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et al., 2015; Dcosta et al., 2008 and Rodrigues et al., 2022. 

Figure 3.20. The plot shows morphometric measurements of dinoflagellate cyst body 

size (L=length, W=width, and D=diameter) and process length (PL) in the 

Indian Ocean. i) Operculodinium centrocarpum a) body size (diameter) and b) 

process length, and ii) Nematosphaeropsis labyrinthus c) body size (length and 

width) and d) process length. C-AS: coastal Arabian Sea, O-AS: oligotrophic 

Arabian Sea, OMZ-AS: oxygen minimum zone Arabian Sea, BoB: Bay of 

Bengal, EIO: the equatorial Indian Ocean, and STIO: south tropical Indian 

Ocean. 

Figure 3.21. The map shows the possible surface origin locations of the sinking 



particles by the ocean currents for a sinking speed of 11 m/day. The data points 

are generated from the planktondrift.science.uu.nl website and plotted in the 

ODV using a surface plot.  

 

Figure 4.1. Bubble plot of the temporal (2014 & 2015) and spatial (among low-tide 

(LT), mid-tide (MT), and high-tide (HT) rock pools) variation of the total rock 

pool phytoplankton abundance. The maximum symbol diameter corresponds to 

70 x 103 cells L-1. Fa: flushing during the first five days, NF: non-flushing, and 

Fb: flushing during the last five days of the 15-day sampling. Species 

highlighted in red are known to be toxic or harmful species. 

Figure 4.2. Taxonomy-wise diversity indices of RP microalgae. S: species count, d: 

species richness, J’: evenness, H’: Shannon–Weiner’s index, Fa, and Fb: 

flushing period, NF: non-flushing period, LT: low-tide, MT: mid-tide and HT: 

high-tide. 

Figure 4.3. Bubble plot showing the temporal (2014 and 2015) and spatial (among low-

tide (LT), mid-tide (MT), and high-tide (HT) rock pools) variation of the total 

rock pool phytoplankton abundance based on shapes. The maximum symbol 

diameter corresponds up to 809x103 cells L-1. Fa: flushing during the first five 

days, NF: non-flushing, and Fb: flushing during the last five days of the 15-day 

sampling. Df: dinoflagellates; Dt(P): pennate diatoms; Dt(C): centric diatoms; 

Dt(M): both pennate and centric diatoms.  

Figure 4.4. Diversity indices of RP microalgae based on shapes. S: species count, d: 

species richness, J’: evenness, H’: Shannon–Weiner’s index, Fa, and Fb: 

flushing period, NF: non-flushing period, LT: low-tide, MT: mid-tide and HT: 

high-tide. 

Figure 4.5. Cluster dendrogram based on geometric shapes for the years 2014 (a) and 

2015 (b) using the Bray–Curtis similarity coefficient and group average 

method: grouping done at 50% similarity (data is log transformed; LT: low-

tide, MT: mid-tide, HT: high-tide, Fa, and Fb: flushing period and NF: non-

flushing period). 



Figure 4.6. Cluster dendrogram based on geometric shapes with respect to flushing (Fa 

and Fb) and non-flushing (NF) period for the year (a) 2014 and (b) 2015 using 

the Bray–Curtis similarity co-efficient and group average method: grouping 

done at 50% similarity. Data is log-transformed: LT: low-tide, MT: mid-tide, 

HT: high-tide. 

Figure 4.7. Plots showing percentage contribution of phytoplankton geometric shapes 

in pre-monsoon, monsoon, and post-monsoon seasons in a & e) surf water, b & 

f) low-tide, c & g) mid-tide, and d & h) high-tide zones of DTF (a-d) and MTF 

(e-h). The data presented here is the month’s average for the respective seasons 

and years. 

Figure 4.8. Effect of A. carterae cell-free filtrate on the growth of (a) Skeletonema 

costatum, (b) Dunaliella tertiolecta, and (c) Bysmatrum gregarium in different 

filtrate concentrations. 

Figure 4.9. Groupwise distribution of phytoplankton in the water column of NEAS and 

SEAS. NEAS-O: North-eastern Arabian Sea open ocean; NEAS-C: North-

eastern Arabian Sea coastal region and SEAS-O: South-eastern Arabian Sea 

open ocean. 

Figure 4.10. Univariate measures of phytoplankton (both taxonomy and shape-wise) 

from NEAS (both coastal and open ocean) and SEAS (open ocean). Station 

data are pooled and presented here. 

Figure 4.11. Relationship between GALD and S:V for the 8 dominant shapes recorded 

in North-eastern (NEAS-O and NEAS-C) and South-eastern Arabian Sea 

during the study period. a) NEAS-O: North-eastern Arabian Sea open-ocean, b) 

NEAS-C: North-eastern Arabian Sea coastal waters, and c) SEAS-O: South-

eastern Arabian Sea open ocean; Cyl: Cylinder; ElliP: Elliptic prism; Cyl2Hs: 

Cylinder + 2 Half sphere; PoP: Prism on parallelogram. 

Figure 4.12. Map showing Sea level anomaly (SLA) plot with SST frontal and non-

frontal regions in coastal region of NEAS. The blue line is showing the 

location of the fronts, the black rectangle and white oval shapes showing the 

frontal and non-frontal part sampled in the present study. 



Figure 4.13. Univariate measures of phytoplankton (both taxonomy and shape-wise) 

from frontal and non-frontal in the coastal region of NEAS. EF: East front; 

WF: West front; MF: Main front and NF: Non-front. Station data from the 

frontal and non-frontal regions are pooled and presented here. 

Figure 4.14. Shape-wise cluster plot of micro-phytoplankton community of frontal and 

non-frontal coastal NEAS. WF: West front, EF: East front, MF: Main front and 

NF: Non-front. 

Figure 4.15. Univariate measures of phytoplankton (both taxonomy and shape-wise) 

from transects T1 and T2 of SEAS (open ocean).  Station data are pooled and 

presented here. 

Figure 4.16. Univariate measures of phytoplankton (both taxonomy and shape-wise) 

from frontal and non-frontal in the oceanic region of SEAS. NFW: Non-front 

West; F: Frontal region and NFE: Non-front East.  Station data from the frontal 

and non-frontal regions are pooled and presented here. 

Figure 4.17. Taxonomy wise Cluster plot of open ocean frontal and non-frontal region 

micro-phytoplankton community of SEAS. NFW: Non-front West, F: Frontal 

region and NFE: Non-front East. 

Figure 4.18. Distribution of dominant phytoplankton shape in the frontal and non-

frontal water column of NEAS and SEAS. NEAS-C: Coastal North-eastern 

Arabian Sea; SEAS-O: Open Ocean South-eastern Arabian Sea; NF: Non-

front; MF: Main front; WF: West front; EF: East front; NEF: Non-front East 

and NFW: Non-front West. 

Figure 4.19. Taxonomy-wise cluster plot of micro-phytoplankton community of NEAS 

and SEAS. NEAS-O: North-eastern Arabian Sea open ocean, NEAS-C: North-

eastern Arabian Sea coastal region, and SEAS-O: South-eastern Arabian Sea 

open ocean. 

Figure 4.20. Distribution of dominant phytoplankton shape in the water column of 

NEAS and SEAS. NEAS-O: North-eastern Arabian Sea open ocean; NEAS-C: 

North-eastern Arabian Sea coastal region and SEAS-O: South-eastern Arabian 

Sea open ocean. 



Figure 4.21. RDA results show the relationship between environmental variables and 

dominant PGS and morphometric traits (S:V and GALD) in a) shallow surface 

and SCML, b) intermediate surface and SCML, and c) deep surface and 

SCML. PGS: phytoplankton geometric shape, S:V: surface-to-volume ratio, 

and GALD: greatest axial linear dimension.  

Figure 4.22. Dendrogram based on PGS of the micro-phytoplankton community of a) 

surface and b) SCML waters among the different regions of the Indian Ocean 

(IO). AST1: Arabian Sea transect 1, AST2: Arabian Sea transect 2, BoB: Bay 

of Bengal, NEIO: North equatorial Indian Ocean, SEIO: South equatorial 

Indian Ocean, STIO: South tropical Indian Ocean. 

Figure 4.23. Box plot based on taxonomy and PGS from the Sea surface and SCML 

waters of different regions in the Indian Ocean. a,d,g,j) Margalef’s species 

richness, b,e,h,k) Shannon-Wiener diversity, c,f,i,l) number of species. AST1: 

Arabian Sea transect 1, AST2: Arabian Sea transect 2, BoB: Bay of Bengal, 

NEIO: North equatorial Indian Ocean, SEIO: South equatorial Indian Ocean, 

STIO: South tropical Indian Ocean and SCML: sub-surface chlorophyll 

maximum layer. 

Figure 4.24. Non-linear regression of dominant PGS in surface waters of the IO. AST1: 

Arabian Sea transect 1, AST2: Arabian Sea transect 2, BoB: Bay of Bengal, 

NEIO: North equatorial Indian Ocean, SEIO: South equatorial Indian Ocean, 

STIO: South tropical Indian Ocean, S:V: surface-to-volume ratio and GALD: 

greatest-axial-linear-dimension. ElliP: elliptic prism, Cyl: cylinder, and PoP: 

prism on parallelogram. 

Figure 4.25. Non-linear regression of dominant PGS in varying depths of SCML in the 

IO. S:V: surface-to-volume ratio, GALD: greatest-axial-linear-dimension, 

ElliP: elliptic prism, Cyl: cylinder, and PoP: prism on parallelogram. 

Figure 4.26. Non-linear regression of dominant PGS in surface waters of the IO. AST1: 

Arabian Sea transect 1, AST2: Arabian Sea transect 2, BoB: Bay of Bengal, 

NEIO: North equatorial Indian Ocean, SEIO: South equatorial Indian Ocean, 

STIO: South tropical Indian Ocean, S:V: surface-to-volume ratio, GALD: 

greatest-axial-linear-dimension, ElliP: elliptic prism, Cyl: cylinder and PoP: 



prism on parallelogram. 

Figure 4.27. Violin plot of morphological attributes (S:V and GALD) in dominant PGS 

from varying SCML depths. S:V: surface-to-volume ratio, GALD: greatest-

axial-linear-dimension, SCML: sub-surface chlorophyll maximum layer, Cyl: 

cylinder, ElliP: elliptic prism, and PoP: prism on parallelogram. 

Figure 4.28. Violin plot of morphological attributes (S:V and GALD) in dominant PGS 

from sea surface and SCML waters. S:V: surface-to-volume ratio, GALD: 

greatest-axial-linear-dimension, SCML: sub-surface chlorophyll maximum 

layer, Cyl: cylinder, ElliP: elliptic prism, and PoP: prism on parallelogram. 

Figure 4.29. Violin plot of morphological attributes (S:V and GALD) in dominant 

PGSs from the sea surface and SCML of different regions in the Indian Ocean. 

AST1: Arabian Sea transect 1, AST2: Arabian Sea transect 2, BoB: Bay of 

Bengal, NEIO: North equatorial Indian Ocean, SEIO: South equatorial Indian 

Ocean, STIO: South tropical Indian Ocean, S:V: surface-to-volume ratio, 

GALD: greatest-axial-linear-dimension, Cyl: cylinder, ElliP: elliptic prism, and 

PoP: prism on parallelogram. 

 

Figure 5.1. Plots showing a) pennate and centric percentage contribution, b) dial 

variation in solar radiation, and c-f) percentage contribution of pico-, nano-, 

and micro-phytoplankton based on marker pigment in PAR and PAR+UVR 

treatment during the incubation period in the Arabian Sea. 

Figure 5.2. Plots showing a) diatom and dinoflagellate percentage contribution, b) dial 

variation in solar radiation, and c-h) percentage contribution of pico-, nano-, 

and micro-phytoplankton based on marker pigment in PAR and PAR+UVR 

treatment during the incubation period in the South-tropical Indian Ocean. 

Figure 5.3. PSII parameters during the three days incubation in the Arabian Sea. 

Figure 5.4. PSII parameters during the three days incubation in the South-tropical 

Indian Ocean. 



Figure 5.5. Plot showing values of a) photoprotective carotenoids (PPC) to 

photosynthetic carotenoids (PSC), b) photoprotective pigment ratios, i.e., DD + 

DT/Chlorophyll-a, and c) de-epoxidation of the xanthophyll cycle pigment 

DD, i.e., DT/DD + DT during the incubation period in the Arabian Sea. DT: 

Diatoxanthin, DD: Diadinoxanthin; M: Morning, and E: Evening. 

Figure 5.6. Plot showing values of a) photoprotective carotenoids (PPC) to 

photosynthetic carotenoids (PSC), b) photoprotective pigment ratios, i.e., DD + 

DT/Chlorophyll-a, and c) de-epoxidation of the xanthophyll cycle pigment 

DD, i.e., DT/DD + DT during the incubation period in the South-tropical 

Indian Ocean. DT: Diatoxanthin, DD: Diadinoxanthin; M: Morning, and E: 

Evening. 
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Chapter 1: General Introduction 

 

Microalgae are microscopic photosynthetic organisms, ubiquitous in all the waterbodies 

(freshwater and marine). They are a very diverse group that includes green algae, 

phytoplankton (diatoms and dinoflagellates), and coccolithophores with an unknown 

number of species (De Clerck et al., 2013; Guiry, 2012). Microalgae are abundant in the 

sunlit zone of the water column (rivers, lakes, reservoirs, and oceans) and the upper layer 

of sediment (e.g., shallow water and intertidal regions). Microalgae in water columns and 

sediment are called phytoplankton and phytobenthos, respectively. Their capability to 

thrive in such contrasting habitats shows that they have a variety of adaptive strategies. 

Morphological and physiological (hereafter Morpho-physiological) adaptation is the only 

alternative for these primary producers to sustain in their respective habitats, dependent 

on constantly changing physicochemical forces. For example, the species belonging to 

pennate (having the ability to attach) and centric diatoms (ability to float) are mostly 

dominant in the benthic and pelagic systems. Further, the abiotic (e.g., light, nutrients, 

hydrodynamics) and biotic (e.g., grazers) factors construct the ultimate fate of microalgae 

in their respective habitat. The complete dependence on nutrient uptake, light availability, 

and a limited capacity to evade grazers significantly shape their morphology and 

physiology. Thus, morphology (size, shape, presence of flagella, presence of mucilage, 

colony formation, and resting stages) and physiology (photosynthetic efficiency, photo-

adaptations/protection, nutrient uptake, mixotrophic ability, and buoyancy regulation) of 

these primary producers are the major descriptors of their surrounding ecological 

conditions (Figure 1.1). Different microalgal groups dominate different habitats of the 

marine ecosystem. For instance, in the shallow neritic regions, diatoms dominate both the 

planktonic (mostly centric diatoms) and benthic communities (mostly pennate diatoms), 

whereas, in the oceanic regions, diatoms, dinoflagellate, chlorophytes, and cyanobacteria 

are prominent in the water column and frustules and resting stages (e.g., dinoflagellate 

cysts, spores) in the underlying sediments. The microalgae in the intertidal and shallow 

subtidal sediments are known as microphytobenthos (MPB) (Underwood & Kromkamp, 

1999).  

The MPB assemblages, though mostly dominated by diatoms, can also include 

dinoflagellates, cyanobacteria, and euglenoids (MacIntyre et al., 1996). The MPB is one 

of the major primary producers in the intertidal system (Underwood & Kromkamp, 1999) 

and plays key ecological roles by serving as food sources for meiofauna, macrofauna, and  



2 
 

 

 

 

 

 

other deposit-feeders, which in turn support the upper levels of the trophic food web, like 

birds and fish (Kang et al., 2015).  However, when MPB are resuspended in the adjacent 

water column, they also serve as a food source for suspension feeders (Lefebvre et al., 

2009; Ubertini et al., 2012; Herman et al., 2001; Oakes et al., 2016). MPB colonizes large 

areas of intertidal sediment in estuaries and coastal areas, facilitates vital ecosystem 

services (Hope et al., 2020), and can even extend to the edge of the continental shelf 

(Cahoon, 1999; Pinckney, 2018). The phytoplankton community has been extensively 

studied in Indian waters, but the focus has always been on the planktonic forms (Chitari 

& Anil, 2017; Bharathi et al., 2018; Jagadeesan et al., 2017; Arunpandi et al., 2017; 

Kusum et al., 2017; Hardikar et al., 2017; Ahmed et al., 2016). The microphytobenthos 

(MPB) community, compared to elsewhere in the world (Park et al., 2014 and the 

references therein), has received very limited attention from India (Mitbavkar and Anil, 

Figure 1.1. Figure showing typology of phytoplankton functional traits. (Illustration 

from Litchman & klausmeier, 2008). 
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2002, 2004, 2006; Anil et al., 2007; Patil et al., 2017; Benny et al., 2021; Mandal et al., 

2021; Jeslin et al., 2021; Amal et al., 2024) (Figure 1.2a-b).  

Similarly, dinoflagellates (only 12-13%) are known to produce organic-walled 

and calcareous cysts as part of their life cycles (Head, 1996), but in some cases, adverse 

environmental conditions (like changes in temperature, salinity, and nutrient flux), can 

also induce cyst production. Many of these resting organic-walled cysts resist physical, 

chemical, and biological degradation (Dale, 1996) and settle at the bottom of the ocean 

floor. These cysts help dinoflagellates to form seed banks for blooms (including harmful 

algal blooms), produce toxins (e.g., Alexandrium Halldal & Dale, 1971 and Gymnodinium 

Ehrenberg, 1834 species), and help in unwanted marine bio-invasion as they remain 

viable for many years (Matsuoka & Fukuyo, 2000; Lundholm et al., 2011; Delebecq et 

al., 2020). Generally, the morphology of dinoflagellate cysts is species-specific, but their 

variability, particularly in cyst size and process length, due to environmental factors 

(temperature and salinity), makes them potential proxies for such factors (Rodrigues & 

Patil, 2021). Dinoflagellate cyst morphology and their variability is well documented 

from both laboratory and field studies (e.g., Ellegaard et al., 2002; Mertens et al., 2009a, 

2009b, 2010 and 2012; Rodrigues & Patil, 2021). So far, most of the work on 

dinoflagellate cysts are from the shallow coastal regions and port areas of the eastern 

Arabian Sea (Godhe et al., 2000; D’costa et al., 2008; Dsilva et al., 2011, 2012; Narale et 

al., 2015; Rodrigues et al., 2019, 2022) and from the productive coastal regions of the 

western Arabian Sea (Zonneveld et al., 1997, 2003, 2013; Marret & Zonneveld, 2003), 

but studies from the pelagic regions are none (Figure 1.2c). 

Traditionally, morphology was used for phylogenetic classification as a main 

feature, but it reveals nothing about the ecological functions (Salmaso & Padisak, 2007). 

Though the recent use of genetic and molecular techniques has refined the taxonomic and 

phylogenetic classification, they do not always reflect the perceived ecological functions 

of the organism and are of little use to ecologists (Solbrig, 1993). The ecological value of 

morphological descriptors in phytoplankton in relation to the uptake of light and nutrients 

was first deciphered by Lewis (1976). Later on, Margalef (1978) suggested that 

phytoplankton life forms, when used as determinants of seasonal succession, show that 

morphological variability has an adaptive value directed toward the best fitting of the 

environmental template. Much later, Reynolds (1997, 2006, and literature therein) 

elaborated on how differences in phytoplankton morphology are related to adopting 

diverse ecological strategies.  
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(c)

Figure 1.2. Figure showing studies conducted worldwide on (a) microphytobenthos 

topics, (b) country-wise number of publications, and (c) dinoflagellate cyst. 

(Illustration (a) & (b) from Park et al., 2014; (c) from Marret et al., 2020). 
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Phytoplankton assemblages under variable environmental conditions can perhaps be 

shaped by size and form selection in natural environments (Morabito et al., 2007; Naselli-

Flores & Padisak, 2024). A large diversity of different sizes and shapes of species can be 

supported by the dynamic aquatic environments, either present in the assemblages or as 

propagules ready to develop when the environmental template turns favorable (Padisak, 

1992). The size and shape of phytoplankton expressed by greatest axial linear dimension 

(GALD) and surface-to-volume ratio (S:V) reflect their ability to obtain nutrients, light, 

resist sinking, and reduce grazing pressure (Lewis, 1976; Naselli-Flores et al., 2007). In 

the past few decades, the use of these morphometric traits to explain and understand 

phytoplankton community distribution is well explored in various ecosystems: freshwater 

ecosystem (Margalef, 1978; Reynolds, 1988; Weithoff, 2003; Salmaso & Padisak, 2007; 

Litchman & Klausmeier, 2008; Kruk et al., 2010; Naselli-Flores & Barone, 2011; Martini 

et al., 2021; Laraib et al., 2023; Naselli-Flores & Padisak, 2024; Welbara et al., 2024) 

estuarine ecosystem (O’Farrell et al., 2007; Kruk et al., 2015) and marine ecosystems 

(Stanca et al., 2013; Barton et al., 2013; Litchman et al., 2007, 2015; Finkel et al., 2010; 

Mao et al., 2024). However, to our knowledge, this approach has not been used in Indian 

waters. Therefore, it will be interesting to study the shape and size variability and their 

related attributes from various contrasting marine habitats (e.g., intertidal, coastal, and 

pelagic) (Figure 1.3). 
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Figure 1.3. Figure showing studies conducted based on phytoplankton traits 

worldwide from different habitats and research perspectives. (Illustration from 

Weithoff & Beisner, 2019. 
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Other than the morphological adaptations, physiological adaptations also play a 

significant role in the life strategies of phytoplankton. When it comes to physiological 

adaptations, nutrients, and light are the main factors that determine the survival conditions 

for microalgae. Their limited ability to avoid any nutrient or light constraint by evading 

it leaves them with the only option to adapt to any given condition by modifying their 

physiological setups. Photo adaptation is a strategy that allows microalgae to survive in 

any given light environment. Three main groups of pigments participate in light 

harvesting for photosynthesis: chlorophylls, carotenoids, and phycobilins. Chl-a, Chl-b, 

and Chl-c are the most common chlorophylls. Carotenoids include carotenes and a 

subgroup called xanthophylls, which are oxygenated derivatives of carotenes (Jeffrey et 

al., 2011; Jin et al., 2003). Some xanthophylls act as protective pigments in high light 

intensities (Koyama et al., 1996; Faraloni & Torzillo, 2017; Aardema et al., 2024). The 

excess light can be regulated by dynamic photoinhibition, non-photochemical quenching 

of the reaction center, and by producing photoprotective pigments (Raven, 2011). 

Conversion of Xanthophylls in phytoplankton is a very fast (seconds to minutes) process 

(Moisan et al., 1998; Demers et al., 1991; Meyer et al., 2000; Michelberger et al., 2024); 

therefore, it can cope with the rapidly changing light environment. Strzepek and Harrison 

(2004) studied the two different species of diatom Thalassiosira, one oceanic and another 

coastal, and found differences in their photosynthetic architecture and iron requirements. 

Phytoplankton cells can even respond to large changes in PAR (Photo-synthetically 

Active Radiation) levels by short-term physiological adaptations through photo-

acclimation and chlorophyll reorganization (Joythibabu et al., 2018). A contrasting 

habitat like intertidal and oceanic ecosystems, where light varies greatly, will pose 

different challenges for the microalgae community to cope with high and low light 

conditions (Patil et al., 2017). In response to the light fluctuations, microalgal 

communities might differ in their photo-adaptation strategies, which have yet to be 

understood spatially and temporally along the Indian coast.   

Hence, it becomes a pressing question in the present scenario that the morpho-

physiological adaptive strategies of microalgae have a more significant role in better 

understanding the nature of habitat functioning. Moreover, the present study will not only 

initiate a new way of looking at the microalgae ecology but also might present the key 

factors deciding their fate in the ecosystem. Phytoplankton morphology-based studies 

have gained pace recently, and studies done so far show promising results that could help 

to simplify the understanding of ecosystem functioning and species succession without 
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going into the taxonomical details. The various life strategies, like cyst formations, can 

better elucidate the benthic-pelagic coupling and give a better understanding of seasonal 

bloom formation. A better understanding of photo-adaptation in microalgae from 

intertidal and oceanic habitats will have implications in the studies related to ecological 

surveillance and primary productivity, in particular. Therefore, the proposed study not 

only points out a new take i.e., morpho-physiological approach (which has not been 

attempted) in addition to the regular taxonomic approach, but will also aid in a better 

understanding of microalgae ecology holistically. Nevertheless, to the best of our 

knowledge, a morpho-physiological approach toward understanding the population 

dynamics of microalgae in the respective habitat has not been attempted and is proposed 

in this study. The study focuses on understanding the variability in the morphological 

(e.g., cyst, shape, and size) and physiological (photo-adaptation/protection) adaptations 

under different environmental settings. Therefore, in light of the above, the following 

three objectives are addressed: 

 

1. Diversity and distribution of planktonic and benthic microalgae. 

2. Delineating the phytoplankton distribution patterns based on taxonomic and 

functional classification. 

3. Photo-physiological adaptation of microalgae from different bioregions. 
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Chapter 2: Materials and Methods 

The present chapter describes the study area and the methods for addressing all three 

objectives. Objectives one (i.e., Diversity and distribution of planktonic and benthic 

microalgae in chapters 3) and two (i.e., Delineating the phytoplankton distribution 

patterns based on taxonomic and functional classification in chapters 4) are based on field 

observations, whereas objective three (i.e., Photo-physiological adaptation of microalgae 

from different bioregions in chapter 5) is addressed based on field sampling followed by 

onboard experiments. 

2.1. The intertidal ecosystem 

For the study, two intertidal ecosystems, rockpools and beaches (also referred to as tidal 

flats), were selected to address objectives 1 and 2. The findings from objectives 1 and 2 

are dealt with in chapters 3 and 4. The sampling details of the planktonic and benthic 

microalgae from both ecosystems are described in the subsequent section.  

2.1.1. Tidal flat ecosystem 

2.1.1a. Study area 

The microphytobenthos (MPB) were studied from two tidal flats (for objective 1a), Dias 

tidal flat (DTF;15o27’12.2” N; 73o48’05.2” E) and Miramar tidal flat (MTF;15o28’57” N; 

73o48’24.7” E), former located at Dona Paula Bay near Zuari estuary and latter adjacent 

to Mandovi estuary near Panaji (Figure 2.1a & b). The DTF, protected by rocky cliffs on 

both sides, is ~200 m long, whereas the MTF, a tourist-influenced famous beach around 

Panaji city, is 3 km long. Both the tidal flats are influenced by semi-diurnal tides, with 

average spring tide reaching up to 2 m and neap tide up to 0.7 m. The DTF is sheltered 

(Mitbavkar & Anil, 2002), whereas the MTF is dissipative tidal flat (Seelam et al., 2014). 

These tidal flats receive a fair amount of precipitation annually during the southwest 

monsoon (June-September), adding fresh water to the adjacent sea and drastically 

reducing the salinity (10±5.5 PSU).  

DTF is a sheltered beach near the Zuari estuary, influenced by the southwest 

monsoons. The tidal range of this tidal flat is restricted by a sea wall at the high-tide zone, 

making the environmental conditions at the high-tide zone similar to the mid-tide zone. 

This tidal flat is moderately influenced by tourism and fishing activities, making it less 

prone to anthropogenic pressure, unlike other famous beaches in Goa. Although the MPB 

studies were conducted over two decades ago in the same area, the shape variability 

concerning inter-annual and seasonal changes were not addressed.  
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The Mandovi estuary is formed when the Mandovi River (77 km long), which 

originates from the sub-Ghats region at an elevation of 888 m, meets the Arabian Sea. 

This estuary is known for moored casinos and tourist boats and has heavy traffic of 

commercial barges and mechanized fishing boats (Loveson et al., 2014). The left bank of 

the estuary has a well-developed stretch of sandy beaches (Miramar and Caranzalem), 

whereas, on the right bank, beaches are either absent or poorly developed (Murty et al., 

1976). The Miramar beach (referred to as Miramar tidal flat hereafter, MTF) has gone 

through extraordinary biotic and abiotic changes majorly caused by the iron ore mining 

activities and is well-documented in various studies (Nigam et al., 2002 and 2005; 

Loveson et al., 2014; Mascarenhas & Ingole, 2009; Ansari & Ingole, 2002, Ingole, 2003 

& 2004). Rekadwad and Khobragade (2015) have shown in their study that MTF is 

affected by oil spills and tar-ball pollution. Earlier studies have extensively focused on 

foraminiferal, macro, and meiobenthic diversity (Nigam et al., 2002, 2005; Ingole, 2002, 

2003, 2004); however, the MPB received no attention. Various studies have shown the 

potential of MPB as an indicator of anthropogenic impacts (Du et al., 2017; Barinova et 

al., 2019; Dalu et al., 2020) and the assemblage change caused by anthropogenic activities 

can severely impair the ecosystem functioning (Bere et al., 2014). 

2.1.1b. Sampling strategy and Microphytobenthos enumeration 

The sampling was conducted monthly for 4 months in 2019 (April-August) and 16 months 

in 2022-23 (July 2022 to October 2023) during the spring tide. Sediment samples were 

collected in triplicates from the low-tide (LT), mid-tide (MT), and high-tide (HT) zones 

using a PVC core (length:15 cm and diameter: 4.5 cm) and transferred to the lab 

immediately. Further, each core was sectioned, and the top 2 cm were used for the MPB 

analysis. The extinction dilution method (most-probable-number method; MPN) 

(Throndsen, 1978; Imai et al., 1984, 1990; Yamochi, 1989; Ishikawa & Tamaguchi, 1994; 

Itakura et al., 1997) with slight modification was used for the quantification of the MPB.  

In this method, the wet weight of one gram of sediment was diluted to 10 mL with 

f/2 medium (Guillard & Ryther, 1962) and sonicated for 15 seconds. This stock was 

further used to start the dilution series. Firstly, 1.8 mL of f/2 medium was transferred into 

a 24-well plate, and 0.2 mL hand-mixed stock was inoculated into the first six wells for a 

10-1 dilution. The sixth well from the first row was again mixed well, and 0.2 mL 

inoculum was further added to the second row of the six wells for a 10-2 dilution, leaving 

very little quantity in the sixth well of the first row; therefore, it was not considered for 

the enumeration, leaving only five wells for each dilution. This was repeated for 10-3 and 
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10-4 dilutions. This entire procedure (i.e., five wells, four dilutions) was repeated in 

triplicate for each tide zone using a new 1g of sediment. These 24-well plates were further 

incubated using white light (100 µmol photon m-2 s-1) under a 12 light:12 dark cycle at a 

controlled temperature of 26oC for 8-10 days. The 24-well plates were enumerated using 

an inverted microscope (IX73; Olympus made). In this method, the wells where growth 

was observed were given a positive score. The MPN for each species in the sediment 

sample was then calculated according to a statistical table (Table 2.1; Throndsen, 1978). 

This table includes a range of five dilution steps, and three dilutions have to be chosen 

out of the five cultured to get the MPN number. The taxonomic identification of 

phytoplankton and MPB was based on standard identification keys (Taylor, 1976; Tomas, 

1997). Further, the MPB is classified based on geometric shapes (Hillebrand et al., 1999; 

Sun & Liu, 2003) and life forms (i.e., epipelic and episammasic based on Meleder et al., 

2007).  A total of 12 shapes were identified, with nine simple (Box-B, Cylinder-Cyl, 

Cymbelloid-Cym, Ellipsoid-Elli, Elliptic prism-ElliP, Gamphonemoid-Gam, Prism on 

parallelogram-PoP, Prolate Spheroid-ProS, and Prism on triangle-PoT) and three 

combined shapes (2 Cones-2C, Cylinder + 2 Half spheres-Cyl2Hs, and Prolate spheroid 

+ 2 Cylinders-ProS2Cyl) (Table 2.2). 

Further, interstitial water samples were collected at MT and HT wherever possible 

by digging (up to 15 cm) the sediment with a shovel each month. The adjacent surf water 

(SW) was collected at about 2-3 m from the LT zone to analyze the phytoplankton 

community, marker pigments, and nutrients. The temperature of the SW, interstitial 

water, and surface sediment was recorded at the study site, whereas other environmental 

variables, like salinity and dissolved inorganic nutrients, were estimated in the lab. 

Seawater samples for dissolved inorganic nutrient analysis were collected in 4.5mL cryo-

vials in 4 replicates and frozen at -20oC until analysis. Samples were thawed to room 

temperature before the analysis, and nutrients (nitrate, nitrite, phosphate, and silicate) 

were measured using an auto-analyzer (Model: Skalar Analytical San++, the Netherlands) 

following standard colorimetric methods (Grasshoff et al., 1983). Separately, a known 

amount of surface sediment was collected at all the tidal zones to analyze chlorophyll-a 

(Parsons et al., 1984) and extracted in 90% acetone for 24 hours. The extracted 

chlorophyll-a was measured using a fluorometer (Model: Trilogy Turner designs). The 

sediment grain size (sand, >63µm; silt, 4-63µm; and clay, <4µm) was measured by dry 

sieving and pipette analysis (Folk et al., 1970; Folk, 1974). 
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Growth in 
MPN 

Growth in MP

N 

Growth in 
MPN 

1.0 0.1 0.01 ml 1.0 0.1 0.01 ml 1.0 0.1 0.01 ml 

0 0 0 0 1 0 0 2 2 0 0 4.5 

0 0 1 1.8 1 0 1 4 2 0 1 6.8 

0 0 2 3.6 1 0 2 6 2 0 2 9.1 

0 0 3 5.4 1 0 3 8 2 0 3 12 

0 0 4 7.2 1 0 4 10 2 0 4 14 

0 0 5 9 1 0 5 12 2 0 5 16 

 

0 1 0 1.8 1 1 0 4 2 1 0 6.8 

0 1 1 3.6 1 1 1 6.1 2 1 1 9.2 

0 1 2 5.5 1 1 2 8.1 2 1 2 12 

0 1 3 7.3 1 1 3 10 2 1 3 14 

0 1 4 9.1 1 1 4 12 2 1 4 17 

0 1 5 11 1 1 5 14 2 1 5 19 

 

0 2 0 3.7 1 2 0 6.1 2 2 0 9.3 

0 2 1 5.5 1 2 1 8.2 2 2 1 12 

0 2 2 7.4 1 2 2 10 2 2 2 14 

0 2 3 9.2 1 2 3 12 2 2 3 17 

0 2 4 11 1 2 4 15 2 2 4 19 

0 2 5 13 1 2 5 17 2 2 5 22 

 

0 3 0 5.6 1 3 0 8.3 2 3 0 12 

0 3 1 7.4 1 3 1 10 2 3 1 14 

0 3 2 9.3 1 3 2 13 2 3 2 17 

0 3 3 11 1 3 3 15 2 3 3 20 

0 3 4 13 1 3 4 17 2 3 4 22 

0 3 5 15 1 3 5 19 2 3 5 25 

 

0 4 0 7.5 1 4 0 11 2 4 0 15 

0 4 1 9.4 1 4 1 13 2 4 1 17 

0 4 2 11 1 4 2 15 2 4 2 20 

0 4 3 13 1 4 3 17 2 4 3 23 

0 4 4 15 1 4 4 19 2 4 4 25 

0 4 5 17 1 4 5 22 2 4 5 28 

 

0 5 0 9.4 1 5 0 13 2 5 0 17 

0 5 1 11 1 5 1 15 2 5 1 20 

0 5 2 13 1 5 2 17 2 5 2 23 

0 5 3 15 1 5 3 19 2 5 3 26 

0 5 4 17 1 5 4 22 2 5 4 29 

0 5 5 19 1 5 5 24 2 5 5 32 

 

 

 

 

 

Table 2.1. Most probable number (MPN) in 10 ml of sample, based on the presence 

and absence of growth in well-plates from three subsequent steps of a dilution-culture 

series: 5 well-plates with 1.0 ml inoculum each, 5 well-plates with 0.1 ml, and 5 well-

plates with 0.0l ml (Taken from Throndsen, 1978) 
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Growth in 
MPN 

Growth in 
MPN 

Growth in 
MPN 

1.0 0.1 0.01 ml 1.0 0.1 0.01 ml 1.0 0.1 0.01 ml 

3 0 0 7.8 4 0 0 13 5 0 0 23 

3 0 1 11 4 0 1 17 5 0 1 31 

3 0 2 13 4 0 2 21 5 0 2 43 

3 0 3 16 4 0 3 25 5 0 3 58 

3 0 4 20 4 0 4 30 5 0 4 76 

3 0 5 23 4 0 5 36 5 0 5 95 

 

3 1 0 11 4 1 0 17 5 1 0 33 

3 1 1 14 4 1 1 21 5 1 1 46 

3 1 2 17 4 1 2 26 5 1 2 64 

3 1 3 20 4 1 3 31 5 1 3 84 

3 1 4 23 4 1 4 36 5 1 4 110 

3 1 5 27 4 1 5 42 5 1 5 130 

 

3 2 0 14 4 2 0 22 5 2 0 49 

3 2 1 17 4 2 1 26 5 2 1 70 

3 2 2 20 4 2 2 32 5 2 2 95 

3 2 3 24 4 2 3 38 5 2 3 120 

3 2 4 27 4 2 4 44 5 2 4 150 

3 2 5 31 4 2 5 50 5 2 5 180 

 

3 3 0 17 4 3 0 27 5 3 0 79 

3 3 1 21 4 3 1 33 5 3 1 110 

3 3 2 24 4 3 2 39 5 3 2 140 

3 3 3 28 4 3 3 45 5 3 3 180 

3 3 4 31 4 3 4 52 5 3 4 210 

3 3 5 35 4 3 5 59 5 3 5 250 

 

3 4 0 21 4 4 0 34 5 4 0 130 

3 4 1 24 4 4 1 40 5 4 1 170 

3 4 2 28 4 4 2 47 5 4 2 220 

3 4 3 32 4 4 3 54 5 4 3 280 

3 4 4 36 4 4 4 62 5 4 4 350 

3 4 5 40 4 4 5 69 5 4 5 430 

 

3 5 0 25 4 5 0 41 5 5 0 240 

3 5 1 29 4 5 1 48 5 5 1 350 

3 5 2 32 4 5 2 56 5 5 2 540 

3 5 3 37 4 5 3 64 5 5 3 920 

3 5 4 41 4 5 4 72 5 5 4 1600 

3 5 5 45 4 5 5 81 5 5 5 2400+ 
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Sl. 

No. 

Shape 

type 

Phytoplankton Geometric Shapes (PGS) Volume and surface area 

formula 

1 

S
im

p
le

 s
h

a
p

es
 

Sphere (S) 

 

 

 

2 Box (B) 

 

 

 

3 Cylinder (Cyl) 

 

 
 

4 Cone (C) 

 

 

 

5 Cymbelloid (Cym) 

 

 

 

Table 2.2. Table showing all the phytoplankton geometric shapes and their respective formulae 

used for calculation of volume and surface area during this study from different marine habitats 

(taken from Hillebrand et al., 1999; Sun & Liu, 2003). V: volume; A: surface area; a: length; 

b: width; c: height. 
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6 Ellipsoid (Elli) 

 

 

 

7 Elliptic prism (ElliP) 

 

 

 

8 Gamphonemoid (Gam) 

 

 

 

9 Prism on parallelogram (PoP) 
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10 Prolate Spheroid (ProS) 

 

 

 

11 Prism on triangle (PoT) 

 

 

 

12 Gamphonemoid (Gam) 

 

 
 

13 Half sphere (Hs) 
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C
o
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p
le

x
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co
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sh
a

p
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2 Cones (2C) 
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15 Cylinder + 2 Half spheres (Cyl2Hs) 

 

 

 

16 Prolate spheroid + 2 Cylinders (ProS2Cyl) 
 

Calculation is combination of 

Prolate spheroid and 2 cylinders 

17 Ellipsoid + 2 cones + cylinder (Elli2CCyl) 

 

  

18 Box+2 Cylinders (B2Cyl) 
 

Calculation is combination of Box 

and 2 cylinders 

19 Box+Elliptic prism (BElliP) 
 

Calculation is combination of Box 

and elliptic prism 

20 Cone+Half sphere (CHs) 
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21 

Elliptic prism+4 Cones (ElliP4C) 

 

 

 
   

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Map showing the location of the tidal flat sampling stations at a) Miramar 

Beach and b) Dias Beach. 
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2.1.2. Rockpool ecosystem 

2.1.2a. Study area and sample collection 

The taxonomic and functional classification of phytoplankton was analyzed from the 

rockpool of the intertidal region (objective 2a). The sampling was conducted at the rocky 

shores of Anjuna, Goa (15o34’34.986” N; 73o44’23.895” E; Figure 2.2), known for 

various-sized rock pools located on the western coast of India. A total of nine RPs located 

at various tidal levels (three at each low tide (LT), mid-tide (MT), and high tide (HT)) 

were selected for water sampling. The sampling was conducted in the summer season of 

two different years (May 2014 and April 2015) during the LT every day for 15 days. The 

rationale for sampling during the summer season is as follows: (i) RPs experience 

maximum solar radiation resulting in increased water temperature, light penetration, and 

salinity (due to evaporation), (ii) Two summer seasons to confirm consistency in trends, 

(iii) Feasibility for sampling keeping in mind the semi-diurnal nature of the tide in the 

region. The sampling days were designed in such a way so that the variation in both 

‘Flushed (F)’ (when the adjacent water replaces the RP water with tidal action) and ‘Non-

flushed (NF)’ (when the RP water is not replaced for several days, particularly for HT-

RPs) scenario can be apprehended. In the first and last five days of the sampling, the tidal 

amplitude of the highest high tide was >1.8, and all the RPs got flushed, whereas when 

the high tide amplitude was <1.8, only LT and MT-RPs got flushed except the HT-RP. 

The small quantity of undisturbed HT-RP water during the NF time was exposed to direct 

sunlight, making the environmental extremes inevitable. Environmental parameters (like 

temperature and salinity) were collected from the selected RPs of different tidal levels. 

During the sampling period, water temperature and salinity in HT-RPs ranged between 

27–37°C and 28–49.5 PSU, respectively, whereas water temperature and salinity in LT 

and MT-RPs ranged between 26–37°C and 35–38 PSU, respectively (Patil et al., 2017). 

The lowering of salinity during the 2014 sampling was due to precipitation (up to 2.6 

mm; MICD, NIO) during the latter half of sampling. Even a small amount of precipitation 

is sufficient to lower salinity in RPs harboring smaller volumes of water. However, no 

precipitation occurred during the 2015 sampling. 

2.1.2b. Sample analysis 

A known volume (1 L) of the water samples collected from all the RPs were preserved 

with 4% Lugol’s iodine at the site and then transported immediately (within 2h) to the 

laboratory in dark condition for the analysis of microalgal composition and abundance 

(in triplicates) using an inverted microscope (IX-73 Olympus Make). The identification 
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of microalgae was carried out manually based on the standard identification guides 

(Tomas, 1997). Further, all the recorded species were assigned to their known geometric 

shapes as described in Hillebrand et al. (1999) and Sun and Liu (2003) to find out if shapes 

can be used as a functional trait. A total of 12 shapes were identified, among which eight 

shapes were simple (Box (B), Cylinder (Cyl), Cymbelloid (Cym), Ellipsoid (Elli), Elliptic 

prism (ElliP), Gamphonemoid (Gam), Prism on parallelogram (PoP) and Prism on 

triangle (PoT)) and 4 were combined (Cylinder + 2 half spheres (Cyl2Hs), Ellipsoid + 2 

cones + cylinder (Elli2CCyl), Prolate spheroid + 2 cylinders (ProS2Cyl) and 2 cones 

(2C)) (Table 2.2). 

2.1.2c. Experimental design to elucidate allelopathic effect of A. carterae on other 

microalgae 

The observation of unpreserved samples during the sampling period from the HT-RP 

waters under the microscope revealed a very high abundance of dinoflagellates, which 

prompted us to further isolate the microalgae and culture for detailed identification and 

experiments. The dinoflagellates were identified as Amphidinium carterae sensu stricto 

(potential harmful dinoflagellate) and Bysmatrum gregarium, formerly known as B. 

caponii and maintained in f/2 media (Guillard and Ryther 1962). The abundance data 

suggested their high number in HT-RPs whereas, other microalgae were less abundant 

and literature also advocated some of the A. carterae strain to be toxic (Murray et al. 

2015). Given this, an experiment was designed to confirm the allelopathic effect of A. 

carterae on the various microalgae found in either the same HT-RP or adjacent waters. 

A diatom (Skeletonema costatum), green algae (Dunaliella tertiolecta), and a 

dinoflagellate (Bysmatrum gregarium) were selected as test organisms for the allelopathic 

effect of A. carterae cell-free filtrate. The culture of A. carterae, S. costatum, D. 

tertiolecta and B. gregarium were maintained at 27 ± 1°C under a light photocycle of 

12:12 h light: dark in their exponential growth phase by weekly re-inoculation of fresh 

culture media. 

2.1.2d. Amphidinium carterae culturing for cell-free filtrate and allelopathy evaluation 

In order to obtain large quantities of cell-free filtrate during stationary phase, A. carterae 

was cultured in four one litre sterile flasks containing 800 ml of f/2 media at 35 PSU 

salinity. The culture conditions are the same as mentioned above. The growth of A. 

carterae was monitored every day by cell counts (using haemocytometer and upright 

microscope (Olympus; 10x objective) until the culture reached its stationary phase so that 

it can be harvested to obtain a cell-free filtrate. The culture of A. carterae was harvested 
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on 10th day to obtain cell-free filtrate and it was carried out by first passing through 10-l 

mesh followed by filtering on 0.22-l Millipore filter paper under very low pressure. The 

obtained cell-filtrate (designated as 100% strength) was then used for allelopathic 

experiments.  

For the experiments, the different strength of cell free filtrate (100%, 75%, 50%, 

25%, 10%) was evaluated for allelopathic effect against S. costatum, D. tertiolecta, and 

B. gregarium. Additionally, all the cultures were grown in f/2 media and are treated as 

control (0%). The different strength of the cell-free filtrate was prepared using sterile 0.22 

µm filtered seawater. The experiments were performed in triplicates in 150 ml 

polycarbonate bottles (Nalgene make) containing different strength cell-free filtrates 

enriched with f/2 media. A known number of the cell of S. costatum (1068 cells mL-1), 

D. tertiolecta (2437 cells mL-1) and B. gregarium (10 cells mL-1) were inoculated in 

triplicates and incubated for 4 days at 27 ± 1°C under a light photocycle of 12:12 h light: 

dark. To evaluate the effect of allelopathy, counting and morphological changes were 

observed every day for the period of 4 days. Counting was performed in the same way as 

mentioned above for A. carterae using hemocytometer and upright microscope 

(Olympus; 10x objective) and the abundance was expressed as cells/ml. 

 

 

 

 

 
Figure 2.2. Map showing the location of the Rockpools. 
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2.2. The pelagic ecosystem 

In the present objective, the dominant planktonic forms (i.e., diatoms and dinoflagellates) 

from the photic zone of the water column and the dominant benthic phytoplankton forms 

from the open ocean sediments (i.e., dinoflagellate cysts) were sampled and studied. The 

planktonic forms were studied based on taxa, shapes, and morphometry, whereas the 

dinoflagellate cysts were studied only based on taxa and morphometry. The resting 

diatom spores also contribute minimally to the benthic microalgae in the open ocean. 

However, it is difficult to identify them as the numbers are considerably lower, and thus, 

they have not been studied. The details of the sampling methods for the sediment and 

planktonic forms of microalgae from the oceanic regions are described in the subsequent 

section. 

  

2.2.1. Water column  

2.2.1a. Study area and sample collection 

To study the taxonomic and functional classification of phytoplankton in the open ocean 

ecosystem (objectives 2b and c), data from five cruises, R/V Sindhu Sankalp (SSK077; 

11-22 February 2015) and R/V Sindhu Sadhana (SSD029; 18 November - 2 December 

2016), took place during late winter monsoon and winter monsoon, respectively, in the 

north-eastern Arabian Sea (NEAS), R/V Sindhu Sadhana (SSD028; 6 – 17 November 

2016) in winter monsoon in the south-eastern Arabian Sea (SEAS), and SSD069 (2020) 

in the oligotrophic and oxygen minimum zone (OMZ) part of the Arabian Sea (SSD069; 

12 January – 11 February 2020) and a three-month long cruise (SSD079; 14 March - 5 

June 2021) encompassing Bay of Bengal (BoB) and North and South Equatorial Indian 

Ocean up to 30oS (NEIO, SEIO, and STIO) (Figure 2.3a and b; Table 2.3) were utilized 

for data analysis (taxonomic and shape diversity) and interpretation. The study in the 

NEAS and SEAS was conducted using the integrated water column depths from surface 

to 200 m, whereas, for the oligotrophic, OMZ, BoB, NEIO, SEIO, and STIO, only sea 

surface and sub-surface chlorophyll maximum layer (SCML) water was studied. The 

water samples were collected at 127 stations (NEAS-Open ocean-20 stations, NEAS-

Coastal-38 stations, SEAS-Open ocean-31 stations, AS-14 stations, BoB-4 stations, 

NEIO-3 stations, SEIO-6 stations, and STIO-11 stations) at discrete depths (surface to 

100 m) for NEAS-SEAS (2015-16 cruises, hereafter termed as AS-cruises) and from the 

sea surface and sub-surface chlorophyll maximum layers (SCML) from different 

bioregions of the Indian Ocean (IO 2020-21 cruises, hereafter termed as IO-cruises) with 
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10 L Niskin bottles attached to 32 Carousel Water Sampler (Sea-bird Electronics Inc.; 

SBE), which is operated with SBE 911 plus CTD equipped with sensors such as 

temperature (SBE 3 plus SN5552; ±0.001 °C), conductivity (SBE 4 SN4088; ±0.0003 S 

m−1), dissolved oxygen (SBE 43SN2288; ±2% of saturation), transmissometer (WET 

Labs C-star), fluorometer (Seapoint Sensors; 0.02 μg L−1) and surface PAR (LI-COR 

Biospherical; µmol photons m-2s-1) for real-time data acquisition. 

2.2.1b. Sample analysis 

A fixed volume (1L) of the water sample for AS-cruises and 5L water samples from the 

sea surface and SCML were passed through a 20µm mesh, concentrated to 100 ml for IO-

cruises, and preserved with 4% acidic Lugol’s iodine for further analysis. A known 

aliquot (2-5 ml) of sample volume was analyzed in duplicates using an inverted 

microscope (IX73 Olympus Make) at 200-400x to assess micro-phytoplankton 

composition and abundance. Microalgaal identification was performed using standard 

identification keys (Tomas, 1997; Taylor, 1976). was preserved with 4% Lugol’s iodine 

and used for further analysis. 

The morphological measurements (length, width, breadth, area, volume, and 

maximum linear dimension) for each phytoplankton cell or colony were performed using 

a factory-calibrated FlowCAM (Fluid Imaging Technologies) at 4x magnification 

(flowcell 300 μm) and a microscope digital camera adapter system 

(QimagingMicroPublisher 5.0 RTV) attached to the inverted microscope at 200–600x 

magnification (Olympus IX73), respectively. These measurements were then used for the 

calculation of volume (V; μm3) and surface area (S; μm2) following Hillebrand et al. 

(1999) and Sun and Liu (2003). In algal ecology and physiology, shape and size 

variability play a key role (Capblancq & Catalan, 1994) wherein the surface/volume ratios 

of a biomass unit need to be maintained within physiologically necessary bounds in a 

given environment (Lewis, 1976). Given this, the surface-to-volume ratio (S:V) of the 

phytoplankton was calculated according to Lewis (1976) and Aubry et al. (2017). Each 

cell in the chain was considered for chain-forming cells like Chaetoceros and 

Skeletonema, and the morphological measurements were taken in higher magnifications 

(400x or 600x). The greatest axial linear dimension (GALD; μm) or maximum linear 

dimension (Weithoff & Beisner, 2019) is measured directly from the linear dimensions 

like diameter, height, total length, and apical axis length of a given cell based on the 

geometric approximation given by Hillebrand et al. (1999) and Sun and Liu (2003). Here, 

in this study, the GALD of a cell is measured according to its cell geometry, as described 
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by Ryabov et al. (2021). For instance, in the simple shapes, the maximum cell linear 

dimension (e.g., diameter in the sphere, height in ellipsoid and cylinder, apical axis length 

in prism on parallelogram) was considered GALD, whereas for combined shapes (Box + 

2 Cylinders, Cylinder + 2 Half spheres, Ellipsoid + 2 Cones + Cylinder, etc.,) consisting 

of few segments measured separately (e.g., cylinder with 2 half spheres), the sum of the 

linear dimensions of these parts or the total height or length was considered. 

