarized into a ternary diagram (Shepard, 1954) in 

which sands, silt and clay are considered as parts of the composition. By means by CCA 5 intervals 

were identified.  

 

 

Figure 25 Ternary diagrams of granulometric data from the core TR1: a) ternary diagram (Shepard, 

1954) in which sands, silt and clay are considered as parts of the composition. 

In the core TR1 was made TOC analysis (fig.24). The results of the ratio C/N from 4 to 10 

means marine origin of the carbon and values >15 means terrestrial origin (terrestrial plants end so 

on) (Gray and Biddlestone, 1973). The higher TOC is the higher TN we have. In the core TR1 we 

have a higher amount of terrestrial origin carbon such as at 490 cmbsf, 340 cmbsf and 2 cmbsf of 

depth.  

 

5.2 Age model. 

The age model of all the cores (Fig.26-29) was obtained by the interpolation between the dated 

levels using the program MATLAB “interpol” written by prof. Valentino Di Donato which allow 

to use different methods of the interpolation. In this case it was adopted a monotonic spline 

(Piecewise Cubic Hermite Interpolating Polynomial) (de Boor, 1978).  
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The Age model is based on a mixed approach including radiocarbon dating, tephro- and eco-

stratigraphy. Radiocarbon datings of Core GNS84-C106 refer to Bucheri et al. (2002) and Di 

Donato e al., (2009). The tie-points for the analysed cores are reported in table 6. Radiocarbon 

datings were provided for the cores GMS_98-01 C58 (one sample) and Transect_2017 TR1 (two 

samples). For the cores GMS_98-01 C14 and GNS84-C106 C14 radiocarbon datings were 

already done. 

At least 30 mg of the bioclasts: foraminifera and pteropods in fraction bigger than 250 μm were 

picked for: 2 samples from TR1 (74mg (319-320cm) and 36.6mg (181-182cm)) and 1 sample 

from C58 (32mg (110-112cm)). The analysis was carried out at the Centre for Isotopic Research 

on Cultural and Environmental Heritage (CIRCE) radiocarbon laboratory, Caserta, (Italy). The 

CIRCE Accelerator Mass Spectrometry (AMS) system, based on the 3MV 9SDH-2 Pelletron 

accelerator provides a mean overall precision of 0.63% (Terrasi et. al, 2007). All radiocarbon 

dates were corrected using a reservoir age of 48 +/- 21 yr (a mean DR value calculated among six 

of the Tyrrhenian Sea) and calibrated using the marine data base and the CALIB 7.1 Program of 

Stuiver and Reimer (1993). 

Radiocarbon ages were calibrated by means in the programm CALIB 7.1. The ecostratigraphic 

approach was applied within the considered dataset, i.e. some events identified in the Core 

GNS84-C106, were correlated to other cores. Since the study was conducted at a sub-basin scale, 

we considered as negligible diachronicities that may have characterised the distribution of 

planktonic assemblages at a full Mediterranean basin scale. Tephrostratigraphical data were 

kindly provided by Prof. Paola Petrosino and Prof. Donatella Insinga. 

Core Depht (cm) Event             

(eruptions, foraminiferal 

peaks) 

Radiocarbon age Cal ka  

GNS84-C106 2 1944  0.006 

GNS84-C106 4 1790  0.128 

GNS84-C106 6 1631  0.319 

GNS84-C106 8 1631  1.14 

GNS84-C106 32 II medioeval  1.44 

GNS84-C106 36 472 CE  1.478 

GNS84-C106 46 150 CE  1.8 

GNS84-C106 56-119 79 CE  1.871 

GNS84-C106 132 AP6  3.484 
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GNS84-C106 140  3.47+/-40 3.351 

GNS84-C106 146 AP3  3.588 

GNS84-C106 148 AP2  3.62 

GNS84-C106 
172 Astroni 

 4.197 

GNS84-C106 176 Averno 2  4.269 

GNS84-C106 188 Agnano montespina  4.553 

GNS84-C106 200  5.66+/-40 6.064 

GNS84-C106 206 Piano Liguori  5.577 

GNS84-C106 214 Piano Liguori  5.577 

GNS84-C106 250  8.16+/-70 8.656 

GNS84-C106 274 Pigna S.Nicola   

GNS84-C106 276  9.314+/-41 10.162 

GNS84-C106 310  9.87+/-100 10.823 

GNS84-C106 318 Pomici principali   

GNS84-C106 338 Soccavo 1   

GNS84-C106 338 Soccavo 2  12.644+-0.709 

GNS84-C106 370  12.87+/-100 14.625 

GNS84-C106 392 PRA   

GNS84-C106 414 Biancavilla  17.584+-0.741 

GNS84-C106 416 Ischia Sant'Angelo  17.780+-30 

GNS84-C106 470  17.11+/-60 20.152 

GNS84-C106 478 Pomici di base  21.670+-0224 

GNS84-C106 514 solchiaro  23.624+-0.330 

GNS84-C106 514 solchiaro   

GNS84-C106 532 ecozona simona 8/9   

GNS84-C106 583  26.03+/-150 29.777 

GNS84-C106 616 Codola  32.869+-767 

TRANSECT_2017 TR1 7 Vesuvio medievale  0.319 

TRANSECT_2017 TR1 43 Pollena  1.478 

TRANSECT_2017 TR1 51 Cretaio  1.8 

TRANSECT_2017 TR1 79 Vesuvio  1.871 

TRANSECT_2017 TR1 

116 G sacculifer peak  

3.174 (Core GNS84-

C106) 

TRANSECT_2017 TR1 

161 G. truncatulinoides ds peak   

4.343 (Core GNS84-

C106) 

TRANSECT_2017 TR1 

181  5209 +/- 35 

5.573 (5.473 – 

5.643)                

TRANSECT_2017 TR1 

226 

Neogloboquadrina ds peak  

 

7.48 (Core GNS84-

C106) 

TRANSECT_2017 TR1 

319 

 

9427 +/- 28 

10.254 (10.187 – 

10.364) 

TRANSECT_2017 TR1 386 Base Holocene  11.653 

TRANSECT_2017 TR1 395 Pomici Principali  12.036 
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TRANSECT_2017 TR1 405 Soccavo  12.318 

TRANSECT_2017 TR1 467 Ischia island tephra  14 

TRANSECT_2017 TR1 515 Neapolitan yellow tuff  15.1 

GMS_98-01-C58 64 G sacculifer peak   3.174 (Core GNS84-

C106) 

GMS_98-01-C58 90 G. truncatulinoides ds peak   4.343 (Core GNS84-

C106) 

GMS_98-01-C58 

110 

 

5198 +/- 25 

5.565 (5.475 – 

5.617) 

GMS_98-01-C58 148 N. pachyderma ds peak   7.48 (Core GNS84-

C106) 

GMS_98-01-C58 240 Base Holocene  11.6 

GMS_98-01-C58 294   12.846 

GMS_98-01 C14 79 Vesuvio  1.871 

GMS_98-01 C14 190 Astroni  4.249  

GMS_98-01 C14 240 Miseno  3.90 

GMS_98-01 C14 290 Averno 2  4.2835 

GMS_98-01 C14 298  4248 +/- 46 4.352 (4.216-4.496) 

GMS_98-01 C14 303 G. truncatulinoides ds peak   4.343 (Core GNS84-

C106) 

GMS_98-01 C14 395 Neogloboquadrina ds peak   7.48 (Core GNS84-

C106) 

GMS_98-01 C14 473 Mercato  8.90 

GMS_98-01 C14 486  8303+/- 30 8.873 (8.736-8.981) 

*for radiocarbon ages, the numbers in parenthesis represent the 2-sigma (95.4%) range. 

Table 6. List of the tie-points used for the age model assessment of the selected cores. The depth, 

the age (kyr BP) and the nature of these tie-points are also indicated. 

Based on the available dating points, the age models (Figs. 26-29) were built by means of 

monotonic cubic splines.   
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Figure 26- Age model for Core GNS84-C106 

 

Figure 27 Age model for Core Transect2017_TR1 
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Figure 28 - Age model for GMS_98-01 C14 

 

Figure 29 Age model for the Core GMS_98-01 C58 
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5.3 Planktonic foraminifera Zonation of the Cores. 

The distribution of planktonic foraminifera in the analysed cores is shown in figures 30 to 33. 

Compositional zones for each of the studied cores were obtained by means of Constrained cluster 

analysis (Ward method on clr coordinates) (Grimm 1987; Di Donato et al., 2008) (Figures 30-33). 

By integrating the zonation of the two most detailed records of Core GNS84-C106 and 

Transect2017_TR1, an ecozonation scheme for the last 33 ka of the Tyrrhenian Sea was obtained 

(Figure 41 and 42). The scheme is constituted by three main intervals, each of which divided in 

subzones. The description of these subzones is provided below: 

STPFCZ3c (33-24.1 cal ka) - In these subzones dominant species are G. bulloides, G. ruber alba, 

G. glutinata, N. incompta, T. quinqueloba and G. scitula. Common species are N. pachyderma sx, 

G. inflata, G. siphonifera Globoturborotalita and O. universa. Some species are rare as G. ruber 

rosea, G. sacculifer, G. truncatulinoides sx, G. truncatulinoides dx. The most visible trends in that 

subzone are decreasing percentage values of G. ruber alba and increasing percentage values of N. 

incompta, G. scitula, G. glutinata and G. bulloides till the end of the 24.1ka and exactly at the end 

of the interval those species are decreasing drastically.  

STPFCZ3b (24.1-19.4 cal ka) - In this subzone dominant species are G. ruber alba, G. bulloides, 

G. glutinata, N. incompta, G. scitula and T. quinqueloba. Common species are N. pachyderma sx, 

G. inflata, G. siphonifera, Globoturborotalita and O. universa. Some species are rare as G. ruber 

rosea, G. sacculifer, G. truncatulinoides sx and G. truncatulinoides dx. The most visible trends in 

that subzone are large increasing percentage values of G. ruber alba with decreasing percentage 

values at the end of the subzone. G. bulloides, G. glutinata, G. scitula, T. quinqueloba and N. 

incompta in comparison with PFCZ3c percentage values are slightly increasing again. 

STPFCZ3a (19.4-14.4 cal ka) - In this subzone dominant species are G. bulloides, G. glutinata, T. 

quinqueloba N. incompta, G. scitula and less abundant G. ruber alba. Common species are N. 

pachyderma sx, G. inflata, G. siphonifera, Globoturborotalita and O. universa. Some species are 

rare as G. ruber rosea, G.sacculifer, G. truncatulinoides sx and G. truncatulinoides dx. The most 

visible trends in that subzone are very big decreasing of  
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Figure 30 Distribution pattern of planktonic foraminifera in the Core GNS-84 C106 (>150 micron 

size fraction) 
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Figure 31 Distribution pattern of planktonic foraminifera in the Core Transect2017_TR1 (>150 micron size 

fraction) 
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Figure 32 Distribution pattern distribution of planktonic foraminifera in the GMS_98-01 C14 (>150 micron size 

fraction) 
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Figure 33 Distribution pattern of planctonic foraminifera in the GMS_98-01 C58 (>150 micron size 

fraction) 
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G. ruber alba, disappearance of G. inflata with the end of the subzone, the offspring of G. bulloides, 

N. incompta and slightly decrease of G. scitula and peak around 15ky first decreasing percentage 

values and then immediately increasing percentage values of G. ruber alba, G. bulloides, G. 

glutinata, G. scitula, T. quinqueloba, N. incompta and N. pachyderma sx. 

STPFCZ2f (14.4-13.1 cal ka) - In this subzone dominant species are G.bulloides, G.ruber alba, G. 

inflata, N. incompta, G. scitula, G. glutinata and T. quinqueloba. Common species are G. 

siphonifera, G. truncatulinoides sx G. truncatulinoides dx Globoturborotalita, G. scitula forma 2 

(two types of G. scitula described in Sgarrella 1988), N. dutertrei and O. universa. Some species 

are rare as G. ruber rosea, N. pachyderma sx, G. sacculifer, and G. scitula forma 1 (Sgarrella 1988). 

The most visible trends in that subzone are increasing percentage values and then decreasing 

percentage values of G. ruber alba, increasing percentage values and then decreasing percentage 

values of G. inflata with the end of the subzone, increasing of G. glutinata, the high peak of T. 

quinqueloba and small peak of G. scitula forma 2 and the appearance of G. truncatulinoides sx.  

STPFCZ2e (13.1-11.6 cal ka) - In this subzone dominant species are G. bulloides, G. glutinata, G. 

inflata, N. incompta, less abundant G. ruber alba and T. quinqueloba. Common species are N. 

dutertrei, G. ruber rosa, O. universa, N. pachyderma sx and G. scitula forma 2. Some species are 

rare as G. siphonifera, G. sacculifer, Globoturborotalita, G. truncatulinoides dx and sx and G. 

scitula forma 1. The most visible trends in that subzone are increasing percentage values almost up 

to disappearance of G. ruber alba and then its increasing, decreasing percentage values and then 

increasing percentage values of G. inflata, big peak of G. glutinata and N. incompta, small peak of 

G. scitula forma 2 and the disappearance of G. truncatulinoides sx and dx, G. siphonifera, 

Globoturborotalita and O. universa.  

STPFCZ2d (11.6-10.7 cal ka) - In this subzone dominant species are G. bulloides, G. ruber alba, 

G. inflata, G. glutinata, T. quinqueloba and G. truncaatulinoides sx. Common species are G. ruber 

rosea, G. sacculifer, G. siphonifera, G. truncatulinoides dx, N. dutertrei, N. pachyderma sx, 

Globoturborotalita, G. scitula forma 2 and O. universa. The only rare species is G. scitula forma 

1. The most visible trends in that subzone are appearance of G. truncatulinoides dx and G.  

truncatulinoides sx, increasing percentage values of G.inflata with the end of the subzone, very big 

decreasing percentage values of G.glutinata, N. incompta, the high peak of T. quinqueloba and 
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small peak of G.ruber rosea, G.scitula forma 2 and appearance of G.scitula forma 1 and also 

G.truncatulinoides sx and G.truncatulinoides sx.  

STPFCZ2c (10.7-10.5 cal ka) - In this subzone dominant species are G.bulloides, G.ruber alba, 

G.inflata, G.glutinata, N. incompta, G. siphonifera, O.universa and G. truncatulinoides sx. 

Common species are T. quinqueloba, G. ruber rosea, G. sacculifer, G. truncatulinoides dx, G. 

truncatulinoides sx, Globoturborotalita and N. pachyderma sx. Rare species are G. scitula and N. 

pachyderma sx. The most visible trends in that subzone are decreasing percentage values of G. 

ruber alba and G. bulloides, increasing percentage values of G. inflata, almost disappearance of  

N. incompta and T. quinqueloba. 

STPFCZ2b (10.5-10.0 cal ka) - In this subzone dominant species are G. bulloides, G. ruber alba, 

G. inflata, G. glutinata, less abundant N. incompta, O.universa, Globoturborotalita, G. siphonifera 

and G. ruber rosea. Common species are N. dutertrei and G. scitula forma 2. Rare species are G. 

sacculifer, N. pachyderma sx, G. scitula forma 1, G. truncatulinoides dx and G. truncatulinoides 

sx. The most visible trends in that subzone are appearance of G. ruber rosea, disappearance of G. 

sacculifer, G. scitula forma 1 and G. truncatulinoides sx, increasing percentage values of G. ruber 

alba, G. siphonifera, Globoturborotalita, O.universa and N. incompta. 

STPFCZ2a (10.0-5.1 cal ka) - In this subzone dominant species are G. bulloides, G. ruber alba, G. 

inflata and N. incompta. Common species are G. ruber rosea, G. sacculifer, G. siphonifera, 

O.universa, T. quinqueloba, N. dutertrei, G. glutinata, N. pachyderma sx and Globoturborotalita. 

Rare species are G. scitula forma 1 and forma 2, G. truncatulinoides sx and dx. The most visible 

trends in that subzone are appearance of N. dutertrei, disappearance of G. scitula both forms, 

increasing percentage values of G. bulloides and O.universa, decreasing percentage values of G. 

ruber alba G. ruber rosea, N. incompta and the high peak of N. incompta. 

STPFCZ1c (5.1-4.0 cal ka) - In this subzone dominant species are G. bulloides, G. ruber alba, G. 

inflata, N. incompta, O. universa and G. truncatulinoides dx. Common species are G. ruber rosea, 

G. sacculifer, G. siphonifera, G. truncatulinoides sx, N. dutertrei, T. quinqueloba and 

Globoturborotalita. Rare species are both forms of G. scitula and N. pachyderma sx. The most 

visible trends in that subzone are appearance of G. truncatulinoides sx and high peak of G.  

truncatulinoides dx, increasing percentage values of G. bulloides and very big decreasing 

percentage values of N. incompta. 
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STPFCZ1b (4.0-1.9 cal ka) - In this subzone dominant species are G. bulloides, G. ruber alba, G. 

inflata, G.  sacculifer, O. universa, G. glutinata, T. quinqueloba and G. truncaatulinoides sx. 

Common species are G. ruber rosea, G. siphonifera, G. truncatulinoides dx, N. incompta and 

Globoturborotalita. Rare species are N. dutertrei, G. scitula both forms and N. pachyderma sx. The 

most visible trends in that subzone are the high peak of G. sacculifer,  decreasing percentage values 

of N. incompta, G. truncatulinoides dx and G. bulloides and then around 4ka decreasing percentage 

values of G. truncatulinoides dx followed by the 3.4ka decreasing percentage values of G. bulloides 

and decreasing percentage values on the end of the subzone of G. ruber alba. 

STPFCZ1a (1.9 cal ka-present) - In this subzone dominant species are G. bulloides, G. ruber alba, 

G. inflata, G. truncaatulinoides sx. G. glutinata, T. quinqueloba, O.universa and N. incompta. 

Common species are G. ruber rosea, G. sacculifer, G. siphonifera, G. truncatulinoides dx, G. 

scitula forma 2 and Globoturborotalita. Rare species are N. dutertrei, N. pachyderma sx and G. 

scitula forma 1. The most visible trends in that subzone are increasing percentage values of G. 

ruber alba, G. ruber rosea, Globoturborotalita, O. universa, G. inflata, N. incompta and T. 

quinqueloba around 1.8ky, decreasing percentage values of G. sacculifer and G. truncatulinoides 

dx. 

