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Abstract: This study analyzed the diversity and abundance of diatom frustules including the ancillary 

parameters using the core top sediments from five locations (21, 19, 15, 13, and 11 °N) along the 

central Arabian Sea (64 °E), an area profoundly influenced by atmospheric forcing (monsoons) and 

oxygen minimum zone (OMZ) with high spatial variability. Significantly higher organic carbon 

(0.97±0.05%) and diatom frustules (5.92±0.57 ×104 valves g-1) were noticed in the north (21, 19, 15 

°N) where natural nutrient enrichment via open-ocean upwelling, winter convection, and lateral 

advection support large diatom-dominated phytoplankton blooms and intense OMZ. Conversely, the 

south (13, 11 °N) depicted significantly lower organic carbon (0.74±0.08%) as well as frustules 

(4.02±0.87 ×104 valves g-1) as this area mostly remains nutrient-poor dominated by small-medium 

sized phytoplankton. The north was dominated by large-sized diatoms like Coscinodiscus that could 

escape grazing and sink consequently due to higher ballasting. Furthermore, the presence of the intense 

OMZ in the north might reduce grazing pressure (low zooplankton stock) and mineralization speed 

facilitating higher phytodetritus transport. Relatively smaller chain-forming centric (Thalassiosira) 

and pennate diatoms (Pseudo-nitzschia, Fragilaria, Nitzschia, etc.) were found throughout the transect 

with higher abundance in the south. The euphotic diatom diversity from the existing literature was 

compared with the frustule diversity from the sediments suggesting not all diatoms make their way to 

the abyss. Such distinct spatial north-south variability in diatom frustule size as well as abundance 

could be attributed to cell size, grazing, and water column mineralization rates related to OMZ.  
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1. Introduction 

Marine phytoplankton play a key role in modulating the global carbon cycle by fixing ~50% 

of the atmospheric CO2 as organic matter in the euphotic zone (Field et al. 1998; Behrenfeld et al. 

2006). A small fraction of this organic matter (large and dense phytodetritus) sinks (Le Moigne, 2019) 

to the ocean interior (Buesseler, 1998) where it gets stored for hundreds of years. This process is termed 

marine Biological Carbon Pump (BCP) (Volk and Hoffert, 1985). The strength of the organic matter 

export flux from the upper euphotic zone to the lower mesopelagic region depends on the 

remineralization of organic matter which is controlled by oxygen concentrations, temperature, 

phytoplankton cell size and community composition, zooplankton abundance and activity, organic 

matter stoichiometry, and the fractionation of particulate to dissolved organic carbon (POC/DOC) 

(Marsay et al. 2015; Keil et al. 2016; Cavan et al. 2017; Engel et al. 2017). Productive oceanic areas 

are likely to be associated with high organic matter export flux to the sediment as has been noticed in 

some shallow coastal areas after phytoplankton bloom (Abrantes et al. 2016). However, even in the 

shelf regions, high organic matter remineralization/oxidation may remove nearly 80-90% of the spring 

bloom (Falkowski et al. 1988). Likewise, many studies indicated that the upper ocean productivity was 

inversely correlated with export flux to the lower mesopelagic (Francois et al. 2002; Ragueneau et al. 

2006; Mouw et al. 2016). Out of multiple factors controlling the efficacy of the BCP, phytoplankton 

community composition (that controls organic matter stoichiometry) as well as the presence of well-

oxygenated water (Keil et al. 2016) are important for efficient mineralization of the organic matter by 

marine microbial consortia.  

Among the photosynthetic microphytoplankton, diatoms dominate all oceanic productive areas 

and contribute ~20% to the global primary production and 40% to total marine primary production 

(Nelson et al. 1995; Field et al. 1998). Diatoms are efficient carbon exporters mostly due to their 

siliceous frustules that provide excellent ballasting with easy export of carbon to the deep sea (Tréguer 

et al. 2018). The sinking of diatoms is a major component of the global carbon cycle (Du Clos et al, 

2021). It has also been estimated that they contribute ~50% to POC export flux (Jin et al. 2006; Tréguer 

and De La Rocha, 2013) which if reaches the abyssal plain can be stored at least for centuries (Tréguer 

et al. 2018; Le Moigne, 2019). Some authors reported that the loose packaging of the diatom-

dominated organic matter can be more labile for microbial degradation and therefore, less efficient for 

export (Francois et al. 2002; Alonso-González et al. 2010). On the contrary, it was observed in an 

experimental study that diatom-dominated phytodetritus exhibited higher resistance to microbial 

degradation relative to non–diatom dominated organic matter (Cabrera-Brufau et al. 2021). There are 

studies correlating phytoplankton bloom and export flux with sediment trap samples. Rixen et al. 

(2019a) noticed large diatom dominated opal flux in the central Arabian Sea after the summer monsoon 
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(nutrient-enriched) whereas, the dominance of calcifying coccolithophore flux during the 

intermonsoon (nutrient-poor). However, there are very less studies that correlated the upper ocean 

phytoplankton bloom with the phytodetritus that is collected from the seabed, particularly from the 

open ocean regions.  

Furthermore, the presence and absence of oxygen-deficient waters below the euphotic zone 

control the efficiency of organic matter mineralization/export to the sediment (Francois et al. 2002; 

Keil et al. 2016). Several studies support the good preservation of organic carbon in anoxic waters as 

the possibility of anoxic degradation becomes sufficiently slower or less comprehensive relative to 

oxic carbon remineralization (Keil et al. 2016). The Arabian Sea also hosts a persistent oxygen 

minimum zone (OMZ) present within 150 to 1200 m (Wyrtki, 1971; Banse et al. 2014) in the central 

and northeastern parts (Naqvi, 1987) mostly due to high primary production and poor ventilation of 

sub-surface waters. Therefore, may considerably impact the magnitude of carbon degradation, export, 

and storage (Cavan et al. 2017). Some earlier studies from the Arabian Sea suggested a direct flux of 

fresh phytoplankton-derived organic matter from the euphotic to bathypelagic zones (Pfannkuche et 

al. 2000). Roman et al. (2000) found no link between POC flux and mesozooplankton fecal matter 

suggesting that phytodetritus may sink directly. Importantly, within the OMZ the mesozooplankton 

standing stock is usually less and may slow down the process of defragmentation and further 

degradation by microbes letting relatively higher organic matter reach the sediment (Cavan et al. 