Overall, a total of 22 shapes were identified, among which 11 shapes were simple 

(Box-B, Cone-C, Cylinder-Cyl, Cymbelloid-Cym, Ellipsoid-Elli, Elliptic prism-ElliP, 

Half sphere-Hs, Prism on parallelogram-PoP and Prism on triangle-PoT, Prolate 

spheroid-ProS, and Sphere-S) and 8 were combined (Box+2 Cylinders-B2Cyl, 

Box+Elliptic prism-BElliP, Cone+Half sphere-CHs, Cylinder+2 Half spheres-Cyl2Hs, 

Ellipsoid+2 Cones+Cylinder-Elli2CCyl, Elliptic prism+4 Cones-ElliP4C, Prolate 

spheroid+2 Cylinders-ProS2Cyl, and 2 Cones-2C) (Table 2.2). 

2.2.1c. Environmental variables 

Seawater samples for dissolved inorganic nutrient analysis were collected in 4.5mL cryo-

vials in 4 replicates and frozen at -20oC until analysis. Samples were thawed to room 

temperature before analysis, and nutrients (nitrate, nitrite, phosphate, and silicate) were 

measured using an auto-analyzer (Model: Skalar Analytical San++, Netherlands) 

following standard colorimetric methods (Grasshoff et al., 1983). Other environmental 

parameters (temperature, salinity, oxygen, and PAR) were obtained from the onboard-

operated CTD profiler. The SCML depth was determined using fluorescence downward 

profiles generated by a fluorometer (Seapoint Sensors; 0.02 μg L−1) attached to the CTD 

profiler. The mixed layer depth (MLD) was calculated using a 0.03 kg m-3 density 

difference from the surface (de Boyer Montegut et al., 2004), and nitracline depth was 

taken where the nitrate concentration reached 1 μM L−1 (Zhuang et al., 2020). 
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Regions Cruises Stations Latitude (oN) Longitude (oE) 

NEAS-O 

 

SSK077 1 20.17444 68.78389 

SSK077 2 20.00778 68.99361 

SSK077 3 19.76917 69.23667 

SSK077 4 19.55583 69.45778 

SSK077 5 19.36917 69.52028 

SSK077 6 19.78472 68.86139 

SSK077 7 20.10083 68.80028 

SSK077 8 20.21028 68.75028 

SSK077 9 20.30028 68.70278 

SSK077 10 20.40944 68.65083 

SSK077 11 20.50806 68.6025 

SSK077 12 20.60444 68.50194 

SSK077 13 20.80972 68.30111 

SSK077 14 20.99139 68.28583 

SSK077 15 21.30167 68.89333 

SSK077 16 21.51556 68.20056 

SSK077 17 20.59944 68.33417 

SSK077 18 20.25306 68.70556 

SSK077 19 19.70639 68.02361 

SSK077 20 18.99861 69.26972 

NEAS-C 

 

 

SSD029 21 20.326 70.986 

SSD029 22 20.324 70.983 

SSD029 23 20.433 70.53 

SSD029 24 20.326 70.502 

SSD029 25 20.427 70.571 

SSD029 26 20.433 70.562 

SSD029 27 20.359 70.546 

SSD029 28 20.391 70.748 

SSD029 29 20.436 70.554 

SSD029 30 20.495 70.312 

Table 2.3. Station details with regions and geographic positions. 
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SSD029 31 20.359 70.546 

SSD029 32 20.338 70.545 

SSD029 33 20.484 70.527 

SSD029 34 20.467 70.732 

SSD029 35 20.508 70.51 

SSD029 36 20.534 70.274 

SSD029 37 20.299 70.544 

SSD029 38 20.542 70.512 

SSD029 39 20.409 70.723 

SSD029 40 20.543 70.488 

SSD029 41 20.653 70.163 

SSD029 42 20.301 70.645 

SSD029 43 20.544 70.503 

SSD029 44 20.548 70.467 

SSD029 45 20.447 70.64 

SSD029 46 20.548 70.453 

SSD029 47 20.627 70.211 

SSD029 48 20.3 70.54 

SSD029 49 20.513 70.491 

SSD029 50 20.357 70.715 

SSD029 51 20.384 70.77 

SSD029 52 20.449 70.567 

SSD029 53 20.55 70.298 

SSD029 54 20.301 70.543 

SSD029 55 20.6 70.49 

SSD029 56 20.5 70.5 

SSD029 57 20.409 70.72 

SSD029 58 20.546 70.5 

SEAS-O 

 

 

SSD028 59 9.499367 72.49785 

SSD028 60 9.477233 72.7005 

SSD028 61 9.496768 72.76771 

SSD028 62 9.448483 72.87425 

SSD028 63 9.414667 73.10517 
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SSD028 64 9.38998 73.29144 

SSD028 65 9.357667 73.526 

SSD028 66 9.350932 73.56317 

SSD028 67 9.343947 73.61814 

SSD028 68 9.332058 73.70162 

SSD028 69 9.319833 73.78467 

SSD028 70 9.3 73.8685 

SSD028 71 9.277033 74.10019 

SSD028 72 9.242792 74.33305 

SSD028 73 9.300177 74.53414 

SSD028 74 9.1881 74.73323 

SSD028 75 9.165667 74.92533 

SSD028 76 9.131157 75.14098 

SSD028 77 9.104667 75.34167 

SSD028 78 7.396667 74.16667 

SSD028 79 7.545833 74.27667 

SSD028 80 7.6812 74.38007 

SSD028 81 7.82 74.48167 

SSD028 82 7.8835 74.53917 

SSD028 83 7.965167 74.59367 

SSD028 84 8.104467 74.69837 

SSD028 85 8.235 74.795 

SSD028 86 8.373333 74.90067 

SSD028 87 8.42 74.93 

SSD028 88 8.644833 75.10583 

SSD028 89 8.865 75.275 

Oligotrophic-AS 

 

SSD069 90 9.0011 75.5022 

SSD069 91 9.0011 74.0167 

SSD069 92 9 72.5 

SSD069 93 9 69.5 

SSD069 94 9 68 

SSD069 95 9 66.5 

SSD069 96 9 65 
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SSD069 97 9 63.5108 

SSD069 98 9 62 

SSD069 99 9 60 

OMZ-AS 

 

SSD069 100 11 62.5711 

SSD069 101 14.5022 65.5769 

SSD069 102 17.3883 67.9583 

SSD069 103 16.7513 69.0008 

BoB 

 

SSD079 104 20.22196 88.04142 

SSD079 105 17.00005 89.85014 

SSD079 106 10.40959 92.64739 

SSD079 107 7.999984 92.38994 

NEIO 

 

SSD079 108 5.196757 92.81323 

SSD079 109 2.912549 92.15678 

SSD079 110 7.000241 75.58351 

SEIO 

 

SSD079 111 -1.9849 90.4707 

SSD079 112 -4.00001 90.46665 

SSD079 113 -7.7639 90.02884 

SSD079 114 -9.99986 89.6332 

SSD079 115 -7.32432 75.98251 

SSD079 116 -2.03855 75.56623 

STIO 

 

SSD079 117 -16.0541 88.29497 

SSD079 118 -20.9998 85.00018 

SSD079 119 -25.5001 82.53329 

SSD079 120 -30.0002 80.00053 

SSD079 121 -30.0002 75.00016 

SSD079 122 -30 69.9996 

SSD079 123 -18.2747 61.25387 

SSD079 124 -16.3667 67.27418 

SSD079 125 -12.9358 74.67573 

SSD079 126 -13.5574 75.55698 

SSD079 127 -12.0574 75.55744 
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a) b)

Figure 2.3. Map showing location of the water column sampling site in a) 

northeastern and southeastern Arabian Sea, and b) Indian Ocean. 
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2.2.2.  Sediment 

2.2.2a. Study area and sampling strategies 

To study the dinoflagellate cysts, observations were made during two cruises onboard 

R/V Sindhu Sadhana (SSD), one in the Southeastern and oxygen minimum zone (OMZ) 

part of the AS (SSD069; 12 Jan-11 February 2020) and another in OMZ part of BoB, 

EIO, and STIO up to 30oS in a three-month long cruise (SSD079; 14 March-5 June 2021). 

Overall, the surface sediment samples (0-2cm) were collected at 24 stations (Figure 2.4; 

Table 2.4), which includes 8 stations from AS (5 and 3 from oligotrophic and OMZ, 

respectively), 4 from BoB, 3 from EIO, and 9 from STIO at water column depths ranging 

from 113-5396m using a maxi multiple corer (60cm length x 100mm diameter; Ocean 

Scientific International Ltd.). The sediment grain size (sand, >63µm; silt, 4-63µm; and 

clay, <4µm) was measured by dry sieving and pipette analysis (Folk et al., 1970; Folk, 

1974). The stations were grouped into six regions based on geographical locations to 

study the biogeographic variations. Stations in the AS are grouped in three groups: the 

coastal station as coastal-AS (C-AS), stations in the oligotrophic East to West directions 

are grouped as oligotrophic AS (O-AS), and stations in the Oxygen minimum zone 

(OMZ) are grouped as OMZ-AS, stations from the BoB and the Andaman Sea are 

grouped as BoB, stations 5oN to 5oS are grouped as EIO, and 10oS to 30oS as STIO (Table 

2.4). Further, the AS and BoB are grouped as the North IO (NIO), whereas the EIO and 

STIO are grouped as the South IO (SIO). 

 2.2.2b. Sediment processing  

The surface sediment (0-2 cm) samples were processed following the palynological 

method (Matsuoka & Fukuyo, 2000) with slight modifications (Matsuoka et al., 2003). 

Approximately (5-15g of wet sediment was gently sonicated for 30s with distilled water 

(DW) and sieved through 100 and 10 μm mesh repeatedly. The residue retained on 10 μm 

mesh was treated with 10% hydrochloric acid for 24h to remove calcium carbonate and 

later washed thoroughly with DW and then with 30% hydrofluoric acid to dissolve silicate 

materials. All the acid-treated samples were washed thoroughly with DW (4-5 times) to 

remove any trace of acid. The acid-free residue was sieved again through 10 μm mesh 

and re-suspended carefully to 10 mL DW in a vial.  

The entire 10 mL was analyzed using an inverted microscope (Olympus IX73) (Cho 

& Matsuoka, 2001; Matsuoka et al., 2003; Wang et al., 2004; Baula et al., 2011) equipped 

with a digital camera (Qimaging MicroPublisher 5.0 RTV) at 100-400x magnification for 

identification and quantification of dinoflagellate cysts. Various published literature was 
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used for the identification of dinoflagellate cysts (Wall & Dale, 1968; Sonneman & Hill, 

1997; Matsuoka & Fukuyo, 2000; Liu et al., 2012; Radi et al., 2013; Rigel et al., 2022; 

Li et al., 2020; online version: 

https://www.marum.de/en/Modern_dinoflagellate_cyst_determination_key.html) and 

categorized into autotrophic, mixotrophic, and heterotrophic (Marret et al. (2020). Cysts 

with clear morphologies were identified at their species level; however, a few cysts are 

represented as genus “spp.”  

A minimum of ~100-300 cysts were counted per sample from the productive 

regions of the NIO, and 50 cysts were counted from the oligotrophic regions of the SIO, 

where counts were very low. However, a low count (<100 dinoflagellate cysts) might 

underestimate the diversity and statistical analysis; 50 dinoflagellate cyst cut-offs, as 

suggested by Marret et al. (2001), have proved to represent the dinoflagellate cyst species 

in the areas with low dinoflagellate cyst concentrations. Stations from BoB (station 3), 

EIO (stations 5 and 15), and STIO (stations 6 and 12-14) with <50 dinoflagellate cyst 

counts were excluded from the statistical analysis. In this study, dinoflagellate cyst 

abundances are represented by cyst concentrations and were calculated as the number of 

cysts per gram of dry sediment [cysts g−1] using the formula N/(W*(1-WC)), where N: 

total number of cysts; W: wet sediment weight taken for analysis and WC: Water content 

(Matsuoka et al., 2003; Cho & Matsuoka, 2001). To estimate the water content, a known 

weight (0.5-1 g) of the wet sediment sample was oven-dried at 70◦C for 24 h (Matsuoka 

et al., 2003; Cho & Matsuoka, 2001). Additionally, the hydrochloric and hydrofluoric 

acids used for cyst processing might destroy the calcareous cysts (e.g., Scrippsiella) and 

the cysts lacking distinctive cyst wall ornamentation (e.g., Alexandrium); therefore, 

additionally, 5-10g of sediment was sieved without the acid treatment and scanned under 

the microscope for the calcareous cysts. Various dinoflagellate cysts' morphometric 

measurements (body size and process length) are recorded and presented. 

The method used in this study for dinoflagellate cyst enumeration and identification 

is microscopy-based. However, a few recent methods, like the use of Lycopodium spores 

(Price et al., 2016) and metabarcoding sequencing (Gao et al., 2017; Liu et al., 2023; 

Bolch, 2022; Gu et al., 2024), are being readily used. Based on tracer experiments, Price 

et al. (2016) documented loss (average 8.2 %) of Lycopodium spores during processing, 

with the greatest loss occurring through the fine sieve and resulting in only a 4.8% 

overestimation of the cyst concentration. Since the loss in cyst is mainly during the 

sieving process, and we have analyzed the entire residue sample (i.e., 5-15g except for 

https://www.marum.de/en/Modern_dinoflagellate_cyst_determination_key.html


31 
 

coastal stations) rather than just a portion, the loss in cyst concentration might not affect 

our results significantly. Moreover, metabarcoding sequencing applications, which can 

even be used for a single cyst sample (Gao et al., 2017), can reveal many novel 

dinoflagellate cysts from oligotrophic regions with low cyst concentrations. 

Unfortunately, in this study, the metabarcoding sequencing approach is not used; 

therefore, it can be assumed that the actual species count might be underestimated. 

However, in the present study, a high volume of sediment samples was analyzed entirely 

to overcome underestimation.  

2.2.2c. Planktondrift simulation 

Further, the dinoflagellate cyst data were subjected to planktondrift simulation using an 

online particle trace simulation tool (planktondrift.science.uu.nl; henceforth referred to as 

planktondrift) to reconstruct the surface origin of sedimentary particles and its lateral 

transport in a specific location (Nooteboom et al., 2019, 2020). Planktondrift simulation 

is applied to trace the potential dinoflagellate cyst sources. Planktondrift (https:// 

planktondrift.science.uu.nl) is an online particle trace simulation tool developed to 

simulate the trajectories and dispersal patterns of virtual particles representing plankton 

in the ocean (Nooteboom et al. 2019, 2020). The planktondrift simulation utilizes climate 

models like the Ocean General Circulation Model for the Earth Simulator (OFES), 

Nucleus for European Modelling of the Ocean (NEMO), or the Parallel Ocean Program 

(POP). These climate models provide a 3D flow field of the ocean currents in which 

particles are released every 3 days for 6 years at the bottom of the ocean and tracked back 

in time along the flow field. These sinking particles are assumed to be heavier than water; 

therefore, a vertical sinking velocity is added to the velocity along the transport. This 

study used the OFES model of the planktondrift simulation tool to trace the possible 

surface origin locations for all sampling stations, which incorporates more sinking 

scenarios than other models for locations falling below 75° North and South 

(https://planktondr ift.science.uu.nl). The typical sinking speed for dinoflagellate cysts is 

11 m/day (Anderson et al. 1985), and the same was selected to run the simulations. 
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Figure 2.4. Map showing the location of the sediment sampling stations in 

the Indian Ocean. 
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Stations 

Regions of the 

Indian Ocean 
Longitude 

(oE) 

Latitude 

(oN/S) 

Water 

Depth  

(m) 

Sediment 

type 

1 

N
o
rt

h
 I

n
d

ia
n

 O
ce

a
n

 (
N

IO
) 

C-AS 74.7 11.5 113 Sandy 

2 

O-AS 

 

72.5 9 2105 Silty clay 

3 69.5 9 4607 Silty  

4 66.5 9 4520 Silty  

5 62.5 11 4368 Silty  

6 
OMZ-AS 

 

65.5 14.5 3911 Silty  

7 67.9 17.3 3505 Silty clay 

8 69.0 16.7 3643 Silty  

9 
BoB 

 

88.0 20.2 200 Sandy 

10 89.8 17.0 2300 Silty clay 

11 92.8 5.1 4300 silty 

12 

S
o
u

th
 I

n
d

ia
n

 O
ce

a
n

 (
S

IO
) 

EIO 

 

90.4 -4.0 4238 Silty clay 

13 90.0 -7.7 5396 Silty clay 

14 75.9 -7.3 5300 Silty clay 

15 

75.5 -2.0 4000 

Clayey 

silt 

16 

STIO 

 

85.0 -20.9 2700 Sandy 

17 82.5 -25.5 4400 Silty clay 

18 80.0 -30.0 3600 Silty 

19 75.0 -30.0 3600 Silty 

20 

61.2 -18.2 4200 

Clayey 

silt 

21 67.2 -16.3 2500 Silty 

Table 2.4. Details of the sampling locations, water depth, species count, and 

dinoflagellate cyst count per sample. C-AS: coastal Arabian Sea, O-AS: 

oligotrophic Arabian Sea, OMZ-AS: oxygen minimum zone Arabian Sea, 

BoB: Bay of Bengal, EIO: equatorial Indian Ocean, STIO: south-tropical 

Indian Ocean. 
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22 74.6 -12.9 5100 Silty clay 

23 

75.5 -13.5 5200 

Clayey 

silt 

24 

75.5 -12.05 5200 

Clayey 

silt 
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2.2.3. Experimental setup to assess the photo-physiological adaptation of microalgae 

2.2.3a. Study region 

To study the photo-physiology of phytoplankton (objective 3), an investigation was 

conducted in the Arabian Sea (AS) and South-tropical Indian Ocean (STIO) during two 

different cruises on board RV Sindhu Sadhana (SSD069 and SSD079) (Figure 2.5). Four 

onboard microcosm experiments were performed with only sea surface water in the AS 

and using sea surface and sub-surface chlorophyll maximum layer (SCML) water in 

STIO. The sea surface and SCML water was sampled with 10 L Niskin bottles attached 

to 32 Carousel Water Sampler (Sea-bird Electronics Inc.; SBE), which is operated with 

the SBE 911 plus CTD equipped with various sensors (e.g., temperature, conductivity, 

dissolved oxygen sensor, and fluorometer) for real-time data acquisition. Photosynthetic 

Active Radiation (PAR; mWcm-2) and ultraviolet radiation-A+B (UVR; mWcm-2) were 

measured using a hand-held dual-input radiometer equipped with a PAR and UVA+B 

sensor (Make: Solar light Co. model: PAM2100). 

The sea surface temperature, dissolved oxygen, and salinity at the experimental in 

the AS stations were 25.1-26.0 oC, 3.6-3.7 mg/L, and 36.3-36.4 PSU. In STIO 

experimental stations, the sea surface temperature, dissolved oxygen, and salinity ranges 

were 25.3-27.3 oC, 4.2-4.5 mg/L, and 34.7-35.3 PSU, respectively, whereas SCML 

temperature, dissolved oxygen, and salinity ranges were 20.0-22.4 oC, 3.6-4.3 mg/L, and 

35.1-35.7 PSU.  

2.2.3b. Experimental setup 

To evaluate the effect of solar radiation on the photo-physiology of phytoplankton, two 

treatments were designed: one phytoplankton community was incubated in 2L Nalgene 

bottles in triplicates, which allows only PAR exposure, and the other in 1.6L in Whirlpack 

Bags in five replicates, which allows both PAR+UVR exposure. The water samples were 

passed through 200 µm nylon mesh to separate zooplankton and detritus. They were 

enriched with f/2 macro-nutrients (nitrate + phosphate + silicate) and incubated in a 

water-circulating incubator simulating in-situ conditions to maintain the in-situ 

temperature under natural light onboard the research vessel. The experiments containing 

only sea surface water were incubated directly under natural sunlight. In contrast, in 

experiments with SCML water, density screens were used to reduce the sunlight by 60% 

to simulate the in-situ SCML light conditions. The incubation lasted for 72 hours, and the 

measurements for (i) physiological parameters were made every three hours from sunrise 

to sunset, (ii) diagnostic pigments twice a day, one in the morning and one in the evening, 
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and (iii) for phytoplankton community, initial and final samples were collected. The 

physiological parameters were measured using a benchtop fast-repetition-rate-

fluorometer (FRRF; Fast Act system, Chelsea Company Ltd) and high-performance 

liquid chromatography (HPLC; Agilent Technology; Series 1200). The physiological 

status of the photosynthesizing organisms was assessed using initial (F0), maximum (Fm), 

and variable (Fv) components of photosystem II (PSII) fluorescence, photosynthetic 

efficiency (Fv/Fm), functional absorption cross section (σPSII), and the production of 

photo-protective pigments. Samples were dark adapted for 30 minutes under ambient 

temperature before FRRF reading. A known volume of water sample (500 mL to 1 L) 

was filtered using Whatman GF/f filter paper in dim light conditions and stored at -80o C 

till analysis. 

 2.2.3c. Sample analysis 

For the phytoplankton community analysis, a known volume (100 mL) of water sample 

from each experimental setup was collected, preserved (4% Lugol’s iodine at the site), 

and analyzed using an inverted microscope (IX-73 Olympus make). The initial and final 

phytoplankton composition and abundance were estimated by analyzing 2 mL of sample 

in duplicates, and identification was carried out based on standard identification keys 

(Tomas, 1997; Taylor, 1976).  

Phytoplankton marker pigments were extracted in 3 mL of 100% HPLC grade 

acetone. The samples were ultrasonicated in cold conditions for 1 min and stored 

overnight at -20oC for extraction. Before injection, the unwanted debris was separated 

from the extracts using disposable syringe filters (pore 0.2 μm). All the extraction and 

injection procedures were performed under subdued light to prevent photolysis. The 

phytoplankton diagnostic pigments were analyzed following the standard method (Van 

Heukelem, 2002; Roy et al., 2015). The pigments were quantified against DHI (Denmark) 

standards: chlorophylls (a, b, and c family) and carotenoids (diagnostic pigments: 

fucoxanthin-Fuco, peridinin-Per, 19′-hexanoyloxyfucoxanthin-19′HF, 19′-

butanoyloxyfucoxanthin-19′BF, alloxanthin-Allo, zeaxanthin-Zea; photoprotective 

carotenoids: diadinoxanthin-DD, diatoxanthin-DT, β carotene-Car, lutein-Lut; other 

carotenoids: violaxanthin-Viola, neoxanthin-Neo, and prasinoxanthin-Pras). In this study, 

photosynthetic carotenoids (PSC) include 19’HF, 19’BF, fuco, and per, whereas 

photoprotective carotenoids (PPC) include allo, car, DD, DT, lut, zea, and viola. Further, 

the experiment's pigment data were used to calculate different phytoplankton size 

fractions (pico-phytoplankton, nano-phytoplankton, and micro-phytoplankton), 
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taxonomic groups (diatoms, dinoflagellates, and prokaryotes), and various pigment ratios 

(DT/DT+DD, DT+DD/Chl-a, and PPC/PSC) following Brewin et al. (2015) and Barlow 

et al. (2007). The fractions of pico-, nano-, and microplankton were computed from the 

weighted diagnostic pigments. (see Brewin et al. 2015 for details). 

 

 

 
Figure 2.5. Map showing location of the experimental study site in 

different bioregions of the Arabian Sea and South tropical Indian 

Ocean. 
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Chapter 3: Diversity and distribution of planktonic and benthic microalgae 

Various taxa belonging to different microalgal groups dominate different parts of the 

intertidal and pelagic ecosystems. For instance, in the shallow intertidal ecosystem, 

diatoms dominate both the planktonic (mostly centric diatoms) and benthic 

(microphytobenthos; MPB) communities (mostly pennate diatoms), whereas, in the 

pelagic ecosystems, diatoms dominate in the upper photic zone of the water column and 

diatom frustules and dinoflagellate cysts in the underlying sediments. The MPB are the 

major primary producers in the intertidal system (Underwood & Kromkamp, 1999) and 

play key ecological roles. Similarly, dinoflagellates (only 12-13%) are known to produce 

organic-walled and calcareous cysts that help dinoflagellates to form seed banks for 

blooms (including harmful algal blooms), produce toxins (e.g., Alexandrium and 

Gymnodinium species), and help in unwanted marine bio-invasion as they remain viable 

for many years (Matsuoka & Fukuyo, 2000; Lundholm et al., 2011; Delebecq et al., 

2020). The phytoplankton community has been extensively studied in Indian waters, but 

the focus has always been on the planktonic forms (Ahmed et al., 2016; Chitari & Anil, 

2017; Jagadeesan et al., 2017; Arunpandi et al., 2017; Kusum et al., 2017; Hardikar et al., 

2017; Bharathi et al., 2018) than the benthic forms (e.g., MPB and dinoflagellate cysts).  

Therefore, in this chapter, the planktonic (in the surf water) and benthic (MPB) 

microalgae from the intertidal ecosystem and the planktonic (in the photic zone of the 

water column) and dominant benthic (dinoflagellate cysts) microalgae from the pelagic 

ecosystems were studied. The findings of the intertidal and pelagic ecosystems are 

presented in two sub-chapters, 3.1 and 3.2, respectively. 

 

3.1. The intertidal ecosystem  

3.1.1. Introduction  

The autotrophic and heterotrophic microalgae in the intertidal and shallow subtidal 

sediments are known as microphytobenthos (MPB) (Underwood & Kromkamp, 1999). 

The MPB assemblages, though mostly dominated by diatoms, can also include 

dinoflagellates, cyanobacteria, and euglenoids (MacIntyre et al., 1996). The MPB are one 

of the major primary producers in the intertidal ecosystem (Underwood & Kromkamp, 

1999) and play key ecological roles by serving as food sources for meiofauna, 

macrofauna, and other deposit-feeders which in turn supports the upper levels of trophic 

food web like birds and fish (Kang et al., 2015). However, when MPB are resuspended 

in the adjacent water column, they also serve as a food source for suspension feeders 
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(Herman et al., 2001; Lefebvre et al., 2009; Ubertini et al., 2012; Oakes et al., 2016). 

MPB colonizes large areas of intertidal sediment in estuaries and coastal areas, facilitates 

vital ecosystem services (Hope et al., 2020), and can even extend to the edge of the 

continental shelf (Cahoon, 1999; Pinckney, 2018). The presence of MPB, when in 

extremely high numbers, can appear as light brown or green shading on the surface 

sediments or can also be invisible to the naked eye (Hope et al., 2020). The hydrodynamic 

conditions on a tidal flat fluctuate regularly; however, the MPB are well adapted to such 

harsh conditions where temperature, light, salinity, nutrients, and tides change rapidly. 

These rapidly changing abiotic factors tightly regulate the MPB productivity (Kromkamp 

et al., 1995; Perkins et al., 2001), but they adapt efficiently to the prevailing abiotic 

conditions (Falkowski & Raven, 2013; Hopes & Mock, 2015). The diatoms and 

cyanobacteria, one of the significant contributors in the MPB community, are also known 

to regulate small and large-scale processes (Chapman et al., 2010) like influencing 

biogeochemical gradients in the sediment (MacIntyer et al., 1996), influencing sediment 

stability (Fagherazzi et al., 2014) and trapping particles from overlying water (Kornman 

& de Deckere, 1998). Hope et al. (2020) have pointed out the importance of MPB in 

sediment ecology and their contribution to various ecosystem services like carbon and 

nitrogen cycling, improving water quality by regulating the benthic-pelagic coupling of 

nutrients, sediments, and pollutants, etc. However, the existence and functioning of MPBs 

are highly dependent on their habitats (i.e., tidal flats, sand flats, mud flats, etc.). Murray 

et al. (2019) estimated that the global area of tidal flats is 127,921 km2, of which around 

44% is in Asia, 15.5% in North America, and 11% in South America. Among these 

continents, 49.2% of tidal flats are concentrated in eight countries: Indonesia, China, 

Australia, the United States, Canada, India, Brazil, and Myanmar. India has a total of 

5788 km2 of tidal flat area. The tidal flats are vulnerable ecosystems and are under intense 

pressure due to coastal developments (Arkema et la., 2013), sea-level rise (Galbraith et 

al., 2002; Kirwan & Megonigal, 2013; Passeri et al., 2015; Lovelock et al., 2017), coastal 

erosion (Parry, 2007), sediment fluxes from rivers (Syvitski et al., 2005; Blum & Roberts, 

2009), and subsidence and compaction of coastal sediments (Blum & Roberts, 2009; 

Syvitski et al., 2009). These tidal flats are also regularly claimed for commercial and 

residential use (Goodwin et al., 2001) and have already lost over 50% of their original 

area in many regions of the world (Gibson et al., 2007). 

MPB has been extensively studied by European countries (see Park et al., 2014 for 

more details), mainly from the tidal flats, and the topics are related to assemblages, 
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dynamics, production, food web, and remote sensing. However, in the Asian continents, 

only Japan, South Korea, and China have done some pioneering work, whereas in India, 

only a few representative works have been done (Mitbavkar and Anil, 2002, 2004 & 

2006). Despite having a large tidal flat area, the studies on MPB from tidal flats are scarce.  

Therefore, the present study aims to address the following: (i) inter-annual 

variability of MPB from DTF and MTF, (ii) seasonal variability of MPB in contrasting 

Indian summer monsoon from DTF and MTF, (iii) comparison with the previous study 

to assess the decadal shift in MPB assemblage at the DTF, and (iv) impact of 

anthropogenic activities on the MPB assemblage at the MTF. Thus, the present study will 

delineate the resilience or vulnerability of the MPB on the intertidal flats, which will help 

for better coastal management and sustainable use of coastal ecosystem services. 

 

3.1.2. Methodology 

The details of the sampling site, sample collection, and analysis from the tidal flats 

situated at both Zuari Estuary (Dias tidal flat; DTF) and Mandovi Estuary (Miramar tidal 

flat; MTF) are presented in Chapter 2 sub-section 2.1.1.  

Data analysis 

Univariate measures such as species count (S), Shannon–Wiener’s diversity (H’), species 

richness (d), and evenness (J’) were performed on MPB abundance data. The two-way 

analysis of variance (ANOVA) was performed on log-transformed data to evaluate the 

variations between tidal zones and tidal flats. Univariate calculation and clustering 

analysis were performed using statistical software PRIMER 6 and ANOVA using 

Statistica software (release 8).  

 

3.1.3. Results 

3.1.3.1. Environmental variables at Dias and Miramar tidal flat 

Intra-annual variations 

The temperature range recorded in the SW showed slightly higher values in DTF than in 

MTF, whereas the salinity values showed no significant variations between the tidal flats. 

The average temperature and salinity values in the tidal zones (interstitial water) of MTF 

and DTF showed no significant differences. The sediment of HT was very dry in MTF, 

whereas HT sediment was relatively wet in DTF. The average nitrate (NO3) and nitrite 

(NO2) values in the SW and the interstitial water were higher in MTF than in DTF. The 

average phosphate (PO4) and silicate (SiO2) values in the SW were higher in MTF than 
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DTF, whereas in the interstitial water, it was higher in DTF than in MTF. The sediment 

texture was mostly sandy throughout the study period in all the tidal zones at both tidal 

flats. However, in DTF, the silty sediment proportion marginally increased in both pre-

monsoon and post-monsoon seasons in LT and MT (Figure 3.1a and b). 

 

 

 

 

 

  

The temperature and salinity showed a similar trend, with lower values observed 

during monsoon and higher values in post-monsoon and pre-monsoon. The average 

chlorophyll-a values were lower in MTF than in DTF. Seasonally, the lowest chlorophyll-

a values were recorded during the monsoon seasons, whereas the highest values were 

recorded during the pre-monsoon and post-monsoon seasons of 2022 and 2023 at both 

tidal flats. However, at MTF, relatively higher chlorophyll-a values were recorded only 

at the HT zone during the 2022 monsoon season than in the 2023 monsoon (Figure 3.2a-

d). 

a) Dias tidal flat (DTF)

b) Miramar tidal flat (MTF)

Figure 3.1. Plot showing sediment grain size in low, mid, and high-tide zones at a) Dias 

tidal flat and b) Miramar tidal flat during the study period. 
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At DTF, the average SW and interstitial water temperature (28.1oC and 

28.0oC) and salinity (22.4 and 23.1 PSU) showed no significant difference in 2019. The 

average sediment temperature in 2022-23 showed a similar range between tidal zones 

(28.1-28.8oC). Similarly, the average SW salinity (27.7-28.4 PSU) showed no significant 

variation between SW and interstitial water. The average chlorophyll-a values were 

similar in LT (0.23±0.29 mg/g) and MT (0.23±0.20 mg/g) and low in HT (0.12±0.13 

mg/g). In 2022-23, the average nitrate (NO3) concentration showed a gradually 

decreasing trend from SW (1.16±1.13 µM) to interstitial water (0.69±0.56 µM); the 

average nitrite (NO2) concentration in the SW (0.30±0.18 µM) was higher than the 

interstitial water (0.17±0.24 µM); the average phosphate (PO4) concentration was higher 

in interstitial water (4.08±1.29 µM) than the SW (1.76±0.77 µM); the average silicate 

(SiO2) concentration was higher in interstitial water (32.0±6.9 µM) than SW (10.5±6.4 

µM) (Figure 3.2).  

At MTF, the average SW and interstitial water temperature (27.3oC and 

27.2oC) and salinity (28.3 and 27.5 PSU) showed no significant difference in 2019. In 

2022-23, the average temperature was marginally higher in HT (29.1±3.8oC) but showed 

no significant differences between SW (28.4±1.9oC), LT (28.5±1.9oC), and MT 

(28.5±2.8oC). On the contrary, the average interstitial water salinity was higher (27.3±6.3 

PSU) than SW (22.0±13.0 PSU). The HT sediment was very dry and devoid of interstitial 

water. The average chlorophyll-a values were lowest in HT (0.05±0.08 mg/g), followed 

by LT (0.06±0.13 mg/g), and highest in MT (0.09±0.08 mg/g) (Figure 3.2e-h). In 2022-

23, the average nitrate (NO3), nitrite (NO2), phosphate (PO4) and silicate (SiO2) 

concentration were higher in interstitial water (NO3:2.61±4.59µM; NO2:1.13±1.01 µM; 

PO4: 3.77±0.95 µM; SiO2: 29.9±4.5 µM) than in SW (NO3:1.45±1.60 µM; 

NO2:0.33±0.33 µM; PO4: 1.73±0.66 µM; SiO2: 14.16±7.15 µM) (Figure 3.2).  

 

Inter-seasonal variations 

Pre-monsoon 

The average temperature recorded in the SW, LT, and MT during pre-monsoon was 

marginally higher in 2019 than in 2022 at both tidal flats. Similarly, the average salinity 

recorded in the SW and MT interstitial water during pre-monsoon was marginally higher 

in 2019 than in 2022 at both tidal flats. However, the DTF showed slightly higher 

temperature and salinity values than the MTF, but the differences were insignificant. 
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At DTF, the average SW temperature during pre-monsoon was marginally higher 

in 2019 (30.0±0.97oC) than in 2022 (29.5±2.0oC), in LT 2019 was marginally lower 

(30.0±0.97oC) than in 2022 (30.3±0.3oC), in MT 2019 was lower (19.5±15.1oC) than in 

2022 (28.9±3.9oC). The average SW salinity during pre-monsoon was marginally higher 

in 2019 (35±0.4 PSU) than in 2022 (34±0.8 PSU), and in interstitial water, salinity was 

slightly higher in 2019 (33±2.5 PSU) than in 2022 (30±3.2 PSU). 

At MTF, the average SW temperature during pre-monsoon was marginally higher 

in 2019 (28.9±0.12oC) than in 2022 (29.0±1.6oC), in LT 2019 was marginally lower 

(28.9±0.12oC) than in 2022 (29.0±1.8oC), in MT 2019 was lower (28.6±0.29oC) than in 

2022 (29.0±1.4oC). The average SW salinity during pre-monsoon was marginally higher 

in 2019 (35.7±0.52 PSU) than in 2022 (33±1.2 PSU), interstitial water salinity was 

slightly higher in 2019 (36±0.89 PSU) than in 2022 (35±0.7 PSU) (Figure 3.2). 

 

Monsoon  

The average temperature recorded in the SW during monsoon was marginally lower in 

2019, followed by 2022 and 2023 at both tidal flats. In LT, sediment temperature was 

marginally lower in 2022, followed by 2019 and 2023; in MT, 2019 and 2022 were 

slightly lower than 2023, and in HT, 2022 and 2023 were similar at both tidal flats. The 

average salinity recorded in the SW during monsoon was significantly lower in 2019, 

followed by 2022 and 2023 at both tidal flats. The interstitial water salinity was 

significantly lower in 2019, followed by 2023 and 2022 at both tidal flats. The average 

rainfall recorded in 2019 (400±578 mm) was the highest, followed by 2023 (229±328 

mm) and the least in 2022 (86±119 mm). In 2019, the monsoon months (June-September) 

recorded 637-1654 mm of rainfall; in 2022, 142-313 mm of rainfall; and in 2023, 389-

956 mm of rainfall. 

At DTF, the average SW temperature during monsoon was marginally lower in 

2019 (26.0±2.0oC), followed by 2022 (27.0±1.1oC) and 2023 (28.0±2.0oC). In LT, 

sediment temperature was marginally lower in 2022 (26.0±0.9oC), followed by 2019 

(26.2±2.02oC) and 2023 (28.0±1.5oC), in MT 2019 (26.0±0.19oC) and 2022 (26.0±0.8oC) 

was slightly lower than 2023 (27.0±1.3oC) and in HT 2022 (26.0±0.9oC) was lower than 

2023 (27.0±1.2oC). The average SW salinity during monsoon was significantly lower in 

2019 (10±5.5 PSU), followed by 2022 (22±6.9 PSU) and 2023 (24±7.9 PSU). The 

interstitial water salinity was significantly lower in 2019 (13±6.5 PSU), followed by 2023 

(26±6.4 PSU) and 2022 (27±1.5 PSU). 
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At MTF, the average SW temperature during monsoon was marginally lower in 

2019 (26.0±0.68oC), followed by 2022 (27.0±0.5oC) and 2023 (27.0±2.2oC). In LT, 

sediment temperature was marginally lower in 2022 (26.0±0.3oC), followed by 2019 

(26.0±0.68oC) and 2023 (28.0±1.6oC), in MT 2019 (27.7±0.27oC) and 2022 (26.0±0.8oC) 

was slightly lower than 2023 (27.0±1.1oC) and in HT 2022 (27.0±0.3oC) and 2023 

(27.0±0.1oC) was similar. The average SW salinity during monsoon was significantly 

lower in 2019 (4±2.5 PSU), followed by 2022 (8±7.4 PSU) and 2023 (15±16.1 PSU). The 

interstitial water salinity was significantly lower in 2019 (19.3±15.8 PSU), followed by 

2022 (23±6.1 PSU) and 2023 (26±6.9 PSU). 

 

Post-monsoon 

The average temperature recorded in the SW and the interstitial water in the post-

monsoon season was marginally higher in 2023 than in 2022 at both tidal flats. The 

average temperature in LT, MT, and HT surface sediment showed no significant 

differences between 2022 and 2023 at both tidal flats. In post-monsoon, the average 

salinity recorded in the SW and interstitial water was marginally higher in 2023 than in 

2022 at DTF, whereas, at MTF, the SW was marginally higher in 2023 than in 2022, and 

interstitial water was marginally higher in 2022 than in 2023. 

At DTF, the average SW temperature during post-monsoon was marginally higher 

in 2023 (30.0±0.9oC) than in 2022 (29.0±2.0oC); in the interstitial water, no difference 

was found between the years. The average LT sediment temperature was similar for both 

the years (30.0±1.5oC); for MT and HT 2023 (31.0±2.1oC), it was slightly higher than in 

2022 (29.0-30.0±1.5oC). The average SW and the interstitial water salinity during both 

post-monsoon years were marginally higher in 2023 (33 PSU) than in 2022 (29-32±2.1-

3.0 PSU). 

At MTF, the average SW and interstitial water temperature during post-monsoon 

were marginally higher in 2023 (30.0oC) than in 2022 (29.0±2.1oC). The average surface 

sediment temperature of LT was marginally higher in 2023 (30.0±0.5oC) than in 2022 

(29.0±2.1oC); for MT, it was similar in both the years (31.0oC) and for HT, 2022 

(33.0±1.3oC) was slightly higher than 2023 (32.0±1.9oC). The average SW salinity was 

marginally higher in 2023 (31 PSU) than in 2022 (27±1.8 PSU), and the interstitial water 

during both years was higher in 2022 (28±4.2 PSU) than in 2023 (22 PSU). 
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Figure 3.2. Plots showing environmental variables during the study period: a) and e) 

Temperature, b) and f) Salinity, c) and g) Nutrients, d) and h) Chlorophyll a and i) 

Rainfall at both DTF (a-d) and MTF (e-f). Shaded and unshaded regions represent 

the monsoon and non-monsoon seasons (pre- and post-monsoon). 
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3.1.3.2. The phytoplankton and microphytobenthos assemblage of Dias and 

Miramar tidal flat 

Intra-annual variations of phytoplankton in tidal flats 

The surf water of MTF encountered relatively more phytoplankton (species count, 

diversity, and abundance) than DTF, but the differences were insignificant. Further, 

ANOVA revealed significant (p<0.05) seasonal variations in abundance (except MTF) 

and diversity indices. Both tidal flats recorded A higher phytoplankton abundance during 

the non-monsoon seasons. The seasonal differences were significant and insignificant at 

DTF (p<0.001) and MTF, respectively. The species count (S), richness (d), evenness (J’), 

and diversity (H’) were significantly (p<0.05) higher in the pre-monsoon and post-

monsoon seasons than in the monsoon season at both tidal flats.  

Altogether, 92 phytoplankton species (23 pennate, 51 centric, and 18 

dinoflagellates) were recorded at both tidal flats, of which 45 species were common. 

Maximum species were recorded at MTF (84 species, 67 diatoms, and 17 dinoflagellates; 

91%) belonging to 55 genera than DTF (53 species, 47 diatoms, and 6 dinoflagellates; 

58%) belonging to 48 genera. In MTF, an additional 31 phytoplankton species (~34%) 

were recorded, which are not recorded at DTF). In both the tidal flats, diatoms (DTF – 

99.7%; MTF - 98%) followed by dinoflagellates (0.3 – 2 %) dominated the community.  

Among the diatoms, centric dominated (DTF - 52%; MTF - 63%), but the composition 

differed between the tidal flats, whereas the pennate diatom composition (DTF – 47.7%; 

MTF - 35%) remained similar. During the study period, the average centric pennate ratio 

(C:P) values were 4.0±1.15, with the lowest and highest values recorded in October 2022 

(0.08, caused by Pseudonitzschia spp. bloom) and in April 2023 (13.17, caused by L. 

undulatum and B. malleus blooms), respectively at DTF. In contrast, the average C:P 

values were 12.17±5.5, with the lowest and highest values recorded in October 2023 

(0.01, caused by Navicula sp.) and in June 2023 (87.8, caused by C. curvisetus and C. 

debilis blooms), respectively at MTF. Interestingly, a C:P value >1 was recorded for 11 

months, indicating centric diatom dominance at both tidal flats. 

At DTF, pennate diatom Pseudonitzschia spp. (~0.7 x104 cells/L; 35%) dominated 

the community, followed by centric diatoms Bellerochea malleus (~0.5 x104 cells/L; 

26%), Lithodesmium undulatum (~0.3 x104 cells/L; 6%), and Skeletonema sp. (~0.2 x104 

cells/L; 6%). Pyrocystis sp. (0.004 x104 cells/L; 0.2%) was the dominant species among 

the dinoflagellates. During the study period, the bloom of Pseudonitzschia spp. 

(~12.5x104 cells/L; October 2022) and B. malleus (~4.4x104 cells/L; December 2022) 
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were observed (Figure 3.3). The cluster analysis of the phytoplankton contributing >1% 

revealed three main groups at 90% similarity. The first group was formed by the bloom-

forming diatoms (Pseudonitzschia spp. and B. malleus, contributing 61%), the second 

group formed two sub-groups representing second (Lithodesmium undulatum, 

Skeletonema, and Navicula sp., contributing 16%) and third (Cocconeis sp. and 

Lithodesmium sp., contributing 6%) most abundant species and the third group 

(contributing 11%) formed two sub-groups consisting of remaining major contributors 

(Figure 3.4a). 

At MTF, pennate diatom Pseudonitzschia spp. (~1.7 x104 cells/L; 31%) dominated 

the community, followed by centric diatoms Skeletonema sp. (~1.2 x104 cells/L; 22%), 

Chaetoceros curvisetus (~0.6 x104 cells/L; 12%), and Chaetoceros debilis (~0.5 x104 

cells/L; 10%). Among the dinoflagellates, Tripos furca (~0.05 x104 cells/L; 0.7%) was 

the dominant species. During the study period, the bloom of Pseudonitzschia spp. 

(~28.2x104 cells/L; October 2022) and various Chaetoceros spp. (e.g., C. curvisetus, C. 

debilis, C. decipiens, C. didymus, and C. socialis; June 2023) (up to ~8.8x104 cells/L) 

were recorded (Figure 3.5). The cluster analysis of the phytoplankton species contributing 

>1% revealed two main groups at 90% similarity. The first group formed two sub-groups 

consisting of the major bloom-forming diatoms (Skeletonema sp., C. curvisetus, C. 

debilis, Pseudonitzschia spp., contributing 75%), and the second group formed two sub-

groups consisting of remaining major contributors (contributing 19%) (Figure 3.4b). 

Interestingly, Pseudonitzschia spp. and Skeletonema sp. were the commonly recorded 

dominant diatoms at both tidal flats. 

 

Intra-annual variations of MPB 

Altogether, 57 MPB species (22 pennate, 24 centric, and 11 dinoflagellates) were 

recorded at both tidal flats, of which 34 species were common. More MPB species and 

relatively less abundance were recorded at MTF than at DTF; however, the differences 

were insignificant. A higher MPB abundance was recorded during the non-monsoon than 

monsoon seasons at both tidal flats; however, the seasonal differences were significant 

only at DTF (p<0.001) but not at MTF. The species count (S), species richness (d), and 

diversity (H’) of MPB showed a decreasing trend from LT to HT at both tidal flats. In 

contrast, abundance was higher in HT, followed by LT and MT at MTF, whereas a 

decreasing trend for abundance was observed from LT to HT at DTF. Moreover, the MPB 

abundance was higher in the LT and MT but not in HT at DTF than MTF (Figure 3.6). 
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Similarly, a significant difference (p<0.001) in MPB abundance, species count, and 

diversity was recorded between the tidal zones for both tidal flats and between LT-HT and 

MT-HT; however, differences were not significant between LT-MT at DTF. On the 

contrary, no significant differences were observed between the tidal zones at MTF.  

In DTF, 45 MPB species (36 diatoms and 9 dinoflagellates) belonging to 40 genera 

were recorded overall. A slightly higher number of MPB species were recorded at LT (36 

species, 31 diatoms, and 5 dinoflagellates) and MT (36 species, 31 diatoms, and 5 

dinoflagellates) than at HT (33 species, 27 diatoms, and 6 dinoflagellates). In MTF, 48 

MPB species (39 diatoms and 9 dinoflagellates) belonging to 40 genera were recorded. A 

higher number of MPB species were recorded at LT (41 species, 27 diatoms, and 8 

dinoflagellates), followed by MT (36 species, 27 diatoms, and 9 dinoflagellates) and HT 

(33 MPB species, 25 diatoms, and 8 dinoflagellates). At DTF, centric diatoms dominated 

LT-MT, and pennate dominated the HT zone. Consequently, a higher centric-to-pennate 

ratio (C:P) was observed in LT-MT (i.e., >1, LT-3.3±0.90 and MT-3.4±0.86) than in the 

HT zone (<1, HT-0.7±0.25). In contrast, at MTF, centric diatoms dominated in LT and 

pennate in MT-HT, revealed by higher C:P values (i.e., >1 in LT-1.3±0.61 and <1 in MT-

0.76±0.34 and HT-0.59±0.33). Centric and pennate diatoms co-dominated at LT (24-

65%), centric diatoms at MT (65%), and pennate diatoms at HT (83%) in DTF, whereas 

pennate diatoms (69-91%) were predominant at all tidal zones at MTF (Figure 3.3a-b; 

3.5a-b). The abundance of epipelic forms decreased from LT to MT and increased in HT, 

whereas epipsammic forms decreased from LT to HT at DTF. Meanwhile, at MTF, the 

abundance of epipelic and epipsammic forms decreased from LT to MT and increased in 

HT (Figures 3.3c and 3.5c).  

In DTF, the MPB community in LT was co-dominated by Navicula spp. (24%) and 

Thalassiosira sp. (23%), followed by B. malleus (21%) and L. undulatum (17%), in MT, 

co-dominated by L. undulatum (25%) and Thalassiosira sp. (24%), followed by Navicula 

spp. (21%) and B. malleus (14%) and in HT, pennate diatom Navicula spp. (65%) was 

the dominant species, followed by Nitzschia sp. (14%) and Thalassiosira sp. (9%). 

Further, in October 2022, a high abundance of Pseudonitzschia spp. (also observed in SW 

during the same period) in LT (1123 cells/g of WS), MT (982 cells/g of WS), and HT 

(1143 cells/g of WS) were observed, respectively. The cluster analysis of the MPB 

community (considering species contributing >1%) at LT, MT, and HT revealed two main 

groups at 90% similarity. At all the tidal zones, the first group was formed by the most 

abundant diatoms, and the second group consisted of the remaining major contributors 
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(Figure 3.7). The common diatoms found in the first group at all tidal zones were 

Pseudonitzschia spp. (20-35%), Navicula sp. (16-39%), Thalassiosire sp. (21-24%), B. 

malleus (22-26%), and Lithodesmium sp. (5-18%).  

In MTF, the MPB community in the LT was dominated by Navicula spp. (54%) 

followed by Thalassiosira sp. (18%), in MT, by Navicula spp. (51%), Nitzschia sp. (22%) 

and Thalassiosira sp. (13%), and in HT, Navicula spp. (58%) and Nitzschia sp. (31%) 

were the dominant species. Dinoflagellate contribution was negligible, with a relatively 

higher contribution at MTF (1% with 9 species) than at DTF (>1% with 9 species). At 

MTF, the pennate diatom abundance peaked in Jan-March 2023 (1190-1730 cells/g of 

WS) for LT, in Oct 2022, Jan and Aug 2023 (694-974 cells/g of WS) for MT, and in July-

Aug 2022 and May-June 2023 (2060-2255 cells/g of WS) for HT all dominated by 

Navicula spp. and Nitzschia sp. The cluster analysis of the MPB community (considering 

species contributing >1%) at LT, MT, and HT revealed two main groups at 70% 

similarity. The most abundant diatoms formed the first group, and the second group 

comprised the remaining major contributors (Figure 3.8). The common diatoms found in 

the first group at all tidal zones were Navicula sp. (51-58%), Nitzschia sp. (23-31%), 

Thalassiosira sp. (13-19%), and Chaetoceros sp. (3-7%). Interestingly, Navicula sp. and 

Thalassiosira sp. were the commonly recorded dominant diatoms found in the first group 

at both tidal flats. 
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Figure 3.3. Plots showing inter-annual variability in diatoms and dinoflagellates, centric 

and pennate diatoms, and abundance of epipelic and episammasic diatoms in a) surf 

water, b) low-tide, c) mid-tide, and d) high-tide zones during the study period at DTF. 

Shaded regions represent the monsoon seasons. 
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a) DTF surf water

b) MTF surf water
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Figure 3.4. Plots showing cluster analysis of the dominant phytoplankton 

species in the surf water of a) DTF and b) MTF.  
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Figure 3.5. Plots showing inter-annual variability in diatoms and dinoflagellates, centric 

and pennate diatoms, and abundance of epipelic and episammasic diatoms in a) surf 

water, b) low-tide, c) mid-tide, and d) high-tide zones during the study period at MTF. 