In figure 34, this new ecozonation scheme is compared with previous schemes proposed for the 

Tyrrhenian Sea. 
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Figure 34 The new planktonic foraminifera ecozonation scheme is compared with previous 

schemes proposed for the Tyrrhenian Sea. 

5.4 SST reconstructions 

SST reconstructions from planktonic foraminiferal assemblages were obtained by means of CoDa-

MAT and Coda-PLS. Details on these methods can be found in (Di Donato et al., 2018a; Di Donato 

et al., 2018b; Di Donato et al., 2019 in press.). The modern calibration dataset required by these 

methods consists of 1253 Atlantic and Mediterranean core top assemblages (Prell et al., 1999; 

Hayes et al., 2004; Kucera et al., 2004). The Mediterranean subset is represented by 156 core top 

assemblages. The oceanographic parameters were extracted from the World Ocean Atlas 2009 

(Antonov e al., 2010; Locarnini et al., 2010) by means of Ocean Data View 4.5.1 (Schlitzer, 2018), 
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and are referred to a depth of 10 m (Kucera et al., 2005). The analyses were made by expressly 

written Matlab codes. 

The SST reconstructions for the studied cores are shown in figures 35-40. 

 

Figure 35-CodaMat reconstruction for Core GNS-84 C106. The error bars show the standard deviation 

obtained for each reconstructed value. The mean distance graph shows the mean Aitchison distance of each 

fossil assemblages from the closest modern analogues. The squared mahalanobis graph shows the squared 

mahalanobis for the centre of the cloud of the modern assemblages. Values beyond the blue line are atypical 

at an alpha level of 0.001 

The core GNS-84 C106 SST is reconstructed for the last 33ka. The magnitude for the 

summer between the lowest and highest temperatures is 13℃. The lowest T for the summer is 11℃ 

around 30ka, 28ka and 27.5ka and the highest T is 24℃ for the last 5ka (Fig. 35). For the winter 

the magnitude between the lowest and highest temperatures is 8℃. The lowest T for the winter is 

7℃ around 30ka and 28ka and the highest T is 15℃ for the 4ka and for 7-9ka. The base of the 
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record shows SST of 17℃ in the summer and 12℃ in the winter and around 30ka decreased to 

11℃ in summer, 7℃ in the winter during the period of Heinrich event 3 (H3). These SST 

fluctuations show only small fluctuations up to 24.5 ka. The most important fluctuation appears 

between 24 ka and 19 ka (Heinrich event 2- H2), when SST increased to 20℃ in summer and 15℃ 

in winter. Between 19 ka and 15 ka SST decreased to 12℃ in the summer and 8℃ in the winter. 

Between 15 ka and 12ka SST increases to 24℃ in summer and 15℃ in winter with strong 

decreasing of SST from 13 ka. From 12 ka till now the SST are quite stable with the values 20-

24℃ for the summer and 13-15℃ for the winter. 

 

 

Figura 36 - CodaMat SST reconstruction for Core TRansect2017_TR1. The error bars show the 

standard deviation obtained for each reconstructed value. The mean distance graph shows the mean 

Aitchison distance of each fossil assemblages from the closest modern analogues. The squared mahalanobis 

graph shows the squared mahalanobis for the centre of the cloud of the modern assemblages. Values beyond 

the blue line are atypical at an alpha level of 0.001 

The core Transect_2017 TR1 SST is reconstructed for the last 15 ka, as the base of the core 

is marked by the Neapolitan Yellow Tuff eruption. For the summer the magnitude between the 
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lowest and the highest SST is 13℃ (fig.36). The lowest summer SST is 12℃ around 13 ka and the 

highest SST is 25℃ for 5 ka. For the winter SST range between the lowest and highest values is 

7℃. The lowest winter SST is 8℃ around 13 ka and the highest SST is 15℃ for the range 8-9 ka. 

15 ka started with values 19℃ in summer and 13℃ in winter. Then around 13ka SST decreased to 

12℃ in the summer and decreased to 8℃ in the winter from the beginning of Younger Dryas till 

the end of YD 11.7 ka, which is the most important fluctuation appeared in the core. Then from 

11.7 ka SST increases and decreases around 11ka again with summer SST 18℃ and 13℃ in winter. 

From 11 ka till recent values increases and with some smaller fluctuations stays in the range of 

SST 20-25℃ in summer and 13-15℃ in winter. 

 

 

Figura 37-CodaMat reconstruction for Core GMS_98-01-C58. The error bars show the standard 

deviation obtained for each reconstructed value. The mean distance graph shows the mean 

Aitchison distance of each fossil assemblages from the closest modern analogues. The squared 

mahalanobis graph shows the squared mahalanobis for the centre of the cloud of the modern 

assemblages. Values beyond the blue line are atypical at an alpha level of 0.001. 
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The core GMS_98-01-C58 SST is reconstructed from 13.5 ka to 1 ka, because very likely 

the top core was lost during the recovery. The magnitude for the summer between the lowest and 

highest temperatures is 11℃. The lowest summer SST is 12℃ around 12.5ka (YD) and the highest 

SST value is 23℃ for 8-6 ka and for 3.5 ka. The magnitude between the lowest and highest winter 

SST is 9℃. The lowest winter SST value is 8℃ around 13 ka (beginning of YD) and the highest 

SST value is 17℃ for the 3.5-3 ka and 1.5 ka (fig. 37). 13.5 ka started with summer SST values 

18℃ and winter SST values 14℃. Then around 12.5ka SST decreased to 12℃ in summer and 8℃ 

in the winter and SST values increased around 10.5 ka to 22℃ in the summer and 17℃ in the 

winter. From 10.5 ka SST increased and decreased with some smaller fluctuations in SST values 

in the range 20-23℃ in summer and 15-17℃ in winter. 

 

Figure 38 - CodaMat reconstruction for Core GMS_98-01-C14. The error bars show the standard deviation 

obtained for each reconstructed value. The mean distance graph shows the mean Aitchison distance of each 

fossil assemblages from the closest modern analogues. The squared mahalanobis graph shows the squared 

mahalanobis for the centre of the cloud of the modern assemblages. Values beyond the blue line are atypical 

at an alpha level of 0.001. 
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The core GMS_98-01-C14 SST is reconstructed from 10.5 ka. The magnitude for the 

summer between the lowest and highest temperatures is 5℃. The lowest summer SST value is 

20℃ around 5.5 ka and the highest SST is 25℃ from 4 ka to 1ka (Fig. 38). The magnitude between 

the lowest and highest winter SST values is 3℃. The lowest winter SST value is 14℃ around 9 ka 

and 5.7 ka. The highest winter SST is 17℃ for the 4.5 ka. In the core the fluctuations are small 

without visible trends, increasing slightly after 5.5 ka.  

 

 

Figure 39- Comparison between Coda-PLS (full line) and Codamat summer SST (dotted line) 

reconstructions. In the figure are also reported the results obtained from the Core G93-C9 

(unpublished data, kindly provided by Prof. Valentino Di Donato) 
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Figure 40-Comparison between Coda-PLS (full line) and Codamat winter SST (dotted line) 

reconstructions. In the figure are also reported the results obtained from the Core G93-C9 

(unpublished data, kindly provided by Prof. Valentino Di Donato) 

 

On the basis of the CoDa methods applied to planktonic foraminifera assemblages it was obtained: 

the CoDa regression Partial Least Squares (full line; finds linear regression by projecting the 

predicted variables from core top assemblages) and CoDaMAT modern analogue techniques 

(dotted line; mean of temperature and standard deviation). The figures 39 and 40 are the 

comparison of the summer and winter SST in five cores from western Mediterranean Sea: C106 

(G. of Salerno), TR1 (Capri Sud), C58 and C14 (Gulf of Naples) and G93-C9 (Gulf of Gaeta – 

unpublished data provided by Prof. Valentino Di Donato).  
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5.5 Benthic foraminifera Zonation of the cores. 

The distribution of benthic foraminifera in the cores Transect2017_TR1 and GNS84-C106 is 

shown in figures 41 and 42. For the GNS84-C106, the record improves the previously published 

data by strongly increasing the chronological resolution.  

The Zonation of the Cores is shown in figures 41 and 42. It can be noted that two compositional 

changes around 14.2 and 11 ka, at the beginning of the Bølling-Allerød and the Holocene, 

respectively, are recorded in both cores. Within the Holocene, two compositional changes are 

evident for the Core GNS84-C106: the first at 8.7 ka approximates the end of the ORL1 interval, 

while the second, at 4.6 ka, follows the end of the Sapropel S1 event. In the Transect2017_TR1, a 

compositional change was recorded at 7.6 ka, between the end of the ORL1 interval and the end of 

the Sapropel S1 event. The main compositional changes recorded in the cores are not synchronous. 

However, due the depth of recovery of these two cores, the Core Transect2017_TR1 could be 

expected to record changes in the WMDW dynamics, while the record of the Core GNS84-C106 

could be more related to the dynamic of surface to intermediate water masses. 
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Figure 41 Distribution of benthic foraminifera in the Core Transect2017_TR1. Benthic foraminifera are compared with the Greenland ice core record. The extension of the ORL1 and Sapropel S1 is also 

reported to the right. 
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Figure 42 Distribution of benthic foraminifera in the Core GNS84-C106. Benthic foraminifera are compared with the Greenland ice core record. The extension of the ORL1 and Sapropel S1 is also reported to 

the right. 
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Fig. 43 Distribution of 

benthic foraminifera in the 

Core GMS_98-01-C58. 
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Fig. 44 Distribution of 

benthic foraminifera in 

the Core GMS_98-01-

C14. 
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Benthic Foraminifera Compositional zones  

The compositional benthic zones are below described for cores TR1, C106, C58 and C14.  

In core Transect2017_TR1 two main zones with the four subzones were identified: 

STBFCZ2b (15 – 14.2 cal ka) - In this subzone abundance of the Foraminifera is the highest from 

all subzones. Dominant species are B. spathulata-dilatata, C. carinata, C. crassa, Miliolidae U. 

peregrina, U. mediterranea, M. barleanum, H. baltica and H. elegans. Less abundant are B. 

marginata, B. aculeata, C. pachyderma, G. altiformis, epiphyties G. orbicularis, shallow water 

species and B. albatrossi Some species are rare or are very few in comparison to another subzones: 

V. brayana, A. angulosa, P. ariminensis and B. inflata-costata. The most visible trends in that 

subzone are increasing values respectively to other groups such B. spathulata-dilatata, C. carinata, 

abundance of C. wullestorfii, B. albatrossi and H. baltica.  

STBFCZ2a (14.2- 10.9 cal ka) - In this subzone on the beginning of ORL1 dominant species are 

C. carinata, B. albatrossi, B. spathulata-dilatata, U. mediterranea, C. crassa, M. barleanum, 

Miliolidae, G. altiformis, B. marginata, C. pachyderma and H. elegans. Some species are quite 

abundant respectively to another subzones: H. elegans and B. albatrossi. The main trends are 

increasing percentage values of G. altiformis, Arenaceous species, C. pachyderma (from the middle 

of the subzone), B. albatrossi and B. spathulata-dilatata is very abundant in comparison with other 

subzones. Another characteristic change is decreasing percentage values of V. bradyana B. 

aculeata, U. peregrina and H. baltica.  

STBFCZ1b (10.9– 7.6 cal ka) - In this subzone till the end of the ORL1 and correspondence with 

the Sapropel S1, dominant species are deep infaunal species, M. barleanum, B. costata-inflata, U. 

mediterranea, Miliolidae, G. altiformis, G. orbicularis C. crassa and C. carinata. Some species 

are specifically abundant in comparison to the another subzones: deep infaunal species, B. 

spathulata-dilatata,, very high peak of G. altiformis, G. orbicularis and B. inflata-costata,.The 

most visible trends in that subzone are decreased values of B. albatrossi, Milioolidae, H. elegans, 

epiphytes and C. pachyderma. It can be noticed also increasing percentage values of Sphaerodina. 

Bulloides, G. umbonata and Nodosaridae. 
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STBFCZ1a (7.6 - present) - In this subzone corresponding to the end of Sapropel S1 (until ~6ka), 

dominant species are U. mediterranea, U. peregrina, Miliolidae, M. barleanum, H. elegans, G. 

orbicularis and B. marginata. Some species are typically abundant in comparison to another 

subzones: H. elegans, U. mediterranea, U. peregrina, V. bradyana and B. marginata. The most 

visible trends in that subzone are decreased values of deep infaunal species, B. spathulata-dilatata, 

C. pachyderma, C. carinata, P. ariminensis  slightly Miliolidae, B. inflata – costata, Areanaceous 

species and slightly G. orbicularis. 

 

In core GNS_84-C106 two zones and six subzones were identified: 

STBFCZ2b (33 – 17.1 cal ka) - In this subzone dominant species are C. carinata, U. peregrina, 

Miliolidae and B. marginata. Common species are A. amgulosa, C. pachyderma, G. orbicularis, 

G. umbonata, H. baltica, M. barleanum, V. bradyana and B. aenariensis. Some species are rare as 

or are very few in comparison to another subzones: H. elegans, B. spathulata, U. mediterranea, A. 

scalaris, G. altiformis, Nodosaridae, B. inflata-costata and deep infauna .The most visible trends 

in that subzone are decreased values respectively to other groups such as U. mediterranea, B. 

spathulata and B. inflata – costata, and also decreasing percentage values of C. carinata. 

STBFCZ2a (17.1 – 14.3 cal ka) - In this subzone dominant species are B. marginata. C. carinata, 

U. peregrina, U. mediterranea, Miliolidae and H. baltica. Some species are rare as or are very few 

in comparison to another subzones: V. brayana, B. spathulata, A. scalaris, G. altiformis, B. inflata-

costata and Globocassidulina spp.. The most visible trends in that subzone are decreased values 

respectively to other groups such as V. brayana, B. spathulata, A. scalaris, G. altiformis, B. inflata-

costata and Globocassidulina spp., and also decreasing percentage values of B. marginata. 

STBFCZ1d (14.23- 11 cal ka) - In this subzone on the beginning of ORL1 dominant species are C. 

carinata, B. spathulata, U. mediterranea, Miliolida, B. marginata U. peregrina. and A. angulosa. 

Some species are quite abundant respectively to another subzones: H. elegans, B. spathulata, B. 

dilatata, B. aenariensis, G. altiformis and B. inflata-costata. The increasing percentage values of 

H. elegans, B. spathulata, B. dilatata, B. aenariensis, G. altiformis and B. inflata-costata is very 

characteristic. 
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STBFCZ1c (11 – 8.7 cal ka) - In this subzone till the end of the ORL1, dominant species are C. 

carinata, U. mediterranea, U. peregrina, Miliolidae, Arenaceous, H. baltica and B. marginata. 

Some species are typically abundant in comparison to the another subzones: H. elegans, B. 

spathulata, U. mediterranea, A. scalaris, G. altiformis, B. aculeata, B. inflata-costata, B. 

marginata and Globocassidulina spp. .The most visible trends in that subzone are decreased values 

almost no A. angulusa, B. dilatata, C. pachyderma, Milioolidae, U. mediterranea and B. inflata – 

costata, and also decreasing percentage values of epiphities, U. peregrina and increasing 

percentage values of C. crassa 

 

STBFCZ1b (8.7 – 4.6cal ka) - In this subzone partially corresponding the Sapropel S1, dominant 

species are C. carinata, U. mediterranea, U. peregrina, Miliolidae, Arenaceous, H. baltica and B. 

marginata. Some species are typically abundant in comparison to the another subzones: H. elegans, 

B. spathulata, U. mediterranea, A. scalaris, G. altiformis, B. aculeata, B. inflata-costata, B. 

marginata and Globocassidulina spp. .The most visible trends in that subzone are decreased values 

almost no A. angulusa, B. dilatata, C. pachyderma, Milioolidae, and B. inflata – costata, and also 

decreasing percentage values of epiphities, U. peregrina and increasing percentage values of C. 

crassa, U. mediterranea and P. ariminiensis. 

 

STBFCZ1a (4.6 cal ka – present) - In this subzone dominant species are C. carinata, U. 

mediterranea, Miliolidae, B. inflata-costata, Globocassidulina spp., B. marginata, H. baltica, 

C.pachyderma and Arenaceous. Some species are typically abundant in comparison to another 

subzones: H. elegans, Nodosaridae, G. umbonata, C.  crassa, B. alata, B. inflata-costata, B. 

marginata and Globocassidulina spp.. The most visible trends in that subzone are increasing 

percentage values of H. elegans, Nodosaridae, G. umbonata, C. crassa, B. alata, B. inflata-costata, 

B. marginata and Globocassidulina spp.. 
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In core GMS_98-01-C58 three zones were identified: 

BFCZ3 (14-10.95 cal ka) – In this subzone dominant species are C. carinata, Uvigerina spp., 

Miliolidae, B. spathulata, B. inflata-costata, B. marginata, B. aculeata, G. umbonata and G. 

altiformis. Some species are typically abundant in comparison to another subzones: B. spathulata, 

G. umbonata and G. altiformis. The most visible trends in that subzone are decreasing percentage 

values of B. aculeata, C. crassa, B. spathulata and around 13 ka Uvigerina spp.. 

BFCZ2 (10.95-3.17 cal ka) – In this subzone dominant species are C. carinata, Uvigerina spp., 

Miliolidae, C. crassa B. inflata-costata, B. marginata, Arenaceous, M. barleanum and Hyalinea 

baltica. Uvigerina spp. is even more abundant in comparison to another subzones. The most visible 

trends in that subzone are decreasing percentage values of B. spathulata, H. elegans and B. aculeata 

and slightly increasing values of H. baltica and M. barleanum. 

