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Abstract

Detailed quantitative analyses of coccolithophores performed on the shallow deposits of the south-
eastern Aegean region (core NS-14, 505 m depth), evidenced that the distribution of calcare-ous
nannoplankton assemblages during the last 13 ka BP reflects paleoenvironmental changes which are
directly related to parameters such as temperature, salinity, productivity and nutrient flux in the
water column. Analysis enabled the separation of the assemblages in four groups. Group A consists
of Emiliania huxleyi and the subtropical species Syracosphaera spp. and Rhabdosphaera clavigera,
Group B is composed of Helicospaera spp. and Florisphaera profunda, typical species for high pro-
ductivity conditions in the middle-lower photic zone, Group C consists of Gephyrocapsa oceanica
and Braarudosphaera bigelowii, that characterise low salinity conditions and Group D includes
Umbilicosphaera spp. and Calcidiscus spp. which are described as relatively eutrophic species. The
Holocene assemblages differ distinctly from the living coccolithophore communities in the coastal
ecosystems of the Aegean Sea, where only Group A coccolithophores are thriving in the seasonally
controlled marine environment.

Key words: coccolithophores, living communities, fossil assemblages, Holocene, Aegean Sea.

1. Introduction

Coccolithophores/calcareous nannoplankton constitute a significant component of the marine phy-
toplankton in modern oceans that can provide sensitive indicators of environmental conditions
because it directly depends on surface water temperature, salinity, nutrient contents, and the avail-
ability of sunlight (e.g. Giraudeau et al., 1993; Winter et al., 1994). Consequently, changes in fos-
sil coccolithophore assemblages, recorded by the study of marine sediments, are a successful
palaeontological tool for the reconstruction of the paleoclimatic and paleoceanographic condi-
tions in the geological past (e.g. Negri and Giunta, 2001; Principato et al., 2006; Giunta et al.,
2003, Triantaphyllou et al., 2009a). In the Mediterranean Sea waters, the living coccolithophores
present a high number of species (e.g. Kleijne, 1993; Cros, 2001; Knappertsbusch, 1993; Tri-
antaphyllou et al., 2002, 2004; Malinverno et al., 2003; Dimiza et al., 2008a) with a strong sea-
sonal variability and regional patchiness. The oligotrophic character of the Mediterranean Sea, as
well as the high seasonality in sea surface temperatures, solar radiation, nutrient concentrations
and in the circulation of surface water masses affect the content, the species abundance and the
productivity of living coccolithophores in general. In addition, the region is ideal for reconstruc-
tions of past climatic changes due to its unique physical and geographic configuration, as it dis-
plays complicate sea-bed morphology and numerous island complexes. The short- and long- time
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Fig. 1: a Location of the study area in the SE Aegean Sea and principal circulation patterns of the surface wa-
ters. b Location of core NS-14. ¢ Core NS-14 stratigraphy (after Triantaphyllou et al., 2007, 2009a, b).

scale climatic and oceanographic events of the Late Glacial — Holocene, as recorded in the sedi-
ment record, resulted in the response of coccolithophores and was therefore recorded in fossil as-
semblages. We attempt herein to determine the changes in calcareous nannoplankton assemblages
of the southeastern Aegean region (core NS-14) during the last 13 ka BP. Diversity indices and
multivariate analyses were used in order to evaluate the impact of environmental changes on fos-
sil coccolithophore assemblages using the ecological preferences of several taxa. Moreover, a
comparison of the fossil coccolithophore assemblages with the living coccolithophore communi-
ties in the Aegean Sea is provided.

2. Materials and previous studies

The NS-14 gravity core, 400 cm long was recovered during the R/V Aegeo-Cruise 1998, in western
Kos Basin (SE Aegean Sea), from a water depth of 505 m, at 36° 38" 55" N and 27° 00" 28" E (Fig.
la, b). The western Kos Basin lying between Kos and Nisyros islands represents the easternmost
edge of the volcanic arc that characterizes the recent Aegean Sea. The prominent tectonic features
of the area are dominated by the active Kos fault zone, resulting to the complexity of the bottom mor-
phology and the existence of five separate submarine basins including the western Kos basin. The
depth of the basin does not exceed 510 m (Papanikolaou and Nomikou, 2001).

