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Abstract

This study presents the living coccolithophore communities and the morphological vari-
ability of Emiliania huxleyi in the South Aegean Sea from three sampling regions during
winter-early spring (March 2017, March 2019) and summer (August 2019). Emphasis is
given to March 2017 to monitor the variations in coccolithophore assemblages after an
exceptionally cold event in December 2016, which resulted in newly produced dense waters
that ventilated the Aegean deep basins. The assemblages displayed distinct seasonality
with the predominance of E. huxleyi and Syracosphaera molischii during winter-early spring,
associated with the water column mixing. By contrast, summer assemblages were fea-
tured by holococcolithophores and typical taxa of warm, oligotrophic upper waters. It
seems that the phytoplanktonic succession as well as the nutrient supply to the upper
euphotic layers were affected by the water column perturbation during the extreme winter
of 2016–2017, which led to strong convective mixing and dense water formation. The
decreased coccosphere densities during March 2017, accompanied by the notable presence
of diatoms, were most probably associated with a prolonged diatom bloom, causing delay
in the development of the coccolithophore community and resulting in a nitrogen-limited
setting. Emiliania huxleyi morphometry showed the characteristic seasonal calcification
trend of the Aegean, with the dominance of smaller coccoliths in the summer and in-
creased coccolith length and width during the cold season. The intense cold conditions and
wind-induced mixing during the winter of 2016–2017 possibly increased the absorption of
atmospheric CO2 in surface waters, causing increased acidity and the subsequent presence
of etched/undercalcified E. huxleyi coccoliths and other taxa, most probably implying in
situ calcite dissolution.

Keywords: living coccolithophores; community structure; Emiliania huxleyi coccolith
morphology; Aegean Sea dense water formation
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1. Introduction
As one of the most abundant and productive groups of phytoplankton in modern

oceans, coccolithophores play a significant role in the biogeochemical cycles of marine
ecosystems, being an integral part of the carbonate pump [1–3]. In the oligotrophic east-
ern Mediterranean Sea, coccolithophores are among the predominant calcifying primary
producers that showcase sensitivity to seasonal changes and exhibit notable regional
patchiness [4–9]. Coccolithophore species composition, diversity, and productivity in this
area is affected by several factors, including seasonal variations in sea surface temperature
(SST), nutrient content, and sea surface circulation [4,7,10,11]. Studying their distribution
in a variety of oceanographic settings is the key to understanding their spatial/temporal
distribution along with their species diversity and ecological tolerances [5]. Therefore,
research on the dynamic response of these organisms could prove quite useful given the
future trends of rising ocean temperatures, atmospheric CO2 levels, and ocean acidification.

Previous studies in the Aegean Sea (NE Mediterranean) have shown that coccolithophores,
although comprising a small part of the Aegean total phytoplankton assemblage [12], display
a clear seasonality pattern, with species composition being dominated by Emiliania huxleyi,
Syracosphaera spp., Rhabdosphaeraceae, and holococcolithophores [4,5,9]. Maximum coccol-
ithophore densities are observed during the cold period, mainly depicted by increased abun-
dance of E. huxleyi, and are directly linked to late winter-early spring water column mixing;
in contrast, increased holococcolithophore densities, and also Syracosphaera spp. and Rhab-
dosphaeraceae, during the warm period (summer-autumn), particularly in the South Aegean
Sea, are associated with thermally stratified surface layers [5]. Ecological factors like temperature,
salinity, and availability of nutrients have been linked to changes in Emiliania huxleyi coccolith
size and morphology [13–16]. Coccolith morphometric analysis in the Aegean Sea [9,10,17]
showed that low SST-moderate productivity conditions during the winter/spring are consistent
with the trend of increased E. huxleyi (type A) coccolith and coccosphere size as well as inner
tube element thickness, in contrast with the high SST-low productivity summer period.

The Aegean Sea, a crucial Dense Water Formation (DWF) area in the eastern Mediter-
ranean, can experience significant DWF events during exceptionally cold winters [18–20].
According to Velaoras et al. [21], such an event occurred during the intense winter of
2016–2017. A distinct atmospheric circulation pattern in December 2016, characterized
by a high-pressure system over northwest Europe, brought cold air masses from higher
latitudes into the Aegean Sea, causing extreme surface cooling over the eastern Mediter-
ranean, with newly produced dense waters ventilating the Aegean deep basins up to a
certain depth [21]. Specifically, in the southwest Aegean Sea, dense waters filled the bottom
layers of the Myrtoan Basin toward the West Cretan Straits. The unusually high heat loss in
December (Qnet < 500 Wm−2) was comparable to that seen during the 1992–1993 Eastern
Mediterranean Transient (EMT) event [21]. Such events are associated with water column
mixing and relatively low sea surface temperature values, resulting in the vertical flux of
nutrients to the euphotic zone [11,22] and increased coccolithophore productivity, namely
“E. huxleyi dominance” [17], a species directly linked to nutrient enrichment [4,5,23].

The release of carbon dioxide (CO2) from human industrial and agricultural activities
has resulted in dramatically increased atmospheric CO2 concentrations during the last
200 yrs. CO2 is absorbed by seawater, causing reduced pH and carbonate ion concentration,
thus resulting in ocean acidification. Multiple studies have demonstrated the sensitivity
of calcification in response to acidification for a variety of organism groups, which affects
global oceanic carbonate production [24,25]. Natural increases in CO2 seawater concentra-
tions, like extreme cold events and DWF [26], may provide excellent opportunities to assess
the potential effects of acidification on calcifying oceanic groups such as coccolithophores.
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The present study focuses on the investigation of living coccolithophore species com-
position and abundance in the South Aegean Sea during the cold winter-early spring
(March 2017, March 2019) and warm late summer (August 2019) seasons. The main aim
is to test the hypothesis that coccolithophore spatial and temporal variations were af-
fected by the exceptionally cold event in December 2016 and define the morphological
features of E. huxleyi in order to evaluate any impacts of potential acidification effects on
coccolith calcification.

2. Oceanographic Setting
The Aegean Sea (NE Mediterranean) lies between Turkey and Greece, connected to the

Black Sea and the Marmara Sea via the Dardanelles Strait and to the open eastern Mediter-
ranean through the Cretan Straits. The intricate circulation patterns within the Aegean Sea
result from several contributing factors, including the geographical distribution of island
chains, the uneven seabed topography, the influx of cooler and less saline Black Sea Waters
(BSW), numerous rivers originating from the northern Hellenic coast and the western Turkish
coast (Figure 1), and seasonal variations in meteorological conditions [18,20,27].

Figure 1. Bathymetric map of the Aegean Sea with the locations of studied stations and the gen-
eral water mass circulation pattern (BSW: Black Sea Water, LIW: Levantine Intermediate Water,
CIW: Cretan Intermediate Water, CDW: Cretan Deep Water, MAW: Modified Atlantic Water).

