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Abstract

To date, very little information on living coccolithophores species composition and
distribution, especially the vertical profile has been reported around the world. This
paper tries to fill this gap by descripting on living coccolithophores (LCs) distribu-
tion in the Yellow Sea and the East China Sea in summer and winter time in detail,
and its relationship among enviromental factors by canonical correspondence analy-
sis (CCA). We carried out the investigations on LC distribution in the Yellow Sea and
the East China Sea in July and December 2011. 210 samples from different depths
were collected from 44 stations in summer and 217 samples were collected from 45
stations in winter. Totally 20 taxa belonging to coccolithophyceae were identified us-
ing a polarized microscope at the 1000 x magnification. The dominant species of the
two seasons were Gephyrocapsa oceanica, Emiliania huxleyi, Helicosphaera carteri,
and Algirosphaera robusta. In summer the abundance of cells and coccoliths ranged
0~ 176.4OcellsmL‘1, and 0~2144.9800000IithsmL'1, with the average values of
8.45 cells mL_1, and 265.42 coccolithsmL_1, respectively. And in winter the abundance
of cells and coccoliths ranged 0 ~ 71.66 cellsmL'1, and 0 ~ 4698.99 coccoliths mL'1,
with the average values of 13.91 cells mL~" and 872.56 coccoliths mL™" respectively. In
summer the LCs in surface layer were mainly observed on the coastal belt and south-
ern part of the survey area. The highest abundance was found at the bloom station. In
winter the LCs in surface layer had high value in the continental shelf area of section P.
The comparison among section A, section F, section P and section E indicated lower
species diversity and less abundance in the Yellow Sea than those of the East China
Sea in both seasons. Temperature and the nitrate concentration may be the major en-
vironmental factors controlling the distribution and species composition of LCs in the
studying area based on CCA.
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1 Introduction

As an important phytoplankton functional group in the ocean, by conducting both photo-
synthesis to absorb CO, from the atmosphere and calcification to form calcium carbon-
ate coccoliths and release CO, back to the atmosphere, living coccolithophores usu-
ally flourish in the open ocean, and sometimes form large blooms that can be viewed
by satellites for the white lights reflection from the coccolith both detached and been
enclosed in the coccospheres (Holligan et al., 1983; Brown and Yoder, 1994). Thus,
coccolithophores take major roles in the marine carbon cycle and it is necessary to
understand the ecological distribution of individual species of living coccolithophores
(Sun, 2007).

As West Pacific marginal seas, East China Sea and Yellow Sea not only have the
eutrophic-water near the coast, but also the oligo-trophic water mainly caused by the
Kuroshio current; moreover, the phytoplankton productivity is in general high in these
areas, supporting the important fishery in the near shore and the slope sea. There have
been many studies on the phytoplankton assemblages since mid-20 century (e.g. Riley,
1957; Okada, 1971), especially Hulburt (1962, 1963a,b, 1964, 1970, 1990) and Mar-
shall (1966, 1968, 1969a,b, 1973, 1976), but few studies on modern coccolithophores
had been carried out in these areas.

In the current research, we reported the abundance, composition and correlation
between species and environmental parameters from a cubic view of the water layers
from two seasons in order to understand the ecological role of living coccolithophores
in these regions.
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2 Material and methods
2.1 Survey area and sampling method

We carried out the comprehensive investigations including hydrology, geology,
chemistry and biology in the Yellow Sea and East China Sea (27.4°N~36.4°N,
121.3°E~ 127.3°E) from 6-24 July 2011 and 20 December 2011-12 January 2012,
respectively. A total of 44 stations in summer and 45 stations in winter were investi-
gated (Fig. 1).

Water samples from each station were taken by a sampler with attached CTD (con-
ductivity temperature device) device. For each sample 300 mL to one liter of seawater
was filtered onto polycarbonate filters (25 mm diameter, 0.22 um pore diameter) under
less than 30 mm Hg filtration pressure. The filters were then transferred onto plastic
Petri dishes for air-drying. The dried filters were clipped and then immobilized on glass
slides using Neutral balsam for laboratory microscopic analysis.

2.2 Coccolith data analyses and statistical methods

The samples were investigated using a Motic Inverted microscope (PM, BA300) under
1000 x magnification with more than 300 coccoliths or 100 coccospheres being identi-
fied and counted per filter according to Bollmann et al. (2002).

Coccolith/coccosphere abundance was calculated following the methodology de-
scribed in Sun et al. (2011) as the equation:

ax$s

A= ———
Nxbxs

where A is the abundance of the species; N is the number of fields counted in each
filter; a is the number of total cells of a species in the whole viewing fields of a filter;
b is the volume of the water filtered (mL); S is the effective filtration area; and s is the
area of per field under 1000 x magnification.
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Coccolith/coccosphere dominance index (Y), relative abundance (P) calculation was
calculated respectively following the methodology of Sun et al. (2003, 2011):

Y fi

_
N
pli
N

Where Y is the dominance index; N is the total number of cells of all species counted;
n; is the number of cells of the species; P is the relative abundance; and f; is the
frequency of occurrence of the species in each sample.

