* water

Communication

Horizontal Distribution and Carbon Biomass of Planktonic
Foraminifera in the Eastern Indian Ocean

1

Sonia Munir “*¥, Jun Sun

check for
updates

Citation: Munir, S.; Sun, J.; Morton,
S.L.; Zhang, X; Ding, C. Horizontal
Distribution and Carbon Biomass of
Planktonic Foraminifera in the
Eastern Indian Ocean. Water 2022, 14,
2048. https://doi.org/10.3390/
w14132048

Academic Editor: Zrinka Ljubesi¢

Received: 23 April 2022
Accepted: 1 June 2022
Published: 26 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,3,%

, Steve L. Morton 4, Xiaodong Zhang 3 and Changling Ding 3

Institute for Advanced Marine Research, University of Geoscience, Guangzhou 511462, China;
soniaku2003@yahoo.com

State Key Laboratory of Biogeology and Environmental Geology, China University of Geosciences (Wuhan),
Wuhan 430074, China

Research Centre for Indian Ocean Ecosystem, Tianjin University of Science and Technology,

Tianjin 300457, China; xdzhang_ocean@163.com (X.Z.); dingcl0405@163.com (C.D.)

4 NOAA, National Ocean Service, 331 Fort Johnson Road, Charleston, SC 29412, USA; steve.morton@noaa.gov
*  Correspondence: phytoplankton@163.com; Tel.: +86-60601116

Abstract: Distribution and carbon biomass of planktonic foraminifera were investigated from the eu-
photic zone of the Eastern Indian Ocean during a two-month cruise, ‘Shiyan I (10 April-13 May 2014).
Foraminifera species were collected through plankton net sampling at 44 locations (80.00°-96.10° E,
10.08° N-6.00° S). The temperature (°C) ranged between 12.82 and 31.8 °C, the salinity ranged be-
tween 32.5 and 35.5, and chlorophyll-a concentrations ranged between 0.005 pg/L and 0.89 ug/L.
A total of 20 taxa were identified based on the spherical chamber shell, spines, and a final whorl which
were examined under light microscopy and scanning electron microscopy. Dominant species that
were characterized by the high dominant index Y > 0.14-0.46 were Globigerina bulloides, Globigerinoides
ruber white, Globigerinella siphonifera, Turborotalita quinqueloba, and Globigerinella calida, contributing
to the community up to 86%. The shell size of collected taxa was from 51 to 508 pm and the total
carbon biomass was estimated to be between 0.062 ug C m™ and 26.52 pg C m™. The high carbon
biomass was recorded at two stations in the equator zone. Due to its large size, Globorotalia menardii
had total carbon biomass of 3.9 ug C m=3, followed by G. calida 0.68 ug C m~3, Trilobatus sacculifer
0.38 g C m™3, Orbulina universa 0.56 pug C m™, and G. ruber white 0.22 ug C m™>, respectively. The
Pearson correlation analysis showed that the temperature and chlorophyll-a were two explanatory
environmental variables that were found to be highly significant (p < 0.05) and that triggered the
distribution and abundance of dominant foraminifera species in the study region. Overall, high
abundances and carbon biomass were derived from the euphotic zone and equatorial region of the
Eastern Indian Ocean.

Keywords: planktonic foraminifera; horizontal distribution; diversity; carbon biomass; euphotic
zone; Eastern Indian Ocean

1. Introduction

The Eastern Indian Ocean (EIO) is located between 1000 and 1500 km? and covers the
equatorial and southern region of the Indian Ocean, and it is described as being near the
northeastern Bay of Bengal (BoB), northeast of the Sumatra coast of Indonesia. The Eastern
Indian Ocean has three different water mass characteristics as runoff coastal waters (RRB)
from BoB, East Indian Coastal Current (EICC) in the northern zones, and south monsoon
current (SMC). The SMC, with an SW orientation interconnected with Wytki jets (W]’s)
currents at the equator, generates the SJC at the coastline near Sumatra, in the northern
section [1].