The dominant lithology of the sediment core is grey hemipelagic mud (Fig. 1c). The most recent Z2
Santorini tephra layer is positioned at a depth of 17 cm. A first dark layer, defined as the mid-
Holocene sapropel-like layer (Sapropel Mid Holocene -SMH; Triantaphyllou et al., 2009b). Sapro-
pel S1 is recognised from 55 to 120 ¢cm and is distinctively divided in two units (Sla, S1b) by a
lighter grey coloured interval from 69-80 cm. A turbiditic layer (T) is located between 231 and 240
cm. Grey clay with pebbles prevail from 300 cm to the bottom, representing a gravity flow event (Tri-
antaphyllou et al., 2009a, b).
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The age model for core NS-14 has been taken from Triantaphyllou et al. (2009b). According to the
age model the base of Sla is considered to have an age of 10 ka cal BP whereas the top of Sla cor-
responds to 7.9 ka cal BP. The top of S1 interruption is calibrated at 7.3 ka cal BP and the top of S1b
has an age of 6.4 ka cal BP.

3. Methodology

Atotal of 156 samples were collected for coccolithophore analysis every 2 cm in the hemipelagic
mud and every 1 cm in the sapropel intervals from the upper 300 cm of the NS-14 gravity core.
Sample preparation followed standard smear slide techniques. Analyses were performed using a
Leica DMSP optical polarising light microscope at 1250x magnification by counting at least 300
specimens per sample. Additional counts of 15 fields of view (Negri and Giunta, 2001) were per-
formed for the species lesser occurrence such as Helicosphaera spp., Rhabdosphaera clavigera,
Syracosphaera spp. The rare species Braarudosphaera bigelowii was counted in a fixed area of
150 fields of view. All results were converted in relative abundances of selected species in order
to avoid dilution effects such as the input of terrigenous matter (Flores et al., 1997).

The ecological measures were calculated using the Past.exe 1.23 software package (Hammer et
al., 2001), including Dominance (D) and Shannon—-Wiener (H") diversity indices. The dominance
index (Simpson, 1949) was calculated to express the abundance of the most common taxa as a
fraction of the total number of individuals, whereas Shannon Wiener index measures heterogene-
ity evaluation, which means the distribution of individuals in the different taxa (Magurran, 1988).

Multivariate statistical analyses [R-mode Principal Component Analysis (PCA) and Hierarchical
Cluster Analysis (HCA)] were performed using SPSS (version 10.1) statistical software. Analyses
applied to 10 taxa with sufficient occurrence and higher abundance. HCA was used to determine
species associations and to assess the ecological affinity among different groups. PCA was carried
out in order to evaluate the factors that interpreted the impact of environmental changes on fossil
coccolithophore assemblages.

4, Results

R-mode HCA on nannoflora of the core NS-14 allowed us to discriminate four groups of coccol-
ithophore taxa (Fig. 2). In Group A Emiliania huxleyi is the most abundant species. Associated taxa
include Rhabdosphaera clavigera and Syracosphaera spp. (mainly S. pulchra). Group B is domi-
nated by Florisphaera profunda and Helicospaera spp. (mainly H. carteri). The Group C consists
of Gephyrocapsa oceanica and Braarudosphaera bigelowii and Group D is composed of Umbili-
cosphaera spp. and Calcidiscus spp.

In addition, R-mode PCA allows an interpretation of the complex patterns of nannofossil changes
on the Holocene deposits of the southeastern Aegean region. The first and second components of
PCA account for 29% and 25% of the variance respectively. The first component is positively loaded
mainly by E. huxleyi with negative loadings for F. profunda, while the second component is posi-
tively loaded mainly by Umbilicosphaera spp. and G. oceanica (Table 1).

The cumulative plots of the four coccolithophore Groups are shown in figure 3. They are plotted with
the pattern of diversity indices and score plots of two components of PCA. Group A characterizes
the lower part of core (> 10.5 ka cal BP). Above this, its relative abundance gradual decreases with
minimum frequencies (exceeds 40 %) between 76-72 ka cal BP. Group A increases again from ~4.5
ka cal BP towards the core top. At the mid-section of the core, between 10.5 and 6.7 ka cal BP,
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Fig. 2: HCA (centroid linkage method; distance metric is 1-Pearson correlation coefficient) based on the rela-
tive abundance of the coccolithophore species.