In this survey, we used a multivariate analysis, the canonical correspondence anal-
ysis (CCA), to infer the relationship between a set of environmental factors (tempera-
ture, salinity, nitrate, nitrite, ammonium, phosphate, silicate, and water depth) and the
species abundance (Braak, 1986). In the CCA diagram, the environmental factors are
indicated by different arrow lines. The length of the arrow line represents the correla-
tion between a certain environmental factor and the distribution of the community and
species. The longer the line is, the larger the correlation is. The angle of the arrow line
and the axes stands for the correlation between a certain environmental factor and the
axes. The smaller the angle is, the larger the correlation is.

3 Results
3.1 Environmental factors

The surface temperature and salinity distribution are shown in Fig. 2. The Yellow Sea
has lower temperature and salinity than the East China Sea. The Yangtze River Es-
tuary coast was affected by the Yangtze River diluted water with low temperature and
low salinity, especially in summer. And the offshore of the East China Sea has the high
temperature and high salinity water mainly caused by the Kuroshio current. Thus both
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of the low temperature, low salinity eutrophic-water near the coast and the high tem-
perature and high salinity oligo-trophic water caused by the Kuroshio current determine
the basic hydrological pattern in the East China Sea areas.

The temperature and salinity vertical distribution of four major sections in the two
seasons are shown in Figs. 3 and 4, respectively. In summer, the distribution of the
temperature and salinity presented an obvious stratification phenomenon. And below
40 m in the north of Section A, the Yellow Sea Cold Water Mass is formed with the
low temperature and high salinity relatively (T < 9°C, S > 32) (Fig. 3). In winter, the
temperature and salinity shared the similar tendency increasing from the coast to the
offshore. And due to the intensive vertical mixing, the temperature and salinity showed
little difference in the water column (Fig. 4).

3.2 LC species in survey area

In summer, a total of 13 taxa were identified (not including undetermined species) in this
survey area. The common taxa observed were as followed: Gephyrocapsa oceanica,
Emiliania huxleyi, Helicosphaera carteri, Algirosphaera robusta and Calcidiscus lepto-
porus. For coccoliths, Gephyrocapsa oceanica and Emiliania huxleyi were absolutely
dominant with the high frequency of 93.07 % and 92.08 %, the sum relative abundance
of 98.65 %. Besides, Helicosphaera carteri had a high frequency of 50.00 %, while the
relative abundance was as low as 1.07 %. Gephyrocapsa oceanica and Emiliania hux-
leyi coccosphere were the dominant species, with high frequencies of 68.81 % and
55.94 %, respectively (Table 1).

In winter, 20 taxa were identified totally and the common taxa were as the same
as in summer. Gephyrocapsa oceanica and Emiliania huxleyi were still the dominant
species. Besides, Braarudosphaera bigelowii had a higher frequency in winter (Ta-
ble 2).
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3.3 Horizontal distribution of common species

In summer the abundance of coccoliths and cells ranged 0 ~ 2144.98 coccoliths mL‘1,
and 0~ 176.40cells mL_1, with the average values of 265.42 coccolithsmL™" and
8.45 cells mL‘1, respectively. The abundance of Gephyrocapsa oceanica coccoliths
ranged 0 ~ 1729.09 coccolithsmL‘1, with the average of 156.56 coccolithsmL‘1; the
abundance of Emiliania huxleyi coccoliths ranged 0 ~ 1029.00 coccolithsmL'1, with
the average value of 105.27 coccoliths mL_1; and the abundance of Helicosphaera car-
teri coccoliths was 0 ~ 36.75 coccolithsmL ™" , With the average of 2.83 coccoliths mL~".
As for the cell abundances, Gephyrocapsa oceanica ranged 0 ~ 69.83 cells mL™", with
the average value of 4.38 cellsmL™"; the abundance of Emiliania huxleyi cells ranged
0 ~58.80cellsmL™", with the average of 2.12 cellsmL™"; and the cell abundance of Al-
girosphaera robusta ranged 0 ~ 47.78 cells mL‘1, with the average of 1.11 cells mL~".
In winter, the abundance of coccoliths and cells ranged 0 ~ 4698.99 coccoliths mL™" ,
and 0~ 71.66cells mL‘1, with the average values of 872.56 coccolithsmL™" and
13.91 ceIIsmL‘1, respectively. The abundance of Gephyrocapsa oceanica coccol-
iths ranged 0 ~ 2370.38 coccolithsmL_1, with the average of 484.89 coccoliths mL_1;
the abundance of Emiliania huxleyi coccoliths ranged O~2260.1SCoccoIithsmL'1,
with the average value of 365.00 coccolithsmL™"; and the abundance of Braaru-
dosphaera bigelowii coccoliths was 0 ~ 16.54 coccolithsmL'1, with the average of
1.02 coccolithsmL™". As for the cell abundances, Gephyrocapsa oceanica ranged
0 ~51.45cells mL'1, with the average value of 7.05 ceIIsmL'1; and the abundance of
Emiliania huxleyi cells ranged O ~ 31.85 cellsmL™", with the average of 4.84 cells mL™".
As for the surface layer, in summer, the abundance of Gephyrocapsa ocean-
ica coccoliths ranged from 0 ~ 463.05 coccoliths mL™", with the average abundance
of 29.71 coccolithsmL™"; the abundance of Emiliania huxleyi coccoliths ranged 0 ~
286.65 coccolithsmL‘1, and the average value was 16.55 coccoliths mL~". Gephyro-
capsa oceanica and Emiliania huxleyi presented obvious ribbon distribution in the
coastal area of the Yellow Sea and East China Sea, and the highest value was
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observed in stations northeast to Yangtze River Estuary. For Helicosphaera carteri,
the highest value was found southwest to Jeju Island (Fig. 5). The abundance of domi-
nant species Gephyrocapsa oceanica cells ranged from 0 ~ 23.28 ceIIsmL'1, with the
average value of 2.35cells mL™"; the abundance the other dominant species Emilia-
nia huxleyi cells ranged from 0 ~ 7.35 cells mL'1, with the average of 0.90 cellsmL™
(Fig. 6). Higher values were mainly observed in the southern parts of the survey area.
The abundance distribution of the two dominant species showed similar trend of in-
creasing from north to south.