Foraminifera are benthonic and planktonic unicellular micro-organisms that are in-
cluded in the Rhizaria group [2,3]. They are made up of calcite shell chambers and can
be identified based on the number of the final whorl, umbilical-extraumbilical aperture,
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and porous surfaces with spines and without spines [4]. Planktonic foraminifera are ubiq-
uitous in the tropical and subtropical regions and are found abundantly in the upper
200 m depth [5,6]. They were widely used to predict climate change [7], ocean surface
temperature [5-11], and atmospheric CO, concentration [12-14]. They can survive under
high temperatures of 30 °C [15], and some relevant studies have been reported from both
coastal and open oceans in tropical regions [16]. The high-temperature effects on the shell
pore size and the density [17,18] and any changes in shell morphometry and size [19], can
describe the evidence of the past marine sedimentary records in the ocean [20,21].

They are calcite shell organisms that make a major contribution to the global biological
and geochemical processes in the oceanic carbon pools [21,22]. They are contributing to
the ca. 75% carbonate production in the microzooplankton community [23] and about
23-83% of CaCOs3 production is derived from the euphotic zone [24-26]. The estimated
values of total carbon fluxes are recorded as 6-23 gm~2 y~! from the Eastern Indian
Ocean [8,27]. However, they play an important role in stabilizing the pH of ocean water
and controlling acidification [11,28]. They help to contribute CaCOj to the ‘alkalinity
pump’, which transports inorganic carbon from surface water to greater depths while
reducing alkalinity [5,6,24,25].

The distribution of planktonic foraminifera is widespread in the world’s oceans,
such as the Southern Indian Ocean [8], Eastern North Atlantic, Caribbean, Red Sea, and
Arabian Sea [24], and coastal and oxygen minimum zones of the northern equatorial
Indian Ocean [29,30]. The plankton tow and core-top sample studies of foraminifera
were conducted earlier in 1968 [31] and in 1995 [8] from the Java coast of Indonesia at
the north of 15° S along the Eastern Indian Ocean (EIO). We conducted a comprehensive
study of a planktonic sampling of foraminifera, recording their distribution and carbon
biomass derivation from surface to 200 m depth across three transects, i.e., Bay of Bengal
(‘BoB’), near the Sumatra coastline, and south-equator and the equatorial region. Here,
we report the baseline studies of planktonic foraminifera, which can be used for further
palaeoceanographic studies and environmental monitoring assessments in the Eastern
Indian Ocean.

2. Materials and Methods
2.1. Study Area

During the cruise Shiyan I (10 April-13 May 2014), samples were collected from the
location (80.00°—96.10° E, 10.08° N-6.00° S) in the Eastern Indian Ocean (Figure 1). A total
of 44 sampling sites were selected which covered the 17 stations along with the two coastal
localities at the northern Bay of Bengal (BoB) and near Sumatra, at the coastline of Indonesia
which is located at the transect 90° E (namely, NEQ transect). Fifteen stations cover the two
adjacent, north-south lines at the transect 80° E (namely, SEQ transect) and 11 stations at
the third transect which partially overlap the equatorial 0° region (namely, EQ transect)
(Figure 1).
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Figure 1. Sampling stations along the Eastern Indian Ocean during spring 2014: 17 stations described
by divisions, such as north-equatorial region (NEQ) at longitude 90° E, equatorial region (EQ) at
latitude 0, and south-equatorial region (SEQ) at longitude 80° E.

2.2. CTD Data Collection

An environmental data set was constructed from the Seabird conductivity-temperature-
depth (CTD) system (Seabird SBE 911 plus v2). The CTD system was deployed to collect
seawater from the ocean’s surface to depths of 25, 50, 75, 100, 150, and 200 m through CTD
mounted rosette sampler with 12 5 L Niskin bottles. A standard protocol to measure the
chlorophyll-a was employed by using the Strickland and Parsons method [32]. Approxi-
mately 500 mL of seawater was filtered on 25-mm diameter Whatman filter paper, then
kept in 5 mL of acetone (93%) at 20 °C for 24 h and later analyzed by using a CT, Turner
Designs (Trilogy, Sunnyvale, CA, USA) for estimation of chlorophyll-a concentration.

2.3. Plankton Tow Sampling and Cell Counting Method

Samples were retrieved from vertical haul (200 m to surface) using a modified In-
dian Ocean Standard Plankton Net (20 um mesh size, 80 cm diameter, 0.5 m?, and total
length 470 cm, with a mechanical flow meter) with speed 0.5 m s~!. The samples were
immediately fixed with 2% formaldehyde and stored for further microscopic analyses
at Dr. Sun’s laboratory (Tianjin University of Marine Science and Technology, Tianjin,
China). The plankton net with a small mesh size may be clogged with phytoplankton,
other microorganisms, detritus, or other particles when towing, so that they may strongly
under-sample the zooplankton population rather than mesozooplankton [33]. Therefore,
abundance estimations may be strongly biased. However, in our laboratory, foraminifera
species were screened through careful microscopic observation under a Motic version 2
computerized microscope to avoid any other zooplankton species.

