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To examine the spatial pattern and controlling factors of the primary productivity (PP) of
phytoplankton in the eastern Indian Ocean (EIO), deck-incubation carbon fixation (a 14C
tracer technique) and the related hydrographic properties were measured at 15 locations
during the pre-summer monsoon season (February—April 2017). There are knowledge
gaps in the field observations of PP in the EIO. The estimated daily carbon production
rates integrated over the photic zone ranged from 113 to 817 mgC m~2 d~', with
a mean of 522 mgC m~2 d~'. The mixed-layer integrated primary production (MLD-
PP) ranged from 29.0 to 303.7 mgC m~2 d~' (mean: 177.2 mgC m~2 d~"). The
contribution of MLD-PP to the photic zone-integrated PP (PZI-PP) varied between 19
and 51% (mean: 36%). Strong spatial variability in the carbon fixation rates was found
in the study region. Specifically, the surface primary production rates were relatively
higher in the Bay of Bengal domain affected by riverine flux and lower in the equatorial
domain owing to the presence of intermonsoonal Wyrtki jets, which were characterized
by a depression of thermocline and nitracline. The PZI-PP exhibited a linear (positive)
relationship with nutrient values, but with no significance, indicating a partial control
of macronutrients and a light limitation of carbon fixation. As evident from the vertical
profiles, the primary production process mainly occurred above the nitracline depth
and at high photosynthetic efficiency. Phytoplankton (>5 jwm), including dinoflagellates,
Trichodesmium, coccolithophores, and dissolved nutrients, are thought to have been
correlated with primary production during the study period. The measured on-deck
biological data of our study allow for a general understanding of the trends in PP in the
survey area of the EIO and can be incorporated into global primary production models.
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INTRODUCTION

Phytoplankton photosynthesis is a crucial and highly variable
step of the global carbon cycle and marine ecosystems. Primary
marine primary production contributes to nearly 50% of the
bulk photosynthetic carbon of the planet and is closely related
to global fishery catches (Saba et al., 2011; Behrenfeld et al.,
2001; Chassot et al., 2010). Net primary productivity (NPP) is
closely related to global ocean biogeochemical cycles (Buitenhuis
et al., 2013). Primary productivity (PP) has been used as an ideal
indicator of eutrophication in marine ecosystems (Smith, 2006).
In addition, marine phytoplankton productivity has been found
to be an important factor for the trace elements contributing
to atmospheric deposition (Blazina et al,, 2017). In general,
phytoplankton productivity and biomass have been linked to
abiotic stressors such as water stability, nutrient status, and
biotic interactions (e.g., consumer populations and grazing)
at different spatial scales (Bunt, 1975; Bermejo et al.,, 2018;
Morrow et al., 2018; Gusha et al, 2019). In addition, the
photosynthetic performance of different primary producers has
a significant influence on the community NPP (Petrou and
Ralph, 2011). On a global scale, marine NPP can be estimated
using a variety of ocean color models (Behrenfeld et al., 20065
Chassot et al., 2010; Saba et al., 2011). However, these indirect
productivity estimates show large uncertainties between various
models (Friedrichs et al., 2009). In situ measurement, which is
a more accurate method, can provide vertical information about
seawater primary production, and increasing demands have been
made on its role in the application and calibration of numerical
simulation. Understanding the dynamics and controlling factors
of the spatial-temporal distribution of primary production is a
fundamental issue for the higher trophic levels in aquatic systems.
For shipboard incubations, the *C uptake, oxygen evolution
(0 and light/dark bottle method), and chlorophyll a (Chl a)
fluorescence are currently used to quantify primary production
and photosynthesis (Grande et al., 1989; Krause and Weis, 1991;
Juneau and Harrison, 2005). There are some ambiguities in
various methods stemming from many subjects and impersonal
aspects (Laws et al., 2000). Among them is the assimilation of
the H'¥CO3~ method, which can generate a good estimation
of the PP rate due to significant improvements (Grande et al.,
1989). This accuracy was already shown long ago by many studies
involving the measurement of PP [(Grande et al,, 1989), and
reference therein]. Thus, we applied the H'*CO3;~ assimilation
method for the NPP estimates in this study. Specifically, the
14C methodology also contains different techniques, such as
membrane filtration and decontamination procedures, which
consider cell damage and the retention of isotopes, which can
produce varying degrees of error (Lean and Burnison, 1979).
The estimation of photosynthetic production is an essential
process for interpreting the biological activity of oligotrophic
oceans. The eastern Indian Ocean (EIO) along the boundary
of the Indian Ocean (Sumatra) and its western counterpart
(the Arabian Sea) are forced by seasonally reversing monsoonal
systems. Sea surface winds drive the variability of near-surface
circulations, such as the equatorial jets (E]Js), South Equatorial
Current (SEC), Indonesia Throughflow (ITF), westward Rossby

waves, and eddy kinetic energy (Wyrtki, 1973; Wyrtki et al., 1976;
Pengetal,, 2015; Chen et al., 2017, 2018; Cheng et al., 2018). Most
of them can be detected in all seasons, except for the EJs, which
only occur in spring and fall. These oceanographic processes,
such as diverse eddy activity and the high-saline equatorial water
transported from the Arabian Sea, alter biological production in
the EIO through regulating the growth-limiting factors like light
and nutrient sources (Kumar et al., 2007; Muraleedharan et al.,
2007; Liu et al., 2020).