In winter, as to the surface layer, the abundance of Gephyrocapsa oceanica
coccoliths ranged from 0 ~ 1405.69 coccolithsmL™", with the average abundance of
413.04 coccolithsmL™"; the abundance of Emiliania huxleyi coccoliths ranged 0 ~
1455.30 coccoliths mL'1, and the average value was 301.68 coccolithsmL™'. The
higher values were observed in stations northwest to Jeju Island and southeast to
Yangtze River Estuary. For Helicosphaera carteri, the high values presented obvious
ribbon distribution along the outside of the survey region (Fig. 7). The abundance of
dominant species Gephyrocapsa oceanica cells ranged from 0 ~ 19.60 cells mL™" , with
the average value of 6.08 cells mL™"; the abundance the other dominant species Emil-
iania huxleyi cells ranged from 0 ~ 18.38 cells mL‘1, with the average of 3.77 cellsmL™
(Fig. 8). Higher values were mainly observed in the off-sea and the southwest corners
of the survey area.

3.4 \Vertical distribution of LCs at different sections
3.4.1 Vertical distribution of LCs at section A

Section A located from north of the Yellow Sea to northeast of the East China
Sea, across the Yellow Sea. In summer, the abundance of coccoliths ranged 0 ~
1679.48 coccolithsmL™", with the average of 215.57 coccoliths mL~". The abundance
of coccoliths was in general less than 200 coccoliths mL™", increasing from north to
south and from surface to depth at this section (Fig. 9). The relative higher values were
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found in southern part of the section. The cell abundances ranged 0 ~ 53.29 cells mL™",
with the average of 7.98 cells mL~" (Fig. 10). The sum abundance had similar trend
with the coccoliths above. However, a high abundance of Algirosphaera robusta was
observed in the low temperature and high salinity region with the abundance more than
3cellsmL™". The number of species identified increased from 3 along the coast to 8 in
the southeast with a general increasing trend from north to south.

In winter, the abundance of coccoliths ranged 0 ~ 3698.89 coccoliths mL‘1, with
the average of 924.17 coccolithsmL™". The abundance of coccoliths was in gen-
eral focused in southern part of the section (Fig. 11). The cell abundances ranged
0 ~40.23cellsmL™", with the average of 9.75 cellsmL™" (Fig. 12). The relative high
values also found in the southern part with a general increasing trend from north to
south. However, an obvious abundance was observed in the north with the abundance
more than 3cellsmL™". The number of species identified increased from 3 along the
coast to 9 in the southeast.

3.4.2 Vertical distribution of LCs at section F

Section F is affected by the Yangtz River diluted water. In summer, the abundance
of coccoliths ranged from 0 to 1492.05 coccolithsmL™", with the average value of
294.68 coccolithsmL™". And the cell abundance ranged 0 ~ 26.95 ceIIsmL‘1, with the
average value of 6.78 cellsmL™". The distribution of coccoliths abundance presented
obvious layering phenomenon, increasing with depth (Fig. 13); and the distribution of
coccosphere cells was similar to that of coccoliths (Fig. 14).

