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Abstract

Living coccolithophores (LCs) are regarded as a group of calcifiers and play important roles in global carbon
cycle. This study used microscopic observations of LCs in the western Pacific Ocean to investigate their
community structure and biodiversity, especially to test whether local physical traits (mesoscale eddies) could
explain their biogeographic distributions during autumn of 2017. The coccolithophore calcite inventory based on
carbon-volume transformation was estimated in this study. A total of 28 taxa of coccospheres and 19 types of
coccoliths were identified from 161 samples. Gephyrocapsa oceanica was the most predominant species in all the
coccolithophore community, followed by Florisphaera profunda, Emiliania huxleyi, Umbilicosphaera sibogae,
Gladiolithus flabellatus and Umbellosphaera tenuis. The abundance of coccospheres and coccoliths ranged from 0
to 26.8x103 cells/L and from 0 to 138.5x103 coccoliths/L, averaged at 4.2x103 cells/L and 10.9x103 coccoliths/L,
respectively. This study indicated that coccolithophore community in the survey area can be clustered into four
groups. Three ecological niches of coccolithophores were characterized by their vertical profiles and multivariate
statistical analysis. Coccolithophore abundance and species composition were remarkably different among
warm-eddy region, G. oceanica dominated warm-eddy region, while F. profunda dominated warm-eddy and
none-eddy region. The average values of estimated particulate inorganic carbon, particulate organic carbon were
0.197 pg/L and 0.140 pg/L, respectively. The current field study widened the dataset of coccolithophores in

western Pacific Ocean.
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1 Introduction

Living coccolithophores (LCs) are an important function
group of phytoplankton in the ocean (Taylor et al., 2017).
Through double carbon pump mechanisms (biological pump
and carbonate counter pump), they regulate the ocean-atmo-
sphere CO, fluxes and play essential roles in global carbon cycle
(Sun, 2007). The relative intensity of calcification and photosyn-
thesis performed by coccolithophores influences carbon cycling
between atmosphere and ocean (Shutler et al., 2013; Perrin et al.,
2016). Rain ratio, which termed as calcium carbonate to organic
carbon of sinking biogenic particles, acts as a key factor in car-
bon cycle (Hutchins, 2011). Coccolithophores, as one of the ma-
jor primary producer in marine ecosystem, contribute to about
15% of marine phytoplankton biomass (Berger, 1976) and up to
60% of the bulk pelagic calcite deposited on the ocean floors
(Honjo, 1996). They also affect global sulfur cycle by producing
dimethylsulfoniopropionate (Taylor et al., 2017). In addition,
coccolithophores can scatter light efficiently using their highly
optically refractive coccoliths (Balch, 2018), thus coccolitho-
phore bloom can be easily observed from space by satellite re-

mote sensing. Recently, being potentially sensitive to climate
change especially to ocean acidification, coccolithophores have
attracted significant attention globally (Doney et al., 2009).
Previous research on coccolithophore community structure
emphasizes spatial distribution (Okada and Honjo, 1973; Honjo
and Okada, 1974; Okada and Mclntyre, 1977; Reid, 1980; Hagino
et al., 2000, 2005; Saavedra-Pellitero et al., 2011, 2014; Lépez-
Fuerte et al., 2015) and factors controlling in global oceans. As
one of the largest oligotrophic areas, however, the western Pa-
cific Ocean (WPO) particularly with reference to LCs has re-
ceived far less attention than other oceans. To date, there are rare
records about the diversity and distribution of LCs in the WPO.
Meanwhile, research found that environmental factors and
ocean current may affect LCs. For instance, Okada and Honjo
(1975) found that nitrogen deficiency may lead to diverse forms
and degrees of malformation in coccolithophores. And research
in eastern Indian Ocean presented that abundant coccolitho-
phores occurred in accordance with the presence of Wyrtki jets
(Liu et al., 2018), further confirming that environmental factors
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and ocean current may affect the abundance of coccolitho-
phores. To enhance the appreciation of the importance of vari-
ous forms of LCs, similar investigation should be conducted in
regional scale with higher spatial resolution in the WPO, consid-
ering the significant contributions of LCs to primary production
and calcite production.