Group B alternates with Group A and presents maximum frequencies (up to 60 %) between 7.6 and
7.2 ka cal BP. The presence of Group C is distinct in the upper part of core after § ka cal BP, while
Group D occurs mainly between 6.5 and 4.8 ka cal BP with an abrupt increase at ~ 6.5 ka cal BP.

The components singled out by the PCA may be referred to Groups of the HCA. The component 1
score plot shows similar graphic trend with Group A and opposite with Group 2 (Fig. 3). The com-
ponent 2 score plot present short fluctuations and mainly negative values at the lower part of core

Tablel. Component Matrix

component 1 component 2
Braarudosphaera bigelowii 0,090 0,661
Calcidiscus spp. 0,124 0,651
Emiliania huxleyi 0,947 0,033
Florisphaera profunda -0,939 -0,115
Gephyrocapsa oceanica 0,146 0,700
Helicosphaera spp. -0407 0472
Rhabdosphaera clavigera 0,313 -0,026
Syracosphaera spp. 0,658 0,076
Umbilicosphaera spp. -0,245 0,819

(> 8 ka cal BP), while significantly more positive values are observed between 6.5 and 4.8 ka cal
BP. A general increase in Shannon—Wiener index across the core is observed, with three abrupt drops
between 7.5 and 7.2 ka cal BP, at 5.5 ka cal BP, and from 3.8 ka cal BP to towards the core top (Fig.
3). On the contrary, Dominance index exhibits abrupt raises between 7.7 and 7.2 ka cal BP, 6.6-6.2
ka cal BP and 5.8-5.3 ka cal BP and 3.6-3.3 ka cal BP. In general, the Dominance index presents a
relative opposite trend in the respect to the Shannon—Wiener index and positive correlation with the
Group A (r =0.67), therefore a rising of Group A corresponding to increase in dominance.
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Fig. 3: Cumulative plots of the four coccolithophore Groups, score plots of two components of PCA and pat-
tern of diversity indices.

5. Holocene coccolithophore assemblages: Paleoecological groups

In order to interpret the quantitative results, we discuss the ecological behaviour of coccolithophore
species and paleoecological meaning for each of the four groups of the HCA. Syntheses of ecolog-
ical data on coccolithophores show that certain associations of species characterize different envi-
ronmental conditions.

Group A consists of the subtropical species Syracosphaera spp. R. clavigera and the opportunis-
tic E. huxleyi. E. huxleyi is by far the most abundant of the coccolithophores on a global basis and
has a wide ecological distribution. In the Mediterranean Sea waters, this species prevails through-
out the year in the living coccolithophore assemblages (Knappertsbusch, 1993; Kleijne, 1993; Cros,
2001; Triantaphyllou et al., 2002, 2004; Malinverno et al., 2003), and predominates during winter
in the Aegean Sea (Dimiza et al., 2008a). R. clavigera is warm water species of the upper water col-
umn (Roth and Coulbourn, 1982; Brand, 1994; Haidar and Thierstein, 2001; Malinverno et al.,
2003). This species is abundant in the Mediterranean Sea waters (Kleijne, 1993; Malinverno et al.,
2003; Dimiza et al., 2008a). R. clavigera is considered oligotrophic species (Jordan and Winter,
2000; Haidar and Thierstein, 2001) and according to Brand (1994), grows well at low nutrient lev-
els and does not increase its growth rate in response to elevate nutrient concentrations. Syra-
cosphaera is the most diverse living coccolithophore genus (Jordan and Chamberlein, 1997). Young
(1994) included Rhabdosphaeraceae along with Syracosphaeraceae and holococcolithophores in the
“miscellaneous” group of species; this group does not have an obviously distinctive biogeography,
but tends to be more important in intermediate environments than in the extreme eutrophic or olig-
otrophic conditions, showing a tendency towards weak K-selection/efficiency maximizing (Brand,
1994; Young, 1994; Baumann et al., 2005). In the eastern Mediterranean Sea waters, Syracosphaera
is a significant component of coccolithophore nannoflora and is represented mainly by S. pulchra,
S. histrica, S. molischii, S. ossa, and S. halldalii (Dimiza et al., 2008a). In this study, the genus
Syracosphaera is represented mainly by S. pulchra, a typical species of tropical-subtropical olig-
otrophic environments (Roth and Coulbourn, 1982; Findlay and Giraudeau, 2000; Haidar and Thier-
stein, 2001; Ziveri et al., 2004).
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Group B is composed of H. carteri and F. profunda typical species for high productivity conditions
in the middle-lower photic zone. F. profunda is included in the floriform coccolithophores which live
below the thermocline under low light and temperature conditions (Young, 1994; Winter et al., 1994;
Takahashi and Okada, 2000; Malinverno et al., 2003; Dimiza et al., 2008b). This species has proven
to be a very reliable proxy to locate the nutricline-thermocline level in tropical and subtropical en-
vironments (Molfino and Mclntyre, 1990) and is important in paleoenvironmental reconstructions
(Castradori, 1993; Beaufort et al., 1997; Di Stefano and Incarbona, 2004). In recent Eastern Mediter-
ranean - as it has been confirmed by sediment trap data - the relative abundance of F. profunda is
more intense during the low coccolithophore productivity interval when max sea surface tempera-
ture is occurring (Triantaphyllou et al., 2004) pointing to a deeper nutricline according to the model
of Molfino and Mclntyre (1990) and supporting Ahagon et al. (1993) who recognized a close rela-
tionship between the increase of F. profunda and increased water transparency. Helicosphaera spp.
is known to preferentially high productivity waters in the middle photic zone (Ziveri et al., 2004;
Crudeli et al., 2006). In this study, the genus Helicosphaera is represented mainly by H. carteri, a
species with preference in warm waters (Brand, 1994; Baumann et al., 2005) and moderately ele-
vated nutrient levels (Findlay and Giraudeau, 2000; Andruleit and Rogalla, 2002; Ziveri et al., 2004).
According to Cros (2001) in the western Mediterranean Sea waters, this species lives close to the
chlorophyll maximum.