The global NPP has previously been estimated in several
studies using satellite-derived algorithms, observations, and
models under global climate process scenarios (Carr et al., 2006;
Buitenhuis et al., 2013; Ma et al., 2014; Siegel et al., 2016). Driven
by an intense ocean with subsequent seawater stratification
over the tropical Indian Ocean, the PP is expected to decrease,
which was projected using future climatological models (Chassot
et al,, 2010; Roxy et al.,, 2016). In the past decades, the primary
production in the northern sector of the Indian Ocean has mainly
been conducted in the Arabian Sea, as has been reported in
many previous studies (Ryther et al., 1966; Owens et al., 1993;
Barber et al., 2001; Sarma et al., 2003; Bhavya et al., 2017; Vase
et al., 2018), as well as the Bay of Bengal (BoB) (Madhupratap
et al., 2003; Prasanna Kumar et al., 2004; Kumar et al., 2007;
Muraleedharan et al., 2007; Sarma et al., 2020). There is relatively
limited information on the biological productivity information
from the EIO. Spring primary production along two latitudinal
sections located in the eastern and western Indian Ocean was
reported by Dalabehara and Sarma (2020). However, large spatial
coverage variabilities for primary production have been reported
in these previous studies. Thus, there are knowledge gaps from
at least two aspects in the current study area: the observation
method and the survey area coverage. In other words, the in situ
observational studies based on PP measurements were never
conducted across the oligotrophic EIO using the sensitive 1*C
tracer method. We, therefore, hypothesized that the level of
carbon fixation by phytoplankton was spatially varied in this
region and that near-surface circulations and phytoplankton
composition were dependent on the study area of the EIO.
In order to examine the spatial variability and evaluate the
potential controlling factors of primary production, in situ
incubations at 15 stations were performed during the spring
period (February-April 2017) in the EIO. Specifically, the
purposes of this study were (i) to investigate the PP level and
its spatial variability across the dynamic study area; (ii) to study
the relevant biogeochemical factors, including the hydrographic
characteristics, phytoplankton community, particulate organic
carbon (POC) concentration, and inorganic nutrients; and (iii)
to explore the underlying mechanisms affecting the spatial
biogeography of primary production.

MATERIALS AND METHODS
Study Area and Sampling Collection

In situ incubations of PP were executed at 15 selected morning
stations from the EIO between February 27 and April 27, 2017.
In this study, we define the euphotic depth (Z,,, m) as the depth
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with 1% intensity of the surface light intensity. Field seawater
for the experiments was collected at five optical depths (100,
50, 25, 10, and 1% of the surface light penetration) determined
using a domestic Secchi disk, and the corresponding physical
depths (actual depths) were acquired using light model formulas
previously developed (Brewin et al., 2017; Xie et al., 2020). The
depth of the euphotic zone (Z,,) is usually 3.5 times the Secchi
disk depth (Lee et al,, 2018). The selected stations spanning the
EIO were characterized by varied oceanographic settings. These
stations are located in four domains: south of the equator (Sts.
1402b, 1317, and 1707), equatorial Indian Ocean (Sts. 1308, 1403,
1408, and I411), BoB region (Sts. 1208, 1202, and 1108), and
Sumatra Basin (the eastern boundary of the Indian Ocean) (Sts.
1103, OBS1, 1415, 1503, and 1507) (Figure 1).

The depth of the mixed layer (MLD) was defined as the depth
at which the density was 0.125 kg m~2 higher than that of the
surface, and the nitracline depth was estimated as the depth with
a nitrate concentration of 1 wM (Dalabehara and Sarma, 2020).

Physical and Chemical Observations
Parameters, including the temperature and salinity, Chl g,
inorganic nutrients, and POC, were acquired during the
investigation. Horizontal and vertical profiles of temperature and
salinity were recorded at each station using a Seabird SBE 911
CTD assembly equipped with 12-L Niskin bottles. The seawater
samples (1000 ml) used for measuring the Chl a concentration
were filtered using 25-mm-diameter Whatman GF/F glass fiber
filters and then covered with aluminum foil under freezing
conditions (—20°C). For Chl a determination, the filters were
extracted using 5 ml of 90% acetone at —20°C under dark
conditions. The Chl a extractions were measured fluorometrically
using a Turner-Designs Trilogy fluorometer (Sunnyvale, CA,
United States) according to a previous publication (Parsons et al.,
1984). For inorganic nutrient analysis, 100 ml of seawater was
collected onboard. The concentration values of five nutrients
(NOx: NO3-N + NO2-N, NH4-N, PO4-P, and SiO3-Si) were
determined using an Autoanalyzer 3-AA3 (Bran + Luebbe,
Norderstedt, Germany). The nutrient detection limits were
0.015 + 0.010 uM (NO3-N), 0.003 £ 0.0015 pM (NO2-N),
0.04 + 0.034 M (NH4-N), 0.024 £+ 0.020 uM (PO4-P), and
0.030 £ 0.016 M (SiO3-Si). The principal nutrient methods
were performed according to earlier publications (Ehrhardt et al.,
1976; Pai et al, 2001). Seawater samples (1000 ml) used for
measuring the POC were filtered onto pre-combusted (450°C,
2 h) Whatman GF/F glass fiber filters (25 mm in diameter). Then,
the POC filters were fumed for 4 h to remove all inorganic carbon,
and the POC concentrations were determined using a CHN
analyzer (Costech Analytical Technologies Inc., United States).
The filtration process and follow-up determination details
are presented in our published work from the same cruise
(Liu et al., 2020).