2017). The central Arabian Sea in its northern part hosts the most prominent OMZ (Banse et al. 2014; 

Naqvi et al. 1987) which slowly disappears towards the south (Shenoy et al. 2021). It was shown by 

Keil et al. (2016) using a multiple proxy approach and model that the spatial variability of OMZ in the 

Arabian Sea directly impacts phytodetritus transport to the sediment. Previous observations of particle 

export flux using the sediment traps from the Arabian Sea are available from the Joint Global Ocean 

Flux Studies (JGOFS) program highlighting the dominance of opal or diatom-dominated organic 

matter (Haake et al. 1993; Rixen et al. 2019a). Our recent observations (Chowdhury et al. 2021; Silori 

et al. 2021) from the central Arabian Sea documented the occurrences of diatom-dominated 

phytoplankton bloom and its close coupling with particulate organic matter (POM) dynamics within 

the euphotic zone during the southwest monsoons (2017-2018). In the present study, we examined the 

utility of surface sediment diatom frustules as a proxy for the upper ocean phytoplankton blooms from 

five sites in the central Arabian Sea. Radiolarians were also quantified as an indicator of 

microzooplankton.  
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2.  Materials and methods 

2.1. Sample collection 

Short sediment cores were collected onboard RV. Sindhu Sadhana (SSD-068) from 5 locations 

(21, 19, 15, 13, and 11 °N) from the central Arabian Sea (along 64 °E) (Fig.1) during Dec 2019- Jan 

2020. The water depths in the sampling locations ranged between 3388-4320 m (Fig. 1). The cores 

were collected using an Ocean Scientific International Limited Maxi Multi-corer (600 mm long core 

tubes, 110 mm outer diameter, and 100 mm inner diameter). Immediately after collection, the cores 

were subsampled vertically at every 0.5 cm interval using a plate and ring and stored in clean plastic 

containers at 4 °C in the dark until further analyses. For the present study, the topmost part (0.5 cm 

surface layer) of the core (undisturbed sediment) has been studied. The samples were processed and 

total carbon (TC), total inorganic carbon (TIC), and total nitrogen (TN) contents were measured. As a 

proxy of phytoplankton, diatom frustules were counted and enumerated.  

2.2. Analytical method 

2.2.1.  Sedimentary total inorganic carbon (TIC), total organic carbon (TOC), and total nitrogen 

(TN) contents 

Oven-dried sediments (60 °C for 48 h) were homogenized by grinding on agate mortar and 

pestle and stored in clean vials for further analysis. For analyzing total carbon and nitrogen (TC and 

TN) 10 mg dried, crushed, and homogenized sediment samples were taken and measured using a CHN 

Elemental analyzer (Euro Vector EA3000 series analyzer, CAF) against a soil reference material NC 

(Thermofisher Scientific, Cambridge, UK) with an analytical error < 2%. TIC contents were analyzed 

using a coulometer attached to an acidification module (Model CM5015) against the calcium carbonate 

standard (Merck, Germany). The accuracy of the measurements was within 0.99. TOC was obtained 

as the difference between total carbon and total inorganic carbon (TOC=TC-TIC). 

2.2.2. Analysis of diatom frustules from sediments 

Aliquots of 50 mg dried subsamples were taken in a 15 mL clean polypropylene tube followed 

by consecutive treatments with 10% HCl, 30% H2O2, and 0.01 N anhydrous sodium diphosphate 

(Na4P2O7) to remove carbonates, organic matter, and fine clay particles (Armbrecht et al. 2018) 

respectively. The treated samples were then thoroughly rinsed with Milli- Q water three times. Finally, 

the tubes were filled with 10 mL Milli-Q water and gently mixed. An aliquot of 1 mL from this solution 

was analyzed in a Sedgewick rafter counting chamber (Pyser, UK) under an inverted microscope 

(Nikkon Ti2) at 400× magnification using identification keys from Tomas, 1997; 

http://www.algaebase.org, https://www.marinespecies.org/. In this process, centrifugation was 

http://www.algaebase.org/
https://www.marinespecies.org/
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avoided to prevent any breakage of frustules (Koizumi and Tanimura, 1985), and fragments of size 

more than half were considered as a whole (Abrantes and Sancetta, 1985). The diatom abundance was 

expressed as valves g–1 dry sediment. 

2.2.3. Statistical analysis 

After checking the normality and variance of the data sets, Single-factor Analysis of Variance 

(ANOVA) was used in Microsoft Excel for comparing the sites for the significance of differences 

(p<0.05 was taken as significant).   

3. Results 

Based on the organic carbon and frustule abundance, we have categorized the stations as north (21, 19, 

and 15 °N) and south  (13 and 11N).  

3.1. Inorganic and organic carbon and total nitrogen contents 

The TIC contents (Fig. 2A, Table 1) in the surface sediments of the northern stations were 

5.08±1.56 % and increased by 1.4 times (p<0.05) in the south. The % of TOC (Fig. 2B) was nearly 7 

times lower than the TIC and revealed a reversed trend with increasing (p< 0.05) values in the north 

and decreasing steadily towards the south (Fig. 2B). The southernmost stations (13 and 11N) had the 

lowest TOC value (0.7%) while the station in the north (21°N) showed a maximum of 1.0% (p<0.05). 

The TN contents (Fig. 2C; Table 1) ranged between 0.06% and 0.11% without any significant 

variability (p>0.05, Table 2). 

3.2 Diatom frustule abundance, composition, and distribution 

A high number of diatom frustules (Fig. 2D) were observed in the microscopy ranging from 

3.29 to 6.50 ×104 valves g-1. The highest diatom frustule density (6.50×104 valves g-1) was observed at 

19 °N, followed by 21 °N (5.92×104 valves g-1), and became half (3.29×104 valves g-1) at 11 ºN 

(p<0.05) (Table 1). Some of the microscopic photographs of the diatom frustules are shown in 

Supplementary Fig. 1.  The Shannon-Wiener diversity index (H′) (Fig. 3A) showed low variability 

with an average value of 1.57±0.22. The highest diversity was encountered at the northernmost station 

(21 °N) with an H′ value of 1.93 while the least at the southernmost station (13 °N) with 1.35, with no 

significant difference between the stations (p>0.05). The average distribution of the major contributing 

species for all five stations has been presented in Fig. 1. A total of 23 genera of diatoms including 9 

centric and 14 pennate were documented (Table 2). Two major dominating centric diatoms i.e. 

Coscinodiscus and Thalassiosira were the most frequently occurring in all stations. A clear trend of 
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increasing large centric diatom frustules like Coscinodiscus was noticed towards the northern side (p< 

0.05) and a reverse trend was documented for Thalassiosira (p<0.05).  

Based on the existing literature (Karnan et al. 2020), diatom frustules were classified into three 

size classes (1) <30 m as small, (2) 30-60 m as a medium, and (3) >60 m as large frustules (Fig. 

3B; Table 1). A noticeable shift in diatom frustule distribution was noted from north to south with 

medium and large diatoms dominating the north while small diatoms dominated the south. The large 

frustules on average accounted for 40 % of the total distribution and dominated the northernmost 

station (21 °N) with a valve density of 2.94×104  g-1 and the minimum contribution was found at the 

southernmost station (11 °N) (1.33×104 valves g-1) (p<0.05). Medium sized-frustules dominated all 

the stations except at 21 °N and accounted for nearly 49% on average with the highest abundance at 

19 ºN (3.26×104 valves g-1) and the lowest at 11 °N (1.52×104 valves g-1). The smallest size class 

contributed the least with an overall average of 12% in distributing spatially in the central Arabian 

Sea, and their number varied from 0.45 to 0.76×104 valves g-1
 without any statistically significant 

difference between the stations.  