BFCZ1 (3.17-1.69) - In this subzone dominant species are C. carinata, Uvigerina spp., Miliolidae, 

C. crassa, B. inflata-costata, B. marginata, Arenaceous, M. barleanum, S. bulloides, 

Globocassidulina spp. and Hyalinea baltica. The most visible trends in that subzone are increasing 

percentage values of B. marginata, B. costata-inflata and S. bulloides and decreasing percentage 

values of B. spathulata and B. aculeata,  

 

In core GMS_98-01-C14 two zones were identified: 

BFCZ2 (8.96-7.48 cal ka) – In this subzone dominant species are Arenaceous, B. aculeata, C. 

carinata, Uvigerina spp., Miliolidae, B. spathulata, B. inflata-costata and B. marginata. The most 

visible trends in that subzone are decreasing percentage values of H. elegans, C. crassa and B. 

marginata. 

BFCZ1 (7.48 cal ka – present) - In this subzone dominant species are C. carinata, Uvigerina spp., 

Miliolidae, B. spathulata, B. inflata-costata, B. marginata, M. barleanum, Arenaceous, 

Globocassidulina spp. and H. baltica.. The most visible trends in that subzone are the strong 

fluctuations of values around 4.2 ka, decreasing percentage values of B. aculeata, C. crassa, B. 

spathulata and Uvigerina spp. and also increasing values of V. bradyana,C. carinata, H. elegans, 

S. bulloides and C. pachyderma. 
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6. Discussion 

6.1 Relative variation biplots  

Relative variation biplots were elaborated for the cores GNS84-C106 and Transect_2017 TR1, for 

which more samples are available. Within the biplots, the observations were symbolised according 

to the results of the constrained cluster analysis.  

The RVB of Core GNS84-C106 is shown in figure 45. The variability accounted by the first two 

components is, respectively, 70.12% and 10.10% of total variance, cumulating 80.22% of total 

variance.  

 

Figure 45 - RVB of planktonic assemblages of Core GNS84-C106. The color of sample points 

corresponds to the grouping obtained from the zonation of the core (see figure 44). 
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The pattern of the links connecting column (taxa) points highlights, along the first axis, the close 

relationship (i.e. short links) among warm water taxa such as G. siphonifera, G. ruber, G.  

sacculifer, O.universa, all of which are located on the negative side of axis 1. These taxa are 

contrasted, to cold water taxa such as T. quinqueloba and G. scitula are located on the positive of 

axis 1. Along the second axis, it can be noted the counterposition between G. truncatulinoides and 

Neogloboquadrina incompta, the link between which highlights their high logratio variance. A high 

logratio variance also can be noted for G. scitula and G. inflata. By converse, a very low logratio 

variance can be observed for G. siphonifera and O.universa or T. quinqueloba and G. glutinata.  

For this core, the RVB appear strongly determined by the contrast between two groups of samples, 

i.e. last glacial assemblages belonging to Compositional Zones PFCZ4 and Holocene assemblages 

(Compositional Zones PFCZ1 and PFCZ2). This may hide some source of variability which, 

however, may be found as important for illustrate the post glacial variability of planktonic 

assemblages in the Tyrrhenian Sea. The RVB obtained from Core Transect_2017 TR1 (Figure 46) 

better illustrates the late glacial to Holocene variability of planktonic foraminifera in the Southern 

Tyrrhenian Sea. For this RVB, the first two components account for a lesser amount of total 

variability, 35.66% and 23.37%, respectively. This implies that the relationships shown in a 2-

dimensional biplot are subjected to a certain degree of approximation and more dimensions would 

be taken into account to fully describe the dataset. A third component accounts for 8.68% of 

variance, for a cumulate total of 67.71%b (Figure 46).  Within this biplot, it can be clearly seen the 

strong contrast between G. truncatulinoides and Neogloboquadrina incompta, which, according to 

the ecological behaviour of these taxa can be explained in terms of deep mixing/pycnocline vs. 

shallower pycnocline (shallowing of the top of the LIW). At right angle with the link connecting 

these species, it can be seen the opposition on two groups of taxa, the first of which represented by 

T. quinqueloba, G. glutinata and G. scitula, and the second by warm water species, such as G. 

siphonifera, O.universa, G. ruber, G. sacculifer. 
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Figure 46 RVB of planktonic assemblages of Core Transect_2017 TR1. The color of sample points 

corresponds to the grouping obtained from the zonation of the core (see figure 43). 

This contrast is clearly related to SST changes. The right angle formed by the links connecting 

these two groups of taxa indicate a low correlation between the corresponding logratios (Aitchison 

and Greenacre, 2002), i.e. the logratio between G. truncatulinoides and Neogloboquadrina r.c. 

varies independently from the logratios between warm and cold-water taxa. It can be also noted 

that the G. sacculifer column point is located towards the G. truncatulinoides column point. This 

suggest a preference of this species for winter mixing conditions. Besides, at present this species 

is abundant in the north western Mediterranean (Pujol and Grazzini, 1995), a sector characterised 
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by higher wind stress and prevailing positive wind stress curl (Pinardi et al., 2015). If a third 

component is taken into account (Figure 47), it can be seen a relationship with the distribution of 

Globoturborotalita spp. and G. ruber rosea. G. ruber rosea at present is abundant in the Levantine 

basin, which is caracterised by higher SST and SSS in comparison with the western Mediterranean. 

This variety is never abundant in the analysed cores; however, its occurrence may be related to the 

establishing of warm and salty summer surface layer.  

 

 

Figure 47 - 3-axes RVB of planktonic assemblages of Core Transect_2017 TR1. The colour of 

sample points corresponds to the grouping obtained from the zonation of the core (see figure 44). 
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6.2 Relative variation biplots (benthic foraminifera) 

The RVB of Core Transect2017_TR1 is shown in figure 48. The variability accounted by the first 

two components is, respectively, 24.16% and 15.71% of total variance, cumulating 80.22% of total 

variance.  

 

 

Figure 48 - Relative variation biplot of benthic assemblages of Core Transect2017_TR1. Left: 2 

axes; right: 3 axes. 

 

By adding a third component, accounting for 11.56% of total variance, 51.44% of total variance is 

reached.  

The RVB of Core GNS84-C106 is shown in figure 49. The variability accounted by the first two 

components is, respectively, 43% and 12.6% of total variance, cumulating 55.65% of total 

variance. By adding a third component, accounting for 5.6% of total variance, 61.3% of total 

variance is reached. 
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Figure 49 - Relative variation biplot of benthic assemblages of Core GNS84-C106. Left: 2 axes; 

right: 3 axes. 

 

These results are somewhat poor, since the variance accounted by the first two axis is quite low. 

This implies a certain degree of approximation on the RVB representation of the multivariate 

dataset. Moreover, the star-like appearance of biplot rays and the roundness of the cloud of row 

points indicates the lack of strong relationships between the parts of the compositions. Overall, 

these results which often arises in RVB of benthic foraminifera assemblages indicate that either a) 

it is not possible to fully explain the variability of benthic foraminifera in terms of few 

environmental controlling factors; b) the uniqueness of benthic taxa is high; thus they are 

characterised by a broad response to the paleoenvironmental control.  

By considering more components to be accounted the total variance increases. However, it should 

be considered that, it may be difficult to relate small variance sources to environmental factor and 

to distinguish noise effects from true variance sources.  

In the RVB of Core GNS84-C106 benthic assemblages, the 1st axis, highlights a logcontrast 

between A.angulosa, U.peregrina, B.aenariensis, B. dilatata versus Uvigerina mediterranea, 

Bulimina marginata, Bulimina inflata-costata group, Amphicoryna scalaris (Fig. 49). This axis 

highlights the main compositional differences between last glacial period (BFCZ2) and Holocene 



113 
 

(BFCZ1a-c) assemblages, located on the positive and negative side of axis 1, respectively. It is not 

easy to relate it to a single environmental factor. The logcontrasts aligned along this axis carry a 

palaeodepth signal, since in the Mediterranean Bulimina inflata-costata group, Amphicoryna 

scalaris and Uvigerina mediterranea are commonly found in the circalittoral bottom, but they 

become more abundant in bathyal environments (Blanc-Vernet, 1969; Sgarrella and Barra, 1984; 

Sgarrella and Moncharmont Zei, 1993). Thus, the shift from the positive to the negative side of 

axis 1 the recorded in the transition from the last glacial period to the Holocene, and the 

intermediate position of assemblages of late glacial BFCZ1d interval, record the post glacial sea 

level rise.  It can be also noted that assemblages of BFCZ1a and BFCZ2, which cover a time 

interval characterised by a reduced sea level rise (Lambeck et al., 2014) project on the same 

position of axis 1. Some of the relationships defined along this axis, however, do not seem to be 

related to such an environmental factor. Bolivina dilatatissima has been reported from Last glacial 

assemblages of cores recovered in the Gulf of Taranto at depths ranging from 491 to 943 m 

(Moncharmont-Zei et al., 1984) and Bolivina aenariensis is considered a cold climatic marker 

(Sgarrella, 1992). Their location on the positive side of the 1st axis suggests a relationship with 

bottom temperatures covarying with paleodepth. As noted in Di Donato et al. (2009), Uvigerina 

mediterranea and Uvigerina peregrina show distinct behaviours, as the first became more 

abundant in the Holocene, while the latter declines. Both species a related to high organic matter 

fluxes (Fontanier et al., 2002; Mojtahid et al., 2013; Schönfeld and Altenbach, 2005) and not very 

resistant to low oxygen conditions (Melki et al., 2010; Schmiedl et al., 1997). In the modern Gulf 

of Salerno (Sgarrella and Barra, 1984) and in the nearby Gulf of Policastro (Sgarrella et al., 1983) 

the U. peregrina has only a scattered occurrence. According to Blanc-Vernet (1969), Uvigerina 

peregrina is rare in the modern Mediterranean sediments, and it could characterise Wurmian sands 

of the “Detritique du Large”. Increased abundances of Uvigerina mediterranea from the Last 

glacial to the Holocene have also been recorded in the Gulf of Taranto (Moncharmont-Zei et al., 

1984). Both species are preferentially shallow infaunal (Schmiedl et al., 2000). This Uvigerina 

overturning also occurs at greater depths (see Transect2017_TR1 results) for which a palaeodepth 

can be ruled out. A bottom temperature effect may instead be considered as controlling factor. 

The 2nd axis opposes Bolivina spathulata, Bulimina aculeata, G. altiformis to Cassidulina crassa, 

Cibicidoides pachyderma, Globocassidulina spp., Gyroidina umbonata, Nodosaridae and P. 

ariminiensis (Fig. 48).  
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The species of the first group are widespread in circalittoral and bathyal muds. Bolivina spathulata 

is a potential infaunal opportunistic species (Barmawidjaja et al., 1992; Jorissen et al., 1992) and 

Bulimina aculeata is abundant in high productivity areas (Schmiedl et al., 2000; and references 

therein). Species belonging to Bolivina, Bulimina and Uvigerina are often combined with dysoxic 

conditions (Sen Gupta and Machain-Castillo, 1993). Most species located on the negative side of 

the 2nd axis, namely Cassidulina crassa, Cibicidoides pachyderma, Gyroidina umbonata, mainly 

exhibit an epifaunal or shallow infaunal life-style (e.g. Altenbach et al., 1993; De Stigter et al., 

1998; Schmiedl et al., 2000; Fontanier et al., 2008). In the Mediterranean Sea Cibicidoides 

pachyderma and Cassidulina crassa are associated with oligotrophic to mesotrophic and well-

ventilated conditions (De Rijk et al., 2000; Schmiedl et al., 2000). P. ariminiensis is a suspension 

feeder epifaunal species from elevated substrates, able to obtain the food supply transported by 

bottom currents (Lutze and Thiel, 1989; Linke and Lutze, 1993; Fontanier et al., 2008). These 

relationships indicate that the 2nd axis can be interpreted positively related to increased organic flux 

and slightly reduced bottom ventilation. Noteworthy, samples of BFCZ1c and BFCZ1d, which 

cover a time interval corresponding to the ORL1, have similar projection on the axis 2 but are 

shifted along axis 1: they can be related to increased paleoproductivity during a sea level rise. The 

results obtained for species belonging to the genus Gyroidina are somewhat surprising. In general, 

Gyroidina altiformis and Gyroidina orbicularis are considered oligotrophic (De Rijk et al., 2000). 

According to Rasmussen et al. (2002) the Gyroidina genus contains some of the few species in the 

Mediterranean that are able to cope with the extremely oligotrophic lower slopes and abyssal sea 

floor. In the Core GNS84-C106, as well as in the Core Transect2017_TR1, these species seem to 

show different behaviours. Gyroidina altiformis, as shown by the closeness of its column point to 

that of B. spathulata, seems related to more trophic conditions than G. orbicularis and G. 

umbonata, located close to C. pachyderma and P. ariminiensis. Indeed, this species is more 

abundant from the second part of the BFCZ1d to the BFCZ1c, during the second half of ORL1, G. 

orbicularis and G. umbonata are very rare.  

As already emerged in previous analyses of this core (Di Donato et al., 2009), Hyalinea baltica 

and Sphaeroidina bulloides column points lie near the origin of the biplot axes (Fig. 48). This 

suggests for these taxa relative neutrality with respect to the compositional changes explained by 

the first two axes. Along the third axis, it can be noted the location on the negative side of G. 



115 
 

crassa, Globocassidulina spp. and G. umbonata, as well as a spread along this axis of BFCZ1a and 

BFCZ2b assemblages.   

 

6.3 Core Transect2017_TR1 

The first axis of the RVB of benthic foraminifera of this deeper core contrast Holocene (BFCZ1, 

on the positive side) and Late Glacial (BFCZ2, on the negative side) assemblages. As in the case 

of Core GNS84-C106, C. pachyderma and B. albatrossi seem to be related one each other, because 

they are both abundant in the BFCZ2b, and strongly constrasted with G. altiformis and B. costata-

inflata, along both the axes 1 and 2. Along the axis 2 it can be observed the different location of 

BFCZ1a and BFCZ1b, characterised by, respectively high and low H. elegans/G. altiformis 

logratios. As in the case of Core GNS84-C106, G. altiformis is more abundant in the second half 

of ORL1 interval, after which it decreases while H.elegans (and G. orbicularis) increases. It can 

be noted also noted the strong contrast of B. spathulata and G. orbicularis characterised by a very 

high-variability logratio. On the basis of the benthic record of the Core GNS84-C106 and 

Transect2017_TR1, G. orbicularis seem to be clearly related to oligotrophic conditions, while G. 

altiformis seems to be related to oligo- to mesotrophic conditions with not well ventilated bottom 

conditions, which, and as highlighted by the contrast of this species with C. pachyderma. In the 

biplot, shallow water and epiphytes seem to be related with B. spathulata and C. carinata (the 

latter, even less abundant, shows the same trend as in the Core GNS84-C106). Indeed, these groups 

are relatively more abundant in the late glacial interval of this core, probably as a consequence of 

downslope transport and/or currents dispersion of Posidonia or other bottom vegetation fragments 

from the nearby Capri island and Amalfi coast.  
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6.4 SST trends in the Southern Tyrrhenian Sea 

The SST obtained with CodaMat and Coda-PLS follow, in general, similar SST trends. However, 

the last glacial SST reconstructions obtained from Core GNS84-C106 highlight some significant 

difference. In particular, it can be noted that Coda-PLS provide a quite coherent reconstruction, 

with GI-1/BA SST values that are intermediate between the last glacial and the Holocene. In 

particular, CodaMat provides, for this interval quite high values which seem to be typical of full-

Holocene conditions. By contrast, the values obtained from CodaMat for the coldest periods, which 

are correlated with Heinrich event H1 and an interval encompassing H2 and H3 events, are lower 

in comparison with Coda-PLS. In figure 48 the annual SST reconstructions obtained for Core 

GNS84-C106 and Transect_2017-TR1 are compared with the alkenone-based SST obtained from 

the cores BS79-38 and BS79-33 recovered in the southern Tyrrhenian sea (Sbaffi et al., 2001; 

Marshall et al., 2002). The amplitude of SST changes during the late glacial obtained with Coda-

PLS and alkenones is quite similar, while CodaMat provides larger fluctuations. All methods 

highlight SST maximum in the early Holocene. Afterwards, the quantitative reconstructions points 

to SST decrease (which is also recorded in the Core BS79-38 alkenone-based SST), which in 

particular in the results provided by the CodaMAT method seems to be larger. A similar trend was 

observed in previous reconstructions (i.e. Kallel et al., 1997) and, as observed by Sbaffi et al. (2001) 

may be partly related to a change in the palaeoceanographic setting, and in particular to a 

pycnocline shallowing which favoured the development of a DCM and a consequent increase in 

Neogloboquadrina pachyderma l.c., a species which is also abundant in high latitude assemblages. 

The Mediterranean climate is linked to the North Atlantic regions by means of teleconnections 

such as the North Atlantic Oscillation (NAO) (see Hurrell et al., 2003 for a review), and in the Late 

Pleistocene to Holocene record of the Mediterranean basin there are several evidences of 

teleconnections of this region with Greenland and North Atlantic regions (Cacho et al., 1999; 2000; 

Di Stefano et al., 2014). It can be noted that the SST record of the southern Tyrrhenian Sea (figure 

48), and in particular the SST decrease recorded for a time interval spanning from 7 to 4 ka BP was 

also recorded in the GISP2 ice core (Alley, 2000, Wanner et al., 2011). This evidence suggests that 

the SST decrease recorded by CodaMat and Coda-PLS may be explained not only in terms of 

palaeoceanographic setting change but also in terms of an effective SST decrease.  
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Figure 48 Comparison between Coda-PLS (full line) and Codamat annual SST (dotted line) 

reconstructions with Alkenones based SST obtained from Cores BS79-33 and BS79-38 and the 

Greenland GISP Holocene temperature record. 

 

A warm Tyrrhenian Sea around 3 ka BP? 

The reconstructed SST by means of CoDa-PLS clearly shows a distinct warming around 3 ka BP, 

with values higher than present. This episode coincides with the STPFCZ1b (4.0-1.9 cal ka), which 

is characterised by a peak in G. sacculifer widely recorded in the Mediterraean (Asioli, 1996; 

Capotondi et al., 1999; Buccheri et al., 2002; Sprovieri et al., 2003; Asioli and Piva, 2006; 

Margaritelli et al., 2016; among others). In effect, the increase in abundance of G. sacculifer in the 

Mediterranean late Holocene and during the interstadials MIS11 and 9, has been related to 

“Climatic Optima” (Piva et al., 2008; Lirer et al., 2013, 2014). The alkenone-based SST 
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reconstructions (Sbaffi et al., 2001) provide somewhat contrasting evidences, as an SST rise is 

recorded in the Core BS79-33 while it is not evident on the Core BS79-38. The CodaMat record 

show an SST rise in the Core GNS84 C106 which it is not evident in the Core Transect2017_TR1. 