Phytoplankton Assemblages

The seawater phytoplankton population composition and cell
abundance were determined via microscopic observations at
%200 or x400 magnification. Seawater subsamples of 1,000 ml of
each light depth were collected in plastic bottles and fixed using

formaldehyde solution at a final concentration of 1-2%. In the
laboratory, 1,000 ml subsamples were concentrated into 100 ml
by siphoning and settled in an Uthermohl sedimentation column
for 24 h. Then, species recognition and cell enumeration were
processed using an inverted microscope (Motic, AE2000). The
water samples (500 ml) used for the examination of the calcifying
coccolithophores were gently filtered through a mixed cellulose
membrane with a pore size of 0.22 wm (25 mm diameter). The
filters were then air-dried in Petri dishes. Subsequently, the filters
were fixed onto glass slides until microscopic analysis. Finally,
coccolithophore assemblages and their detached coccoliths were
identified and enumerated using a polarized microscope (Motic,
BA300POL), which have been described in detail in our previous
work (Liu et al., 2020).

On-Deck Primary Productivity

Incubations and Measurements

The seawater carbon fixation rates were determined using the
14C uptake method and natural phytoplankton assemblages.
Samples for on-deck incubation were collected in the morning
from five optical depths corresponding to 100, 50, 25, 10,
and 1% of the surface light levels, as indirectly determined
by seawater transparency using a Secchi disk. During the
incubation, 20 wCi of NaH!*COj; was inoculated immediately
into a 200 ml sample of water in triplicate light and dark
polycarbonate bottles (250 ml), and the samples were wrapped
with varied neutral meshes (simulating light attenuation) and
incubated for 6 h from 10:00 to 16:00 in an on-deck incubator
under natural light conditions. The temperature of the on-
deck incubator was controlled via circulated surface seawater
(5 m). After incubation, all samples were terminated by
gentle filtration through pre-combusted (450°C, 4 h) Whatman
GF/F membranes and stored at —20°C until further analysis.
The micro-diffusion technique was applied to measure the
organic carbon fixation (primary production) and inorganic
carbon fixation (calcification) simultaneously (Paasche and
Brubak, 1994). Detailed information on the incubation and
calcification rates has been reported in our previous paper
(Liu et al., 2020).

It should be noted that the *C-method was used for POC
measurement in our study and that the dissolved organic carbon
(DOC) exuded into the seawater was not considered. Thus,
the current evaluation of primary production is likely to be
underestimated. A large proportion of primary production in
oligotrophic oceans, such as the Indian Ocean, exists in the form
of DOC, which is primarily produced by picoplankton (Sarma
et al., 2020). Since DOC production was not considered in our
study, picoplankton was not analyzed in this study.

Statistical Analysis

The monthly mean sea surface temperature (SST) and the
Chl a over the study area were derived from the standard
monthly Level-3 products of the Moderate Resolution Imaging
Spectroradiometer onboard Aqua satellite provided by the
NASA’s Ocean Colour Web'. The spatial resolution is 4 km. The

'http://oceancolor.gsfc.nasa.gov/
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FIGURE 1 | Map area with station locations overlaid on monthly mean (a) sea surface temperature, (b) sea surface salinity, (c) sea surface Chl a, and (d) sea-level
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monthly SMAP salinity data (0.25° x 0.25° resolution) were
obtained from Remote Sensing Systems.” Monthly gridded sea-
level anomalies (SLA) and surface geostrophic currents with
a spatial resolution of 1/4° were obtained from the merged
multi-altimetry products of TOPEX/Poseidon (T/P), Jason-1,
Jason-2, ENVISAT, GFO, and ERS-1/2, with tidal corrections
(provided by the Copernicus Marine Environmental Monitoring
Service’). The significance of the primary production rates
among the various domains was tested using one-way ANOVA.
Non-metric multidimensional scaling (NMDS) analysis based on
the Bray—Curtis similarity matrix was carried out to reveal the
spatial variations of phytoplankton groups using the PRIMER
v6.0. Before the analysis, all phytoplankton cell abundance
data were after logl0-transformed. Pearson’s correlations and
redundancy analysis (RDA) between primary production and
environmental variables were computed using the “ggcorrplot”
package and visualized using the “gglpot2” and “ggthemes”
packages in R software (v3.6.2). A statistical significance was set
atp < 0.05.