Interestingly, centric diatoms number remained fivefold higher than pennate diatoms (p<0.05) 

and they dominated all stations with a decreasing trend towards the south (Fig. 3C), however, pennate 

diatoms did not show any clear trend (p>0.05). Out of the all size classes, the large-sized (>60 m) 

Coscinodiscus frustule was found in all stations, however, the highest number was observed at the 

north with nearly 1.33 ×104 valves g-1 frustules on average and decreased by 1.8 times (p<0.05) in the 

southern stations (13 -11 N) (Fig. 3D, Table 1). Thalassiosira frustule (Fig. 3E) abundance ranged 

between 1.26–2.37 ×104 valves g-1 without any significant variability (p>0.05) within the stations. The 

medium and small-size frustules did not reveal any statistically significant difference (p>0.05), 

however, the large-sized frustules showed the highest abundance towards the south (p<0.05). We have 

also counted the radiolarian abundance from the same samples and it showed significantly (p<0.05) 

higher values in the south compared to the north (Fig. 3F).  

4. Discussion 

The export of organic matter to the sediment is governed by upper-ocean productivity in the 

entire north Indian Ocean (Rixen et al. 2019b). Particle flux (1.3 -3.3 g C m-2 y-1) recorded from this 

area is one of the highest compared to the other tropical and subtropical regions (Haake et al. 1993). 

The measured sedimentation rates in the central Arabian Sea (Prell et al. 1980; Ramaswamy et al. 

1991) vary from 1.03 -1.8 cm kyr-1, and thus the top 0.5 cm of the core is likely to represent the recent 

past. In general, in the open ocean regions, the speed of phytodetritus flux can vary from 100 -150 m 

d-1
 (Lampitt, 1985), and accordingly, it may take nearly one to two months to reach the abyssal floor 
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in the Arabian Sea. The mass sinking of diatoms is usually noticed when nutrients are exhausted 

(Smetacek, 1985; Krause et al. 2019). In a previous shallow sediment trap study from the coastal 

Arabian Sea, it was noticed that a higher flux of diatoms was associated with nutrient exhaustion during 

the intermonsoon season (Bhaskar et al. 2000). The summer monsoon-induced phytoplankton bloom 

usually terminates in September in the Arabian Sea and the samples from the present study were 

collected at the end of December. Consequently, the phytodetritus can be expected to reach the seabed 

within two months the organic matter collected from the surface sediment would contain the signature 

of the fresh bloom. The presence of fresh phytodetritus (intact cells of diatoms and cyanobacteria) was 

documented on the seabed at a depth of >4000 m from many oceanic regions (Smith et al. 1996; Agustì 

et al. 2015). Likewise, in a previous study direct flux of fresh phytodetritus from the euphotic to 

bathypelagic zones was reported from the Arabian Sea (Pfannkuche et al. 2000).  

In the Arabian Sea, the presence of diatom-rich organic matter from the sediment trap samples 

indicated nutrient enrichment facilitated diatom bloom with consequent POC export flux (Rixen et al. 

2019a) during the summer and winter monsoons (Nair et al. 1989; Haake et al. 1993; Rixen et al. 

1996). Our results confirm the fact that diatoms play a key role in organic carbon export to the 

bathypelagic zone and the variability in upper ocean productivity is also reflected in diatom frustule 

abundance. However, the present observation also suggested a distinct north-south variability in 

sedimentary diatom frustule type and size class that has not been addressed previously. However, this 

would be interesting to compare the diatom community that is usually seen in the euphotic zone with 

the frustules found on the surface sediment as their sinking can be controlled by several factors. In the 

following sections, we discussed 1) the impacts of physical forcings on such north-south variability in 

diatom frustule diversity, size classes, and abundance, 2) the possible reasons for the observed 

mismatch between the euphotic diatom community and sedimentary frustules 3) the influence of the 

presence of OMZ.  

4.1 Impacts of atmospheric forcing on diatom diversity, cell size, and sinking potential in the 

central Arabian Sea  

The biogeochemistry of the Arabian Sea is largely influenced by the monsoonal reversal and 

is one of the most productive regions in the global oceans (Haake et al. 1993). Nutrient supply to the 

surface and consequent development of phytoplankton bloom in this region is directly controlled by 

prominent ocean-atmospheric coupling (Bhattathiri et al. 1996; Sawant and Madhupratap, 1996; 

Chowdhury et al. 2021; Silori et al. 2021). During the winter monsoon, the cold dry wind leads to 

winter cooling and subsequent convective mixing (Banse and McClain, 1986; Madhupratap et al. 

1996) followed by the development of diatom-dominated phytoplankton bloom in the northern 
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Arabian Sea (Padmakumar et al. 2017; Chndrasekhararao et al. 2018; Sridevi and Sarma, 2022). 

During the summer monsoon, a low-level atmospheric Jet (Findlater Jet, Findlater, 1971) blows 

perpendicular to the Somalia coast (Fig. 1), and north of this jet axis, open-ocean upwelling occurs due 

to the positive wind stress curl (Smith and Bottero, 1977; Bauer et al. 1991) and makes the surface 

waters nutrient-enriched (Brink et al. 1998; Chowdhury et al. 2021). Downwelling occurs in the 

southern part of the jet axis and low nutrient levels prevail (Prasannakumar et al. 2001). More than 4 

µM nitrate+nitrite levels (Supplementary Table 1) were recorded from the upwelling impacted regions 

of the northern part of the central Arabian Sea. High primary productivity (1.7 g C m-2 d-1) 

(Prasannakumar et al. 2001), as well as large diatom-dominated phytoplankton blooms (Brock and 

McClain, 1992, Sawant and Madhupratap, 1996; Bhattathiri et al. 1996; Sawant and Madhupratap, 

1996; Chowdhury et al. 2021), have been reported from this region. Because of this, the northern 

Arabian Sea remains productive most of the time of the year compared to the southern nutrient-poor 

region and is likely to receive a higher amount of phytodetritus to the sediment as has been observed 

in the present study. The open ocean regions usually show TOC <1% (Paropkari et al. 1992) due to 

increasing water depths (Suthhof et al. 2000) and our results are consistent with these trends. TN 

contents showed relatively lower values reported from the shelf regions, however, the deep-sea 

sediments from the Central Arabian Sea also exhibited similar values (0.06 -0.07%) (Suthhof et al. 

2000) as observed in this study.  

Large centric diatoms like Rhizosolenia sp., Chaetoceros sp., and Coscinodiscus radiatus 

(Garrison et al. 1998; Tarran et al. 1999; Chowdhury et al. 2021) have been noticed in the open ocean 

upwelling influenced regions. As diatoms are obligatory silicifiers, their ecophysiology is directly 

dependent on the dissolved silicate (DSi) levels (Smetacek, 1985). It has been noticed that in addition 

to nitrogen availability, DSi also plays an important role in controlling the development of diatom 

bloom in the Arabian Sea (Anju et al. 2020). The large cells require a high DSi supply for cell division 

and they usually thrive in nutrient-enriched waters. The large (>60 µm) and medium-sized (30 -60 µm) 

frustules were mostly noticed in the northern side which is usually associated with higher DSi supplies 

due to upwelling and winter convection. The study by Chowdhury et al. (2021) noticed depleted DSi 

levels (1.5 µM) towards the north and axis of Findlater Jet coupled with the abundance of large 

diatom blooms containing Rhizosolenia and Coscinodiscus. There was a clear succession in frustule, 

particularly, the occurrence of large diatoms like Coscinodiscus (> 60 µm) was mostly confined 

towards the north (Fig. 3D) and the maximum size was noticed (  200 µm) from this region. Likewise, 

Rixen et al. (2019a) reported a high abundance of Rhizosolenia-dominated opal flux in the deep 

sediment trap (3000 m) from the central Arabian Sea.  