In  winter, the abundance of coccoliths ranged from 159.86 to
2451.23 coccolithsmL™", with the average value of 1130.42 coccolithsmL™". And
the cell abundance ranged 3.68 ~36.75cellsmL™", with the average value of
14.65cellsmL™". The distribution of coccoliths sum abundance mainly presented
increasing trend with depth (Fig. 15); while the high values of coccosphere cells
presented plaque distribution (Fig. 16).
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3.4.3 Vertical distribution of LCs at section P

Along section P, in summer, the abundance of coccoliths ranged from 0~
2144.98 coccoliths mL'1, and the average value was 362.86 coccoliths mL'1, with an
obvious trend of increasing coccolith abundance from surface to bottom (Fig. 17). The
areas with high values were mainly around continental shelves. The abundance of
coccosphere was 0 ~ 30.63cellsmL™", with the average value of 8.93 cells mL™". The
abundance in vertical direction presented plaque distribution (Fig. 18). The number of
species identified increases from 3 along the coast to 10 in the off-sea stations with
a general increasing trend from near-shore to off-sea.

In winter, the abundance of coccoliths ranged from 18.38 ~ 4698.99 coccoliths mL‘1,
and the average value was 1270.67 coccolithsmL™", with a decreasing trend when
it comes to off-sea (Fig. 19). The areas with high values were also mainly around
continental shelves. The abundance of coccosphere was 1.23 ~ 53.29 cells mL~", with
the average value of 17.93 cells mL~"'. The abundance in vertical direction presented
plague distribution and the high values found near the surface layer (Fig. 20). The
number of species identified increases from 4 along the coast to 16 in the off-sea
stations with a general increasing trend from near-shore to off-sea.

3.4.4 Vertical distribution of LCs at section E

E section locates in the southernmost part of the survey area. In summer, the
abundance of coccoliths and cells ranged 0~ 1804.23 coccolithsmL™' and 0 ~
39.47 ceIIsmL‘1, with the average of 178.83 coccoliths mL~" and 10.92 cells mL'1, re-
spectively. The abundance of coccoliths was relatively higher in-shore and declined
suddenly away from the shore (Fig. 21). Gephyrocapsa oceanica was the absolutely
dominating species with the abundance ranging from 0 to 1729.09 coccoliths mL™", and
the average value was 131.04 coccolithsmL™". The abundance distribution of cocco-
sphere cells was mainly affected by distribution of Gephyrocapsa oceanica, similar to
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coccoliths. High Helicosphaera carteri coccosphere cell abundance was found off-sea
(Fig. 22).

In winter, the abundance of coccoliths and cells ranged 7.35~
1413.04 coccolithsmL™'  and 1.05~71.66cellsmL'1, with the average of
422.77 coccolithsmL™" and 22.50cellsmL™", respectively. The abundance of coc-
coliths was relatively higher in-shore and around the edge of continental shelves
(Fig. 23). Gephyrocapsa oceanica and Emiliania huxleyi were the dominating
species with the abundance ranging from 5.25~ 1029.00 coccolithsmL™"  and
2.1 ~679.8800000IithsmL'1, with the average value of 206.28 coccolithsmL™" and
212.87 coccolithsmL™", respectively. Braarudosphaera bigelowii was found in the
surface around the edge of continental shelves. The high values of coccosphere
cells was also observed the same area. High Helicosphaera carteri coccosphere cell
abundance was found in-shore (Fig. 24).

4 Discussion

In this study for the two seasons, the two dominated species identified were both
Gephyrocapsa oceanica and Emiliania huxleyi, consistent with some previous studies
as shown in Table 2.

In summer, in the coccolith CCA diagram (Fig. 25), axis 1 mainly related to depth and
temperature while axis 2 mainly relates to ammonium. As shown in Fig. 13, Gephyro-
capsa oceanica, tropical or warm water coccolithophore, and Emiliania huxleyi, eury-
thermal species (Okada, 1971; Paasche, 2001) were bound up with each environmen-
tal factor in the some degree, indicating that they are able to survive in various envi-
ronmental conditions. Therefore, Gephyrocapsa oceanica and Emiliania huxleyi have
absolute advantages in the Yellow Sea and East China Sea. Similarly, Helicosphaera
carteri, with a high frequency, widely survives in the survey area, and Calcidiscus lep-
toporus tends to occur in cool waters and nutrient-rich environment. Syracosphaera
spp. expressed a tendency towards cool waters and rather oligotrophic conditions.
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Umbilicosphaera sibogae had obvious positive correlation with depth. And in the coc-
cosphere CCA diagram (Fig. 26), axis 1 related to depth and temperature while axis
2 related to nutrients with nitrogen. For the dominant species, Gephyrocapsa ocean-
ica and Emiliania huxleyi, the correlation between the main species and the environ-
mental factors were similar to those of the coccoliths. However, Syracosphaera spp.,
Helicosphaera carteri Calcidiscus leptoporus and Umbilicosphaera sibogae had obvi-
ous positive correlation with depth. These differences with the coccoliths were possibly
caused by the sampling season, station locations or sample numbers.