2www.remss.com

3https://marine.copernicus.eu/access-data

RESULTS

Spatial Variations in the Hydrochemical

Characteristics in the Study Area
The monthly mean (April 2017) SST, salinity, Chl a, and SLA
overlaid with the geostrophic currents in the EIO are shown in
Figure 1. Seawater with a relatively low surface temperature and
salinity occupied the northern area of the EIO (Figures 1a,b).
The surface temperature was extremely high (>31°C) along the
Sumatra Basin (Figure 1la). The surface Chl a was generally
low (<0.2 mg m~?) among the stations, with relatively higher
values in the north (north of 4°N, >0.1 mg m~3) than in the
south (south of 4°N, <0.1 mg m~3) (Figure 1c). Variations
in SLA showed that a large anticyclonic eddy with extremely
high values (>14 cm) located close to 10°N, 84°E, and St.
1108 was included in this eddy area (Figure 1d). In addition,
SLA along the Sumatra Basin displayed relatively high values
of approximately 10 cm. The lowest SLA was observed in the
southwest stations of the equator.

In the water column, moderate temperature and salinity
ranges were observed (12-30°C and 32-35 PSU, respectively)
(Figure 2). The temperature isolines fluctuated slightly below the
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thermocline depth (approximately 50-75 m). The lowest salinity
water (<33 PSU) was present in the northern region near the
BoB, followed by the eastern boundary of the study area (Sumatra
Basin). The vertical structure of the temperature suggests that the
upper 30 m of the water column was relatively stable. However,
the depth of the 29°C isotherms was deeper in the eastern
equatorial region (Sts. 1103, OBS1, and 1415) and allowed to reach
25 m in the BoB domain (Figure 2). The upsloping of cooler
waters (<20°C) was observed from 100 m depth onward, close
to the Sumatra Basin associated with high salinity (Figure 2).
Lower salinity values (around 33 PSU) were observed in the upper
30 m of the water column in the BoB domain, followed by the
Sumatra Basin than in the other domains of the EIO (Figure 2).
The euphotic depth varied between 82 and 147 m with shallow
depth in the BoB station (e.g., St. I108) compared with the other
regions in the study area. Variable mixing was confirmed from the
MLD depth, which varied between 6 and 46 m with at the mean
value of 28 m with shallow values in the BoB region (6-19 m). The
Chl a value in the upper 30 m was mostly <0.2 mg m~> (ranges:
0.08-0.23, an average of 0.14 mg m~3) except for Sts. 507 and
OBSI1 (~0.22 mg m~3).

The nitracline depth varied between 45 and 80 m (average
60 m) with shallower depths in the BoB domain St. 1108. The
mean of MLD-NOx and MLD-SiO3 varied between 0.14 and
0.60 .M (mean 0.33 wM) and 0.66 and 1.56 WM (mean 0.98 uM),
both with higher values in the BoB domain (mean 0.39 and

1.32 uM, respectively) than in the other domains (Figures 3A,C).
However, MLD-PO4 was not consistent with them as the mean
value in BoB (0.02 wM) was lower than that in the other domains
(0.05 wM) (Figure 3B). Most of MLD-Chl a values fluctuated
around 0.12 mg m~ (Figure 3D).

Community Structure of Phytoplankton
Major non-calcifying phytoplankton (>5 pm) and calcifying
coccolithophore cell abundance are listed in Table 1; the former
group mainly includes diatoms, dinoflagellates, chrysophytes,
and colony-forming cyanobacteria (counted as trichomes in
Trichodesmium). The total abundance of diatoms, dinoflagellates,
and chrysophytes ranged from 19 to 2218 cells/L, with a mean
value of 178 cells/L in the water column. The mean abundance
of diatoms and dinoflagellates accounted for 66 and 31% of
the total abundance, respectively. Trichodesmium trichomes and
coccolithophores ranged from 0 to 866 trichomes/L and 0
to 43,694 cells/L, with mean values of 36 trichomes/L and
1,0821 cells/L, respectively.

The depth-integrated phytoplankton abundance and their
vertical sections are presented in Figures 4, 5, respectively.
The phytoplankton groups had varied distributions in the study
area. Large phytoplankton, such as diatoms and dinoflagellates,
showed preferences in deeper and upper water, respectively, and
were mainly distributed in the upper water of west and east
of the equator, respectively. Chrysophytes, mainly represented
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FIGURE 3 | Spatial variations of mixed-layer depth (MLD) (A) averaged NOx (M), (B) averaged phosphate (1LM), (C) averaged silicate (LM), (D) averaged Chl a
(mg m~—3), (E) integrated primary production (mgC m~2 d~ 1), and (F) contribution ratio of MLD-PP to the euphotic zone-integrated PP.