The WPO is considered as oligotrophic and unproductive
area (Messié and Radenac, 2006), which is dominated by diverse
oceanic gyres. This study presumed that the spatio-temporal
variability in LCs might be closely related to the annual vari-
ations of circulations or mesoscale eddies in the WPO. This study
thereafter compared the LCs communities and associated envir-
onmental variables in autumn of 2017 to address the following
questions: (1) what are the diversity, abundance and distribution
of LCs in the WPO? (2) how do major environmental variables in-
fluence their abundances? (3) what are different distributions
and ecological preference of LCs as a result of the circulations or
mesoscale eddies in the WPO? and (4) what is the significance of
LCs in carbon cycle?

This study aimed to explore the physical-biological coupling
effects of mesoscale eddies on LC communities by means of po-
larizing microscope approach and quantify contribution of LCs
in WPO carbon cycle.

2 Materials and methods
2.1 Oceanographic settings
A multidisciplinary investigation was carried out in the West-

ern Pacific Warm Pool (WPWP) (2°-18°N, 126°-130°E) from Octo-
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ber 25 to November 12, autumn of 2017. Twenty-seven stations
were investigated as shown in Fig.1. As the warmest ocean span-
ning from the WPO to the eastern Indian Ocean, the WPWP is a
typically oligotrophic area characterized by high temperature
and low primary productivity (Messié and Radenac, 2006). And
its interaction with Western Boundary Current (WBC) has a signi-
ficant role in shaping complex circulation systems on both re-
gional and global scales (Hu et al., 2016). Figure merged sea sur-
face height and geostrophic sea water velocity was used to
present the existence and conditions of mesoscale eddies (Fig. 2).
The geostrophic currents of mesoscale features during this in-
vestigation were obtained from the Copernicus Marine Environ-
ment Monitoring Service database (http://marine.copernicus.eu/).
Blocked by the Philippine islands at 14°-15°N, the North Equat-
orial Current (NEC) bifurcates into the northward Kuroshio Cur-
rent (KC) and southward Mindanao Current (MC) (Hu et al.,
2015). A characteristic feature is the presence of two semi-per-
manent eddies at the overturning zone of Mindanao Current and
New Guinea Coastal Current (NGCC) (Zhai et al., 2013). One is
the Mindanao Eddy (ME) which present at northern side with
cyclonic circulation, the other is the Halmahera Eddy (HE) which
present at the southern side with cyclonic circulation. The North
Equatorial Counter Current (NECC) forms the boundary between
them at 5°N (Arruda and Nof, 2003). In addition, another anticyc-
lonic circulation is observed at around 15°N. In general, except
for Halmahera warm eddy, there are two cold eddies with cyclon-
ic circulation where current-driving upwellings occurred. Previ-
ous research found that phytoplankton blooms can occasionally
occur as a result of upwellings (Chen et al., 2018, 2017).
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Fig. 1. The sampling stations and surface circulation in the western Pacific Ocean. NEC, North Equatorial Current; KC, Kuroshio
Current; MC, Mindanao Current; NECC, North Equatorial Counter Current; NGCC, New Guinea Coastal Current; ME, the Mindanao

Eddy; HE, the Halmahera Eddy.



Huang Danyue et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 6, P. 111-128 113

115° 120°

20°

50

0°

Fig. 2.

130°

135°

Geostrophic sea water velocity/(m-s™)

0.42

Geostrophic sea water velocity (m/s) and mesoscale-eddies in the western Pacific Ocean in November 2017

(http://marine.copernicus.eu/). The anticyclonic eddies are marked with white circles, while cyclonic eddies are marked with red

circles. The white lines represent two sampling sections.

2.2 Sampling collection

A total of 161 seawater samples were obtained from 27 sta-
tions (Fig. 1). Two sections (Section A and Section B) were de-
signed to explore coccolithophore abundance and diversity. At
each station, water samples were collected at seven depths with-
in the upper 200 m by multiple rosette sampler equipped with a
Seabird CTD (Conductivity, Temperature and Depth) equip-
ment. Temperature, salinity and depth data were all recorded in
situ at the same time. Furthermore, LCs samples (1 L) were fixed
with 1% buffered formaldehyde and stored at room temperature
in darkness until later laboratory analysis. For nutrient analysis,
seawater samples were filtered through 0.45 pm cellulose acetate
membrane filters and then immediately refrigerated at -20°C. In
addition, seawater samples were filtered through GF/F filters
(Whatman, 25 mm) and wrapped in aluminum foil at -20°C for
chlorophyll a (Chl a) analysis.

