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Abstract

Coccolithophores have had an effect on global climate change for a few million years.
The marine phytoplankton group is responsible for approximately 20% of the total
carbon fixation in marine systems. They can form blooms spreading hundreds of
thousands of square kilometers, are recognized by elegant coccolith structures formed
from calcium carbonate exoskeletons, and are visible from space. Although carbon is
transferred to the sediments in organic matter and calcite form by coccolithophores,
carbon dioxide (CO,) is released by the calcification process. Therefore, they have a
complex effect on the carbon cycle due to their activity regarding CO, production and
consumption. This review represents the first attempt to present temporal and vertical
distributions of Emiliania huxleyi (Lohmann) Hay & Mohler, 1967 (Ehux), which is one
of the most important species of the coccolithophores in the bloom periods and the
interaction of this species with other phytoplankton groups in the Sea of Marmara. This
study may also indicate the advance of this species from the Black Sea region through
the Sea of Marmara and the Dardanelles under favorable conditions.

Keywords: Phytoplankton, coccolithophore, Emiliania huxleyi, bloom dynamics, Sea of
Marmara

1. Introduction

The Sea of Marmara is a very important water passage between the Aegean Sea and the Black
Sea via the Dardanelles and the Bosphorus. It has two current systems that run in opposite
directions. Deep water high in density (38.0 ppt) coming from the Aegean Sea flows into the
Black Sea. Surface water low in density (18.0 ppt) coming from the Black Sea flows into the
Aegean Sea. Therefore, Marmara is affected by both neighbor systems [1-3].
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Coccolithophores are marine haptophyte phytoplankton. They are one of the most important
groups of phytoplankton in today’s oceans and contain about 300 species. Emiliania huxleyi
(Ehux) is one of the most abundant coccolithophores found globally in all oceans, except polar
ones. Although some coccolithophores produce toxins, Ehux does not produce any. However,
Ehux has received considerable attention because of its capacity to produce massive blooms
under favorable conditions [4-8]. This species also blooms to excess in the Sea of Marmara as
aresult of the system’s unique character not only in summer periods but also in winter periods
due to climate change and eutrophication [1, 9-11].

The coccolithophore Ehux has captured the attention of various scientists—especially those
working in marine biology, geology, biogeography, and paleoclimatology. As a result of its
coccolith structure—its remains can be traced back millions of years—this species carries
important hints on climate change and oceanic conditions during geological time periods [12].
It is known that massive blooms of Ehux provide a chemical balance between the hydrosphere,
geosphere, and atmosphere in the context of the carbon cycle. The blooms are known to exceed
tens of thousands of square kilometers in area and can be detected by remote sensing due to
its reflective calcite form. In addition to its important role in the global carbon cycle, Ehux also
plays an important role in the global sulfur cycle [12, 13].

The main phytoplankton groups in the Sea of Marmara are dinoflagellates, diatoms, coccoli-
thophores, and cyanobacteria. Although there are many different phytoplankton species—
more than 150 in the Sea of Marmara—the blooms tend to be extremely rich in a single, or only
afew, predominant species such as Ehux and Noctiluca scintillans [9-11, 14]. The Sea of Marmara
has a three- or four-phase phytoplankton bloom sequence which changes year to year. Diatoms
tend to predominate in March—April, dinoflagellates in April-May, the dramatically colorful
blooms of Ehux predominate in May-June, and diatoms in July—August [1, 9-11, 14-16].

This study looks at Ehux from the unique character of the system in that there are blooms not
only in summer but also in winter due to climate change and eutrophication in the Sea of
Marmara.

2. Methodology

The methodology adopted by this review study on the bloom dynamics of the coccolithophore
Ehux in the Sea of Marmara has as its aim to expose both similar and specific bloom behaviors
as well as differences from any other system. The bloom dynamics of the key species—not only
in summer but also in winter—are discussed in light of their associations with other phyto-
plankton groups (such as diatoms and silicoflagellates) and physicochemical variables such
as temperature, salinity, and nutrients under the unique character of the Sea of Marmara and
under the pressure of climate change and eutrophication (Fig. 1).
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Fig. 1. Sea of Marmara under pressure from climate change and eutrophication [17].