The Aegean Sea is connected to the Levantine Basin and the Ionian Sea through the
eastern (Kassos) and western (Antikythira-Kithira) Cretan Straits, respectively (Figure 1).
Warm and saline Levantine Waters carried by Asia Minor Current (AMC) branches enter
the Aegean at the surface and at intermediate depths through the eastern Cretan Straits
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and travel north along the eastern Aegean Sea [28], reaching the Black Sea outflow near
Limnos, where they submerge beneath the lighter BSW layer, formed by waters exiting
the Dardanelles [29]. Both the Myrtoan Sea and the eastern Cretan Sea feature strong
cyclonic circulation that contributes to the transport of the upper water layers into the
southeast Aegean [20,28]. The northeastern part of South Aegean Sea is characterized by
the northward flow of the LIW, enabling thermohaline circulation from the Levantine Basin
toward the NE Mediterranean [18,28]. The surface water circulation is also influenced by the
presence of low-salinity Modified Atlantic Waters (MAW), which primarily enter the Cretan
Sea through the Antikythira Strait and occasionally through the Kassos Strait [28] (Figure 1).
The Levantine Intermediate Water mass (LIW) and dense Cretan Deep Water (CDW) occur
in the intermediate and deep layers of the Cretan Sea and outflow from the South Aegean
Sea through the Kassos and Antikythira Straits, sinking in the deeper layers and affecting
the deep thermohaline circulation of the eastern Mediterranean [28]. Dimiza et al. [5] and
Karatsolis et al. [10] verified the presence of the LIW by coccolithophore species such as
Umbellosphaera tenuis and Syracosphaera pulchra, and also K-selected holococcolithophores,
which have preferences for warm temperate low-nutrient waters. In addition, Emiliania
huxleyi is evidently reduced toward the mid photic zone, marking the presence of fewer
nutrients and more saline LIW masses [5].

Between the LIW and CDW masses, an intrusive water mass of eastern Mediterranean
origin called Transient Mediterranean Water (TMW) is observed, showing a local salinity
and oxygen minimum [30]. This nutrient-rich water mass [31] is linked to episodes of
productivity increase in the Cretan Sea [32–34]. Indeed, Triantaphyllou et al. [8] pointed
out that the coccolithophore productivity pattern in the Cretan Sea, with highest values
in late March-late June, is the result of fertilization in the upper photic zone due to the
intrusion of the TMW from the Kassos Strait.

The South Aegean Basin is regarded as a “typical oceanic margin” environment, rang-
ing from oligotrophic to ultra-oligotrophic conditions, characterized by very low export
rates of organic matter from the euphotic zone, minimum particle mass flux, and low pri-
mary productivity mainly influenced by Saharan dust inputs [8,27,32,35]. The oligotrophy,
seen in both primary productivity and chlorophyll-a concentrations, is attributed to an
eastward increase in phosphorus limitation through the eastern Mediterranean, leading
to an increase in the N/P ratio. The annual mean chlorophyll-a concentrations peak in
February (slightly more than 0.2 µg L−1) due to the dominance of picophytoplankton
cells [32,36].

On average, annual SSTs in the Aegean Sea range from approximately 15 to 27 ◦C,
while the average annual sea surface salinity (SSS) varies seasonally between approximately
38 and 39.2 psu [20]. Several factors, like the distribution of colder and low-salinity BSW,
the advection of warmer LIW from the southeastern Aegean, upwelling and downwelling
processes, and locally significant freshwater river inflows, contribute to distinct spatial and
seasonal patterns of SST and SSS.

3. Materials and Methods
This study examined 24 seawater samples collected from 3 stations (Figure 1) during

three oceanographic cruises conducted by the Hellenic Centre for Marine Research (HCMR)
in March 2017 (“Winter 2017 deep Aegean Sea basins” cruise), March 2019 (“2MFSD” cruise),
and August 2019 (“3MFSD” cruise) on board the R/V “Aegaeo.” The three sampling areas,
i.e., the Myrtoan Basin in the western South Aegean Sea, the Cretan Sea-Kassos Straits in
the southeast, and the northeastern part of the South Aegean Sea, were selected to represent
the major South Aegean Sea hydrographic regimes (see Section 2). The exact same positions
were not precisely re-sampled during the sampling campaigns as the oceanographic cruises
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served different scope and sampling strategies (i.e., regular sampling within the framework
of EU Marine Strategy Framework Directive (MFSD) vs. targeting the deep Aegean Sea
basins after the extreme cold event of December 2016); however, for the shake of clarity in
the present study, effective coding has been applied for proximal sampling stations (Figure 1;
Table 1), depicting similar oceanographic settings. The seasonality pattern is adequately
represented through the present study samplings, as coccolithophores of the Aegean
Sea are practically divided into winter-spring assemblages related to high nutrients and
abundant E. huxleyi and summer-autumn assemblages with warm, oligotrophic species and
dominance of holococcolithophores [5,8]. The water column was sampled using a SBE911
CTD unit equipped with a 24-bottle SBE32 carousel water sampler. At each sampling
station, samples were taken from 2–4 standard depths within the photic layer (2–75 m).
Temperature, salinity, and nutrient concentrations (nitrite + nitrate [NO3 + NO2], silicate
[SIO4], phosphate [PO4]) were measured at all stations and depths (Table 1). Nutrients
were measured at the HCMR Lab using a QuAAtro39 AutoAnalyzer with sensitivities
of 0.01 µmoL−1 for phosphates and 0.03 µmol L−1 for nitrate + nitrite and silicates. In
order to facilitate comparisons of the results, the vertical distributions of coccolithophore
assemblages are grouped into two photic zone depth layers: the upper (2–20 m water
depth; surface mixed layer) and the middle-lower (50–75 m water depth; layer with the
deep chlorophyll-a maximum, DCM) photic zones. This definition follows previous studies
in the Aegean Sea. Psarra et al. [32] defined the euphotic zone down to 80 m in the Cretan
Sea, which is featured by pronounced DCM (at 75–100 m depth) throughout most of the
year [32,34]. In addition, Dimiza et al. [5] grouped the coccolithophore vertical distribution
into three depth layers (surface mixed layer down to 20 m; >20 to 50 m water mass just
below the surface mixed layer, and >50 m layer with the deep chlorophyll-a maximum) in
the photic zone.

Table 1. Stations, sampling details, and environmental parameters. For the locations of the stations,
see Figure 1.