2.3 Sampling analysis

After returning to the laboratory, LCs samples (1 000 mL per-
sample) were filtered through mixed cellulose ester membrane
(25 mm in diameter, 0.8 pm in pore size) under a filtration vacu-
um of less than 0.02 MPa. After drying in plastic Petri-dishes at
room temperature, the filters were mounted on glass slides with
neutral balsam for polarizing microscope (Motic, BA300POL) ex-
amination (Sun et al., 2014). About 200-400 fields were observed
under 1 000x magnification with more than 300 coccoliths or 100
coccosphores being identified and counted per filter (Bollmann
et al.,, 2002). The coccolithophore identification is principally re-
ferred to Yang et al. (2003), Jordan et al. (2004), Frada et al.
(2010), and the specialized website http://www.mikrotax.
org/Nannotax3/index.php?dir=Coccolithophores.

Nutrient concentrations (including phosphate, silicate, ni-
trate, nitrite, and ammonium) were determined by a Technicon
AA3 Auto-Analyzer (Bran + Luebbe) according to the classical
colorimetric methods. Dissolved inorganic phosphorus (DIP)
and silicate (DSi) were measured using spectrophotometry with
standard molybdic acids and Murphy Riley molybdenum blue
reagents according to Brzezinski and Nelson (1986) and Karl and
Tien (1992), respectively. Dissolved inorganic nitrogen (DIN) was
analyzed using the copper-cadmium column reduction method
(Pai et al., 2001; Guo et al., 2014).

Filters for Chl a analysis were placed into 20 mL glass tubes,
the pigments were then extracted by 5 mL 90% acetone, and
quickly stored in the dark at 4°C for 24 h. Finally, the Chl a con-
tent were measured using a CE Turner Designs Fluorometer
(Welschmeyer, 1994; Liu et al., 2015; Wei et al., 2019).

2.4 Estimation of particulate inorganic carbon (PIC) and particu-
late organic carbon (POC)

Coccolith volume was estimated by means of the specific
shape constant (Kg) and maximum diameter (L, pm) (m, pg ac-
cording to carbon) (Young and Ziveri, 2000; Yang and Wei, 2003).
And then it was converted into calcite quotas (PIC) by the for-
mula (Young and Ziveri, 2000):

m=2.7x Ky x L3, )

where 2.7 is the density of calcite (pg /pm3, according to
carbon).The calcite mass for coccosphere was estimated by mul-
tiplying that of a single coccolith by the number of coccoliths in
one coccosphere. The estimate number of coccoliths in one coc-
cosphere referred to Yang and Wei (2003). Due to the irregular
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shapes and insufficient Scanning Electron Microscope records in
species Gladiolithus flabellatus and Oolithotus antillarum, this
study did not statistically cover their calcite mass. The carbon
biomass of all coccolithophore species identified in this study
was recorded by O’Brien et al. (2013). Considering that cyto-
plasm dimensions in coccolithophore cells were rarely pub-
lished in previous study, observations of coccosphere dimen-
sions were more available. Based on their work, they assigned an
idealized shape to each species such as sphere, then evaluated
the biovolume of coccolithophore species (V, um3) from stand-
ard geometric models (Sun and Liu, 2003) and finally converted
biovolume into carbon biomass (pg/cell, according to carbon)
(Eppley et al., 1970).

1gC = —0.642 + 0.089 x IgV. )

2.5 Data processing
The abundance of coccoliths and coccospheres was calcu-
lated as the following equation by Sun et al. (2011):

ax S x 1000
A= Nbxs @
where A is the abundance of the species (cells/L or coccoliths/L);
a is the number of total cells of a species in the whole viewing
field of a filter; N is the number of fields counted in each filter; b is
the volume of the water filtered (mL); 1 000 is for unite conver-
sion; Sis the effective filtration area; and s is the area per field un-
der 1 000x magnification.

The relative abundance (P) and dominance index (Y) of coc-
coliths and coccospheres were calculated as the following meth-
odology:

n;
P = N “
v="2f, ®)

where Nis the total number of individuals counted in the collec-
ted samples; 7, is the number of cells of the species i; and f; is the
occurrence frequency of the species i in each sample (Sun et al.,
2003).

Alpha-diversity indices including Chaol richness estimator,
Shannon diversity indices, and Simpson diversity index were cal-
culated with R v3.6.1 software (R Core Team, 2013).