It can be noted that the closest modern analogues of samples belonging to STPFCZ1b are mostly 

found in the western Mediterranean, in core top assemblages in which G. sacculifer is not abundant 

as it is in the STPFCZ1b. This suggests that, for this interval, the CoDaMAt method may be not 

fully able to capture a peculiar feature of the planktonic foraminifera assemblages.  

 

Figure 49 Geographical location of the closest modern analogues for a 3 ka PB sample of the Core 

Transect2017_TR1  

 

In the model of the Coda-PLS, the G. sacculifer load positively to SST estimates, as it is a tropical 

species, although in the present Mediterranean it is abundant mostly in the north western sectors, 

which are characterised by relatively lower SST and SSS. As pointed above, the occurrence in 

sectors in which a positive wind curl stress prevail, may indicate that during this time interval, 

warm summer conditions were coupled, in winter, with a strong wind stress diffused in large 

sectors of the Mediterranean, allowing this species to expand in the central-eastern Mediterranean 

too.  

The correspondence of the SST increase recorded around 3 ka with a Greenland air temperature 

increase, further supports an increasing SST scenario for this interval which immediately follows 

the 4.2 ka event, which in the reconstructed SST record is characterised by slightly lower values. 
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6.5 Climatic evolution and oceanographic setting of the southern Tyrrhenian Sea from the Last 

Glacial Period to the Holocene. 

 

The integration of planktonic and benthic foraminifera records obtained from the analysed cores 

allowed to depict the oceanographic setting of this sector of the southern Tyrrhenian Sea from the 

Last Glacial Period to the Holocene.  

Last Glacial Period 

The Last Glacial Period is only represented in the GNS84-C106 Core. Colder conditions in the 

Gulf of Salerno were reached during two intervals (Fig. 42) the first of which, between 30 and 24 

kyr BP, cover a time interval encompassing the Heinrich events H2 and H3 (Heinrich, 1988; 

Hemming, 2004). The second cold interval, between 18.5 and 14.7 kyr BP corresponds to the 

Heinrich event H1. As regards the bottom conditions, the combination of low organic carbon values 

and relatively high carbonate content (Di Donato et al., 2009) suggests a well-oxygenated seafloor 

in a circalittoral-epibathyal environment. The low total clay component and the scarcity of clay 

minerals of continental origin indicate limited continental run-off, consistent with the low 

precipitation in the surrounding areas of Gulf of Salerno (Di Donato et al., 2008), as well as with 

an open-vegetation pattern in south Italy (Allen et al., 1999). Overall, the benthic assemblages, 

characterised by the abundance of C. carinata, Miliolids, C. pachyderma are consistent with oxic 

conditions and moderate organic fluxes within a lower circalittoral-epibathyal environment. The 

increase in C. pachyderma recorded during the H1 event, event, which was also recorded in the 

North-western Mediterranean (Melki et al., 2009), indicates enhanced bottom ventilation, 

coherently with an intensification of termohaline circulation during stadial events (Cacho et al., 

1999; Cacho et al., 2000; Cacho et al., 2001, Sprovieri et al., 2012).  

Late glacial period (~14.7-11.5 kyr BP)  

As shown in chapter 7.1, the negative shift in the 1st axis scores of the benthic foraminifera biplot 

for Core GNS84-C106 recorded at the beginning of the Late glacial (Fig. 47) highlights a change 

in bottom conditions which can be related to a first palaeodepth increase during the Meltwater pulse 

1a (Fairbanks, 1989; Hanebuth et al., 2000; Weaver et al., 2003). This interval is also marked by 

the re-entry of G. inflata, which, with some diachronism, occurs in the Mediterranean around 15 
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cal ka (Casford et al., 2002; Pérez-Folgado et al., 2003; Sprovieri et al., 2003; Di Donato et al., 

2008; Siani et al., 2010). The present regional distribution of this mesopelagic species follows the 

path of Atlantic waters and its abundance positively correlates with food availability and winter 

mixing (Pujol and Vergnaud Grazzini, 1995; Mallo et al., 2017). During the GI-1 with ORL 

(organic reach layer), increased abundances of G. inflata in the Alboran Sea are associated with 

higher inflow volumes of Atlantic waters and higher SST, and to a deepening of the nutricline and 

pycnocline, linked to the interference between the Atlantic inflowing waters and the MOW (Pérez-

Folgado et al., 2003). A first deepening of the pycnocline is also evidenced by a first increase 

(though rare) of G. truncatulinoides, which is more evident in the deeper Transect2017_TR1 core. 

The marked and fast SST increase (Figure 44) also correspond to an increase in precipitation 

highlighted by pollen assemblages (Di Donato et al., 2008). A consequent increase in continental 

runoff is marked by the increase in the clay component from 10 to 20% with a mean percentage of 

clay minerals such as kaolinite (8%) followed by illite (6%), smectite (4%) and chlorite (2%) 

(Naimo et al., 2005). An increase in primary production associated with continental run-off during 

this interval is consistent with the high Ca values and the first increase in Ba (Di Donato et al., 

2009). The productivity increase is also supported by the well recorded in the core GNS84-C106 

by the increase in B. spathulata and U. mediterranea (BFCZ1d), and is clearly identified by the 

shift in the 2nd axis scores of the benthic foraminifera biplot (Fig. 47), as well as by the increase in 

benthic foraminifera absolute abundance recorded in both the Core GNS-84-C106 and Core 

Transect2017_TR1 (fig. 46). An increase in B. spathulata-dilatata group (together with U. 

mediterranea and G. altiformis) is also recorded in the Core Transect2017_TR1 (BFCZ2a), and 

testifies for increasing organic matter fluxes, though reduced in comparison with circalittoral-

epibatial bottoms, also at depth. As increases in organic matter fluxes at the bottom are often 

coupled with oxygen depletion, in most cases it is difficult to separate their effects on benthic 

species (Sen Gupta and Machain-Castillo, 1993). Throughout this interval, the diversity of the 

benthic assemblages remains quite high, suggesting that only slightly dysoxic conditions may have 

been established, likely during the summer season.  

The cooling phase correlated with the GS1-Younger Dryas recorded in all the studied cores does 

not seem to cause dramatic changes in bottom conditions. However, it is marked at shallower depth 

by an increase in Miliolids and, at depth, by a strong increase in C. pachyderma which record an 

increase in bottom ventilation during this stadial.  
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Overall, the Late glacial geochemical and micropalaeontological proxies reflect a productivity 

increase, corresponding to the beginning of the ORL1 phase (Rogerson et al., 2008) and of the last 

Sahara humid phase (Reimer et al., 2010), which can related to nutrient supply from the continent 

through fluvial inputs and remobilisation of organic matter stocked in previously emerged alluvial 

plains during this fast sea level rise interval. During this interval the Corg values in the Core 

GNS84-C106 remain rather low (Fig. 42). Corg content, however, results from several factors, 

including oxidation processes related to aerobic respiration (Bender and Heggie, 1984). Hence the 

low Corg content recorded in the Late glacial of core GNS84-C106 may be explained by the 

persistence of oxic conditions at the bottom, as also testified by the presence of Fe and Mn-

hydroxides (Naimo, 2005). Corg values are higher throughout the Core Transect2017_TR1 without 

highlighting significant changes.  Two peaks in the C/N ratio recorded during this interval indicate 

imputs of organic matter of continental origin. 

Early Holocene  

The transition to the Holocene is marked a second pycnocline deepening coinciding with the 

Meltwater pulse 1b. The SST record indicates higher values since around 10 cal ka. Planktonic 

assemblages (STPFCZ2d) are marked by the re-entry of G. truncatulinoides r.c. around 11.5 cal 

ka, immediately followed by re-entry of G. truncatulinoides l.c.. Contemporarily, the abundance 

of Neogloboquadrina r.c. is strongly reduced. In the Atlantic Ocean, G. truncatulinoides l.c. prefers 

warm, nutrient depleted waters such as the center of the subtropical gyre, while the right coiling 

variety favours the still relatively warm, but more nutrient-rich waters associated with the gyre 

margins (Renaud and Schmidt, 2003; Ujiié et al., 2010). Moreover, G. truncatulinoides l.c., 

dominates North Atlantic sediments when the permanent thermocline is deep, while the right 

coiling variety is more abundant when the permanent thermocline is shallow (Feldmeijer et al., 

2015). Thus, the record of the Southern Tyrrhenian Sea, highlights a progressive deepening of the 

thermocline which can be related to a thickening of the MAW layer over a saltier and denser LIW 

which became progressively isolated from surface processes (Casford et al., 2002; 2003). The 

deepening of the thermocline prevented the development of DCM, leading to the almost 

disappearance of N. incompta (STPFCZ1b-d). It can be noted that during this time interval, during 

which OLR1 and Sapropel S1 overlap, this species is also missing in the eastern Mediterranean 

(Rohling, 1993; among others). The composition of the planktonic foraminifera assemblages does 
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not provide clear indications on surface salinity, however this interval is characterised by the 

abundance of Braarudosphaera bigelowii among calcareous nannofossils (Esposito and Buccianti, 

2004) and Limacina trochiformis among pteropods (Buccheri et al., 2002) which indicate reduced 

surface salinity (Buccheri and Torelli, 1981; Buccheri et al., 1998). A decrease in Tyrrhenian Sea 

surface salinity during this interval, which corresponds to the last sapropel event in the eastern 

Mediterranean Sea, was also recorded by Kallel et al. (1997). 

In the shallower GNS84-C106 core, the negative shift in the 1st axis scores in benthic foraminifera 

in the early Holocene (Fig.43) highlights a palaeobathymetric increase corresponding to the 

melting pulse 1B (Fairbanks, 1989). The positive shift in Corg recorded at the beginning of the 

Holocene (Fig. 39) together with diagenetic microcrystalline barite and relative increases of barium 

(Fig. 39), can be related to increasing organic flux at the bottom, which in turn may derive from an 

increase in land-derived organic matter, as also supported by an increase in the mineralogical clay 

component, and/or plankton-derived organic matter flux at the bottom (Canfield, 1994). The high 

absolute abundance of benthic foraminifera (BFCZ1c) is also coherent with meso- to eutrophic 

conditions which are also indicated by benthic Mollusca and Ostracoda (Di Donato et al., 2009). 

However, in comparison with the previous interval, there is a reduction in B. spathulata to which 

corresponds an increase in G. altiformis, U. mediterranea and H. baltica. These assemblages point 

to a reduction in the organic matter flux to the bottom. At the deeper site, the abundance of Melonis 

barleeanum, G. altiformis benthic foraminifera testify for an intermediate trophic setting. The 

scarcity of C. pachyderma and P. ariminiensis (also detected in the Core GNS84-C106) indicates 

reduced bottom ventilation, however a peak of deep infauna is only recorded at around 9.9 cal ka, 

followed at 9.7 by peaks of B. spathulata and C. carinata, likely related to season organic matter 

pulses.  

From 10.5 cal ka, the disappearance of G. truncatulinoides, which may indicate a tendency of the 

stratification in the water column to persist all year around (Kallel et al., 1997),  and the progressive 

increase in N. pachyderma, which became more marked from 9.5 cal ka - towards the end of the 

ORL1 - indicates the progressive shallowing of the pycnocline, and establishing of DCM. This is 

an important feature of this Holocene interval already recorded in the Tyrrhenian Sea by several 

authors (Kallel et al., 1997; Sbaffi et al., 2001). This phase is likely related by a progressive 

shallowing of the LIW in the Tyrrhenian Sea, which is not recorded in the eastern part of the Sicily 
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Channel until 7.8 ka (Di Donato et al., 2019 in press.) towards the end of the Sapropel S1 event. 

Today, the LIW is forced to rise passing through the Sicily Channel. The evidences of the Southern 

Tyrrhenian Sea indicate that, around 10 to 8 cal ka, the top of the LIW settles in the western 

Mediterranean to a shallower depth in comparison with the eastern Mediterranean. From 10 cal ka 

the post glacial sea-level rise rate starts to decrease (Stanford et al., 2011). A thickness reduction 

of the MIW, as a consequence of the progressive reduction of the inflow of Atlantic water in the 

Mediterranean, which is supported by the progressive decrease in G. inflata recorded from 8 cal 

ka, could have contributed to determining this LIW settlement, to which also contributed 

differences in the density contrast between LIW and MAW recorded to the two sides of the Sicily 

Channel.   

The time interval between the end of the ORL1 and the end of the S1, is still characterised by high 

values of Ba and Corg, pointing to persisting eutrophic conditions, as well as by slighty reduced 

surface salinity, as indicated by the persistence of Limacina trochiformis, and B. bigelowii, whose 

abundance, however decreases (Buccheri et al., 2002). Benthic assemblages record a progressive 

change of bottom conditions during this interval. In the Core GNS84-C106 (BFCZ1b), an increase 

in C. pachyderma, H. baltica, Miliolids, U. mediterranea correspond to a decrease in G. altiformis, 

C. carinata, indicating improvement of bottom ventilation and a further reduction in the organic 

matter flux. In the deeper Core Transect2017_TR1, after a peak around 8.4 ka (BFCZ1b) a decrease 

in the absolute abundance, the decrease in Bolivina and G. altiformis and the increase in G. 

orbicularis, H. elegans, points to a transition from oligo/meso- to oligotrophic conditions.  

Middle to late Holocene 

From about 6.5 kyr BP a major change occurs in the column water and in the bottom environment.  

The progressive decrease of N. pachyerma r.c. and G. inflata (STPFCZ1c) may be related to a 

further reduction in the water inflow from the Atlantic Ocean related to a further decrease in the 

sea level rise rate and, contemporary establishing of conditions unfavourable to the development 

of DCM. At around 4.8-4.6 cal ka (STPFCZ1b) a third pycnocline deepening is recorded by a peak 

of G. truncatulinoides r.c. - already recorded by Capotondi et al., (1999) and in the Sicily Channel 

by Kuhlmann et al., 2015 - which is followed by an increase in G. truncatulinoides l.c., with a 

compositional change recognised throughout the southern Tyrrhenian Sea (Ariztegui et al., 2000). 

Differently from the previous pycnocline deepening events, which occurred during periods of sea 
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level rise, this event occurred during a phase of sea level stabilisation, and is likely related to a 

deepening of a LIW which became progressively denser as more arid conditions established in the 

Mediterranean, and in particular in its eastern sectors. In both Cores GNS84-C106 and 

Transect2017_TR1 a reduction in the absolute abundance of benthic foraminifera indicates the 

establishment of the oligotrophic conditions which characterise at present the open water system 

of the Tyrrhenian Sea (Margalef et al., 1966). In the Core GNS84-C106, an increase in C. 

pachyderma with a peak around 3 ka indicate good ventilation at the bottom. This peak coincides 

with the G. sacculifer peak recorded in the Gulf of Gaeta (Di Donato, 2002), Sicily channel 

(Sprovieri et al., 2003) and Adriatic Sea (Capotondi et al., 1999; Sbaffi et al., 2001).  
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Abstract 

The modern analogue technique has been accordingly revised with compositional data analysis 

framework. The method adopts the Aitchison distance, obtained from isometric log-ratio 

coordinates of relative abundances, as a natural measure of similarity among assemblages. The 

number of analogues from which obtain the estimates was determined through leave-one-out 

verification of modern assemblages. Mean distances and local outlier factor are considered to 

evaluate the quality of palaeoestimates. The method has been tested on Atlantic Ocean and 

Mediterranean planktonic foraminiferal assemblages to reconstruct past sea surface temperatures 

(SST). In comparison with previous planktonic foraminiferal based reconstructions, the Portugal 

offshore SST record for the last 210 ka shows a higher coherence with other paleoclimate proxies 

(i.e. the stable isotope and alkenone records). In comparison with raw data analysis, CoDa-MAT 

yields lower estimates of the western Mediterranean last glacial period SST. 

 

Keywords: modern analogue technique, Aitchison distance, sea surface temperatures 

 

1. Introduction 

Quantitative estimation of past environmental parameters is one of the most challenging 

engagements of palaeoclimatical and palaeoecological investigations. In palaeoceanographical 

studies quantitative palaeoclimatic reconstructions can be attained by means of geochemical 

methods, such as the analysis of long chain alkenones (Brassel et al., 1986) and the Mg/Ca ratio in 
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foraminifera (Elderfield and Ganssen, 2000), or more strictly paleontological methods based of 

statistical analysis of census counts of assemblages. These methods, known as transfer function 

methods, have been introduced to provide quantitative estimates from counts of fossils, including 

regression-based methods (Imbrie and Kipp, 1971), modern analogue techniques (MAT) (Hutson, 

1979; Pflaumann et al., 1996; Waelbroeck et al., 1998) and artificial neural networks (Malmgren 

et al., 2001). The starting point of these methods is a modern dataset usually consisting of counts 

of modern assemblages and measured environmental parameters.  

One of the main objective of the thesis is to elaborate the methods statistics two different 

approaches the regression and the CoDaMAT. 

 

The first approach is focused on revising the modern analogue techniques (MAT) according to 

CoDa principles. The MAT compares fossil assemblages with modern ones using a distance 

measure or a similarity coefficient. The palaeoenvironmental estimates are obtained from the 

environmental parameters measured at the location of the most similar modern assemblages. For 

each fossil samples the nearest modern ones are found by adopting an appropriate distance (d). 

Then, the palaeoestimate �̂� for a fossil is represented by the mean of the environmental parameters 

𝑝𝑖 measured at the geographical location of the h modern analogues: �̂� =
∑ 𝑝𝑖

ℎ
𝑖=1

ℎ
 where h represents 

the number of analogues. Following Hutson (1979) and Pfaumann et al. (1996), the mean can be 

weighted on the inverse of the distance (1/d(i)), so as increase the influence of the closer analogues 

on the palaeoestimate: 
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The assessment of the goodness of the method is usually carried out through cross-validation in the 

reference modern dataset. Following the discussion along the works Telford and Birks (2009, 2011) 

and Guiot and de Vernal (2011a, 2011b), we assume that in MAT the spatial structure of data has 

relatively low effect on the calculation of prediction errors. In consequence, in this work we assume 

no effect of spatial autocorrelation. 