Group C consists of G. oceanica and B. bigelowi that characterise low salinity conditions. G. ocean-
ica prefers warm, high-nutrient, less saline environments (Roth and Coulbourn, 1982; Klejine, 1993;
Knappertsbusch, 1993; Jordan and Winter, 2000; Takahashi and Okada, 2000; Andruleit and Ro-
galla, 2002; Di Stefano and Incarbona, 2004), such as upwelling areas or continental shelves (Gi-
raudeau, 1992; Young, 1994). B. bigelowii is known to preferentially low salinity saline surface
waters (Miiller, 1979; Negri and Giunta, 2001; Giunta et al., 2003).

Group D includes Umbilicosphaera spp. and Calcidiscus spp. which are described as relatively eu-
trophic species. Umbilicosphaera spp. are warm water taxa (Flores et al., 1999; Takahashi and
Okada, 2000) with a preferential in high-nutrient environments (Roth and Coulbourn, 1982; Young,
1994; Andruleit and Rogalla, 2002) and is consistent with the nutrient redistribution in the surface
waters (Principato et al., 2006). According to Shipe et al. (2002), it presents positive correlation
with decline of salinity. Calcidiscus spp. is considered by several authors as being characteristic of
tropical to subtropical oligotrophic warm waters (Klejine, 1993; Winter et al., 1994; Flores et al.,
1999; Baumann et al., 2004). However, some ecological preference for cold eutrophic environments
have been inferred (Giraudeau, 1992; Young, 1994; Flores et al., 1997, Hiramatsu and De Deckker,
1997; Andruleit and Rogalla, 2002).

6. Comparison between living and Holocene assemblages

According to the results of the HCA, it was possible to identify the succession of four distinct groups,
in the Aegean coccolithophore assemblages during the last 13 ka: Group A (subtropical species- R.
clavigera and Syracosphaera spp. and the opportunistic E. huxleyi), Group B (high productivity
species-F. profunda and Helicosphaera spp.), Group C (low salinity species-G. oceanica and B.
bigelowii) and Group D (relative eutrophic species-Calcidiscus spp. and Umbilicosphaera spp.). By
applying the PCA, two important statistical factors interpreted the impact of environmental changes
on calcareous nannoplankton distribution. The first component represents productivity variation,
while the second component reflects high nutrient and low salinity conditions. Moreover, the Shan-
non diversity shows an opposite trend with regard to the Dominance index. The positive correlation
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Fig. 4: Correlation between Holocene and living coccolithophore assemblages.

between dominance and Group A is interpreted with predominance of r-selected species E. huxleyi
of Group A in eutrophic conditions (Young, 1994). Consequently, the fluctuation in the environ-
mental conditions of the Holocene, in the eastern Mediterranean region, which is directly related to
parameters such as temperature, salinity, productivity and nutrient flux in the water column, is ide-
ally reflected in the coccolithophore assemblages.