Species ranked in the top ten dominances were considered as
the dominant species in the WPO. Horizontal and vertical distri-
butions of LCs abundance were depicted by the Ocean Data View
(5.1.2). Box-whisker plots were prepared by the Golden Software
Grapher 10.3.825 (LLC, USA) (https://support.goldensoftware.
com/hc/en-us/categories/115000653847-Grapher). Cocco-
sphere cluster and multi-dimensional scaling (MDS) analysis
were carried out using PRIMER 6.0 to reveal spatial patterns in
the community structure. To avoid the effects of rare species on
the community (Wei et al., 2017), species with a dominance in-
dex () less than 0.02% were excluded in cluster and MDS analys-
is. In order to study the relationship between LC abundance and
environmental factors (temperature, salinity, nitrate, nitrite, am-
monium, phosphate, silicate and sampling depth), Canonical
Correspondence Analysis (CCA) (ter Braak, 1986) was applied us-

ing CANOCO for Window 4.5 and SPSS 21.
3 Results

3.1 Hydrography

The temperature in the surveyed stations ranged from
11.16°C to 30.19°C, averaged at (25.10+5.14)°C, while salinity var-
ied from 33.38 to 35.24, with an average of (33.46+0.43). Surface
distributions of temperature and salinity are shown in Fig. 3. The
28°C isotherm was regarded as the WPWP boundary, thus all sta-
tions were surveyed within the WPWP region. High temperature
and low salinity were observed at the surface water around the
equator (Fig. 4). Mixed layer depth (MLD) was defined as the
depth where the temperature difference was over than 0.5°C rel-
ative to surface waters (Painter et al., 2010). Thermocline depth
was taken where the temperature gradient >0.05°C/m (Jiang et
al., 2016). Average MLD was around 50-80 m and thermocline
depth ranged from 50 m to 100 m through the current transect of
WPO (Fig. A1). And the halocline was slightly shallower than
thermocline due to the great injection of fresh water induced by
annual precipitation (Li et al., 1998). The range and mean values
of nutrient concentrations are shown in Table 1. The concentra-
tion of nutrients peaked in eddy area because of the upwelling by
the ME and transportation from shelf area (Fig.4). Due to the KC
influence, phosphate concentration was relatively low at Section
A. However, N/P ratio in most areas were less than 14 at Section B.

3.2 The taxonomic composition of LCs

A total of 29 species of coccolithophores were identified, con-
sisting of 28 taxa of coccospheres and 19 types of coccoliths.
Gephyrocapsa oceanica, Florisphaera profunda, Emiliania hux-
leyi, Umbilicosphaera sibogae, G. flabellatus and Umbel-
losphaera tenuis were more abundant in the WPO (Table 2). Coc-
cosphere assemblages were dominated by G. oceanica and F.
profunda, together representing 60% of total abundance. It is
worth mentioning that E. huxleyi, which was the predominant
species in coastal waters, only composed 8% of total abundance.
Gephyrocapsa oceanica was also overwhelmingly dominant in
coccolith, with a frequency of 93.46% and relative abundance of
86.47%. Other types of coccolith occurred at low abundance
(<4%).

The abundance of coccospheres and coccoliths ranged from 0
to 26.8x103 cells/L and 0 to 138.5x103 coccoliths/L, with average
values of 4.2x103 cells/L and 10.9x103 coccoliths/L, respectively
(Fig. A2). The most predominant coccolith was G. oceanica and
its abundance ranged from 0 to 131.3x103 coccoliths/L, averaged
at 9.4x103 coccoliths/L. The most predominant coccosphere G.
oceanica was ranged as 0-24.2x103 cells/L, with a mean value of
1.9x103 cells/L.

3.3 Thedistributions of LCs

The surface distribution of dominant coccoliths (Fig. A3) and
coccospheres (Fig. 5) showed similar trend. High abundance
zones were found around HE and ME. Abundance were relat-
ively low in the water column north of 9°N. For coccolith, two
dominant species G. oceanica and E. huxleyi showed high abund-
ance near the equator. Umbellosphaera irregularis, U. tenuis and
D. tubifera were primarily concentrated near two cyclonic eddies,
the ME and another cold eddy at around 15°N. Coccospheres,
primarily including G. oceanica (84.2%), were recorded with the
highest abundance of 26.8x103 cells/L at Station E130-22 (3°N,
130°E). High abundance of E. huxleyi, C. cristatus and U. sibogae
were observed at Section A.
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(T-S) diagram.
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Vertically, the dominant coccoliths were concentrated to 25- tical variation presented patchy or “bull’s eye” distribution (Figs 6,
100 m. Most of them increased with depth in 0-75 m and then de-  A4). Nutrient enrichment makes for the survival and growth of
creased to the bottom (200 m). Otherwise, the abundance of C.  coccolithophores around eddies (Baumann et al., 2005). For coc-
cristatus decreased with depth throughout the water column. Ab-  cosphere species, G. oceanica and E. huxleyi dominated the up-
rupt abundance increases of coccoliths and coccospheres in ver-  per photic zone, U. sibogae and G. flabellatus mostly occurred at
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Table 1. Range and mean values of nutrient concentrations
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Parameter Range Mean
Nitrate concentration/(pmol-L1) 0.01-22.87 2.78+4.39
Nitrite concentration/(pumol-L-1) 0.03-0.36 0.11+0.06
Phosphate concentration/(pmol-L1) 0-1.80 0.23+0.35
Silicate concentration/(pumol-L1) 0.45-21.74 2.52+3.64
Ammonium concentration/(pmol-L1) 0-2.86 0.51+0.54