9 
 

Along the axis of the Findlater Jet,  between 15–17° N, high productivity values (1–1.7 g C m-

2 d-1) were observed (Prasannakumar et al. 2001) this area is influenced by the lateral advection as well 

as entrainment which brings nutrients from the western Arabian Sea (Banse, 1987; Silori et al. 2021). 

The signature of 15N of particulate nitrogen (which is mostly autochthonous) along the axis of 

Findlater Jet also indicated that the source of nitrogen was likely to be from the western Arabian Sea 

coastal upwelling region (Silori et al. 2021). This should be also mentioned that the dissolved organic 

matter, as well as nutrients, are advected from the western Arabian Sea towards the central part, but 

the chances of diatom frustules being transported could be less due to their high ballasting. The study 

by Silori et al. (2021) also found mostly the signature of in situ produced organic matter in this region 

ruling out the possibility of the contribution of advected frustules from the coastal upwelling regions.   

As mentioned earlier, the southern part of the jet axis remains nutrient-poor due to downwelling 

(Prasannakumar et al. 2001). Nearly 2 µM nitrate+nitrite levels were detected within the upper 60 m 

water column during the summer monsoons of 2017 and 2018 (Supplementary Table 1). Tarran et al. 

(1999) noticed <1 µM DSi was within 80 m of the water column from the southern stations at end of 

the summer monsoon as well intermonsoon. Prasannakumar et al. (2001) have reported moderate 

productivity (0.8 g C m-2 d-1) and attributed it to the lateral advection of nutrient-rich upwelled waters 

from the Somalia coast. And at these stations, the smaller chain-forming diatoms such as Thalassiosira, 

Pseudo-nitzschia sp., Nitzschia closterium, and dinoflagellates like Gymnodinium and Gyrodinium 

(Garrison et al. 1998; Tarran et al. 1999; Chowdhury et al. 2021) grow under low DSi levels. As it was 

observed that the small and medium-sized frustules (e.g. Thalassiosira) were found throughout the 

transect as they can sustain both low and high DSi levels due to a high surface area to volume ratio 

(Marañón et al. 2015) that facilitates efficient nutrient uptake. Undetectable nitrate was reported from 

the central Arabian Sea within the top 40 m water column during the spring intermonsoon 

(Prasannakumar and Narvekar, 2005). Calcifying nanophytoplankton like coccolithophores also 

contributes significantly to POC export and is noticed before the opal-dominated flux (Rixen et al. 

2005) suggesting that during intermonsoon when low nutrient condition prevails nanoplankton may 

dominate the carbon export flux (Mergulhao et al. 2006). The southern stations repeatedly reported 

high dominance of nanoplanktonic coccolithophores from the sediment trap samples as well as from 

the surface sediments (Andruleit et al. 2000; Mergulhao et al. 2006) and hence justify higher TIC 

values compared to the north (Table 1). Similarly, small-celled diatoms may also dominate the low-

nutrient region and contribute to carbon export flux (Leblanc et al. 2018) as evident from the frustule 

distribution from the southern stations. The particulate organic matter in the upper water column during 

the summer monsoon in the south showed less inter-annual variability (Rixen et al. 2019a) and lower 
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values than in the north (Silori et al. 2021) and is also consistent with the organic carbon content 

observed in the sediment. 

We have compared the dominating diatom species from the euphotic layers using literature 

(Sawant and Madhupratap, 1996; Garrison et al. 1998; Tarran et al. 1999; Chowdhury et al. 2021) 

from the nearby locations to our sampling stations (Supplementary Table 2) and it revealed that the 

large centric diatoms (Coscinodiscus, Rhizosolenia, Chaetoceros, and Proboscia alata) dominated the 

open-ocean upwelling regions as well as the axis of the Findlater Jet. The assemblages of the small 

pennate diatoms (Pseudo-nitzschia and Nitzschia closterium) were observed in the low-nutrient 

offshore region of the central Arabian Sea (Garrison et al. 1998). Diatom cell size directly influences 

sinking velocities (Buesseler and Boyd, 2009) of the particles and marine BCP (Tréguer et al. 2018) 

as the larger cells sink faster. Similarly, in the north, large diatoms are expected to sink efficiently to 

the seabed compared to the smaller cells in the south.   

4.2 The possible reasons for the observed mismatch between the euphotic diatom community 

and sedimentary frustules 

The summary results of the diatom community from the north and south (Fig. 4 A-B) obtained 

from our previous study within the upper water column (Chowdhury et al. 2021) have been compared 

with the average diatom frustules from the surface sediments (Fig. 4C, 4D). Interestingly, the relative 

contributions of diatom frustules found on the seafloor partly match, but do not reflect the exact upper 

water column community composition suggesting that all frustules may not be transported from the 

upper water column to the abyss. The transport of diatom frustules from the euphotic zone to the seabed 

is dependent on some key factors including grazing by zooplankton as well as benthic fauna, 

degradation and dissolution of frustules, water depth, and the presence of oxygen. In the northern part 

of the central Arabian Sea, enrichment of nutrients, particularly DSi promotes large diatom growth 

with thick frustules and these characteristics help them to prevent grazing.  Besides, the thicker 

frustules (e.g. Coscinodiscus and Thalassiosira) increase the resistance against grazing and 

preservation in the sediment compared to the thin frustules (e.g. Chaetoceros and Skeletonema) 

(Ryderheim et al. 2022). It has been observed in the experiment that the thicker and harder diatom 

cells like Thalassiosira weissfloggi and Ditylum brigthwellii are rejected by the model copepod 

frequently followed by less consumption and this may allow a particular species to bloom despite high 

copepod abundance (Ryderheim et al. 2022). Such species can be handled for a longer time by the prey 

and hence, can save the targeted as well as non-targeted species. Similarly, the silica content of the 

Antarctic bloom-forming species Fragilariopsis kerguelensis is usually three folds higher than the 
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normal diatoms (Smetacek, 1999) and can increase the resistance against grazing and forms dense 

bloom that sinks efficiently. Diatoms are usually actively grazed by mesozooplankton (medium size) 

as well as microzooplankton (small size) in the Arabian Sea (Roman et al. 2000). However, the size 

of the phytoplankton cell plays a key role in trophic transfer as there is a direct connection between 

the prey and predator body size. For optimal grazing, the ratio between copepod body size and diatom 

frustule should be 18:1 on average (Hansen et al. 1994) and therefore, the cells above this range may 

escape grazing and sink. The cells below this ratio can be effectively grazed and may contribute less 

to the sedimentary organic matter. Large diatoms are highly efficient for sinking and are evident in the 

contemporary as well as prehistoric oceans (Kemp et al. 2006; Buesseler and Boyd, 2009). Likewise, 

the higher abundance of large-celled diatoms like Coscinodiscus and Rhizosolenia in the sediment 

from the northern stations supports the hypothesis that large frustules escaped grazing and made their 

way to the sediment as was also noted by Rixen et al. (2019a).  