Station
Number

Sampling
Code

Latitude
(◦N)

Longitude
(◦E)

Sampling
Period

Water
Depth (m)

Temperature
(◦C)

Salinity
(psu)

NO3− + NO2
(µmol/L)

SiO4
(µmol/L)

PO4
(µmol/L)

10A
17W10U

36◦33′27.72′′ 26◦42′17.28′′ March 2017
2, 10 16.32 39.16 0.53 1.67 0.02

17W10L 50, 75 16.15 39.16 0.70 1.56 0.01

12A
17W12U

35◦15′17.64′′ 26◦40′19.56′′ March 2017
2, 10 16.49 39.14 0.54 1.41 0.01

17W12L 50, 75 16.15 39.15 0.58 1.29 0.02

16A
17W16U

36◦58′48′′ 23◦57′36′′ March 2017
2, 10 15.67 39.10 0.07 0.36 0.04

17W16L 50, 75 15.22 39.03 1.02 1.21 0.01

10B
19W10U

37◦0′32.4” 26◦37′15.6” March 2019
20 17.33 39.37 0.557 1.049 0.01

19W10L 75 17.33 39.37 0.593 0.942 0.01

12B
19W12U

35◦45′10.8′′ 26◦13′40.8′′ March 2019
20 17.3 39.36 0.474 1.307 0.01

19W12L 75 17.25 39.38 0.929 1.308 0.01

16B
19W16U

36◦48′18′′ 23◦27′54′′ March 2019
20 15.59 39.17 0.277 1.522 0.01

19W16L 75 15.36 39.14 1.120 1.601 0.01

10B
19S10U

37◦0′32.4′′ 26◦37′15.6′′ August 2019 20 21.21 39.12 0.01 0.67 0.01
19S10L 75 17.73 39.24 0.01 0.64 0.01

12B
19S12U

35◦45′10.8′′ 26◦13′40.8′′ August 2019 20 22.13 39.32 0.01 0.798 0.01
19S12L 75 17 39.27 0.62 0.96 0.01

16B
19S16U

36◦48′18′′ 23◦27′54′′ August 2019 20 25.84 38.98 0.01 1.10 0.01
19S16L 75 16.89 39.15 0.01 0.72 0.01

For coccolithophore analysis, ~1.5 L of seawater per sample was filtered through a
Whatman cellulose nitrate filter (47 mm diameter, 0.45 µm pore size) using a Whatman
membrane filter holder and vacuum filtration system. Special care was given to ensure
uniform distribution of the filtered material. Salt was removed by washing the filter with
2 mL of mineral water. The filters were open/oven-dried and carefully stored in plastic
Petri dishes. A small part of each filter (~6 × 3 mm2) was affixed to a sputter-copper
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electron microscope stub with the help of double-sided adhesive tape and was coated
with gold. The filters were examined using a Jeol JSM 6360 Scanning Electron Microscope
(National and Kapodistrian University of Athens, Faculty of Geology and Geoenvironment).
All of the individual coccospheres present in the designated filter area were identified and
counted under 1200× working magnification, and at least 200 coccospheres per sample
were counted.

Following Jordan & Winter [37], the absolute abundance of coccolithophores (number
of coccospheres L−1) was estimated by scaling up the raw counts from a known scanned fil-
ter piece using the equation: A = N × S/V, where N represents the number of coccospheres
of a certain species on the scanned filter area, S denotes the scaling factor (area of the entire
filter/area of the scanned filter piece), V represents the volume of seawater filtered (l), and
A indicates the absolute abundance of the species, expressed as coccospheres L−1. Accord-
ing to Jordan & Winter [37], this method is limited only by very small factors to provide
noticeable error bars, namely, the area of the scanned filter piece measured to the nearest
0.5 mm and the tiny area of the filter between transects under SEM that is not counted
to avoid duplicating coccosphere counts. The species identification and taxonomy were
mainly based on taxonomic resources provided by Young et al. [38], and the online guide
to the biodiversity and taxonomy of coccolithophores (www.mikrotax.org/Nannotax3
(accessed on 1 January 2025); Young et al. [39]). Diversity indices like species richness (S),
Shannon–Wiener diversity index (H′), and Dominance (D) were calculated for each sample
using Past software version 4.15 [40].

Statistical analyses were performed using PAST software version 4.15 and SPSS ver-
sion 29.0.2.0. The non-parametric Mann–Whitney U test was used to determine differences
in total coccolithophore densities between the two winter seasons (2017 and 2019) and
between different water layers (upper and mid-lower). Differences were considered sig-
nificant at p < 0.05. Spearman’s rank correlation was used to explore the relationship
between coccolithophore species and environmental parameters. In addition, in order
to group together samples and species with similar distributions, a hierarchical cluster
analysis (HCA) was performed. Further, a Canonical Correspondence Analysis (CCA)
was performed to investigate the influence of environmental variables on the abundance
and distribution of coccolithophore species. Analysis was conducted on 23 taxa, each
comprising more than 3% of the assemblage in at least one examined sample. To minimize
the score and bias of more abundant species that could obscure the effect of less abundant
species, the data were log (1 + x) transformed. Environmental variables, including tempera-
ture (T), salinity (S), NO3 + NO2, PO4, and SiO4, were also logarithmically transformed.
In the CCA diagram, environmental variables are represented as arrow lines, where the
direction and length of each arrow indicate the relative influence of the corresponding vari-
able. The angle between an arrow and canonical axis reflects the strength of the correlation
between them, with smaller angles indicating stronger correlations. The projection of coccol-
ithophore species and sample points on the canonical axes indicates their relationships with
environmental parameters.

For the morphometric analysis of E. huxleyi, coccolith length and width were measured
for ~50 coccoliths attached to a coccosphere per seawater sample from the Aegean Sea. In
total, 862 coccoliths/coccospheres from the South Aegean Sea water samples were analyzed
in this study. Following the morphometric approaches of Young et al. [41], these photos
were analyzed using ImageJ software. For each coccolith, an ellipse was dragged on its
perimeter, creating an outline to measure its length and width; such an approach takes
into account the fact that the coccolith geometry is primarily based on co-axial, parallel
ellipses [42]. The differences in E. huxleyi morphometric parameters among the three
samplings (winter 2017 and 2019 and summer 2019) were determined via one-way analysis

www.mikrotax.org/Nannotax3
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of variance (ANOVA), with post hoc Tukey’s HSD multiple pairwise comparisons test at a
significance level of 0.05.

Surface chlorophyll-a (Chl-a) concentrations for the sampling intervals were obtained
for an average of 8 days, at 4 km resolution, from data acquired from MODIS-Aqua
(http://disc.sci.gsfc.nasa.gov/giovanni/ accessed on 5 June 2025; [43]).

4. Results
4.1. Total Abundance and Diversity Indices

A total of 57 coccolithophore species were identified in the studied samples (Figure 2a–c;
Table S1). The recorded coccosphere densities from all sampling periods in the studied stations
are presented in Table S2.