3. Emiliania huxleyi (Lohmann) Hay & Mohler, 1967

3.1. General characters

Ehux does not produce any toxin; Thomas Huxley and Cesare Emiliani pointed this out in
their study of marine deep sediment. Ehux is a coccolithophore species with a worldwide
distribution from tropical waters to subarctic waters. It is one of thousands of photosynthetic
phytoplankton that live freely in the euphotic ocean zone, forming the first step of all ocean
food webs. Ehux is a single-celled phytoplankton covered with coccoliths, which are uniquely
ornamented calcite disks [18, 19]. The coccoliths are frequently colorless and transparent, but
they are formed of calcite which refracts light very efficiently. Ehux emits more carbon dioxide
(CO,) and hence has a greater effect on climate change than other phytoplankton species as a
result of calcium carbonate (CaCO,) accumulations in their coccoliths [7, 12, 13].

3.2. Global distribution and abundance

Ehux is the most abundant coccolithophore species found in the oceans. It has a worldwide
distribution, the exception being the polar regions. During comprehensive blooms, sometimes
covering areas of 100,000 km? Ehux cell densities can exceed all other phytoplankton densities
in the region combined, accounting for 75% or more of the total number of phytoplankton in
the region. These massive blooms can be shown through satellite imagery because of the large
amount of light backscattered from the ocean water column, which provides a method to assess
their biogeochemical importance on both basin and global scales [4-8].
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3.3. Climate change and harmful algal blooms

It is predicted that climate change will seriously impact aquatic ecosystems, both freshwater
and marine. Together with nutrient pollution, these climatic impacts might bring about
increases in the densities and field effects of harmful algal blooms (HABs). Climate change
might affect HABs in many ways as a result of increased water temperature, higher CO, values,
changes in rainfall and salinity, coastal upwelling, rise in sea levels.

As waters warms more than usual due to climate change, HABs will increase both in number
and area. HABs usually occur in warm summer periods. Warm waters favor the formation of
HABSs in a number of ways. For example, nanoplankton and picoplankton species such as the
more toxic cyanobacteria and coccolithophores prefer warmer waters. High temperature levels
at the surface prevent mixing of the water column, which allows HABs to become thicker and
grow faster. It is generally accepted that warm waters favor the proliferation of tiny phytop-
kankton bloom species and allow them to survive much easier in the surface waters. It is known
that algal blooms absorb solar radiation, which makes the water even warmer than usual and
facilitates more algal blooms. On the other hand, climate change might lead to more drought
seasons, making freshwater saltier. So, marine algal bloom species could spread to freshwater
and brackish water ecosystems.

Phytoplankton species need dissolved CO, to proliferate. Higher CO, levels—first in the air
and then water—might lead to rapid phytoplankton increase, particularly picoplanktonic
species that float on the surface layer of the water. Moreover, climate change might affect
precipitation dynamics, leading to alternating periods of drought and intense storms. The main
source of nutrients is rain and river water discharge into aquatic ecosystems, supporting more
algal blooms.

In view of current sea level rise, more scientists predict that sea levels will rise by as much as
1 m by 2100. Rising sea levels would create an increase in shallow and coastal waters —perfect
conditions for the growth of phytoplankton and other algae. Another important factor is the
increase in coastal upwelling events due to climate change. Coastal upwelling is a transport
process from ocean deep-layer waters rich in nutrients to surface-layer waters of coastal zones
due to the drifting of surface waters by offshore winds. Waters rich in nutrients delivered by
upwelling lead to more algal blooms.

On the other hand, it is important to remember that this is a two-way process in which climate
change affects HABs and HABs affect climate change. Looked at from the perspective of global
excessive Ehux blooms, there are two special factors affecting global climate change. The first
is that Ehux blooms locally act as an important source of CaCO; and dimethyl sulfide (C,H,S),
the dense production of which can have a significant impact not only on the properties of the
ocean surface mixed layer, but also on global climate change. As with all phytoplankton, Ehux
primary production through photosynthesis is a sink of CO,. However, the production of
coccoliths through calcification is a source of CO,. This means that coccolithophores, which
include Ehux, have the potential to act as a net source of taking CO, out of the ocean. Whether
they are a net source or sink in terms of CO, and how they will react to ocean acidification is
not very clear. However, the chemical processes in Fig. 2 are informative. The second factor is
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that the scattering induced by Ehux blooms not only causes more heat and light to be pushed
back up into the atmosphere more than usual, but also causes more of the remaining heat to
be trapped closer to the ocean surface [20-23].