The frustules of the chain-forming small centric diatoms Thalassiosira and pennate diatoms 

like Fragilaria, Pseudo-nitzschia, and Nitzschia dominated the surface sediment from the southern 

stations that usually remain oligotrophic. In solitary, these species can be grazed due to their smaller 

cell size, however, their chain formation is likely to help them escape grazing (Bjærke et al. 2015; 

Lürling, 2021) by increasing the overall surface area which may also accelerate their sinking potential. 

Moreover, the low DSi level may also promote diatom growth with thinner frustules that can be grazed 

by copepods. The functioning of the microbial loop in the oligotrophic central Arabian Sea has been 

reported by an earlier study (Blackford and Burkill, 2002) indicating that the major carbon flow could 

be via microzooplankton and heterotrophs. The silicious radiolarians preserved in the sediment can be 

representative of microzooplankton that feed mostly on small phytoplankton, bacteria, and small 

copepods (Caron et al. 1995).  In a previous study, a  high abundance of radiolarians was also 

documented in the central Arabian Sea sediment samples (Gupta, 2003). Our results are consistent 

with these observations and the higher abundance of radiolarians (Fig. 3F) in the south indicated that 

microzooplankton grazing (Swanberg and Anderson, 1985) can be stronger due to the dominance of 

small-sized phytoplankton in the south.  

4.3 The presence of OMZ in governing the organic matter export  

The central Arabian Sea houses one of the most prominent OMZs between 150-1000 m due to 

the high surface productivity related to atmospheric forcing and restricted ventilation of the 

mesopelagic waters (Naqvi, 1990; Banse et al. 2014; Rixen et al. 2020). In the south during the summer 

monsoon, this OMZ extends to 9 N, and during the winter monsoon, it moves up to 11 °N (Shenoy et 
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al. 2020). However, the most intense part is situated towards the northern Arabian Sea (Sarma et al. 

2020) and it exists just below the euphotic zone; however, in the south, its vertical expansion narrows 

down and slowly diminishes southward. Specifically, the secondary nitrite maxima denoting the 

boundary of OMZ was found to be 250 m thick within 19 -15.5 °N (64 °E), whereas thinned to 50 m 

at 11 °N (Keil et al. 2016).  The presence of OMZ impinging the sediment may facilitate better 

preservation of organic matter (Keil and Cowie, 1999). However, the OMZ is confined up to 1500 m 

inside the core area and does not reach the sediment-water interface in the sampling stations where 

water depth was >3200 m with gradually increasing dissolved oxygen levels downwards. This can 

dismiss the possibility of higher organic carbon accumulation due to OMZ in the sediment-water 

interface. Nevertheless, the presence of OMZ in the intermediate water depth may impact the particle 

flux during the sinking (Keil et al. 2016). A fraction of phytodetritus generated in the euphotic zone 

undergoes trophic transfer and the rest eventually sinks. However, a substantial portion of the sinking 

particles (70% of organic matter) gets lost (particle flux attenuation) due to heterotrophic respiration 

within the twilight zone (50 -1000 m) (Suess, 1980) before reaching the bathypelagic. This process is 

directly controlled by the presence of oxygen and microbial activity (Giering et al. 2015; Cavan et al. 

2017). In the warm water column of the low latitude seas, the flux attenuation can be considerably 

high due to warmer temperatures that increase the rate of heterotrophic respiration (Marsay et al. 2015). 

However, the mineralization rates of diatom aggregates have been seen to be impacted by increasing 

temperature without any change in sinking velocity (Iversen and Ploug, 2013). A model study 

combining the particle flux measurements from the Arabian Sea (Keil et al. 2016) indicated that in the 

upper mesopelagic, the OMZ microbial respiration is the key factor, whereas, zooplankton grazing and 

sinking rates were the major cause that influences the particle flux attenuation below mesopelagic.  

Usually, the most productive oceanic areas are less efficient places for carbon export flux due to fast 

recycling efficiency (Francois et al. 2002). Conversely, the low productive regions are found to be the 

places for better carbon transfer to the sediment (Francois et al. 2002). The trend observed in this study 

contradicts this view. However, the higher TOC (Fig. 2B), as well as large diatom abundance (Fig. 

2D) on the sediment from the north, may not be driven alone by diatom cell size but could be largely 

influenced by the presence of the intense OMZ. Within the OMZ (O2 level <5 µmol kg-1), organic 

matter degradation can be considerably slower allowing a higher amount of organic matter to be 

transported to the sediment (Ma et al. 2021). Several other studies have noticed lower particle flux 

attenuation in oxygen-deficient waters (Martin et al. 1987; Devol and Hartnett, 2001; Keil et al. 2016; 

Engel et al. 2017; Ma et al. 2021). In the tropical western Pacific, it was noticed that within the OMZ 

the mineralization rate of sinking POC was slower than the oxic waters (Ma et al. 2021). During the 
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JGOFS study, Haake et al. (1992) noticed that the presence of OMZ facilitated lower particle export 

flux attenuation in the Arabian Sea. Similarly, in the Arabian Sea Keil et al. (2016) noticed inhibited 

dissolved inorganic carbon production by heterotrophic bacterial community within the OMZ 

compared to the non-OMZ, and the carbon export flux was directly impacted by the strength of the 

OMZ. The authors have used floating sediment traps in the central Arabian Sea in a transect that covers 

some of our sampling locations at the end of the monsoon when maximum particle flux can be 

expected. It was noticed that the flux attenuation at 19-15.5 °N was significantly lower than observe 

at 11 °N. We also noticed higher organic matter as well as larger and higher numbers of diatoms at the 

sediments from 21 -15 °N. And lower particle flux at 11 °N is also consistent with our observation. 

Besides, the stability of diatom frustules depends on their size and thickness and not all frustules can 

be preserved equally.  Frustules build resistance against dissolution by forming an organic matrix 

(Lewin 1961) that can be degraded by microbial activity leading to dissolution (Bidle and Azam 1999; 

Roubeix et al. 2008). While getting transported through the OMZ better preservation of frustules can 

be expected compared to the oxygenated waters, and similarly, our observation also indicates that 

larger diatoms were able to sink to the sediment before they got remineralized.  

Zooplankton grazing not only drives the trophic transfer pathway of organic matter but also 

fragments particles facilitating further bacterial mineralization and flux attenuation (Briggs et al. 

2020). Usually, in the well-oxygenated mesopelagic waters zooplankton graze actively and take part 

in particle fragmentation by vertical migration. On the other hand, in the case of OMZ, zooplankton 

standing stock can be considerably lower as their abundance covaries with oxygen levels, and only 

some particular groups of zooplankton are well adapted to live under such low oxygen levels (Wishner 

et al. 2018). Wishner et al. (1998) reported a considerable decrease in zooplankton abundance within 

the OMZ of the Arabian Sea with a clear peak in the upper (200 m) as well as in the lower boundary 

(600 m) of the OMZ. A similar trend was also noticed in the OMZ of the north Pacific (Wishner et al. 