In winter, in the coccolith CCA diagram (Fig. 27), axis 1 mainly related to nitrate
and temperature while axis 2 mainly relates to depth and phosphate. As shown in
Fig. 13, Similarly with that in summer, Gephyrocapsa oceanica, Emiliania huxleyi and
Helicosphaera carteri, with a high frequency, widely survives in the survey area, and
Braarudosphaera bigelowii tends to occur in rather oligotrophic conditions. And in the
coccosphere CCA diagram (Fig. 28), axis 1 related to salinity, temperature and phos-
phate while axis 2 related to depth and ammonium. Gephyrocapsa oceanica, Emiliania
huxleyi and Calcidiscus leptoporus were bound up with most environmental factors in
the some degree while Helicosphaera carteri showed obvious positive correlation with
phosphate.

Okada and Honjo (1975) reported that the distribution of coccolithophores was as-
sociated with nutrient concentrations, especially nitrate; Winter et al. (2002) found the
high abundance of LCs on the surface, above the nitrate halocline and in the photic
zone under the DCM (Deep Chlorophyll Maximum) in the Caribbean Sea; Andruleit
et al. (2003) believed that the mixing layer depth was the decisive factor to the abun-
dance of LCs and the competition with diatoms in the northern Arabian Sea; Yang
et al. (2004) suggested that the distribution of LCs was mainly affected by the temper-
ature and salinity; the study of Mohan et al. (2008) found the abundance and species
of LCs was inversely linked to the silicate concentration in the Indian sector of the
Southern Ocean.
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In this study, according to the Figs. 25 to 28, the distribution of LCs in Yellow Sea
and East China Sea had various connections with temperature and the nutrients.

In summer, the abundance of coccolith on the surface layer increased from north to
south of the survey area, associated with the environment characteristics. In the Yellow
Sea, the temperature, salinity and nutrient concentrations are in general low in sum-
mer (Liu and Hu, 2009; Zhang, 2009), which limit the survival and growth of the LCs.
As for the East China Sea, the temperature and salinity are significantly higher (Zou
and Xiong, 2001) and the input by the Yangtze River runoff and the Kuroshio waters
greatly increased the nutrient concentrations (Wang, 2008). The abundance of coccol-
iths reached a high value along P section. The abundance of the coccosphere cells in
the survey area presents plaque distribution mainly focusing on the Yangtze River di-
luted water region and the south part of East China Sea, resulted from the distribution
of temperature, salinity and nutrients in various water masses. As the figure shown,
the nutrients enrichment is beneficial to the survival and growth of the LCs (Baumann
et al., 2005), so the maximum abundance of the LCs is found at the 20 m depth layer
of station TO9 where the phytoplankton blooms, consistent with what observed by Jin
and Sun (2013).

In winter, the Yellow Sea had low temperature and high salinity, and the particu-
larly low temperature limited the growth of LCs. In the East China Sea, the nutrients
were enriched with the influence of the Yangtze River runoff. And the Kuroshio waters
brought high temperature. As a result, the LCs in the East China Sea had fast growth
rates than in the Yellow Sea. And the maximum abundance of the LCs was also found
in the continental shelf of section P, consistent with the study by Zhang (2011).

In summer, axis 1 is depth-dependent (Figs. 25 and 26). Because of the stratification
effect, the temperature has strong correlation with the depth by linear regression. Be-
sides ocean currents invasion, the depth is the main factor leading to the temperature
changes. Therefore, the water layer depth as well as the nutrients (mainly nitrate) is the
decisive factor in summer. The abundance of coccoliths at all sections increased in var-
ious degrees as the depth increased. The high value always appeared at the bottom,
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similar with the pattern reported by Sun et al. (2011) in the area of depth less than
200 m in the South China Sea, by deriving from the resuspension of bottom sediment
coccoliths and the coccoliths exfoliation after the dead cells settled to the bottom.

In winter, under the effect of monsoon, the temperature had intensive vertical mixing
and the nutrients welled up with the upwelling. And the vertical distribution of coccoliths
was relatively uniform. Moreover, the high coccosphere abundance presented not only
in the bottom, but also in the upper layers So the depth is not the significant environ-
mental factor (Figs. 27 and 28).

The P section, from the Yangtze River Estuary to southeast of the survey area, is
affected by Yangtze River diluted waters and the Kuroshio waters, with complicated
changing pattern of thermocline, halocline and nutrients. It is always an important sec-
tion for conducting research on the phytoplankton community dynamics (Liu, 2001).
In summer, the increasing trend of coccoliths at section P from surface to bottom is
quite obvious, with Gephyrocapsa oceanica as the absolutely dominating species. The
high value area (station P08) of both coccoliths and coccospheres is near the bottom of
the continental shelf, with high temperature, salinity and nutrient concentrations. Mean-
while, the coccospheres have an obvious sudden increase tendency in the off-sea due
to the high nutrient value on the bottom caused by the Kuroshio and its branch Taiwan
warm current invading to the East China Sea (Wang et al., 1998). In winter, Gephy-
rocapsa oceanica and Emiliania huxleyi were the dominant species. The coccoliths
increased slightly from the top to the bottom and the had an obvious sudden decrease
in the offshore. While the coccosphere present the plaque distribution and the high
values found upper layers under the effect of upwelling.