For identification and enumeration of cell counts, approximately 3 mL of sub-samples
was used to settle into the settling chamber plate following the Utermohl method [34].
Samples were examined at the 20x and 40 x magnification under an inverted light mi-
croscope (Motic AE2000, Xiamen, China), which was equipped with a 0.5 m pixel digital
camera (Moticam 2506, Xiamen, China). The sample was prepared for further analysis for
scanning electron microscopy (SEM), and we used 0.6-um, pore-size Millipore filter paper
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to filter the sample and then air dried it for 24 h. Later, the filter paper was mounted on
a stub, sputter-coated, and then examined under the JEOL SEMs (JSM-IT300LV, Hitachi,
Japan) at the biological building 13, Tianjin University of Science and Technology, TEDA,
Tianjin, China.

2.4. Analysis of Diversity Measurements and Calculation Method

To estimate the richness and diversity of foraminifera, Shannon-Wiener diversity
index (H'), Pielou’s evenness index (J), and Dominance index (Y) were employed by these
equations [34]:

S
H/ = - Z Pilogz Pi
i=1
y="F,
where S is the planktonic foraminifera species of each sample [35]. N is the total number
of cells of all species counted; #; is the cell number of species i; P; = n;/N represents the
relative abundance of a given species; f; is the frequency of occurrence of species 7 in each
sample. Species with Y > 0.02 were defined as dominant species [36].

To calculate foraminiferal abundance and biomass for each station, we calculated the
total cell counts of the sample divided by filtered seawater volume (100 m3) from the
collected water column at the surface to 200 m.

2.5. Carbon Biomass Conversion Factor

To calculate the biovolume (V), the dimension of diameter of sphere shape shell (um)
was measured and the values were derived by using the formulae by Sun and Liu [34].

Sphere shape formulae V: /6 x a°.

To calculate the carbon biomass/cell, biovolume (V) is converted to biomass by using
a carbon/volume ratio of 0.05 pg C um~2 and total carbon biomass was calculated by
abundance by using the conversion factor 0.089 pg C m~3 [37].

2.6. Graphics and Statistical Analysis

The graphical figures were plotted by using the Ocean Data View program (ODV)
and Adobe Illustrator CS 2019. Pearson correlation c° Efficient analysis was computed by
using Past 4.03 software. This parametric correlation c° efficient value is used to analyze
the significant value (p < 0.05) between species data vs. environmental factors described by
Jeffrey’s integrated Bayes factor [38].

3. Results
3.1. Vertical Distribution of Temperature, Salinity, and Chlorophyll-a in the Eastern Indian Ocean

During the sampling time, the temperature ranged from 12.82 °C to 31.82 °C (Figure 2a).
The temperature was higher at the surface layers than at lower depths (Figure 2a), whereas
it became moderate at 17 °C at the depths of 150 m to 200 m. The salinity ranged between
32.5 and 35.5, with an average with SD of 34.74 + 0.23 (Figure 2b), with low values in the
upper 25 m depth and higher values between 100 and 200 m at the transects equator—0—
and the transects SEQ zone—80° E (Figure 2b). The chlorophyll-z ranged from 0.005 pg/L
to 0.89 ug/L, with an average with SD of 0.20 £ 3.74. The maximum chlorophyll-a value
was recorded in the middle layers, 50 m and 75 m, in the equator zone (Figure 2c).
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Figure 2. The vertical section of the temperature (a), salinity (b), and chlorophyll-a (c) in three

transects of the Eastern Indian Ocean.