1995). Cavan et al. (2017) showed that a low abundance of zooplankton and consequent reduction of 

particle fragmentation within the OMZ may directly facilitate particle export flux. This should be 

mentioned here that the depth of the water column in the northern stations was close to 3500 m which 

is nearly 700 m less than the southern stations. This indicates that the phytodetritus sinking from the 

surface may take a slightly longer time to reach the seabed in the southern stations. Furthermore, the 

smaller cells may sink slower than the larger cells (Buesseler and Boyd, 2009), and the presence of 

well-oxygenated waters, as well as zooplankton abundance, may further increase the flux attenuation 

in this region (Cavan et al. 2017). Therefore in the northern stations, a higher abundance of large 

diatom frustules, as well as higher organic carbon contents, could be because of less grazing and high 

particle export to the sediment due to the overlying OMZ. Fig. 5 represents a schematic showing the 
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possible related factors that are responsible for north-south variability in diatom frustule export to the 

sediment. Diatom-rich phytodetritus flux to the north and the reverse in the south may directly impact 

benthic biota (Smith et al. 2008; Sweetman et al. 2017). It was observed that some benthic communities 

prefer to feed on diatom-dominated detritus compared to the organic matter produced by other 

phytoplankton (Nomaki et al. 2021). Based on the findings of the present study, a different benthic 

community in the north and south of the central Arabian Sea can be expected and needs to be addressed 

in the future. Furthermore, phytoplankton biomarker analysis using the same core samples may also 

provide more insights into the contribution of different phytoplankton groups to phytodetritus flux to 

the sediment.  

Conclusions 

 This is the first report on diatom frustule abundance from the abyss of the central Arabian Sea; 

a high  

spatial variability was observed in the diversity, abundance, size of diatom frustules from north 

to south, and such a trend was mostly related to atmospheric forcings, hydrography as well as 

the presence of the OMZ along the transect.  

 Interestingly, the diatom frustule composition from the surface sediment did not reveal a high 

level of similarity with the community reported from the euphotic zones suggesting that only 

some diatom frustules that could avoid grazing, microbial degradation, and dissolution during 

the transport make their way to the sediments. 

 In the north, physical forcing driven natural nutrient enrichment events (open ocean upwelling 

and winter convection) support larger diatoms growth that may escape grazing followed by 

rapid sinking to the sediment floor due to higher ballasting effect; moreover, the presence of 

the thick OMZ at intermediate depth in this region could slow down the heterotrophic 

mineralization process and grazing during the transport and thus might facilitate higher 

phytodetritus flux to the seafloor. 

 Contrarily, in the south, the low nutrient conditions mostly support small and medium-sized 

diatoms that form chains, and the weak OMZ may accelerate the heterotrophic mineralization 

rates during the transport of phytodetritus to the seabed. 

 Based on the present observations, likely that the north-south variability in diatom-rich 

phytodetritus flux to the sediment floor may influence the benthic biota as this is their food 

source and needs further investigation. 
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Figure legends 

Figure 1 Map showing sampling locations along the 64 E, Central Arabian Sea during SSD-068 (Dec 

2019). The black dashed line represents the boundary of the Oxygen Minimum Zone (OMZ) 

demarcated by the 0.5 mmol L-1 O2 concentration (redrawn from Naqvi, 1991). The white dashed 

arrow represents the Findlater Jet. The relative contributions of diatom frustules of major species 

(individual taxa contribution from centric and pennate <2% were summed as “other centric” and “other 

pennate” respectively) from the surface sediment samples are shown on the right side and the green 

arrow indicates the size of the major contributing diatom frustule increased northward.  

Figure 2 The bubble maps represent the parameters measured in surface sediments: (A) the total 

inorganic carbon (%) (TIC); (B) the total organic carbon (%) (TOC); (C) the total nitrogen (%) (TN) 

and (D) the abundance of diatom frustules (valves per g of dry sediment).  

Figure 3  (A) Shannon-Wiener diversity index of diatom frustules (n =2±SD); (B) different size classes 

of diatom frustules; (C) the frustule abundance of centric and pennate diatoms; the frustule abundance 

of Coscinodiscus (D); and (E) Thalassiosira of three size ranges; (F) Radiolarian distribution recorded 

from the surface sediments of northern (21, 19, and 15 °N) and southern (13 and 11 °N) stations. The 

“p” values represent the level of significance (single-factor ANOVA at 95% confidence level) between 

the northern and the southern stations. 

Figure 4 The average relative abundance (%) of the major diatom genera documented from the upper 

60 m water column during the summer monsoon in 2017 and 2018 from the north (A) and south (B) 

(taken from Chowdhury et al. 2021). The lower panel shows the average relative % of major diatom 

frustules found from the surface sediments of the north (C) and south (D) of the central Arabian Sea 

in the current study.   

Figure 5 Schematic showing how the surface processes are linked to particle flux to the sediment in 

the central Arabian Sea. In the northern stations, both “open ocean” upwelling during the summer 

monsoon and convective mixing during the winter monsoon lead to nutrient enrichment and diatom-

dominated phytoplankton blooms. On the contrary, the southern stations remain mostly nutrient-poor 

and small chain-forming diatoms usually dominate. The larger diatoms with thick frustules in the north 

may escape grazing and sink rapidly due to higher sinking velocity. The presence of intense OMZ 

towards the north could facilitate higher particle flux to the sediment due to lower zooplankton 

fragmentation as well as low heterotrophic metabolism. On the other hand, in the south, the smaller 

diatoms may sink slowly and due to the less intensification of OMZ, zooplankton abundance as higher 

dissolved oxygen may enhance flux attenuation leading to lower particle flux in the south. This spatial 

variability in particle flux to the sediment may have important consequences on benthic biota

Supplementary Figure 1  Light microscopic images of some commonly found centric and pennate 

diatom frustules obtained from the central Arabian Sea surface sediments. Coscinodiscus sp. (A-

B), Thalassiosira sp. (C-D); Rhizosolenia sp. (E), Hemidiscus sp. (F), Cyclotella sp. (G), 

Actinoptychus sp. (H), Bacillaria sp. (I), Fragilariopsis sp. (J), Fragilaria sp.(K), Navicula sp (L), 

Pseudo-nitzschia sp. (M), Nitzschia sp. (N-O), Radiolarians (P-S)  at scale bar 10 m. 
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Table: 1 Parameter analyzed from the surface sediments. Total inorganic carbon = TIC, total organic carbon = TOC, total nitrogen =TN, and selected 

characterization of diatom frustules. (average ± SD, N= 2). 

 

Latitu

de 

(°N) 

 

TIC 

(%) 

 

TOC 

(%) 

 

TN 

(%) 

Diato

m 

Frust

ules 

(No. 

×104  

cells g-

1) 

Diatom frustules from 

three size classes (No. 