MAT mostly differ for the distance measures or similarity indexes used, among which the cosine-

theta (Hutson, 1979), the scalar product of the normalized assemblages vectors (Pflaumann et al., 

1996), squared chord distance (Waelbroeck et al., 1998) and the Euclidean distance on the 

logarithm of the species relative abundances in permil (Guiot and de Vernal, 2011a). The 
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information in a modern and a fossil assemblage is the relative abundance or percentages of species, 

i.e., they can be considered as compositional data (CoDa) (Aitchison, 1986). That is, the 

information contained in a vector of counts x is the same as in k·x, for any real scalar k>0, property 

known as scale invariance (Aitchison, 1986). That is, any observation x is a member of an 

equivalence class (Barceló-Vidal and Martín-Fernández, 2016). This type of data is common in 

Earth Sciences when the constituents and compounds are described in terms their concentration 

(e.g., Buccianti et al., 2006). As with some of the cluster analysis techniques, despite it is also 

possible to experiment with different distances, we follow Everitt et al. (2011, p. 69) 

recommendation “…the choice of measure will be guided largely by the type of variables being 

used and the intuition of the investigator”. In the particular case of CoDa the Aitchison distance 

has been proved to be an appropriate measure for the geometry of the sample space (Aitchison et 

al., 2000). Palarea-Albaladejo et al. (2012) present a summary of the properties, advantages and 

difficulties of several different measures when they are used for CoDa.  

The approach proposed on this paper has the aim to develop a MAT in a coherent fashion with the 

nature of the data, hereafter the CoDa-MAT. In the following section, the basic elements of the log-

ratio methodology to CoDa are introduced and the CoDa-MAT is described. Next the method is 

tested, and its results illustrated using different assemblage datasets. Finally, Section 4 presents 

some conclusions and final remarks. 

 

In the last decades, several methods were proposed to obtain quantitative estimates of past 

environmental parameters from counts of fossils assemblages (Imbrie and Kipp, 1971, Hutson, 

1979; ter Braak & Juggins, 1993; Pflaumann et al., 1996; Waelbroeck et al., 1998; Malmgren et 

al., 2001; among others). Most methods are applied to percentage data obtained from counting of 

specimens. The peculiar properties of relative abundance data represent however a key issue to be 

taken into account when developing transfer functions based of fossil assemblages. Percentage data 

belong to compositional data (CoDa) (Aitchison, 1986): that is, the information contained in a 

vector of counts x is the same as in k·x, for any real scalar k>0, property known as scale invariance 

which indicates that a composition is an equivalence class (Barceló-Vidal and Martín-Fernández, 

2016). This type of data is very common in Earth Sciences when the constituents and compounds 

are described in terms their concentration (e.g., Buccianti et al., 2006). In a paper recently published 

(Di Donato et al., 2018) we revised the modern analogues technique (MAT) (Hutson, 1979; 
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Pflaumann et al., 1996; Waelbroeck et al., 1998) according to the CoDa methodology (Aitchison, 

1986).  

The second approach is based on regression-based methods, such as Principal Component 

Regression (PCR) and Partial Least Squares Regression (PLSR). In order to apply PLSR to CoDa, 

Hinkle and Rayens (1995) proposed logcontrast partial least squares (LCPLS). CoDa refers to 

vectors of positive components showing the relative weight of a set of parts in a total. Nowadays, 

there is a general agreement that applying the standard statistical methods to CoDa may yield 

misleading results (Pawlowsky-Glahn et al., 2015). The log-ratio methodology proposed by 

Aitchison (1986) and the following developments (i.e. Martín-Fernández and Thió-Henestrosa, 

2016a; Martín-Fernández and Thió-Henestrosa, 2016b) represent a powerful set of methods and 

techniques to apply to CoDa. The approach adopted in this paper follows the principle of working 

on coordinates (Mateu-Figueras et al., 2011), that is, the standard statistical analysis is conveniently 

performed after choosing log-ratio coordinates. In particular, we considered to express each D-

vector x = (x1, . . . , xD) of percentages of species as: 1) a D-dimensional vector z=(z1, . . . , zD) of 

centred log-ratio coordinates (z =clr(x)) (Aitchison, 1986) and 2) a (D−1)-dimensional real vector 

y=(y1, . . . , yD-1) of isometric log-ratio coordinates (y =ilr(x)) (Egozcue et al., 2003) (see Appendix 

1 in Di Donato et al. (2018) for definitions and details). To develop our approach, the following 

points were considered: 1) pre-processing techniques; 2) elaboration of regression-based transfer 

functions 3) evaluation of the results 4) application to fossil assemblages. As case studies, we 

considered applications based on the estimation of past sea surface temperatures (SST) from 

planktonic foraminifera assemblages. The analyses were carried out with Matlab codes, except for 

raw-data analysis which was computed with R package rioja (Juggins, 2017) 

 

2. The CoDa-MAT  

 

CoDa refers to vectors of positive components showing the relative weight of a set of parts in a 

total. Nowadays, there is a general agreement that applying the standard statistical methods to 

CoDa may yield misleading results (Pawlowsky-Glahn et al., 2015). The log-ratio methodology 

proposed by Aitchison (1986) represents a powerful set of methods and techniques to apply to 

CoDa. During last decades, numerous innovative ideas and strategies to CoDa were presented at 

the four CoDaWork meetings (e.g., Martín-Fernández and Thió-Henestrosa, 2016a) and collected 
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in special publications (e.g., Martín-Fernández and Thió-Henestrosa, 2016b). The approach 

adopted in this paper follows the principle of working on coordinates (Mateu-Figueras et al. 2011), 

that is, the standard statistical analysis is conveniently performed after choosing orthonormal log-

ratio coordinates. In particular, we expressed each D-vector x = (x1, . . . , xD) of percentages of 

species as a (D−1)-dimensional real vector y=(y1, . . . , yD-1) of isometric log-ratio coordinates (y 

=ilr(x)) (Egozcue et al., 2003) (see Appendix 1 for definitions and details).  

To develop the CoDa-MAT, the following points were considered: 1) pre-processing techniques; 

2) choice of the distance measure; 3) number of analogues.  

 

2.1 Data pre-processing: subcomposition, amalgamation and zero replacement 

 

Modern assemblages datasets often include a large number of zeros. As an example, planktonic 

foraminifera core top datasets include zeros which are partly related to the broadly latitudinal 

distribution of most species, partly to the fact that there are several rare species whose abundance 

is often below the detection limit. The zero values present in the data require a pre-processing 

because the log-ratio methodology needs the data to be strictly positive (Aitchison, 1986). To 

reduce the number of zero values to be replaced, rarer species can be excluded from the 

assemblages, by considering a subcomposition of the original assemblages (Aitchison, 1986). 

Moreover, it is possible to amalgamate species characterised by similar ecological requirements 

(Aitchison, 1986). The choice of a limited numbers of species is motivated, as pointed out by 

Buccianti and Esposito (2004), by the necessity to reduce the zero substitutions needed by the log 

ratio transformations, and to avoid, as much as possible, the generation of extreme clusters of 

points, corresponding to small values (Tauber, 1999). As pointed out by Kucera et al. (2005) the 

main problem with abundances of rare species is the inevitably low signal to noise ratio. Thus, 

amalgamation should not involve a reduction in the accuracy of results. About this, it is also worth 

recalling the subcompositional dominance property of an appropriate distance (Palarea-Albaladejo 

et al., 2012): distances between observations obtained from subcompositions, are less to equal to 

those obtained from full compositions. 

To manage the zeros occurring in the data, the first step of the analysis is the conversion of species 

vector of counts c, both for the fossil and modern data, into relative abundance compositional 

vectors x. If it can be assumed that zero values correspond to count zero, indicating that the 
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component is absent by a sample size effect, it is possible to replace them by a suitable small value 

(Martín-Fernández et al., 2015). To do that, we adopted a mixed Bayesian-multiplicative estimation 

approach, which is recommended when the compositional data arise from counts (Martín-

Fernández et al., 2015). This treatment consists on a Bayesian estimation of the zero percentages 

combined with a multiplicative readjustment (Martín-Fernández et al., 2003) of the non-zero values 

(see Appendix 1).  

After the zero replacement, the ilr-coordinates’ vector y for the fossil and modern data are obtained. 

Thus, fossil assemblages are represented by its ilr-coordinates, whereas the modern database is 

consisting of ilr-coordinates together with the environmental parameters measured at each location 

(at sea surface for planktonic assemblages core tops). 

 

2.2 Distance measure 

 

The ilr-coordinates are isometric, i.e., an isometry is established between x and its real vector y. 

Hence, distances in the sample space of CoDa (the simplex SD) are associated with distances in 

RD−1. This property has important consequences for our aims, since distances in the simplex are 

translated into ordinary ones in the space of coordinates. Thus, the Aitchison distance (da) between 

two compositional vectors x, x* ∈ SD (Aitchison, 2000) is equal to the Euclidean distance (de) 

between their ilr-coordinates vectors y, y* ∈ RD−1, i.e., da(x, x*)=de(y, y*) (Palarea-Albaladejo et 

al., 2012). The Aitchison distance meets the requirements of scale invariance, perturbation 

invariance and subcompositional dominance that are needed to achieve a meaningful statistical 

analysis of CoDa (Palarea-Albaladejo et al., 2012). An alternative distance measure that also meets 

these requirements is the Mahalanobis distance on ilr-coordinates (Palarea-Albaladejo et al., 2012). 

On the other hand, the distances related to angular measures do not have a compositional coherent 

behaviour (Palarea-Albaladejo et al., 2012). This narrows it down to just Euclidean or Mahalanobis 

distance on ilr-coordinates the metrics that can be adopted in the CoDa-MAT.  

 

2.3 How many analogues? 

In theory, a palaeoestimate for a fossil sample may be obtained from a single very close modern 

analogue. However, the application on a too restricted number of modern analogues increases the 

risk of a bad estimate due to presence of anomalous samples in the modern dataset (i.e. arising 
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from a decoupling of assemblage from the underlying surface conditions, or to taphonomic 

processes). In consequence, in the application of MAT is essential to determine the optimal number 

of analogues from which the palaeoestimates are obtained. In the CoDa-MAT this subject is 

handled by first one evaluating which number of analogues performs better in the modern 

conditions, by means of sensitivity analysis of leave-one-out cross-validation method (ter Braak 

and Juggins, 1993; Barrows and Juggins, 2005). Once this number is determined, it is also adopted 

for palaeoestimates of all fossil assemblages.  

The sensitivity analysis to define the optimal number of analogues is based on numerical indices. 

Indeed, once the environmental estimates are obtained for all the modern samples these are 

compared with the corresponding measured values, by computing two indices: the Pearson 

correlation coefficient and the mean squared distances (MSD) (e.g., Martín-Fernández et al., 2003). 

The MSD is a multivariate index of quality of the estimates of k environmental parameters defined 

as: 

 

 

where n is the number of 

modern samples, P represents the vector of k measured environmental parameters, and �̂� the 

corresponding vector of estimated values. This approach is equivalent to analyse the mean of the 

norm of the residual rows (difference between measured and estimated parameters). The best result 

of MSD is obtained when MSD=0, i.e, all the estimates are equal to the measured values. In 

consequence, we select as optimal number of analogues the number that produces the minimal 

MSD value. MSD index is the multivariate generalization of the Mean of Squared Errors (MSE), 

applied when only one parameter is evaluated. The square root of MSE is the Root Mean Square 

Error of Prediction (RMSEP), a quality index commonly calculated as a measure of the predictive 

abilities of the training set (Wallach and Goffmet, 1989; Birks, 1995). The multivariate approach 

should be applied when there is a set of parameters defining the palaeoclimate, as is usually done 

in pollen analysis, from which several variables are estimated (i.e. temperature, seasonal or annual 

precipitation, potential evapo-traspiration). In such a case, the environmental parameters may be 

normalized before the computation of MSD to avoid dominance effects induced by the different 

measurement units adopted.  
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Using the standard Pearson correlation index, we can calculate a measure for k environmental 

parameters. This procedure calculates the Pearson correlation coefficient r between a measured 

environmental parameter p and its estimates p̂ for all the modern analogues. A perfect quality of 

the estimations will produce a Pearson correlation equal to 1. In a multivariate approach, when one 

deal with a vector P of measured environmental parameters (k parameters) and the corresponding 

vector of estimation �̂�, an index R is defined by 

ˆ( ) ( )
1

                             (3)
k

P j P j
j

R r k
=

=  

where P(j) and �̂�(𝒋) respectively represents the jth parameter. In this case, the best value of R 

corresponds to 1. In consequence, the number of analogues that provides the maximum value of R 

is selected as optimal. It can be noted that the Pearson correlation coefficient r is used as a similarity 

index between a measured and an estimated parameter. However, the results with this index could 

be misleading in some scenarios. For example, when the estimates are closely proportional to the 

measured values this index will also show a reasonable value (close to one), although the 

estimations are low-quality estimations because they are systematically biased. By combining R 

index with MSD index, one completes the information about the quality and avoid these 

undesirable situations because MSD index measures the goodness of the estimates across the 

samples 

 

2.4 Application on fossil assemblages 

 

The above-described leave-one-out evaluation provides the basis for the application of CoDa-MAT 

on fossil assemblages, as best performing number of analogues for the modern conditions was 

determined by means of MSD and R indexes. In a second step, it can be evaluated if this optimal 

number of analogues can be adopted to perform palaeoestimates from fossil assemblages.  

As in the RAM method (Waelbroeck et al., 1998), the number of analogues may be evaluated for 

each assemblage, by looking for “jumps”, i.e. increases in distance larger than a fraction of the last 

modern analogue selected. The number of analogues may be also reduced to obtain 

“oceanographically coherent” analogues (in the case of marine assemblages such as planktonic 

foraminifera - see section 3.2) or to achieve coherence of the vegetational context of the analogues 

(in the case of continental proxies such as pollens).  
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2.4.1 No-analogue conditions, outliers and atypicality index. 

 

Probably the most important difficulty of any proxy-based reconstruction is represented by the no-

analogue problem, occurring when the palaeoenvironmental conditions represented in the fossil 

assemblages do not have a correspondence in modern environments. More in general, it is 

important to define quality indexes of the palaeoestimates. The most obvious ones are represented 

by the average distance from the fossil assemblages to its nearest modern analogues and by the 

standard deviation of associated to the estimates. Large mean distances and high standard deviation 

(often associated with oceanographical incoherence) likely indicate bad estimates. Overpeck et al. 

(1985) indicated threshold values to be adopted with squared chord distance. In the CoDa-MAT 

the problem of detecting no-analogue conditions is faced by first considering the atypicality index 

and outlier detection for CoDa sets. In a broad sense, atypicality index (e.g., Aitchison, 1986) 

represents the probability of a more typical composition (or with a smaller Mahalanobis distance, 

from the centre of the dataset) than the observed one. In CoDa-MAT, atypicality index is first 

computed for each modern sample using Mahalanobis distances, to determine critical values of 

distance for which a sample can be considered a potential outlier. After that, atypicality can be 

computed for each fossil assemblage to test the hypothesis of a significant difference respect to the 

population of modern ones. A significant difference may highlight no-analogue conditions. Note 

that, in CoDa-MAT, this index is based on the Mahalanobis distance applied to ilr real vectors. This 

strategy is also in the basis of the robust methods to outlier detection for CoDa sets (Filzmoser and 

Hron, 2008) that are freely available in the R packages mvoutlier and robCompositions (R 

Development Core Team, 2011). Robust methods to identify multivariate outliers are based on the 

robust estimation of the covariance structure (e.g., Peña and Prieto, 2001). In our work, the 

estimated ilr covariance structure was used to assign a robust Mahalanobis distance to each fossil 

assemblage indicating how far the sample is from the centre of the modern data cloud.  

A second approach to outlier detection has been developed by computing the Local Outlier Factor (LOF) 

(Breunig et al., 2000) of assemblages. This index is based on a k-distance neighbourhood approach and 

assigns to each object the degree of being an outlier by determining how isolated the object is with respect 

to the surrounding neighbourhood. Values much larger than 1 are associated to suspect local outliers. As 

done for the atypicality, the LOF has been determined on ilr real vectors. The computations were replicated 

with increasing k values, which yielded quite stable results. The following results are based on a k=10. The 

relationship between a fossil sample and modern population can be approximately displayed in few 
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dimensions by means of relative variation biplots (RVB) in which it is also possible to include fossil data 

as supplementary elements (Daunis-i-Estadella et al., 2011). In this way it is possible to easily visualize the 

space distribution of fossil samples and their modern counterparts. This may be useful to verify if a fossil 

sample is located within or at the margin of the surrounding closest modern analogues (see section 3.2). 

Matlab routines to obtain RVB and perform the CoDa-MAT are provided as supplementary materials. 

 

2.4.2. Evaluation of errors of estimates in relation to hyperspheres radius   

 

This approach provides for each sample an auxiliary tool for evaluating the reliability of the 

obtained estimates. For each modern sample, the maximum value of the module of the errors of 

the estimates is computed within hyperspheres with increasing radii centred on the sample itself. 

The obtained information is applied to fossil assemblages by considering them as laying at the 

border of h hyperspheres, each centred on one of the h closest analogues. The highest value of the 

maximum errors associated to these hyperspheres is recorded as potential estimate error, as a 

measure of the reliability of the obtained estimates for the fossil assemblages. Confident estimates 

are obtained when a fossil assemblage is included within the radius of modern assemblages for 

which errors and standard deviation of the estimates are low. On the contrary, high values suggest 

considering with caution the reconstructed values or, at the limit, to discard these estimates if the 

potential error exceeds acceptable values.  