Notably low coccosphere densities were documented in the sampling of March 2017
(average total coccosphere density 6.7 × 103 coccospheres L−1), with the highest coccol-
ithophore abundance presented in 17W12L mid-lower water depths (17.8 × 103 cocco-
spheres L−1; Figure 3), with the rest of the studied stations displaying abundances less
than 7.9 × 103 coccospheres L−1. Remarkably low densities (1.5 × 103 coccospheres L−1;
Figure 3) in the mid-lower photic zone to even a striking total absence of coccospheres in
the upper water column were recorded at station 17W16 (Figure 3). All samples in the
March 2017 sampling were characterized by low values of S (min = 4 taxa; 17W16L) and
H′ (min = 0.51; 17W12L) and rather high values of dominance (D) (max = 0.77; 17W12L)
(Figure 4).

(a) 

Figure 2. Cont.

http://disc.sci.gsfc.nasa.gov/giovanni/
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(b) 

 
(c) 

Figure 2. (a) Coccolithophore species of March 2017 sampling: 1–8. etched/undercalcified Emil-
iania huxleyi, 9. Syracosphaera molischii, 10. Umbilicosphaera sibogae, 11. Calcidiscus leptoporus,
12. Rhabdosphaera clavigera, 13. Syracosphaera pulchra, 14. Hyalolithus neolepis, 15. Silicoflagelate



Geosciences 2025, 15, 268 9 of 25

Dictyocha stapedia (double skeleton), 16–20. Diatom Chaetoceros sp. (b) Coccolithophore species of
March 2019 sampling: 1–4. Emiliania huxleyi, 5–6. etched/undercalcified E. huxleyi, 7. Acanthoica
quattrospina, 8. Umbilicosphaera sibogae, 9. Michaelsarsia elegans, 10. Syracosphaera mediterranea,
11. Calciosolenia sp., 12. Helicosphaera pavimentum HOL dalmaticus type. (c) Coccolithophore
species of August 2019 sampling: 1–3. Emiliania huxleyi, 4. Syracosphaera pulchra HOL oblonga
type, 5. Rhabdosphaera clavigera, 6. Florisphaera profunda, 7. Syracosphaera nodosa, 8. Syracosphaera
azureaplaneta, 9. Hyalolithus neolepis, 10. Gliscolithus amitakareniae, 11. Syracosphaera mediterranea
HOL wettsteinii type 12. Syracosphaera pulchra HOL pirus type.

 

Figure 3. Densities (coccospheres L−1) of the total coccolithophore assemblages and the dominant
coccolithophore taxa during winter 2017 (17W), winter 2019 (19W), and summer 2019 (19S) from the
upper and lower photic zones of stations 10, 12, and 16.

There were significant differences in coccolithophore abundances (Mann–Whitney
U test, p = 0.007) between the two winter seasons, with much lower total coccosphere
densities in March 2017 than those in March 2019 (Table S3). In March 2019, sampling
station 19W12U presented the highest coccolithophore abundance (27.7 × 103 coccospheres
L−1) recorded in upper water depths. All studied stations displayed relatively higher
abundances (>13 × 103 coccospheres L−1) in the upper water layers (average 19.5 × 103

coccospheres L−1; Figure 3) than in the mid-lower layers (average 14.4 × 103 coccospheres
L−1). However, the Mann–Whitney U test revealed no statistically significant difference in
coccolithophore abundance between these water layers (p > 0.05) (Table S3).

Samples from March 2019 were characterized by low S (min = 5 taxa; 19W12L) and H′

(min = 0.49; 19W12L) values and rather high dominance (max = 0.79; 19W12L). Furthermore,
S displayed higher records in the upper photic zone during the 2019 sampling, while
dominance values were practically similar between the upper and the mid-lower photic
zone (Figure 4).

During the August 2019 sampling (average total coccosphere density
8.7 × 103 coccospheres L−1), coccolithophore abundance was highest at sampling sta-
tion 19S12U (12.7 × 103 coccospheres L−1). The total coccolithophore abundance was
generally higher in the upper photic zone (average 9.5 × 103 coccospheres L−1) compared
to the mid-lower layers (average 7.9 × 103 coccospheres L−1) except for station 19S16
(Figure 3). In contrast to both winter-early spring periods, the late summer sampling
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exhibited the highest species richness (max = 24 taxa; 19S16L) and diversity (max = 2.50;
19S16L) and the lowest values of dominance (min = 0.11; 19S12U) (Figure 4).

 

Figure 4. Species richness (S), Shannon–Wiener diversity index (H′), and dominance (D) for the
sampling stations.

Nutrient concentrations (particularly NO3 + NO2 and SiO4) presented overall lower
values in March 2017 when compared to March 2019; the values were clearly lower in Au-
gust 2019, in accordance with the prevailing summer oligotrophic conditions. Interestingly,
PO4, although very low, was generally higher during March 2017.

4.2. Coccolithophore Community Structure and E. huxleyi Coccolith Morphology

Emiliania huxleyi was the most abundant species (92–100%) in March 2017, ranging
between 1.3 × 103 coccospheres L−1 (station 17W16L) and 17.2 × 103 coccospheres L−1 (sta-
tion 17W12L) (Figures 3 and 5; Table S2), except for the total absence of coccospheres at sta-
tion 17W16U in the upper photic zone. A noticeably high number of etched/undercalcified
specimens (sensu https://www.mikrotax.org/Nannotax3/maindb/Emiliania_huxleyi_
type_A#gallery--11, accessed on 1 January 2025 [39,44]; Figures 5 and 6) with weakly devel-
oped inner tubes and incomplete “T-shaped” coccolith elements (Figure 2a) was recorded
during the March 2017 sampling, constituting on average ~50% of the total coccolithophore

https://www.mikrotax.org/Nannotax3/maindb/Emiliania_huxleyi_type_A#gallery--11
https://www.mikrotax.org/Nannotax3/maindb/Emiliania_huxleyi_type_A#gallery--11
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assemblage and E. huxleyi abundance (Figure 5). This type of morphology was observed
in all samples taken throughout the water column in 2017, apart from sample 17W16U,
which was devoid of coccolithophores and only displayed common diatom assemblages,
mostly represented by Chaetoceros chains (Figure 2a). Furthermore, Hyalolithus neolepis, a
haptophyte alga with siliceous scales, was recorded at station 17W12L (Figure 2a, Table S2).
Few overcalcified E. huxleyi specimens were documented in the same dataset (Figure 2a).
Syracosphaera spp. and Rhabdosphaeraceae (Figure 2a) were generally represented by low
abundances, with Syracosphaera molischii (max = 3%) as the most common species, followed
by Rhabdosphaera clavigera (max = 3%) (Figure 5, Table S2). Interestingly, most specimens of
the former species were also documented with etched morphology (Figure 2a).