Table 2. Occurrence frequency, relative abundance and dominance degree of dominant coccoliths and coccospheres

Taxon Ave.rage abundance/ Frequency Relative Dominance index (Y)
(coccoliths-L1) or (cells-L1) (£)/% abundance (P;)/%
Coccolith dominant species
Gephyrocapsa oceanica 9418.0 93.46 86.47 0.808 2
Emiliania huxleyi 359.5 41.18 3.30 0.0136
Umbellosphaera tenuis 356.0 29.41 3.31 0.0097
Umbilicosphaera sibogae 243.8 22.22 2.24 0.0050
Ceratolithus cristatus 0.153 1 18.95 1.41 0.002 7
Coccolithophore dominant species
Gephyrocapsa oceanica 1945.0 62.89 45.78 0.2879
Florisphaera profunda 659.1 45.28 15.51 0.0702
Emiliania huxleyi 374.5 52.20 8.81 0.046 0
Umbilicosphaera sibogae 3324 31.45 7.82 0.024 6
Gladiolithus flabellatus 138.5 22.01 3.26 0.007 2
Umbellosphaera tenuis 0.1147 25.16 2.70 0.006 8
Umbellosphaera irregularis 116.4 16.98 2.74 0.004 7
Algirosphaera robusta 82.4 21.38 1.94 0.004 1
Discosphaera tubifera 72.2 16.35 1.70 0.002 8
Oolithotus antillarum 100.0 10.06 2.35 0.002 4
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Fig. 5. Surface distribution of dominant coccospheres (cells/L) in the surveyed area.
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Fig. 6. The vertical distribution of dominant coccosphere along the section of the surveyed area.

the bottom of photic zone and F. profunda concentrated near the
deep chlorophyll maximum (DCM) layer (Figs A5 and A6).
Therefore, consistent with previous observations by Hagino et al.
(2000), coccolithophores occupied different ecological niches ac-
cording to their environmental preference. The ratios between
coccospheres and free coccoliths along the water column in-
crease from the surface to 100 m layer, this is because that cocco-
spheres disintegrated into coccoliths in upper 100 m, resulting in
the increase of coccoliths. However, the ratios decreased after the
100 m depth owing to the dissolution of coccoliths (Fig. 7).

3.4 Estimate of PIC, POC and PIC/POC

The average values of PIC, POC and PIC/POC were (0.197+
0.280) pg/L (according to corbon), (0.140+0.232) pg/L (according
to corbon) and (1.809+1.210), respectively. Biogenic PIC was
mainly contributed by G. oceanica (30.24%), U. sibogae (26.12%)
and O. fragilis (18.51%) (Fig. 8a). Due to the large biovolume, U.
sibogae dominated POC and accounted for 48.79% of total (Fig. 8b).
The surface distributions and depth-integrated patterns of PIC
and POC are shown in Fig. 9. Surface distributions of both PIC
and POC showed high values at Station E130-4 (15°N, 130°E).
Within this station, O. fragilis contributed to 47.0% of PIC and U.
sibogae contributed to approximately 28.3% of POC. The surface
distribution of POC was in accordance with the abundance of
coccospheres. The surface and depth-integrated pattern of PIC
and POC showed similar trend near equator, with high values oc-
curring at HE.