3.2. Horizontal Distribution of Temperature, Salinity, and Chlorophyll a

The highest value of temperature was 31.5 °C in the BoB sampling stations HFAQ1-
HFAO05 and 1501, I503 at the transect 90° E (Figure 3a), and the lowest temperature value in
°C was in the SEQ sampling station at transect 80° E. The highest salinity was recorded in
the equator area and the lowest salinity (32.5) was recorded in the BoB at the transect area
90° E (Figure 3b). The highest chlorophyll-a value was recorded at stations 1501 and 1503

along the Sumatra, 1403 at the equator, and AH-05 in the BoB region (Figure 3c).
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Figure 3. Sea-surface distribution of temperature (a), salinity (b), and chlorophyll-a concentra-

tion (c) in the Eastern Indian Ocean. (a) The highest value of temperature °C in the BoB sampling

station at transect 90° E and the lowest value of temperature °C in the SEQ sampling station at

transect 80° E. (b) The highest value of salinity in the SEQ sampling station occurs at transect 80° E

and the low salinity value occurs at the BoB sampling station at transect 90° E. (c) The high value of

Chlorophyll-a pug/L in the equatorial region and the BoB sampling sites at the transect 90° E
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3.3. Community Structure and Diversity Pattern

A total of 20 planktonic foraminifera species were collected from the study area (Figure 4).
The raw data of each species at each station has been described (Supplementary Table S1).
Total species richness was recorded up to 1 to 10 species/sample, and high species richness
(10 species) was found from stations 1306, 1310 in the SEQ, and 1505 in the NEQ area
(Figure 5a). The diversity ranged from 0.25 to 2.37 H" and maximum diversity was recorded
at Station 1607 in the BoB sampling area (Figure 5b), whereas the low diversity was recorded
at stations 1103, 1503, 1503, and 1505 along with Sumatra coastal area and station 1309 in the
SEQ transect area, respectively.

Figure 4. Scanning electron micrographic plates of some planktonic foraminifera species of EIO [4].
(a) Globigerinoides ruber, (b) Orcadia riedeli, (c) Globigerinella calida, (d) Hastigerina pelagica, (e) Globoro-
talia menardii, (£) Globorotalia tumida. Scale bar: 10 um, 50 pm, and 100 um. Images were adapted with
permission from Munir et al. [4]. Copyright 2018 Chinese Society for Oceanography and Springer.
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Figure 5. Species richness (a) and Shannon diversity H” (b) of foraminifera in the Eastern Indian.

5°S |
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Ocean. (a) The distribution of species per sample indicates the high species numbers that occurred
in the south-equatorial zone (SEQ) at transect 80° E and low species number/station in the Bay of
Bengal (BoB) station at the transect 90° E. (b) Diversity of foraminifera is higher in all transects except
for a few stations of BoB.

3.4. Horizontal Distribution of Foraminifera and Their Contributions to Carbon Biomass

The abundance of foraminifera ranged from 50 to 1000 ind.m~3 (Figure 6a) and the
maximum abundance was recorded at stations 1404, 1406, 1407, 1409, and 1410 in the equator-
EQ zone and 1314 in the SEQ zone (Figure 6a). The low abundance of 200 ind. m—3 was
recorded at stations IQ2 and HAF-01-HAF-05 in the transect 90° E.
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Figure 6. The abundance of ind.m~3 (a) and carbon biomass ng C m~3 (b) of foraminifera in the
Eastern Indian Ocean. (a) Foraminifera abundance was at a maximum at the equatorial region (EQ)
and at a minimum in the BoB station at the transect 90° E. (b) The carbon biomass of foraminifera was
also observed to be at a maximum in the equatorial region (EQ) compared to in the BoB sampling sites.

The carbon biomass ranged from 0.06 to 25.5 ug C m~3 and high concentrations were
recorded at stations 1404, 1406, and 1409 in the equator zone, and low carbon biomass was
recorded in the BoB at the transect 90° E (Figure 6b).

The total contribution of foraminifera species to relative abundance, frequency distribu-
tion, and dominant index is shown in (Table 1). The most dominant species are Globigerina
bulloides and Globigerinoides ruber white with high contribution to total foraminifera be-
tween 32 and 38%, followed by 20% of Orcadia riedeli, 18% of Globigerinella siphonifera and
Turborotalita quingueloba, and 12-10% of Globigerinella calida and Orbulina universa (Table 1).
The high dominance as Y > 0.40 was recorded for G. bulloides, followed by Y > 0.14 of G.
ruber (white) and Y > 0.039 of G. siphonifera whereas the low dominant index was recorded
for G. scitula, Globorotalia tumida, G. ungulata, Tenuitella parkerae, T. fleisheri, and T. humilis,
respectively (Table 1).

Table 1.
foraminifera species in the survey area. Note that Y is the dominant index from abundance.