5 Conclusions

In conclusion, based on the study in the two seasons of 2011, the dominant species
of coccolithophroes in the Yellow Sea and the East China Sea areas were Gephyro-
capsa oceanica, Emiliania huxleyi, Helicosphaera carteri and Algirosphaera robusta.
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Temperature and the nitrate concentration may be the major en- vironmental factors
controlling the distribution and species composition of LCs in the studying area ac-
cording to CCA.

At present, research on LCs in a wide range of Yellow Sea and the East China Sea
of all seasons is still rare. And the correlation between the dominated species as well
as its abundance and the nutrients, environmental factors is not absolutely clear. Fur-
ther studies on the seasonal distribution of coccolithophores, its connections with the
environmental factors, and the succession between coccolithophores and other phyto-
plankton groups, such as diatoms, are still necessary for a comprehensive understand-
ing of LCs distribution in these areas in the future.
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Table 1. Living coccolithophore species composition of the Yellow Sea and East China Sea in

summer 2011

Species Frequency of Relative Dominance
occurrence (fi) abundance (P)  index (Y)
Coccolith dominant species
Gephyrocapsa oceanica  93.07 % 59.04 % 0.5494561
Emiliania huxleyi 92.08 % 39.61% 0.3647127
Helicosphaera carteri 50.00 % 1.07 % 0.0053287
Calcidiscus leptoporus 17.33 % 0.16 % 0.0002719
Coccolithophore dominant species
Gephyrocapsa oceanica  68.81 % 50.97 % 0.3507418
Emiliania huxleyi 55.94 % 24.63 % 0.1377727
Algirosphaera robusta 31.19% 12.88 % 0.0401645
Helicosphaera carteri 15.84 % 4.24 % 0.0067235
Calcidiscus leptoporus 11.39% 2.56 % 0.0029089
Umbilicosphaera sibogae 5.94 % 1.48 % 0.0008770
Syracosphaera spp. 5.94% 1.45% 0.0008590
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Table 2. Living coccolithophore species composition of the Yellow Sea and East China Sea in

winter 2011.

Species Frequency of Relative Dominance
occurrence (fi) abundance (P)  index (Y)

Coccolith dominant species
Gephyrocapsa oceanica 98.62 % 56.72 % 0.5593388
Emiliania huxleyi 96.31 % 41.83 % 0.4028726
Helicosphaera carteri 68.66 % 1.08 % 0.0073966
Calcidiscus leptoporus 40.09 % 0.15% 0.0006089
Braarudosphaera bigelowii  27.65 % 0.12% 0.0003242
Umbilicosphaera sibogae 19.35% 0.06 % 0.0001172
Coccolithophore dominant species
Gephyrocapsa oceanica 80.65 % 50.69 % 0.4087761
Emiliania huxleyi 68.66 % 34.82 % 0.2390601
Algirosphaera robusta 29.95% 6.47 % 0.0193885
Helicosphaera carteri 19.35% 3.36 % 0.0065052
Calcidiscus leptoporus 6.45 % 0.74 % 0.0004788
Umbilicosphaera sibogae  6.45 % 0.85% 0.0005461
Braarudosphaera bigelowii  4.15 % 0.44 % 0.0001812
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Table 3. Historical data of living coccolithophores assemblage in Yellow Sea and East China

Sea.

Sampling Method®  Dominant Abundance Region Reference

time species (cellsmL™")

Dec 2011 ~ PM E. huxleyi, 0~40.4 Yellow Sea and East This study

Jan 2012 G. oceanica China Sea (surface)

Jul 2011 PM E. huxleyi, 0~ 30.6 Yellow Sea and East This study
G. oceanica China Sea (surface)

Nov 2010 PM E. huxleyi, 18.6 East China Sea Jin et al. (2013)
G. oceanica

Dec 2009~ PM E. huxleyi 3.84 Yellow Sea and East Zhang (2011)

Feb 2010 G. oceanica China Sea

Jul ~ Sep PM E. huxleyi 2.84 Yellow Sea and East Zhang (2011)

2009 G. oceanica China Sea

Jul ~ Aug SEM/PM  E. huxleyi 8.41 Yellow Sea and East Luan (2010)

2009 G. oceanica China Sea

Dec 1997 SEM E. huxleyi, 0~56.4 East China Sea Yang et al. (2004)
G. oceanica (surface)

Jul 1996 SEM Uncertain® 11.5~19.7 Northwest Taiwan Yang et al. (2001)

(surface)

Apr 1996 HPLC Unclear - PN Section Furaya et al. (2003)

Jul ~ Aug HPLC Unclear - PN Section Furaya et al. (2003)

1994

Jan ~ Mar IM/SEM  E. huxleyi, - PN Section Furaya et al. (1996)

1993 G. oceanica

Jul 1992 SEM E. huxleyi, 0~64.5 East China Sea Yang et al. (2004)
G. oceanica (surface)

Aug 1981 SEM/PM  E. huxleyi, - PN Section Wang et al. (1988)
G. oceanica

Oct ~ Dec PM Unclear - Two stations in East Okada et al. (1975)

1969 China Sea

& IM: Inverted microscope; PM: Polarized microscope.