Shaded regions represent the monsoon seasons. 
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Figure 3.6. Plots showing diversity indices of surf water (SW), low-tide (LT), mid-tide 

(MT), and high-tide (HT) zones during the study period at Dias tidal flat (a-d) and 

Miramar tidal flat (e-h).  
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Figure 3.7. Plots showing cluster analysis of the dominant MPB species in a) 

low-tide, b) mid-tide, and c) high-tide zone of DTF.  
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Figure 3.8. Plots showing cluster analysis of the dominant MPB species in a) 

low-tide, b) mid-tide, and c) high-tide zone of MTF.  
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Inter-seasonal variations of phytoplankton 

Pre-monsoon 

The pre-monsoon season of 2019 (April-May; ~1.5 x104 cells/L) recorded lower 

phytoplankton abundance than in 2023 (February-May; ~1.9 x104 cells/L) at DTF, 

whereas at MTF, the pre-monsoon season of 2019 (1.2 x104 cells/L) recorded higher 

phytoplankton abundance than in 2023 (~0.7 x104 cells/L); however, the differences were 

not significant. Centric diatoms dominated the community at DTF in 2019 and 2023 with 

similar dominant taxa. For instance, in 2019, L. undulatum and Skeletonema sp., whereas 

in 2023, B. malleus and L. undulatum were the dominant diatoms. Meanwhile, centric 

and pennate diatoms co-dominated in 2019, and dinoflagellate and pennate co-dominated 

in 2023 at MTF. In 2019, Chaetoceros sp. and Navicula sp., whereas in 2023, Tripos 

furca and Navicula spp. were the dominant phytoplankton. The species count (S), 

richness (d), evenness (J’), and diversity (H’) were higher in the pre-monsoon season of 

2023 than in 2019 at both tidal flats (Figures 3.9 and 3.10). Overall, the observed 

differences between 2019 and 2023 pre-monsoon were not significant. 

 

Monsoon 

The 2022 monsoon season (July-September) recorded the highest phytoplankton 

abundance (~6.0 x104 cells/L), followed by 2019 (July-August; ~2.5 x104 cells/L), and 

the least in 2023 (June-September; ~2.2 x104 cells/L) at DTF. Whereas, in MTF, the 2023 

monsoon season recorded the highest phytoplankton abundance (~6.9 x104 cells/L), 

followed by 2022 (~6.5 x104 cells/L), and the least in 2019 (~1.0 x104 cells/L). 

Interestingly, the variation between the 2019, 2022, and 2023 monsoons was insignificant 

at DTF and MTF. Centric diatoms in 2022, pennate and centric in 2023, and pennate 

diatoms in 2019 co-dominated at DTF. Centric diatoms dominated the community during 

all monsoon seasons at MTF; however, the dominant species differed. Centric diatoms 

dominated the community in the 2022-23 monsoon in DTF, whereas in 2019, pennate 

was the dominant diatom. In 2019, Nitzschia spp. and Navicula spp.; in 2022, 

Skeletonema sp.; and in 2023, Navicula spp., Thalassiosira sp., and Coscinodiscus sp. 

were the most dominant diatoms. In MTF, centric diatoms dominated the community 

during all monsoon seasons (i.e., 2019, 2022, and 2023); however, the dominant species 

differed. For instance, Chaetoceros sp., Navicula spp., and Leptocylindrus danicus in 

2019, Skeletonema sp., Chaetoceros sp., and L. danicus in 2022, and Chaetoceros debilis, 

Chaetoceros curvisetus, Coscinodiscus sp., and Skeletonema sp. in 2023 were the 
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dominant diatom species. There was no significant difference in the species count (S), 

whereas species richness (d) was higher in 2023, followed by 2022, and least in 2019 at 

both tidal flats. Evenness (J’) was higher in both 2022-2023 and lower in 2019, and 

diversity (H’) was higher in 2023, followed by 2019 and least in 2022 at DTF, whereas 

evenness (J’) and diversity (H’) were higher in 2019, followed by 2023 and 2022 at MTF 

(Figures 3.9 and 3.10). Overall, abundance and species count showed no significant 

differences, but species richness, evenness, and diversity were significantly (p<0.05) 

influenced by the monsoon season at both tidal flats.  

 

Post-monsoon 

The 2022 post-monsoon season (October-December; ~69.0 x104 cells/L) recorded the 

highest phytoplankton abundance than in 2023 (January and October; ~16.0 x104 cells/L) 

with insignificant differences at DTF. In contrast, the 2022 post-monsoon season 

(October-December; ~13.0 x104 cells/L) recorded the highest phytoplankton abundance 

than in 2023 (January and October; ~0.4 x104 cells/L) with significant differences at 

MTF. Pennate diatoms dominated the community in 2022 and centric diatoms in 2023 at 

both tidal flats. In DTF, pennate (Pseudonitzschia sp.) and centric (L. undulatum and 

Cocconeis sp.) diatoms dominated in 2022 and 2023, respectively. In MTF, pennate 

diatoms dominated the community in 2022 (Pseudonitzschia sp.), whereas centric 

diatoms in 2023 (Chaetoceros decipiens). The species count (S), abundance, and species 

richness (d) were higher in the post-monsoon season of 2022 than in 2023, except 

diversity (H’) and evenness (J’), which was higher in 2023 than in 2022 at both the tidal 

flats (Figures 3.9 and 3.10). Overall, the 2022-2023 post-monsoon season influenced the 

abundance significantly at MTF (p<0.05) but not at DTF.  

  

Inter-seasonal variations of MPB 

Pre-monsoon 

The DTF showed higher MPB abundance than the MTF during the pre-monsoon seasons. 

The MPB abundance was lower in 2019 (DTF: 71-97 cells/g of WS; MTF: 37-72 cells/g 

of WS) than in 2023 (DTF: 835-2588 cells/g of WS; MTF: 474-1114 cells/g of WS) at 

all tidal zones, with significant differences (p<0.05) between both tidal flats but 

differences were insignificant between the tidal zones. The MPB abundance from LT to 

HT gradually increased and decreased in 2019 and 2023, respectively, at DTF, whereas 

it increased from LT to MT and further decreased in HT in 2019 and decreased from LT 
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to HT in 2023 at MTF however, the differences were insignificant (Figure 3.9 and 3.10). 

At DTF, the C:P values at HT were <1 (pennate dominance) and >1 at LT to MT, 

respectively, during both 2019 and 2023. While at MTF, the C:P values were <1 at all the 

tidal zones in 2019 and 2023 (Figure 3.3 and 3.5).  Centric diatoms dominated LT and 

MT (L. undulatum and Thalassiosira sp.), and pennate diatoms dominated HT (Navicula 

spp. and Nitzschia spp. in 2019; Navicula spp., Pseudonitzschia spp., and Amphora sp. in 

2023) in both years at DTF. In contrast, the centric diatom in 2019 dominated at the LT 

and HT (Chaetoceros spp.) and the pennate diatom (Navicula spp.) at the MT zone, 

whereas in 2023, the pennate diatom in LT, MT (Navicula spp.), and HT zones (Nitzschia 

spp.) dominated at MTF. The species richness (d), evenness (J’), and diversity (H’) were 

higher in the pre-monsoon season of 2019 than in 2023, with only evenness showing a 

significant difference (p<0.05). In contrast, species count (S) was significantly higher 

(p<0.05) in 2023 than in 2019 in all the tidal zones at both tidal flats (Figures 3.11 and 

3.12). 

 

Monsoon  

The MTF showed higher MPB abundance than the DTF during all the monsoon seasons. 

The MPB abundance was significantly lower (p<0.05) in 2019 and significantly higher 

(p<0.05) in 2022 compared to the 2023 monsoon in all tidal zones at both tidal flats. In 

DTF, the LT zone recorded the highest MPB abundance in 2022 (625 cells/g of WS), 

followed by 2023 (619 cells/g of WS) and 2019 (76 cells/g of WS) with significant 

differences (p<0.05) between 2019-2022 and 2019-2023 but not between 2022-2023 

(Figure 3.9). Whereas the MT and HT zones recorded the highest MPB abundance in 

2023 (289-978 cells/g of WS), followed by 2022 (185-362 cells/g of WS) and 2019 (86-

94 cells/g of WS). Interestingly, abundance showed significant differences (p<0.05) 

between 2019-2022 and 2019-2023 only for MT, but the differences were insignificant 

for HT. In MTF, the LT and MT zones recorded the highest MPB abundance in 2023 

(353-456 cells/g of WS) followed by 2022 (168-1614 cells/g of WS) and 2019 (78-135 

cells/g of WS), whereas the HT zone showed higher abundance in 2022 (1614 cells/g of 

WS) followed by 2023 (1080 cells/g of WS) and 2019 (479 cells/g of WS). Interestingly, 

the differences were significant (p<0.05) between 2019-2022 and 2019-2023 but not 

between 2022-2023 for all the tidal zones (Figure 3.10). The MPB abundance gradually 

increased from LT to MT and decreased in HT in 2019 and 2023, whereas it gradually 

decreased from LT to HT in 2022 with insignificant differences at DTF.  While in MTF, 
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an opposite trend was observed.  At DTF, the C:P values were <1 (pennate dominance) 

in 2019 and 2022 but >1 (centric dominance) in 2023 at all the tidal zones. At MTF, the 

C:P values were <1 (pennate dominance) in 2019 and 2022 at all the tidal zones but >1 

(centric dominance) in 2023 except HT (Figure 3.3 and 3.5).  Pennate diatoms dominated 

the community in 2019 and 2022 (Navicula spp., Nitzschia spp., Fragillariopsis sp., and 

Amphora sp.), and centric diatoms in 2023 (Thalassiosira sp.) were present in all the tidal 

zones at DTF. In comparison, pennate diatoms (Navicula spp. and Nitzschia spp.) 

dominated the community in 2019, 2022, and 2023 in all the tidal zones except LT and 

MT in 2023, where centric diatom (Thalassiosire sp.) dominated at MTF. At DTF, the 

species count (S), evenness (J’), and diversity (H’) were higher in 2023, followed by 2022 

and 2019, and the differences were significant (p<0.05) at all the tidal zones. Whereas 

species richness (d) was higher in 2023, followed by 2022 and 2019 at all tidal zones, but 

the differences were insignificant (Figure 3.11). At MTF, species count (S), species 

richness (d), evenness (J’), and diversity (H’) were higher in 2023, followed by 2022 and 

2019. However, the differences were significant (p<0.001) only for the 2019 monsoon 

season for species count (S) and diversity (H’), significant (p<0.001) among all the 

seasons for species richness (d), and insignificant for evenness (J’) (Figure 3.12).   

 

Post-monsoon 

The MPB abundance was higher in DTF than in MTF during post-monsoon seasons. The 

2022 (1518-2637 cells/g of WS) post-monsoon season recorded the highest MPB 

abundance in the LT and MT than in 2023 (1062-1166 cells/g of WS), whereas in HT, 

the abundance was marginally higher in 2023 (881 cells/g of WS) than 2022 (876 cells/g 

of WS) with insignificant differences at DTF. Whereas the 2023 (592-914 cells/g of WS) 

post-monsoon season recorded the highest MPB abundance in all the tidal zones 

compared to 2022 (50-433 cells/g of WS), the differences were insignificant except in the 

HT zone at MTF. The MPB abundance gradually decreased from LT to HT in both years 

at DTF (Figure 3.9). At MTF, abundance gradually increased from LT to MT and 

decreased in HT in 2022, and was the opposite in 2023 with insignificant differences.  At 

DTF, the C:P values were ≥1 (centric dominance) in LT for both the years, >1 for MT 

2022, and <1 (pennate dominance) for MT 2023, and HT 2022. At MTF, the C:P values 

were >1 (centric dominance) and <1 (pennate dominance) in 2022 and 2023, respectively, 

for LT and HT, and <1 (pennate dominance) in MT for both years (Figure 3.3 and 3.5). 

In LT, centric diatoms (B. malleus and L. undulatum) dominated in both years; in MT, 
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centric dominated in 2022 (B. malleus and Thalassiosira sp.) and pennate in 2023 

(Navicula spp.) and in HT, pennate diatoms dominated in both years (Navicula spp. and 

Pseudonitzschia sp.) at DTF, whereas Pennate diatoms (Navicula spp.) dominated in both 

years in all the tidal zones except LT in 2022, where centric dominated (Chaetoceros sp.) 

at MTF. At DTF, the species count (S), species richness (d), evenness (J’), and diversity 

(H’) were higher in the post-monsoon season of 2022 than in 2023 for MT and HT, 

whereas LT showed an opposite trend with insignificant differences (Figures 3.11). At 

MTF, the species count (S), species richness (d), evenness (J’), and diversity (H’) were 

higher in the post-monsoon season of 2022 than in 2023 for all the tidal zones with 

insignificant differences (Figure 3.12). 
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Figure 3.9. Plots showing seasonal variability of phytoplankton in a) surf water and in 

microphytobenthos in b) low-tide, c) mid-tide, and d) high-tide zones during pre-

monsoon, monsoon, and post-monsoon season at DTF. Data presented here is the 

months’ average in the respective seasons and years. 
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Figure 3.10. Plots showing seasonal variability of phytoplankton in a) surf water and in 

microphytobenthos in b) low-tide, c) mid-tide, and d) high-tide zones during pre-

monsoon, monsoon, and post-monsoon season at MTF. Data presented here is the 

months’ average in the respective seasons and years. 
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Figure 3.11. Plots showing seasonal diversity indices of surf water, low-tide, mid-tide, 

and high-tide zones in pre-monsoon, monsoon, and post-monsoon seasons at Dias tidal 

flat. 
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Figure 3.12. Plots showing seasonal diversity indices of surf water, low-tide, mid-tide, 

and high-tide zones in pre-monsoon, monsoon, and post-monsoon seasons at Miramar 

tidal flat.  
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3.1.3.3. Influence of surf water on MPB assemblage  

At DTF, 25 species (34%) were common between SW and the tidal flat, whereas 26 MPB 

species (58%) were common across the tidal flat (i.e., among LT, MT, and HT). Only 6 

(13%) (Gamphonema sp., Nitzschia sp., Campylodiscus sp., Chaetoceros curvisetus, 

Streptotheca sp. and Scrippseilla sp.), 3 (0.07%) (Cyclotella sp., Rhizosolenia sp. and 

Ankistrodinium sp.), and 3 (0.07%) (Thalassiothrix sp., Dinophysis sp. and Gyrodinium 

sp.) MPB species were specific to LT, MT, and HT, respectively. The regression analysis 

showed a significant (p<0.001) positive correlation between SW phytoplankton and LT, 

MT, and HT MPB communities. Interestingly, the SW-centric diatoms showed no 

correlation, but SW pennate diatoms showed a significant (p<0.001) positive correlation 

with LT, MT, and HT pennate diatoms in the tidal flat (Figure 3.13). Therefore, the SW 

phytoplankton community contributed significantly to the MPB, especially the pennate 

assemblages. 

At MTF, 32 species (32%) were common between the SW and tidal flat, whereas 

24 MPB species (52%) were common across the tidal zones. Only 10 (21%) (Pleurosigma 

sp., Asteromphalus sp., Ditylum sp., Guinardia sp., Melosira moniliformis, Odontella sp., 

Oestrupia sp., Streptotheca sp., Amphidinium sp., and Dinophysis sp.), 1 (0.02%) 

(Chaetoceros didymus), and 2 (0.04%) (Cyclotella sp., Planktoniella sol and Pyrophacus 

sp.) MPB species were specific to LT, MT, and HT, respectively. The regression analysis 

showed no correlation between SW phytoplankton and MPB communities at the tidal flat. 

Therefore, the SW phytoplankton community showed no significant contribution to the 

MPB assemblages (Figure 3.13). Only 24 (32%) and 33 (34%) phytoplankton species 

were found in the MPB community at DTF and MTF, respectively. A total of 45 (49%) 

phytoplankton species, 29 (50%), 23 (40%), and 20 (33%) MPB species were common 

in SW, LT, MT, and HT of DTF and MTF, respectively. Only 17 MPB species (30%) 

were common between both the tidal flats, whereas 9 (16%) (Achnanthes sp., 

Gamphonema sp., Licmophora sp., Licmophora abbrebeata, Campylodiscus sp., 

Odontella obtuse, Rhizosolenia sp., Gyrodinium sp., and Prorocentrum sp.) and 12 (21%) 

(Asterionellopsis sp., Biddulphia sp., Nitzschia longisima, Striatella sp., Chaetoceros 

didymus, Ditylum sp., Guinardia sp., Lauderia annulate, Oestrupia sp., Planktoniella sol, 

Amphidinium mootonorum, and Pyrophacus sp.) were specific to DTF and MTF, 

respectively (Table 3.1).  
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Figure 3.13. Regression plot showing correlation between a) microphytobenthos and 

SW-phytoplankton, b) MPB-centric and SW-centric diatoms, and c) MPB-pennate 

and SW-pennate diatoms of Dias and Miramar tidal flat. 
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  Dias tidal flat (DTF) Miramar tidal flat (MTF) 

 Pennate diatoms SW LT MT HT SW LT MT HT 

1 Achnanthes sp. 0.05 0.06 0.12 - 0.02 - - - 

2 Amphiprora sp. 0.55  0.06 0.16   0.07 0.01 

3 Amphora sp.  1.10 1.46 8.87 0.34 0.93 0.99 2.10 

4 Bacillaria sp. 0.29        

5 Biddulphia sp.      0.08 0.10 0.02 

6 

Cylindrotheca 

closterium  0.06 0.07 0.08 0.01 6.21 0.24 0.02 

7 Diploneis sp. 0.07    0.02    

8 Fragillariopsis sp. 0.60 1.79 2.65 1.67 0.00 1.58 0.92 0.15 

9 Gamphonema sp.  0.02       

10 Grammatophora sp. 0.19        

11 Gyrodinium sp. 0.38    0.02    

12 Licmophora sp. 0.22 0.02 0.04 0.16     

13 L. abbrebeata   0.06 0.16     

14 Lioloma sp.     0.02    

15 Membraneis sp. 0.24    0.29    

16 Navicula sp. 4.48 25.63 38.76 16.48 1.07 54.62 51.55 58.43 

17 Nitzschia sp. 0.86 0.03   0.60 1.57 22.65 31.06 

18 N. longisima 0.19     0.19 0.65 0.03 

19 N. closterium  0.09 0.56 0.19 0.01 4.24 1.24 0.03 

20 Pleurosigma sp. 1.17 0.01 0.03  0.51 0.01   

21 P. normanii 0.05    0.03    

22 Pseudo-nitzschia sp. 34.79 1.09 19.66 35.16 31.50 0.11 0.04 0.02 

23 Striatella sp.      0.11 0.01  

24 Surirella sp. 0.12    0.05    

25 Tabellaria sp. 1.29 0.12 0.26 0.09 0.13 0.01 0.05 0.02 

26 Thalassionema sp. 0.38 0.04 0.06  0.20 0.09 0.01 0.01 

27 T. nitzschoides  0.07 0.02 0.13  0.01 0.03 0.01 

28 Thalassiothrix sp. 1.32   0.16 0.74  0.02 0.01 

29 Trachyneis sp. 0.02    0.01    

 Centric diatoms  

30 Asterionellopsis sp.      0.07 1.08 0.13 

  31 A. glacialis 0.58    0.06    

  32 

Asterionella 

japonica  0.01 0.06 0.05  0.01 0.09 0.03 

33 Asteromphalus sp.  0.02 0.03 0.37 0.01 0.01   

34 Bacteriastrum sp.     0.11    

35 Bellerochea sp.  1.13 1.09 0.21 0.10    

36 B. malleus 26.08 22.08 25.54 1.84 0.55 1.17 0.94  

37 Campylodiscus sp.  0.03       

38 

Cerataulina 

bergonii     2.15    

Table 3.1. Table showing phytoplankton and microphytobenthos taxa recorded in surf water 

(SW), low-tide (LT), mid-tide (MT), and high-tide (HT) zones during the study period and 

also indicates percentage contribution at both DTF and MTF. 
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39 C. bicornis     0.21    

40 C. pelagica     0.03    

41 Chaetoceros sp. 1.68 1.67 2.03 3.20 4.31 6.64 4.10 3.42 

42 C. affinis 0.10    0.14    

43 C. curvisetus 1.37 0.03   11.76 0.01 0.08 0.08 

44 C. danicus     0.03    

45 C. debilis     9.65    

46 C. decipiens     4.95    

47 C. didymus     0.38  0.01  

48 C. peruvianus     0.02  0.00  

49 C. socialis     0.16  0.00  

50 Cocconeis sp. 2.97    0.02    

51 Coscinodiscus sp. 0.58 0.51 0.21 0.22 0.88 0.44 0.14 0.02 

52 Cyclotella sp.   0.06  0.03    

53 

Dactyliosolen 

fragillismus     0.35    

54 Ditylum sp. 0.12    0.04 0.02   

55 D. brightwelli 0.14    0.01    

56 Guinardia sp. 0.02    0.11 0.01   

57 G. striata 0.12    0.28    

58 Hemiaulus sp. 0.19    0.02    

59 H. sinensis     0.06    

60 

Hemidiscus 

cuneiformis 0.00    0.02    

61 Lauderia sp.  0.79 0.04 0.13     

62 L. annulata 0.38    0.19 0.04  0.01 

63 

Leptocylindrus 

danicus 0.34 0.01 0.06 0.37 0.98 0.01 0.05 0.19 

64 L. minimus     0.04    

65 Lithodesmium sp. 2.59 18.22 5.07 5.14 0.02 1.24 0.50 0.03 

66 L. undulatum 6.21    0.01    

67 

Melosira 

moniliformis 0.22 0.13 0.33 0.48 0.04 0.01   

68 Odontella sp. 0.07 0.03 0.04 0.06 0.01 0.01   

69 O. aurita 0.12    0.11    

70 O. obtusa  0.05 0.10 0.05     

71 O. mobiliensis 0.19    0.35    

72 O. sinensis 0.12    0.95    

73 Oestrupia sp.      0.09   

74 Paralia sulcata 0.24    0.18    

75 Planktoniella sol 0.34    0.58   0.02 

76 Proboscia alata     0.02    

77 Rhizosolenia sp. 0.36  0.06  0.22    

78 R. imbricata     0.01    

79 R. setigera     0.02    

80 Skeletonema sp. 5.66 0.94 0.71 1.82 22.07 0.83 0.70 0.67 

81 Streptotheca sp.  0.05   0.01 0.02   

82 Striatella sp. 0.36        
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83 S. unipunctata     0.01    

84 Thalassiosira sp. 1.25 24.03 0.45 21.04 0.52 18.62 13.05 3.13 

85 Triceratium sp.     0.01    

 Dinoflagellates  

86 Akashiwo sanguinea     0.01    

87 Amphidinium sp.  0.03 0.04 0.33 0.15 0.02 0.00 0.13 

88 A. mootonorum      0.40 0.06  

89 Ankistrodinium sp.   0.06   0.02 0.16  

90 Dinophysis sp.    0.16 0.03 0.01   

91 D. acuminata     0.11    

92 D. caudata     0.05    

93 Gonyaulax sp.     0.02    

94 Gymnodinium sp.  0.01 0.06 0.89 0.02 0.06 0.06 0.09 

95 Gyrodinium sp.    0.08     

96 Peridinium sp.  0.06 0.12  0.08 0.32 0.10 0.02 

97 P. quinquecorne     0.09    

98 Prorocentrum sp. 0.02   0.11     

99 P. gracile 0.02    0.05    

100 P. micans     0.02    

101 P. lima     0.01    

102 Protoperidinium sp. 0.05 0.04 0.02 0.14 0.16 0.07 0.13 0.11 

103 Pyrocystis sp. 0.19    0.08    

104 Pyrophacus sp.     0.01    

105 Scrippseilla sp.  0.03    0.11 0.17  

106 Tripos furca 0.02    0.73    

107 T. fusus 0.02    0.03    
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3.1.4. Discussion 

The MPB plays key ecological roles in supporting the upper levels of trophic food webs 

(Kang et al., 2015), sequestering large amounts of carbon (Mao et al., 2020; Moritsch et 

al., 2021), and acting as nature-based solutions to climate change (James et al., 2024). 

Therefore, recently, the studies related to MPB have gained momentum. However, the 

enumeration of MPB from sediment samples is challenging, unlike the enumeration of 

phytoplankton from the water column, where direct methods can be used. Direct 

examination of the sediment samples is difficult as often algal species are embedded in 

aggregates or obscured by detritus and sediment particles (Kranck & Milligan, 1988). 

Therefore, various indirect techniques, such as the most probable number (MPN) 

technique, the sieving method, or chlorophyll-a estimation, are used to enumerate or 

estimate sediment microalgae. The MPN technique was initially used to enumerate 

bacterial samples (Colwell, 1979). Further, the MPN technique was modified and used 

for enumerating sediment microalgae (An et al., 1992; Larrazabal et al., 1990; Erard-Le 

Denn et al., 1993), including diatom resting stages in the sediments (Imai et al., 1984, 

1990; An et al., 1992; Larrazabal et al., 1990). However, studies have shown that even 

though the MPN method gives only relative abundance, it is the most effective and 

feasible technique for MPB quantification, identification, and viability check (Harris et 

al., 1998; McQuoid, 2002; Mitbavkar & Anil, 2006) and was adopted in this study.  

The MPB has been extensively studied from the Asian continent, and most of the 

studies are conducted in South Korea, Japan, and China (Park et al., 2014). Despite India 

having a vast coastline (~5423 km), which consists of around 43% sandy beaches and 

46% mud flats and marshy coastline (Kumar et al., 2006), studies on MPB are limited 

(Mitbavkar & Anil, 2002, 2004, 2006; Sanilkumar et al., 2009; Balasubramaniam et al., 

2017; Jeslin et al., 2021). Among the Indian studies, the MPB enumeration methods 

varied significantly, with only a few using the MPN method (Mitbavkar & Anil, 2002, 

2004, & 2006) while others used Chlorophyll-a biomass (Sanilkumar et al., 2009; 

Balasubramaniam et al., 2017) and the sieving method (Jeslin et al., 2021) for the 

quantification of MPB. Since the present study aimed to study the MPB dynamics and 

compare the findings with previous studies (which also used the MPN method), a slightly 

modified MPN method for the MPB enumeration (McQuoid, 2002) was selected. 

Interestingly, MPB species and abundance were comparable with previous MPN-based 

studies (Mitbavkar & Anil, 2002, 2004 & 2006), proving the reliability and effectiveness 

of this method. The MPN method was adopted to understand the MPB dynamics at 
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contrasting sandy tidal flats, and the findings of different temporal scales are discussed 

with a schematic (Figures 3.14 and 3.15) in the subsequent sections. 

3.1.4.1. Inter-annual variations 

The abundance of MPB and phytoplankton in overlying SW showed significant inter-

annual variations, with diatoms as the dominant groups. The MPB abundance was highest 

in LT, followed by MT and HT at DTF, whereas an opposite trend was observed at MTF. 

This tidal zone variation in MPB abundance could be attributed to the distinct tidal flat 

structure. At DTF, the entire tidal zone (i.e., LT-HT) is well submerged by the diurnal 

tidal fluctuations, and a sea wall restricts the HT zone. At MTF, the SW reaches the HT 

zone only during the spring tide period, leaving the HT zone undisturbed. Hence, it can 

be assumed that tidal influence on microalgae in HT is more significant at DTF than at 

MTF. A similar abundance pattern was also reported in other studies (Jesus et al., 2009; 

Cartaxana et al., 2006), where higher biomass was found in the sandy upper shore sites. 

However, MPB abundance is strongly affected by local conditions, and generalization 

between sites is difficult (e.g., Defew et al., 2002; Van der Grinten et al., 2004). 

Additionally, the SW phytoplankton influences the MPB community, which was evident 

in this study.  Generally, centric and pennate diatoms dominate the SW and MPB 

communities, respectively, and were also observed at both DTF and MTF.  Similar diatom 

dominance to biomass, diversity, and production is also reported in various studies (e.g., 

Oh & Koh, 1995; MacIntyre et al., 1996; Underwood & Kromkamp, 1999; Agatz et al., 

1999; Du et al., 2009; Mitbavkar & Anil, 2002; Azovsky et al., 2020). Further, the bloom 

events in SW greatly influence MPB (particularly at LT and MT) through deposition and 

vice versa through resuspension in SW. For instance, during the study period, bloom 

events of pennate diatom Pseudonitzschia spp. (in both DTF and MTF), and centric 

diatom B. malleus (in DTF) was reflected in the tidal flats as evidenced by the high 

centric: pennate (C:P) ratio and taxonomic composition (Figure 3.5). Assuming centric 

(C) and pennate (P) diatoms represent planktonic and benthic forms, respectively. C:P 

values can be a potential indicator for understanding the diatom exchange between MPB 

and SW community, particularly during bloom periods. Further, the regression analysis 

between the SW and tidal flat diatom community revealed interdependency between them 

(Figure 3.13). For instance, interdependency was observed only for pennate diatoms but 

not with centric diatoms at all tidal zones in DTF. This is because a significant tidal 

influence is observed for the entire flat up to the HT zone.  Meanwhile, at MTF, 

interdependency was observed only for pennate diatom between the SW and HT zones 
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but not in the LT and MT zones due to more tidal disturbances in the latter than the former. 

These findings suggest that the interdependency of the diatom community between MPB 

and SW community is tidal flat specific and dependent on the topography of the tidal flat.  

Moreover, in the present study, around 24 (32%) and 33 (35 %) phytoplankton 

species were common between SW and tidal flats of all the tidal zones at DTF and MTF, 

respectively. Further, at DTF, 25 (47%), 4 (0.1%), 2 (0.05%), and 2 (0.06%) species were 

specific to SW, LT, MT, and HT, whereas at MTF, 50 (59%) and 1 (0.025%) species 

were specific to SW and LT. MacIntyre et al. (1996) have noticed that many 

phytoplankton in the SW are also permanent components of the MPB community. 

Previous studies have reported the benthic-pelagic coupling where phytoplankton cells 

from the adjacent waters are observed in the sediment and vice versa (de Jonge & van 

Beusekom, 1992; Mitbavkar & Anil, 2002). This exchange can be caused by the wave 

and tidal actions responsible for the sediment's deposition and resuspension (Delgado et 

al., 1991; de Jonge & van Beusekom, 1992, 1995; de Jonge, 1992). The vigorous mixing 

caused by these processes can resuspend and redistribute the diatom-attached sediment 

particles and free-living diatom cells on or within the sediment. It might cause 

an exchange of diatom cells between SW and the sediment layer. Since the MTF has a 

gentle slope, the waves first brake over the sand bars, reform, and brake again before 

reaching the tidal flat, reducing the wave action (Loveson et al., 2014). Therefore, 

vigorous mixing, which usually resuspends and redistributes the diatom-attached 

sediment particles and free-living diatom cells between surf water and the sediment layer, 

is inefficient at MTF. However, the wave actions are comparatively vigorous during the 

monsoon seasons, drastically changing the beach topography (Loveson et al., 2014). 

Additionally, MPB recorded is mainly represented by epipsammic (smaller and 

attached to sand grains) and epipelic (larger and motile forms within sediments) forms.  

However, their distribution with tidal zones differed between tidal flats.  The abundance 

of epipsammic and epipelic forms gradually decreased and increased from LT to HT, 

respectively, at DTF. In contrast, at MTF, it marginally decreased from LT to MT and 

increased significantly from MT to HT, respectively. Further, epipsammic and epipelic 

can be potential indicators for sediment texture as their abundance ratios are associated 

with sediment texture.  Previous studies have suggested that the epipelic forms are more 

abundant in finer sediment, whereas epipsammic forms are in coarser sediment (Oh & 

Koh, 1995; Mitbavkar & Anil, 2002; Stal, 2003; Skinner et al., 2006; Facca & Sfriso, 

2007; Du et al., 2009). In DTF, the sediment texture gradually changed from a mixed type 
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(i.e., sandy-silt) to a primarily sandy type from LT to HT. In contrast, at MTF, it remained 

sandy throughout the study period.  However, numerous epipelic and epipsammic species 

occur across a range of sediment types (Azovsky et al., 2020) and are well documented 

in various literature (MacIntyre et al., 1996; Paterson & Hagerthey, 2001; Méléder et al., 

2007; Jesus et al., 2009; Ribeiro et al., 2013; Cibic et al., 2019). Moreover, smaller 

epipsammic diatoms are less prone to damage by collisions with sand grains than the 

larger motile forms (epipelic). Such adaptation might give epipsammon an advantage to 

flourish in unstable sandy sediments (Delgado et al., 1991; Cibic et al., 2019). Further, 

light penetration is deeper in sandy sediment than muddy, allowing photosynthesis to 

continue even during tidal submersion, which might not be true in muddy sediment. Few 

studies have also pointed out that the epipsammic forms are capable of regulating their 

photopigment composition and activity in changing light conditions, whereas epipelic 

forms are low light-acclimated (Jesus et al., 2009; Cartaxana et al., 2011, 2016).   

MPB showed similar seasonal distribution (i.e., low and high MPB during monsoon 

and non-monsoon, respectively) at both tidal flats. These findings are in agreement with 

previous studies (Rasmussen et al., 1983; Wolfstein et al., 2000; Mitbavkar & Anil, 2002, 

2004, 2006; Woelfel et al., 2007; Ha et al., 2018; Redzuan & Underwood, 2021). The 

monsoon season adds nutrients to the tidal flat, but the intensive wave action and runoff 

wash the top few centimeters of the sediment, making the conditions less conducive for 

MPB growth. Further, reduced salinity can also cause osmotic shock and hinder MPB 

growth during the monsoon period. In contrast, non-monsoon (pre- and post-monsoon) 

conditions are the most conducive, with stable environmental conditions at both water-

column and tidal flats. Another interesting aspect of MTF is the beach profile changes 

during the monsoon and post-monsoon seasons (Loveson et al., 2014). The sediment 

transport rates during pre-monsoon and post-monsoon were 0.016 x 106 m3/year to 0.62 

x 106 m3/year (Jayakumar et al. 2002; Seelam et al. 2014) and ~0.02 x 106 m3/year to 0.04 

x 106 m3 /year (Jayakumar et al. 2002) at MTF. A study at MTF by Seelam et al. (2014) 

showed 13 m3 of sediment erosion between December and January. Unlike MTF, beach 

profile studies are scarce for DTF. The only study by Rodrigues (1984) reported the beach 

slope to be gradual and decreased further during the monsoon season. The sediment 

erosion starts towards the end of the pre-monsoon season and continues till the end of the 

monsoon season (Rodrigues, 1984). Such seasonal changes in the beach profile can affect 

the sand-dwelling communities and have been reported in various studies (Jesus et al., 

2009; Paterson & Hagerthey, 2001)  
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   Various studies have established using MPB as a potential indicator of 

anthropogenic impacts (Dalu et al., 2020; Du et al., 2017; Barinova et al., 2019). Daly 

Yahia-Kéfi et al. (2005) have reported Bellerochea horologicalis and Lithodesmium 

polymorpha from both water and sediment, associated with eutrophic conditions with 

phosphate-rich water and used as indicator species in the southwestern zone of the Bay 

of Tunis. In DTF, B. malleus and L. undulatum dominance in the MPB community was 

found to be associated with elevated phosphate values, both in the SW (1.76±0.77 µM) 

and interstitial water (4.08±1.29 µM), indicating as potential eutrophic indicator species. 

Mitbavkar and Anil (2002) have also recorded Bellerochea sp. in the upper sediment (0-

5 cm), with abundance peaking in monsoon and post-monsoon season, where nutrients 

are usually more, but L. undulatum was not noticed at DTF. On the other hand, the 

rampant developmental activities at MTF have already resulted in ecosystem degradation 

(Mascarenhas & Ingole, 2009). The MTF inhabit various intertidal burrowing forms (e.g., 

bivalves, polychaetes, and small crustaceans) (Ingole, 2002, 2003, 2004). However, the 

biodiversity decline, such as the loss of exotic species since the 1980s (Ingole, 2002) and 

the decline in foraminiferal abundance and diversity between 1994-2001 (Nigam et al., 

2005), are already reported from the tidal flat. Changes are not only observed in the biotic 

but also the abiotic attributes like an extraordinary increase in the suspended load (i.e., 

2.0 mg/l in 1972 to 114.50 mg/l in 1990; Nigam et al., 2002) and shoreline changes (~40m 

to ~280m width since the 1950s; Loveson et al., 2014). These changes in the beach 

profile, shoreline, and benthic biodiversity are attributed to the iron ore mining activities 

taking place in the hinterland of the Mandovi River catchment area (Nigam et al., 2002 

and 2005; Loveson et al., 2014). Further, a few studies have also pointed out that the MTF 

is also affected by oil spills and tar-ball pollution (Rekadwad & Khobragade, 2015; 

Ansari & Ingole, 2002). However, there are no studies on the MPB status from this tidal 

flat, and this study provides the baseline data on the MPB assemblages. However, 

compared to other undisturbed and protected tidal flat (i.e., DTF) on the same coastline, 

MTF shows low abundance and diversity (Mitbavkar & Anil, 2002). Interestingly, higher 

dinoflagellate species (including 3 potential HAB taxa, e.g., Amphidinium sp., 

Gymnodinium sp., and Peridinium quinquecorne) are recorded in MTF but not recorded 

in DTF. Hence, the proliferation of HAB species in the MTF could be a precursor of HAB 

events in the adjacent water column and raise concerns. Therefore, regular monitoring of 

MPB will be crucial in coastal ecosystem monitoring and management. 
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3.1.4.2. Inter-seasonal variations  

During the study period, environmental parameters revealed distinct variations between 

the seasons (monsoon, post-monsoon, and pre-monsoon) of different years (i.e., 

2019,2022 and 2023). Among the seasons, the most prominent variations in 

environmental conditions were observed for the monsoon season. The inter-annual 

variability in rainfall (both intensity and duration as well as its onset and withdrawal) and 

the associated physical changes (e.g., strong waves) are the primary reasons for bringing 

drastic variations in the environmental conditions.  For instance, the rainfall was highest 

in 2019, followed by 2023 and 2022, and these events resulted in significant variations in 

the temperature and salinity of the surf and interstitial waters (Figure 3.2).  Moreover, the 

monsoon season's extended precipitation duration and intensity often influence the early 

phase of the post-monsoon season (i.e., October-November), as evidenced by salinity. 

For instance, the post-monsoon of 2022 was relatively stable and without any episodic 
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Figure 3.14. The schematic shows tidal zone, seasonal, and comparative inter-annual 

variations between the Dias tidal flat (DTF) and Miramar tidal flat (MTF). The darker, 

slightly light, and light color shades represent the highest, comparatively low, and 

lowest values of different parameters. The wave symbol indicates wave intensity, the 

meter symbol indicates salinity, the thermometer indicates temperature and the droplet 

indicates nutrients. 
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precipitation, whereas episodic precipitation with overcast conditions was observed in the 

2023 post-monsoon, resulting in a relative decrease in salinity. For the pre-monsoon 

season of 2019 and 2023, the environmental variables almost showed similar trends with 

negligible freshening of surf waters. Hence it is assumed that the influence of such 

environmental conditions would also be observed on MPB.  Further, the MPN method 

used in this study for MPB quantification relies on relative abundance instead of absolute 

abundance. However, to delineate the year-wise variations for different seasons, absolute 

abundance data are generally desirable over relative abundance to depict inter-seasonal 

variations. Despite methodological constraints, the relative MPB abundance and 

diversity, derived from the MPN method, showed significant variability between different 

years of the monsoon seasons (i.e., low in 2019, followed by 2022 and 2023) at both tidal 

flats. However, the taxa dominance (i.e., Navicula spp.) remained unchanged in all the 

monsoonal years at both the tidal flats. Nevertheless, the MPN method, which uses 

relative abundance for MPN quantification, is good enough for qualitative and diversity 

studies. Overall, no tidal zone variations between different years or different seasons were 

observed except in MTF, which showed a unique response to the year-wise monsoonal 

changes. For instance, the MPB abundance showed a lower abundance at the LT and MT 

zones and higher at the HT zone during the monsoonal years. The HT zone, which was 

mostly dry, benefitted from rainfall by getting abrupt nutrient input without much 

sediment disturbance caused by the wave actions. Unlike monsoon season, MPB 

abundance and diversity didn’t show much variation between 2022 and 2023 post-

monsoons.  Interestingly, even though the MPB diversity was similar, the community 

composition was distinct. The disparity could be due to the non-uniform sampling months 

for the post-monsoon season. For instance, only two months were sampled in 2023 

compared to three months in 2022 during the post-monsoon season, which might have 

undermined the observations. On the other hand, in the pre-monsoon seasons of 2019 and 

2023 the abundance, taxa, evenness, and species varied significantly between the years 

despite the season in both years being the most stable.  However, the environmental 

conditions were found to be conducive to MPB growth, hence recording the highest 

abundance at both tidal flats. 

Overall, during the non-monsoon season, the dominant taxa and assemblages varied 

greatly between different years for both the tidal flats. In benthic, centric diatoms 

dominated the pre-monsoon seasons in 2019, post-monsoon in 2022, and 2023 at DTF, 

pennate diatoms in all the non-monsoon seasons at MTF and only the pre-monsoon 2023 
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at DTF. These taxa dominance was mostly governed by the periodic bloom events 

occurring in the non-monsoon seasons at both tidal flats. Occurrences of blooms in the 

non-monsoon seasons due to local environmental factors could influence the variations 

in the MPB community.  Nevertheless, generating absolute data, which is challenging, is 

the need of the hour to understand the impact of anthropogenic activities and climate 

change on the MPB dynamics and benthic-pelagic ecosystem functioning per se.   

 

 

 

 

 

 

 

 

3.1.4.3. Decadal variations in MPB 

To understand the decadal variation, only MPB data from the current and ~2.5 decade-

old previous studies (Mitbavkar and Anil 2002, 2006) from DTF are considered as MPN-

based studies. The comparison revealed that the previous study (Mitbavkar and Anil, 

2002 & 2006) recorded fewer MPB species than the present study. To bring uniformity 

in both data sets, dinoflagellate species data were excluded from comparison. In both 

studies, diatoms were the dominant components of the MPB assemblage. However, 

comparing MPB taxa based on clustering of presence/absence data revealed significant 

differences in the MPB species assemblage. Only 28% (SW), 24% (LT), 29% (MT), and 
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Figure 3.15. The schematic shows pre-monsoon, monsoon, and post-monsoon inter-

seasonal variations between the Dias tidal flat (DTF) and the Miramar tidal flat (MTF). 

The darker, slightly light, and light color shades represent the highest, comparatively 

low, and lowest values of different parameters.  
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35% (HT) MPB species were common in the previous and present studies. In the previous 

study, Navicula spp., Amphora sp., and Thalassiosira sp. were found to be most abundant 

and were recorded throughout the study period, whereas in the present study, Navicula 

spp., Thalassiosira sp., B. malleus, L. undulatum, and Nitzschia spp. were dominant and 

were recorded throughout the study period, whereas Amphora sp. contribution was 

minimal (0.8-4%). Interestingly, the previously documented minor contributors 

(Bellerochea sp., Chaetoceros sp., and Skeletonema sp.) or not documented species 

(Lithodesmium sp.) were predominant in the present study, suggesting a significant shift 

in the species dominance and assemblage due to changing environmental conditions (e.g., 

monsoon-driven changes, eutrophication, increase in seawater intrusion, etc.). For 

instance, there has been a rise in eutrophication indicator species such as Bellerochea sp. 

and Lithodesmium sp. (Daly Yahia-Kefi et al., 2005).  Another interesting finding is that 

the previous studies have reported Chaetoceros sp. and Skeletonema sp. only from the 

SW and LT zone in the sediment, whereas in the present study, though not as dominant 

taxa, they were predominant in all the tidal zones, suggesting the increased level of 

seawater intrusion. 

Further, several studies reported that rare species are important reservoirs of genetic 

and ecological diversity in the coastal marine environment (Boero, 1994), and the 

compensatory growth of rare species supports the stability and diversity of the population 

(Floder et al., 2010). According to the insurance theory proposed by Weithoff (2003), 

rare phytoplankton species are a backup for species' functional diversity and respond 

quickly to disturbances, making the ecosystem more resilient. In recent studies, intertidal 

flats have emerged as one of the non-classical blue carbon ecosystems (Chen et al., 2020; 

Sasmito et al., 2020; James et al., 2024), which can sequester and store large amounts of 

carbon at climate-relevant time scales (Mao et al., 2020; Moritsch et al., 2021) and have 

been termed nature-based solutions (NBS) to climate change (James et al., 2024). Hence, 

monitoring the MPB assemblages can help in coastal management programs and 

potentially aid in climate change impact studies.  

 

3.1.5. Conclusion 

This study concludes that MPB and SW phytoplankton abundance showed significant 

inter-annual and seasonal variations, with diatoms as the dominant groups at undisturbed 

(DTF) and disturbed (MTF) tidal flats. Further, MPB showed significant variations 

between low (LT), mid (MT), and high (HT) tide zones at both DTF and MTF.  Generally, 
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centric and pennate diatoms dominate the SW and MPB communities, respectively, and 

were also observed at both DTF and MTF. The SW phytoplankton influenced the MPB 

community through deposition and vice versa through resuspension in SW. C:P values 

can be a potential indicator for understanding the diatom exchange between MPB and 

SW community, particularly during bloom periods. However, the interdependency of the 

diatom community between MPB and SW community is tidal flat specific and dependent 

on the topography of the tidal flat. Further, epipsammic and epipelic abundance can be 

potential indicators for sediment texture as their abundance ratios are associated with 

sediment texture. Interestingly, potential eutrophic indicator species associated with 

elevated phosphate values were observed at DTF. Meanwhile, the anthropogenically 

disturbed MTF showed lower abundance and diversity than DTF, along with potential 

HAB dinoflagellate taxa (Amphidinium sp., Gymnodinium sp., and Peridinium 

quinquecorne), which were not recorded in DTF.  Further, the relative MPB abundance 

and diversity showed significant interseasonal variability for monsoon and pre-monsoon 

seasons at both tidal flats. However, the taxa dominance (i.e., Navicula spp.) remained 

unchanged and differed for monsoon and non-monsoon seasons, respectively.  Further, a 

decadal shift in the MPB community was observed at an undisturbed tidal flat (DFT).  

Interestingly, a ~2.5-decade-old study documented minor contributors or non-

documented species that were predominant in the present study, suggesting a significant 

shift in the species' dominance and assemblage due to changing environmental conditions 

due to natural (e.g., monsoon variability) and anthropogenic activities (e.g., tourism).  

These findings highlight that the regular monitoring of MPB is the need of the hour to 

understand the impact of anthropogenic activities and climate change on the MPB 

dynamics and benthic-pelagic ecosystem functioning, per se. 

 

 

 

 

 

 

 

 

 

 



80 
 

3.2. The pelagic ecosystem 

3.2.1. Introduction  

Among the eukaryotic protists, dinoflagellates are characterized by two flagella 

comprising an accountable proportion of plankton biomass (Taylor, 1987), forming 

essential components of both marine and freshwater ecosystems. As part of their life cycle 

or as a preparatory measure for a dormant period, ~12-13% of dinoflagellate species are 

known to produce organic-walled and calcareous resting cysts, which are refractory and 

subsequently settle in the sediment (Head, 1996; Dale, 1996). The dinoflagellate cysts act 

as a repository for environmental information for modern marine (e.g., Rochon et al., 

1999; Dale et al., 2002; Pospelova et al., 2008; Bringue et al., 2013; Zonneveld et al., 

2013) and freshwater (Kouli et al., 2001; McCarthy et al., 2011; Mertens et al., 2012a) 

ecosystems and are extensively used in past reconstruction of oceanographic conditions 

(e.g., Pospelova et al., 2002; Marret & Zonneveld, 2003; Pospelova et al., 2005; 

Hallegraeff & Gollasch, 2006; Marret et al., 2009; Mertens et al., 2009a). In the shallow 

regions, these dinoflagellate cysts can act as seed banks for blooms (including harmful 

algal blooms) and help in unwanted bio-invasions by remaining viable for many years 

(Matsuoka & Fukuyo, 2000; Lundholm et al., 2011; Delebecq et al., 2020) whereas, in 

the deeper regions, they contribute majorly in the export of organic matter (Mouradian et 

al., 2007). 

The Indian Ocean (IO) comprises the Arabian Sea (AS) on the west, the Bay of 

Bengal (BoB) on the east, equatorial IO (EIO) from 4oN to 4oS, and south tropical IO 

(STIO) up to 30oS. The IO is intensely influenced by seasonal monsoonal forcing, weak 

equatorial upwelling, and significant freshwater influx from major rivers (Schott & 

McCreary, 2001). The IO plays a vital role in the global ocean in the transport of heat, 

salt, carbon, and about 15-20% of global primary production despite being the smallest 

oceanic basin (Behrenfield & Falkowski, 1997; Regaudie-de-Gioux et al., 2014). The IO 

can broadly be divided into North IO (i.e., NIO) comprising AS and BoB and South IO 

(i.e., SIO) comprising EIO and STIO. The NIO is relatively more productive than the SIO 

(Dalabehara & Sarma, 2021), and the circulation patterns differ significantly. The NIO 

shares similar atmospheric forcing and seasonal wind patterns driven by monsoons 

(Prasad, 2004), whereas the SIO receives a very low supply of nutrients from rivers and 

atmospheric deposition and has no influence of the monsoon winds. These contrasting 

atmospheric and hydrographic settings make the NIO and SIO very interesting ocean 

basins. The reflection of these contrasting atmospheric and hydrographic settings is 
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highly anticipated in the dinoflagellate cyst assemblages. However, the dinoflagellate 

cysts studies in IO are primarily restricted to coastal regions viz, coastal regions of the 

eastern AS (Godhe et al., 2000; D’costa et al., 2008; D’silva et al., 2011, 2012; Narale et 

al., 2015; Rodrigues et al., 2019, 2022), western AS (Zonneveld et al. 1997, and 2013; 

Zonneveld & Jurkschat, 1999), BoB (Naidu et al., 2012; D'Silva et al., 2013; Narale et 

al., 2013; Uddandam et al., 2015; Uddandam et al., 2017; Narale & Anil, 2017;  

Uddandam et al., 2020), and within south-east Asian regions (Matsuoka, 1981; Kumar, 

1996; Matsuoka et al., 1999; Azanza et al., 2004; Kawamura, 2004; Furio et al., 2006; 

Hessler et al., 2013). Since some dinoflagellate species are known to cause harmful 

blooms that threaten fisheries and coastal human populations, the studies (including cysts) 

mentioned above are mostly concentrated in the coastal regions. Dinoflagellate cyst 

studies also help address various coastal management-related issues (Shin et al., 2011), 

making coastal studies inevitable. Generally, the species-specific dinoflagellate cyst 

morphology is extensively used in field and lab-based studies as a proxy for change in 

environmental factors like temperature and salinity (Ellegaard et al., 2002; Mertens et al., 

2009a, 2009b, 2010 and 2012a, b; Verleye et al., 2012; Rodrigues & Patil, 2021). 

However, such studies are important; field-based morphometric studies representing 

larger ocean basins from the pelagic regions with different oceanographic settings are 

limited. However, such studies might be challenging in the oligotrophic pelagic regions, 

which are limited by the lesser cyst concentrations. Moreover, the compilation of a global 

dataset on dinoflagellate cysts by Zonneveld et al. (1997 and 2013), Marret and 

Zonneveld (2003), and Marret et al. (2020) have pointed out the geographical data gap 

from the pelagic regions of the IO. Studies on dinoflagellate cyst distribution in the 

surface sediments at a larger basin scale can provide detailed information for a better 

understanding of the environmental drivers of dinoflagellate cyst species (de Vernal et 

al., 2001; Marret & Zonneveld, 2003; Zonneveld et al., 2013; de Vernal et al., 2020; 

Marret et al., 2020). 

Given this, an extensive surface sample from the pelagic regions of the IO is 

analyzed to evaluate (i) the cyst assemblages from deep-sea sediments from various 

bioregions, (ii) differences or similarities existing among the bioregions, and (iii) 

variations in morphometry of cosmopolitan dinoflagellate cysts. The geographical 

coverage in the present study encompasses the AS, BoB, equatorial IO, and STIO up to 

30oS. Therefore, this study reduces the geographical data gap from the IO pelagic regions, 
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as Marret and Zonneveld (2003) identified, and addresses various ecological issues 

relevant to dinoflagellate cyst ecology. 