×104  cells g-1) 

Centric 

Diatom 

(No. ×104  

cells g-1) 

Pennate 

Diatom 

(No. ×104  

cells g-1) 

Coscinodiscus frustule 

in sediment 

 (No. ×104  cells g-1) 

Thalassiosira frustule in 

sediment 

 (No. ×104  cells g-1) 

     <30 

µm 

30-60 

µm 

>60 

µm 

  <30µ

m 

30-60 

µm 

>60 

µm 

<30µ

m 

30-60 

µm 

>60 µm 

21 3.15±

0.02 

1.03±

0.01 

0.11±0

.002 

5.92±0

.03 

0.45±

0.07 

2.53±0.

07 

2.94±0.

17 

4.67±0.07 1.25±0.10 0.02±

0.00 

1.08±

0.14 

1.39±

0.04 

0.28±

0.03 

0.86±

0.14 

0.12±0.06 

19 5.57±

0.03 

0.93±

0.01 

0.09±0

.002 

6.50±0

.17 

0.66±

0.23 

3.26±0.

00 

2.58±0.

06 

5.58±0.06 0.92±0.00 0.03±

0.04 

1.56±

0.23 

1.61±

0.01 

0.43±

0.13 

1.26±

0.25 

0.10±0.00 

15 6.53±

0.04 

0.94±

0.01 

0.07±0

.006 

5.35±0

.52 

0.63±

0.04 

3.04±0.

45 

1.68±0.

03 

4.75±0.35 0.60±0.17 0.00±

0.00 

1.48±

0.31 

1.01±

0.01 

0.55±

0.01 

1.02±

0.00 

0.11±0.01 

13 7.51±

0.09 

0.74±

0.08 

0.06±0

.007 

4.76±0

.34 

0.76±

0.11 

2.27±0.

16 

1.73±0.

06 

4.23±0.33 0.53±0.01 0.00±

0.00 

0.5±0.

11 

1.02±

0.03 

0.75±

0.10 

1.39±

0.10 

0.23±0.04 

11 6.47±

0.16 

0.74±

0.11 

0.07±0

.001 

3.29±0

.07 

0.44±

0.23 

1.52±0.

35 

1.33±0.

17 

2.62±0.03 0.67±0.01 0.00±

0.00 

0.15±

0.01 

0.48±

0.08 

0.44±

0.23 

1.08±

0.28 

0.20±0.03 
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Table 2. Individual diatom frustules abundance (valves g-1
 dry sediment) and relative abundance (RP %) in the surface sediments from 5 locations in the Central 

Arabian Sea (average ±SD n = 2). 

 21 °N 19 °N 15 °N 13 °N 11 °N 

Diatom Frustules Valve  g-1 RP (%) Valve  g-1 RP (%) Valve  g-1 RP (%) Valve  g-1 RP (%) Valve  g-1 RP (%) 

Thalassiosira sp. 12600±2263 21.29 17900±1273 27.57 16800±283 31.58 23700±2404 49.74 17200±283 52.30 

Coscinodiscus sp. 24900±1838 42.05 32000±2828 49.19 24900±2970 46.49 15200±1414 31.91 6300±990 19.12 

Cyclotella sp. 2700±141 4.56 400±0 0.62 300±141 0.58 - - - - 

Triceratium sp. 600±283 1.01 400±283 0.62 700±424 1.35 100±141 0.22 - - 

Rhizosolenia sp. 4400±0 7.43 2600±849 4.02 1000±0 1.88 500±141 1.06 900±141 2.74 

Hemidiscus sp. 600±0 1.01 1200±283 1.84 2800±1131 5.15 2800±283 5.92 1800±283 5.48 

Actinoptychus sp. 500±141 0.84 300±141 0.46 300±141 0.58 - - - - 

Proboscia sp. 400±0 0.68 - - - - - - - - 

Leptocylindrus sp. - - 1000±0 1.54 700±424 1.28 - - - - 

Fragilaria sp. 1100±141 1.86 300±141 0.46 1200±566 2.20 600±849 1.33 1000±0 3.04 

Nitzschia sp. 1100±424 1.86 1200±0 1.85 1100±424 2.03 1200±849 2.46 500±424 1.51 

Pseudo-nitzschia sp. 2900±707 4.90 3100±141 4.77 2000±0 3.76 2200±849 4.57 3100±141 9.43 

Fragilariopsis sp. 100±141 0.17 - - 300±424 0.52 900±424 1.93 1300±424 3.94 

Thalassionema sp. 4300±707 7.26 4300±1273 6.59 1300±424 2.40 300±141 0.64 700±141 2.13 

Navicula sp. 400±283 0.68 200±0 0.31 - - 100±141 0.22 - - 
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Bacillaria sp. 1100±424 1.86 - - - - - - - - 

Diploneis sp. 100±141 0.17 - - - - - - - - 

Gyrosigma sp. 200±0 0.34 - - - - - - - - 

Pleurosigma sp. 100±141 0.17 100±141 0.15 - - - - - - 

Amphiprora sp. 400±282 0.67 - - - - - - - - 

Eunotia sp. 100±141 0.17 - - 100±141 0.20 - - - - 

Epithemia sp. - - - - - - - - 100±141 0.31 

Lioloma sp. 600±283 1.01 - - - - - - - - 
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Supplementary Table 1: Physicochemical parameters noted during the summer monsoons 2017 -2018 

taken from Chowdhury et al. (2021) within the upper 60 m water column.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 NFJ SFJ 

Parameter 2017 2018 2017 2018 

Wind speed 8.27±0.41 9.93±0.90 8.82±0.19 9.98±0.54 

MLD 56±24 53±13 85±18 128±7.0 

Temperature (C) 26.86±1.13 26.05±0.86 27.32±0.22 26.34±0.35 

Salinity (PSU) 36.46±0.10 36.41±0.13 36.41±0.00 36.39±0.09 

Dissolved oxygen 

(ml/l) 

4.02±0.76 3.82±0.71 4.45±0.10 4.17±0.06 

Nitrate+nitrite (mol 

L-1) 

2.39±5.02 5.26±4.35 1.27±0.90 4.05±1.52 

Dissolved Inorganic 

Silicate (mol L-1) 

1.48±1.35 0.92±1.37 1.49±0.21 2.92±0.96 

Dissolved inorganic 

phosphate (mol L-1) 

0.69±0.43 0.84±0.51 0.35±0.11 0.84±0.11 

Cell abundance 

(no x103 L-1) 

2.59±2.49 20.80±21.11 0.65±0.49 7.68±3.06 

Diatom:dinoflagellates 8.27±6.08 4.09±2.20 1.56±1.85 1.36±1.05 

Centric:Pennate 64.86±40.9 10.57±22.63 10.05±27.11 0.98±0.81 

Diversity 1.43±0.6 2.24±0.45 1.87±0.49 2.34±0.27 
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Supplementary Table: 2The major diatom species reported in earlier studies from the water 

column in the central Arabian Sea during both summer and winter monsoons. Please note that 

the station locations are chosen close to the present study area. 