® Uncertain dominant species at different stations.
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Table 4. Abbreviations.

LCs living coccolithophores
CCA canonical correspondence analysis
DCM  deep chlorophyll maximum
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Fig. 1. Sampling stations of living coccolithophores in the Yellow Sea and East China Sea in
summer and winter, 2011. A: A section; B: F section; C: P section; D: E section. (a) in summer;

(b) in winter.

120°E

122°E

124°E

126°E

128°E

38°N
36°N
34°N
32°N
30°N

28°N

26°N
130°E 118°E

7699

120°E

122°E

124°E

126°E

128°E

130°E

| Jadeq uoissnosig | Jadeq uoissnosiq | Jeded uoissnosiq
: I I I I I I

Jaded uoissnoasiq

BGD
10, 7677-7726, 2013

Coccolithophores in
China Seas

X. Y. Gu et al.



http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/7677/2013/bgd-10-7677-2013-print.pdf
http://www.biogeosciences-discuss.net/10/7677/2013/bgd-10-7677-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

38°N

36°N

34°N

32°N

30°N

Ocean Data View

28°N

o

118°E 120°E 122°E 124°E 126°E 128°E 130°E
38°N
36°N
34°N
32°N

30°N

. A

g Y’ C

4
)

Ocean Data View

o

Fig. 2. The distribution of temperature and salinity in the surface layer in summer and win-
ter. (a) Temperature distribution in summer (°C); (b) salinity distribution in summer (psu); (c)
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Fig. 17. Vertical distribution of coccolith abundance along the section P in summer. (a) Gephy-
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Fig. 18. Vertical distribution of coccosphere abundance along the section P in summer. (a)
Gephyrocapsa oceanica; (b) Emiliania huxleyi; (c) Algirosphaera robusta; and (d) sum.
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Fig. 19. Vertical distribution of coccolith abundance along the section P in winter. (a) Gephy-
rocapsa oceanica; (b) Emiliania huxleyi; (¢) Helicosphaera carteri; (d) Calcidiscus leptoporus;

(e) Braarudosphaera bigelowii; and (f) sum.
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Fig. 20. Vertical distribution of coccosphere abundance along the section P in winter. (a) Gephy-
rocapsa oceanica; (b) Emiliania huxleyi; (€) Algirosphaera robusta; (d) Helicosphaera carteri;

(e) Calcidiscus leptoporus; and (f) sum.
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Fig. 21. Vertical distribution of coccolith abundance along the section E in summer. (a) Gephy-
rocapsa oceanica; (b) Emiliania huxleyi; (¢) Helicosphaera carteri; and (d) sum.
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Fig. 22. Vertical distribution of coccosphere abundance along the section E in summer. (a)

Gephyrocapsa oceanica; (b) Emiliania huxleyi; (c) Algirosphaera robusta; (d) Helicosphaera
carteri; (e) Calcidiscus leptoporus; and (f) sum.
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Fig. 23. Vertical distribution of coccolith abundance along the section E in winter. (a) Gephy-
rocapsa oceanica; (b) Emiliania huxleyi; (¢) Helicosphaera carteri; (d) Calcidiscus leptoporus;

(e) Braarudosphaera bigelowii; and (f) sum.

7721

122°E

122°E

122°E

123°E

123°E

123°E

124°E

124°E

124°E

125°E

125°E

126°E

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnosiq

BGD
10, 7677-7726, 2013

Coccolithophores in
China Seas

X.Y. Gu et al.

(8
S

]
2


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/7677/2013/bgd-10-7677-2013-print.pdf
http://www.biogeosciences-discuss.net/10/7677/2013/bgd-10-7677-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

BGD
10, 7677-7726, 2013

Jaded uoissnasiqg

Coccolithophores in

. China Seas
g X.Y. Gu et al.
(@]
(=
122°E 123°E 124°E 125°E 126°E %
-
g 5
= . Absmt inwoducton.
3 I
) ‘Conclusions  References
00 2 O
122°E 123°E 124°E 125°E  126°E 122°E  123°E 124°E 125°E  126°E o - -
0 — - 73
(@]
50 o
100 g
> I N
o
© e e
122°E 123°E 124°E 125°E 126°E 122°E 123°E 124°E 125°E 126°E
Fig. 24. Vertical distribution of coccosphere abundance along the section E in winter. (a) Gephy- _
rocapsa oceanica; (b) Emiliania huxleyi; (¢) Algirosphaera robusta; (d) Helicosphaera carteri; g
(e) Calcidiscus leptoporus; and (f) sum. 2 _
73
S
=)
=
S
2 SO,