TABLE 1 | Major non-calcifying phytoplankton (>5 wm) and calcifying coccolithophores composition (mean cell abundance, unit: cells/L) among the 15 stations in the

eastern Indian Ocean in 2017.

Light level Diatoms Dinoflagellates Chrysophytes Cyanobacteria (trichomes/L) Coccolithophores
100% 51 105 4 129 4628

50% 192 58 3 27 9533

25% 32 61 3 5 6519

10% 226 48 6 0 14,124

1% 84 iRl 6 22 19,692

by Dictyocha fibula, were concentrated in the lower depth of
the north area and upper water west of the equator. A high
abundance of Trichodesmium trichomes was observed in the
surface water of both the northern area and east of the
equator. The calcifying coccolithophores were mainly distributed
throughout the deeper depth, peaking in the lower-photic zone
south of the equator and along the Sumatra Basin. Their
abundance was nearly absent in the surface water of the entire
study area. From the NMDS analysis of the phytoplankton
assemblage composition among the four domains, samples in the
BoB and Sumatra Basins were almost clustered together in their
domain, while the other two domains (equator and 5°S) were
almost overlying in their community composition (Figure 6).

Daily Primary Productivity Over the

Euphotic Zone
The daily PP in the surface water ranged from 1.6 to
19.9 mgC m~3 d~!, with a mean of 7.4 mgC m~3 d~!

(Figure 7A). The estimated daily carbon production
rates integrated over the photic zone ranged from 113 to
817 mgC m~2 d~~!, with a mean of 522 mgC m~2 d~!
(Figure 7B). To analyze the specific carbon production rates,
the PP rates were normalized to the Chl a concentration (P5).
The spatial variability of PB in surface water (Figure 7C)
was similar to that of PP The surface P? varied from 20.9
to 127.8 with a mean of 53.5 mgC (mg Chl a)~! d~!. The
Chl a-normalized IPP ranged from 8.0 to 31.3 mgC (mg Chl
a)~ ! d~1, with a mean of 17.2 mgC (mg Chl a)~1 d~1. Over
the study area, the IPP was the highest at St. 108, followed by
that at Sts. OBS1 [25.5 mgC (mg Chl a)~1d1],1317 [20.8 mgC
(mg Chl a)~ ! d71], 1402b [20.5 mgC (mg Chl a)~! 471,
and 1208 [20.4 mgC (mg Chl a)~! d7!], and showed the
values lower than 20 mgC (mg Chl a)~!'d~! at the remaining
stations (Figure 7D). As a whole, the mean value of the PP
rates was the highest in the BoB domain (7.3 mgC m~> d~!),
followed by south of the equator (5°S) (5.2 mgC m~3 d71),
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the equatorial domain (4.1 mgC m~3 d™ 1), and Sumatra Basin
(3.6 mgC m~3 d~!) (Figure 7E).

The PP and Chl a-normalized PP showed that both maxima
were observed at the surface layer and then sharply decreased
as the depth increased (Figures 8A,B). However, there is a
slight difference between Figures 8A,B at a depth of 10% of the
surface light level (near the DCM layer), where before the Chl
a-normalization, the PP value was relatively higher than that of
the subsurface layer (50 and 25%). The vertical distributions of
PP and Chl a-normalized PP are presented in Figures 8A,B to
identify the spatial heterogeneity, indicating that the maximum

values were observed at the surface/subsurface of the BoB area
(Sts. 1108, 1202, and 1208), followed by the southern equator
(Sts. 1317, 1707, and 1402b). In particular, the PP value at the
equatorial station from the west showed a relatively high value
near the DCM layer (Figure 8C), whereas Chl a-normalized
PP did not (Figure 8D). Deep carbon production below 50 m
was extremely low. Overall, the surface PP and IPP values from
the BoB stations (Sts. 1108, 1202, and 1208) and three south
equator stations (Sts. 1317, 1707, and 1402b) were 2.4 and 0.4
and 0.6 and 0.4 times greater than those from the other stations
in the study area.
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The mixed-layer integrated primary production (MLD- Sumatra Basin (Figure 3E). The contribution of MLD-PP to
PP) varied from 29.0 to 3037 mgC m~2 d~! (mean the euphotic zone-integrated PP (IPP) ranged from 19 to 51%
177.2 mgC m~2 d~ 1) and displayed lower values in the (mean 36%) with lower values in some equatorial stations
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and BoB areas (Figure 3F). A linear trend among the IPP
and some biogeochemical factors was observed, although
there were no significant differences. IPP displayed a linear
relationship with the photic-integrated NOx (r? 0.08;
p = 0.32; Figure 9A), phosphate (12 0.02; p = 0.59;
Figure 9B), silicate (r? 0.03; p = 0.52; Figure 9C),
Chl a (> = 0.22; p = 0.08; Figure 9D) and a non-linear

relationship between MLD and the depth of the nitracline
(Figures 9E,F).