Source Sampling 

Period 

Location Parameter 

studied 

Major diatom species found  

Winter monsoon     

Parab et al. 2006 2003 19 °N, 66.8 

°E; 20.4 °N , 

66  °E; 21 °N, 

67 °E 

Phytoplankton 

community and 

pigment analysis 

Diatom dominated community; 

reported Coscinodiscus nitidus, 

Chaetoceros curvisetus, Nitzschia 

closterium, Lioloma pacificus 

Nitzchia sigma, Diploneis 

rectangulata, Cocconeis 

scutellum, Planktoniella sol, and 

Navicula macunosa  

Padmakumar et al. 

2017 

2009, 

2011 and 

2012 

22 °N, 65.5 

°E; 21 °N  66 

°E 

Phytoplankton 

community 

Diatoms reported Rhizosolenia 

hebetata, Rhizosolenia sp., 

Chaetoceros lorenzianus, 

Guinardia striata, Thalassiosira 

sp., Haslea sp., Cylindrotheca 

closterium, Pseudo-nitzschia sp., 

etc. 

Chndrasekhararao et 

al. 2018 

2015 and 

2017 

21 °N  to 9 °N 

(each degree 

interval) along 

68 °E 

Pigment analysis 

and flow 

cytometer 

 

North (~21 °N) dominated by 

larger diatoms; south of ~16 °N 

favoured Pico plankton 

(Prochlorococcus and 

Synechococcus) and Nano 

plankton. 

Summer monsoon     

Sawant and 

Madhupratap. 1996 

Indian-JGOFS 

1994-1995 11 °N, 64 °E Phytoplankton 

community 

Nitzschia longissima, N. seriata, 

Rhizosolenia sp., Chaetoceros sp. 

Garrison et al. 1998, 

Garrison et al. 2000 

US-JGOFS 

1995 15.08 °N, 

63.48 °E  (S9); 

14.25 °N, 

64.95 °E 

Autotrophic and 

heterotrophic 

nano-and 

microplankton 

S9- Rhizosolenia sp., Haslea 

gigantea, other pennates, 

Phaeocystis sp., S11- 

Rhizosolenia sp., Phaeocystis sp., 
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(S11); 11.95 

°N, 64.95 °E 

(S13); 10.70 

°N, 64.95 °E 

(S14); 9.90 

°N,  64.95 °E 

(S15) 

from Oman coast 

to central AS 

(Southern transect 

only) 

Thalassiothrix sp., S13 and S15- 

Picoplankton dominated 

Tarran et al. 1999 1994 14.05 °N, 

63.26 °E  

(A4); 12.04 

°N, 64.47 °E 

(A5); 10.23 

°N, 65.54 °E 

(A6) 

Diatoms, 

dinoflagellates, 

coccolithophores, 

nanoflagellates, 

picophytoplankton 

and prokaryote 

algae 

Synechococcus spp. dominated all 

stations; large sized diatoms 

dominated the coastal upwelled 

waters; Prochlorophytes 

dominated the oligotrophic 

stratifed waters 

Gauns et al. 2005 

Indian-JGOFS 

1994-1995 11, 15 and 19 

°N  along 64 

°E 

Phytoplankton and 

zooplankton 

community and 

carbon flux 

High flux obtained for summer as 

well as winter monsoon 

Chowdhury et al. 

2021 

2017, 

2018 

21 to 11 °N  

(each degree 

interval) along 

64 °E 

Phytoplankton 

community, 

Zooplankton 

collection, and 

biomass 

estimation 

North (21–20 °N): large centric 

diatoms (Rhizosolenia imbricata, 

R. hebetata and Coscinodiscus 

radiatus) and in south (11–15 °N) 

small pennate diatoms (Pseudo-

nitzschia, Navicula,  Nitzschia) 

dominated. 
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Figure 1 Map showing sampling locations along the 64 E, Central Arabian Sea during SSD-068 (Dec 

2019). The black dashed line represents the boundary of the Oxygen Minimum Zone (OMZ) 

demarcated by the 0.5 mmol L-1 O2 concentration (redrawn from Naqvi, 1991). The white dashed arrow 

represents the Findlater Jet. The relative contributions of diatom frustules of major species (individual 

taxa contribution from centric and pennate <2% were summed as “other centric” and “other pennate” 

respectively) from the surface sediment samples are shown on the right side and the green arrow 

indicates the size of the major contributing diatom frustule increased northward.  
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Figure 2 The bubble maps represent the parameters measured in surface sediments: (A) the total 

inorganic carbon (%) (TIC); (B) the total organic carbon (%) (TOC); (C) the total nitrogen (%) (TN) 

and (D) the abundance of diatom frustules (valves per g of dry sediment).  
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Figure 3  (A) Shannon-Wiener diversity index of diatom frustules (n =2±SD); (B) different size classes 

of diatom frustules; (C) the frustule abundance of centric and pennate diatoms; the frustule abundance 

of Coscinodiscus (D); and (E) Thalassiosira of three size ranges; (F) Radiolarian distribution recorded 

from the surface sediments of northern (21, 19, and 15 °N) and southern (13 and 11 °N) stations. The 

“p” values represent the level of significance (single-factor ANOVA at 95% confidence level) between 

the northern and the southern stations.
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 Figure 4 The average relative abundance (%) of the major diatom genera documented from the upper 60 m water column during the summer monsoon in 2017 

and 2018 from the north (A) and south (B) (taken from Chowdhury et al. 2021). The lower panel shows the average relative % of major diatom frustules found 

from the surface sediments of the north (C) and south (D) of the central Arabian Sea in the current study.   



38 
 

 

Figure 5 Schematic showing how the surface processes are linked to particle flux to the sediment in the 

central Arabian Sea. In the northern stations, both “open ocean” upwelling during the summer monsoon 

and convective mixing during the winter monsoon lead to nutrient enrichment and diatom-dominated 

phytoplankton blooms. On the contrary, the southern stations remain mostly nutrient-poor and small 

chain-forming diatoms usually dominate. The larger diatoms with thick frustules in the north may 

escape grazing and sink rapidly due to higher sinking velocity. The presence of intense OMZ towards 

the north could facilitate higher particle flux to the sediment due to lower zooplankton fragmentation 

as well as low heterotrophic metabolism. On the other hand, in the south, the smaller diatoms may sink 

slowly and due to the less intensification of OMZ, zooplankton abundance as higher dissolved oxygen 

may enhance flux attenuation leading to lower particle flux in the south. This spatial variability in 

particle flux to the sediment may have important consequences on benthic biota. 
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supplementary Figure 1  Light microscopic images of some commonly found centric and pennate 

diatom frustules obtained from the central Arabian Sea surface sediments. Coscinodiscus sp. (A-B), 

Thalassiosira sp. (C-D); Rhizosolenia sp. (E), Hemidiscus sp. (F), Cyclotella sp. (G), Actinoptychus sp. 

(H), Bacillaria sp. (I), Fragilariopsis sp. (J), Fragilaria sp.(K), Navicula sp (L), Pseudo-nitzschia sp. 

(M), Nitzschia sp. (N-O), Radiolarians (P-S)  at scale bar 10 m. 