Atmosphere

Fig. 2. Carbon cycle between atmosphere and ocean sediment.

4. Bloom dynamics of Emiliania huxleyi in the Sea of Marmara

4.1. Effect of temperature, salinity, and CO, in the Sea of Marmara

Average annual air temperature anomalies between 1981 and 2014 in Turkey (Fig. 3) confirm
increased annual average temperature. For example, looking at temperature changes in the
last 5 years the average temperature in 2014 (14.9°C) exceeds the average between 1971 and
2010 (13.5°C) (Figs. 3 and 4).

g

[
Mean Temperature in 1971-2010 = 13.5

g

-
|

g

Air Temp.Anomaly [ °C)

=

=

E
2

7
\ﬁ;
|,

- 0 =W M~ 00 [
555555558 Z2%
- T T T T T

1530
15981
19462
15983
1534
1985
1986
15987
1585
1989
1990
T 1991
1992
1993
1594
15995
1596
1597
1995
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011

Fig. 3. Average annual air temperature anomalies between 1971 and 2014 in Turkey [24].
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Fig. 4. Monthly average temperature variations in 2014 and 2015, and long-time temperature anomalies in Turkey [24].

The increase in average air temperature also causes an increase in surface water temperature
in the Sea of Marmara and Black Sea—as is the case in other Turkish seas (Fig. 5). Due to the
similar climatic behavior coupled with the effect of Black Sea surface waters via the Bosphorus,
sea surface temperature variations in the Sea of Marmara are largely similar to the time series
of basin mean winter anomalies of sea surface temperature (SSTA), surface atmosphere
temperature (SATA), and the meridional component of surface wind (WA, m/s, dashed lines)
for the Black Sea [25].
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Fig. 5. Time series of basin mean winter anomalies of sea surface temperature (SSTA, °C, bold solid lines), surface at-
mosphere temperature (SATA, °C, solid lines), and the meridional component of surface wind (WA, m/s, dashed lines)
for the Black Sea [25].
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Ehux is one of the most abundant coccolithophores showing a global distribution in all the
oceans (apart from the polar oceans), generally in late spring or early summer. This species
drifts freely and prefers the surface layers of oceans. Ehux blooms occur not only in summer,
but also in winter when the temperature does not fall below 10.0°C in the Sea of Marmara [9,
10]. Sorrosa et al. [26] show that low temperature suppresses coccolithophorid growth, induces
cell enlargement, and stimulates the intracellular calcification that produces coccoliths. For
example, while the coccolithophore Ehux tolerates a wide temperature range (10-25°C),
another coccolithophore species Gephyrocapsa oceanica Kamptner, 1943 tolerates a narrow
temperature range (20-25°C) when cell sizes are correlated with temperature in a negative
manner [26]. On the other hand, increased global CO, emissions (Fig. 6) coupled with other
favorable factors are behind the massive blooms of Ehux in the Sea of Marmara, as is the case
in the rest of the world. Ehux has received considerable attention since it tends to produce
massive blooms under favorable temperature and high CO, emission conditions [4-10, 27,
28]. On the other hand, Fig. 6 illustrates what is claimed to be a causal correlation between
CO, and temperature[29].
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Fig. 6. Worldwide temperature and carbon dioxide anomalies [29].

The Sea of Marmara has two current systems that flow in opposite directions: upper-layer
water that originates from less salty Black Sea surface water (18.0 ppt) and lower-layer water
that originates from very salty Mediterranean water (39.0 ppt). Therefore, there is stratification
in terms of both temperature and salinity during the year. However, the stratification in
temperature in summer and winter in the Sea of Marmara is reversed, but the stratification in
salinity isnot. Hence, surface waters are consistently cold in winter (8-12°C) and hot in summer
(20-25°C) irrespective of temperature during the year. When it comes to minimum and
maximum temperature variations the Sea of Marmara provides the most favorable conditions
for massive Ehux blooms during the year. As mentioned earlier, it is known that Ehux tolerates
a wide temperature range between 10 and 25°C [9, 10, 26].
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Fig. 7. Vertical distribution of temperature and salinity during the summer 2003 Ehux bloom in the Dardanelles [9].
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In the summer Ehux bloom period [9], whereas the upper layer (0-15 m) has low salinity values
(22.3-25.4 ppt) the much thicker lower layer (25-60 m) has high salinity values (36.5-38.5 ppt).
However, temperature variations in both the upper layer (19.1-26.48°C) and lower layer (13.8—
18.98°C) were more variable than variations in salinity. The seasonal thermocline and halocline
interfaces are clear and form between 15 and 25 m during algal blooms (Figs. 7 and 8).