Relative abundance (Pi), occurrence/frequency (fi), and dominance indices of (Y)

Species (Pi)% ()% Y)
Dentigloborotalia anfracta 0.091 4 0.001
Globigerina bulloides 0.864 38 0.406
Globigerinoides ruber (white) 0.727 32 0.14
Globorotalia scitula 0.045 2 0
Globigerinella siphonifera 0.409 18 0.039
Globorotalia menardii 0.114 5 0.001
Globigerinella calida 0.273 12 0.008
Globigerinella glutinata 0.159 7 0.004
Globorotalia tumida 0.045 2 0
Globorotalia ungulata 0.023 1 0
Hastigerina pelagica 0.159 7 0.002
Orcadia riedeli 0.114 20 0.001
Orbulina universa 0.227 10 0.009
Turborotalita quinqueloba 0.386 17 0.019
Trilobatus sacculifer 0.159 7 0.002
Tenuitella parkerae 0.023 1 0
Tenuitella fleisheri 0.023 1 0
Turborotalita humilis 0.023 1 0
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3.5. Carbon Biomass of Planktonic Foraminifera Species in the Eastern Indian Ocean

Biovolume and carbon biomass derivations of identified taxa are summarized in
Table 2. Shell diameter ranged from 17 to 88 pum for Dentigloborotalia anfracta, T. humilis,
T. quinqueloba, and O. riedeli, 80-306 um for G. bulloides, G. ruber (white), O. universa, G.
calida, and G. menardii, and 200-500 um recorded for G. tumida (Table 2). G. menardii (mean
biovolume = 4.4 x 10® um?3) contributed the maximum and total carbon biomass values of
39 ugC m 3, whereas G. ruber white, with mean biovolume = 2.5 x 10”7 um3, contributed
low carbon biomass 0.22 ug C m~3, respectively (Table 2).

Table 2. The range of shell diameter (um), the mean value of biovolume (um?), carbon biomass
(pgC pm —3) of foraminifera species and its contribution to total carbon biomass (ug C m—3) in the
eastern Indian Ocean.

Species

Contribution to Total

Biovolume Carbon Biomass/Cell .
Carbon Biomass

Shell Size um (0.05 pg C um~—3)

(um?®) ug Cm-3
Dentigloborotalia anfracta 57.91-82.32 23,255 0.117 0.0021
Globigerina bulloides 79.64-281.5 77,191 0.108 0.0069
Globigerinoides ruber (white) 116-287 2,548,920 0.087 0.2269
Globorotalia scitula 78-106 452,002 0.097 0.0402
Globigerinella siphonifera 94-150 634,929 0.095 0.0565
Globorotalia menardii 188 44,897,792 0.073 3.9959
Globorotalia tumida 299-508 1,775,708 0.089 0.1580
Globorotalia ungulate 299 67,759 0.109 0.0054
Tenuitella parkerae 103 113,353 0.106 0.0101
Turborotalita humilis 57-63 67,800 0.109 0.0060
Turborotalita quingueloba 17-88 83,635 0.108 0.0074
Trilobatus sacculifer 175-189 4,371,861 0.085 0.3891
Tenuitella fleisheri 51.57-63.23 30,116 0.115 0.0027
Orcadia riedeli 65-72.78 83,669 0.108 0.0074
Orbulina universa 100-290 6,386,181 0.098 0.5684
Hastigerina pelagica 83-195 2,119,619 0.104 0.1186
Globigerinella calida 118-303 7,712,913 0.097 0.6864
Globigerinella glutinata 106-167 1,531,128 0.106 0.1365