 

3 Testing the method 

 

The performance of CoDa-MAT in the modern conditions was tested on planktonic foraminifera 

with a modern dataset consisting of 1252 Atlantic and Mediterranean  core top assemblages 

determined on the >150 μm size fraction (Prell et al., 1999; Hayes et al., 2004; Kucera et al., 2004) 

(Figure 1). Additional Mediterranean Sea  core top assemblages were added from available 

literature datasets and unpublished data. The oceanographical data, consisting of mean annual, 

caloric summer and caloric winter SST refer to Antonov et al. (2010) and Locarnini et al. (2010). 

The SST values at core tops location were computed by means of Ocean Data View 4.7.10 

(Schlitzer, 2017). Following Kucera et al. (2005), oceanographical data are related to a depth of 10 

m. About the modern dataset, it should be noted that the adopted zero substitution approach can't 
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be directly applied to literature data when the planktonic foraminifera assemblages are reported as 

percentages without the total of counted specimens. Although not an ideal solution (the obvious 

alternative being to exclude these samples), in few cases the percentages data included in the 

modern dataset were “reconverted” into counts by assigning a total of 300 specimens to the 

samples. The adopted modern planktonic foraminiferal assemblage dataset consists of 26 species. 

With the approach described in Section 2.1 two datasets were generated, consisting of respectively 

19 and 15 taxonomical groups (see Appendix 2). The RVB of the planktonic foraminifera 

assemblages included in the modern dataset is shown in Figure 2. The first two axes accounts for 

about 63% of total variability (71% if a third axis is added). The pattern of the links connecting 

column points highlights the close relationship (i.e. short links) among low latitude taxa such as 

Globigerinoides ruber, Globogerinoides sacculifer and Globorotalia menardii-tumida, all of which 

are located on the positive side of axis 1. On the contrary the polar Neobloboquadrina pachyderma 

left coiled is characterised by a strong log-ratio variability respect to most of the taxa, except for 

Turborotalita quinqueloba. The location of the samples points in the RVB highlights the well-

known broad latitudinal distribution of assemblages.     

 

 

Figure 1. Location of modern planktonic foraminifera core top samples adopted for application of 

CoDa-MAT. Drawn with Ocean Data View software (Schlitzer 2018). 
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Figure 2. Relative variation biplot of planktonic foraminiferal assemblages included in the modern 

dataset (19 taxonomical groups). Samples are grouped according to their latitude. 

 

3.1 Leave-one-out verification 

 

The leave-one-out verification (see par. 2.4.1) was carried out on the 15-parts dataset by computing 

a sensitivity analysis of MSD and R indexes in relation to the number of analogues (h). Both 

Aitchison and log-ratio Mahalanobis distances were considered. In consideration of the high 

correlation between annual and seasonal SST, the MSD and R indexes were only tested with a 

univariate approach. For this sensitivity analysis a number of analogues h in (3) varying from 1 to 

30 was considered to obtain the best value of the indexes. For each value of h (from 1 to 30) the 

estimates of the environmental parameter of each modern data sample were calculated using a 

leave-one-out procedure. As shown in Figure 3, lower MSD and higher R values were obtained 

with 6 to 10 analogues, both for unweighted estimates and estimates weighted on the inverse of the 
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Aitchison distance. As expected, the weighted estimates were characterised by lower MSD values 

and higher R indexes, with peak values for annual SST estimates of 0.993. The annual SST R 

indexes are higher than seasonal ones. Moreover, it can be noted, for both R and MSD indexes, a 

rather flat response to the increase in the number of analogues (Figure 3). Although comparable 

results are obtained from 6 to 10 analogues, the progressive increase in the standard deviation of 

estimates detected for increasing number of analogues, suggests adopting 6 analogues for the 

estimates. Figure 4 and Table 1 summarise the relationships between measured seasonal SST and 

its estimates obtained under these conditions. The maximum mean Aitchison distance between a 

sample and its closest neighbourhood is about 4.7. 

The leave-one-out verification was also tested with the Mahalanobis distance on ilr data. However, 

in comparison with Aitchison distance, the MSD and standard deviation values are always higher, 

and the R indexes lower (Figure 2). Overall, the sensitivity analysis indicates that the Aitchison 

distance is more performing than the log-ratio Mahalanobis distance. We replicated the sensitivity 

analysis by testing the 19 parts dataset. The results are quite similar (the correlation coefficient 

between the annual SST obtained with 19 and 15 parts is 0.999) and are not reported here.  

 

 

Tab. 1 Leave-one-out estimated MSD index, R index and mean std of estimates (6 analogs). 
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Figure 3. Sensitivity analysis of 

leave-one-out verification in 

relation to the number of analogs 

adopted for the CoDa-MAT 

estimate of the modern measured 

seasonal SST. a) MSD index; b) R 

index; c) mean std of estimates. 

Black: annual SST; red: summer 

SST; blue: winter SST. Solid line: 

ilr-Euclidean (Aitchison) distance; 

Dashed lines: ilr-Mahalanobis 

distance. 
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Figure 4. Plots of observed versus estimated SST (annual and seasonal) obtained with 6 analogues. The error bars 

represent the std of estimates. 

 

3.2 Spatial and geographical relationships.  

As discussed above, on the whole dataset, the best leave-one out estimates are obtained with 6 to 

10 analogues. Further, the leave-one-out verification was extended to include the whole analogues, 

by also considering the geographical location of the analogues. In general, the increase in the 

number of analogues corresponds to an increase in the standard deviation of the estimates. As 

expected, it can be noted a correspondence between increasing Aitchison and geographical 

distances (Figure 5). For middle to latitude samples, the sample being tested tends to remain in 

between the analogues (in terms of both spatial and geographical distribution). With increasing 

Aitchison distances, farthest away analogues appear, mostly symmetrical with respect to the 

Equator. However, the behaviour is different for high latitude samples, as the sample being tested 

get into an off-center position as progressively far samples are added. The behaviour is also 

different for what concern the error of the estimates. For samples located at the border of the cloud 

of modern data, such as high latitude samples, the increase in the number of analogues corresponds 

to a progressive increase in the error of the estimates (Figure 5). Instead, for middle and low latitude 

samples the increase is less marked. Moreover, in several cases, the increase in the number of the 

analogues (and, consequently, in the Aitchison distances) does not imply further decreasing in the 

quality of estimates. Likely, this behaviour arises from the fact that the SST differences obtained 

moving away from the hypersphere’s centre in opposite directions tend to compensate each other. 

These results suggest evaluating, in the application of the method to fossil assemblages, the 

oceanographical coherency of modern analogues and the spatial relationships between a fossil 

samples and its modern counterparts. More confident estimates are likely obtained when a fossil 
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samples is in between its modern analogues, and when the latter are found into a limited 

geographical region. 

 

Figure 5. The figure 

shows, for 4 modern 

samples located at 

different latitudes,  

a) for progressively far 

analogues, the coordinates 

on the first 2 axes of the 

RVB shown in figure 2 

and b) their geographical 

location. The graphs on 

the left  

(c) show the differences in 

SST between a sample 

and its analogues (blue 

dots), the SST error for 

estimates obtained from 

an increasing number of 

analogues (green line), 

and from moving averages 

of 6 progressively far 

analogues (red line). 
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Summing up, threshold distances for evaluating suspect no-analogue conditions can be determined 

from atypicality index. In addition, confident estimates should fulfil the criteria of: a) closeness 

and oceanographical/geographical coherence of the analogues, b) reduced standard deviation of the 

estimates, c) staying in the middle of a fossil samples respect to its modern analogues. These results 

agree with the findings of Gujot and de Vernal (2011), as geographical closeness among modern 

analogues appear a prerequisite for obtaining confident estimates. 

 

Figure 6. DDplot of squared and robust 

squared Mahalanobis distances for a) modern 

data set b) Core MD95-2040 assemblages c) 

Core GNS84-C106. The red lines represent the 

97.5% percentile level, associated to xi-square 

value. 
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3.3 Application examples 

As an application example, the CoDa-MAT method was applied to two different planktonic 

foraminifera records. The first one is a literature dataset, consisting of the very detailed record of 

planktonic foraminifera assemblages of the core MD95-2040 (de Abreu et al., 2003; Voelker and 

de Abreu, 2011), recovered in the Atlantic Ocean off the Iberian margin, the second is that of 

GNS84-C106 core recovered in the Tyrrhenian sea (Buccheri et al, 2002; Di Donato et al., 2008; 

2009). Both datasets are obtained from >150 μm size fractions. As noted by Di Donato et al. (2015), 

the drawback represented by the excessive loss of small sized species in this size fraction can be 

circumvented, at least in part, by means of CoDA methods. The fact remains nevertheless that the 

unavailability of large modern datasets based on smaller size fractions imposes the choice of the 

>150 μm one which is not an optimal solution. The atypicality index computed with log-ratio 

Mahalanobis distances for each sample of the modern database (see section 2.4.1) allowed us to 

determine a critical value of 26.12 beyond which samples can be considered as outliers. By means 

of standard and robust atypicality, 91 and 303 outlier samples in the modern database were detected, 

respectively (Figure 6). These results appear rather restrictive because large part of modern samples 

is detected as outliers. Note that, by definition, the Mahalanobis distance is a measure of global 

atypicality, that is, it is affected by the existence of groups in the data. In contrast, using the LOF 

of modern assemblages, only two samples have values larger than 2, and only 35 samples values 

higher than 1.4.  

 

Figure 9. Location of regionalised modern 

planktonic foraminifera coretop 

assemblages adopted for application of 

CoDa-MAT to the Core GNS84-C106. 

Drawn with Ocean Data View software 

(Schlitzer 2018). 
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Figure 7. Reconstruction of seasonal SST for 

the last 210 ka off the Iberian margin from core 

MD95-2040 and comparison between CoDa-

MAT and SIMMAX28 (de Abreu et al., 2003, 

Voelker and de Abreu, 2011) reconstructed 

SSTs. a: summer SST. b) winter SST. c) gray-

shaded dots: distance of fossil assemblages 

from each of the 6 closest modern analogues. 

Full line: mean values. d) LOF values e) 

atypicality index: 0: not significant; 1: 

significant f-g) gray-shaded dots: maximum 

modules of the estimate errors for the closest 6 

modern analogues, at radii equal to the 

measured Aitchison distance. Full line: Mean 

values. h) Alkenone based SST reconstruction 

(Pailler and Bard, 2002). j) Globigerina 

bulloides stable isotope record and Marine 

Isotopic Stages (MIS) (Abreu et al., 2003; 

Schönfeld et al., 2003). 
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Figure 8. Geographical (left column) and 

spatial (right column) relationships among 

selected foraminiferal assemblages of Core 

MD95-2040 and the modern coretop 

assemblages. Numbers indicate the ranking of 

the closest modern analogues. 
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3.2.1 Atlantic Ocean 

The foraminiferal record of MD95-2040 core covers the last 210 ka (de Abreu et al., 2003; Voelker, 

and de Abreu, 2011). Sea surface temperatures for this interval were formerly reconstructed (de 

Abreu et al., 2003) from planktonic foraminifera with SIMMAX28 method (Pflaumann et al., 

1996). As regards the atypicality of assemblages, for about 19% of the samples, the Mahalanobis 

distances are above the xi-square critical value of 26.11 corresponding to the 97.5 percentile (Figure 

6). In relation to the 99.5 percentile, 4% of the samples have Mahalanobis distances are above the 

xi-square critical value of 31.32. The robust outlier detection is more restrictive, as about 40% of 

samples lies beyond the critical value. As for the LOF, glacial assemblages are characterised by 

higher values of up to 2, while most interglacial assemblages have LOF values not exceeding 1.5. 

Coherently, the mean distance of closest analogues is lower for interglacial periods. However, the 

expected maximum errors of the estimates are rather stable throughout the core (Figure 7). The 

comparison with the values reconstructed for summer and winter SST by means of SIMMAX28 

(Figure 7) (de Abreu et al., 2003), highlights a same general trend, with decreasing SST around the 

transition between MIS 7 and MIS 6. From MIS 6 to MIS 4, both methods record colder intervals 

(around 160 ka, 130 ka, 85 ka and 60 ka BP) which are also evident in the alkenone-based SST 

reconstructions and in the oxygen stable isotopes record. In addition, CoDa-MAT gives evidence 

to a negative SST peak around 108 ka BP, which is also evident in the alkenones and δ18O record.  

SIMMAX28 and CoDa-MAT reconstructions are quite different for the interval between 50 ka and 

20 ka BP. Although the reconstructed values for the most prominent SST decreases (at 40 ka, 30 

ka and 16 ka BP) are similar, for this time interval CoDa-MAT provides less fluctuating SST values, 

which appear more coherent with the alkenone-based SST reconstructions and δ18O stable isotope 

record. The spatial and geographical relationships between selected fossil assemblages of the Core 

MD95-2040 and their closest modern analogues are shown in Figure 8. It can be noted that the 

modern analogues of some fossil assemblages characterised by higher LOF, are located in the South 

and North Atlantic Ocean, mostly symmetrical with respect to the Equator. 

 

3.2.2 Tyrrhenian sea (Western Mediterranean Sea) 

The Core GNS84-C106 core covers the last 34 ka (Di Donato et al., 2009). Following Kucera et 

al. (2005), the application of the CoDa-MAT was carried out on a regionalised modern dataset 

represented by Mediterranean and North Atlantic  core top assemblages (Figure 9). The amplitude 
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of SST changes (Figure 10) is of about 10°C, the lower values being recorded between 15 and 17.5 

cal ka BP. It can be noted that Holocene samples younger than 6 cal ka BP are characterised by low 

standard deviation, low mean distances from the closest modern analogues and low LOF. Early 

Holocene assemblages are characterised by slightly higher mean distances, albeit the low LOF 

values. On the contrary, the increasing mean distances obtained for late glacial and last glacial 

period (LGP) assemblages corresponds to an increase in the standard deviation of the estimates. 

Moreover, the mean distances reach values of up to 5, which are beyond the maximum value 

obtained for modern assemblages. As regards the atypicality of fossil assemblages, with a critical 

value of 21.92, several assemblages of this core, in particular from the LGP, can be considered as 

outliers with respect to the modern dataset (Figure 6). Comparable results are obtained by 

considering the expected errors of the estimates obtained by means hypersphere radius evaluation 

(Figure 10). The “expected errors” are below 1°C for the last 5 ka. The higher mean distances 

recorded in the early Holocene (between 9 and 5 ka BP) corresponds to a first increase in expected 

errors, with values ranging from 1° to 2°C. Noteworthy this interval is coeval with the eastern 

Mediterranean sapropel S1 event, during which the Mediterranean oceanographical asset was quite 

different from today (e.g. Emeis et al., 2000; Ni Fhlaithearta et al., 2010). Higher values, in the 

order of 2°C were found for the LGP. The spatial and geographical relationships between selected 

fossil assemblages and their modern counterparts are shown in Figure 11. It can be noted that when 

the modern analogues are found at higher distances, there are some oceanographic incoherencies. 

As an example, it can be noted that the closest modern analogues of an LGP assemblage dated at 

21.3 cal ka are partly found in the Atlantic Ocean, partly in the Mediterranean Sea. Moreover, in 

addition to being characterised by high LOF and significant atypicality, in the RVB plot this fossil 

assemblages seems lying off centre with respect to its modern analogues. A marked oceanographic 

incoherence also characterises the assemblage dated at 13.5 cal ka. In summary, atypicality of 

samples and oceanographic incoherency, suggests caution in the interpretation of the reconstructed 

SST, for the Late Glacial and the LGP intervals of this core, at least for the >150 μm size fraction 

adopted for the analysis. The results obtained with CoDA-MAT have been compared with those 

obtained with raw data analysis and squared chord distance adopted as similarity measure (Figure 

10). The results appear comparable for the Holocene interval of the core, however for the Late 

Glacial and Last Glacial Period, the CoDa-MAT reconstructed SST are much lower than those 

obtained with raw data MAT, which appear even higher than present for the 19-25 cal ka interval. 
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For this case study, the results are likely influenced by the size fraction commonly adopted for the 

modern planktonic foraminiferal  core top databases, i.e the excessive loss of small sized specimens 

of T. quinqueloba in the >150-micron size fraction (Di Donato et al., 2015). In this respect, it should 

be noted that are currently not available core top databases of planktonic foraminifera assemblages 

built with smaller size fractions. However, it is likely that the adoption of smaller size fractions 

would produce lower SST estimates for the LGP intervals of the GNS84-C106 core. 

  

 

Figure 10. CoDa-MAT reconstruction of seasonal SST obtained from GNS84-C106 Core. a) summer b) 

winter. The error bars indicate the standard deviation of each reconstructed value. c) gray-shaded dots: 

distance of fossil assemblages from each of the 6 closest modern analogues. Full line: mean values. d) LOF 

values e) atypicality index: 0: not significant; 1: significant f-g) gray-shaded dots: maximum modules of the 

estimate errors for the closest 6 modern analogues, at radii equal to the measured Aitchison distance. Full 

line: Mean values. The INTIMATE Greenland event stratigraphy is reported from Rasmussen et al. (2014). 

 

4. Conclusive remarks 

In general, the leave-one-out cross validation performed on CoDa-MAT with modern data yielded 

correlations between estimated and measured modern values in the range of methods such as Imbrie 

and Kipp transfer functions, SIMMAX or RAM if applied to Atlantic Ocean (Waelbroeck et al., 

1999). However, as pointed out above, the proposal of a method based on CoDa has not the 

objective of increase the correlation obtained from previous methods, but rather to develop the 

method coherently with the nature of data. Up to now, despite the advances in the statistical theory, 

only a relatively few micropaleontological studies adopted an approach coherent with CoDa 

principles (Buccianti and Esposito, 2004; Di Donato et al., 2009; Sgarrella et al., 2012; Di Donato 
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et al., 2018). Apart from these fundamental issues, CoDa-MAT also provides tools for evaluate the 

reliability of estimates performed on fossil assemblages and the occurrence of atypical fossil 

assemblages. The application of CoDa-MAT to the examples highlighted a coherent behaviour and, 

for the Iberian margin, a strong coherence with the stable isotopes record. About the Tyrrhenian 

sea case study, the caution is suggested regarding LGP SST estimates. However, the CoDA 

approach seems less subjected to problems related to preparation techniques (i.e. size fraction) than 

raw data analysis. Although application examples of CoDa-MAT are described in a 

palaeoceanographic context, this method can be obviously applied to different proxies, i.e. to 

reconstruct past atmospheric environments, as usually done in palynological studies. Further 

studies, involving the application of CoDa-MAT to continental proxies will be carried out to 

evaluate its performing.   
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Figure 11. Geographical (left column) and spatial 

(right column) relationships among selected 

foraminiferal assemblages of Core GNS84-C106 

and the modern coretop assemblages. Numbers 

indicate the ranking of the closest modern 

analogues. 
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Supplementary appendices 

Appendix 1: ilr-coordinates and Bayesian-multiplicative treatment of zeros. 