4.2. Effect of nutrient and nutrient ratios on Emiliania huxleyi blooms in the Sea of
Marmara

There is experimental and natural evidence for the exceptional competitive ability of Ehux
when the nitrate:phosphate (N:P) ratio is high. In multispecies competition experiments,
Riegman et al. [30] found that Ehux isolated from the North Sea, along with some diatom
species such as Chaetoceros socialis, outcompeted other species when the N:P was 100. With an
N:P ratio of 1.50, although other species outcompeted Ehux, Ehux still maintained a relatively
high population in the assay medium. In another study, Riegman et al. [31] demonstrated that
Ehux had an incredibly high affinity for phosphate under phosphorus stress (N:P=300).
Further, Riegman et al. [31] showed that Ehux has two cell surface-bound alkaline phosphatase
enzymes enabling it to utilize organic phosphate at nanomolar concentrations, supporting the
findings of a previous study [32]. Therefore, Ehux would be expected to be particularly
competitive at low phosphate concentrations and high N:P ratios. Mesocosm studies in a
Norwegian fjord support this idea [33, 34].

However, another examination of mesocosm experiments over several years showed that Ehux
also grows well in mesocosms where the N:P ratio is low [33]. In many experiments the N:P
ratio immediately before Ehux bloom is lower than the initial ratio. Clearly, there are other
environmental factors in addition to high N:P ratios that are critical for Ehux blooms. The
various findings of these experiments suggest that Ehux can still gain an advantage under a
wide range of nitrate and phosphate ratios and concentrations in mesocosms even when the
nutrient environment is artificially changed.

Turkoglu [9, 10] demonstrated that N:P ratios are significantly lower than the assimilatory
optimal of the Redfield ratio (16:1) in the Sea of Marmara during Ehux bloom periods not only
in summer (Fig. 9), but in winter Ehux bloom periods as well (Fig. 10). On the other hand, it is
observed that N:P ratios are lower (<10) and silicate:phosphate (Si:P) ratios are higher (>10) in
Ehux bloom periods in the upper layer under bloom conditions (Figs. 9 and 10). However, due
to nitrogen scarcity Si:N ratios are over 1.00 (average: 3.07 + 2.16) both in the upper layer and
in the lower layer (average: 2.89 + 1.93) during Ehux blooms in the Dardanelles, which is a part
of the Turkish Straits System (Figs. 9 and 10).

On the other hand, vertical profiles of inorganic nutrients in bloom periods show that both
nitrogen and phosphate concentrations in the Sea of Marmara are higher (Figs. 10 and 11) than
any other marine system, even its neighbor the Black Sea [10, 11, 14, 16, 35-39]. As a result of
heavy eutrophication, nutrient concentrations in the Sea of Marmara have gradually increased
since 1960 (Fig. 12).
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Fig. 9. Vertical distribution of some nitrogen ratios in the winter bloom period in the Sea of Marmara (Dardanelles) [9].
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Fig. 12. Vertical variations of phosphate, nitrate, and N:P ratio in the long term in the deep basin of the Sea of Marmara

(METU-IMS Data).

In actuality, what triggers Ehux blooms in the Sea of Marmara cannot be attributed to nutrient
concentration levels or nutrient ratios such as N:P, Si:P, and Si:N on their own. Since this species
proliferates under both low/high nutrient concentration levels and low/high N:P ratios, Ehux
blooms are probably dependent on other phytoplankton blooms such as diatoms. In other
words, competition between other phytoplankton groups, especially diatoms, may well be

39
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critical. The concentration of silicates and phosphates in the system plays a major part in
competition between Ehux and diatoms. Ehux blooms follow the blooms of diatoms in different
marine systems (9, 10, 37—44).