 

3.2.2. Methodology 

The details of the sampling site, sample collection, and analysis from the deep-sea 

sediment to study dinoflagellate cysts are presented in Chapter 2 subsection 2.2.2.  

Data analysis 

Dinoflagellate cysts community indices (species count or number of species, Shannon–

Wiener's diversity index (H′), Pielous evenness, and Margalef’s species richness) for each 

station and region (oligotrophic-AS, OMZ-AS, BoB, EIO, and STIO) were determined 

using PRIMER – version 6 (PRIMER–E Ltd. Plymouth, UK).  

 

3.2.3. Results 

3.2.3.1. Dinoflagellate cyst diversity and distribution 

Altogether 48 dinoflagellate cyst species were recorded, of which 41 cysts belonging to 

18 genera in AS (17 autotrophic, 3 mixotrophic, and 21 heterotrophic), 28 cysts belonging 

to 16 genera in BoB (10 autotrophic, 3 mixotrophic, and 15 heterotrophic), 19 cysts 

belonging to 11 genera in EIO (12 autotrophic, 1 mixotrophic, and 6 heterotrophic), and 

12 cysts belonging to 8 genera in STIO (10 autotrophic, and 2 heterotrophic) were found 

in this study (Figure 3.17a-b, Table 3.2) Therefore, the NIO recorded more species (i.e., 

48 species) than the SIO (20 species). The maximum concentration of dinoflagellate cyst 

was recorded in the coastal-AS (231 cysts g-1) followed by OMZ-AS (124 cysts g-1), 

oligotrophic-AS (90 cysts g-1), BoB (13 cysts g-1), and least in STIO (9 cysts g-1) and EIO 

(6 cysts g-1 each) (Figure 3.18a). Spiniferites ramosus and Spiniferites sp. in NIO, and 

Pentapharsodinium dalei in SIO were the dominant taxa. The autotrophic cysts 

dominated in AS (73%-82%), EIO (84%), and STIO (98%), whereas heterotrophic cysts 

in BoB (49%) (Figure 3.18b). The higher species count, evenness, richness, and diversity 

in NIO than in SIO signifies distinct geographic patterns in planktonic dinoflagellate 

production (Figures 3.17c-f). Interestingly, the dinoflagellate cyst assemblage showed 

distinct geographic variations. For instance: (i) Impagidinium strialatum, 

Operculodinium centrocarpum, Spiniferites sp., and Echinidinium sp. were the common 

occurrence in the IO, (ii) Spiniferites hyperacanthus, Spiniferites merabilis, cyst of 

Protoperidinium sp., Lingulodinium machaerophorum, Trinovantedinium applanatum, 

and cyst of Polykrikos hartmannii were common only in NIO. 
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Figure 3.16. Micrograph of dinoflagellate cysts A) Autotrophic: 1) Cyst of 

Alexandrium sp., 2) Bitectatodinium spongium, 3) Impagidinium aculeatum, 4) 

Impagidinum paradoxum, 5) Impagidinum patulum, 6) Impagidinum strialatum 7) 

Nematosphaeropsis labyrinthus, 8) Operculodinium centrocarpum, 9) Operculodinium 

janduchenei, 10) Cyst of Pentapharsodinium dalei, 11) Polysphaeridium zoharyi, 12) 

Spiniferites bentorii, 13) Spiniferites hyperacanthus, 14) Spiniferites mirabilis, 15) 

Spiniferites ramosus, 16) Tuberculodinium vancampoae, B) Heterotrophic: 17) 

Brigantedinium simplex,18) Brigantedinium sp., 19) Cyst of Cladopyxis sp., 20) Cyst 

of Polykrikos kofoidii, 21) Cyst of Polykrikos schwartzii, 22) Cyst of Protoperidinium 

denticulatum, 23) Cyst of Protoperidinium latissimum, 24) Cyst of Protoperidinium 

monospinum, 25) Cyst of Diplopelta sp., 26) Echinidinium sp., 27) Lejeunecysta 

sabrina, 28) Quinquecuspis pentagonum, 29) Selenopemphix nephroides, 30) 

Selenopemphix quanta, 31) Stelladinium abei, 32) Stelladinium bifurcatum, 33) 

Stelladinium reidii, 34) Stelladinium stellatum, 35) Trinovantedinium applanatum, 36) 

Votadinium calvum, C) Mixotrophic: 37) Cyst of Polykrikos hartmannii, 38) 

Lingulodinium machaerophorum, 39) Ligulodinium sp. (all scale bar 20 micron). 
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In the AS oligotrophic region, maximum species count (24 species) and diversity 

index H’ (2.7) were recorded in stations 2 and 5, respectively. The other three stations in 

AS oligotrophic regions, where the depth varied from 2000-4600m, recorded 15-22 

species, 68-155 cysts g-1, and 1.6-2.0 diversity index H’ of dinoflagellate cysts. Station 4 

(depth 4607m) recorded a relatively lower species count (only 16) and concentration (68 

cysts g-1). In the AS-OMZ region, the species count was higher in station 8 (i.e., 22 taxa) 

followed by stations 6 and 7 (recorded 21 and 20 taxa, respectively). Station 8 recorded 

the maximum cyst concentration (140 cysts g-1), followed by stations 7 (123 cysts g-1) 

and 6 (108 cysts g-1). The cysts of autotrophic taxa dominated the assemblages than 

heterotrophic taxa in all the AS regions. Cysts produced by autotrophic taxa contribute 

83%, 77%, and 74% to the total dinoflagellate cysts in the coastal, oligotrophic, and OMZ 

regions of the AS, respectively. The heterotrophic to autotrophic ratio (H/A) showed a 

slightly higher value in the OMZ (0.37) than in the oligotrophic (0.36) and coastal (0.20) 

regions of the AS. In the AS coastal and oligotrophic region, cyst assemblage was mostly 

dominated by autotrophic species like Spiniferites spp., cysts of Gonyaulax Spinifera 

complex, S. ramosus, and S. mirabilis, and mixotrophic species like Lingulodinium sp. 

representing 56% of the total dinoflagellate cyst assemblage.  

On the contrary, in the AS-OMZ region, the species count was higher in station 8 

(i.e., 22 taxa) followed by stations 6 and 7 (recorded 21 and 20 taxa, respectively). Station 

8 recorded the maximum cyst concentration (140 cysts g-1), followed by stations 7 (123 

cysts g-1) and 6 (108 cysts g-1). The AS-OMZ region cyst assemblage was mostly 

dominated by autotrophic species like Spiniferites spp., Spiniferites ramosus, 

Lingulodinium sp., Echinidinium sp., Nematosphaeropsis sp., Impagidinium paradoxum 

which represent 75% of the total dinoflagellate cyst assemblage. Among the five HAB 

species, three species in both station 6 (Operculodinium centrocarpum, Gonyaulax 

Spinifera complex and cyst of Polykrikos hartmannii) and station 7 (Operculodinium 

centrocarpum, Gonyaulax Spinifera complex and Lingulodinium machaerophorum) and 

all in station 8 were recorded. The comparison of cyst assemblage data revealed that the 

species count and abundance recorded in this study were low compared to the EAS and 

WAS (Figure 3.19). In the BoB, coastal station 1 showed maximum cyst concentration 

(19 cysts g-1), number of species (18 species), and diversity (2.5), whereas stations 2 and 

3 (14 species) showed an equal number of species but cyst concentration was slightly 

higher in the former (15 cysts g-1) than the latter (7 cysts g-1). All the stations were 

dominated by Spiniferites sp. and cyst of Protoperidinium sp. 
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Sl. 

No. 

Trop

hic 

statu

s 

Biological name 
Paleontological 

name 
AS BoB EIO STIO NIO SIO 

1 A Unknown 

Bitectatodinium 

spongium 3.3 0.0 0.0 0.0 9.8 0.0 

2 A Alexandrium sp. 

Cyst of 

Alexandrium sp.* 0.0 0.0 0.0 0.0 0.0 0.0 

3 A 

Pentapharsodinium 

dalei 

Cyst of 

Pentapharsodiniu

m dalei 2.8 0.0 1.3 1.0 8.3 2.3 

4 A Gonyaulax sp. Indet. 

Impagidinium 

aculeatum 6.6 0.1 0.9 0.4 19.8 1.3 

5 A Gonyaulax sp. Indet. 

Impagidinium 

paradoxum 0.9 0.0 0.2 0.0 2.8 0.2 

6 A Gonyaulax sp. Indet. 

Impagidinium 

patulum 0.5 0.5 0.4 0.3 1.8 0.7 

7 A Gonyaulax sp. Indet. Impagidinium sp. 2.4 0.2 0.8 0.9 7.3 1.7 

8 A Gonyaulax sp. Indet. 

Impagidinium 

strialatum 3.6 0.0 0.2 0.0 10.8 0.2 

9 A 

Gonyaulax 

spiniferites complex 

Nematosphaerops

is labyrinthus 2.3 0.0 0.0 0.0 7.0 0.0 

10 A Unknown 

Nematosphaerops

is sp. 3.7 0.4 0.3 0.0 11.4 0.4 

11 A 

Protoperidinium 

reticulatum 

Operculodinium 

centrocarpum* 1.5 0.4 0.0 0.0 4.9 0.0 

12 A Unknown 

Operculodinium 

janduchenei 0.2 0.0 0.0 0.0 0.7 0.0 

13 A Unknown 

Operculodinium 

sp. 0.3 0.1 0.1 6.0 1.0 6.1 

Table 3.2. Dinoflagellate cysts concentration (cysts g-1 dry weight) in the Arabian Sea 

(AS), Bay of Bengal (BoB), Equatorial Indian Ocean (EIO), and South tropical Indian 

Ocean (STIO) A: autotrophic, H: heterotrophic, M: mixotrophic, C: coastal, O: 

oligotrophic, OMZ: oxygen minimum zone, NIO: North Indian Ocean and SIO: South 

Indian Ocean. (*): Indicates potentially HAB species. The motile affinity is based on Li 

et al., 2023; Marret et al., 2020; Ramírez-Valencia et al., 2021; Rigel et al., 2022. 
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14 A 

Pyrodinium 

bahamense 

Polysphaeridium 

zoharyi* 0.0 0.0 0.0 0.0 0.1 0.0 

15 A Gonyaulax nezaniae 

Spiniferites 

bentorii 0.0 0.2 0.0 0.0 0.3 0.0 

16 A 

Gonyaulax 

whaseongensis 

Spiniferites 

hyperacanthus 6.3 0.0 0.0 0.0 18.9 0.0 

17 A 

Gonyaulax 

spiniferites complex 

Spiniferites 

merabilis 

18.

2 0.2 0.0 0.0 54.7 0.0 

18 A 

Gonyaulax 

spiniferites complex 

Spiniferites 

ramosus 

36.

4 0.0 0.0 0.0 109.1 0.0 

19 A 

Gonyaulax 

spiniferites complex Spiniferites sp. 

27.

4 3.7 1.0 0.1 85.9 1.1 

20 A Pyrophacus steinii 

Tuberculodinium 

vancampoae 1.4 0.2 0.0 0.0 4.5 0.0 

21 H 

Protoperidinium 

avellana 

Brigantedinium 

cariacoense 0.0 0.5 0.0 0.0 0.5 0.0 

22 H 

Protoperidinium 

conicoides 

Brigantedinium 

simplex 0.1 0.4 0.0 0.0 0.6 0.0 

23 H Protoperidinium sp. 

Brigantedinium 

sp. 0.0 0.2 0.0 0.0 0.3 0.0 

24 H Cladopyxis sp. 

Cyst of 

Cladopyxis sp. 0.0 0.0 0.0 0.0 0.1 0.1 

25 H Diplopelta sp. 

Cyst of Diplopelta 

sp. 0.0 0.1 0.0 0.0 0.2 0.0 

26 H Polykrikos kofoidii 

Cyst of Polykrikos 

kofoidii 1.1 0.0 0.0 0.0 3.2 0.0 

27 H 

Polykrikos 

schwartzii 

Cyst of Polykrikos 

schwartzii 0.5 0.0 0.0 0.0 1.6 0.0 

28 H 

Protoperidinium 

denticatum 

Cyst of 

Protoperidinium 

denticulatum 0.1 0.0 0.0 0.0 0.3 0.0 

29 H 

Protoperidinium 

latissimum 

Cyst of 

Protoperidinium 

latissimum 0.3 0.0 0.0 0.0 0.8 0.0 

30 H 

Protoperidinium 

monospinum 

Cyst of 

Protoperidinium 

monospinum 2.8 2.3 0.5 0.0 10.6 0.5 

31 H Protoperidinium sp. 

Cyst of 

Protoperidinium 

sp. 0.0 0.1 0.0 0.0 0.1 0.0 
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32 H 

Diplopsalid or 

Protoperidinioid 

group Echinidinium sp. 8.0 1.0 0.2 0.1 25.0 0.3 

33 H 

Protoperidinium 

leonis 

Lejeunecysta 

sabrina 0.3 0.0 0.0 0.0 0.8 0.0 

34 H Protoperidinium sp. 

Quinquecuspis 

pentagonum 2.1 0.1 0.0 0.0 6.3 0.0 

35 H Protoperidinium sp. Quinquecuspis sp. 0.0 0.1 0.0 0.0 9.1 0.0 

36 H 

Protoperidinium 

subinerme 

Selenopemphix 

nephroides 0.2 0.5 0.0 0.0 1.1 0.0 

37 H 

Protoperidinium 

conicum 

Selenopemphix 

quanta 3.0 0.3 0.0 0.0 3.8 0.0 

38 H Unknown Selenopemphix sp. 0.2 0.0 0.1 0.0 0.5 0.1 

39 H Protoperidinium sp. Stelladinium abei 0.0 0.2 0.0 0.0 0.2 0.0 

40 H Unknown 

Stelladinium 

bifurcatum 0.0 0.0 0.0 0.0 0.1 0.0 

41 H Protoperidinium sp. 

Stelladinium 

reidii 0.8 0.3 0.0 0.0 2.8 0.0 

42 H 

Protoperidinium 

compressum 

Stelladinium 

stellatum 0.5 0.3 0.1 0.0 1.9 0.1 

43 H 

Protoperidinium 

pentagonum 

Trinovantedinium 

applanatum 0.6 0.2 0.0 0.0 1.9 0.0 

44 H 

Protoperidinium 

oblongum 

Votadinium 

calvum 0.9 0.0 0.0 0.0 2.6 0.0 

45 H 

Protoperidinium 

steidinferae Votadinium sp. 0.0 0.0 0.0 0.0 0.1 0.0 

46 M 

Polykrikos 

hartmannii 

Cyst of Polykrikos 

hartmannii* 0.8 0.4 0.0 0.0 2.9 0.0 

47 M 

Lingulodinium 

polyedrum 

Lingulodinium 

machaerophorum

* 1.1 0.1 0.0 0.0 3.4 0.0 

48 M Lingulodinium sp. Lingulodinium sp. 7.3 0.3 0.1 0.0 22.3 0.1 

    149 13.3 6.3 9.1 462 15 
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Figure 3.17. Variations in dinoflagellate cyst a) abundance, b) Autotrophic, 

heterotrophic, and mixotrophic forms, c) species count, d) species evenness, e) 

species richness, and f) species diversity in the Indian Ocean. C-AS: coastal Arabian 

Sea, O-AS: oligotrophic Arabian Sea, OMZ-AS: oxygen minimum zone Arabian 

Sea, BoB: Bay of Bengal, EIO: the equatorial Indian Ocean, and STIO: south tropical 

Indian Ocean. 
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In EIO, the western south-equatorial station (i.e., station 16) showed maximum cyst 

concentration (9 cysts g-1) and number of species (17 species) and diversity (2.5) followed 

by the eastern south-equatorial station (i.e., station 4; 8 cysts g-1; 11 species; diversity 

1.8). All the stations in EIO were dominated by Impagidinium spp. (I. paradoxum and I. 

aculeatum). In STIO, station 10 showed maximum cyst concentration (39 cysts g-1) 

followed by station 7 (11 cysts g-1), station 11 (10 cysts g-1), station 9 (8 cysts g-1), and 

station 8 (7 cysts g-1), whereas the remaining stations (station 6, 12, 13 and 14) recorded 

lowest cyst concentration (0.27-4 cysts g-1). A maximum number of species was recorded 

in station 10 (7 species), followed by station 12 (6 species) and stations 7 and 11 (5 species 

each). Maximum diversity was recorded in station 7 (1.2), followed by station 10 (0.67), 

station 11 (0.53), and station 8 (0.41). All the stations in STIO were dominated by 

Impagidinium spp. (I. strialatum and I. aculeatum), Pentapharsodinium dalei, and cyst 

of Cladopyxis sp. 

This study recorded cysts of four autotrophic and two mixotrophic potential HAB 

species (cyst of Alexandrium sp., cysts of Gonyaulax spp., Operculodinium 

centrocarpum, Polysphaeridium zoharyi, cyst of Polykrikos hartmannii, and 

Lingulodinium machaerophorum) of which five were present in AS except for cyst of 

Alexandrium sp., four in BoB except cyst of Alexandrium sp., and Polysphaeridium 

zoharyi, and only two in EIO (cyst of Gonyaulax sp., and Operculodinium centrocarpum) 

and STIO (cyst of Alexandrium sp. and Operculodinium centrocarpum) (Figure 3.19). 

3.2.3.2. Comparison with previous studies 

A comparison of cyst data with other regions of AS revealed that 32 species are common 

for both western and eastern AS (Table 3.3). Among them, 27 species recorded in this 

study were documented from both the western and eastern AS, indicating their 

widespread occurrence in the region. Also, 7 (cyst of Cladopyxis sp., cyst of 

Protoperidinium latissimum, Lejeunecysta sabrina, Operculodinium janduchenei, cyst of 

Protoperidinium denticulatum, Protoperidinium monospinum, and Stelladinium 

bifurcatum) and 6 (cyst of Cladopyxis sp., Impagidinium patulum, Impagidinium 

strialatum, Operculodinium janduchenei, Protoperidinium monospinum, and 

Stelladinium bifurcatum) species recorded in this study were not reported from western 

and eastern AS, respectively. Further, four species (cyst of Cladopyxis sp., 

Operculodinium janduchenei, Stelladinium bifurcatum, and Protoperidinium 

monospinum) are found to be reported for the first time from the AS (Table 3.3).  
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Figure 3.18. Bar plots showing a) HAB cyst concentration and species count 

and b) percentage contribution in different bioregions of the Indian Ocean. 

C-AS: coastal Arabian Sea, O-AS: oligotrophic Arabian Sea, OMZ-AS: 

oxygen minimum zone Arabian Sea, BoB: Bay of Bengal, EIO: equatorial 

Indian Ocean, and STIO: south-tropical Indian Ocean. 
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Trophic 

status 
Motile affinity 

Paleontological 

name 
T1 T2 EAS WAS 

1 
A Unknown 

Bitectatodinium 

spongium4,5&6 2.0 0.0 + + 

2 
A 

Gonyaulax sp. 

Indet. 

Impagidinium 

aculeatum4&6 3.8 3.5 + + 

3 
A 

Gonyaulax sp. 

Indet. 

Impagidinium 

paradoxum4&6 9.6 7.8 + + 

4 
A 

Gonyaulax sp. 

Indet. 

Impagidinium 

patulum6 1.8 0.5  + 

5 
A 

Gonyaulax sp. 

Indet. 
Impagidinium sp. 

1.1 0.0 + + 

6 
A 

Gonyaulax sp. 

Indet. 

Impagidinium 

strialatum6 1.0 4.7  + 

7 
A 

Gonyaulax 

spiniferites complex 

Nematosphaeropsis 

labyrinthus4&6 5.3 4.1 + + 

8 
A Unknown 

Nematosphaeropsis 

sp. 0.0 7.0 + + 

9 
A 

Protoperidinium 

reticulatum 

Operculodinium 

centrocarpum1-6 4.2 4.0 + + 

10 
A Unknown 

Operculodinium 

janduchenei* 1.2 3.0   

11 A Unknown Operculodinium sp. 0.3 0.3 + + 

12 
A 

Pyrodinium 

bahamense 

Polysphaeridium 

zoharyi3,5&6 0.6 0.1 + + 

13 
A Gonyaulax nezaniae 

Spiniferites 

bentorii4&6 0.1 0.0 + + 

Table 3.3. The table shows dinoflagellate cysts abundance (cysts g-1 dry weight) in 

transects 1 and 2 of the Arabian Sea. A: Autotrophs; M: Mixotrophs; H: Heterotrophs; 

EAS: eastern Arabian Sea; WAS: western Arabian Sea. Trophic status is given following 

Marret et al., 2020. The motile affinity is based on Li et al., 2023; Marret et al., 2020; 

Ramírez-Valencia et al., 2021; Rigel et al., 2022. Indet: indeterminate, + means 

previously reported. 
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14 
A 

Gonyaulax 

whaseongensis 

Spiniferites 

hyperacanthus4 4.0 1.0 + + 

15 
A 

Gonyaulax 

spiniferites complex 

Spiniferites 

mirabilis1,3,4&6 12.1 2.2 + + 

16 
A 

Gonyaulax 

spiniferites complex 

Spiniferites 

ramosus1,3,4&6 27.2 22.5 + + 

17 
A 

Gonyaulax 

spiniferites complex 
Spiniferites sp. 

17.5 30.6 + + 

18 
A Pyrophacus steinii 

Tuberculodinium 

vancampoae2,3,5&6 2.5 0.0 + + 

19 
M 

Polykrikos 

hartmannii 

Cyst of Polykrikos 

hartmannii1-3, 5&6 0.5 0.1 + + 

20 

M 
Lingulodinium 

polyedrum 

Lingulodinium 

machaerophorum1-

6 1.4 0.4 + + 

21 M Lingulodinium sp. Lingulodinium sp. 4.4 9.2 + + 

22 
H Protoperidinium sp. 

Brigantedinium 

simplex5&6 0.2 0.0 + + 

23 
H 

Protoperidinium 

conicoides 

Brigantedinium 

sp.2,5&6 0.0 0.1 + + 

24 
H Cladopyxis sp. 

Cyst of Cladopyxis 

sp.* 0.1 0.0   

25 
H Polykrikos kofoidii 

Cyst of Polykrikos 

kofoidii2-5 0.1 0.0 + + 

26 
H 

Polykrikos 

schwartzii 

Cyst of Polykrikos 

schwartzii1-3,5&6 0.6 0.0 + + 

27 

H 
Protoperidinium 

denticatum 

Cyst of 

Protoperidinium 

denticatum3&5 0.3 0.0 +  

28 

H 
Protoperidinium 

latissimum 

Cyst of 

Protoperidinium 

latissimum1,3&5 0.2 0.0 +  
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29 

H 
Protoperidinium 

monospinum 

Cyst of 

Protoperidinium 

monospinum* 0.6 0.0   

30 

H Protoperidinium sp. 

Cyst of 

Protoperidinium 

sp. 1.9 4.2 + + 

31 

H 

Diplopsalid or 

Protoperidinioid 

group 

Echinidinium 

sp.4&6 
6.8 11.8 + + 

32 
H 

Protoperidinium 

leonis 

Lejeunecysta 

sabrina5 0.2 0.0 +  

33 
H 

Protoperidinium 

subinerme 

Selenopemphix 

nephroides1-6 2.4 3.2 + + 

34 
H 

Protoperidinium 

conicum 

Selenopemphix 

quanta2-6 1.8 0.1 + + 

35 H Unknown Selenopemphix sp. 0.0 0.5 + + 

36 
H Unknown 

Stelladinium 

bifurcatum* 0.0 0.1   

37 
H 

Protoperidinium 

spp. 

Stelladinium 

reidii4&6 1.5 0.6 + + 

38 
H 

Protoperidinium 

compressum 

Stelladinium 

stellatum2-4&6 0.1 1.4 + + 

39 
H 

Protoperidinium 

pentagonum 

Trinovantedinium 

applanatum1-6 0.3 0.1 + + 

40 
H 

Protoperidinium 

oblongum 

Votadinium 

calvum1,3,5&6 0.5 0.7 + + 

41 
H 

Protoperidinium 

steidinferae 
Votadinium sp. 

0.1 0.0 + + 

   Sum 118 124   

 

Note: Superscript numbers indicate species previously reported in those references, i.e., 1. Godhe et al., 

2000; 2. D’costa et al., 2008; 3. D’silva et al., 2011; 4. Narale et al., 2015 5. Rodrigues et al., 2022 and 6. 

Zonneveld et al., 2013. 
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Overall, the comparison of cyst assemblage data revealed that the species count 

(including HAB species) and cyst concentration recorded in this study is low compared 

to the previous studies (Figure 3.19). This study revealed the widespread occurrence of 

21 species in IO (NIO and SIO). Most cosmopolitan dinoflagellate cyst species are 

autotrophic (67%), belonging to motile dinoflagellates of the Gonyaulax genus. Among 

all the recorded species, 47 (98%) and only 21 (44%) were recorded in NIO and SIO, 

respectively. Also, 27 species (56%) were restricted to NIO, and only 1 species (2%) to 

SIO. Previously, 43 species (90%) in AS, 34 species (71%) in BoB, and 31 species (65%) 

in SIO were reported from the regions, respectively. In the NIO one (Stelladinium abei) 

and SIO 4 (cyst of Alexandrium sp., Pentapharsodinium dalei, cyst of Cladopyxis sp., 

and Stelladinium stellatum), dinoflagellate cyst species were not reported previously. 

3.2.3.3. Morphometric variability in the cosmopolitan species 

The body size of Operculodinium centrocarpum showed significant variability (p>0.001) 

among all the bioregions except STIO, whereas the process length was significantly 

different (p>0.001) in all the regions (C-AS: d=36 µm, and PL=2 µm; O-AS: d=33±4 µm, 

and PL=7±2 µm; OMZ-AS: d=31±4 µm, and PL=6±1 µm; BoB: d=50±13 µm, and 

PL=12±4 µm; EIO: d=31±9 µm, and PL=7±2 µm; STIO: d=38±0.6 µm, and PL=8±0.2 

µm). The highest body size and process length were recorded in BoB and the least in 

OMZ-AS and C-AS, respectively (Figure 3.20a-b). However, the variations were within 

the reported size ranges (d=33-48 µm and PL=7-14 µm). The body size of 

Nematosphaeropsis labyrinthus showed no significant differences among the bioregions 

except between O-AS and OMZ-AS, whereas process length varied significantly (p>0.05) 

among the bioregions except between OMZ-AS and EIO (O-AS: d=24 µm, and PL=12 

µm; OMZ-AS: d=22 µm, and PL=11 µm; EIO: d=23±0.6 µm, and PL=11±2 µm; STIO: 

d=27±1.2 µm, and PL=17±2.2 µm). The highest body size and process length were 

recorded in STIO, and the lowest in OMZ-AS (Figure 3.20c-d). However, the variations 

were within the reported size ranges (d=27-42 µm and PL=11-23 µm). The body size and 

process length of Impagidinium patulum showed significant variability (p>0.001) only 

between O-AS and EIO (O-AS: W=57±4 µm, and PL=6±1 µm; OMZ-AS: W=51±7 µm, 

and PL=5±1 µm; STIO: W=50 µm, and PL=4±1 µm; EIO: W=44±10 µm, and PL=5±2 

µm). The highest body size and process length were recorded in O-AS and the least in 

EIO and STIO, respectively. The body size of Impagidinium strialatum showed no 

significant differences among the bioregions, whereas process length varied significantly 
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(p>0.05) among BoB, EIO, and STIO (STIO: PL=6±1 µm; EIO: PL=5±1 µm; OMZ-AS: 

PL=5±0.4 µm; O-AS: PL=5±1 µm; BoB: PL=4±0.3 µm). 
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Figure 3.19. Plots showing comparative data for dinoflagellate cysts in 

the Indian Ocean a) dinoflagellate cyst concentration (cysts g-1) and b) 

Species count. Present study locations are represented using numbers, 

and unnumbered dots represent previous studies. Data for species 

count and concentration for comparison are taken from Zonneveld et 

al., 2013; D'Silva et al., 2011; Narale et al., 2015; Dcosta et al., 2008 

and Rodrigues et al., 2022. 
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The highest process length was recorded in STIO, and the lowest was in BoB. The 

body size and process length of the cyst of Pentapharsodinium dalei varied significantly 

(p>0.05) between BoB and STIO, showing smaller sizes in BoB than in STIO (STIO: 

d=28±3 µm and PL=6±1 µm; EIO: d=25±1 µm; BoB: d=19±0.1 µm, and PL=4±0.3 µm). 

The body size and process length of Spiniferites hypercanthus-merabilis varied 

significantly (p>0.05) between AS and BoB, showing smaller sizes in BoB than in AS 

(AS: PL=5±1 µm; BoB: PL=4±0.3 µm; BoB: d=19±0.1 µm, and PL=4±0.3 µm). The 

other cosmopolitan dinoflagellate cysts showed no significant morphometric variations 

in the bioregions of the IO. 

3.2.3.4. Plankton drift simulations to track the origin of dinoflagellate cysts 

The planktondrift simulations of dinoflagellate cysts revealed different transport patterns 

for the stations located in the AS, BoB, EIO, and STIO regions, suggesting different 

origins. The transport scenarios for the AS dinoflagellate cysts revealed different 

transport patterns for the stations located in coastal, oligotrophic, and OMZ regions, 

suggesting different origins. For instance, the lateral transport of the dinoflagellate cysts 

in coastal station 1 and station 2 is confined over a small region, whereas stations 3 and 

4 show some overlapping, and station 5 has the maximum lateral transport even from the 

western AS and OMZ region. However, in OMZ stations (6, 7, and 8), the lateral transport 

of the dinoflagellate cysts was also relatively large but confined to the OMZ region to a 

larger extent. 

The lateral transport of dinoflagellate cysts in the coastal BoB station (9) was 

confined to a small region, contrary to the other two stations where the lateral transport 

covered a larger area. For instance, in station 10, the spread was from the adjacent coastal 

region to the pelagic region, in station 11, the lateral transport shows contribution from 

the Andaman Sea and the northern coastal regions of Indonesia. The lateral transport was 

over a much larger area in the EIO (stations 12, 13, 23, and 24) than in the STIO, with all 

the stations overlapping each other. The four stations between 20oS-30oS (stations 15-17) 

in the STIO overlapped but were more confined in the area (Figure 3.21). 
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Figure 3.20. The plot shows morphometric measurements of dinoflagellate cyst 

body size (L=length, W=width, and D=diameter) and process length (PL) in the 

Indian Ocean. i) Operculodinium centrocarpum a) body size (diameter) and b) 

process length, and ii) Nematosphaeropsis labyrinthus c) body size (length and 

width) and d) process length. C-AS: coastal Arabian Sea, O-AS: oligotrophic 

Arabian Sea, OMZ-AS: oxygen minimum zone Arabian Sea, BoB: Bay of 

Bengal, EIO: the equatorial Indian Ocean, and STIO: south tropical Indian 

Ocean. 
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3.2.4. Discussion 

3.2.4.1. Dinoflagellate cyst diversity and distribution 

The study on dinoflagellate cyst diversity and distribution from the recent sediments of 

the IO revealed 48 species. The highest dinoflagellate cyst concentration was recorded at 

113m in the coastal AS (in NIO) and the lowest at 5200m in the EIO (in SIO). The AS in 

the NIO is known to be more productive than the oligotrophic EIO and STIO regions of 

the SIO (Dalabehara & Sarma, 2021). Therefore, the upper water column productivity 

can determine the dinoflagellate cyst concentration in the underlying sediment. 

Additionally, the low oxygen in the OMZ depths might also help in better preservation 

and low microbial degradation of the dinoflagellate cyst (Wendler et al., 2002), which is 

otherwise susceptible to oxidative degradation like organic matter (Zonneveld et al., 

1997). Interestingly, the NIO is well known for two OMZ regions, one in the Arabian Sea 

and the other in the Bay of Bengal. The particulate organic carbon (POC) sinking flux to 

the deep sea (>2500 m) is reported to be one of the highest in the NIO (4-13 mg m-2 d-1; 

Sarma et al., 2007) and one of the lowest in SIO (0.50 mg m-2 d-1; Harms et al., 2021) 

among the world oceans. Therefore, less dinoflagellate cyst concentration in the sediment 

of the oligotrophic region (i.e., SIO) than in the relatively productive region (i.e., NIO) is 

obvious. It signifies distinct geographic patterns of dinoflagellate production in the water 

column and their preservation in the underlying sediment influenced by the OMZ regions.  

The NIO dinoflagellate cyst community was dominated by Spiniferites ramosus and 

Spiniferites sp. The Spiniferites is one of the most common dinoflagellate cyst genera 

reported from recent and past dinoflagellate cyst populations (de Vernal et al., 2018). It 

has also been reported in higher concentrations from the northwest AS (Zonneveld & 

Brummer, 2000). Also, Spiniferites are known to be moderately sensitive to the presence 

of oxygen (Zonneveld & Brummer, 2000), and the presence of OMZ in the NIO might 

play a significant role in its preservation in the underlying sediment. The Spiniferites sp. 

are characteristic of neritic environments but are also reported from open ocean sites 

(Rochon et al., 1999; Marret & Zonneveld, 2003). However, due to the large 

morphological variability among different species of Spiniferites it has been difficult to 

assign them to specific species correctly. Therefore, many researchers represent their 

results after grouping several species of Spiniferites at the genus level (Hessler et al., 

2013; de Vernal et al., 2018; Pespelova et al., 2018), which might have distinct ecological 

preferences (de Vernal et al., 2018). Therefore, the inferences linking Spiniferites to 

specific environmental conditions could be speculative and must be treated cautiously. 
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Contrary to Spiniferites, Spiniferites ramosus is very distinct and easy to identify and 

occurs in a wide range of environmental conditions (8.5-17.2oC; 33.2 ± 5.2 PSU). The 

distribution of S. ramosus is also cosmopolitan (Zonneveld et al., 2013) and reported from 

mid-latitudes (de Vernal et al., 2018) to low latitudes (Hessler et al., 2013). 

The dinoflagellate cyst of Pentapharsodinium dalei dominated the assemblages in 

the SIO. cyst of P. dalei is also considered to be a cosmopolitan species (Marret & 

Zonneveld, 2003) and has been reported from coastal to deep-sea in all the latitudes (Radi 

et al., 2001; Marret & Zonneveld, 2003; Pospelova et al., 2008). Though the cyst of P. 

dalei is considered a cold-water species, it has previously been reported from outer harbor 

regions in the BoB associated with low nutrient conditions (D’Silva et al., 2013) and 

China Sea with several genetically and morphologically different morphospecies (Gu et 

al., 2013). However, cyst of P. dalei shows a preference for cool temperate to sub-polar 

conditions and can occur in a wide range of temperatures (0-29.6oC) and salinity (21.3-

36.7 PSU) (Candel et al., 2012; Marret & Zonneveld, 2003; Radi & de Vernal, 2008). 

The proximity of SIO stations (especially STIO) to the polar region might have 

contributed to the assemblage in the bottom sediment. Further, many stations in the SIO 

region recorded a very low dinoflagellate cyst concentration. Two reasons might 

contribute to such low cyst concentration: i) planktonic dinoflagellate abundance and 

their cyst-forming potential (Dale, 1983; Dale, 2001), and ii) the prevailing sediment 

texture in the area. The SIO region is well-known to be an oligotrophic region 

(Dalabehara & Sarma, 2021; Harms et al., 2021) with coarser sediment dominated by 

silicious ooze (Pattan & Jauhari, 2001). However, the present study's sediment texture 

analysis revealed finer-grained sediments (mostly silty-clayey) prevailing in SIO. Though 

various studies have reported higher dinoflagellate cyst concentration in finer-grained 

(silt and clayey) sediment than in coarser sediment (Dale, 1976; Dale, 1983; Hallegraeff 

et al., 2003; Narale et al., 2013; Narale & Anil, 2017), such inferences might not be valid 

for pelagic regions with prevalent oligotrophic conditions in the upper water column.  

The other most common dinoflagellate cysts were Impagidinium aculeatum and 

Nematosphaeropsis labyrinthus, majorly reported from the oligotrophic pelagic regions 

of the IO. These two dinoflagellate cysts are mostly reported from the outer neritic to 

oceanic environments (Matthiessen, 1995; Zonneveld & Brummer, 2000; Eldrett & 

Harding, 2009) and are characterized by oligotrophic surface waters (Zonneveld et al., 

1997). I. aculeatum and N. labyrinthus are also moderately resistant to oxygen availability 

and are often characterized as oceanic species (Zonneveld & Brummer, 2000). Their 
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presence throughout the surface sediments of the AS, though in low concentrations, has 

been previously reported (Zonneveld, 1997; Zonneveld & Brummer, 2000). 

Interestingly, the IO dinoflagellate cyst assemblage was dominated by autotrophic 

species except BoB, which the heterotrophic dinoflagellate cyst dominated. The 

autotrophic dominance of the dinoflagellate cyst in the pelagic region is opposite to the 

heterotrophic dominance in the coastal region of the IO (except BoB). The previous 

studies on dinoflagellate cyst (D'Silva et al., 2013; Narale et al., 2013; Uddandam et al., 

2015; Uddandam et al., 2017) from the BoB (including the Andaman Sea) have also 

reported the dominance of heterotrophic forms which agrees with our findings. Generally, 

the dominance of autotrophs is attributed to higher planktonic production (Dale, 1983; 

Anderson et al., 1995; Joyce et al., 2005), whereas the dominance of heterotrophs is 

attributed to the availability of prey (e.g., diatoms) (Matsuoka et al., 2003; Godhe & 

McQuoid, 2003), and reduced light intensity (Dale, 2001b). The BoB is known for 

suspended riverine load causing low light penetration (Narale et al., 2013) and diatom 

dominance (Madhu et al., 2006); heterotrophic dinoflagellate cyst dominance is 

inevitable. Several harmful dinoflagellates are known to produce cysts, which might settle 

in the sediment and can serve as the precursor for blooms. Therefore, dinoflagellate cysts 

are meticulously monitored for HAB monitoring (Anderson et al., 2012; Ribeiro et al., 

2012), and this study provides an overview of the geographic distribution of potential 

HAB species from the IO. 

3.2.4.2. Transport scenarios for dinoflagellate cyst in the IO 

The dinoflagellate cyst accumulation and distribution in the sediment also depend on the 

lateral transport during their sinking through the water column or re-suspension by bottom 

currents (Anderson et al., 1985; Zonneveld & Brummer, 2000; Hessler et al., 2013). The 

dinoflagellate cysts might be transported over a long distance from their original location 

of formation by moving water masses. Nooteboom et al. (2019) have reported the 

displacement of dinoflagellate cyst up to 1570 km under the influence of currents from 

the surface origin till they reach the ocean floor. Such large-scale transportation can 

assume a direct relationship between cysts in bottom sediments and prevailing 

environmental conditions in the immediately overlying surface waters, which is a 

challenge (Dale, 1996; Verleye et al., 2012). Therefore, the extent of lateral transport of 

dinoflagellate cyst should be considered when interpreting surface water conditions using 

sediment. Based on the prevailing known conditions, the NIO (AS and BoB) shares 

similar monsoonal forcing and seasonal wind patterns (Prasad, 2004) and is also 
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characterized by OMZ in the water column (Naqvi et al., 2006; Sarma et al., 2013). The 

persistence of lateral intrusion of the Persian Gulf Water (PGW) and Red Sea water 

(RSW) in the AS can also transport dinoflagellate cyst from the Northwestern AS to the 

ocean basin. However, few previous studies (Abidi, 1997; Zonneveld & Brummer, 2000) 

have suggested no long-distance lateral transport of dinoflagellate cysts in the West 

Indian Ocean and Northwestern AS. Abidi's (1997) argument is based on the match found 

between oceanographic boundaries and the recorded cyst assemblages and similar 

biogeographic distributions of dinoflagellate cyst taxa and foraminifer taxa. In contrast, 

the planktondrift simulation in the present study showed basin-wide lateral transport of 

dinoflagellate cysts in the AS basin. The dinoflagellate cyst's surface origin and lateral 

transport are well discussed in Paul and Patil (2024) for the AS basin. The planktondrift 

simulations (Figure 7) broadly revealed the following: (i) The dinoflagellate cyst in the 

BoB showed large-scale lateral transport (except for the coastal station), which could be 

due to the East Indian Coastal Current (EICC), which reverses directions twice a year and 

forms the western boundary current of a basin-wide anticyclonic gyre, (ii) in SIO, the 

bottom layers are occupied by the Antarctic Bottom Water (ABW), Indian deep waters 

(IDW), and upper ocean waters from the Pacific Ocean entering through the Indonesian 

Through Flow (ITF) (Qian et al., 2004) might be influencing the lateral transport of 

dinoflagellate cyst in the basin. However, the planktondrift simulations showed more 

lateral transport over a larger area for EIO and few stations of STIO (above 20oS), 

whereas four stations in STIO (20oS-30oS) showed much confined small-scale lateral 

transport of the dinoflagellate cyst considering 11 m/day sinking speed scenarios (Figure 

3.12). Therefore, basin-wide lateral transport could have influenced the distribution of 

more cosmopolitan dinoflagellate cysts in the NIO than in the SIO. Thus, the present 

study attempted to understand the lateral transport scenarios and their possible 

contribution to controlling the dinoflagellate cyst assemblages in the pelagic regions of 

the IO for the first time. 

3.2.4.3. Comparison of dinoflagellate cyst assemblages with previous studies in the IO 

The global studies on dinoflagellate cysts from the world oceans are aptly compiled by 

Zonneveld et al. (1997 and 2013) and Marret and Zonneveld (2003). The compilations 

help understand the biogeographical distribution of dinoflagellate cysts and highlight the 

study gaps. Though dinoflagellate cysts have been thoroughly studied from the coastal 

regions of the eastern AS (Godhe et al., 2000; D’costa et al., 2008; Dsilva et al., 2011, 

2012; Narale et al., 2015; Rodrigues et al., 2019, 2022), western AS (Zonneveld et al. 

https://www.sciencedirect.com/science/article/pii/S0304420318300586#bb0350
https://www.sciencedirect.com/science/article/pii/S0304420318300586#bb0400
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1997, and 2013; Zonneveld & Jurkschat, 1999), and BoB (Naidu et al., 2012; D'Silva et 

al., 2013; Narale & Anil, 2017; Narale et al., 2013; Uddandam et al., 2017; Uddandam et 

al., 2015; Uddandam et al., 2020), and coastal areas within south-east Asian regions 

(Matsuoka, 1981; Kumar, 1996; Matsuoka et al., 1999; Azanza et al., 2004; Kawamura, 

2004; Furio et al., 2006; Hessler et al., 2013), studies from the pelagic regions are none 

and have been pointed out several times in various studies (Marret & Zonneveld, 2003; 

Zonneveld et al., 2013; Marret et al., 2020). This study from the least studied pelagic IO 

regions revealed 21 dinoflagellate cysts as cosmopolitan, while 27 and 1 dinoflagellate 

cyst species are confined to NIO and SIO, respectively. The comparison revealed that 

9%, 32%, and 38% of dinoflagellate cysts were not reported previously and recorded only 

in the present study. Moreover, one dinoflagellate cyst species in NIO (Stelladinium abei) 

and four in SIO (cyst of Alexandrium sp., cyst of Pentapharsodinium dalei, cyst of 

Cladopyxis sp. and Stelladinium stellatum) were not reported previously. So far 16 

potential HAB cyst species have been reported from the coastal regions of AS and BOB 

(e.g., Alexandrium affine, Alexandrium minutum, Alexandrium tamarense, Alexandrium 

cf. tamiyavanichi, Gonyaulax spinifera complex, Gymnodinium catenatum, 

Lingulodinium machaerophorum, Operculodinium centrocarpum, Polysphaeridium 

zoharyi, Scrippsiella trochoidea, Pheopolykrikos hartmannii, Gymnodinium cf. 

catenatum, Blixaea quinquecornis, Gonyaulax scrippsae, Scrippsiella acuminata, and 

Diplopsalis lenticula) (D'Silva et al., 2013; Narale et al., 2013; Narale & Anil, 2017; 

Uddandam et al., 2017; Hessler et al., 2013; D’costa et al., 2008; D’silva et al., 2011; 

Rodrigues et al., 2022). All 16 species are documented from coastal AS and only 11 from 

BoB (except Gymnodinium cf. catenatum, Blixaea quinquecornis, Gonyaulax scrippsae, 

Scrippsiella acuminata, and Diplopsalis lenticula). Interestingly, of the 16 species, only 

6 (~37%) are reaching deeper depths (>5000m).  Further, their contribution was higher in 

NIO (8%-32%) than in EIO (6%) and STIO (>1%).  Given this, HAB species might be 

of concern for the coastal stations rather than the deeper stations (i.e., SIO) despite some 

reaching deeper parts.  Among the recorded 6 potential HAB species, 5 (e.g., 

Polysphaeridium zoharyi, Lingulodinium machaerophorum as well as cysts of 

Alexandrium sp., Gonyaulax spp., and Polykrikos hartmannii) are region specific while 

the lone Operculodinium centrocarpum was widespread in NIO and SIO. O. 

centrocarpum, known for producing yessotoxin, is one of the dominant cosmopolitan 

species reported from both hemispheres, with relatively higher abundance in temperate 

and polar regions than in subtropical and tropical regions (Marret et al., 2020). It has been 
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reported from the Pacific and Atlantic Oceans and many seas (except Caspian and Aral 

seas). Previously, O. centrocarpum was reported from the coastal NIO, and this study 

expanded its biogeographic distribution to deeper depths. While this study forms a 

benchmark, more in-depth studies from different core depths using approaches such as 

morphometrics, metagenomics, and germination are warranted for understanding their 

biogeographic distribution as they are of greater importance for reconstructing past 

climates in palaeoceanographic (Bijl et al., 2021) and species dispersal studies 

(Nooteboom et al., 2019). 

3.2.4.4. Morphometric variabilities in cosmopolitan dinoflagellate cysts and potential 

proxy 

The morphological variations reported in the dinoflagellate cyst show a relationship with 

water properties, particularly the process length changes as a function of salinity and 

temperature (Mertens et al., 2012a; Mertens, 2013; Verleye et al., 2012). The first 

dinoflagellate cyst, used as a proxy for its variable process length in response to salinity, 

was Lingulodinium machaerophorum from the Black Sea (Wall et al., 1973). There are 

other dinoflagellate cyst species in which the process length (reduced) indicates lower 

salinity conditions like Operculodinium centrocarpum (Dale, 1996; Nehring, 1997; 

Ellegaard, 1998), cysts of Pentapharsodinium dalei (Nehring, 1994; 1997) and several 

Spiniferites species (Wall et al., 1973; Dale, 1996; Lewis et al., 1999; Ellegaard et al., 

2002). The present study observed morphological variations in a few cosmopolitan 

dinoflagellate cysts, which varied according to cyst type. For instance, cosmopolitan 

potential HAB cysts, O. centrocarpum showed body size and process length variations 

among all the bioregions except STIO. The highest process length was recorded in BoB 

(station 3), and the lowest was C-AS. Interestingly, the sea surface salinity in C-AS was 

found to be lower (34 PSU) than BoB (station 3; 35 PSU), though salinity was lowest in 

the coastal stations of BoB (stations 1 and 2; 31 PSU), but unfortunately, cyst of O. 

centrocarpum was not recorded in those stations. Further, the cyst of Pentapharsodinium 

dalei showed significant morphometric variability in both body size and process length, 

whereas BoB showed smaller sizes than in STIO. In this case, the cyst of P. dalei was 

recorded from station 2 in BoB with a lower surface salinity (31 PSU) than STIO (35 

PSU). Similarly, the body size and process length of Spiniferites mirabilis-hyperacanthus 

also varied significantly between AS and BoB, showing smaller sizes in the latter than 

the former in response to the lower (31 PSU) and relatively higher salinity (35 PSU) in 

the respective regions. The Impagidinium strialatum and Nematosphaeropsis labyrinthus 
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cysts showed significant differences in the process length but not in body size, recording 

the highest process length in STIO and the lowest in BoB and OMZ-AS, respectively. 

However, there are no studies available on the morphometric variability of I. strialatum 

and N. labyrinthus to salinity, but few studies have reported their association with higher 

surface temperature (Zonneveld, 1997; Crouch et al., 2010; Gallagher & Wagstaff, 2021). 

However, the morphometric variabilities in these pelagic dinoflagellate cyst species (I. 

strialatum and N. labyrinthus) are measured from a small number of cysts (<10), so the 

results might not be reproducible (Verleye et al., 2012). Therefore, cyst morphometric 

studies from low cyst concentrations in oligotrophic pelagic regions might be a challenge. 

Hence, it can be assumed that most cosmopolitan dinoflagellate cysts showed 

morphological variability in IO. Several studies across the oceans have documented 

morphological variability in dinoflagellate cysts (e.g., Ellegaard et al., 2002; Mertens et 

al., 2009a, 2009b, 2010, and 2012a, b; Mertens, 2013), and so far, only a few from IO 

(Rodrigues & Patil, 2021; Paul & Patil, 2024). However, morphological variability-

related studies require a higher concentration of dinoflagellate cysts; therefore, such 

studies from low cyst concentration areas like SIO become challenging. Hence, more 

studies, especially from SIO, would facilitate the application of morphometry as a proxy 

in the pelagic regions. Nonetheless, this study will serve as the baseline data from a less-

studied pelagic region of the IO.   

 

3.2.5. Conclusion 

This study provides the first account of dinoflagellate cyst distribution and diversity from 

the pelagic regions of productive NIO and oligotrophic SIO. The findings reveal the 

presence of dinoflagellate cysts in the deepest depths (~5000m) of the IO. NIO harbors 

more cysts (including HAB types) than SIO, with autotrophic dinoflagellates dominating 

the community (except for BOB). Almost 40% of identified cysts (Impagidinium 

strialatum, Operculodinium centrocarpum, Spiniferites sp., Nematosphaeropsis 

labyrinthus, and Echinidinium sp.) were cosmopolitan, while the remaining were region-

specific. Further, 9%, 32%, and 38% of dinoflagellate cysts are reported for the first time 

from AS, BoB, and SIO, respectively. The lateral transport of dinoflagellate cyst and its 

influence on the assemblage is studied for the first time. Moreover, variability in the 

morphology of some cosmopolitan dinoflagellate cysts (including potential yessotoxin-

producing O. centrocarpum) was observed, indicating potential environmental proxies 
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for IO. Nevertheless, this study will contribute to the growing knowledge of dinoflagellate 

cyst biogeography and fill a long-overdue research gap, particularly from the IO. 
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Chapter 4: Delineating the phytoplankton distribution patterns based on 

taxonomic and functional classification 

The phytoplankton distribution and community assemblages are generally studied based 

on taxa without emphasizing the morphological traits and their role in the functional 

classifications. Even though the functional classification based on morphological traits 

has great potential to increase our insight into the organization of ecological communities 

and to predict their reorganization under any environmental change. The functional 

classification-based approach in studying phytoplankton community assemblages has 

become more popular in freshwater ecosystems (Margalef, 1978; Reynolds, 1988; Weithoff, 

2003; Salmaso & Padisak, 2007; Litchman & Klausmeier, 2008; Kruk et al., 2010; Naselli-Flores 

& Barone, 2011, Martini et la., 2021; Laraib et al., 2023; Naselli-Flores & Padisak, 2024) than 

in marine ecosystems (Stanca et al., 2013; Barton et al., 2013; Litchman et al., 2007, 2015; 

Finkel et al., 2010; Mao et al., 2024), and so far, no studies from the Indian subcontinent. 

Given the above, the phytoplankton morphological traits and adaptations were studied 

from different marine habitats (i.e., intertidal and pelagic). The phytoplankton 

morphological traits and adaptations from different habitats might provide holistic 

knowledge about their adaptive strategies and lead to a better understanding of 

phytoplankton ecology. This chapter is divided into two sub-chapters, 4.1 and 4.2, 

describing results from the intertidal and pelagic ecosystems. 

   

4.1. The intertidal ecosystem 

In this sub-chapter, phytoplankton distribution based on morphological traits was studied 

from two intertidal ecosystems, rock pools, and tidal flats, and the details are described 

in subsequent sections 4.1.1. and 4.1.2. 