3.5 Cluster and multi-dimensional scaling analysis

Cluster and MDS analysis for coccospheres were carried out
at 75 m layer (Figs 10a and b) where a-diversity indices were
higher than other layers (Table Al). With top ten dominants from
22 stations as biological factors, LCs community could be
clustered into four groups according to different environmental
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Fig. 7. The ratio of coccosphere to free coccoliths in upper ocean
column in the surveyed area.

drivers: Groups A-D. MDS stress values (0.12) lesser than 0.2 give
a useful ordination picture, particularly at the lower end of this
range (Cox and Cox, 1992; Clarke et al., 2014; Liu et al., 2018).
Group A contained ten stations around HE except Station E130-1.
At these stations, elevated nutrients transported by MC and
NECC from shelf area facilitated coccolithophore growth.
Gephyrocapsa oceanica was the most dominant species in these
stations. In addition, U. sibogae was abundant in the upper 75 m
at HE. Florisphaera profunda was commonly distributed around
mesoscale eddies. Whereas, high abundance of G. flabellatus and
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Fig. 9. Surface distribution and depth-integrated patterns of coccolith particulate inorganic carbon (PIC, pg/L) and coccolithophore
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A. robusta were observed at the bottom of photic zone with low  welling from the bottom. Oolithotus antillarum and U. irregular-
light and high nutrients. Group B covered six stations around two  is preferred to distribute near cold eddies (Fig. 11). Group C con-
cyclonic eddies, where abundant F. profunda were lifted by up-  sisted of several stations, which were not influenced by meso-
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Fig. 10. All stations clustered by Bray-Curtis rank similarities, group average linkage and MDS ordination. a. Group average linkage,
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scale eddies. Accordingly, LCs were less abundant here. Group D
covered only two stations which were represented by U. tenuis. In
general, this study speculated that nutrient availability affected
by mesoscale eddies had great impact on the community and
distribution of LCs.

4 Discussion

4.1 Coccolithophore distribution and ecological preference
Generally, the a-diversity indices were low, indicating the ab-
solute dominance of several species such as G. oceanica, F. pro-
funda and E. huxleyi. Both coccospheres and coccoliths of G.
oceanica were predominant in this study. This finding was in ac-
cordance with previous research in the Pacific Ocean reported by
Houghton and Guptha (1991), where G. oceanica is the most
abundant coccolithophore (mean 57%) under the high-fertility
equatorial water mass. Gephyrocapsa oceanica prefers waters
with temperature between 12°C and 30°C (Okada and MclIntyre,
1977; Winter, 1982). In contrast to G. oceanica, E. huxleyi is a cos-
mopolitan species thriving in tropical to subpolar waters, and it
has a high tolerance of temperature (2°C to 30°C) and salinity (16
to 45) (Hagino et al., 2005). Paasche (1968) and Brand (1982)
documented that the optimum temperature of it was 18-24°C,
and it never accounts for over 30% of the whole coccolithophore
community in warm waters (Cortés et al., 2001). As a con-
sequence, high temperature resulted in the dominance of G.

oceanica in the WPWP, while it limited the growth of E. huxleyi.
In addition, coccolithophores also showed diverse vertical distri-
butions. For instance, G. oceanica and E. huxleyi dominated in
the upper euphotic zone, whereas F. profunda, G. flabellatus and
A. robusta commonly occurred in lower photic zone. This is be-
cause that they can live in low light condition (less than 1%-4% of
the surface irradiance) (Baumann et al., 2005). Florisphaera pro-
funda is a biological indicator of nutricline depth and occurs in
low nutrient waters (Molfino and McIntyre, 1990). But in this
study, F. profunda mainly thrived around cold-eddy area and
concentrated in DCM layer (Fig. 6¢). This is because they were
transportated by water masses or upwellings from depths or
somewhere and this study considers it has little to do with nutri-
ents. Umbellosphaera irregularis and U. tenuis were primarily
distributed in the upper photic zone of the Pacific oligotrophic
waters. Therefore, high abundance of U. tenuis was observed at
Section A due to the oligotrophic water of KC. Generally, the cur-
rent coccolithophore community can be characterized into three
ecological niches (upper-water adapted, DCM-water adapted,
lower-water adapted) as seen from their vertical profiles.

Based on Redfield ratio (N:P = 16:1), phosphorus limitation
occurred at Section A (N/P>20) and nitrogen limitation was
found at Section B (N/P<14). There were rare studies about the
importance of N/P for LCs previously, expect for E. huxleyi. Both
high N/P and low N/P were found when E. huxleyi bloomed
(Maranén and Gonzalez, 1997; Zondervan, 2007). Cortés et al.
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ternary plots.