 

Figure 5. Relative abundances of the major coccolithophore species from the upper and lower photic
zones of stations 10, 12, and 16.

 

Figure 6. Q-mode hierarchical cluster dendrogram of coccolithophore assemblages.



Geosciences 2025, 15, 268 12 of 25

In the March 2019 sampling, E. huxleyi still dominated the coccolithophore assemblage
(~82%) (Figure 5), ranging between 11.3 × 103 coccospheres L−1 (station 19W16U) and
22.2 × 103 coccospheres L−1 (station 19W12U) (Figure 3). A significant drop in the presence
of etched/undercalcified E. huxleyi specimens was recorded, constituting on average ~4% of
both the total coccolithophore assemblage and E. huxleyi abundance; etched/undercalcified
E. huxleyi specimens were clearly restricted in the mid-photic zone layer (Figures 3 and 5,
Table S2). Similarly, Syracosphaera spp. were generally represented by low abundances,
with S. molischii (max = 16%), followed by S. histrica (max = 8%), S. halldalii (max = 4%),
and H. pavimentum HOL dalmaticus type (max = 7%) (Figure 5). Other holococcolithophores
contributed with very low abundances and constituted on average < 1% of the total
assemblage (Table S2).

Overall, E. huxleyi displayed significantly lower abundances during the August 2019 sam-
pling; on average ~25% of the total coccolithophore assemblage, while etched/undercalcified
specimens were totally absent (Figure 3). Emiliania huxleyi coccospheres densities ranged
between 0.5 × 103 coccospheres L−1 (station 19S16U) and 3.8 × 103 coccospheres L−1 (station
19S12L) (Figure 3). In the upper photic zone of station 19S12U, Calyptrosphaera heimdaliae
reached ~22% (2.8 × 103 coccospheres L−1), and at station 19S16U, R. clavigera comprised
~32% of the total assemblage (1.9 × 103 coccospheres L−1) (Figures 3 and 5). The August 2019
assemblage was characterized by high species diversity: heterococcolithophores (up to ~62%)
consisted mostly of R. clavigera (max = 32%), C. brasiliensis (max = 16%), and S. histrica (max
= 8%) (Figure 5). Holococcolithophores accounted for ~38% of the total standing crop and
were relatively well represented in the late summer coccolithophore assemblages (max = 70%;
19S12U 2–20 m), comprising several species, e.g., S. arethusae HOL (max = 21%), Sphaerocalyptra
quadridentata (max = 24%), Algirosphaera robusta HOL (max = 24%), and Helladosphaera cornifera
(max = 14%) (Table S2). Hyalolithus neolepis was recorded at both stations 19S12U and 19S10U
during the late summer of 2019.

Q-mode hierarchical cluster analysis classified the samples based on their simi-
larities in coccolithophore species composition. The resulting dendrogram (Figure 6)
showed three main clusters. Assemblage A comprised samples collected in August
2019, whereas Assemblages B and C consisted of samples collected in March 2017 and
March 2019, respectively.

R-mode hierarchical cluster analysis on South Aegean Sea coccolithophore assem-
blages (Figure 7) enabled us to recognize two groups, one of which could be subdivided
into three subgroups, comparable to those described by Dimiza et al. [5] for the Aegean
Sea region. Group I was characterized by H. pavimentum HOL, S. molischii, E. huxleyi,
C. leptoporus, and U. sibogae. Group II comprised three subgroups, including seventeen
species, representing mostly holococcolithophores together with R. clavigera and S. pulchra
(Group IIa), while Groups IIb and IIc clustered the species C. brasiliensis-S. histrica-R. xiphos-
S. halldallii and C. murrayi-P. crosiae-A. robusta, respectively.

Coccolithophore assemblages were compared to the physicochemical parameters
using Spearman’s correlation coefficient (Table 2). Out of Group I (Figure 7), Emiliania
huxleyi etched/undercalcified specimens showed a significant negative correlation with
temperature and positive correlations with the concentrations of nutrients. The abundances
of C. brasiliensis and R. xiphos (Group IIb) and R. clavigera and holococcolithophores (Group
IIa; excluding H. carteri HOL) showed strong positive correlations with temperature and
negative correlations with nutrient concentrations. Syracosphaera pulchra (Group IIa) and
S. histrica and S. halldalii (Group IIb) were also negatively correlated with nutrients. By
contrast, C. leptoporus (Group I) was positively associated with PO4 concentration. A
significant positive correlation was found between the abundance of S. halldalii (Group IIb)
and salinity.
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Figure 7. R-mode hierarchical cluster dendrogram in coccolithophore assemblages.

Table 2. Matrix of Spearman’s rho correlation coefficients for coccolithophore species and environ-
mental parameters. Colors are after the coccolithophore assemblage groups produced by the R-mode
hierarchical cluster dendrogram (see Figure 7).

T S NO3 + NO2 PO4 SiO4

E. huxleyi −0.223 0.376 0.339 0.108 0.379

E. huxleyi etched/undercalcified −0.669 −0.380 0.557 0.676 0.675

S. molischii −0.036 0.333 0.060 −0.331 0.113

H. pavimentum HOL 0.009 0.387 −0.193 −0.271 0.043

C. leptoporus −0.421 −0.255 0.234 0.447 0.154

U. sibogae −0.310 −0.120 0.264 0.255 0.245

H. cornifera 0.634 −0.012 −0.724 −0.367 −0.665

S. arethusae HOL 0.734 0.083 −0.649 −0.456 −0.759

H. carteri HOL 0.452 0.086 −0.535 −0.271 −0.387

A. robusta HOL 0.604 0.100 −0.535 −0.271 −0.405

R. clavigera 0.589 −0.119 −0.704 −0.041 −0.446

S. pulchra 0.392 −0.028 −0.451 −0.136 −0.437

C. heimdaliae 0.454 0.223 −0.426 −0.216 −0.422

G. amitakareniae 0.539 0.100 −0.535 −0.271 −0.571

S. mediterranea HOL 0.430 0.223 −0.426 −0.216 −0.445

S. pulchra HOL 0.477 0.038 −0.632 −0.320 −0.661

C. brasiliensis 0.617 0.328 −0.390 −0.590 −0.696

S. histrica 0.331 0.261 −0.382 −0.486 −0.392

R. xiphos 0.656 0.414 −0.735 −0.546 −0.662
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Table 2. Cont.

T S NO3 + NO2 PO4 SiO4

S. halldalii 0.380 0.575 −0.278 −0.500 −0.427

C. murrayi 0.157 −0.118 0.156 −0.149 −0.207

P. crosiae 0.142 −0.171 −0.085 −0.216 −0.359

A. robusta 0.099 −0.254 −0.299 −0.320 −0.331
Values in bold: correlation is significant at the 0.05 level (2-tailed).Values in bold and italic: correlation is significant
at the 0.01 level (2-tailed).