  

4.1.1. Rockpools and tidal flats 

4.1.1.1. Introduction  

Rock pools (RPs) are a prominent component of any rocky intertidal habitat and are 

extensively studied for their diverse invertebrate fauna. The microalgal community 

assemblage, dynamics, and structure on a temporal and spatial scale, various biotic 

(grazing and interactions with different rock pool inhabitants) and abiotic (nutrient, light, 

temperature, salinity, tidal influence, pool size, and dimensions) factors influencing the 

assemblages and succession (Huggett & Griffiths, 1986; Metaxas & Scheibling, 1993, 

1994, 1996a, b; Underwood & Skilleter, 1996; Norberg, 1998; Therriault & Kolasa, 2001; 



109 
 

Martins et al., 2007; Anusa et al., 2012; Soininen & Meier, 2014; Haggqvist & Lindholm, 

2015, 2016; Rishworth et al., 2017; DaSilva et al., 2020) of rock-pools have been 

extensively studied throughout the world in fresh, brackish and marine ecosystems but 

not in the Indian sub-continent. The small size with well-defined boundaries, rock pools 

can serve as perfect mesocosms to study the phytoplankton community dynamics 

(Metaxas & Scheibling, 1994, 1996a). Microalgae from the adjacent waters are 

introduced into the rock pools because of the tidal action and remain isolated from the 

adjacent seawater depending on the tidal amplitude and location of the rock pools on the 

shore (Metaxas & Scheibling, 1994). The importance of the tidal cycle in deciding the 

biotic and abiotic components of the rock pools is greatly acknowledged (Metaxas & 

Scheibling, 1993). Even though the Indian coastline has a significant number of rocky 

shores (~600 km) abundant with rock pools, it has not received the attention for 

microalgal research. Rock pools play a very important role in the intertidal ecosystem and 

can serve as a seed bank (Baig et al., 2006; Patil et al., 2017) or even cause toxic algae 

bloom, causing fishkill (Murray et al., 2015). Since RP microalgae experience/tolerate 

various orders of environmental variability (like temperature, salinity, light, and 

anthropogenic disturbances) on a very short temporal scale, they are referred to as 

eurythermal, euryhaline, and euryphotic (Patil et al., 2017). Therefore, to cope with such 

extreme conditions, RP microalgae constantly compete through various physiological, 

morphological, and biochemical adaptations, like changes in morphology and shape, 

producing specific enzymes/pigments/compounds, different nutrient acquisition 

strategies (like mixotrophy) and vertical migration (Legrand et al., 2003). Among them, 

the prevalence of physiological adaptation (photoprotection and photoinhibition) in RP 

microalgae was reported in a separate study (Patil et al., 2017). However, the present 

study characterizes the phytoplankton community based on the species composition and 

the morphological traits of the RPs located at different tidal levels. Also, the role of the 

allelopathic effect of dominant microalgae on the selected planktonic and benthic 

microalgae was elucidated. Various functional traits are being used to understand the 

functional role of a particular organism in a given ecosystem (Padisak et al., 2003; 

Litchman & Klausmeier, 2008). Phytoplankton assemblages under variable 

environmental conditions can perhaps be shaped by size and form selection in natural 

environments (Morabito et al., 2007). Various geometric shapes of microalgae co-

existing together in an ecosystem is a form of adaptive strategy responding to the 

fluctuating environment (Margalef, 1978; Reynolds, 2006; Naselli-Flores et al., 2007). 
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The functional classification approach has already been applied to understand the rock-

pool microalgal assemblage and has proved useful (Haggqvist & Lindholm, 2015). Shape, 

being the simplest morphological attribute, carries ecological information as the 

environmental forcing influences it significantly (Grover, 1989; Sommer, 1998; Padisak 

et al., 2003; Naselli-Flores et al., 2007; Karp-Boss & Boss, 2016). Using microalgae 

shapes can make understanding the rock pool and microphytobenthos (MPB) assemblage 

easier and help in predictive studies. The effects of climate change start at the cellular 

level (Hochachka & Somero, 2002) and, following a domino effect, rise to individual 

organism and population levels, ultimately affecting the metabolic rates, survival, and 

various life-history traits (O’Connor et al., 2007). Such global changes are bound to affect 

the coastal ecosystem inevitably. The Indian summer monsoon plays a major role in 

controlling the coastal and open ocean productivity. However, under the ongoing climate 

change scenarios, the Indian summer monsoon has changed drastically (Maharana et al., 

2021). The MPB, which cannot evade such unfavorable climate change conditions, is 

bound to use various combinations of adaptations like phenotypic plasticity, functional 

redundancy, and rapid evolution of traits suited for those conditions (Bernhard & Leslie, 

2013). Although geometric shapes (morphological traits) have also been used to decipher 

the ecological understanding in marine waters (Stanca et al., 2013), they have never been 

used before to understand community dynamics, particularly in a rock pool and tidal flat 

ecosystem. 

Knowing that the west coast of India is rich in rocky shores and tidal flats, a dearth 

of studies concerning the microalgal community of rock pools and tidal flats exist; this 

study explored (1) how the tidal levels and variations affect the rock-pool microalgal and 

MPB assemblages. (2) Does the geometric shape serve as a morphological trait to 

understand the distribution of rock-pool microalgae and the MPB community? Further, 

the microscopic observation of unpreserved samples during the sampling period indicated 

blooms of Amphidinium carterae sensu stricto (a potentially harmful dinoflagellate) and 

Bysmatrum gregarium in the rock pool (Patil et al., 2017). The literature search revealed 

that the toxicity and allelopathy of Amphidinium carterae are studied and reported around 

the world, but not all the strains are found to be toxic (Jeong et al., 2001; Baig et al., 2006; 

Mandal et al., 2011; Murray et al., 2015). Given this, experiments were also performed 

to confirm whether the bloom formations of Amphidinium carterae in RPs have any toxic 

or allelopathic effect on the dominant microalgal groups in the adjacent waters. 
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4.1.1.2. Methodology 

The details of the sampling site, sample collection, and analysis from the tidal flats 

situated at both Zuari Estuary (Dias tidal flat; DTF) and Mandovi Estuary (Miramar tidal 

flat; MTF) are presented in Chapter 2, subsection 2.1.1 and for rock pools are presented 

in Chapter 2, subsection 2.1.2.  

Data analysis 

Univariate measures such as species count (S), Shannon–Wiener’s index (H’), species 

richness (d), and evenness (J’) were performed on log-transformed data for both species-

wise and shape-wise data for rock pool and MPB abundance data. Further, these data and 

abundance data (log-transformed data) were subjected to a two-way analysis of variance 

(ANOVA) to evaluate the variation between the location of RPs, the periods of flushing 

and non-flushing, between tidal zones and tidal flats. The clustering of RP microalgae 

was performed through the Bray–Curtis similarity and group average methods. Log (x+1) 

transformations were used for the analysis, and the grouping was done at a 50% level to 

show the significant similarities shape-wise between the flushing/non-flushing period. 

For the allelopathy experiment, ANOVA followed by a post-hoc test was performed on 

the data normalized to day 0 values and the significant differences among the treatments. 

Univariate measures calculation and clustering analysis were performed using statistical 

software PRIMER version 6 and ANOVA using Statistica software (release 8). 

 

4.1.1.3. Results 

4.1.1.3a. Distribution of microalgae based on taxonomic nomenclature in rockpool  

Altogether, 79 microalgal species comprising 68 diatoms and 11 dinoflagellate species 

were recorded. However, the RP microalgal community exhibited distinct variations 

between (i) the years of sampling (i.e., 2014 and 2015), (ii) the location of the rock pools 

at different tidal levels (LT, MT, and HT-RPs), and (iii) with the occurrence of tidal 

flushing in LT, MT, and HT-RPs with the adjacent water during the sampling period. 

More microalgal species numbers and abundances were recorded during 2015 compared 

to 2014 (Figure 4.1), and the lower salinity due to the precipitation (pre-monsoon 

showers) could probably be the reason. Interestingly, HT-RPs harbored high microalgal 

abundance during both years compared to LT and MT-RPs. In contrast, univariate 

measures such as the number of species, diversity index, and species richness revealed 

lower values for HT-RPs than MT and LT-RPs, and this trend was observed in both years. 

ANOVA for total abundance, number of species, species richness, and diversity revealed 
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significant variations (p < 0.001) for inter-annual, location of pools, and periods of 

flushing and non-flushing. The microalgae composition of LT-RPs (74% and 61% in 

2014 and 2015, respectively) and MT-RPs (50% and 64% in 2014 and 2015, respectively) 

were dominated by diatoms (of which pennate diatoms contribution was highest, i.e., 23–

59% in both the years) followed by dinoflagellates (i.e., 26–36%) of which thecate 

dinoflagellates were the maximum contributors (9–65%). However, the composition was 

completely different in HT-RPs, wherein the community was dominated by 

dinoflagellates (83–96%) in both years. The pennate diatom community in LT and MT-

RPs was mostly represented by Pseudonitzschia spp., Nitzschia spp., Thalassionema spp., 

and Licmophora sp., whereas the dinoflagellate community of HT-RPs was dominated 

by high abundance of A. carterae and B. gregarium (refer Patil et al. 2017 for details on 

identification). It was further observed that in each pool, during both years, the 

phytoplankton abundance and composition showed significant temporal variations 

(particularly during the flushing (F) and non-flushing (NF) periods and was mainly due 

to the variations in the intensity of the tidal flushing. 

The NF period recorded the least number of species in all the RPs compared to the 

F period, in which 2014 showed the least compared to 2015 (Figure 4.2a). The species 

richness index shows higher species richness in the F period in all the RPs than in the NF 

period, in which LT-RPs show the highest value, followed by MT and HT-RPs for both 

years (Figure 4.2b). The Pielou’s evenness (J’) index values revealed that the population 

in MT and LT-RPs are evenly distributed (J’ close to 1) compared to HT-RP’s (negligible 

J’ value) and it was consistent during F and NF periods (Figure 4.2c). The uneven 

distribution in HT-RPs was mainly due to the high abundance of Bysmatrum (in 2014) 

and A. carterae (in 2015) (Figure 4.1 and Table 4.1). Using taxonomic data, the cluster 

analysis at a 50% Bray–Curtis similarity level revealed two groups represented by LT and 

MT-RPs and the other by HTRP (not shown). 

 4.1.1.3b. Microalgal composition and distribution based on geometric shape as a trait 

in the rockpool 

The diversity indices for shapes show that the total number of shapes was more in 2015 

(i.e., all 12 shapes recorded) compared to 2014, wherein only nine shapes were recorded 

(Figure 4.3). In 2014, LT-RPs were dominated by Gam (37–59%) shape followed by B 

(12–25%), and MT-RPs were dominated by Gam (up to 36%), Elli (up to 64%) and B (up 

to 47%) (Figure 4.3). In both the RPs, 6–8 shape types were recorded during flushing (Fa 

and Fb) and non-flushing periods. 
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Figure 4.1. Bubble plot of the temporal (2014 & 2015) and spatial (among low-tide 

(LT), mid-tide (MT), and high-tide (HT) rock pools) variation of the total rock pool 

phytoplankton abundance. The maximum symbol diameter corresponds to 70 x 103 cells 

L-1. Fa: flushing during the first five days, NF: non-flushing, and Fb: flushing during 

the last five days of the 15-day sampling. Species highlighted in red are known to be 

toxic or harmful species. 
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 2014 (cells L-1) 2015 (cells L-1) 

Microalgae species Fa NF Fb Fa NF Fb 

 LT MT HT LT MT HT LT MT HT LT MT HT LT MT HT LT MT HT 

Pennate Diatoms                   

Achnanthes longipes 0 0 0 0 0 0 0 0 0 223 153 32 490 140 77 550 248 62 

Amphiprora alata 0 0 0 0 0 0 0 0 0 10 15 0 0 0 0 0 15 0 

Amphora sp. 0 0 0 0 0 0 1 1 0 7 18 0 0 10 27 7 10 5 

Asterionellopsis sp. 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Baccilaria sp. 0 0 0 0 0 0 0 0 0 23 35 52 0 0 0 0 0 0 

Biddulphia sp. 0 0 0 0 0 0 0 0 0 7 0 0 3 0 0 0 3 0 

Climacosphenia sp. 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cylindrotheca closterium 0 0 0 0 0 0 0 0 0 270 357 42 97 55 32 98 17 15 

Cymbella sp. 0 0 0 0 0 0 0 0 0 0 0 0 12 8 0 0 15 5 

Diatoma sp. 0 0 0 0 0 0 0 0 0 0 0 0 23 0 0 0 0 0 

Diploneis sp. 1 0 0 0 1 0 0 0 2 27 27 0 17 13 5 10 0 3 

Fragillariopsis sp. 0 0 0 0 0 0 0 0 0 13 0 0 42 25 417 62 13 103 

Grammatophora marina 0 0 0 0 0 0 0 0 0 13 0 0 0 0 0 0 0 0 

Gyrosigma sp. 0 0 0 0 0 0 0 0 0 0 3 0 25 0 0 0 5 0 

Hantzschia sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 

Licmophora abbreviata  0 0 0 0 0 0 0 0 0 672 245 47 490 128 32 968 225 80 

L. flabellata 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 168 50 48 

L. gracilis 0 0 0 0 0 0 0 0 0 32 32 0 43 7 0 3 5 20 

Licmophora sp. 8 3 0 5 1 0 11 0 0 0 32 0 0 0 0 0 0 0 

Navicula sp1 5 2 4 1 2 3 4 4 14 0 0 0 0 0 0 0 0 0 

Navicula sp2 1 0 1 1 3 0 0 0 11 45 0 127 20 5 3542 152 40 113 

Navicula sp3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Navicula sp4 2 1 0 0 0 0 0 0 0 0 0 0 13 0 0 0 0 0 

Navicula transitans 

f.delicatula 

0 0 0 0 0 0 0 0 0 700 313 107 457 288 88 650 357 210 

Nitzschia acicularis 0 0 0 0 0 0 0 0 0 85 40 3 18 0 18 18 3 0 

N. longissima 0 0 0 0 0 0 0 1 0 0 77 7 37 10 7 8 35 8 

N. sigma var intercedens 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

N. panduriformes 0 0 0 0 0 0 0 0 0 0 5 0 3 3 0 3 0 0 

N. sigmoidea 0 1 0 0 1 0 0 0 0 0 0 0 0 0 27 0 0 15 

Nitzschia sp. 0 2 0 2 0 0 0 5 0 0 27 38 0 0 0 0 0 0 

Pinnularia sp. 0 0 0 0 0 0 0 0 0 103 47 82 178 42 195 163 150 25 

P. virdis 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 

Pleurosigma elongatum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Table 4.1. Phytoplankton abundance (cells L-1) in low (LT), mid (MT), and high 

(HT) tide rock pools during non–flushing (NF) and flushing (Fa – before NF; and Fb 

– after NF) periods in the summer months of both years (2014 and 2015) 
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P. nomanii 1 2 1 0 1 0 1 1 0 45 15 7 0 3 0 25 12 7 

Pleurosigma sp1 3 3 0 1 2 0 0 2 0 35 90 7 58 18 12 52 52 25 

Pleurosigma sp2 0 0 0 0 0 0 0 0 0 0 0 0 12 0 0 0 0 0 

Pseudonitzschia 

delicatissima 

0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 360 292 0 

Pseudonitzschia sp. 0 0 0 0 0 0 6 1 3 7 22 20 12 0 22 142 115 95 

P. striata 2 1 1 4 4 0 2 0 23 0 0 8 0 0 0 0 72 60 

Striatella sp. 0 3 5 0 0 0 0 0 9 0 0 0 0 0 0 0 0 0 

Surirella sp. 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 

Synedra sp. 0 0 0 0 0 0 0 0 0 183 68 92 187 77 267 103 0 375 

S. ulna 0 0 0 0 0 0 0 0 0 0 0 23 37 15 423 0 0 0 

Tabellaria sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 45 0 0 

Thalassionema 

nitzschoides 

10 3 0 8 9 0 7 2 0 173 128 5 165 27 268 260 148 58 

Thalassiothrix sp. 1 2 2 2 1 0 0 0 14 0 12 17 0 0 97 27 13 43 

Centric Diatoms                   

Asteriomphalus cleveanus 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 

Campylodiscus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 950 

Chaetoceros affinis 0 0 0 0 0 0 0 0 0 13 23 0 0 0 0 0 0 0 

C. curviatus 0 0 0 0 0 0 0 0 0 30 0 0 0 0 0 0 0 0 

C. debilis 0 0 0 0 0 0 0 0 0 12 67 0 0 0 0 2570 207 0 

C. decipiens 0 0 0 0 0 0 0 0 0 0 22 0 0 0 0 68 32 0 

C. lorenzianus 0 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 0 0 

Cocconies sp. 0 0 0 0 0 0 0 0 0 0 0 0 7 0 0 13 13 0 

Coscinodiscus sp. 0 0 0 1 1 0 0 0 0 17 10 0 3 13 0 8 8 0 

Guinardia sp. 0 0 0 0 0 0 0 0 0 0 0 13 0 0 0 0 0 0 

Hemidiscus sp. 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 2 0 0 

Leptocylindrus danicus 0 0 0 0 0 0 1 0 0 45 0 0 23 0 0 0 0 0 

Melosira moniliformis 1 0 0 0 0 0 2 0 0 310 67 0 67 0 0 70 0 20 

Odontella senensis 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 

Odontella sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 0 0 

Rhizosolenia hebeata 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 

R. imbricata 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

R. setigera 0 0 0 0 0 0 0 0 0 183 620 100 0 0 0 12 17 0 

R. setigera f. pungens 0 0 0 0 0 0 0 0 0 330 0 0 0 0 0 0 0 0 

Skeletonema tropicum 0 0 0 0 0 0 0 0 0 150 157 67 15 0 0 190 70 57 

Thalassiosira sp. 2 2 0 2 1 0 4 3 0 160 180 40 57 23 17 58 23 42 

Triceratium sp. 0 0 0 0 0 0 0 0 0 3 8 0 0 0 0 15 3 0 

Dinoflagellates                   

Amphidinium cartarae 0 5 3928 0 0 419 0 0 3360 8 0 2142 0 0 10742 45 0 7 

Dinophysis sp. 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 5 

Prorocentrum gracile 0 0 0 0 0 0 0 0 0 28 0 0 73 3 0 48 18 3 

P. micans 1 0 0 1 0 0 0 0 0 73 38 0 210 13 0 322 38 8 
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P. minimum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

P. rostratum 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Bysmatrum caponii 4 5 177 19 4 1226 10 39 1559 813 613 37403 660 368 62578 3292 30 30090 

Tripos furca 0 0 0 1 0 0 0 0 0 0 0 0 3 0 0 0 3 0 

Gymnodinium sp. 0 0 0 0 0 0 0 0 0 28 17 8 32 27

8 

0 15

8 

15 743 

Protoperidinium sp. 0 0 0 0 0 0 0 0 0 20 3 3 43 87 5 70 27 18 

Scrippseilla sp. 0 0 0 0 0 0 0 0 0 287 22 658 167 120 827 402 38 485 

 

 

 

 

 

 

 

Figure 4.2. Taxonomy-wise diversity indices of RP microalgae. S: species count, d: species 

richness, J’: evenness, H’: Shannon–Weiner’s index, Fa, and Fb: flushing period, NF: non-

flushing period, LT: low-tide, MT: mid-tide and HT: high-tide. 
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In contrast, HT-RPs were dominated by Elli (99%) shape during both the F (six 

shape types in Fa and seven shape types in Fb) and NF (2 shape types) periods (Figure 

4.4). ANOVA revealed insignificant variations in shape diversity and richness for 

flushing and non-flushing periods. However, in the year 2015, LT-RPs were dominated 

by Ps2Cyl (up to 26%), Gam (up to 17%), Elli (27–38%), and Gam (up to 18%), whereas 

MT-RPs were dominated by Ps2Cyl (up to 40%), Cyl2Hs (up to 18%), Cyl2Hs (20%), 

Gam (20%), Elli (up to 33%) and 2C (up to 25%). Interestingly, similar to 2014, the HT-

RPs were dominated by Elli (97%) during flushing and non-flushing periods. Similar to 

2014, ANOVA revealed insignificant variations in shape diversity and richness for 

flushing and non-flushing periods. During the 2015 sampling, the number of shapes 

recorded was relatively less in HT-RPs (9–10 shapes) compared to LT-RPs (11 shapes) 

and MTRPs (12 shapes) (Figure 4.4). 

Thus, the shape diversity gradually decreased from LT-RPs to HT-RPs. The HT-

RP was consistently dominated by the Elli shape, which is majorly represented by 

dinoflagellates (A. carterae and B. gregarium) in both years (Figure 4.4). The Gam shape 

was chiefly represented by Licmophora spp. in both the years. Shape PoP (representing 

Nitzschia spp., Pseudonitzschia spp., and Pleurosigma spp., i.e., mostly pennate diatoms) 

is the most diverse geometric shape comprising 10 species and 3 genera, followed by EliP 

(9 species and 6 genera), Elli (7 species and 5 genera) and Cyl (5 species and 5 genera) 

Figure 4.3. Bubble plot showing the temporal (2014 and 2015) and spatial (among low-tide 

(LT), mid-tide (MT), and high-tide (HT) rock pools) variation of the total rock pool 

phytoplankton abundance based on shapes. The maximum symbol diameter corresponds up 

to 809x103 cells L-1. Fa: flushing during the first five days, NF: non-flushing, and Fb: 

flushing during the last five days of the 15-day sampling. Df: dinoflagellates; Dt(P): pennate 

diatoms; Dt(C): centric diatoms; Dt(M): both pennate and centric diatoms.  
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in 2014. The most diverse shape in 2015 ElliP (represented by a mixed group of pennate 

and centric diatoms), comprises 23 species and 14 genera, followed by PoP (14 species 

and 4 genera), Elli (11 species and 7 genera), Cyl (11 species and 8 genera) and B (9 

species and 7 genera). Hence, the simple shapes dominated in terms of taxa richness in 

both years. 

The shape-wise clustering of the RP microalgae population for 2014 at 50% Bray–

Curtis similarity level revealed only one group showing Cyl, B, ElliP, and PoP to be 

significantly similar (Figure 4.5). However, shape-wise clustering of RP microalgae for 

the year 2015 at 50% Bray–Curtis similarity level revealed five major groups in which 

group I (B and ElliP), group II (Gam and Ps2Cyl), group III (2C and PoP), group IV (Cyl 

and Cyl2Hs) showed significant similarities, but group V (Elli) formed a single group in 

the cluster (Figure 4.5). Like taxonomic data, the cluster analysis using shape data at 50% 

Bray–Curtis similarity level also revealed two groups: one represented by LT and MT-

RPs and the other by HT-RP (Figure 4.6). 

 

 

 

 

Figure 4.4. Diversity indices of RP microalgae based on shapes. S: species count, 

d: species richness, J’: evenness, H’: Shannon–Weiner’s index, Fa, and Fb: flushing 

period, NF: non-flushing period, LT: low-tide, MT: mid-tide and HT: high-tide. 
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PoT: prism on triangle

BEllP: box+elliptic prism

Elli2CCyl: ellipsoid+2 

cones+cylinder

ProS2Cyl: prolate 

spheroid+2 cylinder

Elli: ellipsoid

Cym: cymbelloid

Gam: gamphonemaoid

Cyl: cylinder

B: box

ElliP: elliptic prism

PoP: prism on 

parallelogram

2C: 2 cone

Figure 4.5. Cluster dendrogram based on geometric shapes for the years 2014 (a) and 

2015 (b) using the Bray–Curtis similarity coefficient and group average method: 

grouping done at 50% similarity (data is log transformed; LT: low-tide, MT: mid-tide, 

HT: high-tide, Fa, and Fb: flushing period and NF: non-flushing period). 
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Figure 4.6. Cluster dendrogram based on geometric shapes with respect to flushing 

(Fa and Fb) and non-flushing (NF) period for the year (a) 2014 and (b) 2015 using 

the Bray–Curtis similarity co-efficient and group average method: grouping done at 

50% similarity. Data is log-transformed: LT: low-tide, MT: mid-tide, HT: high-tide. 
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4.1.1.3c. The phytoplankton shape variability in the surf water of tidal flats 

The phytoplankton shapes showed significant inter-annual variability at both tidal flats. 

Overall, 11 shapes (DTF: 8 simple and 3 complex, MTF: 7 simple and 4 complex) were 

recorded, but the dominance differed at both tidal flats. For instance, DTF was co-

dominated by PoP (37%; Pseudonitzschia sp.) and PoT (36%; Bellerochea malleus) 

whereas MTF was co-dominated by ElliP (34%; C. curvisetus and Navicula spp.), PoP 

(33%; Pseudonitzschia sp. and Nitzschia spp.), and Cyl2Hs (22%; Skeletonema sp.). The 

highest number of shapes were recorded in July and October 2022 (8 shapes each) and 

October 2022 (10 shapes each), and the lowest was in September 2023 (2 shapes) and 

July 2023 (3 shapes) at DTF and MTF, respectively.  Among the shapes, ElliP (7 months) 

followed by PoT (6 months) dominated at DTF, whereas in MTF, ElliP (6 months) 

followed by PoP (3 months) dominated. In both tidal flats, the maximum phytoplankton 

species corresponds to ElliP (DTF: 18 species, MTF: 22 species) and Cyl (DTF: 10 

species, MTF: 21 species). The shapes in which only one MPB species were recorded 

were 2C, Gam, Cyl2Hs, and Cym at DTF and ProS2Cyl and Cyl2Hs at MTF.  

The phytoplankton shape assemblage showed seasonal variability in the shape 

dominance, but the number of shapes was similar at both the tidal flats. In the pre-

monsoon season, MTF (8 shapes) recorded higher shapes than DTF (6 shapes). At DTF, 

PoT (81%), whereas at MTF Cyl (24%) and ElliP (20%) dominated. At DTF, PoT was 

dominated by B. malleus and L. undulatum, whereas Cyl and ElliP were by Paralia 

sulcata and Navicula sp. at MTF. In the monsoon seasons, a similar number of shapes (9 

shapes) were recorded at both tidal flats. At DTF, 9 shapes were recorded in 2022, and 

only 7 shapes in 2023. At MTF, 9 shapes were recorded in 2022 and only 8 in 2023. The 

monsoon seasons of 2022 and 2023 showed no significant difference in shape 

assemblage; however, the dominance varied at both tidal flats. At DTF, Cyl2Hs 

(Skeletonema sp.) and ElliP (Navicula spp.) dominated in 2022 and 2023, whereas, at 

MTF, Cyl2Hs (Skeletonema sp.) in 2022 and ElliP in 2023 (C. debilis and C. curvisetus) 

dominated. In the post-monsoon seasons, 10 shapes (all in 2022 at both tidal flats) were 

recorded, and only 7 and 8 in 2023 at DTF and MTF, respectively. The post-monsoon 

seasons of 2022 and 2023 showed no significant difference in shape assemblage and 

dominance; however, the dominant taxa varied slightly at both tidal flats. For instance, 

Pseudonitzschia sp. dominated PoP at both tidal flats in 2022, whereas Cocconeis sp. and 

Chaetoceros decipiens dominated ElliP in 2023 at DTF and MTF, respectively. 
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4.1.1.3d. MPB shape variability in the tidal flats 

The MPB shape showed significant variability between the tidal zones at both tidal flats. 

More shapes were documented at DTF (12 shapes; 9 simple and 3 complex) than at MTF 

(10 shapes; 7 simple and 3 complex). Among the shapes, ElliP followed PoT, Cyl and 

PoP were the major contributors.  Interestingly, some dominant shapes were dominated 

by distinct taxa, and similar taxa represented some. For instance, ElliP was mostly 

represented by Navicula spp., Fragillariopsis sp. (in DTF), and Chaetoceros sp. (in 

MTF); Cyl was represented by Thalassiosira sp. at both tidal flats; PoT by Lithodesmium 

sp. and Bellerochea sp. in DTF; ProS2Cyl by Cylindrotheca closterium, and PoP by 

Nitzschia Closterium and Nitzschia spp. in MTF. Interestingly, the shape dominance 

varied at both tidal flats despite the number of shapes recorded at different tidal zones 

remained the same. For instance, at DTF, PoT dominated LT (38%) and MT (38%) and 

ElliP (67%) in HT. In contrast, at MTF, ProS2Cyl (38%) and ElliP (32%) dominated LT, 

PoP (37-44%), and ElliP (36-37%) dominated both MT and HT.  

Temporally, the MPB assemblage showed seasonal shape variability. The monsoon 

recorded a maximum number of shapes (9-12 shapes), followed by non-monsoons (7-10 

shapes), whereas among the tidal zones, MT (DTF: 8-12, and MTF: 7-9 shapes) recorded 

higher shapes than LT (DTF:10-11, MTF: 8-10 shapes) and HT (DTF: 7-12, MTF: 7-8 

shapes). At DTF, the pre-monsoon season was dominated by PoT and Cyl in the LT-MT 

zone and ElliP in the HT zone, Cyl and ElliP dominated the monsoon season in all the 

tidal zones, and ElliP and PoT dominated the post-monsoon-season in all the tidal zones 

(Figure 4.7a-d). At MTF, the pre-monsoon season was dominated by ProS2Cyl and ElliP 

in LT, PoP and ElliP in MT, and PoP in HT zone; the monsoon season was dominated by 

Cyl and ElliP in LT, PoP and ElliP in MT and HT zone, and ElliP and PoP dominated the 

post-monsoon season at all the tidal zones (Figure 4.7e-h).  
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Figure 4.7. Plots showing percentage contribution of phytoplankton geometric shapes in 

pre-monsoon, monsoon, and post-monsoon seasons in a & e) surf water, b & f) low-tide, 

c & g) mid-tide, and d & h) high-tide zones of DTF (a-d) and MTF (e-h). The data 

presented here is the month’s average for the respective seasons and years. 
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4.1.1.3e. Effect of A. carterae cell-free filtrate on other rockpool microalgae 

The allelopathic effect of A. carterae cell-free filtrate was evaluated against the three 

microalgal cultures (i.e., S. costatum, B. gregarium, and D. tertiolecta) and the results 

revealed that the allelopathy effect was species-specific. In the case of S. costatum, the 

maximum growth was observed in control (i.e., 0%) compared to those grown in cell 

filtrates. Inhibition of Skeletonema growth increased with increased strength of the cell-

free filtrates (Figure 4.8). Additionally, the morphological changes were also evident; for 

example, the larger chains containing 16–17 cells were seen only in control, and for those 

with reduced filtrate strength, the chain length was shorter, containing 4–5 cells. Similar 

to S. costatum, growth inhibition (up to 76%) in B. gregarium was also observed at higher 

concentrations (100% and 75%) of cell-free filtrate compared to control (Figure 4.8). The 

number of cells in 100% filtrate strength was 6.5 cells/ml, whereas, in control, density 

was 26 cells/ml on the 4th day. This suggests that, despite the slow growth of B. 

gregarium, the growth in the control was four times more than that observed in 100% 

filtrate concentration. Moreover, B. gregarium cells also showed some distinct 

morphological changes at higher concentrations (100%, 75%, and 50%) wherein the cells 

formed a dormant structure and remained non-motile, but in control, the cell morphology 

and motility remained intact. ANOVA revealed that, in the case of S. costatum and B. 

gregarium, significant inhibition with respect to filtrate strength (p <0.01) and the highest 

was observed at 100% followed by 75% filtrate strength. Unlike S. costatum and B. 

gregarium, D. tertiolecta showed no growth inhibition or morphological changes, even 

at the highest concentration. ANOVA also revealed an insignificant variation between the 

cell filtrate strength and control. Surprisingly, the maximum growth was observed in 

100% cell-free filtrate, and the growth in 100% cell-free filtrate was ~30% more 

compared to the control on the 4th day, suggesting a stimulatory effect (Figure 4.8). 
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Figure 4.8. Effect of A. carterae cell-free filtrate on the growth of (a) Skeletonema 

costatum, (b) Dunaliella tertiolecta, and (c) Bysmatrum gregarium in different 

filtrate concentrations. 
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4.1.1.4. Discussion 

4.1.1.4a. Influence of location on the microalgal community based on taxonomic 

nomenclature 

The intertidal microalgal community fluctuated greatly among the tidal locations at both 

habitats. Microalgae are introduced in the rock pools and tidal flats by the tidal action 

from the adjacent seawater, and the assemblages change consequently depending on the 

period of non-flushing. Tidal flushing based on the rock pools' location is a significant 

factor (Underwood & Skilleter, 1996) in shaping and controlling the microalgal 

community on a very short temporal scale (Metaxas & Scheibling, 1994). However, 

several factors influence assemblage during such short timescales (Metaxas & Scheibling, 

1994).  

Tidal flushing brings the organisms from the adjacent sea and adds fresh nutrients 

to the LT and MT zones, which support rich phytoplankton assemblage compared to the 

HT zones (Soininen & Meier, 2014). In our study, during both years, diatoms with higher 

species diversity were dominant in the LT and MT-RPs and dinoflagellates, with lesser 

species diversity, in the HT-RPs (Figure 4.1). In contrast, diatoms were the most dominant 

group in all the tidal zones at tidal flats. The diatom dominance in LT and MT-RPs has 

also been reported in other studied RPs (Anusa et al., 2012; Soininen & Meier, 2014; 

Rishworth et al., 2017). Among the diatoms, pennate species dominated LT and MT-RPs, 

and they were represented mainly by elongated, chain-forming, or branching types such 

as Licmophora spp., Pseudonitzschia spp., Synedra spp., Navicula spp., Thalassionema 

spp. and Thalassiothix spp. However, in the tidal flat habitats, except for a couple of 

dominant pennate diatoms (Navicula spp., Nitzschia spp.) the community structure 

differed from the RP habitat. For instance, the dominance of chain-forming diatoms like 

Chaetoceros sp., Lithodesmium sp., Bellerochea sp. and Cylindrotheca closterium were 

dominant. Since LT and MT-RPs are the most turbulent and frequently flushed pools, the 

dominance of pennate forms (Padisak et al., 2003) with benthic lineage is not unusual 

(Metaxas & Lewis, 1992; Metaxas & Scheibling, 1996a, b). Whereas, the dominance of 

dinoflagellates in HT-RPs was mainly due to the blooms of A. carterae and B. gregarium 

(Patil et al., 2017). In contrast to HT-RPs, the HT zone in the tidal flats was pennate 

diatom dominated, and dinoflagellate contribution was negligible. Though Amphidinium 

sp. was recorded from the tidal flats, its bloom was not observed. The RPs and tidal flats 

are distinct habitats and harbor distinct microalgal communities. Both these intertidal 

habitats experience extreme environmental conditions (desiccation, monsoon-driven 
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fluctuations, tidal actions, etc.). These communities have adapted according to their 

respective habitats and prevalent hydrological conditions. For example, the HT-RPs 

selected in this study are relatively smaller compared to the LT and MT-RPs and, 

therefore, will experience higher environmental stress (temperature up to 40°C and 

salinity up to 67 PSU) and less frequent tidal flushing, which in turn will influence the 

microalgal assemblage in the HT-RPs (Patil et al., 2017). The dinoflagellates A. carterae 

and B. gregarium (both are newly reported from Indian waters) were found to be 

euryhaline, eurythermal and euryphotic (Patil et al., 2017). The photoprotection 

mechanism of these HT-RP dinoflagellates, detailed in Patil et al. (2017), points out their 

adaptive capabilities to a varying light regime. The dinoflagellate blooms exhibited 

typical characteristics of S-strategists, i.e., species utilizing nutrients efficiently under 

resource-limited conditions (Reynolds, 2006), and this was the case in HT-RPs due to 

non-flushing for a considerable time. These findings are also consistent with Margalef’s 

proposal (1978), which states that centric and pennate diatoms should dominate in high 

turbulence and flagellates should dominate under low turbulence conditions (Kiorboe, 

1993). Interestingly, the adaptation of diatoms in the tidal flat habitat was different. The 

pennate diatoms often undergo vertical migration within a few centimeters of the 

sediment layers to avoid harsh conditions such as wave washout, desiccation, and nutrient 

limitation (Mitbavkar and Anil, 2004, 2006).  

4.1.1.4b. Microalgal community based on geometric shapes at different tidal zones in 

the intertidal regions 

The present study is the first attempt to use the geometric shape as a trait to determine 

phytoplankton and MPB dynamics in the rock-pool and tidal flat ecosystem. Our results 

show that the intertidal regions (both RPs and tidal flats) of the Goa coast are 

characterized by high morphological diversity in shape. The LT and MT zones are 

relatively more diverse in shape than HT zones (Figures 4.3 and 4.4). All the recorded 

microalgae taxa were classified into 12 geometric shapes (Hillebrand et al., 1999; Sun & 

Liu, 2003), and the morphological differences have a functional meaning which is well 

reflected in phytoplankton adaptive strategies (Lewis, 1976; Margalef, 1978; Naselli-

Flores et al., 2007). Even though there is no specific literature suggesting a particular 

shape to be either spherical or elongated, many of the pre-defined shapes have been 

categorized based on the various published literature (Stanca et al., 2013; Karp-Boss & 

Boss, 2016) to fall in either of the following categories spherical/round and elongated 

shape. Therefore, in the present study, it is assumed that shapes like 2 cones and ellipsoids 
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can be classified as spherical or near-spherical shapes, whereas the rest of the shapes are 

elongated shapes. Any deviation from a perfect sphere is considered an advantage for 

resource acquisition. The sphere represents the smallest boundary area occupying a given 

space; therefore, distortion from the spherical shape can increase the area of the surface, 

which might represent a competitive adaptation to conserve an optimum surface-to-

volume ratio, i.e., S:V (Lewis, 1976; Reynolds, 2006; Karp-Boss & Boss, 2016). For 

instance, distortion of spherical shape diatoms to achieve an optimum S:V can allow them 

to sink more slowly than spheres of equivalent size and can also help to out-compete 

smaller ones for resource acquisition (Grover, 1989; Padisak et al., 2003). It has also been 

reported that shapes such as elongated and round or combined shapes are prevalent in 

flushed and stagnant nutrient-limited regions, respectively (Sommer, 1998; Morabito et 

al., 2007), and is also evident in this study. For instance, the dominance of elongated and 

nonspherical shapes like Gam, PoP, B, PoT, and Cym in the frequently flushed LT and 

MT zones prove the success of these shapes in exploiting the abrupt nutrient input as well 

as surviving the frequent turbulence caused by tidal action (Naselli-Flores et al., 2007; 

Naselli-Flores & Barone, 2007). In HT-RPs, the dominance of the Elli shape suggests the 

prevalence of more stable, stratified, and nutrient-deprived water. In contrast, in the HT 

zone of the tidal flats, the dominance of the ElliP shape dominated by pennate diatoms 

suggests more unfavorable and nutrient-deprived conditions. This means that under such 

conditions, the elongated shapes will be replaced with round or combined shapes mainly 

represented by flagellates (dinoflagellate A. carterae and B. gregarium in this study), 

which competes poorly for inorganic nutrients (Litchman & Klausmeier, 2008; Stanca et 

al., 2013) in the RP habitat but not at tidal flats. However, shapes from intertidal RP 

habitats showed less temporal and seasonal variability than the tidal flats. The MPB shape 

variabilities were more significant between tidal zones at the MTF than at the DTF. This 

difference was mostly due to natural (monsoon-driven changes, beach morphology, 

sediment texture, bioturbation, sediment erosion, and deposition process, etc.) and 

anthropogenic pressure (e.g., tourism, development activities, etc.). Moreover, RP 

habitats provide a stable substrate for the phytoplankton to evade the tidal washout or 

flushing. However, tidal flat surface sediments are prone to frequent washout, and MPB 

can evade such conditions only by migrating to the deeper layers. Therefore, it can be 

presumed that the intertidal flats selected in this study are more dynamic habitats than the 

RPs, and specific studies from diverse tidal flats are required to understand their shape 

dynamics. 
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Another interesting finding of this study is that even though the taxonomic 

assemblage changed temporally (from 2014 to 2015), the shape dominance remained 

more or less consistent at both intertidal habitats, i.e., ElliP and PoP were the most taxa-

rich shapes, indicating the importance of shape as a robust morphological trait in 

microalgal studies enabling easy, less complicated non-taxonomic approach for better 

understanding of community dynamics. This also suggests that these particular 

morphological traits are selected by environmental pressure and must have some selective 

advantages compared to other shapes, such as spherical shapes (Karp-Boss & Boss, 

2016). Periodic measurements of morphological trait succession can provide information 

on the health of the ecosystem (e.g., underwater light climate; Naselli-Flores & Barone, 

2007), essential functional processes (e.g., community assemblage; Salmaso & Padisak, 

2007), ecological characteristics of phytoplankton organisms (Naselli-Flores et al., 2007) 

and act as a helpful monitoring tool without any mind-boggling taxonomic skills (Stanca 

et al., 2013). 

4.1.1.4c. Allelopathy of bloom-forming dinoflagellate Amphidinium against other 

microalgae 

Various Amphidinium strains have shown toxic effects on other microalgae, nauplii 

larvae, and even fish (Baig et al., 2006; Murray et al., 2015), and the production of toxin 

is also considered a type of physiological trait to deter predators (Litchman & Klausmeier, 

2008). The literature revealed that the toxicity and allelopathy of A. carterae are studied 

and reported worldwide (Jeong et al., 2001; Baig et al., 2006; Mandal et al., 2011; Murray 

et al., 2015). It has also been reported that A. carterae, which released substances or 

allelochemicals into the culture medium or environment, inhibited or altered the growth 

of the co-cultured or co-existing microalgae (Xiaoqing et al., 2012). Further, the 

prevalence of high levels of cryptic diversity within the Amphidinium sensu stricto 

(Murray et al., 2012) and variability in toxicity in some of them (Baig et al., 2006) is well 

documented. Given this, the present study was conducted to confirm whether the 

blooming of A. carterae (local strain) suppressed the growth of other microalgae present 

in the HT zones by producing some antagonistic allelopathic chemical. This is the first 

attempt to find out the allelopathic effect of cell-free filtrate of local strain A. carterae on 

various commonly occurring phytoplankton species. This study confirms that the cell-

free filtrate of A. carterae does produce some allelochemicals, which have species-

specific effects. The species specificity of the toxic effect of allelochemical is reported in 

a few studies elsewhere (Baig et al., 2006; Poulson et al., 2010). The maximum inhibition 
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of growth by cell-free filtrate of A. carterae was noticed in Skeletonema cells, followed 

by Bysmatrum (Figure 4.8). However, results showed a stimulatory effect of cell-free 

filtrate of A. carterae on the green algae Dunaliella (Figure 4.8). The stimulatory effect 

of allelochemicals from other algae and cyanobacteria are also reported (Rice, 1984; 

Suikkanen et al., 2005; Poulson et al., 2010). The allelopathy is often used to get an upper 

hand to compete for limited resources and helps in the organism's bloom formation 

(Graneli & Hansen, 2006; Pavaux et al., 2020). Hence, it is assumed that the A. carterae 

might have used allelopathy as a physiological trait to suppress competitors in the HT 

zones, in addition to its eurytolerant adaptive capability against extreme temperature, 

salinity, and light (Patil et al., 2017). Such a strategy might have enabled to compete 

against the limited resources to form blooms in the RPs, as evident from the composition 

data. These findings suggest that such a physiological trait (allelopathy) can also be 

related to ‘competitor’s suppression’ and ‘predator’s avoidance’ as proposed by Litchman 

and Klausmeier (2008). It was also observed that Skeletomena was the most sensitive to 

allelochemical, followed by Bysmatrum. However, the inhibition in growth was observed 

only at a higher strength of A. carterae filtrate, suggesting that the tidal action (through 

dilution) could play a great role in the effectiveness of allelopathy as a competitive 

strategy in HT-RPs. 

The morphological changes observed in Bysmatrum, like temporary cyst-like 

structures induced by the cell-free filtrate of A. carterae, might explain the coping 

mechanism of Bysmatrum gregarium, which also co-existed with A. carterae in the HT-

RPs. Temporary cyst formation, which is used as a defense mechanism to resist 

allelochemicals, is also reported in Scrippsiella (which is almost identical to Bysmatrum; 

Jeong et al., 2012) as well (Fistarol et al., 2004). A separate study also showed a weaker 

allelopathy effect by A. carterae filtrate on Amphora coffeaeformis, a biraphid benthic 

pennate, and biofilm-forming diatom (Modi & Patil, 2019 dissertation). Nevertheless, the 

present study indicated that Amphidinium blooms in rock pools will have a varying effect 

on planktonic and biofilm microalgae. However, further studies with mixed microalgal 

assemblage and the faunal component will lead to a better understanding of the impact 

on the microalgal community. Since Amphidinium experiences extreme environments in 

the rock pools (Patil et al., 2017), elucidating the role of environmental parameters (e.g., 

temperature and salinity) on the allelochemical production and their effects need further 

attention. 
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4.1.1.5. Conclusion 

This study highlights that the location and nature of RPs and tidal flats determine the 

nature of phytoplankton assemblage. In both the intertidal habitats, less microalgal 

diversity (including shapes) and the number of species were recorded in the HT zone, 

followed by MT and LT in RPs and LT and MT in tidal flats. Interestingly, even though 

the taxonomic assemblage changed temporally, the shape dominance remained 

consistent, suggesting the latter a robust morphological trait for RPs but not in tidal flats. 

The microalgae assemblages followed distinct trends in RPs and tidal flats. For instance, 

in frequently flushed RPs (MT and LT), pennate diatoms (Pseudonitzschia, Nitzschia, 

Thalasionema, Navicula, and Licmophora) representing elongated types dominated, 

whereas in stagnant HT-RPs spherical/combined shaped dinoflagellates (Amphidinium 

sensu stricto and Bysmatrum gregarium) dominated. However, in the tidal flats, LT and 

MT zones were dominated by elongated type chain forming taxa (Thalassiosira sp., 

Bellerochia sp., Lithodesmium sp., and Chaetoceros spp.) and HT zone by pennate 

diatoms (Navicula spp., and Nitzschia spp.). Since tidal flats are diverse based on 

sediment texture, beach profile, and other local factors, more studies are required to 

delineate the variations. Further, species-specific allelopathy on other microalgae by 

Amphidinium (known harmful algae of concern and dominant in HT-RPs) highlights a 

type of physiological trait to suppress competitors. It might be one of the reasons for its 

predominance in HT-RPs experiencing varying environmental (light, temperature, and 

salinity) conditions. Therefore, it can be concluded that the microalgae in intertidal flats 

are a highly dynamic than the rockpools. 
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4.2. The pelagic ecosystem 

In this sub-chapter, the phytoplankton distribution based on taxa, shape, size, and 

morphometric traits (surface-to-volume ratio; S:V, greatest axial linear dimension; 

GALD) were studied from a) different oceanographic settings (convective mixing and 

oligotrophic regions), and b) sea-surface and sub-surface chlorophyll maximum layer 

(SCML) occurring at different depths in different bioregions of the pelagic ecosystems. 

The findings are discussed in the subsequent sections 4.2.1 and 4.2.2, respectively. 

  

4.2.1. Different oceanographic settings   

4.2.1.1. Introduction 

Phytoplankton, which are vital in ecosystem functioning, food-web dynamics, fisheries, 

and biogeochemical cycling of essential micro and macronutrients, are not only 

taxonomically diverse but also show amazing Intra and inter-specific morphological 

diversity with organisms ranging greatly in the magnitude of size (Finkel et al., 2010) and 

a wide range of shapes (Hillebrand et al., 1999; Sun & Liu, 2003). Traditionally, the 

morphological attributes are used only for taxonomic studies but do not reflect the 

ecological functions (Naselli-Flores et al., 2007; Salmaso & Padisak, 2007). Lewis (1976) 

first noted the ecological value of morphological descriptors in phytoplankton resource 

acquisition (light and nutrient uptake) under the pressure of natural selection and 

competition. The adaptive value of the morphological variability and differences in 

morphology adopted for diverse ecological strategies by phytoplankton was studied by 

Margalef (1978) and later explored by Reynolds (1997). Few shapes are better adapted to 

certain environmental conditions than others, so the phytoplankton with such shapes 

should have better fitness and diversity (Ryabov et al., 2021). The aquatic ecosystem’s 

ecological state can be assessed by understanding the adaptive value of different 

phytoplankton morphologies; therefore, morphological diversity can be considered a key 

factor allowing a particular ecological group to withstand the various environmental 

conditions experienced in the ecosystem (Naselli-Flores, 2014). 

The trait-based approaches in phytoplankton ecology have become common. Such 

approaches can increase our insight into the organization of ecological communities and 

predict their reorganization under any environmental change (Litchman & Klausmeier, 

2008). This is because phytoplankton are relatively simple and have well-defined traits 

that determine their ecological niche (Litchman & Klausmeier, 2008). The well-defined 

commonly used traits in phytoplankton can be classified into three categories (Litchman 
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& Klausmeier, 2008; Weithoff & Beisner, 2019): (i) morphological- size, shape, greatest 

axial linear dimension (GALD), biovolume, mucilage presence/absence, and biological 

form (unicellular/colonial/filament/chains); (ii) physiological-  presence/absence of silica 

demand, heterocysts (N2-fixation), mixotrophy, toxin production, resting stages, 

dominant pigment type, nutrient, and/or light uptake parameters; and (iii) behavioral- 

presence/absence of flagella and aerotypes. Among all the abovementioned traits, 

morphometric traits like size and shape are considered master traits (Weithoff & Beisner, 

2019), which affect nutrient acquisition, sinking, and grazer susceptibility (Grover, 1989; 

Smayda, 1970; Thingstad et al., 2005). Size and shape are also plastic in nature and 

depend on many environmental variables, such as light levels, nutrient concentrations, 

and grazing pressure (Chisholm, 1992; Duarte et al., 1990). 

Furthermore, in trait-based studies, species sharing similar adaptive traits are 

grouped even if they are taxonomically distinct (Simberloff & Dayan, 1991). From the 

phytoplankton viewpoint, the pelagic habitat, its main representative phyla, and their 

ecology are relatively similar across marine and freshwater ecosystems (Weithoff & 

Beisner, 2019). Despite such similarity, the focus of research differed between systems, 

i.e., the majority of research in the marine considered how traits and trait distribution 

derive processes that determine the environmental conditions (like biogeochemistry), but 

it is the opposite in the freshwater where the focus is on how communities respond to the 

environment and which environmental factors drive the trait-based community assembly 

(Weithoff & Beisner, 2019). For instance, the increasing uses of trait-based studies to 

explain and understand phytoplankton community is limited to distribution (Kruk et al., 

2010), seasonal dynamics (Salmaso & Padisak, 2007), diversity, and community structure 

(Litchman & Klausmeier, 2008) in freshwater, whereas in the marine ecosystem, the 

studies are limited to spatiotemporal variation (Stanca et al., 2013), biogeographic trait 

patterns (Barton et al., 2013), biogeochemical processes such as primary production and 

nitrogen fixation (Breton et al., 2017), oceanic biogeochemistry (Litchman et al., 2007, 

2015; Finkel et al., 2010), and phytoplankton dynamics (Alexander et al., 2015). Many 

morphological traits might be strategic and help explain phytoplankton differences and 

patterns under contrasting hydrodynamic conditions (Fraisse et al., 2013). Thus, 

morphological traits are pivotal in determining phytoplankton ecological niches (Aubry 

et al., 2017). The morphological adaptive strategy that responds to environmental changes 

helps differently-sized phytoplankton organisms coexist, making it like a geometric 

concurrence (Roselli & Basset, 2015; Segura et al., 2013). However, to our knowledge, 
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the information on the variations in phytoplankton shapes concerning different 

hydrographic settings in the marine pelagic systems is not available and was addressed in 

the present study by selecting the eastern Arabian Sea in the Northern India Ocean, a 

well-studied system, as a reference. A similar approach was attempted to study the 

rockpool micro-phytoplankton community from the intertidal zone (Paul et al., 2021), but 

studies from the open ocean are limited even though there exist few datasets on cell 

volumes (Chitari & Anil, 2017). 

The Arabian Sea (AS) is considered one of the unique oceanic basins owing to its 

high productive periods in winter (WM) and summer monsoon (SM) caused by the 

seasonal reversal of wind direction and associated drastic changes in the surface currents 

(Banse, 1987) and the data presented here corresponds to winter monsoon from eastern 

AS (EAS). The physical change in the water column associated with the reversal of 

monsoonal winds governs the productivity of the Arabian Sea (Wiggert et al., 2005). 