In our work, each vector represents the composition of species in both fossil and modern data 

assemblages. Such compositions can be formalised as a vector x = [x1,…,xD] of non-negative 

elements representing proportions with sum-constraint x1+…+ xD = 1. Compositions belong to the 

simplex SD, the sample space: SD={x  RD / xi>0, i=1..D; x1+...+xD= 1 }. Log-ratio coordinates are 

obtained by one-to-one correspondences between vectors of percentages from CoDa set X SD and 

the log-ratio vectors from the coordinates dataset Y  RD-1 in real space. This correspondence 

allows the use of standard multivariate techniques on the coordinates dataset Y. Typical log-ratios 

coordinates are the centered log-ratio coefficients (clrj):  

  clr(x)= (clr1(x), …,clrD(x))  with  clrj(x)= ln
x

j

g(x)
,    

where g(x) is the geometric mean of the composition. Because ∑ clrj(x)D
j=1 =0, then (i.e. the centred 

log-ratio covariance matrix is singular) the dimension of the clr-space is D-1. One can construct an 

orthonormal basis in the clr-space to obtain orthonormal log-ratio coordinates. To do this one can 

calculate the the isometric log-ratio coordinates (ilr) of the percentages of species. The ilr-

coordinates’ vector is defined by 

 

ilr(x) = y = [y
1

,…, y
D-1

]R
D-1

, where  

From among the log-ratio coefficients, the orthornormal coordinates are preferred because of their 

advantageous theoretical and practical properties (Pawlowsky-Glahn et al., 2015). The log-ratio 

coordinates obviously cannot be obtained for CoDa with zero values. Consequently, before 

proceeding with the log-ratio coordinates, observations with zero values had to be pre-processed 

with appropriate compositional techniques. The zeros can be present for various reasons in a CoDa 

set. Martín-Fernández et al. (2011) presented a comprehensive description of this difficulty, known 

in the literature as the zero problem, and the several types of zeros and its recommended treatments. 

In our work we dealt with so-called count zeros, i.e. compositional count datasets that contain zero 

values resulting from insufficiently large samples. We modelled our observations with zero values 

by a replacement strategy following a Bayesian-multiplicative approach (Martín-Fernández et al., 

2015). This approach preserves the true total number of counts per row and the ratios between the 
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observed species. In this way, the distortion of the covariance structure for the observed part of the 

dataset is minimized. This property, firstly introduced in Martín-Fernández et al. (2003), is based 

on a “readjustment” of the non-zero values in a multiplicative way.   

In the Bayesian-multiplicative method we assume that the counts vector c of assemblages derives 

from a multinomial distribution with D categories, i.e., number of different species. Let N be the 

total count in c and let  be the parameter vector of probabilities, where we assume that k>0. This 

assumption is crucial because it indicates that the zero values observed in the vector x= c/N are due 

the sample size. Note that vector x is an estimate of vector . Using a Bayesian approach, the prior 

distribution for  is the conjugate distribution of the multinomial: a Dirichlet distribution of 

parameter vector , where k = stk, k=1,..., D. The parameter s is the scalar “strength” of the prior; 

and vector t is the “prior” expectation for . After one sample is collected, the posterior distribution 

for  is a Dirichlet distribution of parameter vector *, where k*=ck+stk. Here ck is the observed 

counts in the category k of vector c. Therefore, Bayes theorem gives the posterior estimate for k 

 

 For each percentage vector x in X the replacement of the zeros transforms in a vector 

x*=(𝑥1
∗, … , 𝑥𝐷

∗ ) where 

𝑥𝑘
∗ = {

𝑠𝑡𝑘

𝑁+𝑠
𝑖𝑓 𝑥𝑘 = 0

𝑥𝑘(1 − ∑ 𝑥𝑟
∗

𝑥𝑟=0 ) 𝑖𝑓 𝑥𝑘 > 0
. 

When one assumes a prior non-informative model, the value of tk is equal to 1/D. s is a parameter 

that controls for the effect (or weight) that the prior distribution of probability has on the posterior 

distribution of probability. Note that if s = 0, then the posterior is equal to ck/N and only depends 

on the observed data in the trial and the prior t has no effect on the posterior distribution. Following 

Palarea-Alabaldejo and Martín-Fernández (2015), in our work we selected the Jeffreys prior 

(JBZR), where s = D/2 and tk = 1/D. Other different priors were checked with no significant 

differences (Martín-Fernández et al., 2015) because the values of Pearson correlation coefficient 

between the results provided by different priors were all greater than 0.99. 

After the replacement a new dataset X* without zeros is available and one could also make the 

dataset C* (pseudo-counts) without zeros if we multiply each row of X* by its total count. The ilr-

coordinates can be obtained from the new dataset, X* or C*, obtaining the same coordinates dataset 

Y. Because these ilr-coordinates vectors y are equivalent to the coordinates of the composition x* 

from a particular orthonormal basis then any typical multivariate technique can be consistently 

q̂
k

=
c

k
+ st

k

N + s
.
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applied. The unique requirement is that this technique should be invariant under change of 

orthonormal basis. The CoDa-MAT, based on Aitchison distances, verifies this requirement. 

 

Appendix 2:  

Planktonic foraminifera taxonomical groups 

19 taxonomical groups dataset 

Globigerina bulloides d’Orbigny 1826 

Globigerina falconensis Blow, 1959 

Globigerinella siphoniphera (d’Orbigny 1839) 

Globigerinita glutinata (Egger 1893) 

Globigerinoides ruber (d’Orbigny 1839) var. alba 

Globigerinoides ruber (d’Orbigny 1839) var. rosea 

Globigerinoides sacculifer (Brady 1877) 

Globorotalia hirsuta (d’Orbigny 1839) 

Globorotalia inflata (d’Orbigny 1839) 

Globorotalia menardi-tumida group 

Globorotalia scitula (Brady 1882) 

Globorotalia truncatulinoides (d’Orbigny 1839) 

Globoturborotalita spp. 

Neogloboquadrina dutertrei (d'Orbigny 1839) 

Neogloboquadrina pachyderma (Ehremberg 1861) left-coiled 

Neogloboquadrina pachyderma (Ehremberg 1861) right-coiled 

Orbulina universa d’Orbigny 1839) 

Pulleniatina obliquiloculata (Parker & Jones, 1862) 

Turborotalita quinqueloba (Natland 1938) 

 

15 taxonomical groups dataset 

Globigerina bulloides d’Orbigny 1826 

Globigerina falconensis Blow, 1959 

Globigerinita glutinata (Egger 1893) 

Globigerinoides ruber (d’Orbigny 1839) 
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Globigerinoides sacculifer (Brady 1877) 

Globorotalia hirsuta (d’Orbigny 1839) 

Globorotalia inflata (d’Orbigny 1839) 

Globorotalia menardi-tumida group 

Globorotalia scitula (Brady 1882) 

Globorotalia truncatulinoides (d’Orbigny 1839) 

Neogloboquadrina dutertrei (d'Orbigny 1839) 

Neogloboquadrina pachyderma (Ehremberg 1861) left -coiled 

Neogloboquadrina pachyderma (Ehremberg 1861) right-coiled 

Turborotalita quinqueloba (Natland 1938) 

AWS: includes Globigerinella siphoniphera (d’Orbigny 1839); Globoturborotalita rubescens 

(Hofker 1956); Globoturborotalita tenella (Parker 1958), Orbulina universa d’Orbigny 1839) 
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Abstract 

The information in modern or fossil foraminifera assemblages is the relative abundance or 

percentages of species, i.e., they can be considered as compositional data. In this study we deal 

with CoDa and regression-based methods as tools to estimate past climatic conditions. We tested 

standard and robust Partial Least Squares and Principal Component Regression, applied to the log-

ratio coordinates of percentage data of Atlantic Ocean and Mediterranean Sea planktonic 

foraminiferal assemblages. Due to the presence of groups, it was preferred to model separately high 

latitude and mid to low latitude assemblages. This approach implies the application of cluster 

analysis, MANOVA and discriminant analysis to the logratio transformed fossil assemblage’s 

compositions. The methods were then applied on marine core assemblages to reconstruct past sea 

surface temperatures. The obtained results were compared with those formerly obtained by means 

of compositional modern analogue technique and with the information arising from other 

paleoclimatic proxies. 
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Keywords: partial least squares, principal components regression, compositional data analysis, sea 

surface temperatures, isometric logratio transformation. 

 

1. Introduction 

In the last decades, several methods were proposed to obtain quantitative estimates of past 

environmental parameters from counts of fossils assemblages (Imbrie and Kipp, 1971, Hutson, 

1979; ter Braak & Juggins, 1993; Pflaumann et al., 1996; Waelbroeck et al., 1998; Malmgren et 

al., 2001; among others). Most methods are applied to percentage data obtained from counting of 

specimens. The peculiar properties of relative abundance data represent however a key issue to 

be taken into account when developing transfer functions based of fossil assemblages. Percentage 

data belong to compositional data (CoDa) (Aitchison, 1986): that is, the information contained in 

a vector of counts x is the same as in k·x, for any real scalar k>0, property known as scale 

invariance which indicates that a composition is an equivalence class (Barceló-Vidal and Martín-

Fernández, 2016). This type of data is very common in Earth Sciences when the constituents and 

compounds are described in terms their concentration (e.g., Buccianti et al., 2006). In a paper 

recently published (Di Donato et al., 2018) we revised the modern analogues technique (MAT) 

(Hutson, 1979; Pflaumann et al., 1996; Waelbroeck et al., 1998) according to the CoDa 

methodology (Aitchison, 1986). In this study, following the same approach, we deal with 

regression-based methods, such as Principal Component Regression (PCR) and Partial Least 

Squares Regression (PLSR). In order to apply PLSR to CoDa, Hinkle and Rayens (1995) 

proposed logcontrast partial least squares (LCPLS). CoDa refers to vectors of positive 

components showing the relative weight of a set of parts in a total. Nowadays, there is a general 

agreement that applying the standard statistical methods to CoDa may yield misleading results 

(Pawlowsky-Glahn et al., 2015). The log-ratio methodology proposed by Aitchison (1986) and 

the following developments (i.e. Martín-Fernández and Thió-Henestrosa, 2016a; Martín-
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Fernández and Thió-Henestrosa, 2016b) represent a powerful set of methods and techniques to 

apply to CoDa. The approach adopted in this paper follows the principle of working on 

coordinates (Mateu-Figueras et al., 2011), that is, the standard statistical analysis is conveniently 

performed after choosing log-ratio coordinates. In particular, we considered to express each D-

vector x = (x1, . . . , xD) of percentages of species as: 1) a D-dimensional vector z=(z1, . . . , zD) of 

centred log-ratio coordinates (z =clr(x)) (Aitchison, 1986) and 2) a (D−1)-dimensional real vector 

y=(y1, . . . , yD-1) of isometric log-ratio coordinates (y =ilr(x)) (Egozcue et al., 2003) (see 

Appendix 1 in Di Donato et al. (2018) for definitions and details). To develop our approach, the 

following points were considered: 1) pre-processing techniques; 2) elaboration of regression-

based transfer functions 3) evaluation of the results 4) application to fossil assemblages. As case 

studies, we considered applications based on the estimation of past sea surface temperatures 

(SST) from planktonic foraminifera assemblages. The analyses were carried out with Matlab 

codes, except for raw-data analysis which was computed with R package rioja (Juggins, 2017). 

MATLAB routines expressly written to perform CoDa-regression and CoDaMAT are provided in 

the supplementary materials. The Robust Partial Least Squares Regression requires the 

Rsimpls.m matlab code included in the LIBRA package (Verboven and Hubert, 2004), available 

at  https://github.com/duncombe/matlab/blob/master/LIBRA/rsimpls.m. A workflow of the 

analysis is shown in Table 1.  

 

2. Approaching the analysis  

 

2.1 The dataset 

The dataset on which our applications are computed is represented by a database consisting of 1252 

Atlantic and Mediterranean planktonic foraminifera core top assemblages, which represent the 

regressor variables, determined on the >150 μm size fraction (Prell et al., 1999; Hayes et al., 2004; 

https://github.com/duncombe/matlab/blob/master/LIBRA/rsimpls.m
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Kucera et al., 2004) (Figure 1). In this paper we considered SST as response variables. The 

oceanographical data, consisting of mean annual and seasonal SST refer to Antonov et al. (2010) 

and Locarnini et al. (2010). Seasonal temperatures are 3 months averages, i.e. January–March for 

northern (southern) winter (summer) and July–September for northern (southern) summer (winter). 

The SST values at  core top locations were computed by means of Ocean Data View 4.7.10 

(Schlitzer, 2018). Following Kucera et al. (2005), oceanographical data are related to a depth of 10 

m.  

 

 

2.2 Data pre-processing: subcomposition, amalgamation and zero replacement 

The data pre-processing which is needed to accomplish the analysis is fully explained in Di Donato 

et al. (2018) and will not be detailed here. In short, our approach requires data to be strictly positive 

(Aitchison, 1986). To reduce the number of zero values to be replaced, rarer species, which carry 

inevitably low signal to noise ratios (Kucera et al., 2005) can be excluded from the assemblages, 

by considering a subcomposition of the original assemblages (Aitchison, 1986). Moreover, an 

amalgamation of taxa characterised by similar ecological requirements can be also considered 

(Aitchison, 1986). To manage the zeros occurring in the data, we adopted a mixed Bayesian-

multiplicative estimation approach, which is recommended when the compositional data arise from 

counts (Martín-Fernández et al., 2003; Martín-Fernández et al., 2015) (see also Appendix 1 in Di 

Donato et al., 2018).  

Fig.1 Location of modern planktonic foraminifera 

coretop samples adopted for application of 

CoDa-MAT. Drawn with Ocean Data View 

software (Schlitzer, 2018). 
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After the zero replacement, the clr- and ilr-coordinates’ vectors for the fossil and modern data are 

obtained. Thus, fossil assemblages are represented by its logratio-coordinates, whereas the modern 

database is consisting of logratio-coordinates together with the environmental parameters 

measured at each location. The ilr coordinates can be computed by means of balances (Egozcue et 

al., 2005). These are logcontrasts obtained by means of a Sequential Binary Partition (SBP) matrix. 

For each order of the partition, it is possible to define the balance between the two sub-groups 

formed at that level: if i1, i2,…, ir are the r parts of the sub-group coded by +1, and j1, j2,…, js the s 

parts of the sub-group (coded by -1), a balance is defined as: 

 

 

 

From a D part composition, D-1 balances (ilr-coordinates) can be obtained. 

In our case, for the sake of simplicity, we adopted a matrix of the type: 

order x1 x2 x3  xD-1 xD 

1 1 -1 -1 …. -1 -1 

2 0 1 -1 …. -1 -1 

3 0 0 1 …. -1 -1 

…. …. …. …. …. …. …. 

D-1 0 0 0 …. 1 -1 

 

aAs explained in Di Donato et al. (2018), two datasets were generated, consisting of respectively 

19 and 15 taxonomical groups (see appendix 2 in Di Donato et al., 2018). 

 

2.3 Multiple regression methods 

 

The PLSR and PCR methods applied to perform the palaeo-estimates are models recommended to 

predict a response variable when there are a large number of predictor variables highly correlated 

(Juggins, 2017; ter Braak and Juggins, 1993). Both methods construct new orthogonal, hence not 

correlated, predictor variables as linear combinations of the original predictor variables. However, 

while PCR creates components to maximise the observed variability in the predictor variables, 

without considering the response variable at all, PLSR creates components by maximising the 
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covariance between predictors and response variables. For PLSR we adopted the SIMPLS 

algorithm (de Jong, 1993). We also tested a robust PCR (RPCR) and robust PLS (RSIMPLS) 

(Hubert and Branden, 2003). In order to comply with the CoDa approach, both analyses should be 

computed on ilr coordinates. It can be noted, however, that clr- and ilr- coordinates, provide the 

same results for both PCR and PLSR (Filzmoser et al., 2018). Hereafter we denoted with CoDa-

PLSR and CoDa-PCR the analysis performed on log-ratio coordinates. The main advantage of clr-

coordinates is that they are logcontrast more easily interpretable. However, ilr-coordinates, are 

advantageous when the analysis requires full rank data, such as discriminant analysis.  

In order to evaluate the number of PLS components to be taken into account, we considered, as 

usual, the percent of variance explained in the response variable and the mean-squared errors (see 

section 2.4) as a function of the number of components. For CoDa-PCR we considered the percent 

of total variance of regressor variables. 

The Relative variation biplot (RVB) of the planktonic foraminifera assemblages included in the 

modern dataset is shown in Figure 2. A RVB consists of a standard principal components biplot 

applied to the clr coordinates of the assemblages. The first two axes accounts for about 63% of 

total variability (a total of 71% if reached if a third axis is added). The location of the data points 

in the RVB highlights the well-known broad latitudinal distribution of assemblages. It can be noted 

that the origin of the RVB corresponds to a low-density area. Moreover, the distribution of data 

points in the RVB seems to indicate the existence of two groups within the dataset, the first of 

which is represented by high latitude assemblages. Principal Components Analysis (PCA) is 

properly defined for homogeneous, normally-distributed data from a single population (Tolosana-

Delgado and Mc Kinley, 2016). Separate regional models were considered, among others, in Prell 

(1995), Ortiz and Miz (1997) and Kucera et al. (2005). For our purposes, a cluster analysis (Ward’s 

method on ilr-coordinates) was applied to the dataset, discarding then some observations that did 

not belong to either of the two main defined groups. A MANOVA test indicates that the two groups 

are significantly distinct (with p~0). Since at high latitude only few planktonic foraminifera species 

occur, the regression models for the high latitude group was built by considering a sub-composition 

of the dataset made of only 5 species. The application of this two-step procedure to fossil 

assemblages requires to first perform a linear discriminant analysis (LDA) in order to classify them 

into one of the 2 defined groups. Apart from theoretical considerations, the application of LDA to 

percentage data faces problems related to the singularity of the within groups variance/covariance 



166 
 

matrix. This problem also occurs with clr-coordinates, while ilr-coordinates are not affected by this 

problem. The LDA misclassification rate provided a leave-one-out cross validation method for the 

two groups defined in the modern dataset is 0.0085. 