In Ehux bloom periods, one of the probable causes of insufficient nutrient concentrations,
especially silicate (<2.00 mm) and phosphate concentrations (<0.05) in the surface layer, is the
utilization of nutrients by early diatom blooms. In other words, low phosphate and silicate
concentrations favor Ehux blooms [6, 8, 33, 45]. In actuality, Ehux blooms are not stimulated
by low phosphate or low silicate concentrations. Ehux predominates in the absence of diatoms
due to the low phosphate and silicate concentrations. The proliferation or bloom of diatoms
almost stops when the silicate concentration falls below 2.00 uM in marine systems, bringing
the competition between diatoms and Ehux to an end. Subsequent to the very high diatom
density in spring, there begins the excessive bloom of Ehux some time in late spring (second
half of May), some time in early summer (June and July), and again some time in early/middle
winter periods which varies year to year in the Sea of Marmara [9, 10].

Merico et al. [46] showed low N:P ratios in the southeastern Bering Sea during the Ehux bloom
years 1997-2000 as a result of nitrogen scarcity, not phosphate abundance. This is unlike the
Sea of Marmara where phosphate exceeds nitrogen due to domestic waste water rich in
phosphate [9, 10]. In fact, in most bloom studies to date, nitrogen levels are lower than
phosphate and hence N:P ratios are low. For example, the limiting factor for Ehux blooms is
generally nitrogen rather than phosphate in the Sea of Marmara. N:P ratios cannot be trusted
to reflect nutrient conditions at the initiation of Ehux blooms if there is prior preferential
phosphate or nitrate utilization by other blooms, especially diatoms in the Sea of Marmara [9,
11].

On the other hand, inorganic N:P ratios may not be good indicators of phosphorus stress if
organic forms of nitrogen and phosphorus are available to phytoplankton. Organic forms of
nitrogen and phosphorus are used by many phytoplankton and may be important in their
nutrition, but data on organic nutrient forms, bioavailability, and species-specific abilities to
use them are still limited [47, 48]. Ehux is able to use some amino acids, amides, purines, and
urea [49]. In the few studies that have examined the uptake of nonnitrate nitrogen during
blooms, Ehux primarily used NH*, and urea. At the very least, Ehux has a superior ability to
use regenerated nitrogen. It is perhaps the combined ability of Ehux to use nonnitrate nitrogen
in addition to its exceptional phosphorus procurement capacity that grants it competitive
success in nutrient-depleted waters exposed to high solar radiation such as the Sea of Marmara,
which is nitrogen limited [1, 9-11, 14, 16].

4.3. Phytoplankton chlorophyll a levels in the Sea of Marmara

Turkoglu (2008) revealed that, in the summer Ehux bloom period, chlorophyll 2 concentrations
range from 1.5 to 6.5 pg L™ in the upper layer where there are massive Ehux blooms (Fig. 11).
In contrast, Turkoglu [10] showed that, in the Ehux winter bloom period, chlorophyll a
concentrations are lower (min-max:1.23-2.32 ug L; average: 1.94 + 0.43 ug L?) than summer
bloom periods in the upper layer. However, chlorophyll 2 maxima were also observed in the
subsurface layer (10 m) due to diatom and other blooms at this depth during the bloom period
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[10, 11]. The system is so productive that the annual average phytoplankton chlorophyll a level
is 2.78 + 3.21 ug L. On the other hand, chlorophyll a levels reach 20.0 ug L in some spring
and late summer periods (Fig. 13) [50, 51].
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Fig. 13. Variations of MODIS and SeaWiFS chlorophyll a in the Sea of Marmara [50].
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Fig. 14. SeaWiFS satellite images of chlorophyll a concentrations in winter (upper image) and summer (lower image) in
the Sea of Marmara [17].
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SeaWiFS (Sea-Viewing Wide Field-of-View Sensor) satellite images for chlorophyll 2 concen-
trations show that high concentrations are found not only in summer but also in winter in the
Sea of Marmara (Fig. 14).

5. Emiliania huxleyi bloom characters of the Sea of Marmara

5.1. Interactions of Emiliania huxleyi and other phytoplankton

Various scientists studying phytoplankton taxonomy have listed over 150 different types of
phytoplankton in the Sea of Marmara [1, 52]. However, the blooms tend to be extremely rich
inasingle, or only a few, predominant species. This sea has a three-phase phytoplankton bloom
sequence. Diatoms tend to predominate in March, dinoflagellates in April, and the dramati-
cally colorful blooms of Ehux predominate in the second half of May. The phytoplankton bloom
colors the system with brilliantly coloured swirls of various shades of green in late spring and
early summer.