During WM, the hydrographic conditions in the northern and southern regions of EAS 

are significantly different, i.e., currents bring in high nutrients through convective mixing 

in the NEAS, which supports phytoplankton production (including bloom; Banse, 1987; 

Sarma et al., 2019) and was also noticed in this study, i.e., higher in NEAS (both open 

and coastal) than SEAS-O (Tables 4.2 and 4.3). The convective mixing in NEAS is 

triggered by the cold-dry north-easterly continental wind blowing over the surface waters, 

causing evaporation (Madhupratap et al., 1996; Weller et al., 2002). The convective 

mixing during winter monsoons deepens the mixed layer depth and enhances nutrient 

availability (Sawant & Madhupratap, 1996). Whereas in SEAS, WM is defined by the 

existence of seasonal down-welling Rossby waves (Shankar et al., 2002) which, along 

with its associated currents, brings the nutrient-enriched low saline water mass from the 

western boundary of the Bay of Bengal (Shenoi et al., 2002) and triggers primary 

producers (Kumar et al., 2004; Amol, 2018) in the otherwise warmer oligotrophic waters 

(Vijayan et al., 2021). Additionally, the mesoscale features such as sea surface 

temperature (SST) fronts supporting rich phytoplankton biomass compared to the 

adjoining non-fronts are also prevalent in AS. However, more SST fronts are reported in 

NEAS than in SEAS (Kurian et al., 2020). Therefore, in the present study, an attempt has 

been made to understand the distribution of phytoplankton shapes and species 

composition between contrasting hydrographic settings such as (a) nutrient-rich coastal 

and open ocean systems, (b) oligotrophic and non-oligotrophic ocean systems, and (c) 

SST fronts and non-fronts from both coastal and ocean ecosystems. This study explores 
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the possibility of using phytoplankton shapes (>5 microns) as ecological indicators in 

marine pelagic systems. 

 

 

 

 

 

 

 

 

 

 

Regions 

of EAS 
Cruise 

Temperatur

e (oC) 

Salinity 

(PSU) 

Oxygen 

(mL L-1) 

Fluorescenc

e (mg/m3) 

Nitrate 

(µM) 

Phosphate 

(µM) 

NEAS-O 

 

(0m) 
26.1  

(25.1-27.0) 

36.3  

(35.8-36.5) 

4.3  

(4.0-4.5) 

0.54  

(µg L-1)* 

0.95  

(0.56-3.23) 

0.27 

 (0.09-0.45) 

(100m) 
23.7  

(19.5-25.0) 

36.5  

(36.2-36.7) 

3.0  

(0.3-4.1) 
- 

5.80  

(3.17-17.0) 

0.82  

(0.41-1.77) 

NEAS-C 

 (0m) 
26.8  

(26.3-27.3) 

36.3 

(35.5-36.7) 

4.2  

(3.7-4.6) 

1.1  

(0.2-3.0) 
- - 

(100m) 
25.9  

(24.0-27.1) 

36.6  

(36.3-36.7) 

2.5 

 (0.9-4.1) 

0.3  

(0.2-0.5) 
- - 

SEAS-O 

T1 

(0m) 

28.9 

(28.5-29.7) 

35.4 

(35.1-36.5) 

4.4 

(4.2-4.6) 

0.6  

(0.1-1.7) 

0.96 

(0.15-1.67) 

0.24 

(0.06-0.69) 

T1 

(100m) 

20.3 

(18.8-21.6) 

35.2  

(35.0-35.7) 

0.61 

(0.07-

0.93) 

0.06  

(0.003-0.2) 

15.1  

(10-20.9) 

1.2  

(1.0-1.9) 

T2  

(0m) 

29.1  

(28.6-29.4) 

33.8  

(18.6-35.7) 

4.3  

(3.1-4.5) 

0.62  

(0.14-1.04) 
- - 

T2 

(100m) 

18.3  

(16.5-21.5) 

35.2  

(35.1-35.3) 

0.7  

(0.5-1.0) 

0.11  

(0.002-0.24) 
- - 

Table 4.2. Hydrography and nutrient concentration at surface and sub-surface in NEAS-

O, NEAS-C, and SEAS-O in winter monsoon. The mean value is calculated for 

temperature, salinity, and oxygen concentration. The median value is used for nutrient 

concentration. The numbers in parenthesis indicate the parameter's range values, and the 

* indicates the chlorophyll concentration value. 
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Regions of 

EAS 
Cruise 

Temperatur

e (oC) 

Salinity 

(PSU) 

Oxygen 

(mL L-1) 

Fluorescence 

(mg/m3) 

NEAS-C 

East Front 

(0m) 

26.6  

(26.4-27.1) 

36  

(35.6-36.6) 

4.2  

(3.9-4.6) 

1.7  

(1.1-3) 

East Front 

(100m) 

25.7  

(24.8-26.4) 

36.5  

(36.4-36.6) 

2.2  

(1.6-3.1) 

0.2  

(0.2-0.3) 

West Front 

(0m) 

26.8  

(26.3-27.1) 

36.5  

(36.1-36.7) 

4.1  

(3.7-4.2) 

0.6  

(0.4-0.9) 

West Front 

(100m) 

26.1  

(24.9-27) 

36.6  

(36.5-36.7) 

2.5  

(0.5-4.1) 

0.4  

(0.2-0.5) 

Main Front 

(0m) 

26.7  

(26.4-27.1) 

36.2  

(35.5-36.6) 

4.2  

(3.8-4.6) 

1.4  

(0.8-2.2) 

Main Front 

(100m) 

26.1  

(25.4-26.8) 

36.5  

(36.3-36.6) 

2.7  

(1.6-3.9) 

0.3  

(0.2-0.4) 

Non-Front 

(0m) 

27.1  

(27-27.3) 

36.7  

(36.6-36.7) 

4.2  

(4.1-4.2) 

1.4  

(0.2-9.4) 

Non-Front 

(100m) 

25.7  

(24-27.1) 

36.6  

(36.5-36.7) 

2.4  

(1.1-4.1) 

0.3  

(0.2-0.5) 

SEAS-O 

Non-front 

West (0m) 

29.1  

(28.8-29.5) 

35.8  

(35.3-36.5) 

4.3  

(4.2-4.4) 

0.3  

(0.1-0.7) 

Non-front 

West 

(100m) 

19.6  

(18.8-20.6) 

35.6  

(35.5-35.7) 

0.11  

(0.07-0.14) 

0.18  

(0.15-0.20) 

Front (0m) 
28.9  

(28.5-29.7) 

35.3  

(35.2-35.3) 

4.5  

(4.3-4.6) 

0.8  

(0.3-1.7) 

Front 

(100m) 

20.3  

(19-21.2) 

35.1  

(35-35.1) 

0.7  

(0.5-0.9) 

0.02  

(0.003-0.06) 

Non-front 

East (0m) 

28.9  

(28.7-29.2) 

35.4  

(35.1-35.8) 

4.4  

(4.3-4.5) 

0.5  

(0.1-0.8) 

Non-front 

East (100m) 

21.1  

(20.7-21.6) 

35.2  

(35.1-35.2) 

0.8  

(0.7-0.9) 

0.1  

(0.06-0.1) 

Table 4.3. Hydrography and nutrient concentration at surface and sub-

surface frontal and non-frontal regions of NEAS-C and SEAS-O in winter 

monsoon. The mean value is calculated for temperature, salinity, and oxygen 

concentration. The median value is used for nutrient concentration. The 

numbers in parentheses indicate the range values of the parameter. 
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4.2.1.2. Methodology 

The details of the sampling site, sample collection, and analysis are presented in Chapter 

2, sub-section 2.2.1.  

Data analysis 

Univariate measures such as species count, abundance, Shannon-Wiener’s diversity, 

species richness, and evenness were performed on log-transformed species and shape 

data. The frontal and non-frontal phytoplankton clustering was performed through the 

Bray-Curtis similarity and group average methods. Log (x+1) transformed species and 

shape data were used for the analysis, and the grouping was done at a 50% level to find 

the significant similarities. Furthermore, the log-transformed taxa and shape data were 

subjected to a two-way analysis of variance (ANOVA) to evaluate the variation between 

regions and between the frontal and non-frontal regions. The relationship between the 

greatest axial linear dimension (GALD) and S:V was determined using linear regression 

on log(x+1) transformed data. The significance level was set at p<0.05, and the 

determination coefficient (R2) was considered the proportion of variation in S:V, which 

can be attributed to GALD, whereas the slope (b) showed the degree to which the S:V 

would vary as GALD increases. If the slope (b) value is very low, for instance, b = − 0.06 

for PoP, that means a decrease in S:V of 0.06 μm−1 for each μm increase in GALD. The 

negative correlation between GALD and S:V, in general, means that as the GALD 

increases, the S:V decreases, and vice versa. Univariate measures calculation and 

clustering analysis were performed using statistical software PRIMER 6, ANOVA was 

performed using Statistica software (release 8), linear regression analysis and box plots 

were plotted using R program (R core Team, 2020), and ODV plots were plotted using 

Ocean Data View 4 (Schlitzer, 2015). 

 

4.2.1.3. Results 

4.2.1.3a. Taxonomic and shape diversity of the north-eastern Arabian Sea (NEAS) 

A total of 133 (belonging to 63 genera) and 83 (belonging to 48 genera) species were 

recorded in the open ocean (NEAS-O) and coastal (NEAS-C) regions, respectively (Table 

4.4). In NEAS-O, diatoms (81%) comprising 54 species (36 centric and 18 pennate 

species), followed by dinoflagellates (19%) comprising 89 species dominated the 

community, whereas in NEAS-C, diatoms (94%) comprising 44 species (30 centric and 

14 pennate species) followed by dinoflagellates (6%) comprising 39 species dominated 

the phytoplankton community. Despite diatom dominance, the contribution to the total 
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community was higher in the open ocean (82–98%) than in the coastal (77%) (Figure 

4.9). ANOVA revealed significant differences in phytoplankton community structure and 

species dominance between the open ocean and coastal region (p = 0.003). The diversity 

analysis reveals that the species count, richness, evenness, and diversity were higher in 

the NEAS-O than in NEAS-C, except for the abundance, which showed an opposite trend 

for taxonomy and shape (Figure 4.10a–j). 

In the NEAS-O, centric diatoms Rhizosolenia styliformis and Probosica alata of 

Cyl shape followed by pennate diatoms Lioloma sp. of B shape and Navicula spp. of ElliP 

shape and dinoflagellate species Protoperidinium spp of 2C shape were the major 

contributors. Whereas in NEAS-C, centric diatom Skeletonema sp. of Cyl2Hs shape and 

Leptocylindrus sp. of Cyl shape followed by pennate diatom Pseudonitzschia spp. of PoP 

shape and Thalassionema nitzschoides of B shape and dinoflagellate species 

Protoperidinium spp. of 2C shape dominated the community. It is notably interesting that 

despite the overall phytoplankton community being diatom-dominated, the community 

structure was quite different within diatoms except for the dinoflagellates. 

 All the recorded phytoplankton species are categorized into 19 (11 simple and 8 

combined) and 16 (11 simple and 5 combined) morphometric shapes from NEAS-O and 

NEAS-C, respectively. Simple-shaped (88%) phytoplankton dominated in NEAS-O, 

whereas combined-shaped (55%) in NEAS-C. Among the simple shapes, Cyl (54%) was 

the dominant shape, followed by ElliP (9%), B (9%), Elli (6%), and ElliP4Cs (5%) in 

NEAS-O. Maximum species diversity was observed in Elli2CCyl, representing 36 

phytoplankton species (all dinoflagellates), followed by Cyl with 27 species (22 centric 

diatoms and 5 dinoflagellates), Elli with 20 species (all dinoflagellate), and ElliP with 16 

species (11 centric and 5 pennate diatoms). Among the combined shaped phytoplankton, 

Cyl2Hs (53%) was dominant, followed by PoP (12%), ElliP (12%), and Cyl (12%) in 

NEAS-C. The maximum species diversity was observed in Cyl with 17 species (all centric 

diatoms), followed by ElliP with 14 species (11 centric and 3 pennate diatoms) and Elli 

with 14 species (all dinoflagellates). 
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Sl 

No. 
Species NEAS-O NEAS-C SEAS-O Shapes 

1. Gonyaulax sp 38 14 24 

2 Cones (1) 

2. G. polygrammum 0 0 4 

3. G. kofoidii 0 2 2 

4. Protoperidinium sp1 378 398 203 

5. Protoperidinium sp2 109 0 0 

6. P. diabolus 9 0 0 

7. P. pallidum 0 0 22 

8. P. tenuissimum 0 0 44 

9. Lioloma sp 1312 0 0 

Box (2) 

10. Synedra sp 4 0 34 

11. Tabellaria sp. 0 468 0 

12. Thalassionema nitzschioides 6 4562 24 

13. Thalassiothrix sp 107 65 875 

14. T. longissima 60 0 0 

15. Pinnularia 0 134 0 

16. Asterionella sp. 1 39 0 

Box + 2 

Cylinder 

(3) 

17. Climacosphenia sp 38 0 0 

Box + 

Elliptic 

prism (4) 

18. Podolampus sp 12 16 0 

Cone (5) 19. P. palmipes 2 12 0 

20. P. spinifera 3 0 0 

21. Pronoctiluca sp 1 0 0 

Cone + 

Half sphere 

(6) 

Table 4.4. Micro-phytoplankton abundance (depth-averaged cells L-1) and the 

corresponding shape in the open ocean and coastal region of North-eastern Arabian 

Sea (NEAS-O and NEAS-C) and open ocean of South-eastern Arabian Sea (SEAS-

O). Species in bold font indicate diatoms, and normal font indicates dinoflagellates; 

numbers in parenthesis are numbers of shapes recorded. 
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22. Amphisolenia sp 5 0 0 

 

Cylinder 

(7) 

23. A. asrragalus 5 0 0 

24. A. asymmetric 2 0 0 

25. A. bidentata 0 1 0 

26. A. globifera 3 0 0 

27. Asteriomphalus sp 7 27 20 

28. Bacteriastrum sp 1 0 0 

29. Ceratulina sp 207 216 502 

30. Coscinodiscus sp 326 105 85 

31. Cyclotella sp 22 0 0 

32. Dactylosolen sp 0 26 0 

33. Guinardia sp 36 60 0 

34. Guinardia flaccida 0 0 2 

35. Guinardia striata 190 4 2 

36. Lauderia sp. 0 76 0 

37. Leptocylindrus sp 22 2958 4 

38. Melosira sp 6 0 0 

39. Planktonella sol 56 0 11 

40. Rhizosolenia sp 34 0 4 

41. R. alata 1220 6 78 

42. R. bergonii 411 2 37 

43. R. calcar-avis 351 3 27 

44. R. castracanei 6 0 0 

45. R. hebetata 479 9 5 

46. R. imbricata 55 97 18 

47. R. robusta 10 0 0 

48. R. setigera 309 969 13 

49. R. stolterfothii 84 0 0 

50. R. styliformis 1509 15 18 

51. Thalassiosira sp 691 2823 236 

52. Corethron sp 5 13 0 Cylinder + 

2 Half 

sphere (8) 

53. 

Skeletonema sp 548 34126 0 

54. Amphora sp 1 82 0 Cymbelloi

d (9) 55. Hemidiscus sp 19 0 0 
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56. Alexandrium sp 9 7 0 

 

Ellipsoid 

(10) 

57. Amphidinium sp 10 0 0 

58. Ceratoperidinium sp 58 0 0 

59. Dinophysis sp 85 3 15 

60. D. acuminata 0 2 3 

61. D. caudata 0 0 13 

62. D. miles 0 4 0 

63. Diplonies sp 22 8 0 

64. Dissodinium sp. 0 1 0 

65. D. bicorme 2 0 0 

66. D. elegans 46 0 0 

67. Gymnodinium sp 14 51 98 

68. Gyrodinium sp 127 162 230 

69. Karlodinium sp 0 4 0 

70. Prorocentrum sp 43 103 95 

71. P. compressum 0 0 2 

72. P. dentatum 0 26 55 

73. P. gracile 1 7 23 

74. P. micans 8 148 33 

75. Pyrocystis sp 67 2 0 

76. P. fusiformis f. fusiformis 6 0 2 

77. P. bamulum 41 0 0 

78. P. fusiformis f. lanceolata 25 0 0 

79. Pyrophacus sp 9 1 2 

80. Scrippsiella sp 147 123 142 

81. Sinophysis sp. 38 0 6 

82. Tripos sp 64 1 0 

Ellipsoid+2 

Cone+ 

Cylinder 

(11) 

83. T.  biceps 1 1 2 

84. T. azoricum 1 0 0 

85. T. bochmii 1 18 0 

86. T. borridum 2 0 0 

87. T. breve var breve 0 0 6 

88. T. breve var pulchellum 0 0 4 

89. T. bumile 0 0 4 
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90. T. candelabrum var. 

candilabrum 
3 0 2 

91. T. contrarium 2 0 0 

92. T. declinatum var 

angusiicorrum 
1 0 0 

93. T. declinatum var declinatum 0 0 11 

94. T. deflexum 0 2 8 

95. T. eherenbergii 3 0 0 

96. T. extensum 5 0 0 

97. T. furca var. berghii 11 53 50 

98. T. furca var. eugrammum 31 12 0 

99. T. fusus 8 8 31 

100. T. fusus var. fusus 5 0 0 

101. T. fusus var. schucttii 3 0 0 

102. T. gravidum 1 0 0 

103. T. humile 2 0 0 

104. T. lineatum 0 1 2 

105. T. longirostrum 2 0 0 

106. T. longissimum 1 0 0 

107. T. lunula var. lunula 2 0 0 

108. T. macroceros var. gallicum 0 0 8 

109. T. massiliense var. massiliense 1 0 0 

110. T. pentagonum var. 

subrobustum 
4 0 0 

111. T. pentagonum var. tenerum 6 37 4 

112. T. petersi 0 0 6 

113. T. ramipes var. palmatum 4 0 0 

114. T. symmetricum var. 

coaractatum 
3 0 0 

115. T. teres 20 2 0 

116. T. trichoceros 62 0 0 

117. T. tripos var. atlanticum 63 0 51 

118. T. tripos var. indicum 0 0 2 

119. T. tripos var. pulchellum 124 0 8 

120. T. vultur var japonicum 1 0 0 

121. Amphiproroa sp. 1 13 0 
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122. Chaetoceros sp 273 6125 487 

Elliptic 

prism (12) 

123. C. atlanticum 35 2 0 

124. C. coaractatus 43 0 0 

125. C. laciniosus 23 0 0 

126. C. peruvianus 0 0 7 

127. Eucampia sp 1 23 0 

128. Fragilaria sp 222 3 15 

129. Hemiaulus sp 122 6 0 

130. H. hauckii 0 36 0 

131. H. membranceae 0 44 0 

132. Meuneria sp 186 14 0 

133. Navicula sp 501 1146 483 

134. N. transistans 39 0 0 

135. Odontella sp 45 4 3 

136. O. mobilensis 0 34 2 

137. O. sinensis 0 1 0 

138. Surirella sp 36 0 0 

139. Trachyneis aspera 2 0 0 

140. Climacodium sp 431 31 47 

Elliptic 

prism+ 4 

Cones (13) 

141. Ceratocorys sp 17 0 4 
Half sphere 

(14) 
142. C. armata 1 0 0 

143. Ornithocercus sp 139 0 5 

144. Nitzschia sp 34 102 14 Prism on 

parallelogr

am (15) 

145. Pleurosigma sp 70 160 16 

146. Pseudonitzschia sp 158 7529 1180 

147. Ditylum sp 0 97 0 Prism on 

triangle 

(16) 

148. 

Triceratium sp 4 0 5 

149. Oxytoxum sp 43 27 3 

Prolated 

spheroid 

(17) 

150. O. caudatum 6 0 0 

151. O. cf. crassum 2 2 0 

152. O. cf. globosum 1 2 0 

153. O. challengeroides 1 0 0 

154. O. curvatum 1 13 0 



144 
 

155. O. curvicaudatum 20 2 0 

156. O. diploconus 6 0 3 

157. O. lanticeps 3 0 0 

158. O. longum 21 0 0 

159. O. parvum 0 0 4 

160. O. scolopax 17 6 12 

161. O. tesselatum 21 4 3 

162. Cylindrotheca closterium 13 657 30 

Prolated 

spheroid + 

2 Cylinders 

(18) 

163. Cladopyxis sp 1 0 0  

Sphere 

(19) 
164. Noctiluca sp 169 1 0 

 Total 12606 64204 5541  
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Figure 4.10. Univariate measures of phytoplankton (both taxonomy and shape-

wise) from NEAS (both coastal and open ocean) and SEAS (open ocean). Station 

data are pooled and presented here. 
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The linear regression analysis of dominant phytoplankton shapes (abundance ≥ 

60%) from NEAS-O revealed a significant negative correlation between GALD and S:V 

(p < 0.05), whereas no significant correlation was observed for NEAS-C (Figure 4.11). 

In the NEAS-O, the determination of coefficient (R2) for dominant shapes showed low 

values. However, in the present study, the dominant shapes (Cyl, ElliP, and PoP) of both 

coastal and open ocean ecosystems in NEAS adopted high S:V with a low GALD 

strategy. The results point out that all the dominant shapes in NEAS-O are attenuated 

(Cyl, ElliP, and PoP) and have adapted the strategy to conserve the optimal S:V, which 

changes very minimally as the GALD increases (Figure 4.11). 

Additionally, the sampling at 38 stations in the NEAS-C region encompasses both 

frontal and non-frontal regions and is categorized and presented accordingly as follows: 

(a) east front (EF) comprising 7 stations, (b) west front (WF) comprising 5 stations, (c) 

main front (MF) comprising 18 stations, and (d) non-front (NF) comprising of 8 stations 

(Figure 4.12). It is evident from the comparative community and diversity analysis that 

the frontal waters showed high abundance and species composition compared to the non-

frontal waters (Figure 4.13a–e). Among all the stations, MF recorded the maximum 

number of phytoplankton species, followed by EF, NF, and WF waters. The 

phytoplankton abundance was higher in all the frontal stations compared to NF. 

Interestingly, species richness, evenness, and diversity were higher in the NF stations 

compared to all the frontal stations (MF, EF, and WF) (Figure 4.13c–f).  
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b= -0.148 

R2= 0.549 

P<0.05 

b= -0.239 

R2= 0.556 

P<0.05 

b= 0.039 

R2= 0.009 

b= -0.020 

R2= 0.153 

P<0.05 

b= -0.068 

R2= 0.833 

b= -0.202 

R2= 0.639 

P<0.05 

b= -0.029 

R2= 0.196 

P<0.05 

b= -0.061 

R2= 0.827 

P<0.05 

Figure 4.11. Relationship between GALD and S:V for the 8 dominant shapes recorded 

in North-eastern (NEAS-O and NEAS-C) and South-eastern Arabian Sea during the 

study period. a) NEAS-O: North-eastern Arabian Sea open-ocean, b) NEAS-C: North-

eastern Arabian Sea coastal waters, and c) SEAS-O: South-eastern Arabian Sea open 

ocean; Cyl: Cylinder; ElliP: Elliptic prism; Cyl2Hs: Cylinder + 2 Half sphere; PoP: 

Prism on parallelogram. 
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 1 

Figure 4.12. Map showing Sea level anomaly (SLA) plot with SST frontal and non-frontal 

regions in coastal region of NEAS. The blue line is showing the location of the fronts, 

the black rectangle and white oval shapes showing the frontal and non-frontal part 

sampled in the present study. 
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Figure 4.13. Univariate measures of phytoplankton (both taxonomy and shape-wise) 

from frontal and non-frontal in the coastal region of NEAS. EF: East front; WF: West 

front; MF: Main front and NF: Non-front. Station data from the frontal and non-frontal 

regions are pooled and presented here. 
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A total of 67 phytoplankton species (39 diatoms (26 centric and 13 pennate) and 28 

dinoflagellate species) representing 44 genera were recorded in the MF, followed by EF 

with 52 species (32 diatoms (20 centric and 12 pennate) and 20 dinoflagellate species) 

from 38 genera, NF 50 species (27 diatom (18 centric and 9 pennate) and 23 dinoflagellate 

species) from 34 genera, and WF 49 species (31 diatom (19 centric and 12 pennate) and 

18 dinoflagellate species) from 36 genera. Diatoms in the frontal waters, contributing 90–

98% of the total abundance, dominated the entire phytoplankton community, whereas 

dinoflagellates contributed only 2–10%. The non-frontal waters were also diatom-

dominated, contributing 81% of the total abundance, and dinoflagellates contributed the 

remaining 19%. 

The shape-based morphometric analysis from the frontal and non-frontal regions of 

NEAS-C reveals that simple shapes dominated the WF (56%) and NF (69%), whereas 

combined shapes dominated the EF (57%) and MF (55%). The dominant shapes in all the 

frontal regions (except NF) were Cyl2Hs (43-56%), followed by PoP (11-15%), ElliP 

(11-12%), and Cyl (11-15%). The dominant shape in the NF region was Cyl (23%) 

followed by Cyl2Hs (22%), PoP (17%), and ElliP (15%). The maximum shape diversity 

in all the frontal (11-14 species) and non-frontal (13 species) regions was observed in the 

Cyl shape. However, the univariate measurement reveals that the shape richness, 

evenness, and diversity were higher in the non-frontal regions than in the frontal regions, 

except for the abundance (N), which was higher in the frontal region (Figure 4.13f–j). 

The dominant shapes such as Cyl2Hs (centric diatom Skeletonema sp.), PoP 

(Pseudonitzschia spp.), ElliP (Chaetoceros spp. and Navicula spp), and Cyl 

(Thalassiosira spp. and Leptrocylindrus spp.) in the frontal region are represented by 

diatoms. In the non-frontal region, Cyl was the dominant shape and is majorly represented 

by Leptocylindrus spp. and Thalassiosira spp. Taxonomically, the centric diatom 

community was dominated by Skeletonema sp. and Leptocylindrus spp., whereas the 

pennate community was dominated by Pseudonitzschia spp. and Navicula spp. The 

dinoflagellate communities in both frontal and non-frontal waters were dominated by 

Protoperidinium spp. The cluster analysis for both taxonomy and shape show two distinct 

clusters in which all the frontal stations (MF, EF, and WF) showed significant taxonomic 

similarity and formed one single cluster and NF as another cluster (Figure 4.14); however, 

the number of shapes was insignificant between the frontal and non-frontal regions. 

ANOVA also revealed significant (p = 0.0001) taxonomic differences between MF and 
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NF regions but significant shape dissimilarity between frontal and non-frontal regions 

was not found (p > 0.05). 

 

 

 

 

 

 

 

4.2.1.3b. Taxonomic and shape diversity of the south-eastern Arabian Sea (SEAS) 

In SEAS-O, 74 phytoplankton species belonging to 35 genera were recorded from two 

transects (T1 and T2). Of the 74 species, 30 and 44 species were represented by diatoms 

(21 centric and 9 pennate species) and dinoflagellates, respectively; despite the high 

number of dinoflagellate species, the phytoplankton community was dominated by 

diatoms (77%). Unlike NEAS-O, the percentage contribution revealed the maximum 

contribution by pennate diatoms (48%) followed by centric diatoms (29%) and 

dinoflagellates (23%). Cerataulina sp. and Chaetoceros spp. dominated the centric 

diatom community, whereas Pseudonitzschia spp. and Thalassiothrix sp. dominated the 

pennate diatom community. Gyrodinium sp., Protoperidinium spp., and Scrippsiella sp 

dominated the dinoflagellate community. Between the transects, transect 1 (T1) 

comprising 19 stations showed a slightly higher abundance than transect 2 (T2) 

comprising 12 stations. 68 species belonging to 35 genera and 42 species belonging to 28 

genera were recorded from T1 and T2, respectively. Of the 68 species in T1, 28 and 40 

species were represented by diatoms (19 centric and 9 pennate species) and dinoflagellate, 
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Figure 4.14. Shape-wise cluster plot of micro-phytoplankton community of frontal 

and non-frontal coastal NEAS. WF: West front, EF: East front, MF: Main front and 

NF: Non-front. 
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respectively. Meanwhile, in T2, they were represented by an equal number of species, 

i.e., 21 diatom species (13 centric and 8 pennate species) and dinoflagellates. In both 

transects, diatoms (76% in T1 and 84% in T2) dominated the community, followed by 

dinoflagellates (24% in T1 and 16% in T2). Among the diatoms, the pennate contribution 

was higher than centric diatoms. Also, the community in both transects is represented by 

the same dominant species. For instance, in T1, the centric diatom community was 

dominated by Cerataulina sp., Chaetoceros spp., and Thalassiosira sp., whereas 

Pseudonitzschia spp. and Navicula sp. dominated among pennate diatoms. The 

dinoflagellate community was dominated by Protoperidinum sp., Gyrodinium sp., and 

Scrippsiella sp. In T2, Chaetoceros spp. and Thalassiosira sp. were the dominant centric 

diatoms, whereas Pseudonitzschia sp. and Thalasiothrix sp. dominated the pennate 

diatom community. Gyrodinium spp. and Protoperidinium spp. dominated the 

dinoflagellate community. Univariate measures revealed that T1 showed higher species 

number, abundance, richness, diversity, and evenness than T2 (Figure 4.15a–e). All the 

recorded 74 phytoplankton species categorized into 12 morphometric shapes (9 simple 

and 3 combined) were recorded in the SEAS-O. Simple shapes showed maximum 

contribution (93–97%) compared to the combined shapes (3–7%). Considering the T1 

and T2 transect, Cyl (23%) followed by PoP (19%), ElliP (18%), Elli, and B (14% each) 

dominated the phytoplankton community. T1 and T2 recorded similar shapes, but Cyl 

(29%) dominated the former and PoP (32%) in the latter. ElliP2CCyl and Cyl showed 

maximum diversity, representing 16 species each in T1, and Cyl (9 species) and Elli (7 

species) in T2 showed the maximum diversity. The most dominant shape (Cyl) in T1 was 

represented by centric diatoms Cerataulina spp. and Thalassiosira spp., and the dominant 

shape PoP in T2 was represented by pennate diatom Pseudonitzschia spp. The diversity 

analysis of T1 and T2 revealed that shape abundance, evenness, and diversity were higher 

in T1 except for richness (d) which was higher in T2 (Figure 4.15f–j). Similar to NEAS-

O, the linear regression analysis of dominant phytoplankton shapes (abundance ≥ 60%) 

revealed a significant negative correlation between GALD and S:V (p < 0.05) (Figure 

4.11) with the highest determination of coefficient (R2) was recorded for PoP followed 

by Cyl. The dominant shapes (Cyl, ElliP, and PoP) of SEAS-O adopted low S:V with a 

high GALD strategy. The results point out that all the dominant shapes in SEAS-O are 

attenuated (Cyl, ElliP, and PoP) and have adapted the strategy to conserve the optimal 

S:V, which changes very minimally as the GALD increases (Figure 4.11). 
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Figure 4.15. Univariate measures of phytoplankton (both taxonomy and shape-wise) from 

transects T1 and T2 of SEAS (open ocean).  Station data are pooled and presented here. 
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 Additionally, T1 in SEAS-O encompasses 19 stations in both frontal (F) and non-

frontal (NF) regions, and the results are presented accordingly. Of the 19 stations, 10 

stations were frontal (F) and 9 stations were non-frontal (NF). Furthermore, the NF region 

was again divided into two zones, NF-west (NFW) and NF-east (NFE). The diversity 

analysis shows that the species count, richness, evenness, and diversity are higher in the 

frontal region than in the NF regions, except for the abundance, which is higher in the 

NFE (Figure 4.16a–e). A total of 45 species belonging to 24 genera and 38 belonging to 

27 (in NFW) and 26 (in NFE) genera were recorded in F and NF, respectively. Of the 45, 

18 and 27 species correspond to diatoms (13 centric and 5 pennate species) and 

dinoflagellates, respectively, in F, whereas in NF, 20 diatoms (12 centric and 8 pennate 

species) plus 18 dinoflagellates and 16 diatoms (10 centric and 6 pennate species) plus 

22 dinoflagellates were recorded from NFW and NFE, respectively. In all the regions, 

diatoms dominated the phytoplankton community, i.e., 70%, 79%, and 77% in frontal, 

NFW, and NFE, respectively. In the frontal region, pennate diatom (Pseudonitzschia spp.) 

dominated, whereas centric diatoms (Chaetoceros spp. and Cerataulina sp.) dominated 

the NF (NFE and NFW) regions. Gyrodinium sp. and Protoperidinium spp. dominated 

the dinoflagellate community in both frontal and NF regions. The cluster analysis shows 

that frontal and NFE are significantly similar and form a single cluster in the dendrogram 

(Figure 4.17). Between non-frontal (both NFW and NFE) and frontal, 11 and 10 

morphometric shapes were recorded in the former and later, respectively. Simple-shaped 

phytoplankton dominated (92–95%) both the frontal and non-frontal regions, whereas 

combined shape contributed only 5–8%. Among the simple shapes, Cyl-shaped 

phytoplankton dominated (28–41%) the non-frontal regions, whereas frontal regions were 

co-dominated by Elli (26%) and Cyl (21%) shape (Figure 4.18). Interestingly, the species 

structure was different although Cyl-shape was most dominant in both the frontal and 

non-frontal regions. In NFW, Cyl-shape was represented by P. alata and Cerataulina spp. 

and NFE was dominated only by Cerataulina spp. The Elli shape was mostly represented 

by dinoflagellates (Gyrodinium spp. and Scrippsiella spp.) in the frontal regions. 

Maximum diversity among shapes in the frontal regions was observed with Cyl, Elli, and 

ElliP2CCyl, which were represented by 11 species each, whereas maximum species 

diversity among the non-frontal regions was observed with Cyl (7–10 species) and Elli 

(7–9 species) shapes. The diversity analysis reveals that NFE and NFW have a similar 

number of shapes, and richness is relatively higher than in the frontal regions (Figure 

4.16f & d). NFE showed the maximum abundance, followed by front and NFW. The 
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cluster analysis showed that the non-frontal regions are similar to each other but dissimilar 

to the frontal regions, but ANOVA does not show any significant dissimilarity (p > 0.05) 

(Figure 4.17). 
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Figure 4.16. Univariate measures of phytoplankton (both taxonomy and shape-wise) 

from frontal and non-frontal in the oceanic region of SEAS. NFW: Non-front West; 

F: Frontal region and NFE: Non-front East.  Station data from the frontal and non-

frontal regions are pooled and presented here. 
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4.2.1.3c. Taxonomic and shape diversity comparison between NEAS-O and SEAS-O 

The chain-forming centric diatoms (e.g., P. alata and R. styliformis; 62%) dominated the 

NEAS-O, whereas pennate diatoms (Pseudonitzschia spp.; 48%) dominated in the SEAS-

O. The percentage contributions of diatom and dinoflagellates differed in the NEAS-O 

and SEAS-O, where dinoflagellates contributed less (2%) in the former than the latter 

(23%). The dinoflagellate community was dominated by a single genus (Protoperidinium 

spp.) in NEAS-O, whereas Gyrodinium spp., Protoperidinium spp., and Scrippsiella spp. 

co-dominated the community in the SEAS-O. The abundance, species richness, evenness, 

and diversity were higher in the NEAS-O than in SEAS-O (Figure 4.10a-e). The cluster 

analysis based on Bray–Curtis similarity shows that the NEAS-O and SEAS-O are 

significantly dissimilar (Figure 4.19). The shape richness was higher in NEAS-O (19 

shapes) than in SEAS-O (12 shapes) (Figure 4.10f-j). The most dominant shape was Cyl, 

comprising 27 phytoplankton species (22 centric diatoms and 5 dinoflagellate species) 

and PoP, comprising 3 pennate diatom species in NEASO and SEAS-O, respectively 

(Figure 4.20). The most species diverse shape Elli2CCyl comprised 36 and 16 

dinoflagellate species in NEAS-O and SEAS-O, respectively. The univariate analysis 

revealed that the number of shapes, abundance, and shape richness was higher in NEAS-

O than in SEAS-O, but shape evenness and diversity showed an opposite trend (Figure 

4.10f-j). 
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Figure 4.17. Taxonomy wise Cluster plot of open ocean frontal and non-frontal region 

micro-phytoplankton community of SEAS. NFW: Non-front West, F: Frontal region 

and NFE: Non-front East. 
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NEAS-C SEAS-O 

Figure 4.18. Distribution of dominant phytoplankton shape in the frontal and non-

frontal water column of NEAS and SEAS. NEAS-C: Coastal North-eastern Arabian 

Sea; SEAS-O: Open Ocean South-eastern Arabian Sea; NF: Non-front; MF: Main 

front; WF: West front; EF: East front; NEF: Non-front East and NFW: Non-front West. 
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Figure 4.19. Taxonomy-wise cluster plot of micro-phytoplankton community of 

NEAS and SEAS. NEAS-O: North-eastern Arabian Sea open ocean, NEAS-C: 

North-eastern Arabian Sea coastal region, and SEAS-O: South-eastern Arabian 

Sea open ocean. 
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4.2.1.4. Discussion 

This study recorded 164 species and represents most (accounting for up to 71%) of the 

geometric shapes (22 out of 31 described shapes of Sun and Liu (2003)) described for 

phytoplankton in literature (Table 4.4). The remaining unrecorded 9 shapes are mostly 

represented by the freshwater species or the phytobenthos in the sunlit zone or belong to 

groups (e.g., flagellates, Euglenophyceae, Chlorophyceae) that were not recorded due to 

known technical limitations (e.g., preservatives) through microscopy approach. The latter 

may be significant as the present study deals with species from marine pelagic systems 

but not freshwater or benthic habitats. The phytoplankton marker pigment data for the 
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 5 

      6 

a) NEAS-O b) NEAS-C c) SEAS-O 

Figure 4.20. Distribution of dominant phytoplankton shape in the water column of NEAS 

and SEAS. NEAS-O: North-eastern Arabian Sea open ocean; NEAS-C: North-eastern 

Arabian Sea coastal region and SEAS-O: South-eastern Arabian Sea open ocean. 
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eastern Arabian Sea, including from the presented NEAS-O transect (Sarma et al., 2018) 

and available literature (Bemal et al., 2019; Chandrasekhararao et al., 2018; Roy et al., 

2015), indicated the presence of groups such as non-thecate dinoflagellates (peridinin), 

Chrysophyceae (19′-butanoyloxyfucoxanthin), haptophytes (19′-

hexanoyloxyfucoxanthin), cyanobacteria (zeaxanthin), Prochlorococcus (divinyl 

chlorophyll-a and -b), chlorophytes (chl-b), and prasinophytes (prasinoxanthin). Since 

the present study is based on microscopic analysis, only the dominant groups (>5 μm), 

like diatoms and thecate dinoflagellates, are possible to consider, but not the above-

mentioned groups (except picophytoplankton) due to methodological limitations (Lugols-

Iodine and Formalin; Williams et al., 2016). Also, picophytoplankton are not considered, 

and Trichodesmium preserved well with the fixative but was not found in this study. 

Considering methodological limitations in the microscopic method, the phytoplankton 

shape data are generally underestimated, and even then, they are successfully used and 

tested to understand the phytoplankton dynamics in both freshwater (mostly community-

related) and marine systems (process-related) (e.g., Aubry et al., 2017; Stanca et al., 

2013). Despite methodological limitations, this study also revealed that EAS harbors most 

of the described phytoplankton shapes and species showing dissimilar spatial distribution 

patterns concerning abundance, composition, and diversity. In this study, the variability 

in distribution patterns between bioregions having distinct hydrographic conditions is 

discussed in the subsequent sections. 

4.2.1.4a. Variability between coastal and open ocean ecosystems 

The contrast in the oceanographic conditions is well reflected in both taxa and 

morphology for the NEAS-C and NEAS-O phytoplankton communities. The diatom 

dominance (also reported in previous studies, e.g., by Vijayan et al., 2021 and references 

therein) is represented by different species and morphotypes, but NEAS-O harbored rich 

species and shape diversity compared to the NEAS-C. Such high variability in geometric 

shape is not a coincidence but a morphological adaptation to environmental conditions. 

Similar findings are also reported from the coastal waters of the Salento Peninsula (Italy) 

where the phytoplankton shapes were dependent on environmental conditions and 

strongly varied with the season (Stanca et al., 2013). The winter convective mixing and 

advection induced the availability of high nitrate and phosphate concentration (Bemal et 

al., 2018; Sarma et al., 2018) favored high species and shape variability in the NEAS. 

Furthermore, the Rhizosolenoid diatom devoid of nitrogen-fixing endosymbionts 

(Richelia) also signifies nitrate availability (Padmakumar et al., 2010a, b). Among the 
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recorded phytoplankton morphotypes, species with Cyl and Cyl2Hs dominated the 

NEAS-O and co-dominated the NEAS-C, where the chain-forming (Skeletonema sp. and 

Leptocylindrus spp.) and nonchain forming (Rhizosolenoid) centric diatoms dominated 

in NEAS-C and NEAS-O, respectively, showing spatial variations. In NEAS-C, the 

Cyl2Hs-shape (solely represented by Skeletonema) contributed more than half (53%) of 

the shape diversity. However, its distribution was restricted only to the upper water 

column (<40 m) (Figure 4.20), suggesting that Cyl2Hs-shape is the best fit only in the 

shallow waters or might have had a very strong mechanism to remain afloat in the sunlit 

zone to exploit the available resources (Durante et al., 2019; Smayda & Boleyn, 1966).  

For instance, in Skeletonema, a high S:V (0.8; Smayda & Boleyn, 1966) and large colony 

formation are the key features to reducing the sinking rate. The sinking rate is generally 

lower in elongated shapes (like Cyl, Cyl2Hs) than in spherical shapes (Durante et al., 

2019). Whereas in the open ocean, the presence of apical process in Cyl-shape, i.e., 

Rhizosolenia sp. (as shown in Rhizosolenia setiger by Smayda & Boleyn, 1966) might 

have helped reduce the sinking rate. Another experimental study demonstrates that the 

spine reduces the sinking rate (Padisak et al., 2003). The dominant (48%) Cyl-shaped 

diatom in NEAS-O was found to be evenly distributed throughout the water column 

(Figure 4.20), making it a successful and best-adapted shape among all the 19 shapes 

reported. The success of Cyl-shaped phytoplankton can also be inferred by its 

morphometric traits and adaptive strategies like conserving optimum S:V and high S:V 

with low GALD, respectively. The regression analysis revealed that the Cyl-shape 

showed a negative correlation between GALD and S:V with a very low slope (b = 0.131) 

value. This means a decrease in S:V of 0.131 μm-1 for each μm increase in GALD, 

pointing out that the dominant shape in the NEAS-O ecosystem was attenuated and has 

adapted the strategy to conserve the optimal S:V, which changes very minimally as the 

GALD increases. 

4.2.1.4b. Variability in contrasting oceanographic settings 

Our study finds that both the taxonomic and shape diversity of phytoplankton were higher 

in the productive non-oligotrophic NEAS-O compared to the nonproductive oligotrophic 

SEAS-O. Cyl-shaped centric diatoms dominated and co-dominated in NEAS-O and 

SEAS-O, respectively. However, the species representing Cyl-shape are different but 

were mostly dominated by centric diatoms. In NEAS-O, Rhizosolenoid (like P. alata and 

R. styliformis) diatoms dominated, whereas in SEAS-O Cerataulina sp., P. alata, and 

Thalassiosira sp. co-dominated with elliptic prism-shaped (Chaetoceros spp.) diatoms. 
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Cerataulina spp. representing the Cyl-shape is well known for its bloom formation in 

nutrient-depleted turbulent waters (Ault et al., 2000; Lauria et al., 1999). Such spatial 

variability in morphotype dominance can be attributable to the prevalence of different 

hydrographic conditions in NEAS-O (biochemical changes driven by winter convective 

mixing) and SEAS-O (oligotrophic conditions). The oligotrophic conditions in the SEAS-

O have resulted in the low abundance and chain-forming small pennate diatoms, which 

are known to have advantages over large phytoplankton cells under nutrient-limited 

conditions making them dominant (Finkel, 2007; Grover, 1989). The oligotrophic 

condition of SEAS-O is also revealed by the increased percentage contribution of 

dinoflagellate species (23%) known to be better adapted in nutrient-limited conditions 

and use their flagella in exploiting a stratified water column. Among the 12 shapes, simple 

and attenuated shapes like Cyl (23%), PoP (19%), and ElliP (18%) dominated the 

phytoplankton communities. The less shape diversity reflects the prevailing 

environmental conditions (oligotrophic waters), which could not afford to support the 

variety of other shapes, and only the best-adapted shapes flourished. However, it is 

interesting to note that even if the NEAS-O and SEAS-O showed very different 

hydrographical conditions and diversity, the shape dominance remained the same: simple 

attenuated shapes like Cyl or ElliP dominated across this vast gradient. All the dominant 

shapes have adopted the strategy of conserving their optimum S:V by showing negative 

correlation and minimal variations as the linear dimension changes (Figure 4.11). 

Moreover, the adaptive strategies opted by the dominant shapes (Cyl, ElliP, and PoP) in 

NEAS-O and SEAS-O varied. In the NEAS-O, the dominant shapes (Cyl, ElliP, and PoP) 

opted for high S:V with low GALD, but the dominant shapes in SEAS-O opted for the 

opposite. Such consistency in morphological traits composition compared to species 

composition is also reported in various studies (Naselli-Flores & Barone, 2007; Weithoff 

& Gaedke, 2017; Salmaso & Padisak, 2007), pointing out the importance of trait-based 

studies. Therefore, it can be said that the phytoplankton cell geometry or shape in the 

eastern Arabian Sea (NEAS-O and SEAS-O) showed a high level of redundancy. 

Redundancy, in this case, means that even if the taxonomic diversity was high, only a 

small number of shapes dominated. The trait-based studies allow the quantitative 

assessment of community or ecosystem resistance or resilience to changes through 

functional redundancy (Lavorel & Garnier, 2002; McGill et al., 2006), which in turn can 

increase the predictability of future ecosystem function projections than the species-

centered taxonomic approaches (Levine, 2016; Martini et al., 2021). Furthermore, the 
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eastern Arabian Sea (NEAS-O and SEAS-O) is well known for the occurrence of large-

scale phytoplankton blooms (D’Silva et al., 2012), and the species causing blooms are 

generally characterized by simple shapes. For example, spherical-shape Noctiluca bloom 

(Gomes et al., 2008; Sarma et al., 2019) and Cyl-shape Trichodesmium (Padmakumar et 

al., 2010b; Prabhu et al., 1965; Ramanamurthy et al., 1972). Therefore, it can be assumed 

that because of such bloom events, the shape diversity could be heavily influenced and 

skewed towards the bloom-forming dominant shape in the study area (NEAS-O and 

SEAS-O). Even considering such events, the eastern AS (NEAS-O and SEAS-O) is 

dominated by simple shape phytoplankton, particularly the Cyl-shape, suggesting it is the 

most adapted shape irrespective of the oceanographic regions and hydrographic 

conditions. The Cyl-shape has a wide morphological variability associated with wide 

taxonomic variability and is also considered a more attenuated shape capable of 

conserving the optimum S:V ratio very efficiently, therefore making it the best fit with 

the prevailing environmental conditions (Aubry et al., 2017). 

4.2.1.4c. Variability in frontal and non-frontal regions 

The mesoscale features (fronts or filaments), which are used to generate potential fisheries 

zone (PFZ) advisories, are considered hotspots for phytoplankton bloom (Franks, 1992; 

Hesse et al., 1989) and its formation both in coastal (Sarma et al., 2018; Vipin et al., 2015) 

and open ocean (Amol, 2018; Roy et al., 2015) regions of EAS is well documented. The 

phytoplankton community studies on frontal regions of the EAS are mostly based on 

marker pigments (Bemal et al., 2019; Kurian et al., 2020; Roy et al., 2015). However, 

detailed taxa and morphometry-based studies of the phytoplankton community variability 

in coastal and open ocean frontal regions are lacking, and an attempt has been made to 

delineate frontal influence on phytoplankton shape dominance in EAS. 

 The phytoplankton shapes in EAS showed significant morphometric variability 

between NEAS-C and SEAS-O frontal regions. The frontal regions in NEAS-C were 

dominated by Cyl2Hs (43–56% and are solely represented by Skeletonema), and its 

dominance can be explained by the background condition or preexisting phytoplankton 

community theory (Sarma et al., 2018). This suggests that Cyl2Hs-shaped phytoplankton 

was best adapted to exploit the frontal hydrographic conditions. The morphometric 

adaptations like high S:V (0.8) associated with low GALD in Cyl2Hs might have a major 

role. The dominance of chain-forming diatoms in the coastal frontal regions is also 

reported in the South China Sea (Liu et al., 2021) and EAS (Sarma et al., 2018). However, 

the non-frontal (NF) regions were equally dominated by Cyl (Leptocylindrus being the 
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dominant one), Cyl2Hs (23–22%, PoP (17%), and ElliP (15%) shapes. This suggests that 

the NF regions have a higher competition among the species for the limited resources 

where all the major shapes flourished similarly to their potential, whereas the Cyl2H 

shape competes with others in frontal conditions. However, it should be noted that the 

phytoplankton response to the frontal conditions is subjected to the prevailing background 

conditions and community (Kurian et al., 2020; Sarma et al., 2018). The background 

phytoplankton community is dominated by chain-forming centric diatoms but the 

percentage contribution and abundance were relatively less. Also, the species 

composition (particularly diatoms) was slightly different in the non-front regions 

compared to the frontal regions. Such morphological shift towards a more attenuated 

shape (like long chain-forming Skeletonema) is a type of adaptation that shows minimal 

variations in the S:V ratio to maximize chloroplast exposition to light, i.e., opting for the 

most elongated shape by maintaining the shortest diameter (Naselli-Flores & Barone, 

2011). 

 In contrast to NEAS-C fronts, the shape dominance in the oligotrophic SEAS-O 

front is different despite both T1 and T2 transects showing the least shape diversity (only 

12 shapes) with the former transect cutting across the frontal waters but not in the latter, 

i.e., T2 transect without fronts (Bemal et al., 2019). SEAS is seldom enriched by Rossby 

wave-associated fronts, bringing in changes in hydrographic conditions, but is less 

favorable to phytoplankton growth than the NEAS (Table 4.3). Nevertheless, this study 

points out the influence of Rossby fronts on phytoplankton shape dominance and 

biological productivity per se. The frontal stations in SEASO showed a slight increase in 

abundance and diversity compared to non-frontal stations on the western side (NFW) but 

not those on the eastern side (NFE). The availability of relatively higher inorganic 

nitrogen in frontal (2.06 μM) and NFE (1.54 μM) than NFW (1.02 μM) could be the 

reason for the differences in phytoplankton abundance. In NFE, the increased abundance 

can also be due to the reminiscence of frontal signature (Amol, 2018; Bemal et al., 2019; 

Vipin et al., 2015) along the path as the sampled front was associated with a strong current 

that was drifting at 40–50 cm s-1 westward (Bemal et al., 2019). The Rossby waves were 

drifting westward towards the offshore, which means that the NFE should have the 

reminiscence of the Rossby front, and NFW (yet to be influenced by the Rossby front) is 

the true non-frontal region which is also evident from the salinity profile of water mass 

as explained in Bemal et al. (2019) in details. The reminiscence effect of the westward 
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propagating Rossby front is also well reflected in the morphological and species diversity 

of the associated phytoplankton community. 

The dominance of the Cyl (41%) shape in the NFE and also the existence of the 

Elli-shape (7% though in less abundance) set the necessary background for the 

phytoplankton community, which took advantage of the Rossby front and co-dominated 

the frontal region. The frontal regions of SEAS-O were co-dominated by Elli (26%) and 

Cyl (21%) shapes representing dinoflagellate and centric diatoms, respectively. Even 

though dinoflagellates are considered poor competitors for inorganic nutrients (Litchman 

& Klausmeier, 2008), they are generally predominant in low-nutrient waters, as observed 

in this study. For instance, the ability of Gyrodinium spp., Elli-shaped mixotrophic 

dinoflagellate, to rapidly increase almost three times and respond to the abrupt resource 

enrichment associated with the Rossby front proves that Elli-shaped phytoplankton has 

the required adaptive strategies (flagella and mixotrophy) to flourish in the given 

environmental conditions. 