The carbon biomass distribution of each species is shown in Figure 7. G. menardii had
maximum carbon biomass of 8.5 ng C m~3 at station 1412, 1306 recorded from transect
80° E, and 6 ug C m~3 at station 1609 recorded from transect 90° E (Figure 7a). The carbon
biomass greater than 4 ug C m—3 was recorded for G. ruber (white) at stations 1310, 1402,
1406, and 1410, followed by G. calida at station 1402 and O. universa at station 1410 in the
SEQ transect 80° E and EQ transect station (Figure 7b—d). G. glutinata had a biomass of
1 ng C m~3 at Station 1410, followed by T. sacculifer with high biomass of 0.8 pg C m~3 at
stations 1310 and 1607; G. siphonifera with high biomass of 0.6 g C m~3 at Station 1306; G.
bulloides with high biomass 0.15 ug C m ™~ at station 1310 (Figure 7e-h); and T. quinqueloba,
H. pelagica, G. tumida, and D. anfracta with low biomass between 0.5 and 0.003 pg C m—3
were recorded at the transect EQ (Figure 7i-1). Total carbon biomass was recorded at 3.9 ug
C m 3 for G. menardii, 0.68-0.59 ug C m 3 for G. calida and O. universa, 0.38 ug C m 3 forT.
sacculifer, and 0.22 pug C m~3 for G. ruber (white) (Table 2).
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Figure 7. Horizontal distribution of total carbon biomass/station (jtg C m~3) of the foraminiferal
species in the Eastern Indian Ocean. (a) Globorotalia menardii; (b) Globigerinoides ruber (white); (c) Glo-
bigerinella calida; (d) Orbulina universa; (e) Globigerinella glutinata; (f) Trilobatus sacculifer; (g) Globiger-
inella siphonifera; (h) Globigerina bulloides; (i) Turborotalita quinqueloba.

3.6. Correlation Analysis

Correlation plots indicate the significant value (p < 0.05) of foraminifera species and
three environmental variables in Figure 8. The abundance of most dominant species,
G. bulloides, G. ruber, G. siphonifera, and G. calida, showed significant positive correspondence
with temperature (R? = 0.334, 0.196, and 0.20, salinity (R? = 0307-0.20), and chlorophyll-a
(R? = 0.37, 0.18, 0.15, 0.19) in Table 3. Whereas six other species—O. riedeli, T. sacculifer,
G. scitula, H. pelagica, G. tumida, and D. anfractai—showed a negative correlation with
temperature (R2 = —0.310, —0.006, —0.12, —0.17). Furthermore, G. glutinata, G. scitula,
O. universa, G. menardii, D. anfracta, and T. fleisheri showed a negative correlation with
salinity (RZ = —0.04, —0.10, —0.09, —0.01) (Table 3). D. anfracta showed a significant positive
correlation with chlorophyll-a (r = 0.44, p < 0.05).

Table 3. The Pearson correlation c° efficient values of the dominant foraminifera species and three
integrated ocean environmental variables.

Species Temperature °C Salinity Chlorophyll a

Globigerina bulloides 0.334 ** 0.307 ** 0.372 **
Globigerinoides ruber (white) 0.196 0.265 0.189
Orcadia riedeli -0.31 0.184 -0.059
Globigerinella calida 0.206 0.251 0.153
Globigerinella siphonifera 0.256 0.315 ** 0.195
Trilobatus sacculifer -0.31 0.204 -0.02
Globigerinella glutinata 0.086 -0.04 0.255
Turborotalita quinqueloba 0.027 0 0.238
Globorotalia scitula -0.006 -0.103 -0.183
Hastigerina pelagica -0.121 0.241 -0.083
Orbulina universa 0.235 -0.092 0.013
Globorotalia tumida -0.174 0.044 -0.099
Globorotalia menardii 0.027 -0.086 -0.137

Dentigloborotalia anfracta -0.05 -0.024 0.448 **
Globorotalia inflanta 0.086 0.149 -0.014
Globorotalia ungulanta 0.027 -0.086 -0.137
Tenuitella fleisheri 0.027 -0.086 -0.137
Tenuitella parakera -0.069 0.015 0.171
Streptochilius globigerum 0.136 0.109 0.053

Figure in bold italics and asterisks ** used for significant at the p < 0.05.
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Figure 8. Pearson correlation analysis plots for the dominant foraminifera species with temperature,

salinity, and Chlorophyll-a variables. The grey boxes indicate the significant value (p < 0.05), the red
dot indicates a negative correlation, and the dark blue dot is the sign of positive correlation values.