Fig. 15. SeaWiFS true-color satellite images showing the effect of toxins from the Black Sea on the Sea of Marmara and
the North Aegean Sea on June 21, 1997 (upper image) and June 16, 1998 (lower image) (SeaWiFS Project, NASA/
Goddard Space Flight Center, and ORBIMAGE).
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Ehux is one of the most abundant coccolithophores found globally in all oceans (except the
polar ones) in late spring, early summer, and even in early winter. In the bloom periods, factors
such as high surface irradiance, shallow stratification with a mixed layer depth of about 0-20
m, anomalies in salinity and temperature, and low phosphate and silicate concentrations come
together to create favourable conditions for Ehux blooms in the Sea of Marmara [9-11]. The
system is so eutrophic that, following the massive summer bloom of Ehux in June and July
2003 [9], a winter bloom was observed between late December 2003 and early January 2004 in
the Dardanelles [9-11]. However, the population density of Ehux was small in early January
2004 (5.03 x 107 cells L) in the superficial layer compared with the summer Ehux bloom period
(2.55 x 108 cells L*). In bloom periods, Ehux is the dominant species and represents about 90%
of the phytoplankton in the Sea of Marmara [9-11]. The relatively strong bloom potential of
Ehux in winter and in summer period testifies to the fact that the Sea of Marmara is suffering
severe hypereutrophication due to the transport of toxins from the Black Sea (Fig. 15).

Fig. 16. SeaWiFS true-color satellite images showing algal blooms on different dates (the top image was taken on July
25, 2003) in the Sea of Marmara [17].
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The Moderate Resolution Imaging Spectroradiometer (SeaWiFS/MODIS) produced true-color
images of the extensive bloom events of Ehux on June 25, 2003; May 22, 2013; May 19, 2014;
and May 31, 2015 (Fig. 16).

The abundance of Ehux during bloom periods in the Sea of Marmara is higher [9-11] than
previous bloom densities in the entire Atlantic Ocean [27, 53, 54]. It is little surprise then that
the albundance of Ehux is higher than previous bloom densities in the Aegean Sea [1, 55], the
Black Sea [37, 40, 43, 44], and the Bering Sea [46].

MODIS images (Figs. 15 and 16) reveal how the Sea of Marmara and hence the Aegean Sea are
affected by the biophysicochemical character of the Black Sea. The images exhibit turquoise
water discharge flowing from the Black Sea into the Sea of Marmara and then into the North
Aegean Sea (Figs. 15 and 16). The effect of the Ehux bloom in the Sea of Marmara is clearly
seen in the North Aegean Sea, demonstrating the influence of the surface current emptying
from the Dardanelles. Thus, some biogenic organic matter such as bacterioplankton and
phytoplankton in the Black Sea are naturally exported to the Sea of Marmara and then reach
the eastern Mediterranean via the Dardanelles (Fig. 15).
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Fig. 17. Vertical variations of Ehux and total phytoplankton in the Ehux summer and winter bloom periods in the Dar-
danelles (Sea of Marmara) [1, 9, 10].

The sea level in these bodies of water is in equilibrium —were it not the surface of these seas
would be rising or falling. The flow of water into one is counterbalanced by an approximately
equal flow of water out of another. The flow of surface water out of the Black Sea and the Sea
of Marmara into the Aegean Sea is approximately 600 km?® y™'. The water flow is balanced by
annual freshwater discharge of about 300 km?® from rivers, especially from the Danube River,
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which discharges into the Black Sea, and by annual saline water input of about 300 km?® coming
from the Mediterranean Sea via the Bosphorus. Black Sea surface-layer water is substantially
less saline than Mediterranean water due to the freshwater discharge of rivers [28, 56, 57].
Input of less saline water from the Black Sea and the Sea of Marmara, accompanied by the
clouds of coccoliths, is very important to the physicochemical oceanography of the Aegean
Sea. The movement of the turquoise water, which stays in the surface layer due to its lower
density, can be tracked through the Aegean Sea (Figs. 15 and 16).

During both the Ehux summer and winter bloom periods the vertical profiles of Ehux (Fig.
17) reveals that, whereas the cell density of Ehux increases from 3.58 x 107 to 2.55 x 108 cells
L' in the surface layer in summer, there is also an increase from 1.60 x 10* to 5.03 x 107 cells
L' in the upper layer. Again, whereas the cell density of Ehux exceeds 2.0 x 108 cells L™ in the
surface layer in summer, it also exceeds 5.00 x 107 cells L™ in middle winter in the upper layer
in winter period. The very high bloom density in the surface layer both in summer and winter
dramatically decreases with depth and almost all of the bloom density is lost at a depth of 10
m in both periods [1, 9, 10].