  

 

Figure. 2 Relative variation biplot (RVB) of planktonic foraminiferal assemblages included in the 

modern dataset. Row points are grouped according to their latitude.  

 

 2.4 Evaluation of the quality of the estimates 

The evaluation of the quality of the estimated results provided by CoDa-PCR and CoDa-PLSR 

techniques has been carried out by means of sensitivity analysis of leave-one-out cross validation 

method (ter Braak and Juggins, 1993; Barrows and Juggins, 2005). The indices we took into 

account were: the Coefficient of determination R2 and the Mean Square Error of Prediction 

(MSEP)  (with its square root, the RMSEP) (Wallach and Goffmet, 1989; Birks, 1995) and as 

multivariate counterpart, the root of mean squared distances (RMSD) (e.g., Martín-Fernández et 

al., 2003). 

The MSD is a multivariate index of quality of the estimates of k environmental parameters defined 

as: 
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where n is the number of modern samples, P represents the vector of k measured environmental 

parameters, and P ̂  the corresponding vector of estimated values. This approach is equivalent to 

analyse the mean of the norm of the residual rows (difference between measured and estimated 

parameters). The best result of RMSD is obtained when RMSD=0, i.e, all the estimates are equal 

to the measured values. The multivariate approach may be applied when different paleoclimatic 

parameters are estimated (i.e. temperature, seasonal or annual precipitation, potential evapo-

transpiration, as done in pollen analysis). For the evaluation of the results obtained from grouped 

assemblages, we considered both a “pooled” R2, i.e. for 2 groups, R2=(SSR gr1+SSR gr2)/(SST 

gr1+SST gr2), together with the squared correlation coefficient r2 obtained by comparing the 

overall (both groups) measured and fitted SST values. Squared correlation coefficients are reported 

in the supplementary table. 

 

2.5 Application on fossil assemblages 

Probably the most important difficulty of any proxy-based reconstruction is represented by the no-

analogue problem, occurring when the paleoenvironmental conditions represented in the fossil 

assemblages do not have a correspondence in modern environments (Hutson, 1977). It can be 

considered that the application of regression methods to no-analogue samples, may be regarded as 

extrapolation rather than interpolation (Conn et al., 2015). In Di Donato et al. (2018), we adopted 

atypicality index (e.g., Aitchison, 1986), both standard and robust, and Local Outlier Factor (LOF) 

(Breunig et al., 2000) of assemblages as tools to detect no-analogue conditions. Details on the 

computation of atypicality index and robust methods to outlier detection (Peña and Prieto, 2001) 

for CoDa sets (Filzmoser and Hron, 2008) are reported in Di Donato et al., 2018. 

 

3 Testing the method 

 

3.1 Results 

The number of components from which compute the PLS was determined by considering the 

percent variance explained for the response variables and the MSE of response variable as functions 

of the number of PLS components (Figure 3) and, for CoDa-PCR, the amount of total variance of 

regressor variables accounted by the principal components (Figure 4). For both the tested datasets, 

4 components seem to provide an adequate CoDa-PLSR model. For CoDa-PCR, we adopted a 6 
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components model. As regards the two-groups approach, the subcomposition obtained for high 

latitude assemblages is made of only 6 parts. In the other group, for both CoDa-PLSR and CoDa-

PCR, we considered a full-components model. 

 

 

Figure.3 The figure shows for the 15 taxonomic groups dataset plots (from which 14 predictors 

represented by ilr-variables are obtained) of a) the percent variance explained for a single 

response variable (annual SST) and b) the MSE of response variable as functions of the 

number of PLS components.   
 

 

Figure.4 Plot of cumulative percentage accounted (blue line) and variance contribution of each 

component (red line) in CoDa-PCR.    
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We tested both annual SST and seasonal SST. Table 1 in supplementary materials summarises the 

relationships between measured seasonal SST and its estimates obtained with PCR and PLSR, 

under different conditions. In general, the 15 taxa and 19 taxa datasets provided quite similar 

results. It can be noted, that, for both CoDa-PCR and CoDa-PLSR, higher squared correlation 

coefficients and lower RMSEP are obtained with a two-groups analysis. The highest r2 of 0.9718, 

with a RMSE of 1.33°C was obtained for mean annual SST with CoDa-PLSR (see supplementary 

table). Figure 5 shows the relationship between measured and cross-validation-estimated SST for 

a 1 group and for 2-groups analysis. It can be noted that, the 1-group model, a “plateau” for low 

SST, which can be also observed, in the Imbrie and Kipp (1971) method and CoDa-MAT validation, 

and which becomes much less pronounced, with a 2-groups modelling. 

For a single group analysis, PLSR performs better than PCR. However, for a 2 groups analysis, 

PLSR and PCR provided quite similar results. Robust version of CoDa-PLSR and CoDa-PCR did 

not improve the fitting with respect to standard CoDa-PLSR and CoDa-PCR. In comparison with 

the CoDa-MAT method, CoDa-PLSR and CoDa-PCR provides slightly lower R2 and higher 

RMSEP. A slightly better performance of MAT with respect to a regression method (i.e. the Imbrie 

and Kipp transfer function) was also found by Ortiz and Mix (1997) by working on raw percentage 

data. As far as the comparison with raw data regression-based methods, on our dataset, the Imbrie 

and Kipp (1971) Q-mode regression method yields, with 5 components an R2=0.8956 and an 

RMSE=2.47°C. The Weighted Averaged Partial Least Squares Method (WAPLS) (ter Braak & 

Juggins, 1993) yields an R2=0.9544 and an RMSE=1.70°C.      
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Figure 5.  Plots of observed versus estimated SST (annual and seasonal) obtained with a 1-group (left) and 

a 2-groups CoDa-PLSR modelling. 

 

 

 3.2 Application examples 

As an application example, the CoDa-MAT method was applied to planktonic foraminifera records 

which were also considered to evaluate the performing of CoDa-MAT. The first one is a literature 

dataset, consisting of the record of planktonic foraminifera assemblages of the core MD95-2040 

(de Abreu et al., 2003; Voelker and de Abreu, 2011), recovered in the Atlantic Ocean off the Iberian 

margin, the second is that of GNS84-C106 core recovered in the Tyrrhenian sea (Buccheri et al, 

2002; Di Donato et al., 2008; 2009). For the Mediterranean Sea, we also considered the planktonic 

foraminiferal record of the Core TEA-C6 (Di Donato et al., 2019), from which an estimate of past 

SST for the last 15 ka, was obtained with the CoDa-MAT method. All datasets are obtained from 

>150 μm size fractions. The location of the cores is shown in Figure 6.  

A discussion of the possible drawback represented by the excessive loss of small sized species in 

the >150 μm size fraction can be found in Di Donato et al. (2015). It can be noted that >150 micron 

and >106 μm datasets, if analysed with CoDa methods, provide the same covariance structure. This 

suggests that regression-based methods based on CoDa, may be quite robust with respect to 

treatment changes such as the analysed size fraction. 
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3.2.1 Atlantic Ocean 

The foraminiferal record of MD95-2040 core covers the last 210 ka (de Abreu et al., 2003; Voelker, 

and de Abreu, 2011). SST for this interval were formerly reconstructed (de Abreu et al., 2003) from 

planktonic foraminifera with SIMMAX28 method (Pflaumann et al., 1996). The dataset consists 

of 732 assemblages. As regards the atypicality of assemblages, in relation to the 99.5 percentile 

only 4% of the samples have Mahalanobis distances are above the xi-square critical value of 31.32 

(see Figure 6 in Di Donato et al., 2018). As for the LOF it can be noted that glacial assemblages 

are characterised by higher values of up to 2, while most interglacial assemblages have LOF values 

not exceeding 1.5. On the basis of LDA computed on ilr-coordinates, 98 assemblages were 

classified into the high latitude assemblage group, and 634 assemblages into the low to middle 

latitude assemblage group. The output of the LDA with the indication of the group to which each 

assemblage was assigned with the posterior probabilities is provided in the supplementary 

materials. 

 

 

Figure.6 Location of cores considered in this paper. 

 

A comparison between the values reconstructed for summer and winter SST by means of 

SIMMAX28 (de Abreu et al., 2003), CoDa-MAT, CoDa-PLSR and CoDa-PCR is shown in Figure 

7. The stronger coherence of CoDa-MAT reconstruction with Alkenones and the stable isotope 

record with respect to SIMMAX28 has been already highlighted in Di Donato et al. (2018). Here 
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we note that CoDa-PLSR and CoDa-PCR reconstruction are largely overlapping and show a same 

general trend if compared with CoDa-MAT. Several SST minima, which correspond to Heinrich 

events, are also recorded by CoDa-PLSR and CoDa-PCR with slightly less-deep minima in 

comparison with CoDa-MAT but more marked in comparison with alkenones record. CoDa-MAT 

and Regression-based methods also provide different SST reconstructions for the MIS5: the former 

provides higher SST estimates, while the latter highlight a decreasing trend during the MIS5 which 

does not appear in the CoDa-MAT reconstruction. The SST reconstructed with the 15 taxa and the 

19 taxa datasets, are quite similar, being characterised by a r=0.9865 (r= 0.9868) and by a root 

mean squared difference of 0.70°C (0.48°C) for summer (winter) SST. The multivariate RMSD 

between 15 taxa and the 19 taxa reconstructed SST is 0.7177.  

 

 

 

Figure.7 Reconstruction of seasonal SST for the last 210 ka off the Iberian margin from core MD95-2040 

and comparison between SIMMAX28 (de Abreu et al., 2003, Voelker and de Abreu, 2011), CoDa-

MAT, CoDa-PLSR and CoDa-PCR reconstructed SSTs. a) summer and b) winter SIMMAX28 

reconstruction. c) summer and d) winter SST CoDa-based reconstructions. Grey lines indicate the 

standard deviation of CoDa-MAT estimates e) Alkenone based SST reconstruction (Pailler and Bard, 

2002). f) Globigerina bulloides stable isotope record and Marine Isotopic Stages (MIS) (Abreu et al., 

2003; Schönfeld et al., 2003): grey-shaded dots: distance of fossil assemblages from each of the 6 

closest modern analogues. Full line: mean values. g) LOF values (see Di Donato et al., 2018) h) 

atypicality index: 0: not significant; 1: significant. 
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3.2.2 Mediterranean Sea  

The Core GNS84-C106 recovered in the Gulf of Salerno (Tyrrhenian sea - Western Mediterranean) 

covers the last 34 ka (Di Donato et al., 2009). This dataset is represented by 228 planktonic 

foraminiferal assemblages determined on the >150-micron size fraction. The quantitative 

reconstructions of past climatic conditions for the Mediterranean basin face several problems 

related to the peculiar hydrological asset of this semi-enclosed basin. Reconstructions became even 

more problematic for glacial intervals (Sbaffi et al., 2001, among others). As regards the LDA, the 

whole Core GNS84-C106 dataset was classified into the low to middle latitude group (see 

supplementary material). However, as shown in Figure 8, a significant atypicality index was found 

for several planktonic foraminiferal assemblages of the Core GNS84-C106. As in the previous case 

study, CoDa-PLSR and CoDa-PCR provide quite similar results. For this Core, however, within 

the same general trend, regression-based methods and CoDa-MAT provide quite different results. 

In this case study, raw percentage data MAT and, to a lesser degree, CoDa-MAT provided summer 

SST which seem quite high for the GI-1 interval and for time intervals of the Last Glacial Period 

(LGP) centred around 24 and 20 ka BP. This problem is likely partly related to the adopted size 

fraction (Di Donato et al., 2015). Regression based methods seem to provide a more coherent SST 

trend, i.e. LGP lower than Holocene, and intermediate SST values during the Late Glacial. 

However, it can be noted that CoDa-PLSR and CoDa-PCR provide higher SST estimates for the 

colder intervals of the glacial period. As an example, between 15 and 17 ka BP, CoDa-MAT 

reconstruct winter SST of even 8.5 °C, while CoDa-PLSR and CoDa-PCR indicate lower values 

of about 10°C. For this core, we do not have, at present alternative proxy-based reconstructions. 

However, the regression based reconstructed SSTs seem more coherent with alkenone-based 

reconstructions obtained for the Southern Tyrrhenian Sea (Sbaffi et al, 2001), which provided 

higher SST values if compared with the MAT reconstructions. During the Holocene, CoDa-MAT, 

CoDa-PLSR and CoDa-PCR indicate an SST rise around 5 ka BP. However, CoDa-PLSR and 

CoDa-PCR indicate warmer than present SST for an interval centred around 4 to 3 ka BP, which 

coincides with a peak in the warm species Globigerinoides sacculifer widely recognized in the 

Mediterranean Sea (Capotondi et al., 1999; among others) and a decreasing trend afterwards. This 

trend is quite similar to the alkenones record of the Core BS79-38 recovered in the Southern 

Tyrrhenian Sea (Sbaffi et al, 2001). However, alkenones provided higher than present SST values 

for the early to middle Holocene which are not confirmed by planktonic foraminifera.   
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4. Conclusive remarks 

Following out previous paper focused on CoDa and modern analogue technique, in this article we 

developed a transfer function based on multivariate regression methods in a fashion coherent with 

a CoDa approach. The main advantages of CoDa-MAT, being a non-parametric method (Guiot and 

De Vernal, 2011a-b), is its flexibility and the fact that the quality of each single reconstruction can 

be evaluated by means local outlier factor and mean distances. By contrast, once the model has 

been built, we must accept the reconstructed SST “as they are”. Likely, CoDa-PLSR might be more 

sensitive than CoDa-MAT to random effects, since limited random effects should not strongly 

influence the choice of the best modern analogs for a fossil assemblage. However, CoDa-PLSR 

and CoDa-PCR, may be more robust with respect to treatment changes such as the size fraction 

adopted for the analysis, which represent a critical point in the analysis of foraminifera 

assemblages. Whatever the approach, it is important to evaluate the atypicality of the fossil 

assemblages in comparison with modern ones. In this article we provided application examples for 

an Atlantic Ocean and a Mediterranean Sea core. CoDa-MAT and regression-based methods seem 

to provide quite coherent reconstructions for the Atlantic Ocean, while for the Mediterranean Sea, 

the obtained reconstructions are, as expected, more problematic. Together with CoDa-MAT, 

CoDa-PLSR and CoDa-PCR provide the basis for more extensive reconstructions which will be 

the focus of future investigations.  
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Figure.8 Reconstruction of seasonal SST obtained from GNS84-C106 Core. a) summer b) winter. The grey 

error bars indicate the standard deviation of each reconstructed value. c) LOF values e) atypicality index: 0: 

not significant; 1: significant. The INTIMATE Greenland event stratigraphy is reported from Rasmussen et 

al. (2014). 
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Supplementary materials  

 
 Matlab codes 

Part 1: modelling of modern assemblages  

step 1 Variable selection and (eventually) amalgamation Raggruppa 

step 2 Zero replacement (on both modern and fossil assemblages) zerorep (for proportion 
data); zeroconteggi (for 

count data) 

step 3 clr- or ilr- transformation (of both modern and fossil assemblages) clr 

ilrprogr 
balances 

 
 

 Single group analysis                                         Multigroup analysis 

step 4 Go to step 6 Classification of modern assemblages, evaluation of 
groups 

pdist* – linkage* -
manova1* 

 

step 5 Extraction of subcompositions (if needed)  

step 6 Partial Least Squares Regression or Principal Components Regression modelling of modern assemblages (single 

or multigroup)  

codatransfer 

Part 2: application to fossil assemblages  

step 7 Detection of no-analog assemblages (atypicality index and local outlier factor, as done in CodaMat) mat, LOF** 

step 8 Go to step 9 Discriminant analysis of fossil assemblages with 
modern as training groups (on ilr coordinates) 

classify* (called by 
codatransfer) 

step 9 Application of the model to fossil assemblages codatransfer 

*MATLAB toolbox functions   **available at http://dsmi-lab-ntust.github.io/AnomalyDetectionToolbox/ 

 

Table 1. Workflow of the analysis 

 

 

 

 

 

 

 

 

http://dsmi-lab-ntust.github.io/AnomalyDetectionToolbox/
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method R2 (squared r-
coefficient) 

RMSE (°C) RMSD (°C) 

CoDa-PLSR    

15 taxa 2 groups annual 0.9351 (0.9718) 1.3349  

15 taxa 2 groups robust annual 0.9060 (0.9591) 1.7571  

15 taxa 2 groups summer 0.8796 (0.9533) 1.6567 
2.3007 

15 taxa 2 groups winter 0.9206 (0.9609) 1.5964 

19 taxa 2 groups annual 0.9315 (0.9702) 1.3716  

19 taxa 2 groups summer 0.8741 (0.9512) 1.6945 
2.3414 

19 taxa 2 groups winter 0.9186 (0.9599) 1.6158 

15 taxa annual 0.9367 1.9985  

15 taxa summer 0.917 2.2054 
3.1871 

 
15 taxa winter 0.9188 2.3008 

19 taxa annual 0.9326 2.0625 

CoDa-PCR    

15 taxa 2 groups annual 0.9276 (0.9686) 1.5651  

15 taxa 2 groups summer 0.8678 (0.9487) 1.7364 
2.3927 

15 taxa 2 groups winter 0.8781 (0.9645) 1.6462 

15 taxa 2 groups robust 0.9262 (0.9685) 1.4103  

15 taxa annual 0.9210 2.2323  

15 taxa summer 0.8933 2.5071 
3.4350 

15 taxa winter 0.9149 2.3621 

Coda-MAT    

CoDa-MAT annual 0.9857 0.9484  

    

 

Supplementary table - Cross-validation results for ilr/clr-PLSR ilr/clr-PCR, obtained under 

different conditions. 
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