Through CCA analysis, the defined axes explained a total of 82.13% of the variance
in coccolithophore distribution (Figure 8). The first axis (Axis 1: eigenvalue = 0,415,
p < 0.05) accounted for 59.49% of the variance, was positively correlated with NO3 + NO2

and SiO4, and was negatively correlated with water temperature. The second axis (Axis
2: eigenvalue = 0,158, p < 0.05) explained a further 22.64% of the variance, showing a
positive relationship with PO4 and a negative relationship with water salinity. However,
the wide angle between environmental variables and Axis 2 suggested a moderate level
of correlation.

 
Figure 8. Canonical correspondence analysis (CCA) diagram showing coccolithophore taxa (red circular
points) and environmental variables (blue arrows). Sample scores are plotted as square points.

Samples collected during the late summer (August 2019) exhibited a negative correla-
tion with CCA Axis I, whereas samples from winter-early spring (March 2017 and March
2019) showed a positive correlation with CCA Axis I (Figure 8).

Morphometric analyses of E. huxleyi (Figure 9; Table S3) indicated that both coccolith
length (ANOVA, F2,859 = 25.870, p < 0.001) and width (ANOVA, F2,859 = 27.626, p < 0.001)
varied significantly during the sampling periods. Specimens from August 2019 were lightly
calcified and showed statistically significant lower values of coccolith length and width
relative to those from the two other samplings (post hoc Tukey HSD, p < 0.05; Table S3).
However, in March 2017 and 2019, the mean length and width values were almost at the
same level (post hoc Tukey HSD, p > 0.05; Table S3).
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Figure 9. Error bar charts of 95% confidence intervals of E. huxleyi coccolith length and width during
the various sampling intervals.

5. Discussion
5.1. Assemblage Composition and Dominant Species

Both March 2017 and 2019 sampled assemblages (Figure 5) were defined by the
predominance of r-strategist taxa, typically prevalent in Mediterranean waters dur-
ing the cold period (winter-spring), with opportunistic species of Group I (Figure 7;
Table 2) like E. huxleyi, which quickly takes advantage of nutrient availability in both
eutrophic and oligotrophic environments and serves as an indicator of high productivity
conditions [4,5,7–9,45–50]. Also, Syracosphaera molischii, a minor component of Group I
winter communities (Figure 7), shares ecological requirements with E. huxleyi [1] and is
well documented as a common component during the winter in Mediterranean coastal
settings [5,46,47,50,51]. In addition, Algirosphaera robusta is mostly a deep photic zone taxon
that lives within or below the summer thermocline [48] and is recognized as exhibiting
a flexible response to varying nutrient availability [7,37,52,53], in some cases positively
related to salinity and nitrite levels [51]. Helicosphaera pavimentum HOL represents the only
holoccocolithophore found during the late winter-early spring sampling periods (Group
I; see Figure 7, Table 2) and is also recorded in winter mixing conditions [54]. Evidently,
both the applied R-mode hierarchical cluster analysis and CCA indicated that taxa such
Emiliania huxleyi, Syracosphaera molischii, and Helicosphaera pavimentum HOL dalmaticus type
showed a preference for lower temperatures and higher nutrient concentrations and were
associated with winter-early spring water column mixing (Figures 7 and 8).

Although their coccosphere densities were low during the March 2017 sampling,
S. histrica, C. brasiliensis, and S. halldalii showed an increase during March 2019 and
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especially during August 2019 (Figure 5). These species, forming Groups IIb and IIc
(Figure 7), are indicative of summer stratified conditions, resulting in productivity through-
out the water column. Indeed, previous studies in the central Aegean have indicated that
C. brasiliensis reaches higher concentrations at a depth of 90 m, similar to C. murrayi, which
has been recorded in the middle photic layers [55], showing close affinity to A. robusta,
while S. halldalii was clustered with warm, oligotrophic taxa such as S. histrica and R. xiphos,
preferring the upper water layers up to 25 m depth [5].

The Spearman’s correlations and CCA groupings (Figure 8; Table 2) suggested a clear
seasonality pattern of species assemblage, with temperature, NO3 + NO2, and SiO4, being
the main factors influencing their distribution. It was evident from the Q-mode hierarchical
analysis (Figure 6) that samples collected in March 2017 differed from those collected in
March 2019 in coccolithophore composition, while the Mann–Whitney U test (p = 0.007)
clearly supported a significant difference concerning the total coccolithophore abundance
(Table S3). Indeed, the coccolithophore assemblages from March 2017, besides the strong
dominance of E. huxleyi, showed a high frequency of etched/undercalcified specimens.
It is assumed that the strong convective mixing and deep water produced in 2016–2017
ventilated the Myrtoan Basin water column, uplifting the enriched nutrient concentrations
in bottom waters to intermediate depths and even to upper water layers, according to a well-
described mechanism [11,20]. The strong cyclonic circulation transported the upper water
layers into the southeast Aegean [20,28], enhancing the nutrient-driven productivity of
E. huxleyi. By contrast, the assemblages from March 2019 were more diverse, characterized
by higher contributions of typical spring species S. molischii [5] and other Syracosphaera spp.
(Figure 5), implying the common oligotrophic pattern for Aegean waters [32,36,56].

The late summer assemblages of August 2019 were typically characterized by
numerous K-strategist taxa of Group IIa (Figure 7), such as holococcolithophores,
R. clavigera, C. heimdaliae, and S. pulchra, typical taxa of warm, oligotrophic upper wa-
ter layers [4,5,10,46,47,52,57,58], reflecting the influence of the LIW masses in the South
Aegean Sea, as well as the effect of seasonality patterns, i.e., summer stratification of the
water column [4,5]. Several holococcolithophores, such as Syracosphaera arethusae HOL,
Syracosphaera pulchra HOL pirus type, Helladosphaera cornifera, and Gliscolithus amitakare-
niae, displayed a preference for higher temperatures and lower nutrient concentrations
(Table 2) and were linked to the warm period (summer-autumn) water column stratification
(Figure 8; Table 2).

Notably, the scattered presence of the siliceous haptophyte H. neolepis was recorded in
the South Aegean Sea during March 2017 and August 2019 (Table S2). Besides indicating
silica availability, the siliceous scales of H. neolepis have been found to occur in seawater
samples around the world, showing its broad geographic distribution [59–61]. The present
record from the Aegean Sea thus contributes to the understanding of the ecological factors
that control the distribution of this poorly-known non-coccolithophore species.