Statistical Correlation Between Primary

Production and Environmental Factors
Pearson’s rank correlation was performed between primary
production and multiple environmental variables (Figure 10A).
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Significant correlation values are shown with an asterisk (*).
Among the 16 types of biogeochemical variables, primary
production was strongly negatively correlated with depth
(r = —0.55, p < 0.001), coccolithophores (r = —0.49, p < 0.001),
salinity (r = —0.54, p < 0.005), nutrients including NOx
(nitrate + nitrite) (r = —0.51, p < 0.05) and phosphate (P)
(r = —0.54, p = 0.001). Furthermore, primary production was
positively correlated with dinoflagellates (r = 0.45, p < 0.05),
cyanobacteria (r = 0.37, p < 0.05), temperature (r = 0.55,
p < 0.05), Chl a (r = 0.26, p = 0.06), and POC (r = 0.20,
p = 0.15). In addition, RDA was employed to reveal the
relationships between phytoplankton primary production and
explanatory variables. As shown in Figure 10B, the BoB domain
was clearly distinguished from the other domains. The first
two axes (RDA1 and RDA2) together explained 52% of the
total variation in the biotic data. The RDA indicated that
the temperature, salinity, nitrate, and phosphate were the
major environmental factors driving the spatial variability in
phytoplankton primary production.

DISCUSSION

Carbon production in the Indian Ocean can display large spatial
differences due to the complex hydrographical background
(Madhu et al., 2006; Barber et al., 2001). We observed remarkable
variations (p < 0.05, one-way ANOVA) in carbon production
among the four domains (south of the equator, equatorial Indian
Ocean, BoB region, and Sumatra Basin) in the EIO. However,
the photic zone-integrated PP (PZI-PP) did not show significant

variations in the study area. In the following subsections, factors
such as physical forcing and biotic community composition were
mainly discussed for their determination of the spatial variations
in primary production.

Physical Forcing and Biochemical
Factors Control the Spatial Differences

of Primary Production

We observed some biochemical differences when comparing the
BoB domain and the remaining EIO stations. The photic zone-
integrated nutrients were lower in the BoB (NOx: 449.9 mM m~2;
phosphate: 459 mM m~2; silicate: 363.9 mM m~2) than in
the remaining EIO stations (NOx: 591.4 mM m™2; phosphate:
60.7 mM m~?; silicate: 465.5 mM m~2), which was possibly
caused by the faster sinking rate of non-mineralized organic
carbon (Ittekkot et al.,, 1991). Dalabehara and Sarma (2020)
noticed two times higher euphotic depth-integrated nitrate in
the equatorial Indian Ocean than in BoB. Influenced by river
discharges in the northern bay, the concentration of silicate
was generally higher than that in other areas. We observed
high silicate, high nitrate, and low phosphate concentrations
(Figures 3A-C). The surface silicate concentration and N:P ratios
in the BoB domain were almost two times those of the other
three domains. Spatially, significant changes in PP in the water
column among the four domains were observed. Specifically, the
surface PP rates (Figures 7A,C) were found to be the highest in
the BoB domain, which was consistent with the shallow mixed-
layer depth induced by the freshwater influx from the major
rivers in the northern BoB. Abundant dinoflagellates in the BoB
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domain were speculated to contribute to high PP rates. When
comparing the three stations within the BoB domain, we found
that surface production values in Sts. 1208 and 1202 were, on
average, 30% lower than that of St. 1108, as the former two
were influenced by the anticyclonic eddy and the latter was
under the effect of a cyclonic eddy (Figure 1d). Due to seawater
divergence in the cyclonic area, elevated nutrient concentrations
lead to a high carbon production (Kumar et al., 2007; Mergulhao
et al., 2013). The concentrations of Chl a in the upper water of
the BoB stations in our study were low (<0.2 mg m~3). This
result was consistent with the reported modeling results in the
oligotrophic central and southern areas of the BoB (Wiggert
et al., 2006). In addition, relatively higher PP rates were found
in the southwest of the station map near —5°S (Sts. 1402b and
1317), which was possibly affected by the SEC and the seawater
divergence effect (as seen from relatively low SLA, Figure 1d).
The relatively higher PP at these southwest stations corresponded
to a relatively deeper MLD (Figure 2), a higher MLD-PO4
(Figure 3B), and coccolithophore abundance (Figure 4e). In this
oligotrophic habitat with relatively low MLD-NOx and MLD-
SiO3 levels and a higher MLD-PO4 level, coccolithophores with
their small cell size could outcompete other larger phytoplankton
cells such as diatoms and dinoflagellates. A low surface PP was
observed in the equatorial domain (80-90°E, Figures 7A,C) due
to the presence of the intermonsoonal Wyrtki jets (EJs), which
were characterized by a depressed thermocline and nitracline
depression (Wiggert et al., 2006), corresponding to a low PP
(manifested by the ocean-color Chl a concentration) (Yuan et al.,
2019). Besides the equatorial domain, the south of Sumatra
also exhibited low productivity (Figure 7A) possibly induced
by the winter-spring equatorial undercurrent (EUC). These two
low production areas both corresponded to relatively high SLA
values (Figure 1d), suggesting the adverse effect of seawater
convergence on productivity. The transient EUC carried salty

water from the western Arabian Basin which could induce a
downwelling in the EIO (Chen et al., 2016). The vertical profiles
of primary production (Figure 8), as a whole, indicated that there
was no clear photoinhibition or nutrient limitation in the study
area due to the absence of subsurface maximum.