 

4.2.1.5. Conclusion  

This study concludes that the phytoplankton cell shape in the eastern Arabian Sea showed 

a high level of redundancy by choosing only a few dominant shapes associated with high 

taxonomic diversity. The integrated approach (taxonomy and morphology) adopted in the 

present study revealed higher taxonomic and shape diversity in the convective mixing 

influenced non-oligotrophic NEAS-O than adjoining NEAS-C and oligotrophic SEAS-

O. Interestingly, the shape diversity and dominance (Cyl, ElliP, and PoP) remained the 

same between NEASO and SEAS-O, and among the fronts, the combined and simple 

shaped phytoplankton out-competed in NEAS-C and SEAS-O. The assessment of 

morphological properties based on S:V and its relationship with GALD suggested the 

prevalence of different adaptive strategies to cope with respective hydrographic 

conditions in the open ocean (NEAS-O and SEAS-O) and coastal (NEAS-C) by 

conserving S:V despite the increase in GALD in the former and no change in the latter. 
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4.2.2. The sea surface and sub-surface chlorophyll maximum layers in different 

bioregions 

 

4.2.2.1. Introduction 

Phytoplankton, which contributes to almost half of the global primary production 

(Smayda, 1970), are adapted to live in suspension in turbulent water masses and 

fluctuating light and nutrient regimes in various water bodies (Reynolds, 2006). Even 

though many indispensable resources can limit phytoplankton growth, nutrient 

availability (N, P, and Si) and light are the main drivers (Tilman et al., 1982). Other 

factors like grazing and parasitic infections (Kagami et al., 2007) are important loss 

processes. Various morphological and physiological specializations developed in 

phytoplankton species have helped them adapt to their environment (Reynolds, 2007). 

The phytoplankton size and shape expressed by greatest axial linear dimension (GALD) 

and surface-to-volume ratio (S:V) reflect their ability to obtain nutrients, light, resist 

sinking, and reduce grazing pressure (Lewis, 1976; Naselli-Flores et al., 2007). Therefore, 

morphological traits are directly related to phytoplankton’s life strategies (Irwin et al., 

2006) and are readily used to describe and identify functional groups and trait-based 

studies (Reynolds et al., 2002; Padisak et al., 2009). In recent decades, application of 

morphometric traits to explain and understand phytoplankton community distribution is 

well-explored in freshwater (Margalef, 1978; Reynolds, 1988; Weithoff, 2003; Salmaso 

& Padisak, 2007; Litchman & Klausmeier, 2008; Kruk et al., 2010; Naselli-Flores & 

Barone, 2011), estuarine (O’Farrell et al., 2007; Kruk et al., 2015) and marine (Stanca et 

al., 2013; Barton et al., 2013; Litchman et al., 2007, 2015; Finkel et al.,2010; Paul et al., 

2021, 2023) ecosystems. In trait-based studies, taxonomically distinct species are grouped 

based on their similar adaptive traits (Simberloff & Dayan, 1991). Morphological traits 

(i.e., cell shape and size) affect various aspects of phytoplankton survival like grazing by 

zooplankton (Sunda & Hardison, 2010; Pancic & Kiorboe, 2018; Petrucciani et al., 2022), 

diffusion and sinking (Padisak et al., 2003; Durante et al., 2019), growth rates (Wirtz, 

2011), nutrient uptake (Grover, 1989; Karp-Boss & Boss, 2016) and light harvesting 

(Naselli-Flores & Barone, 2007, 2011). The key phytoplankton traits (cell size and shape) 

are controlled by environmental conditions (like nutrients, light, temperature, species 

interactions, and grazers), making shape and size crucial determinants of fitness (Naselli-

Flores et al., 2007; Zohary et al., 2010; Stanca et al., 2013; Leonilde et al., 2017). The 

effect of nutrients and grazing on phytoplankton morphological attributes (like shape, 
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size, S:V, and GALD) are investigated in various reservoirs (Naselli-Flores & Barone., 

2007; Xiao et al., 2011; Butts et al., 2022). There are few studies on shape variability 

from marine systems (Paul et al., 2021; Paul et al., 2023), but specific studies on 

morphological attributes considering SCML from a vast marine pelagic system, 

particularly Indian Ocean (IO) are scarce. 

The IO's unique geographical, physical, and meteorological features distinguish it 

from the world’s two major oceans i.e., Pacific and Atlantic. The tropical IO encompasses 

the northern IO (Arabian Sea and Bay of Bengal on the west and east, respectively), 

equatorial IO from 4oN-4oS, and southern tropical IO up to 30oS. Among them, northern 

IO is surrounded by Asian land masses and is profoundly influenced by seasonal 

monsoonal forcing, weak equatorial upwelling, and significant freshwater influx from 

major rivers (Schott & McCreary, 2001). The IO is the smallest oceanic basin and plays 

important roles in the global ocean i.e., the transport of heat, salt, carbon, and about 15-

20% of global primary production (Behrenfield & Falkowski, 1997; Regaudie-de-Gioux 

et al., 2014). The existence of an upper low-chlorophyll, a nutrient-depleted mixed layer 

where productivity is limited (Dugdale & Goering, 1967), followed by a light-limited, 

nutricline-associated with elevated chlorophyll known as subsurface chlorophyll 

maximum layer (SCML) is common in stratified waters (Herbland & Voituriez, 1979; 

Cullen, 1982). According to Cullen (2015), SCMLs are the local chl-maxima, formed in 

layers and maintained by ecological interactions like autecological processes (growth, 

photosynthetic acclimation, and sinking or swimming of phytoplankton) and grazing 

control that modulates phytoplankton concentrations over days to weeks. The primary 

production at sea surface can also be limited due to photoinhibition (Kirk, 1994). 

Consequently, phytoplankton accumulation occurs at distinct water depths, which do not 

necessarily correspond to the maximum in either irradiance or nutrient concentration 

(Cullen, 1982), forming SCML. SCML is a ubiquitous ocean feature in tropical (Shah et 

al., 2020), subtropical (Mignot et al., 2014), and polar regions (McLaughlin & Carmack, 

2010; Baldry et al., 2020). However, SCML depth varies globally, forming at depths >80 

m in the subtropical and tropical (30oS to 30oN), 40-80 m in tropics, Southern Ocean 

(south of 40oS), and <40 m in the northern subarctic (north of 40oN) (Yasunaka et al., 

2022). The existence of such biological feature and its significant contribution to the 

column primary production is already reported in the IO (Garg et al., 2024; Shah et al., 

2020; Jayaram et al., 2021; Sarma & Aswanikumar, 1991; Shulenberger & Reid, 1981; 

Goldman et al., 2003; Revelante & Gilmartin, 1995; Hanson et al., 2007). The SCML is 
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greatly influenced by the prevailing physical processes, mixing, stratification, and the 

phytoplankton groups (Shah et al., 2020; Fu et al., 2018). Though most of these studies 

have focused on the formation and maintenance of SCML, either satellite-based (Shah et 

al., 2020) or argo-float-based (Jayaram et al., 2021) data, the community-based studies 

are lacking (Sarma et al., 2021). A recent study based on the HPLC-based phytoplankton 

pigment data from the northern IO reported that micro-phytoplankton are the major 

contributors to increasing Chlmax (Gerg et al., 2024). However, an integrated taxonomic 

and morphological trait-based (shape, size, S:V and GALD) study of micro-

phytoplankton community from sea surface and SCML within different geographic 

regions of the IO and at various SCML depths (20-140 m) is not available. Therefore, the 

present study focuses on the applicability of oceanic micro-phytoplankton morphological 

traits to infer if forms can be related to ecological functions/changes, how traits vary in 

different sub-chlorophyll maximum layer depths, and their usefulness as tracers in 

changing oceanic ecosystems. As oceans are vulnerable to climate change, phytoplankton 

adaptive capabilities from ecological and global change perspectives are becoming vital. 

 

4.2.2.2. Methodology 

The details of the sampling site, sample collection, and analysis are presented in Chapter 

2, sub-section 2.2.1.  

Data analysis 

Univariate measures such as species count, Shannon–Wiener’s diversity, species 

richness, and evenness were performed on log-transformed data for both taxa and PGS. 

The clustering of different regions and between SCML depths was performed with 

SIMPROF (Similarity Profile Analysis; significance level at 0.05) through the Bray–

Curtis similarity and group average method. The data were grouped at a 50% level to 

ascertain significant similarities or dissimilarities concerning PGS and taxa. Univariate 

and clustering analyses were performed using the statistical software PRIMER 6. The 

two-way analysis of variance (ANOVA) was performed using Statistica software (release 

8) on log-transformed data to evaluate the variations between regions and SCML depths. 

The relationship between S:V and GALD was determined using power law regression on 

log-transformed data. The functional relationship between two measured quantities, 

where a relative change in one quantity results in a relatively proportional change in other, 

is often expressed as a power law equation (allometric equation) representing scale 

symmetry: 
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y=kxb  or  logy = b log x + log k 

Where b is the scaling exponent of the law. 

Here GALD was taken as a function (i.e., y), S:V is variable (i.e., x), b is the order of 

scaling (i.e., the exponent), and k is a constant. So, if b= -0.15, a 100% change (i.e., 

doubling) in GALD is associated with a 15% decrease in S:V. The multivariate 

relationship of environmental variables with PGSs, S:V and GALD) corresponding to sea 

surface and SCML depths were evaluated by performing Redundancy Analysis (RDA) 

using CANOCO v4.5 software (Ter Braak & Smilauer, 2002). To identify best ordination 

model, detrended correspondence analysis (DCA) was conducted, and based on the 

lengths of environmental gradient (< 2 standard deviations), a linear response model (i.e., 

RDA) was selected. Based on the direct gradient technique of RDA and using forward 

selection (and a Monte Carlo permutation test, n=499), significant environmental 

variables that explained most variances were determined. The arrow length 

(environmental variables, PGSs, S:V, and GALD) and orientation determine their relative 

importance and approximate correlations to the axes (Leps & Smilauer, 2003).  

Data presentation 

The stations were grouped into six regions based on geographical locations (Table 4.5). 

AS stations are grouped in two transects, i.e., AST1 (stations in East-West direction) and 

AST2 (OMZ), stations from BoB and the Andaman Sea are grouped as BoB, stations 

2oN-7oN are grouped as NEIO, 1oS-10oS as SEIO and 10oS-30oS as STIO. Furthermore, 

all stations are categorized as shallow (20-50m), intermediate (50-100m), and deep 

(>100m) SCMLs to study the variations at different depths of occurrences (Table 4.6). 
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Station 

No. 

Latitude Longitude Mixed 

layer 

depth 

(MLD) 

Nitracline 

depth 

Regions 

1 9oN 75o5E 35 60  

 

 

 

Arabian Sea 

transect 1 (AST1) 

Oligotrophic 

transect 

2 9oN 74o0E 9 70 

3 9oN 72o5E 28 100 

4 9oN 69o5E 44 95 

5 9oN 68oE 32 40 

6 9oN 66o5E 67 75 

7 9oN 65oE 43 40 

8 9oN 63o5E 67 60 

9 9oN 62oE 55 40 

10 9oN 60oE 43 20 

11 11oN 62o57E 85 35 
Arabian Sea 

transect 2 (AST2) 

OMZ transect 

12 14o50N 65o57E 72 105 

13 16o75N 69oE 91 20 

14 17o38N 67o95E 39 20 

15 17oN 89o85E  13 20  

Bay of Bengal 

(BoB) 

16 20o22N 88o04E 22 65 

17 10o40N 92o64E 31 100 

18 7o99N 92o38E 22 50 

19 7oN 75o58E 34 20 North Equatorial 

Indian Ocean 

(NEIO) 

20 5o19N 92o81E 35 62 

21 2o91N 92o15E - 95 

22 1o98S 90o47E 78 85  

 

South Equatorial 

Indian Ocean 

(SEIO) 

23 2o03S 75o56E 71 50 

24 4oS 90o46E 31 55 

25 7o32S 75o98E 17 100 

26 7o76S 90o02E 45 150 

27 9o99S 89o63E 61 150 

Table 4.5. Station details with regions, geographic positions, mixed layer 

depth, and nitracline depth. 
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28 16o05S 88o29E 48 150  

 

 

 

 

South Tropical 

Indian Ocean 

(STIO) 

29 20o99S 85oE 60 150 

30 25o50S 82o53E 66 150 

31 30oS 80oE 56 80 

32 30oS 75oE 48 150 

33 30oS 69o99E 59 75 

34 18o27S 61o25E 46 80 

35 16o36S 67o27E 50 75 

36 12o93S 74o67E 66 80 

37 13o55S 75o55E 60 92 

38 16o05S 88o29E 60 - 
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Regions of the IO Cruise Stations Depth of SCML [m] 

AST2_1 SSD069 15 35 

20-50m 

AST2_2 SSD069 16 26 

AST2_3 SSD069 17 20 

AST2_4 SSD069 18 28 

BoB_1 SSD079 1 43 

AST1_1 SSD069 3 60 

50-100m 

AST1_2 SSD069 4 58 

AST1_3 SSD069 5 56 

AST1_4 SSD069 7 95 

AST1_5 SSD069 8 92.5 

AST1_6 SSD069 9 75 

AST1_7 SSD069 10 72 

AST1_8 SSD069 11 75 

AST1_9 SSD069 12 80 

AST1_10 SSD069 14 72 

BoB_2 SSD079 2 65 

BoB_3 SSD079 3 75 

BoB_4 SSD079 4 50 

NEIO_1 SSD079 5 50 

NEIO_2 SSD079 6 70 

NEIO_3 SSD079 24 58 

SEIO_1 SSD079 7 95 

SEIO_2 SSD079 8 85 

SEIO_3 SSD079 9 50 

SEIO_4 SSD079 10 55 

SEIO_5 SSD079 22 60 

SEIO_6 SSD079 23 92 

STIO_1 SSD079 11 100 

Table 4.6. Stations are grouped according to varying depths of 

SCML. 
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STIO_7 SSD079 17 65 

STIO_9 SSD079 19 75 

STIO_10 SSD079 20 75 

STIO_11 SSD079 21 80 

STIO_2 SSD079 12 115 

>100m 

STIO_3 SSD079 13 140 

STIO_4 SSD079 14 115 

STIO_5 SSD079 15 125 

STIO_6 SSD079 16 120 

STIO_8 SSD079 18 120 
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4.2.2.3. Results 

4.2.2.3a. Hydrographic condition of the Indian Ocean 

Overall, the surface water of IO was warmer than that of SCML. The equatorial region 

(NEIO and SEIO) surface water was the warmest, followed by AST1, BoB, AST2, and 

STIO, the coolest. In the SCML, AST1 was the warmest, followed by BoB, NEIO, AST2, 

SEIO, and least in STIO. The salinity of surface and SCML was lowest in BoB, followed 

by equatorial, STIO, and AS (maximum) transects. Maximum surface DO was recorded 

in BoB, followed by NEIO, STIO, SEIO, AST2, and least in AST1, whereas, in SCML, 

STIO showed the maximum DO, followed by AST2, BoB, AST1, NEIO, and SEIO. The 

MLD was shallow in BoB (12±6m), NEIO (31±4m) and deepening in SEIO (36±27m), 

AST1 (42±6m), STIO (53±7m) and AST2 (72±12m). The nitracline depth was shallow 

in AST2 (45±41m), NEIO (58±38m), BoB (59±33m), AST1 (60±26m) and deeper in 

SEIO (98±44m) and STIO (108±36m). 

The median NO3 concentration for surface waters ranged from 0.57-1.4 µM, 

recording maximum in NEIO (1.4±0.15 µM), followed by BoB (1.24±0.62 µM), AST1 

(1.02±0.51 µM), SEIO (0.96±1.7 µM), STIO (0.85±0.19 µM) and least in AST2 

(0.57±0.25 µM) and in SCML from 0.7-5.0 µM recording maximum in NEIO (5.0±0.5 

µM), followed by BoB (2.9±1.8 µM), SEIO (2.4±0.6 µM), AST1 (1.8±2.0 µM), STIO 

(1.2±0.3 µM) and least in AST2 (0.7±0.9 µM). 

The median PO4 concentration for surface waters ranged from 0.5-1.4 µM 

recording maximum in AST1 (1.4±0.15 µM), followed by BoB (1.2±0.42 µM), NEIO 

(0.8±0.36 µM), SEIO (0.7±1.4 µM) and least in STIO and AST2 (0.5±0.2 µM) and in 

SCML from 0.3-2.2 µM recording maximum in NEIO (2.2±0.8 µM), followed by BoB 

(1.4±0.9 µM), SEIO (1.3±0.3 µM), AST1 (1.1±1.1 µM), STIO (0.8±0.2 µM) and least in 

AST2 (0.3±0.5 µM) (see Table 4.7). 

The intermediate SCML was warmest (26.3±0.5oC) than shallow (25.9±0.3oC) and 

deep (18.5±1.05oC) SCML. The deep SCML was more oxygen saturated (4.7±0.16 mgL-

1) than shallow (3.2±0.41 mgL-1) and intermediate (3.3±0.13 mgL-1), which did not show 

much variation. The salinity variation was insignificant among SCML depths. The mean 

concentration of Si, PO4, NO2+NO3, and N:P was maximum in the intermediate, followed 

by shallow and least in deep SCML (see Table 4.8). 

 

 

 



176 
 

 

 

 

 

 

 

 

 

Regions 

of IO 

Temperatu

re (OC) 

Salinity 

(PSU) 

Oxygen 

(mL L-1) 

NO3  

(µM) 

NO2  

(µM) 

PO4 

(µM) 

AST1 

(0m) 

28.7  

(27.8-29.3) 

35.1 

(34.2-35.5) 

3.7 

 (3.6-3.8) 

1.02 

(0.49-5.64) 

0.21 

(0.04-0.42) 

1.45  

(0.84-2.49) 

AST1 

(SCML) 

27.8  

(26.5-28.9) 

35.9  

(35.5-35.9) 

3.2  

(2.5-3.6) 

1.8  

(0.26-18.4) 

0.1  

(0.05-0.45) 

1.1  

(0.55-2.73) 

AST2 

(0m) 

26.1  

(25.0-26.8) 

36.3  

(36.2-36.5) 

3.6  

(3.5-3.7) 

0.57  

(0.41-1.5) 

0.46 

(0.24-0.48) 

0.55 

(0.28-1.23) 

AST2 

(SCML) 

26.0  

(25.0-26.8) 

36.3  

(36.2-36.5) 

3.6 

(3.6-3.7) 

0.7  

(0.65-3.27) 

0.4  

(0.24-0.45) 

0.3  

(0.21-1.83) 

BoB 

(0m) 

28.7. 

(27.4-29.7) 

32.4  

(31.8-32.9) 

4.5  

(4.4-4.7) 

1.17 

(0.7-3.47) 

0.17 

(0.15-0.24) 

0.69 

(0.56-1.66) 

BoB 

(SCML) 

27.1 

(25.6-27.9) 

33.6 

(33.4-34.1) 

3.3  

(1.6-4.0) 

2.9 

(1.2-9.2) 

0.3 

(0.2-0.39) 

1.4 

(0.9-4.6) 

NEIO 

(0m) 

29.8  

(29.8) 

34.8  

(34.7) 

4.4  

(4.36) 

1.41  

(1.19-1.72) 

0.19  

(0.15-0.22) 

0.82 

(0.65-1.79) 

NEIO  

(SCML) 

26.8 

(25.3-28.3) 

34.4 

(34.1-34.7) 

3.1 

(2.6-3.6) 

5.0 

(4.5-6.2) 

0.3 

(0.21-0.36) 

2.2 

(1.8-4.3) 

SEIO 

(0m) 

28.9  

(28.9-30.0) 

34.2 

(34.1-34.9) 

4.3  

(3.4-4.4) 

0.96  

(0.79-

10.88) 

0.17  

(0.13-0.32) 

0.71 

(0.59-9.35) 

SEIO  

(SCML) 

24.2 

(21.0-28.2) 

35.0 

(34.7-35.2) 

3.0 

(1.9-4.0) 

2.4 

(0.9-5.0) 

0.5 

(0.26-0.61) 

1.3 

(0.8-2.6) 

STIO 

(0m) 

26.1 

(22.5-28.0) 

35.0  

(33.9-35.9) 

4.3 

(3.3-4.7) 

0.85  

(0.32-2.69) 

0.17 

(0.13-0.34) 

0.49  

(0.37-2.65) 

STIO  

(SCML) 

20.4 

(14.7-24.5) 

35.3 

(34.8-35.7) 

4.1 

(2.5-5.1) 

1.2 

(0.6-3.9) 

0.3 

(0.11-0.37) 

0.8 

(0.53-2.05) 

Table 4.7. The environmental parameters and nutrient concentration at the sea surface 

and SCML of different regions of the Indian Ocean. The values of environmental 

parameters are mean, and nutrients are median. The range values are given in 

parentheses. 
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4.2.2.3b. Relationship between PGS, morphological traits, and environmental variables  

The RDA results revealed that the dominant PGSs at sea surface were limited by SiO4 

availability and high light (PAR) conditions. Similarly, S:V and GALD were controlled 

by only nutrient limitation, but in SCML, both nutrient and light availability were the 

controlling factors. Interestingly, S:V and GALD of the dominant PGS in shallow and 

intermediate SCML were positively correlated with nutrients and light, whereas in the 

deep SCML, nutrients were positively and the light was negatively correlated. Further, 

the temperature was also one of the controlling parameters in the deep SCML, and it 

negatively correlated with GALD and PGS, which means increasing temperature will 

result in smaller phytoplankton cells. Therefore, the morphometric attributes (S:V and 

GALD) were strongly influenced by the SCML occurrence depth and the prevailing 

environment (Figures 4.21a-c).  

4.2.2.3c. PGS diversity of surface waters 

The PGSs in the surface water were relatively similar (Figure 4.22a). Altogether, 13 PGSs 

(9 simple and 4 complex), corresponding to 108 micro-phytoplankton species were 

recorded. Simple PGSs contributed 81-98% and complex 4-19% in the IO. A few simple 

(Cyl, ElliP, and PoP) and complex (2C and Elli2CCyl) PGSs were common, irrespective 

of the regions. However, the maximum PGS was recorded in AST1 (12 PGS; 8 simple 

and 4 complex) followed by SEIO (11 PGS; 7 simple and 4 complex), BoB (10 PGS; 7 

simple and 3 complex), AST2, NEIO and STIO (9 PGS; 6 simple and 3 complex each). 

Among the PGS, Cyl, and Ellip were dominant compared to other prominent PGS like 

PoP, Elli, 2C, and ElliP4C (Table 4.9). However, species responsible for corresponding 

Depth of 

SCML 

Temperat

ure (OC) 

Salinity 

(PSU) 

Oxygen 

(mL L-1) 
NO2 (µM) 

NO3 

(µM) 
PO4 (µM) Si (µM) N:P 

>50m 25.9±0.29 35.9±0.45 3.2±0.41 0.37±0.08 3.44±1.7 1.74±0.9 5.96±3.4 2.21±0.5 

50-100m 26.2±0.51 35.1±0.18 3.4±0.13 0.29±0.03 3.69±0.8 1.6±0.4 9.88±1.5 2.60±0.8 

<100m 18.5±1.05 35.6±0.06 4.7±0.16 0.22±0.03 0.91±0.1 0.67±0.05 6.19±1.1 1.38±0.1 

Table 4.8. The environmental parameters and nutrient concentration at varying depths of 

SCML of the Indian Ocean. The values of environmental parameters are mean, and for 

nutrients, it is median along with standard error.  
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PGS differed with bioregions (Table 4.9). All these PGSs cumulatively contributed up to 

87% of the total community in all the regions.  
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Figure 4.22. Dendrogram based on PGS of the micro-phytoplankton community of a) 

surface and b) SCML waters among the different regions of the Indian Ocean (IO). 

AST1: Arabian Sea transect 1, AST2: Arabian Sea transect 2, BoB: Bay of Bengal, 

NEIO: North equatorial Indian Ocean, SEIO: South equatorial Indian Ocean, STIO: 

South tropical Indian Ocean. 
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Maximum species diversity was observed in Cyl for AST1 (15 centric diatom 

species), AST2 (8 centric diatom species), BoB (13 centric diatom species), and STIO 

(10 centric diatom species) whereas ElliP (9 diatom species;8 centric and 1 pennate) and 

Elli (6 dinoflagellate species) showed maximum diversity in NEIO and SEIO, 

respectively. The univariate analysis revealed similar PGSs among the regions. PGS 

richness and diversity were highest in BoB, followed by AST1 and NEIO, AST2 and 

STIO, and least in SEIO. The number of PGS was highest in BoB, followed by AST1, 

AST2, NEIO, and STIO, and least in SEIO (Figure 4.23g-i). The S:V and GALD of 

dominant PGS, which cumulatively represented more than 50% in surface waters, were 

Cyl, ElliP, and 2C. The S:V of Cyl and 2C significantly increased from northern to 

southern IO, and the maximum was in STIO (0.59µm-1) and SEIO (4.33µm-1), 

respectively, whereas ElliP remained relatively similar, ranging between 0.43-0.70µm-1. 

However, GALD of Cyl, ElliP, and 2C decreased significantly from northern to southern 

IO, and the maximum was in AST2 for both (373 and 86 µm) and AST1(1056µm), 

respectively. 

 The regression analysis of the dominant PGSs in surface (Cyl, ElliP, and PoP) 

showed a significant negative correlation between S:V and GALD for Cyl and ElliP but 

not for PoP, which was not significant. Interestingly, the scaling exponent (i.e., b), which 

can be used to quantify the amount of change of dependent variable (i.e., S:V in this case), 

showed significant variation in surface for both Cyl (-0.09 to -0.41) and ElliP (-0.16 to -

0.32) but not for PoP (-0.09 to 0.05) (Figure 4.24). 

4.2.2.3d. PGSs in varying depths of SCML 

Like sea surface, SCML PGS were similar (Figure 4.22b), and 17 PGSs (12 simple and 5 

complex) belonging to 134 species were recorded. Simple and complex PGSs contributed 

86-98% and 2-14%, respectively. Among the 17 PGSs, five simple (Cyl, ElliP, PoP, Elli, 

and B) and two complex (2C, and Elli2CCyl) PGSs were common. The SCML 

corresponding to different regions were categorized as shallow (20-50m; represented by 

all stations in AST2 and one in BoB), intermediate (50-100m; represented by all stations 

in AST1, NEIO, and SEIO, three stations in BoB and five stations in STIO)  
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Figure 4.23. Box plot based on taxonomy and PGS from the Sea surface and SCML waters 

of different regions in the Indian Ocean. a,d,g,j) Margalef’s species richness, b,e,h,k) 

Shannon-Wiener diversity, c,f,I,l) number of species. AST1: Arabian Sea transect 1, AST2: 

Arabian Sea transect 2, BoB: Bay of Bengal, NEIO: North equatorial Indian Ocean, SEIO: 

South equatorial Indian Ocean, STIO: South tropical Indian Ocean and SCML: sub-surface 

chlorophyll maximum layer. 
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Figure 4.24. Non-linear regression of dominant PGS in surface waters of the IO. AST1: 

Arabian Sea transect 1, AST2: Arabian Sea transect 2, BoB: Bay of Bengal, NEIO: North 

equatorial Indian Ocean, SEIO: South equatorial Indian Ocean, STIO: South tropical Indian 

Ocean, S:V: surface-to-volume ratio and GALD: greatest-axial-linear-dimension. ElliP: 

elliptic prism, Cyl: cylinder and PoP: prism on parallelogram. 
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and deep (>100m; represented by six stations in STIO) SCML (Table 4.8). PGSs were 

maximum in intermediate NEIO (13 PGS: 8 simple and 5 complex) followed by 

intermediate BoB (12 PGS: 7 simple and 5 complex), shallow AST2, intermediate AST1, 

and deep STIO (11 PGS each), intermediate SEIO (10 PGS: 7 simple and 3 complex), 

shallow BoB and intermediate STIO (9 PGS each). The PGSs in shallow, intermediate, 

and deep SCML corresponded to 50 (37 diatoms and 13 dinoflagellates), 113 (72 diatoms 

and 41 dinoflagellates), and 48 (34 diatoms and 14 dinoflagellates) micro-phytoplankton 

species, respectively. Like sea surface, among the PGS, ElliP, and Cyl were the most 

dominant compared to other prominent PGS like PoP, Elli, B, 2C, and Elli2CCyl (Table 

4.9). However, the species responsible for corresponding PGS differed with SCML 

depths in different bioregions (Table 4.10). All these PGS cumulatively contribute up to 

96%, 93%, and 94% in shallow, intermediate, and deep SCML of total abundance, 

respectively. 

 

 

 

Shape type PGSs 
Shallow SCML  

(20-50 m) 

Intermediate SCML 

(50-100 m) 

Deep SCML 

(>100 m) 

Simple 

Cylinder 

30% 

Bacteriastrum sp.   

Dactyliosolen sp. 

26%  

Bacteriastrum sp. 

Coscinodiscus sp. 

24%  

Bacteriastrum sp. 

Coscinodiscus sp. 

Elliptic prism 

41% 

C. peruvianus 

C. curvisetus 

31% 

Chaetoceros sp. 

C. messanensis 

36% 

Navicula sp. 

Prism on 

parallelogram 

15% 

Pseudonitzschia sp. 

26% 

Pseudonitzschia sp. 

13% 

Pseudonitzschia sp. 

Ellipsoid 

0.6% 

Dinophysis sp. 

Gyrodinium sp. 

2.5% 

Prorocentrum sp. 

4% 

Dinophysis sp. 

Box 
6% 

Thalassiothrix sp. 

5.5% 

T. nitzschioides 

7.1% 

Thalassiothrix sp. 

Complex 

2 Cones 
0.7% 

Protoperidinium sp. 

1.7% 

Protoperidinium sp. 

6.7% 

Protoperidinium sp. 

Ellipsoid + 

2 Cones + 

Cylinder 

2.2% 

T. tripos 

0.5% 

T. longirostrum 

T. horridius 

3.1% 

T. teres 

T. horridius 

 

Table 4.10. The table shows the percentage contribution of PGSs and dominant taxa in 

different depths of SCML. 
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4.2.2.3e. S:V and GALD of PGSs in varying depths of SCML 

The variability in S:V and GALD of PGS showed distinct variability with respect to 

SCML depths. For instance, S:V of Cyl showed a significant increase, ElliP and Elli 

showed a minor increase, and PoP and B showed a significant decrease with increasing 

depth of SCML. The GALD of Cyl and ElliP significantly decreased, PoP showed a minor 

decline, B showed a minor increase, and Elli showed no trend with increasing SCML 

depth.  

The regression analysis between S:V and GALD revealed a significant negative for 

Cyl, ElliP, and Elli2CCyl, a significant positive for PoP and no significant negative 

correlation for B in shallow depth, significant negative for Cyl, ElliP, PoP, B, and 2C, no 

significant negative and positive correlation for Elli and Elli2CCyl respectively in the 

intermediate and significant negative for Cyl, ElliP, Elli, and 2C, not significant positive 

for PoP and not significant negative correlation for B and Elli2CCyl in deep SCML. 

Interestingly, the scaling exponent ‘b’ showed a decreasing trend from shallow to deep 

SCML for Cyl (-0.45, -0.33, and -0.22), an increasing trend from shallow to deep SCML 

for B (-0.13, -0.27 and -0.52), Elli (-0.22 and -0.27) and 2C (-1.94 and -3.55), decreasing 

from shallow to intermediate and again increasing in deep SCML for ElliP (-0.30, -0.24, 

and -0.56) and no trend for PoP and Elli2CCyl (Figure 4.25 and 4.26). 

4.2.2.3f. Comparative results between the sea surface and SCML 

The SCML recorded more PGS (17 PGS) than the corresponding surface waters (13 

PGS). In shallow, 12 (8 simple and 4 complex) and 15 (10 simple and 5 complex) PGSs 

belonging to 34 and 50 species of micro-phytoplankton were recorded in surface and 

SCML, respectively. Simple PGSs contributed 87% and 96%, whereas complex PGSs 

contributed 13% and 4% in shallow regions of the sea surface and SCML. Three simple 

(Cyl, ElliP, and PoP) and two complex (2C and Elli2CCyl) PGSs were common. Among 

simple PGSs, Cyl contributed 32%, co-dominated by Rhizosolenia styliformis, 

Bacteriastrum sp., and Probosica alata on the surface, and 30%, co-dominated by 

Bacteriastrum sp., Dactyliosolen sp., and Thalassiosira sp. in SCML. ElliP contributed 

25%, co-dominated by Navicula sp. and Chaetoceros peruvianus on the surface, and 41%, 

dominated by various Chaetoceros species (e.g., C. messanensis, and C. curvisetus) in 

SCML.  
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Figure 5. Non-linear regression of dominant PGS in varying depths of SCML in the IO. S:V: surface-to-volume 

ratio, GALD: greatest-axial-linear-dimension, ElliP: elliptic prism, Cyl: cylinder and PoP: prism on 

parallelogram. 
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Figure 4.25. Non-linear regression of dominant PGS in varying depths of 

SCML in the IO. S:V: surface-to-volume ratio, GALD: greatest-axial-linear-

dimension, ElliP: elliptic prism, Cyl: cylinder, and PoP: prism on 

parallelogram. 
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Figure 4. Non-linear regression of dominant PGS in surface waters of the IO. AST1: Arabian Sea transect 1, 

AST2: Arabian Sea transect 2, BoB: Bay of Bengal, NEIO: North equatorial Indian Ocean, SEIO: South 

equatorial Indian Ocean, STIO: South tropical Indian Ocean, S:V: surface-to-volume ratio, GALD: greatest-

axial-linear-dimension, ElliP: elliptic prism, Cyl: cylinder and PoP: prism on parallelogram. 
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Figure 4.26. Non-linear regression of dominant PGS in surface waters of the IO. 

AST1: Arabian Sea transect 1, AST2: Arabian Sea transect 2, BoB: Bay of 

Bengal, NEIO: North equatorial Indian Ocean, SEIO: South equatorial Indian 

Ocean, STIO: South tropical Indian Ocean, S:V: surface-to-volume ratio, GALD: 

greatest-axial-linear-dimension, ElliP: elliptic prism, Cyl: cylinder and PoP: 

prism on parallelogram. 
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PoP contributed 17% and 15% in surface and SCML, respectively, dominated by 

Pseudonitzschia sp. Regarding complex PGSs, 2C contributed 5%, dominated by 

Protoperidinium sp. in surface waters, whereas Elli2CCyl contributed 3% and 2% in 

surface and SCML, respectively dominated by Tripos species (e.g., T. tripos, T. deflexus, 

and T. pentagonus). Simple PGSs like Cyl showed no change in S:V and a significant 

decrease in GALD, PoP showed a significant increase in S:V and GALD, and ElliP 

showed a significant decrease in S:V and GALD (Figure 4.27), whereas complex PGS, 

2C showed no change in S:V and a significant decrease in GALD between surface and 

SCML. 

In the intermediate region, 13 (8 simple and 5 complex) PGSs in surface and SCML 

belonging to 96 and 113 micro-phytoplankton species were recorded. Simple PGSs 

contributed 78% and 95%, whereas complex 12% and 5% in the intermediate region of 

surface and SCML. Four simple (Cyl, ElliP, Elli, and PoP) and three complex (2C, 

ElliP4C, and Cyl2Hs) PGSs were common. Among simple PGSs, Cyl contributed 32%, 

co-dominated by Coscinodiscus sp., Leptocylindrus sp., Thalassiosira sp., Bacteriastrum 

sp., and Guinardia cylindrus in surface and 26% in SCML, co-dominated by 

Bacteriastrum sp., Coscinodiscus sp., and Thalassiosira sp. ElliP contributed 27%, co-

dominated by Navicula sp., Chaetoceros sp., and Hemiaulus sinensis in surface, and 31% 

in SCML, dominated by various Chaetoceros species (e.g., C. messanensis, and C. 

lasiniosus). Elli contributed 9% in surface water, dominated by Prorocentrum sp., and 

PoP contributed 26% in SCML, dominated by Pseudonitzschia sp. Regarding complex 

PGSs, 2C contributed 7% and 2% in surface and SCML, both dominated by 

Protoperidinium sp. and Gonyaulax sp. ElliP4C contributed 6% in surface, dominated by 

Climacodium frauenfeldianum and Cyl2Hs contributed 2% in SCML, dominated by 

Corethron sp. Simple PGSs like Cyl and ElliP showed a significant increase in S:V and 

a decrease in GALD, PoP showed a significant increase in both S:V and GALD (Figure 

4.27) whereas, in complex PGSs, 2C showed no change in S:V and a significant decrease 

in GALD between surface and SCML. 

In deep region, 8 (5 simple and 3 complex) and 11 (8 simple and 3 complex) PGSs 

in surface and SCML belonging to 25 and 48 micro-phytoplankton species were recorded. 

Simple PGSs contributed 83% and 88%, whereas complex 17% and 12% in deep region 

of surface and SCML. Three simple (Cyl, ElliP, and PoP) and three complex (2C, 

Elli2CCyl, and Cyl2Hs) PGSs were common. Among simple PGSs, Cyl contributed 12% 

in surface, co-dominated by Asteromphalus sp., Rhizosolenia clevei, and Rhizosolenia 
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hebetata, and 24% in SCML, co-dominated by Bacteriastrum sp. and Coscinodiscus sp. 

ElliP contributed 48% in surface, co-dominated by Navicula sp. and Chaetoceros dadayi, 

and 36% in SCML, dominated by Chaetoceros simplex. PoP contributed 20% in surface, 

dominated by Nitzschia sp., and 13% in SCML, dominated by Pseudonitzschia sp. 

Regarding complex PGSs, Cyl2Hs contributed 8% on the surface, dominated by 

Corethron sp., 2C 6% and 7% on the surface and SCML, respectively, dominated by 

Protoperidinium sp., and Elli2CCyl contributed 3% in SCML, co-dominated by Tripos 

teres and Tripos horridius. Simple PGSs like Cyl showed a significant increase in S:V 

and a decrease in GALD, PoP showed a significant increase in S:V and GALD, and ElliP 

showed no significant change in S:V and a decrease in GALD (Figure 4.27), whereas, in 

complex PGSs, 2C showed no change in S:V and GALD between surface and SCML. 
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Figure 4.27. Violin plot of morphological attributes (S:V and GALD) in dominant 

PGS from varying SCML depths. S:V: surface-to-volume ratio, GALD: greatest-

axial-linear-dimension, SCML: sub-surface chlorophyll maximum layer, Cyl: 

cylinder, ElliP: elliptic prism, and PoP: prism on parallelogram. 
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The surface waters of shallow, intermediate, and deep regions recorded lower 

micro-phytoplankton and PGSs than SCML, all dominated by simple shapes. The simple 

(Cyl, ElliP, and PoP) and complex (2C, Elli2CCyl, and Cyl2Hs) PGS were common in 

both layers, irrespective of the regions. However, Cyl dominated the surface and ElliP in 

the SCML of both shallow and intermediate regions, respectively. ElliP was dominant in 

the deep region (surface and SCML). The S:V in Cyl showed no change in shallow, 

increase in intermediate and deep regions, ElliP showed a decrease in shallow, increase 

in intermediate and no change in deep, PoP showed an increase, and 2C showed no change 

in all the regions between surface and SCML. The GALD showed a decrease in Cyl, 

ElliP, 2C and an increase in PoP for all the areas except 2C, which showed no change 

only in the deep region. 

 

4.2.2.4. Discussion 

The existence of permanent SCML in IO (AS, BoB, equatorial IO, and STIO) has been 

well documented (Shulenberger & Reid, 1981) primarily focused on the formation and 

maintenance of SCML using satellite (Shah et al., 2020) or argo-float data (Jayaram et 

al., 2021). Fu et al. (2018) emphasized that the phytoplankton community structure 

defines the understanding of SCML characteristics. The phytoplankton species show high 

morphological plasticity, optimizing their performance in response to environmental 

variabilities. Therefore, morphological analysis could be used to estimate the ecological 

variability within which a species can persist. Moreover, in the past two decades, 

analyzing spatial and temporal patterns of phytoplankton assemblages using trait-based 

methods has become popular (see Naselli-Flores & Padisak, 2023 and references therein). 

Hence, it is crucial to establish an understanding of the morphological trait variability and 

community structure between the sea surface and SCML as various taxa play a pivotal 

role in biogeochemical processes, like carbon transfer to depth or higher trophic level, in 

new primary production (Goldman et al., 2003; Revelante & Gilmartin, 1995) and could 

help in predictions of ecosystem response to future climate changes (Barnett et al., 2019). 

This study recorded 108 and 134 species representing only 45% and 55% of the 

geometric shapes (14 and 17 out of 31 described shapes of Sun and Liu (2003)) described 

for phytoplankton in literature in surface and SCML, respectively. The unrecorded 14 

shapes are represented mainly by the freshwater species or phytobenthos in the sunlit zone 

or belong to groups (e.g., flagellates, Euglenophyceae, Chlorophyceae) that were not 

recorded due to known technical limitations (e.g., preservatives and sample collection 
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above 20 micron) through microscopy approach. Despite methodological limitations, this 

study revealed that SCML harbors most of the described phytoplankton shapes and 

species, showing dissimilar spatial distribution patterns concerning abundance, 

composition, and diversity. A better understanding of the SCML micro-phytoplankton 

community, along with key taxa and their morphological adaptations, will be necessary 

to assess climate warming impact across IO effectively. The pelagic ecosystem trophic 

pathways could be modified if any variation in biomass, species composition, and size 

structure of the phytoplankton community within the SCML takes place (Legendre & 

Rassoulzadegan, 1996). Therefore, to better anticipate the community shifts and the 

functional implications for the ecosystem in changing global climate scenarios, it is of 

utmost importance to understand the relationship and variability of morphometric traits 

and taxonomy. This study discusses the variability in distribution patterns between 

bioregions and variable depths of SCML in the IO, having distinct hydrographic 

conditions in the subsequent sections. 

4.2.2.4a. Variability of diversity and morphological traits of PGS in sea surface 

Simple elongated shapes (e.g., Cyl, ElliP, and PoP) followed by complex shapes 

dominated in IO. ElliP and Cyl were the most prevalent PGSs in the surface waters but 

showed an opposite trend in distribution. For instance, Cyl showed a clear dominance in 

the northern (NIO, i.e., AS, BoB, and NEIO) than the southern IO (SIO, i.e., SEIO and 

STIO) and vice versa for ElliP. Interestingly, Cyl displayed taxonomic gradation where 

chain-forming taxa with or without setae dominated the NIO and solitary bigger taxa in 

SIO. While ElliP showed no such taxonomic variability (dominated by various species of 

Chaetoceros). Whereas in complex PGSs, the distribution was sporadic, and they are 

primarily present in the oligotrophic AST1, NEIO, SEIO, and STIO.  The complex PGSs 

(Elli, 2C, and ElliP4C), which are mostly dominated by various pennate and 

dinoflagellate species, are known for their adaptive capabilities (presence of flagella and 

capability to survive in low nutrient conditions) in oligotrophic sea surface conditions. 

Since oligotrophic conditions are widespread in marine pelagic systems, PGS variability 

will also be similar. On the other hand, the morphological traits (S:V and GALD), which 

encode even the smallest environmental changes in their adaptive measures, are well 

reflected i.e., low S:V (0.42±0.18µm-1) and high GALD (219±89µm) values under 

mesotrophic conditions (i.e., in NIO) and high S:V (0.51±0.07µm-1) and low GALD 

(102±6µm) under oligotrophic conditions (i.e., in SIO) (Figure 4.28). The nutrients flow 

across cell boundary might not increase with meagre increase of S:V as it also depends  
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Figure 4.28. Violin plot of morphological attributes (S:V and GALD) in 

dominant PGS from sea surface and SCML waters. S:V: surface-to-volume 

ratio, GALD: greatest-axial-linear-dimension, SCML: sub-surface 

chlorophyll maximum layer, Cyl: cylinder, ElliP: elliptic prism, and PoP: 

prism on parallelogram. 
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on the cell shape (nutrient flow declines as cell curvature decreases, i.e., cell radius 

increases; Kiorboe, 2008); therefore, elongated prolate cells can provide large nutrient 

flow compared to oblate cells with same surface area and volume (Karp-Boss & Boss, 

2006). Hence, elongated shapes richness is greater than oblate ones in general (Ryabov 

et al., 2021). 

Interestingly, individual PGSs show distinct patterns in their morphometric traits. 

For instance, the S:V of Cyl significantly increased from northern to southern IO, showing 

maximum values for STIO, whereas ElliP showed no such pattern (Figure 4.29). The 

trends observed in Cyl could have been caused by environmental gradients (the trophic 

conditions and stratification). The water column becomes more stratified and oligotrophic 

as towards equatorial regions. It is known that environmental conditions like nutrients, 

light, and temperature influence the shape and size distribution of phytoplankton (Naselli-

Flores et al., 2007; Stanca et al., 2013), making size and shape as crucial determinants of 

fitness. Kruk and Segura (2012) also concluded that environmental factors select specific 

phytoplankton morphological groups. However, this study shows that such patterns are 

PGS-specific and majorly determined by the dominant taxa. For example, non-setae-

bearing taxa like Rhizosolenia, Pseudosolenia, Coscinodiscus, and Probosica or taxa with 

short (Bacteriastrum in Cyl) and long setae (Chaetoceros in ElliP).  Former ones seldom 

form chains, and depend more on their morphological attributes for survival whereas later 

chain lengths are independent of morphological attributes and therefore show no specific 

patterns or trends. Since the S:V decreases with cell volume, it has been assumed that 

natural selection should favour elongated PGSs (Lewis, 1976; Niklas, 2000). Hence, 

morphological attributes reflect the environmental variability more robustly in simple 

PGS like Cyl than other PGSs (like ElliP, PoP) and can act as a potential ecological proxy 

for the pelagic ocean. 

4.2.2.4b. Variability of diversity and morphological traits of PGS in varying depths of 

SCML 

Like sea surface, PGSs are dominated by simple elongated shapes (e.g., Cyl, ElliP, and 

PoP) irrespective of the SCML depths and bioregions. ElliP, Cyl, and PoP were the most 

prevalent PGSs in shallow, intermediate, and deep SCML. The intermediate SCML 

harbored the maximum PGSs and taxa than shallow and deep. Though the dominance 

remained constant, the percentage contribution of simple PGSs (ElliP, Cyl, PoP, and B) 

gradually decreased except for Elli, which showed an opposite trend. In contrast, the 

contribution of complex PGSs (2C and Elli2CCyl)  
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Figure 4.29. Violin plot of morphological attributes (S:V and GALD) in dominant 

PGSs from the sea surface and SCML of different regions in the Indian Ocean. AST1: 

Arabian Sea transect 1, AST2: Arabian Sea transect 2, BoB: Bay of Bengal, NEIO: 

North equatorial Indian Ocean, SEIO: South equatorial Indian Ocean, STIO: South 

tropical Indian Ocean, S:V: surface-to-volume ratio, GALD: greatest-axial-linear-

dimension, Cyl: cylinder, ElliP: elliptic prism, and PoP: prism on parallelogram. 
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gradually increased with the increasing depth of SCML. However, the taxa in various 

SCML depths showed significant similarity between shallow and intermediate and 

dissimilarity to deep SCMLs. This similarity can be explained by the nutrient availability 

(N:P), which was relatively higher in shallow and intermediate but less in deep SCML. 

These two layers (shallow and intermediate) were dominated by Pseudonitzschia spp., 

which is well adapted to grow in varying light conditions (Bates et al., 1998; Houliez et 

al., 2023). Whereas the deep SCML was dominated by a heterotrophic dinoflagellate 

(Protoperidinium spp.), well known as a key contributor to the SCML community 

(Durham & Stocker, 2012; Cullen, 2015). Few microscopic observations have also 

reported increased dinoflagellate abundance in the SCML (Estrada et al., 2016; Barnett 

et al., 2019; Decembrini et al., 2020). The motility of dinoflagellates (response to resource 

gradients) can act as an essential trait in compensating for physiological disadvantages 

compared to diatoms (Ross & Sharples, 2007). Protoperidinium spp. is also known to be 

species-specific feeders and prefers to feed on diatoms majorly (Buskey, 1997). Some of 

the Protoperidinium species (P. depressum) have also shown survival for extended 

periods (up to 71 days) in conditions of starvation (Jakobsen & Hansen, 1997; Menden-

Deuer et al., 2005). However, the capability to endure extended starvation is a useful 

strategy, especially for a species-specific feeder; their presence might not indicate optimal 

growth conditions (Gribble et al., 2007). Chaetoceros simplex was also found abundantly 

in deeper SCML. The presence of Chaetoceros simplex in low light and nutrient-poor 

conditions is also reported from the deeper waters of the western Pacific Ocean (Mou et 

al., 2022). On the other hand, ElliP and PoP were most prevalent PGS in SCML and were 

dominated by spore-forming (e.g., Chaetoceros spp., Bacteriastrum spp.; Bosak et al., 

2015) and low light-adapted taxa (e.g., Pseudonitzschia spp.).  

The relation between morphological traits (S:V vs GALD) differed between SCML 

depths, suggesting different adaptive strategies to cope with prevailing conditions.  The 

PGS in shallow SCML showed low S:V and high GALD, while in intermediate and deep 

SCML, PGS showed high S:V and low GALD (Figure 4). For instance, high S:V and low 

GALD observed in deep and intermediate SCML could be due to low nutrient and light 

conditions (O’Farrell et al., 2007; Morabito et al., 2007) and vice versa for shallow 

SCML. Kurk et al. (2015) reported from subtropical estuary that the S:V ratio increased 

with the vertical attenuation coefficient and, supposedly, the extent of light limitation. 

Cell elongation gives micro-phytoplankton a competitive advantage by diminishing 

sinking velocity (Padisak et al., 2003), better nutrient absorption without affecting S:V 
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ratio (Kleparski et al., 2022), enhancing light capture (Naselli-Flores & Barone, 2011) 

and can also be an adaptation to grazing (Petrucciani et al., 2022). The morphometric 

traits of the dominant PGSs between SCML depths show specific morphometric 

adaptation (like the ability to maintain an optimum S:V and GALD). For example, in 

shallow SCML, all dominant species in their respective PGSs maintained a low S:V (0.15-

0.67 µm-1) and high GALD (40-158 µm) whereas in deep SCML, high S:V (0.37-0.90 

µm-1) and low GALD (27-72 µm) strategy was prevalent. The intermediate SCML S:V 

(0.20-0.92 µm-1) and GALD (28-111 µm) values were higher than shallow but lower than 

deep SCML. Such trait variability could be due to nutrient limitation as amount of light 

availability is the same at all SCML depths (i.e., 1-2%). Though many studies have shown 

a strong effect of light (Kruk et al., 2015; O’Farrell et al., 2007) and nutrients (Naselli-

Flores & Barone, 2011) on the phytoplankton morphology but under constant low light 

conditions, nutrients act as a strong controlling factor (Morabito et al., 2007; 

Charalampous et al., 2018). Moreover, the spectral quality of light (within range of 

photosynthetic active radiation; PAR, 400-700 nm) other than the intensity plays a major 

role for phytoplankton (Hintz et al., 2021). The spectral range of light shifts from a full 

spectrum at the surface to a limited (predominantly blue spectrum) in deeper layers (Kirk, 

2011; Holtrop et al., 2021). Therefore, the spectral quality of light in shallow, 

intermediate, and deep SCML might be subjected to such spectral shifts, which may also 

be an additional factor influencing morphometric traits.  

Additionally, variability in S:V was also observed for different PGSs between 

SCML depths, similar to that observed for surface waters. For instance, S:V of Cyl 

increased significantly, and ElliP and Elli showed a minor increase, whereas PoP and B 

decreased significantly with increasing depth of SCML. The shallow and intermediate 

SCMLs were less stratified and nutrient-depleted than the deep SCMLs. Such 

environmental differences in SCMLs are strongly reflected in a similar pattern in the 

morphological attributes of Cyl, ElliP, and Elli, whereas PoP and B show opposite trends. 

Ryabov et al. (2021) have considered PGSs like Cyl, and ElliP as elongated and PoP and 

B as oblate shapes. They have argued that the rate of nutrient diffusion declines as cell 

curvature decreases; therefore, an elongated cell can provide a larger nutrient flow than 

oblate cells. They also observed that the maximum surface extension for oblate shapes 

are smaller than the elongated ones. Moreover, the opposite trends observed in PoP and 

B might also be because of the pennate diatom taxa (e.g., Pseudonitzschia, Thalassiothirx, 

and Thalassionema) that dominate these PGSs. These taxa are either known to be well 
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adapted to thrive in low light conditions or form chains to overcome their geometric 

constraints. Hence, the elongated PGSs are more prevalent with robust morphological 

attributes responding to environmental conditions than the oblate PGSs. The observations 

suggest that light (both quantity and quality) and nutrients have a strong limiting influence 

on the morphological attributes of micro-phytoplankton in the oligotrophic pelagic 

system of IO. 