5.2. Imprint of the Extreme 2016–2017 Winter on South Aegean Sea Coccolithophore Abundance

Dimiza et al. [5] recorded that during the winter-spring cold periods in the South Aegean
Sea, the coccolithophore density ranged from 13.82 to 52.02 × 103 coccospheres L−1, with high
coccosphere densities throughout the whole photic zone. By contrast, the establishment of a
seasonal thermocline during the summer results in more oligotrophic conditions, causing a drop
in coccosphere concentrations by at least one order of magnitude, a reduction in the abundance
of placolith-bearing taxa, and the formation of a vertical taxon zonation [5,49,62–64].

This coccolithophore seasonal differentiation was also confirmed by the R-mode and
CCA analyses (Figures 7 and 8) of the present study, as also revealed by noteworthy patterns
in total coccosphere density and diversity indices. Particular differences between the winter-
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early spring March 2017 and March 2019 samplings were possibly related to the extreme
winter event of 2016–2017 that affected the eastern Mediterranean [21]. Linked to the
recorded 2016–2017 intense sea and air mass cooling, large-scale to global cold events e.g.,
negative El Niño-Southern Oscillation (ENSO), could have affected the Mediterranean [65].
Interestingly, a moderate La Niña event occurred in the second half of 2016 to the spring
of 2017 [65–67]. Notably, the March 2017 sampling was associated with the tail end of the
strong influence of the extreme surface cooling event over the eastern Mediterranean that
led to DWF in the region, disrupting the water column structure in both northern and
southern Aegean basins. In particular, the deep Myrtoan Basin in the southwest Aegean
is ventilated by dense waters traceable southward to the West Cretan Straits, suggesting
that the export of these masses from the Aegean Sea could have potentially impacted the
thermohaline circulation of the entire eastern Mediterranean [21].

It seems that the extreme winter cooling of 2016–2017 significantly affected the coc-
colithophore assemblage of the Aegean (p = 0.007, Table S3), resulting in distinctly lower
total coccosphere densities, species richness, and diversity, and in some cases even the total
absence of coccospheres (e.g., station 17W16U, Figure 3). It is likely that the convective
mixing and DWF that disrupted the water column structure enriched the nutrient supply
to the upper euphotic layers in the South Aegean Sea and shifted the timing of the regular
dynamics of phytoplanktonic species succession [68,69], thus increasing the duration and
magnitude of the diatom bloom. Interestingly, Varkitzi et al. [11] extensively interpreted a
similar diatom bloom in the South Aegean Sea during winter-spring 2008. Similarly to the
present study, the exceptional diatom bloom of 2008 was triggered by a strong convection
and deep mixing event, which caused the nutrient enrichment of surface waters.

Although this remains as hypothesis, since diatom abundance data before and af-
ter the samplings of the present study are unfortunately not available, the plotted Chl-
a concentrations from satellite data (Figure S1) showed typical high late winter-early
spring marine productivity due to diatom preference for a mixed, nutrient rich water
column [11,70,71]. Accordingly, the observed presence of large diatom assemblages mostly
represented by Chaetoceros chains in March 2017 samples implies that they may have been
the remnants of an earlier prominent diatom bloom, as large diatoms that are often found
in regions of upwelling [71] were also recorded as dominant by Varkitzi et al. [11] during
the 2008 diatom spring bloom in the South Aegean Sea. In addition, the mineral nutrients
(Table 1) presented overall lower values in March 2017 when compared to March 2019;
this nutrient decrease can be linked to consumption by extensive phytoplankton biomass,
implying that the March 2017 sampling was performed in the end of the conditions that
triggered diatom growth [11,72]. The succession from diatoms to coccolithophores, sug-
gested by the increase in coccolithophores, which can only take place during low-nutrient
conditions after the fall of the diatom population, when it has already depleted the silicate
and nitrate reserves in the water layer, is well documented in the world ocean [73] and well
recorded in the Aegean Sea [32,68,69,72,74]. Liu et al. [67] recorded a similar reduction in
oligotrophic warm water coccolithophore species abundance during negative ENSO phases
(La Niña), linked to resource competitiveness with other algal groups and limited nutrient
availability. The direct response of coccolithophore assemblage dynamics in such cold
regional and global climate and hydrographic forcing events has largely remained undocu-
mented to date [67]; hence, the Aegean Sea coccolithophore community response might
provide further evidence to understand the group’s functional adaptation with respect to
environmental challenges. On the other hand, the March 2019 assemblage resembled the
“normal” pattern of winter-early spring in the eastern Mediterranean [4,5,7,8,75], with high
coccolithophore abundance and dominance, predominantly led by E. huxleyi, as compared
to relatively low species richness and diversity.
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5.3. Morphological Patterns of E. huxleyi

The E. huxleyi morphometric analysis indicated that both coccolith length and width
(ANOVA, F2,859 = 25.870, p < 0.001 and ANOVA, F2,859 = 27.626, p < 0.001, respectively;
Table S3) varied significantly between the different seasonal samplings (Figure 9); with
clearly statistically significant lower values (post hoc Tukey HSD, p < 0.05; Table S3) of
coccolith length and width featured in the warm season (August 2019), in line with the
E. huxleyi seasonal calcification trend observed in the Aegean [9,10,17]. Although no
statistically significant difference was recorded between the March 2017 and 2019 mean
coccolith length and width values (post hoc Tukey HSD, p > 0.05; Table S3), it must be
noted that the results of March 2017 E. huxleyi size were likely underestimated due to the
observed etching in most of the analyzed coccoliths (Figure 2a), implying that even larger
coccoliths had been formed during that time interval, following the typical cold season
pattern for the Aegean.

Interestingly, both the upper and mid-lower water depths during March 2017 showed
low absolute abundances and even the total absence of coccolithophores (see also the Mann–
Whitney U test p > 0.05 in coccolithophore abundance between these water layers; Table S3),
with the dominance of etched/undercalcified specimens, mostly E. huxleyi (Figure 3); how-
ever, other taxa, e.g., Calcidiscus and Rhabdosphaera, also displayed etched/undercalcified
features (Figure 2a). Hence, this probably reflected the originally increased calcification
that occurred in the Aegean Sea euphotic zone as an imprint of the exceptionally cold event
in December 2016, which led to vertical water column mixing and DWF. In the Aegean
Sea, the characteristic dominance of heavily calcified coccoliths and larger coccospheres of
E. huxleyi usually occurs during the cold season, possibly related to a relative increase in
[HCO3

−] content [9]. Indeed, several authors argue that higher calcification could be asso-
ciated with elevated concentrations of bicarbonate ions during spring samplings [15,76].
Bach et al. [77] in their extensive culture experiment also observed that coccolith size
variations are mainly influenced by levels of [HCO3