(2001) reported that the highest density of E. huxleyi was ob-
served in relatively high nitrate, while U. irregularis was predom-
inant (>50%) at low nitrate condition. At Section B, the abund-
ance of coccospheres and coccoliths both peaked at 2°-5°N un-
der the influences of HE (Figs 6 and A5). High abundances of E.
huxleyi and G. oceanica were also observed near ME because of
the nutrients upwelling. In summary, four ecological niches were
occupied by coccolithophores according to Young (1994) and
Balch (2018): (1) E. huxleyi, G. oceanica, U. sibogae and O. fragilis
belonging to placolith-bearing and bloom-forming species,
which mostly occur in upwelling and coastal area at low or high
latitudes; (2) F. profunda belonging to floriform species, which
are commonly seen in deep water at low to middle latitudes and
indicate a well-stratified and stable water system; (3)U. irregular-
is and U. tenuis belonging to umbelliform species, which occur in
the upper 100 m in oligotrophic waters at subtropical latitudes;
and (4) others that make up 80% of species but less than 20% of
total abundance.

4.2 Relationship between LC abundance and environmental

Jactors

Coccolithophore community was distinguished along meso-
scale eddy (Figs 10 and 11). Species richness was similar among
warm-eddy, cold-eddy and non-eddy regions, while coccolitho-
phore abundance was prominently different in these regions
(p<0.05). This study analyzed the ratios of average LCs abund-
ance in each region to the total of average LCs abundance in
three regions. Coccolithophores in warm-eddy region were the
biggest contributor (56%) to total LC abundance in the surveyed
area, and the abundances were relatively low in cold-eddy re-
gion and non-eddy region, accounting for 26% and 17% of the
total LC abundance in three regions, respectively. Specifically,
the growth of coccolithophores are generally influenced by
change in temperature, salinity, dissolved nutrients, concentra-
tion of CO,, depth of mixed layer and other numerous factors
(Chen et al., 2007). CCA was applied for the top 8 dominant spe-
cies of coccospheres and 9 environmental factors (Fig. 12). Res-
ults showed that the abundance of LCs was mainly controlled by
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Fig. 12. Results of the canonical correspondence analysis of coc-
cosphere abundance vs. environmental factors (Chl a: chloro-

phyll a; E.h.: Emiliania huxleyi; A.r.: Algirosphaera robusta; G.f.:
Gladiolithus flabellatus; F.p.: Florisphaera profunda; G.o.:

Gephyrocapsa oceanica; D.t.: Discosphaera tubifera; U.t.: Umbel-
losphaera tenuis; U.s.: Umbilicosphaera sibogae).

temperature, salinity, sampling depth and a group of nutrients
(including nitrate, phosphate, silicate and ammonium). Axis 1
was observed to be ammonium dependent, while Axis 2 was pos-
itively related to depth and concentration of phosphate but neg-
atively related to temperature. Therefore, this study confirmed
that coccolithophore species are influenced by environmental
variables at different degrees.

Both G. flabellatus and A. robusta were deep-water species,
thus they were deeply affected by sampling depth. Light intensity
could be the limiting factor for them. On the contrary, D. tubifera
and G. oceanica, the two species mostly observed in the upper
euphotic layer, showed negative correlation to sampling depth
and salinity, indicating their preference for high light and low sa-
linity conditions. Positive correlation was observed between wa-
ter temperature, and the abundance of D. tubifera and G. ocean-
ica, but negative correlation was found between water temperat-
ure and the abundance of A. robusta and G. flabellatus. However,
temperature showed no influence on E. huxleyi, which was a
broadly widespread species (Houghton and Guptha, 1991). In
our CCA analysis, E. huxleyi, D. tubifera and U. tenuis were posit-
ively correlated with the ammonium concentration. Sufficient
nutrients such as nitrate and phosphate favored the growth of F.
profunda. As per literature, nitrogen plays an essential role in
protein synthesis and cellular biomass accumulation and phos-
phate reflects the N/P rather than absolute availability of key
macronutrients (Miiller et al., 2017). This study also found that
coccolithophore abundance variation were strongly dependent
on silicate concentration (Fig. 12). Recent findings showed that
silicon is required in calcification of certain coccolithophore spe-
cies (Durak et al., 2016). For example, Prymnesium neolepis,
formerly known as Hyalolithus neolepis, requires silicon because
it forms silicic rather than calcite coccoliths. For other species
producing calcite, such as C. braarudii and C. leptoporus, low
concentration of silicate (<2 pmol/L) was growth-inhibiting and
teratogenic (Thamatrakoln and Hildebrand, 2008).