4. Discussion

(a) Foraminifera assemblages, horizontal distribution, and water masses

Planktonic samples in the euphotic zone of the Eastern Indian ocean constituted a
diverse population of diatoms [39], tintinnids [40], and radiolarians [41] from the study
area 10° N-6° S. Compared to previous studies by Martinez [8], we have undertaken the
first detailed ecological studies of foraminifera to community structure analysis, diversity,
and carbon biomass estimation in the euphotic zone of the Eastern Indian Ocean. In the
present study, the sampling net (20 pm mesh) was used to collect concentrated plankton
samples which contain not only microzooplankton but also phytoplankton and organic
matter [33]. Therefore, the volume of water filtered (filtration efficiency) can be underesti-
mated and variations in the zooplankton abundances can be overestimated [42]. However,
our estimated values of foraminifera abundance data are consistent with other reports of
plankton tow sample studies of foraminifera from the oligotrophic waters’ settlings [6,43]
and also from polar regions [44,45]. We collected 20 species in the euphotic zone of the
Eastern Indian Ocean, and all observed species were non-spinose and spinose subtropical
species [4,45]. Among those, G. bulloides, G. ruber (white), and T. sacculifer were the most
abundant species (Table 3) which dominated foraminifera in the equatorial region (Figure 5)

Horizontal distribution and abundance of foraminifera showed high diversity and
richness around the equator and SEQ zone and low diversity around the northeast zone,
BoB (Figures 5 and 6). During the present study, the equatorial area related strongly to
mixed-layer chlorophyll-a concentration and high salinities and northeast transects to
surface low salinity concentrations and high temperatures, respectively (Figures 2 and 3).
In the equatorial region, Wjs currents predominantly appeared in the spring season whereas
other currents did not appear [46]. In the spring season, Wjs currents have influenced the
diversity and distribution of different protozoans including calcifying protists in the Eastern
Indian Ocean [46] and determined the low phytoplankton productivity in the equatorial
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region, which is characterized by low salinity, high temperature, and a DCM layer [39].
According to Zhang et al. [40], the high DCM has caused great variability in the diversity
of eukaryotic protists, such as tintinnids and diatoms in the spring season [39,40]. We can
assume that the high abundance of foraminifera during the same cruise sampling area
could be the reason for the decline of phytoplankton production in the equatorial region of
EIO, due to their preference for a herbivorous diet mainly on diatoms [22,27,47]. In contrast,
high chlorophyll-a surface concentration corresponded to low planktonic foraminifera
fluxes, which were reported from the northern Red Sea, Gulf of Agaba (GOA) [48].

Foraminifera assemblages and abundances were relatively low in the northeast tran-
sect along with BoB and Sumatra coastal area where many species were scarce (Figure 5)
due to the low salinity and the high-temperature factor. Other studies based on surface
sediments in the BoB also reported the low abundances of foraminifera in shallow waters
due to the salinity variations due to run-off riverine water flow [49]. However, optimum
temperature and upwelling condition are considered to be the main controlling factors for
increases in foraminifera fluxes in the vicinity of the Eastern Indian Ocean [8]. Other factors,
such as predation on planktonic foraminifera and high salinity variation, could be the
possible reasons for lowering the foraminifera population in shallow waters in the Indian
Ocean [50] because the planktonic foraminifera were found in the gut of invertebrates,
pteropods, and other metazoans. Additionally, it is necessary to check the grazing pressure
to investigate the tropical status and possible cause of decline population foraminifera in
northern sections of the Eastern Indian Ocean.

(b) Contribution of foraminifera to the carbon biomass in the Eastern Indian Ocean

Our data of carbon conversion ratio for each species were described as 0.07 and
0.11 pg C um 2 in Table 2, which are consistent with the estimated values of foraminifera
(0.018 and 0.18 pg C um~3) [37]. The carbon biomass through biovolume derivation was
maximum recorded from small-size species D. anfracta, T. fleisheri, O. riedeli, H. pelagica,
T. humilis, and G. bulloides (Table 2), whereas large size species, such as G. menardii, con-
tributed high carbon biomass 3.9 ug C m~3, followed by 0.68-0.56 ng C m~2 for G. calida
and 0.68-0.56 ug C m~3 for O. universa. Other species reported a low carbon biomass con-
tribution of 0.15-0.07 pug C m~3, respectively (Table 2). These studies on carbon biomass at
the species level based on biovolume and abundance derivation were proposed for the first
time in EIO (Figure 7) and, among them, about 188 um test-size G. menardii demonstrated
high biomass in the equatorial region of the Eastern Indian Ocean (This study), which is
one of the most common species reported from the equatorial region, Arabian Sea, BoB [51].