7722


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/7677/2013/bgd-10-7677-2013-print.pdf
http://www.biogeosciences-discuss.net/10/7677/2013/bgd-10-7677-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

coccolith

2.6

2.1

154 SN
10
5i
temperature [
" - NO: 0-5;P o
)
o ‘ ‘ O ‘lrerE.huxleyx‘ ‘ | |
2 } T ! ol @y ‘ ‘ ‘
F 21 15 1.0 0.5 G.oceanica p ;05w depth 10 @ > 2o
salipity H-carteri B.bigelowii Ussibogae
051 C.lepggpors
A.robusta
10 ¢

-1.5

-2.1

Axi

Fig. 25. Results of the CCA of coccolith abundance vs. environmental factors in summer. (NO,:
Nitrite; NOg: Nitrate; NH5: Ammonium; Si: Silicate; P: Phosphate; G. oceanica: Gephyrocapsa
oceanica; E. huxleyi: Emiliania huxleyi; H. carteri: Helicosphaera carteri; B. bigelowii: Braaru-
dosphaera bigelowii; A. robusta: Algirosphaera robusta; C. leptoporus: Calcidiscus leptoporus;

s 1

U. sibogae: Umbilicosphaera sibogae; S. spp.: Syracosphaera spp.)

7723

S.%p.

| J1edeq uoissnosiq | Jededq uoissnosiqg | Jeded uoissnasiqg

Jaded uoissnasiq

BGD
10, 7677-7726, 2013

Coccolithophores in
China Seas

X.Y. Gu et al.

(8
S

]
2


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/7677/2013/bgd-10-7677-2013-print.pdf
http://www.biogeosciences-discuss.net/10/7677/2013/bgd-10-7677-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

coccosphere

2.08
1.67

1.257

% 167

No: N
0.83—4
Iy
P
4 %o Usifgeae
04271/ / Fioth C-tepggporus
G.ocganica |/ | H. carteri
‘ 8 e e 1 1
123 0.83  -0.42  E.huxleyi 0.42 “SPP g3 125 167 S
temperatu. | A.l’(*usta I
043 bigglowi

salinity
-0.837

-1.257

-1.67
Axis 1

Fig. 26. Results of the CCA of coccosphere abundance vs. environmental factors in summer.
(NO,: Nitrite; NOg: Nitrate; NH;: Ammonium; Si: Silicate; P: Phosphate; G. oceanica: Gephy-
rocapsa oceanica; E. huxleyi: Emiliania huxleyi; H. carteri: Helicosphaera carteri; B. bigelowii:
Braarudosphaera bigelowii; A. robusta: Algirosphaera robusta; C. leptoporus: Calcidiscus lep-
toporus; U. sibogae: Umbilicosphaera sibogae; S. spp.: Syracosphaera spp.)

7724

| J1edeq uoissnosiq | Jededq uoissnosiqg | Jeded uoissnasiqg

Jaded uoissnasiq

BGD
10, 7677-7726, 2013

Coccolithophores in
China Seas

X.Y. Gu et al.

(8
S

]
2


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/7677/2013/bgd-10-7677-2013-print.pdf
http://www.biogeosciences-discuss.net/10/7677/2013/bgd-10-7677-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Axis 2
N
W

coccolith
1.4
NO:
NH: -
0.9
NO, 5T
s
-~ U.sibogae
I I | o S, G“"&“‘““ | I
T T T @ x T T
19 1 0.9 05 E.huxlzn si 0.5 0.9
= C.leptoporus®H carteri B.biglown
- I -0.5
temperature satinity <
A.robusta 0.9
depth
S14
1.9+
U.ts.uis
-2.3
Axis1
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Fig. 28. Results of the CCA of coccosphere abundance vs. environmental factors in winter.
(NO,: Nitrite; NO3: Nitrate; NH;: Ammonium; Si: Silicate; P: Phosphate; G. oceanica: Gephy-
rocapsa oceanica; E. huxleyi: Emiliania huxleyi; H. carteri: Helicosphaera carteri; B. bigelowii:
Braarudosphaera bigelowii; A. robusta: Algirosphaera robusta; C. leptoporus: Calcidiscus lep-
toporus; U. sibogae: Umbilicosphaera sibogae; M. adriaticus: Michaelsarsia adriaticus; S. spp.:
Syracosphaera spp.)

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnosiq

BGD
10, 7677-7726, 2013

Coccolithophores in
China Seas

X.Y. Gu et al.

(8
S

]
2


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/7677/2013/bgd-10-7677-2013-print.pdf
http://www.biogeosciences-discuss.net/10/7677/2013/bgd-10-7677-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