The PZI-PP displayed a positive correlation with inorganic
nutrients (Figure 9), but with no significance, indicating
the partial control of macronutrients and light limitation on
phytoplankton carbon fixation. In addition, trace metals such
as iron can become a limiting factor for phytoplankton growth
(Hutchins et al., 2002). As previously reported in the Indian
Ocean, many regions tend toward iron deficiency, especially
in the central basin during the spring intermonsoon period
(Wiggert et al., 2006). Some studies have suggested that nitrate
and phosphate were the principal controlling factors of primary
production in the Indian ocean as significant linear relations
have shown (Sarma et al., 2020; Dalabehara and Sarma, 2020). In
addition, they observed an inverse relationship between primary
production and MLD and nitracline depth, suggesting that
nutrient availability and light levels have a synergistic effect.
However, in our study, no significant linear relationship (PP
vs. MLD and nitracline depth) was observed (Figures 9E,F),
suggesting that nutrients cannot successfully support primary
producer growth at higher light levels in the EIO.

Phytoplankton Community and
Photosynthetic Traits in Response to
Primary Production

The mean value of P? in the water column was significantly
higher (p < 0.05, t-test, two-tailed) in the BoB domain [39.4 mgC
(mg Chl a)~! d7'] than in the other three domains of the EIO
[25.5 mgC (mg Chl a)~! d~'], suggesting higher photosynthetic
efficiency in the former than in the latter region. Phytoplankton
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TABLE 2 | Primary production in the eastern Indian Ocean.

Time Latitude/N Longitude/E Primary production (mgC m=2 d-1) Method References

2001.07-08 9-20° 80-88° 40-520 140 Madhupratap et al., 2003
2001.07-08 9-20° 80-88° 90-520 4c Gauns et al., 2005
2002.09-10 8-20° 80-88° 182-513 15N Prasanna Kumar et al., 2004
2003.04-05 8-20° 80-88° 155-427 15N Prasanna Kumar et al., 2004
2002.07-08 11-21° 84-89° Average 251 + 177 4C Madhu et al., 2006

2001.12 11-21° 84-89° av. 231 £ 150 4c Madhu et al., 2006

2001.04 11-21° 84-89° av. 303 + 95 140 Madhu et al., 2006
2010.04-05 10° 83-91° 199-367 140 Liu et al., 2011

2014.04-05 5°8-5° 84-88° 583-1840, av. 1182 £ 360 8¢ Dalabehara and Sarma, 2020
2014.04-05 8-20° 88° 584-1224, av. 740 + 281 18¢C Dalabehara and Sarma, 2020
2017.02-04 7°S-10° 80-98° 113-817, av. 522 + 192 140 This study

2019.06 14-20° 81-90° 190-390 8¢ Sarma et al., 2020

can develop different photosynthetic traits and photoadaptation
strategies at various optical depths. Due to the absence of
photoinhibition near the northern bay, phytoplankton has a
relatively high light utilization efficiency (Yuan et al., 2019).
Associating with lower photic zone-integrated nutrients in the
BoB domain, small size-fractionated phytoplankton cells might
be major contributors to local PP. Wei et al. (2021) reported
abundant picoeukaryotes in the BoB area corresponding to high
biogenic silica (bSi) standing stocks with a <2 pm fraction
(Wei et al., 2021). As seen from the phytoplankton distribution
pattern, large diatoms were nearly absent in the BoB domain
due to the low dissolved nutrient concentration (Figure 4a).
A high abundance of photic zone-integrated diatoms at the
western equatorial stations (Sts. 1308 and 1403) corresponding
to high POC concentrations (0.116 and 0.095 mg/L) may play
a significant role in sinking carbon fluxes. This was in good
agreement with the highest IPP rates in the equatorial domain
(Figure 7B). Unlike the low surface PP rates in the equatorial
domain, the subsurface PP rates reached a maximum value due
to a mass of diatoms in the subsurface water (Figure 4a), which
is a balance between nutrient availability and light intensity.
The absolute cell abundance of dinoflagellates was dominant
in the entire surface water and reached the maximum in the
BoB domain (see supporting information of Liu et al., 2020).
High silicate concentrations loaded by riverine fluxes from the
northern BoB area might contribute to the high small primary
production rate. In addition, this high carbon production also
benefited from the higher nitrogen fixation rate (10°N section),
to which diazotrophs (mainly cyanobacteria) largely contributed
(>10 pm) (Wu et al, 2021). The highest cyanobacteria
abundance (Trichodesmium) of 173.25 x 10% cells/L was found
in the BoB station St. 1208. Our results show that the surface
N:P ratio in the BoB domain was two times that in the other
domains, suggesting a potential role in dinitrogen fixation. In
tropical oceans, reactive nitrogen is considered a major limitation
in primary production (Moore et al., 2013). Nitrogen fixation by
diazotrophs is thriving in the BoB domain and contributes largely
to local primary production by supplying new nitrogen sources
(Loscher et al., 2020). Trichodesmium, which is one of the most
conspicuous nitrogen-fixing phytoplankton, possibly contributes