In the study of living coccolithophore communities from the coastal ecosystems of Andros Island,
Dimiza et al. (2008a) identified four distinct recent coccolithophore groups in the upper water col-
umn: Emiliania huxleyi group (late autumn-early spring), Palusphaera vandelii group (spring),
Rhabdosphaera clavigera group (summer), Helladosphaera cornifera group (early autumn), sug-
gesting that variability in coccolithophore composition in the Aegean Sea is controlled by the olig-
otrophic and warm summer and eutrophic and cold winter seasonal cycle. As the Aegean region
today appears to be one of the most oligotrophic areas in the world, the research on extant coccol-
ithophores from the coastal ecosystems provided detailed results concerning the expansion of the
species of subtropical-oligotrophic environments.

Comparing the determined Holocene and living coccolithophore groups it becomes obvious that the
latter are exclusively dominated by the subtropical species R. clavigera and Syracosphaera spp. and
the opportunistic E. huxleyi, which correspond to the paleoecological Group A (Fig. 4). In particu-
lar the living ecological groups that were identified are based on E. huxleyi and various species of
families Rhabdosphaeraceae, Syracosphaeraceae and Calyptrosphaeraceae. The latter include holo-
coccoliths that are rarely preserved in sediments and are therefore not easily included in paleonto-
logical assemblages.

The species composition of fossil assemblages is influenced from sedimentological and preserva-
tional processes. Recent detailed study of sinking planktonic assemblages and Holocene samples
(Andruleit et al. 2004; Baumann et al., 2005; Young et al., 2005) indicates that the majority of the
morphological diversity is dissolved in the upper water column. In surface waters, delicate forms
(species of several different groups of coccolithophores, including the Rhabdosphaeraceae and al-
most all holococcolithophores) present low preservation potential and preferential destroyed (Roth
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and Coulbourn, 1982; Andruleit, 1997). Only the species with robust structure (as Calcidiscus spp.
and Umbilicosphaera spp.) or high cell densities (such as E. huxleyi) have a higher preservation po-
tential. In the lower photic zone, species such as F. profunda have slight advantages because of less
destruction by biological breakdown and a shorter transport distance (Andruleit, 1997; Andruleit et
al.,2004). As a result, the fossil assemblages cannot precisely represent the living community from
which they are derived. However, despite the loss in species diversity of fossil assemblages, the
coccolithophore record has a much higher preservation capability than many other proxies
(Samtleben et al., 1995; Beaufort et al., 1997; Balch et al., 2000; Andruleit et al., 2004) and there-
fore is one of the most reliable groups for paleoenvironmental reconstructions.

7. Conclusions

An interesting application concerns the use of knowledge from the study of living communities in
the explanation and documentation of fossilized records. One important parameter of the ecologi-
cal research on living coccolithophore communities from the coastal ecosystems of Andros Island
lies in the seasonal separation of the subtropical species. This distinction led to the differentiation
of coccolithophore communities, as a response to short-time scale seasonal fluctuations in temper-
ature and nutrient content in the upper photic zone. More specifically, a fluctuation of species in eu-
trophic and oligotrophic environments was observed, in the context of seasonality (cool-warm
period), a parameter that cannot be easily specified in fossil assemblages.

The present study identifies four distinct calcareous nannoplankton groups from NS-14 sediment
core, suggesting that variability in coccolithophore composition is controlled by changes in tem-
perature, salinity, productivity and nutrient flux in the water column. The paleoecological groups are
used as a basis for discussion of the relation of Holocene assemblages with living communities in
the coastal marine ecosystems of the Aegean Sea. In the comparison it becomes obvious that the liv-
ing ecological groups are exclusively correlated with the Holocene paleoecological Group A that in-
dicates a seasonally controlled marine environment. The ample development of Group A before
10Ka and towards the recent times should mainly be interpreted through the existence of seasonal-
ity. So in the particular period, the warm season would be characterized by oligotrophic conditions
in the photic zone, with high occurrence of representatives of the Rabdosphaeraceae and Syra-
cosphaeraceae, while water mixture during the cool period allowed the increase of E. huxleyi. How-
ever, the wide variety of species composition in living communities is not preserved in the fossil
assemblages. This is most probably due to dissolution effects in the water column and the state of
preservation in the sediment.
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