4.3 Estimate of coccolithophore PIC and POC

Coccolithophores are regarded as a group of calcifiers, be-
cause they can produce and excrete calcite scales that cover the
cells or fall off as detached coccoliths (Balch, 2018). In this study,
the relative contribution of G. oceanica to coccolithophore PIC
was higher than that of any other species (up to 30%), which was
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different from that in the South China Sea (the relative contribu-
tion of Gephyrocapsa spp., E. huxleyi and F. profunda to water
column calcite was 8%, 13% and 29%, respectively) (Jin et al.,
2016). The discrepancy in relative contribution was caused by the
different relative abundance of G. oceanica in the study region
and the South China Sea. Although U. sibogae and O. fragilis
were not abundant (Table 2), they contributed significantly
(26.1% and 18.5%, respectively) to global calcite inventory
(Fig. 8a) due to the large coccolith calcite (16.9 pg and 96.8 pg
calcite for a coccolith of U. sibogae and O. fragilis at mean
length). The surface distribution of POC was in accordance with
the abundance of coccospheres. The distribution trend of depth-
integral and surface POC were similar to that of LCs (Fig. 9).
Within this study, the biomass values (mean 0.14 pg/L (accord-
ing to carbon), median 0.05 pg/L (according to carbon), maxim-
um 1.88 pg/L (according to carbon)) were in accordance with
previous observations, and the estimated biomass were lower
than 5 pg/L (according to carbon) between the equator and 40°N
(O’Brien et al., 2013). However, these low biomass may be caused
by the oligotrophic waters in the WPWP. Highest biomass were
recorded in the North Atlantic (mean 1.7 pg/L (according to car-
bon), median 0.12 pg/L (according to carbon), maximum 127.2 pg/L
(according to carbon)) and lowest were observed in the Pacific
Ocean (mean 0.30 pg/L (according to carbon), median 0.04 pg/L
(according to carbon), maximum 20.0 pg/L (according to
carbon)) (O’Brien et al., 2013). Biomass peaked around 60°N and
20°-40°S, and declined towards both the poles and the equator.
However, the calcite mass was underestimated without G. fla-
bellatus and O. antillarum, and the biovolumes were overestim-
ated with coccosphere diameter rather than cytoplasm. Thus,
PIC/POC may be undervalued in this study. This ratio is con-
sidered as a relative strength index between photosynthesis and
calcification, indirectly reflecting the ecological role of cocco-
lithophores in global carbon cycle.

5 Conclusions

The present study carried out field study on coccolithophore
community structure, species abundance and their relationship
with physical background (mainly mesoscale eddies) in the west-
ern Pacific Ocean. The whole coccolithophore populations were
dominated by G. oceanica, F. profunda, E. huxleyi, U. sibogae, G.
flabellatus and U. tenuis. Based on cell abundance and
biovolume information, this study estimated coccolithophore
calcite standing stocks and discussed their potential contribu-
tion to sediment flux. This study identified three ecological niche
traits among coccolithophore community in the study area. Coc-
colithophore community structure and diversity were signific-
antly different among warm-eddy region, cold-eddy region and
non-eddy region. The ratios of average LC abundance in each re-
gion to the total of average LC abundance in three regions were
56%, 26%, and 17%, respectively. This field study widened the
current dataset of coccolithophores in the western Pacific Ocean
and could be incorporated into regional biogeochemical models
with the scenarios of ongoing and future climate change.
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Fig. A2. The abundance of dominant coccolithophore species in the western Pacific Ocean.
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Fig. A3. Surface distribution of dominant coccoliths in the surveyed area.
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Fig. A6. Vertical distributions of dominant coccospheres in the surveyed area.
Table Al. Overview of a-biodiversity indices in the water column of survey area
Depth/m
Index
0 25 50 75 100 150 200
Richness 0-10(3.1) 1-6(3.5) 1-11 (3.9) 1-14 (6) 2-11(5.7) 1-10 (4.1) 1-9(3.1)
Shannon 0-2.7(1.1) 0-2.2(1.3) 0-3.3(1.3) 0-3(1.7) 0.5-2.9(1.7) 0-3.1(1.4) 0-2.9(1.2)
Simpon 0-1(0.5) 0-0.8 (0.5) 0-0.9 (0.5) 0-0.9 (0.6) 0.2-0.8 (0.6) 0-0.9 (0.5) 0-0.9 (0.4)
Chaol 0-10(3.1) 1-6(3.5) 1-11 (3.9) 1-14 (6) 2-11(5.7) 1-10 (4.1) 1-9(3.1)

Note: The value in parenthesis are the mean value.
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