significantly to primary production in the BoB stations, fueling
euphotic microbial production (Dore et al., 2008). In addition
to Trichodesmium, Richelia intracellularis is also an important
N, fixer in oligotrophic oceans, generally in the formation of
diatom-diazotroph associations (Venrick, 1974). In the current
BoB domain, no occurrence of R. intracellularis was observed
because diazotrophic diatoms were almost absent. Unlike the BoB
domain, the other EIO areas in the Northern Hemisphere are
not sites of active N fixation, suggesting that nitrogen fixation
may not be a major contributor to primary production. During
the survey period, diazotrophic blooms were not observed. In
contrast, Waite et al. (2013) reported that nitrogen fixation
contributed to 40-100% of the nitrate in the EIO off Australia
(Waite et al., 2013).

Comparison of Present Primary
Productivity and Previous Studies in the

Eastern Indian Ocean

We collected carbon uptake studies around the EIO from 2000
onward (Table 2). It should be noted that these studies used
different methods and spatial coverage. Many of them were
conducted using the '4C-tracer technique, and *C- and ®N-
tracer methods were also used. There is good agreement between
the 1*C- and '“C-determined photosynthesis, the former is
1.8 times higher than that of the latter (Hama et al., 1983;
Regaudie-de-Gioux et al., 2014). As seen from the listed latitudes,
northern BoB (north of 15°N) is the most studied region. It
makes sense that the PP in the EIO is higher than that in the
northern BoB. Low primary production in the northern BoB was
speculated to be influenced by heavy cloud cover and turbidity,
weak vertical mixing, and nutrient supply (Madhupratap et al,,
2003; Gauns et al., 2005). Unlike the northern BoB, the area
at 10°N section (BoB domain) in our study exhibited higher
surface PP rates caused by nutrient regimes (high N:P ratio and
silicate concentration) and small-sized phytoplankton groups
(see section “Phytoplankton Community and Photosynthetic
Traits in Response to Primary Production”). Our results were
comparable to those of Dalabehara and Sarma (2020), who
analyzed a similar sampling area during the spring intermonsoon
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period. Low primary production was associated with low
photosynthetic efficiency in the northern BoB as previously
reported (Dalabehara and Sarma, 2020; Gomes et al., 2000).
However, the photosynthetic efficiency can be highly variable
during the intermonsoon period, being associated with the
changing nutrient status in the water column (Barber et al., 2001).
Generally, eutrophic environments exhibit a higher maximum
quantum yield of photosystem II (Fv/Fm) (Yuan et al.,, 2019).
Overall, the ambient physical forcing, nutrient availability, and
bio-optical properties modulated the photosynthetic competency
of different-sized phytoplankton and further influenced the
productivity level (Kerkar et al., 2020).

In comparison with the Arabian Sea and the northern BoB,
EIO study in the middle-latitude region sustained moderate PP
levels (Table 1 and references therein). It fits our perception of
primary production across the Indian Ocean in the Northern
Hemisphere. Primary production is higher in the Arabian Sea and
lower in the BoB, which can be explained by multiple factors, such
as solar radiation, seawater stratification, nutrient input, and eddy
activity (Barber et al., 2001; Kumar et al., 2007; Prasanna Kumar
et al,, 2010; Cheng et al., 2018).

CONCLUSION AND IMPLICATIONS

The present in situ observations attempted to understand the
spatial variability of NPP and the associated hydrographic
properties within the photic zone in the EIO during the
spring intermonsoon period. Analysis of deck-incubation data
at 15 locations revealed that the tropical environment exhibited
spatial variability in hydrochemistry, such as physical forcing,
nutrient conditions, and biotic community. Influenced by these
factors, a remarkable difference in the primary production
rate was observed among the survey areas, especially between
the BoB domain and the other domains. The phytoplankton
primary production and photosynthetic efficiency have shown
decreasing trends with depth; in particular, they are mostly
present above the depth of the nitracline benefiting from
moderate nutrient concentration values and solar radiation. The
correlation and redundancy analyses distinctly explained that the
PP of the study region depended on the phytoplankton groups
and nutrient conditions. Dinoflagellates and colony-forming
cyanobacteria (Trichodesmium) and calcifying coccolithophores
were speculated to make important contributions to POC
production, as evidenced by their consistent spatial distribution
and correlation with primary production. The results presented
here of the photic-zone PP rates and their spatial variability in
response to local environments have far-reaching implications
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