−] and [H+], while levels of [CO3
2−]

might still be a significant factor. When CO2 dissolves in seawater, it triggers chemical
reactions that decrease the carbonate ion concentration (CO3

2−), lower seawater pH by
increasing H+ ions, and reduce the saturation states of biogenic carbonate minerals [78],
thus resulting in ocean acidification. Although CO2 is more soluble in colder seawater, the
supersaturation with respect to calcite and aragonite observed throughout the entire eastern
Mediterranean Basin and the Aegean Sea [9,26] has prevented, so far, the development of
notable acidification effects; by contrast, it supports coccolith overcalcification during the
cold season. However, we cannot rule out the possibility that the etched/undercalcified
E. huxleyi specimens dominating the entire water column during March 2017 could be
the imprint of in situ calcite dissolution. Therefore, the cold conditions in winter 2016
seem likely to have enabled increased absorption of atmospheric CO2 in surface waters,
causing increased acidity and subsequent etching/undercalcification, mostly but not only,
in E. huxleyi coccoliths. Several views have been expressed concerning this morphology.
According to Langer et al. [79], this type of coccolith represents incomplete calcification.
In addition, Chauhan and Rickaby [12] suggested that malformations in E. huxleyi may
appear as incomplete coccoliths at low pH. Vazquez et al. [80] also suggested that it is the
high CO2 levels rather than low pH that restrict the growth and performance of E. huxleyi,
and D’Amario et al. [81] linked coccolithophore malformations in the Mediterranean Sea
with acidified conditions.

Differences in E. huxleyi coccolith and coccosphere size can also be affected by changes
in salinity [82]; however, this does not seem to be the case of the present study, as the
salinity fluctuations were practically minor (Table 1).
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Concerning nutrient levels and coccolith malformation, the views are controversial.
Triantaphyllou et al. [9] noted that the seasonal calcification pattern in Aegean Sea water
column assemblages was not linked to the nutrient pattern nor with small changes in
salinity. By contrast, Okada and Honjo [83] considered nitrogen deficiency as responsible
factors for coccolith malformation, while Båtvik et al. [84] related phosphorus and nitrogen
stress to changes in coccolith size and evidence of malformation. Langer et al. [85] showed
that coccolith formation was affected under both nitrate and phosphate limitation only in
heavily calcified heterococcolithophores. Nimer & Merrett [86] demonstrated a decreased
calcification rate under increased nitrate, while Langer et al. [79] did not document any
effect of high nitrate on coccolith morphogenesis.

Another possible reason for the dissolution/undercalcification of the coccoliths could
be infection by coccolithoviruses (EhVs). Johns et al. [87] considered that EhV infection in
the marine environment may cause reduced cellular calcification, resulting in differential
calcification concerning coccolith morphologies. Interestingly, Karatsolis et al. [10] recorded
a total absence of E. huxleyi during July 2014 in the NE Aegean, considering that either
the strong stratification of the summer water column resulted in a dramatic nutrient
decrease, which directly affected species productivity, or that a possible coccolithovirus
attack caused cell lysis [88], with a massive impact on assemblages. Although this could be a
possible option that needs further research before any solid conclusion, the nitrogen-limiting
conditions coupled with higher concentration of dissolved CO2 in surface waters most
probably resulted in the recorded etched/undercalcified morphologies during March 2017.
Considering that both acidified and nitrogen-limiting conditions are expected to constantly
increase in the future [89,90], the recorded coccolithophore abundance and morphology
during March 2017 may provide a glimpse of future coccolithophores struggling to adapt
to the ongoing climate and environmental change. Evidently, the winter-early spring
sampling of March 2019 reflected the dominance of heavily calcified E. huxleyi within this
period, representing the return to the established calcification mode of the species in the
Aegean hydrographic regime. Apparently, more observations, detailed measurements of in
situ water properties (especially for H+, pCO2, and HCO3

- concentrations and continuous
mineral nutrient monitoring), as well as culture and molecular experiments are needed to
further interpret such trends.

6. Conclusions
The present study provides insights into the spatial and temporal variations in coc-

colithophore assemblages and E. huxleyi morphological features during the exceptional
cold 2016–2017 winter and 2019 in the South Aegean Sea. The main conclusions can be
summarized as follows:

• A distinct imprint of seasonality patterns on coccolithophore abundance, diversity,
and assemblage was observed across the stations in the South Aegean Sea, mainly
affected by temperature, NO3 + NO2, and SiO4. Both the March 2017 and 2019
sampled assemblages were dominated by E. huxleyi and other r-strategist taxa typical
of lower temperatures and increased nutrient conditions. The March 2017 assemblage
was mainly featured by high dominance of E. huxleyi, with etched/undercalcified
specimens, while the March 2019 assemblages were more diverse and presented higher
contributions of other taxa, e.g., Syracosphaeracea. The August 2019 coccolithophore
community was characterized by high diversity, with abundant holococcolithophores
and other K-strategist taxa.

• The South Aegean Sea coccolithophore assemblages appear to have been affected
by the extreme winter of 2016–2017, as evidenced by noticeably lower overall cocco-
sphere densities (March 2017: max.17.8 × 103 coccospheres L−1 in mid-lower photic
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zone; March 2019: max 27.7 × 103 coccospheres L−1 in upper photic zone), species
richness, and diversity, and even the complete absence of coccospheres in some cases,
accompanied by the significant presence of diatoms. The decreased coccosphere
densities during March 2017 may be attributed to nitrogen enrichment in the photic
zone following strong mixing of the water column, which caused a prolonged di-
atom bloom, resulting in a delay in the regular phytoplanktonic succession. The
resulting nitrogen-limited setting, coupled with the enhanced CO2 concentration in
surface waters promoted by the extremely cold conditions and wind stress on the
ocean surface, probably caused the etching/undercalcification mostly, but not only, in
E. huxleyi coccoliths. By contrast, the March 2019 assemblages reflected the dominance
of heavily calcified E. huxleyi, demonstrating the return to the typical calcification
pattern in the Aegean. The coccolithophore assemblage and morphology responses
during March 2017 may provide evidence for the expected increased acidification and
nitrogen-limiting conditions in the future.

• Morphometric analysis of E. huxleyi coccolith length and width from March 2017
revealed overall slightly higher values as compared to those from March 2019. Lower
size of E. huxleyi coccoliths was observed during August 2019, following the seasonal
calcification variability of the Aegean Sea.
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//www.mdpi.com/article/10.3390/geosciences15070268/s1, Table S1: Coccolithophore species list;
Table S2: coccolithophore densities and relative abundances; Table S3: Statistical tests; Figure S1:
Satellite-derived Chlorophyll-a data in the study areas (obtained from http://disc.sci.gsfc.nasa.gov/
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