6. Management of HABs and Emiliania huxleyi blooms

HABs can be managed in three ways: (1) prevention, (2) mitigation, and (3) control efforts.
Prevention involves reducing the incidence and extent of HABs by controlling or decreasing
the input of anthropogenic waste water, rich in nutrients and other pollutants, and ballast
water, rich in invasive species, before HAB onset. HAB mitigation generally involves moni-
toring for blooms and their toxins, public communication programs, and the transfer/removal
of fish cages from critical areas to less critical regions. HAB control involves a number of
methods: biological, chemical, ultrasonic, ozonation, chemical and clay flocculation.

Nature dictates that all organisms are controlled by other organisms. There are many host-
specific viruses, predators, parasites, and pathogens involved in the biological control of many
HAB species. To date, the control mechanisms on the distribution of Ehux blooms are little
known; however, there is evidence that viruses are linked to sudden crashes of Ehux blooms
[58, 59]. Viruses are found in all marine environments and are a very important control
mechanism over populations of bacteria and phytoplankton, affecting biodiversity, nutrient,
and biogeochemical cycles [60, 61]. Although much work here is related to viruses that
infect Micromonas pusilla [62-64] and Heterosigma akashiwo populations [65], scientific under-
standing of the effects of viruses on Ehux population dynamics is still limited. Some studies
have revealed that the number of viruses dramatically increase following the death of massive
Ehux blooms [66—69, 13]. Ehux viruses (EhVs) isolated from some dense Ehux blooms [70, 71]
have recently been assigned to a new genus, Coccolithovirus [72], in the family Phycodnaviridae
[71].

Recently, amplified segments of the major capsid protein (MCP) gene from viruses that
infect Ehux were cloned and sequenced by Schroeder et al. [72] using denaturing gradient gel
electrophoresis (DGGE). Schroeder et al. [73] distinguished many virus genotypes—such as
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EhV84, EhV86, EhV88, EhV163, EhV201, EhV202, EhV203, EhV205, and EhV207. This led to
elimination of an Ehux bloom in a mesocosm experiment off western Norway.

7. Conclusion

The overutilization of nutrients by summer and winter diatom blooms immediately before
Ehux blooms leads to insufficient inorganic nutrients (especially inorganic phosphate) that
could lessen the impact of such blooms. Coupled with high irradiance, two stable temperature
structures at the surface (due to two thermocline formations in summer and winter that result
from two currents that run in opposite directions to each other), and a stable water column in
terms of vertical mixing following the establishment of the seasonal thermocline in summer
and reverse thermocline (due to the two currents running opposite to each other in winter) are
the main characteristics of Ehux summer and winter blooms in the Sea of Marmara [9-11, 14,
16], confirming previous studies, especially on summer Ehux blooms in the North Sea and
northeast Atlantic [6, 8, 45]. It is known that coccolithophore Ehux summer blooms follow the
dense blooms of diatoms in spring in many different marine systems [37, 38, 40-44, 74].
Furthermore, Ehux forms extensive and intensive blooms in many cold coastal and oceanic
regions [10, 75].

Because of their potential impact on global carbon and sulfur cycles [41], Ehux blooms attract
a lot of attention. The environmental factors involved in triggering Ehux blooms are incom-
pletely known. Some physicochemical factors —such as strong temperature stratification, high
solar radiation, phosphate limitation, and low N:P ratios—and some biological factors—such
as reduced grazing ratios and competition between phytoplankton groups—seem to be
prerequisites for intense Ehux blooms [9, 10, 54]. However, there is conflict about whether the
evidence supports the universality of high N:P ratios as a controlling factor for Ehux blooms.
Almost all researchers studying nutrient ratios in the Sea of Marmara show that the N:P ratios
are lower than the Redfield ratio not only during Ehux blooms, but also during the rest of the
year in the Sea of Marmara [9-11, 14, 16, 39, 51, 57, 76-80].

However, there is general agreement that—in light of the high levels of nutrients, changing
nutrient ratios, chlorophyll 4, and successive algal blooms—the Sea of Marmara is subject to
heavy pollution as a consequence of urban and domestic waste water from Istanbul and
northwestern Black Sea surface waters where pollutants are discharged by the Danube River.
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