We recorded the maximum carbon biomass as 23.82 pg C m~2 in the euphotic
zone of EIO from stations 1404, 1406, and 1409 located in the equator region and low
biomass distribution toward the north zone (Figure 6b). This is the first carbon biomass
study of foraminifera in the EIO and high carbon biomass of foraminifera was obtained
due to large shell size species compared to other studies, for example, according to
Scheibel and Movellan [23], about 125 um test-size foraminifera contributed to the biomass
2.93-11.27 ug C m~2 and 8.5-32.7 Tg C yr—!. Globally, the total biomass of foraminifera
is reported between 0.413 £ 0.040 ug C um 3 from the North Atlantic Ocean, Caribbean
Sea, Arabian Sea, Gulf of Aden, and Red Sea [52]. Similarly, other studies also showed that
high carbon biomass in the equatorial region of the Eastern Indian Ocean was mainly due
to the larger cellular sizes of protist picoplankton and Synechococcus (Syn) and their high
abundance value [53].

(c) Environmental Factors affecting foraminifera assemblages

A range of environmental variables has been shown to affect the planktonic foraminiferal
community composition in other regions [5,16,54]. However, previous estimation correla-
tions values were weaker in the Indian and Pacific Oceans than in the Atlantic Ocean [55].
Our statistical correlation values were found for foraminifera species which dominated
through three explanatory variables, such as temperature, salinity, and chlorophyll-a
(Figure 8; Table 3). Throughout this study, vertical temperature, salinity, and chlorophyll-a
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profile (Figure 3a—c) showed insight changes between the upper layer and mixed layers.
The surface temperature remains high above 100 m and drastically dropped by ~15 °C
across the middle layer of 200 m (Figure 3a). The strong correlation values at p < 0.05 were
determined for the abundance of the most dominant species: G. bulloides, G. ruber, O. riedeli,
and T. sacculifer with temperature. However, O. riedeli and T. sacculifer were observed to
have negative correlation values (Table 3). According to Rutherford et al. [56], warmer
surface water provides more distinct niches to 90% of planktonic foraminifera species under
high temperatures. We can conclude that species richness and diversity can be impacted by
the SST level and by fluctuations in ocean current boundaries.

Salinity is another factor that was observed in inverse relation to temperatures in
EIO [1,39,40,53]. The upper ~150 m of the water column coincides with an increase in
salinity values (Figure 3b). We observed a negative correlation of G. glutinata, G. scitula,
O. universa, G. menardii, D. anfracta, and T. fleisheri abundance with salinity (Table 3). These
assemblages were encountered under the north-equator currents and due to diluted water
run-off from northern zones, especially BoB and Sumatra Bay of Indonesia. Salinity gradient
values fluctuate in all transect areas. Any variations in salinity could interplay and certain
planktonic foraminifera species are less capable under high-stress levels, which are harder
to interpret [5].

We observed intense surface waters Chl-a maximum at 50-75 m in the mixed layer
(Figure 3c). DCM layers in the deepest 50 m, 75 m, and 100 m correspond to a possible
explanatory variable in EIO [40], and various pelagic protists were found abundantly in
the equatorial region when the DCM layer was well mixed [46]. Moreover, some rarely
occurring species, such as D. anfracta, G. glutinata, T. quinqueloba, and O. universa, and highly
abundant species, such as G. bulloides and G. ruber, in the equatorial and south-equatorial
section showed significant correlations with chlorophyll-a (p < 0.05) (Figure 8). In this study,
low temperature, high salinity, and maximum chlorophyll-a concentration in an equatorial
transect (‘Lat—0’) caused the high abundance of foraminifera in the Eastern Indian Ocean.

5. Conclusions

Our preliminary studies are based on the diversity, distribution, planktonic foraminifera
abundance, and carbon biomass estimation, which were conducted for the first time from
the euphotic zone of the Eastern Indian Ocean. Our main findings are as follows:

(a) High abundance and carbon biomass of total foraminifera were recorded in the
equatorial region.

(b) Temperature and Chlorophyll-a are two main factors that trigger the dominant
foraminifera species at a significant p > 0.05 level.

(¢) The foraminifera species with a size of approximately 150-188 pm is considered to be
a major exporter of carbon from the Eastern Indian Ocean.

This baseline study will provide a platform for further advanced studies to understand
the rate and magnitude of the carbon cycle and constrain the geochemical model of the
Eastern Indian Ocean.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /w14132048/s1, Table S1: The raw data of all foraminifera taxa
recovered from the Eastern Indian Ocean cruise ‘Shiyan I” in 2014.
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