4.2.2.4c. Sea surface vs SCML 

The surface and SCML taxa also differed and were governed by the prevailing 

environmental conditions in both layers. The trophic conditions are different across IO, 

like eutrophic conditions (North-eastern AS, mesotrophic conditions (central and 

southeastern AS, and BoB), and oligotrophic conditions (equatorial and STIO); therefore, 

the taxa are expected to be different (Sarma et al., 2021). The micro-phytoplankton 

assemblages between the surface and SCML reveal that the SCML community is well 

adapted to the subsurface environments by showing distinct assemblages from the 

surface. Few studies have reported that assemblage might be similar if SCML is formed 

due to growing cell accumulation near the surface. However, if SCML is formed due to 

active growth, then the species assemblage may differ from the upper layer (Furuya & 

Marumo, 1983). In this study, except for AST2, all the SCML have formed below MLD, 

suggesting major environmental constraints governing community differences.  

Additionally, morphometric traits (S:V and GALD) showed interesting results. For 

instance, S:V of dominant PGSs (e.g., Cyl, ElliP, and PoP) showed no specific pattern or 

trends between shallow SCML and the corresponding sea surface. Probably 

environmental conditions showed similarity as shallow SCML is within MLD.  In 

contrast, the PGS of intermediate and deep SCML showed distinct patterns with the 

corresponding sea surface due to differences in environmental conditions. For instance, 

dominant PGSs showed an increasing and decreasing trend in their S:V and GALD 

values, respectively. However, no such changes or patterns were noticed in complex 

PGSs like 2C, which correspond to dinoflagellates that can overcome any vertical 

environmental gradient by using their flagella for migration. An increase in S:V helps 

improve the nutrient uptake in general (Kruk et al., 2015; Raven, 1999); therefore, the 

observed patterns in S:V and GALD might be in response to the nutrient availability. The 

allometric scaling analysis of dominant PGSs in which the functional relationship 

between two measured quantities (S:V and GALD in this study), where a relative change 

in one quantity results in a relative proportional change in the other, in surface and SCML 
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revealed interesting information. For all dominant PGS, any change in GALD was 

associated with very minimal change (decrease) in S:V (Figures 4.24-4.26), suggesting 

the adaptation by dominant PGSs to conserve S:V. The degree of change in S:V was even 

less for SCML than the surface. Similar strategies have been reported previously from the 

north and southeastern Arabian Sea (Paul et al., 2023), the Mediterranean micro-tidal 

lagoon (Aubry et al., 2017), and the coast of the Salento peninsula (Stanca et al., 2013). 

However, in AS, nutrient availability and the prevailing hydrographic conditions 

determined the adaptive strategies adopted by dominant PGSs. The variations in 

allometric patterns are not evolutionary but result from random variations or local 

adaptive differences among populations (Neustupa, 2016). These variations have been 

identified as essential factors in morphological evolutions as individual allometric 

trajectories may act as constraints canalizing evolutionary change of morphology 

(Klingenberg, 2010; Wilson, 2013; Pelabon et al., 2014). Reynold has implicitly 

recognized morphological traits as “master traits” because physiological and ecological 

features are strongly regulated by shape and size (Reynolds, 2006; Weithof & Beisner, 

2019) and represent organisms’ response to environmental changes affecting ecosystem 

functioning (Kruk et al., 2021). The morphological attributes and their variability help 

species to increase their fitness to varying environmental factors. This morphological 

variability is known as “phenotypic plasticity” and can be produced by a single genotype 

(West-Eberhard, 1989). The realized niches can be made unstable by a species using 

phenotypic plasticity over space and time (Marrone et al., 2023). Therefore, given the 

above arguments, this study argues that S:V and GALD can act as robust morphological 

traits in the pelagic regions of IO. PGSs like Cyl and PoP respond very strongly, and ElliP 

sporadically to environmental factors aided by their morphological traits, making them 

proxies to map the phenotypic plasticity in large pelagic systems, which is predicted to 

change due to global warming. 

Several modelling-based studies suggest climate warming will increase ocean 

stratification, reducing nutrient exchange between the deep ocean and the upper mixed 

layer (Bopp et al., 2001; Sarmiento et al., 2004). The stratification in the upper 200m has 

increased by 5.3% in the global ocean (in recent decades, i.e., 1960-2018), caused mainly 

by temperature changes (Li et al., 2020). According to Dutkiewicz et al. (2005), ocean 

stratification will deepen the nitracline, reducing nutrient supply to the euphotic layer by 

the end of this century and oceanic primary productivity by 14%. Nonetheless, predicting 

the impact of such changes on marine ecosystems is elusive. Cermeño et al. (2008) 
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predicted that enhanced nutrient limitation would reduce the competitive advantages of 

diatoms. As revealed in our study, the SCML formed at depths coincided with 1-2% PAR 

and nitracline depth (within 10m depth above or below).  RDA analysis revealed the tight 

coupling for deep SCML PGS (including S:V and GALD) with nutrients and light (PAR). 

Further, N:P values at different SCML depths varied according to nitracline, i.e., higher 

in shallow (2.21±1.12) and intermediate (2.50±4.32) than in deep (1.38±0.33) SCML. 

The N:P value at deep SCML was low because it formed above the nitracline depth, and 

the gap between them was also greater. Further, the temperature negatively correlated 

with GALD and PGS, suggesting relatively higher temperatures favored smaller 

phytoplankton cells. Therefore, under the predicted global warming scenario, deepening 

of nitracline might affect the different size and shape primary producers in the following 

ways: (i) smaller spherical phytoplankton (e.g., picoplankton, coccolithophores): these 

have less nutrient requirements and might be relatively less affected as they are well 

adapted to low light and low nutrient condition (known to have low Reynolds numbers 

with high S:V and low GALD, making nutrient uptake much easier; Fogg, 1991), (ii) 

bigger flagellated phytoplankton with complex PGS (like dinoflagellates) with high S:V 

and GALD:  these cells might be moderately affected as they are equipped with various 

nutrition modes (e.g., autotrophy, heterotrophy, and mixotrophy) and can also evade low 

nutrient conditions using flagella for motility, and (iii) bigger simple PGS phytoplankton 

(without flagella; e.g., diatoms) with low to moderate S:V and GALD: these forms are 

dominant (80-90%), possess distinct phenotypic plasticity, have higher nutrient 

requirements and might be severely affected by light and nutrient limitation. Therefore, 

their morphometric traits can offer a potential ecological proxy in predicted oceanic 

climate change scenarios (deeper nitracline with very low light and a relatively shallow 

SCML with low nutrients). Under such conditions, the morphological traits (S:V and 

GALD) can be useful tracers to delineate the adaptive strategies by different PGSs, i.e., 

PGS with high morphometric plasticity (like cylinder and prism on parallelogram) will 

have the upper hand over other PGS (like an elliptic prism) with limited plasticity. 

Nonetheless, further studies unraveling the dynamics of S:V and GALD of PGS with 

nitracline depth and PAR under the predicted future scenarios will provide more insights 

into the resilience or vulnerability of SCML micro-phytoplankton, biological pump 

efficiency per se, to the global change predictions. 
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4.2.2.5. Conclusion  

This study concludes that the simple elongated PGSs (e.g., Cyl, ElliP, and PoP) were 

cosmopolitan, having similar dominance (with varying percentage contribution) patterns 

in the sea surface, SCML, and between the deep SCML and corresponding sea surface. 

However, they showed latitudinal gradients at the sea surface, i.e., north-south and south-

north gradients for Cylindrical and Elliptic-prism PGS, respectively. In contrast, the 

complex PGS showed sporadic distribution.  Further, the similarity between the PGS 

(community and morphological trait) of SCML and the corresponding sea surface is based 

on the location of the former concerning MLD. Among SCMLs, the occurrence depth 

determined PGS dominance and its morphological attributes.  Simple and complex PGS 

contribution gradually decreases and increases, respectively, with increasing SCML 

depth.  Also, PGS in shallow SCML showed low S:V and high GALD, while in 

intermediate and deep SCML, high S:V and low GALD, indicating adaptive strategy, i.e., 

phenotypic plasticity behavior by dominant PGSs to capture light.  Between the SCML 

depths, only simple PGS (Cylinder followed by Elliptic-prism and Prism on 

parallelogram) showed profound variability in morphological traits showcasing strong 

phenotypic plasticity behavior and as a potential ecological proxy in oceanic systems.  

Since micro-phytoplankton are significant contributors to SCML, this study facilitates a 

better understanding of SCML ecology and biogeochemistry per se in predicted ocean 

change scenarios. 
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Chapter 5: Photo-physiological adaptation of microalgae from different 

bioregions. 

5.1. Introduction 

In functional classification, microalgal physiology is also considered one of the important 

traits in addition to shape and size. The phytoplankton photosynthesis and growth are 

controlled by various indispensable resources and nutrient availability (N, P, and Si), and 

light is the main driver (Tilman et al., 1982). The incident light regime is highly dynamic 

concerning the quantity and spectral composition. For instance, microalgae inhabiting 

intertidal regions and shallow water bodies (e.g., rock pools) experience extreme 

saturating irradiance compared to pelagic areas. Nevertheless, microalgae might have 

acquired a unique photo-adaptation strategy in each system.  Various factors like seasonal 

and diurnal cycles, stratospheric ozone, meteorology (e.g., aerosols, clouds), attenuation 

by water-column, and vertical mixing are responsible for the light dynamics (Denman & 

Gargett, 1983; Kirk, 1994; Harrison & Smith, 2009). The perceived light for 

phytoplankton can fluctuate on a time scale varying from seconds to hours with full 

sunlight to complete darkness.  

Phytoplankton residing on the sea surface are generally exposed to high PAR 

(photosynthetically active radiation; 400–700 nm) and short wavelengths like ultraviolet 

A (UV-A) radiation (315–400 nm) and ultraviolet B (UV-B) radiation (280–315 nm) of 

the solar spectrum. The UVR is attenuated faster in the water column than PAR, causing 

a vertical gradient in the spectral composition, and is highly dependent on the turbulence 

of the water column (Neale et al., 1998, 2003). When exposed to excessive irradiance, 

the phytoplankton undergoes inactivation of PSII reaction centers, and this phenomenon 

is known as photoinhibition, where the ability to perform photosynthesis reduces 

(Osmond, 1994) and prolonged exposure can also cause viability loss (van De Poll et al., 

2005). Moreover, combining excess PAR with other stressors (e.g., suboptimal 

temperature, UVR) can increase photoinhibition than PAR alone (Heraud & Beardall, 

2000). According to Gao et al. (2007), the size structure of the community and cloudiness 

determine the impact of UVR on phytoplankton photosynthesis. Thus, the response of 

UVR depends not only on the phytoplankton assemblage sensitivity but also on the 

combination of other environmental variables. To avoid the inactivation of the PSII 

centers over broad radiation conditions, phytoplankton have developed various 

physiological and biochemical mechanisms of photoprotection (Roy, 2000; Banaszak, 
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2003; Aro et al., 1994) however, it is a complex, metabolically expensive and time taking 

process (Raven, 1989, 2011). The phytoplankton community uses three known 

mechanisms for photoprotection (all or a combination of the three). Those mechanisms 

involve (i) dynamic photo-inhibition (i.e., quick PSII reaction center recovery from 

damage; Gorbunov et al., 2001), (ii) non-photochemical quenching (NPQ; dissipation of 

excess energy through thermal dissipation using xanthophyll cycle; van De Poll et al., 

2010), and (iii) the production of photo-protective pigments (Falkowski & Chen, 2003). 

The NPQ involves the conversion of violaxanthin to zeaxanthin through antheraxanthin 

for green algae and higher plants (Demmig et al., 1988) and the conversion of 

diadinoxanthin to diatoxanthin (Arsalane et al., 1994; Olaizola et al., 1994) in Chl-c–

containing algae, known as the xanthophyll cycle activity (Ruban et al., 2004). 

 The photo-physiology and photoprotection mechanism measured on natural 

phytoplankton communities have provided vital information about the fitness and health 

of the ecosystem (Moore et al., 2005; Patil & Anil, 2019). A higher photoprotective 

capability might benefit the phytoplankton community under variable light conditions. 

For instance, in the highly mixed water column (e.g., coastal), the short-term photo-

response is activated more often than in a more stratified and stable oceanic ecosystem, 

and this characteristic can be a determining factor for the competitive performance of 

some phytoplankton (Dimier et al., 2007). The studies related to the photo-physiology of 

phytoplankton have been studied from various oceanic regions, like the Atlantic and 

Pacific Atlantic oceans (e.g., Behrenfeld et al., 2006; Moore et al., 2008; Browning et al., 

2014; Lin et al., 2016), Southern Ocean (Holeton et al., 2005; Suggett et al., 2009; Lin et 

al., 2016), as well as during phytoplankton blooms (Moore et al., 2005; Suggett et al., 

2006) and mesoscale eddies (Bibby et al., 2008). However, there are no studies from the 

oceanic regions of the Indian Ocean except a few representative studies that have been 

conducted on the coastal habitat of the Arabian Sea, such as rockpools (Patil et al., 2017) 

and monsoon-influenced estuaries (Patil & Anil, 2019). Therefore, in the present study, 

the photo-physiological adaptations of natural phytoplankton communities from two 

contrasting oceanic regions (i.e., productive Arabian Sea and oligotrophic south tropical 

Indian Ocean) were studied for the first time using photo-physiological parameters (Fv/Fm 

and σPSII) and HPLC-derived pigment concentrations. The purpose of this study is to 

evaluate the following: (i) the photoprotective response of sea surface and SCML water 

phytoplankton communities to natural sunlight, (ii) the effect of only PAR and 
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PAR+UVR treatment on the photoprotective mechanism, and (iii) to evaluate 

photoprotective mechanism among different bioregions of the Indian Ocean. The 

knowledge gained on photo-physiology could better understand phytoplankton 

adaptation, carbon assimilation, and photo-acclimation capacity, mainly when the surface 

mixed layer shallows in the future global warming scenario. 

 

5.2. Methodology 

The details of the sampling site, sample collection, experimental design, and analysis for 

the present objective are presented in Chapter 2, subsection 2.2.3.  

Data analysis 

To evaluate the variations in treatments and locations of the bioregions, multifactorial 

ANOVA followed by a post hoc Tukey test was performed on the PSII parameters (F0, 

Fv/Fm, and σPSII). A one-way ANOVA was performed using Statistica software (release 

8) to assess variations in the pigment ratios (DT + DD/Chl-a, DT/DT + DD, PPC/PSC) 

concerning the location of the bioregions. 

 

5.3. Results 

5.3.1. Phytoplankton community 

The microscopic analysis revealed that the experimental phytoplankton community was 

diatom-dominated (AS: 94-99%; STIO: 50-99%) and low dinoflagellates contribution 

(AS: 1-6%; STIO: 1-10%) at both the bioregions (Figure 5.1a and 5.2a). However, the 

dinoflagellate contribution was higher (50%) in the only PAR treatment of the surface 

experiment (i.e., station 13) at STIO. Centric diatoms were the significant contributors in 

the first experiment (i.e., station 16), whereas pennate diatoms were in the second 

experiment (i.e., station 17) at the AS. Whereas, pennate diatoms contributed significantly 

in both experiments (i.e., stations 11 and 13) for surface and SCML at STIO. However, 

based on the size-fractionated diagnostic pigments, the initial samples showed micro-

22%, nano-10%, and pico-68% at AS and micro-28% and pico-72-100% contribution at 

STIO. Interestingly, in response to the nutrient’s addition, the contribution significantly 

changed for micro-68-71%, nano-3-4%, and pico-24-29%, respectively, at AS (Figure 

5.1c-f). The contribution of pico- and micro-phytoplankton significantly changed to 19-

90% and 47-98%, respectively, at STIO. Similarly, the total Chl-a increased from an 
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initial value of 0.58 µgL-1 to a final value of 1.15-6.5 µgL-1 at AS. Whereas at STIO, total 

Chl-a increased from an initial value of 0.10-0.31 µgL-1 in surface and 0.47 µgL-1 in 

SCML to a final value of 0.21-0.63 µgL-1 in surface and 1.03 µgL-1 in SCML experimental 

setup. 

 

5.3.2. Effect of solar radiation on PSII parameters 

The PAR and UVR values were lowest in the early morning, followed by evening, and 

highest at noon. The early morning, evening, and noon PAR and UVR values were PAR= 

80 mWcm-2; UVR= 0.001 mWcm-2, PAR= 267 mWcm-2; UVR= 0.05 mWcm-2, and 

PAR= 1937 mWcm-2, UVR= 4.378 mWcm-2, respectively in the AS (Figures 5.1a). 

Similarly, the early morning, evening, and noon PAR and UVR values were PAR= 0.03-

18.9 mWcm-2; UVR= 0.01-0.05 mWcm-2, PAR= 28.4 mWcm-2; UVR= 0.05 mWcm-2, 

and PAR= 1607-2004 mWcm-2; UVR: 3.6-4.2 mWcm-2, respectively in the STIO 

(Figures 5.2c). 

The measurements of the photosynthetic parameters revealed distinct variations 

over the 72-hour incubation period at both bioregions. The photosynthetic parameters (F0, 

Fv/Fm, and σPSII) showed characteristic diurnal patterns (a morning high to noon low and 

a reciprocal increase in the evening) for both treatments at both bioregions. In Fv/Fm and 

σPSII, diurnal patterns were characterized by a rapid recovery for both locations at the AS. 

Interestingly, the recovery of Fv/Fm was gradual, but the same pattern was not observed 

for σPSII at the STIO. The F0 values increased from 0.99 to 1.25 and 0.40 to 3.95 for only 

PAR treatment and from 0.99 to 1.84 and 0.40 to 3.72 for PAR+UVR treatment at both 

locations, respectively, in the AS. Similarly, the F0 values increased from 0.30 to 0.72 and 

0.67 to 0.87 for only PAR treatment with surface water and from 0.67 to 0.75 for 

PAR+UVR treatment with SCML water in both experiments in the STIO (Figure 5.3. and 

Figure 5.4.).  
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Figure 5.1. Plots showing a) pennate and centric percentage contribution, 

b) dial variation in solar radiation and c-f) percentage contribution of pico-

, nano-, and micro-phytoplankton based on marker pigment in PAR and 

PAR+UVR treatment during the incubation period in the Arabian Sea. 
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Figure 5.2. Plots showing a) diatom and dinoflagellate percentage contribution, b) 

dial variation in solar radiation, and c-h) percentage contribution of pico-, nano-, 

and micro-phytoplankton based on marker pigment in PAR and PAR+UVR 

treatment during the incubation period in the South-tropical Indian Ocean. 
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Figure 5.3. PSII parameters during the three days incubation in the Arabian Sea. 
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The increase in F0 values was related to biomass increase due to phytoplankton growth at 

both bioregions. However, the growth was not significant for the second experiment at 

STIO. The ANOVA revealed that the Fv/Fm and σPSII values of the afternoon were 

significantly lower (p < 0.05) than the morning and late evening values for all the 

experiments at both bioregions. Interestingly, the ANOVA revealed insignificant 

differences only for the second experiment with both surface and SCML water at STIO. 

All the above-observed trends were similar for both the treatments (i.e., only PAR and 

PAR+UVR); however, the values were much lower in the PAR+UVR treatment than only 

PAR, but the differences were insignificant at both bioregions. The reduction of high 

Figure 5.4. PSII parameters during the three days incubation in the South-

tropical Indian Ocean. 
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morning Fv/Fm and σPSII values under high solar radiation in the noon and its subsequent 

recovery by evening shows the ability of the AS and STIO phytoplankton community for 

a photo-protection mechanism using dynamic photo-inhibition. The decrease in the Fv/Fm 

value was associated with a decrease in σPSII values, indicating the quenching in the 

antennae bed of the reaction center at both locations at the AS. In contrast, the decrease 

in the Fv/Fm value was not associated with any change in σPSII values, indicating the 

quenching within the reaction center for both experiments at the STIO. 

 

5.3.3. Effect of solar radiation on photoprotective pigments 

The distinct variations in photoprotective pigment ratios (DT + DD/Chl-a and PPC:PSC) 

and the phytoplankton de-epoxidation state (DT/DT + DD) were also observed in the AS. 

The photoprotective pigment ratios and the de-epoxidation state of the microalgae 

showed distinct variations between the experiments at different locations in the STIO. In 

the AS, the photo-protective pigment ratios showed lower values in the morning and 

higher in the evening for both locations. However, the phytoplankton community exposed 

to PAR+UVR treatments produced higher concentrations of PPC than the only PAR 

treatment at both locations. When irradiance increases, there is a significant increment in 

the proportion of photo-protective carotenoids and, consequently, in the PPC:PSC index.  

In STIO, in the first location (i.e., station 11), the photo-protective pigment ratios showed 

no variation for both the treatments (i.e., PAR and PAR+UVR) with surface water, but 

the de-epoxidation state showed variation only for PAR+UVR treatment. In the second 

location (i.e., station 13), the photo-protective pigment ratios and the de-epoxidation state 

showed lower values in the morning and higher values in the evening for both the 

treatments (i.e., PAR and PAR+UVR) with surface and SCML water. Interestingly, the 

non-photochemical quenching (NPQ) mechanism was not evident at both locations in the 

AS (Figure 5.5) but was observed at both locations with surface and SCML water in the 

STIO (Figure 5.6). 
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Figure 5.5. Plot showing values of a) photoprotective carotenoids (PPC) to 

photosynthetic carotenoids (PSC), b) photoprotective pigment ratios, i.e., DD + 

DT/Chlorophyll-a, and c) de-epoxidation of the xanthophyll cycle pigment DD, 

i.e., DT/DD + DT during the incubation period in the Arabian Sea. DT: 

Diatoxanthin, DD: Diadinoxanthin; M: Morning and E: Evening. 
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5.4. Discussion 

5.4.1. Effect of solar radiation on PSII parameters and photoprotective pigments 

Light plays a significant role in phytoplankton growth, productivity, and ecology, yet 

light availability (both quantitative and qualitative) depends on the organisms' location in 

the aquatic environment. Generally, phytoplankton experience variable irradiance in the 

open ocean. For instance, the phytoplankton communities on the sea surface are exposed 

to a higher irradiance than the SCML communities. In this study, the response of 

phytoplankton to the variable PAR and PAR+UVR treatments varied with the community 

and locations. For instance, the centric and pennate diatom-dominated community in the 

Figure 5.6. Plot showing values of a) photoprotective carotenoids (PPC) to 

photosynthetic carotenoids (PSC), b) photoprotective pigment ratios, i.e., DD + 

DT/Chlorophyll-a, and c) de-epoxidation of the xanthophyll cycle pigment DD, i.e., 

DT/DD + DT during the incubation period in the South-tropical Indian Ocean. DT: 

Diatoxanthin, DD: Diadinoxanthin; M: Morning, and E: Evening. 
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AS experienced higher UVR and comparatively less PAR. In contrast, the pennate 

diatom-dominated community in the STIO experienced higher PAR and comparatively 

lower UVR due to cloudy weather. Therefore, one can expect distinct photosynthetic 

performance from the AS and STIO communities. The fluorescence measurements show 

that the AS and STIO phytoplankton are photosynthetically active; however, the response 

magnitude was different for sea surface and SCML waters and between the locations. The 

magnitude of diel variations was higher in the sea surface of the AS than in STIO and 

between the sea surface and SCML of STIO. This trend was persistent in both only-PAR 

and PAR+UVR treatments. The distinct response observed between the locations can be 

attributed to the differences in phytoplankton composition and irradiance. The 

phytoplankton communities at the sea surface are generally exposed to high solar 

irradiance, both ultraviolet (UVR and PAR); therefore, they should have a well-defined 

photoprotection mechanism. Such photoprotective mechanisms can be selectively 

activated based on the exposure length and are species-specific (Halac et al., 2014; Dimier 

et al., 2007). Phytoplankton species with flagella (e.g., dinoflagellates) can avoid the 

excessive radiation by moving downward (Roy, 2000; Richter et al., 2007); however, in 

highly stratified water columns, they might be physically forced to stay at the water 

surface with high radiation. The variable fluorescence measurements (F0, Fv/Fm, and σPSII) 

and pigment ratios (DT + DD/Chl-a, PPC:PSC, and DT/DT + DD) revealed that the 

dynamic photoinhibition, NPQ and photoprotective pigments accumulation were the 

prominent photo-adaptive strategies to regulate excess light. 

 Interestingly, in all the locations, the Fv/Fm value of the sea surface and SCML 

phytoplankton communities showed a morning high, mid-day low, and a consequent 

recovery to the maximum in the evening. These results confirm the involvement of 

dynamic photoinhibition, which plays an essential role in the photoprotection of 

phytoplankton. Dynamic photoinhibition is attributed to the rapid recovery (on a 

timescale of tens of minutes to hours) of PSII reaction centers from transient damage 

(Gorbunov et al., 2001). The dynamic photoinhibition as the photoprotection mechanism 

is widely known in phytoplankton (Falkowski, 1994), macroalgae (Hanelt et al., 1993), 

and corals (Ralph et al., 1999; Gorbunov et al., 2001). However, the magnitude of Fv/Fm 

recovery was higher for the AS sea surface, followed by the STIO sea surface, and least 

in STIO SCML. This could be due to the prevalence of low Fv/Fm ratios in STIO SCML 

followed by AS and STIO sea surface. The synthesis or accumulation of photoprotective 

pigments (i.e., non-photosynthetic active pigments; Babin et al., 1996) can cause low or 
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mid-day depression in Fv/Fm. Generally, the photoprotective pigments absorb PAR, but 

this energy is not transferred to Photosystems (I or II), causing reduced Fv/Fm. Various 

studies suggest that the increased accumulation of photoprotective (PP) carotenoids and 

xanthophylls under high PAR and UVR (e.g., Van de Poll et al., 2006; Dimier et al., 2007; 

Villafañe et al., 2008) and the same was evident in this study. Since the STIO locations 

were exposed to high PAR and UVR, the accumulation of PP was also higher, which is 

evident in the PP and photosynthetic (PS) ratio. The low Fv/Fm ratios in STIO sea surface 

and SCML waters could also be due to the taxonomic dominance of picophytoplankton, 

as evidenced by the diagnostic pigment HPLC data and is also observed in previous 

studies (Moore et al., 2005, 2006; Suggett et al., 2009). Fishwick et al. (2006) have shown 

that the cross-shelf trends of Fv/Fm and σPSII from the south-west coast of South Africa are 

broadly correlated with community structure, and the values changed as the community 

changed from diatoms to picoeukaryote dominant. However, the picoeukaryote groupings 

used by Fishwick et al. (2006) contain organisms like pelagophytes (19’-

butanoyloxyfucoxanthin) and chlorophytes (Chl-b), which have very different PSII 

antenna structures, which might have caused the observed variability. Similarly, low 

Fv/Fm ratios can indicate a stressed phytoplankton community and are highly dependent 

on the contributing taxa (Patil & Anil, 2019; Giannini et al., 2021). 

Further, the mechanism of thermal dissipation of excess excitation energy either 

in the light-harvesting antennae or the reaction centers of PSII can also cause the mid-day 

reduction in chlorophyll fluorescence (Vassiliev et al., 1994). The quenching within the 

reaction center is shown by a decrease in Fv/Fm without changing σPSII, whereas quenching 

in the antennae bed decreases σPSII values (Vassiliev et al., 1994) and is correlated with 

the xanthophyll cycle (Demmig-Adams & Adams, 1996). In the present study, at both the 

locations in the AS, a low Fv/Fm value was associated with a low σPSII value, pointing out 

that the thermal dissipation of excess excitation energy occurred in the antennae bed for 

both treatments. Whereas, for sea surface and SCML at STIO, the decrease in Fv/Fm was 

associated without a change in σPSII, indicating that the thermal dissipation of excess 

excitation energy occurred in the reaction centers of PSII for both treatments. However, 

the involvement of the xanthophyll cycle by producing xanthophyll pigments (i.e., 

diatoxanthin-DT and diadinoxanthin-DD) in dissipating the excess energy was variable 

between AS and STIO. For instance, the dissipation of excess energy by the xanthophyll 

cycle was not observed in the AS locations, whereas the xanthophyll cycle was active in 

the STIO locations for both sea surface and SCML waters. The lower DT and higher 
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DD+DT pool, as shown by the accumulation of DD, signified the prevalence of NPQ of 

reaction centers in the AS location. This could be because DT is a quencher of excitation 

energy within the antenna, and its formation can reduce the effective absorption cross-

section of PSII (Falkowski & Raven, 2007). Generally, DT is involved in the thermal 

dissipation of excess energy without transferring it to chlorophylls (Demmig-Adams, 

1990; Olaizola et al., 1994), and DD plays a role in light harvesting by transferring energy 

to chlorophylls. Surprisingly, even though the thermal dissipation of excess excitation 

energy occurred in the antennae bed in the AS locations, the involvement of the 

xanthophyll cycle in dissipating the excess energy was not found. This might have been 

caused by the high UVR recorded in the AS, which might inhibit the xanthophyll cycle 

and cause decreased DT concentration (Brunet et al., 2011). Similar inhibition of the 

xanthophyll cycle by UVR has been stated in various studies (Helbling et al., 2001; Buma 

et al., 2009; Halac et al., 2014). 

5.4.2. Comparison of photoprotection mechanism from habitats receiving extremely 

high light  

The phytoplankton communities inhabiting different marine habitats are distinct 

concerning taxa, dominance, diversity, and physiological adaptations. The light regimes 

(solar radiation) experienced by the phytoplankton communities in an intertidal rockpool 

and an open ocean are completely different and might be driven by the prevalent 

hydrological conditions. For instance, intertidal rockpools are shallow water bodies that 

experience saturating solar radiation, whereas open oceans are vast water bodies, and 

solar radiation gradually decreases as the depth increases. Consequently, the rockpool 

phytoplankton communities have little or no choice but to adapt to the saturating light 

regime, whereas the open ocean communities can sink deeper to avoid such saturating 

solar radiation. The sinking of oceanic phytoplankton communities could also be hindered 

by the stratification of the water column, leaving no choice but to adapt to the prevailing 

light regimes. Therefore, distinct photo-physiological adaptations are inevitable in 

rockpool and oceanic phytoplankton communities.    

Here, the findings of a previous study on the photoprotection mechanism of the 

rockpool phytoplankton (Patil et al., 2017) are compared with the present study to 

delineate the differences or similarities existing in the photoprotection mechanism 

between two distinct phytoplankton communities from contrasting marine habitats. As 

revealed by the AS and STIO sea surface and SCML phytoplankton communities, the 
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intertidal rockpool communities also exhibited dynamic photoinhibition, NPQ of reaction 

centers, or the accumulation of photoprotective pigments to regulate the excess solar 

radiation. The decrease of Fv/Fm from a morning high to a mid-day low and its subsequent 

recovery in the evening was consistent in all the marine habitats (i.e., AS, STIO, and 

rockpools), which signifies the role of dynamic photoinhibition in the photoprotection 

across environmental gradients and habitats. Further, the thermal dissipation of excess 

excitation energy occurred in PSII reaction centers for rockpool and STIO, which was 

associated with a decrease in Fv/Fm and an increase in σPSII, whereas in the AS quenching 

was observed in the antennae bed, leading to a decrease in σPSII. The antennae bed 

quenching mostly correlates with a xanthophyll cycle; however, it was not observed in 

the AS or the rockpools (high tide rockpools). The reason could be the inhibition of the 

xanthophyll cycle by excessive UVR in both habitats. In contrast, the xanthophyll cycle 

was functional in the STIO, possibly because the relatively low UVR caused no damage 

or because smaller phytoplankton (e.g., pennate diatoms or picophytoplankton) were 

dominant in STIO during incubation. Since σPSII for smaller phytoplankton is higher, it 

could be more susceptible to photoinactivation of PSII (Key et al., 2010). Therefore, an 

added photoprotection mechanism like the xanthophyll cycle can reduce the 

photoinactivation and increase the adaptability. However, it was noticed that the recovery 

magnitude of Fv/Fm was lower in STIO and higher in AS and rockpools. This could be 

attributed to the phytoplankton community differences recorded in these habitats. 

According to Key et al. (2010), the diatoms have a higher PSII repair rate than the 

picophytoplankton (e.g., Prochlorococcus and Synechoccocus spp.). The photosynthetic 

apparatus structure and composition differences can cause taxonomic differences in the 

PSII repair rates (Six et al., 2007). Temperature is another factor affecting the recovery 

magnitude of Fv/Fm, and a lower temperature can also inhibit the metabolic PSII repair 

rates (Key et al., 2010). The temperature was relatively lower in the STIO locations 

compared to AS and rockpools; therefore, it might have reduced the metabolic rate, 

reducing the PSII repair rates.  

Moreover, Capotondi et al. (2012) have predicted increased sea surface 

temperature, resulting in a stratified upper mixed layer in the marine ecosystem, 

consequently exposing phytoplankton to higher PAR and UVR. This higher or often 

ambient intensity of PAR and UVR is sufficient to cause sporadic photoinhibition to the 

surface phytoplankton (Harrison & Smith, 2009). The UVR alone is reported to cause 

photoinhibition of total primary production by 10-30% in coastal (Helbling et al., 2003; 
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Li et al., 2009) and 15-27% in open ocean waters (Helbling et al., 1992; Li et al., 2009). 

However, the natural Antarctic phytoplankton assemblages suffer a higher (34-44%) 

photoinhibition caused by solar radiation (Boucher & Prézelin, 1996; Holm-Hansen, 

1997). A study in the oligotrophic regions of the Indian Ocean showed that solar UVR 

significantly affects the phytoplanktonic production of particulate organic carbon and 

dissolved organic carbon despite being genetically adapted (Fuentes-Lema et al., 2015). 

Aardema et al. (2024) concluded that low-light adaption in temperate to subpolar latitudes 

and in (sub‐) tropical upwelling regions can cause phytoplankton communities to increase 

the light-harvesting capacity. Therefore, growth and primary productivity can be 

optimized by photophysiological plasticity, allowing the phytoplankton community to 

fine‐tune its light capture. Hence, the variability in marine photosynthesis can be different 

based on oceanographic regions, daily cycles, and environmental drivers. 

Nevertheless, these results confirm that the photoprotection mechanisms depend 

highly on the habitat type, prevailing dominant taxa, and hydrographic conditions. 

Further, the fast recovery capability from PSII inhibition by surface phytoplankton 

assemblages could be advantageous in adapting to fluctuating light regimes when the 

surface mixed layer shallows and phytoplankton cells are exposed to increased light 

intensities in the future. These findings can provide important insights and improve our 

understanding and predictions of climate change on marine ecosystems and biological 

productivity. 

  

5.5. Conclusion 

This study concludes that PAR+UVR treatment had a more prominent effect on photo-

physiology than only PAR treatment, irrespective of the bioregions; however, the 

differences are insignificant. Dynamic photo-inhibition (Fv/Fm), NPQ, and accumulation 

of photo-protective pigments (DT+DD/Chl-a and PPC/PSC) were found to be the 

prominent photo-adaptive strategies, but the magnitude and mechanism differed between 

the bioregions. In IO, the phytoplankton communities used all or a combination of the 

photoprotection mechanisms. Dynamic photo-inhibition was a primary photoprotection 

mechanism observed in all the bioregions; however, the magnitude was region-specific 

(i.e., rapid in AS and gradual in STIO). The thermal dissipation of excess excitation 

energy using the NPQ occurred in the reaction centers of PSII for STIO, whereas in the 

AS, quenching was observed in the antennae bed. Further, the photo-protection 

mechanism using the xanthophyll cycle (DT/DD+DT) was region-specific (i.e., observed 
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only in STIO but not in AS) whereas at STIO, the response was similar between surface 

and SCML waters. A similar photo-physiological adaptation in extremely high-light 

adapted phytoplankton in smaller water bodies like tropical rock pools (facing eastern 

AS) highlights dominant taxonomic groups, habitat type, prevailing hydrographic 

conditions, and magnitude of solar flux determine the mechanism involved in the 

photoprotection.  
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Chapter 6: Summary 

The microscopic and photosynthetic algae in the sunlit zone of water bodies and sediment 

are known as microalgae. Microalgae are the primary producers and can be found in 

various ecologically distinct ecosystems (e.g., intertidal, sub-tidal, coastal, and pelagic). 

The intertidal and pelagic ecosystems are distinct in biological, hydrological, and 

environmental settings. Rock pools and tidal flats are unique but ecologically distinct 

habitats among the intertidal ecosystem. The diversity, distribution, and composition of 

microalgae have been thoroughly studied in these ecosystems, but studies related to the 

morpho-physiological adaptations have not been conducted. These habitats are dominated 

by various microalgae taxa equipped with habitat-specific morpho-physiological 

adaptations. Similarly, the pelagic ecosystems are characterized by distinct hydrological 

and environmental factors that tightly regulate the microalgae assemblages and their 

morpho-physiological adaptations. The size and shape of the microalgae are some of the 

determining traits that help in morpho-physiological adaptations. However, there are no 

studies from the Indian subcontinent that delineate these morpho-physiological traits in 

both intertidal and pelagic ecosystems. Therefore, the present study delineates the morph-

physiological adaptations of microalgae from intertidal (rockpools and tidal flats) and 

pelagic ecosystems encompassing a wide range of environmental settings.  In the pelagic 

ecosystem, the dormant benthic forms (i.e., dinoflagellate cysts) and the dominant 

planktonic forms (i.e., micro-phytoplankton) from the contrasting regions of the Indian 

Ocean (up to 30o S) were addressed. Additionally, the photo-physiological adaptations of 

phytoplankton from the Arabian Sea and the south tropical Indian Ocean were studied 

using an onboard mesocosm experimental approach. The findings of these studies are 

summarized in the subsequent sections. 

Overall, the abundance of MPB and phytoplankton in overlying surf waters (SW) 

showed significant inter-annual and seasonal variations, with diatoms as the dominant 

groups at both undisturbed (DTF) and disturbed (MTF) tidal flats. DTF harbored higher 

MPB species diversity than adjacent SW, whereas an opposite trend was observed at 

MTF. Further, MPB showed significant variations between low (LT), mid (MT), and high 

(HT) tide zones.  At DTF, MPB is dominated by centric diatoms in the SW, LT, and MT 

zones and pennate diatoms in the HT zone. Meanwhile, at MTF, MPB was co-dominated 

by centric and pennate diatoms in SW and pennate diatoms in LT, MT, and HT zones.  

Both pennate (Navicula spp. and Nitzschia spp.) and centric diatoms (Thalassiosira sp., 

Bellerochea malleus, and Lithodesmium undulatum) co-dominated the MPB community, 
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irrespective of the tidal zones at both tidal flats. The regression analysis between the SW 

phytoplankton and MPB community revealed that the influence of the former on the latter 

(particularly at LT and MT) and vice versa was also observed through deposition and 

resuspension, respectively. Centric-to-pennate (C:P) ratios can be a potential indicator for 

understanding the diatom exchange between MPB and SW community, particularly 

during bloom periods. However, the interdependency of the diatom community between 

MPB and SW community is tidal flat specific and dependent on the topography of the 

tidal flat.  Further, epipsammic and epipelic abundance can be potential indicators for 

sediment texture as their abundance ratios are associated with sediment texture. MPB 

showed similar seasonal distribution (i.e., low and high MPB during monsoon and non-

monsoon, respectively) at both tidal flats. Interestingly, potential eutrophic indicator 

species (Bellerochea and Lithodesmium) associated with elevated phosphate values were 

observed at DTF. Meanwhile, the anthropogenic disturbed MTF showed lower abundance 

and diversity than DTF, along with potential harmful algal bloom (HAB) dinoflagellate 

taxa (e.g., Amphidinium sp., Gymnodinium sp. and Peridinium quinquecorne) not 

recorded in DTF. Further, the environmental parameters revealed distinct variations 

between the seasons (monsoon, post-monsoon, and pre-monsoon) of different years (i.e., 

2019,2022 and 2023) and so with the MPB. Despite methodological constraints, the 

relative MPB abundance and diversity, derived from the MPN method, showed 

significant inter-seasonal variability only for monsoon seasons at both tidal flats.  

However, the taxa dominance (i.e., Navicula spp.) remained unchanged and differed for 

monsoon and non-monsoon seasons, respectively.  Further, a decadal shift in the MPB 

community was observed at an undisturbed tidal flat (DFT). Interestingly, a ~2.5-decade-

old study documented minor contributors or non-documented species that were 

predominant in the present study, suggesting a significant shift in the species' dominance 

and assemblage due to changing environmental conditions due to natural (e.g., changing 

monsoonal patterns, increasing sea levels, etc.) and anthropogenic activities (e.g., 

increased nutrient loading). Another interesting finding is that the predominance of 

Chaetoceros sp. and Skeletonema sp. in all the tidal zones of DTF compared to the 

previous studies (restricted to SW and LT zones) suggests the increased level of seawater 

intrusion. Nevertheless, the study highlights that the generation of absolute abundance 

MPB data, which is challenging, is the need of the hour to understand the impact of 

anthropogenic activities and climate change on the MPB dynamics and benthic-pelagic 

ecosystem functioning, per se.   
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In the pelagic ecosystems, diatoms followed by dinoflagellates dominated in the 

upper photic zone of the water column, and diatom frustules and dinoflagellate cysts in 

the underlying sediments. Assessment of cysts producing dinoflagellate assemblage from 

pelagic systems revealed a lower number of cysts (i) at deeper depths (up to 5000m) than 

shallow depths (<200m) and (ii) in oligotrophic regions than oxygen minimum zone 

(OMZ) and the region located close to high productive regions (e.g., upwelling, OMZ). 

Overall, more dinoflagellate cyst species (including potential harmful species), cyst 

concentration, and diversity were recorded in the North Indian Ocean-NIO (i.e., the 

Arabian Sea and the Bay of Bengal) than in the South Indian Ocean-SIO (i.e., Equatorial 

and South Tropical Indian Ocean). Dinoflagellate cyst assemblage showed distinct 

geographic variations (i.e., cosmopolitan and region-specific) due to the prevalence of 

large and small-scale lateral transport in the Indian Ocean. Altogether, a total of 48 cyst 

types (22 genera) were recorded, of which 21 are cosmopolitan (e.g., Impagidinium 

strialatum, Operculodinium centrocarpum, Spiniferites sp., and Echinidinium sp), and the 

remaining 27 are region-specific to NIO. Interestingly, only a few cosmopolitan cyst 

species, like Operculodinium centrocarpum (between NIO-SIO and coastal-open ocean 

regions), cyst of Pentapharsodinium dalei (between NIO-SIO), and Lingulodinium 

machaerophorum (between coastal-open ocean regions) showed significant 

morphometric variability among the different bioregions highlighting its potential as an 

ecological proxy. 

The assessment of microalgal adaption in the different habitats of intertidal regions 

indicated that the location and nature of the habitat (rock pools – RPs and tidal flats) 

determine the nature of the assemblage. In both the intertidal habitats, less microalgal 

diversity (including shapes) and the number of species were recorded in the HT zone, 

followed by MT and LT in RPs and LT and MT in tidal flats. Interestingly, even though 

the taxonomic assemblage changed temporally, the shape dominance remained 

consistent, suggesting the latter a robust morphological trait for RPs but not in tidal flats. 

The microalgae assemblages followed distinct trends in RPs and tidal flats. For instance, 

in frequently flushed RPs (MT and LT), pennate diatoms (Pseudonitzschia, Nitzschia, 

Thalasionema, Navicula, and Licmophora) representing elongated types dominated, 

whereas in stagnant HT-RPs spherical/combined shaped dinoflagellates (Amphidinium 

sensu stricto and Bysmatrum gregarium) dominated. However, in the tidal flats, LT and 

MT zones were dominated by elongated type chain forming taxa (Thalassiosira sp., 

Bellerochia sp., Lithodesmium sp., and Chaetoceros spp.) and HT zone by pennate 
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diatoms (Navicula spp., and Nitzschia spp.). Since tidal flats are diverse based on 

sediment texture, beach profile, and other local factors, more studies are required to 

delineate the variations. Further, species-specific allelopathy on other microalgae by 

Amphidinium (known harmful algae of concern and dominant in HT-RPs) highlights a 

type of physiological trait to suppress competitors. It might be one of the reasons for its 

predominance in HT-RPs experiencing varying environmental (light, temperature, and 

salinity) conditions. Therefore, it can be concluded that the microalgae in intertidal flats 

are more dynamic than the rockpools. 

Further, the phytoplankton communities from pelagic systems were assessed to 

explore the potential of using commonly used traits (such as cell geometric shape and 

taxa) as ecological function indicators from the data generated during the winter monsoon 

in the eastern Arabian Sea (AS). The study concludes that the phytoplankton cell shape 

in the eastern Arabian Sea showed a high level of redundancy by choosing only a few 

dominant shapes associated with high taxonomic diversity. The integrated approach 

(taxonomy and morphology) adopted revealed higher taxonomic and shape diversity in 

the convective mixing influenced non-oligotrophic northeastern AS-open ocean (NEAS-

O) than adjoining northeastern AS-coastal (NEAS-C) and oligotrophic southeastern AS-

open ocean (SEAS-O). Interestingly, the shape diversity and dominance remained the 

same between NEAS-O and SEAS-O, and among the fronts, the combined and simple-

shaped phytoplankton out-competed in NEAS-C and SEAS-O. The assessment of 

morphological properties based on the surface-to-volume ratio (S:V) and its relationship 

with greatest-axial-linear-dimension (GALD) suggested the prevalence of different 

adaptive strategies to cope with respective hydrographic conditions in the open ocean 

(NEAS-O and SEAS-O) and coastal (NEAS-C) by conserving S:V despite the increase in 

GALD in the former and no change in the later. 

In the pelagic ecosystem of the Indian Ocean (IO), (i) simple phytoplankton 

geometric shapes (PGS) and morphological traits, i.e., S:V and GALD, showed a north-

south gradient in the Indian Ocean, and (ii) despite different taxonomic composition, the 

PGS showed similar distribution and dominance in the Indian Ocean bioregions. Further, 

the PGS (community and morphological trait) of the sub-surface chlorophyll maximum 

layer (SCML) and the corresponding sea surface will be similar or dissimilar if the former 

is located within or deeper than the mixed layer depth. Among the SCML, the depth of 

occurrences determined the morphological attributes and phytoplankton shape 

dominance.  For instance, (i) simple and complex PGS contribution gradually decreases 
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and increases, respectively, with increasing depth, and (ii) the PGS in shallow SCML 

showed low S:V and high GALD while in intermediate and deep SCML high S:V and 

low GALD were observed due to the phenotypic plasticity behavior by dominant PGSs 

to capture light. The analysis of phytoplankton morphological traits from different 

ecosystems suggests that S:V ratio and GALD are good indicators of “phenotypic 

plasticity” and can act as robust morphological traits for marine microalgae. 

Variable fluorescence and diagnostic pigments confirm the prevalence of 

contrasting physiological adaptations in different oceanic regions, further indicating the 

utility of the former as a potential physiological trait of microalgae. Dynamic photo-

inhibition (Fv/Fm), non-photochemical quenching (NPQ), and accumulation of photo-

protective pigments (DT+DD/Chl-a and PPC/PSC) were found to be the prominent 

photo-adaptive strategies, but the magnitude and mechanism differed between the IO 

regions. Dynamic photo-inhibition was a primary photoprotection mechanism observed 

in all the bioregions; however, the magnitude was region-specific (i.e., rapid in AS and 

gradual in STIO). The thermal dissipation of excess excitation energy using the NPQ 

occurred in the reaction centers of PSII for STIO, whereas in the AS, quenching was 

observed in the antennae bed. The photo-protection mechanism using the xanthophyll 

cycle (DT/DD+DT) was region-specific, i.e., observed only in STIO but not in AS. 

Further, the photoprotection mechanism was similar between surface and SCML waters 

of the STIO region. A similar photo-physiological adaptation in extremely high-light 

adapted phytoplankton in smaller water bodies like tropical rock pools (facing eastern 

AS) highlights dominant taxonomic groups, habitat type, prevailing hydrographic 

conditions, and magnitude of solar flux determine the mechanism involved in the 

photoprotection. Moreover, the fast recovery capability from PSII inhibition by surface 

phytoplankton assemblages could be advantageous in adapting to fluctuating light 

regimes when the surface mixed layer shallows and phytoplankton cells are exposed to 

increased light intensities in the future. 

Therefore, this study highlights that the morpho-physiological adaptation of 

microalgae plays a significant role in better understanding the nature of habitat 

functioning. The morphology-based studies can help simplify the understanding of 

ecosystem functioning and species succession without entering the taxonomical details. 

The various life strategies, like cyst formations, can better elucidate the benthic-pelagic 

coupling and give a better understanding of seasonal bloom formation. The understanding 

of photo-adaptation in microalgae from contrasting habitats will have implications in 
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studies related to ecological surveillance and primary productivity. Overall, this study 

highlights that morphometry (including dinoflagellate cysts) and photo-physiology of 

microalgae can be used as potential indicators in ecological studies. Moreover, the present 

study aptly points out a new way of looking at microalgae ecology and also aids in a better 

understanding of microalgae ecology holistically.  
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A B S T R A C T

The micro-phytoplankton (>20 μm) adaptations and resilience were assessed using morphological traits (shape, 
surface-to-volume ratio; S:V, and greatest-axial-linear-dimension; GALD) from sea-surface and different SCML- 
depths (shallow:20-50 m, intermediate:50-100 m, and deep:100-140 m) across different bioregions of Indian 
Ocean. The dominant simple elongated phytoplankton-geometric-shapes (PGSs) and morphological traits showed 
distinct north-south distribution and varied with light and nutrient availability. Further, SCML and corre
sponding sea-surface PGS will be similar or dissimilar if the former is located within or deeper than mixed-layer 
depth. Also, simple and complex PGS contribution gradually decreases and increases with increasing depth. 
Additionally, shallow SCML-PGS showed low-S:V and high-GALD while vice-versa for intermediate/deep SCML- 
PGS due to phenotypic plasticity behavior. Overall, only simple-PGS (cylinder, elliptic-prism, and prism-on- 
parallelogram) showed strong adaptive behavior through phenotypic plasticity and were highlighted as poten
tial ecological tracers to address ecological impact of oceanographic processes (including coastal eutrophication, 
and aerosol deposition) linked to nutrient and light availability in predicted ocean change scenarios.

1. Introduction

Phytoplankton, which contributes to almost half of the global pri
mary production (Smayda, 1970), are adapted to live in suspension in 
turbulent water masses and fluctuating light and nutrient regimes in 
various water bodies (Reynolds, 2006). Even though many indispens
able resources can limit phytoplankton growth, nutrient availability (N, 
P, and Si) and light are the main drivers (Tilman et al., 1982). Other 
factors like grazing and parasitic infections are important loss processes 
(Kagami et al., 2007). Various morphological and physiological spe
cializations developed in phytoplankton species have helped them adapt 
to their environment (Reynolds, 2007). The phytoplankton size and 
shape expressed by greatest axial linear dimension (GALD) and surface- 
to-volume ratio (S:V) reflect their ability to obtain nutrients, light, resist 
sinking, and reduce grazing pressure (Lewis, 1976; Naselli-Flores et al., 
2007). Therefore, morphological traits are directly related to phyto
plankton’s life strategies (Irwin et al., 2006) and are readily used to 
describe and identify functional groups and trait-based studies 
(Reynolds et al., 2002; Padisak et al., 2009). In recent decades, the 
application of morphometric traits to explain and understand phyto
plankton community distribution is well-explored in freshwater 

(Margalef, 1978; Reynolds, 1988; Weithoff, 2003; Salmaso and Padisak, 
2007; Litchman and Klausmeier, 2008; Kruk et al., 2010; Naselli-Flores 
and Barone, 2011), estuarine (O’Farrell et al., 2007; Kruk et al., 2015) 
and marine (Litchman et al., 2007, 2015; Finkel et al., 2010; Stanca 
et al., 2013; Barton et al., 2013; Paul et al., 2021, 2023) ecosystems. In 
trait-based studies, taxonomically distinct species are grouped based on 
their similar adaptive traits (Simberlof and Dayan, 1991). Morpholog
ical traits (i.e., cell shape and size) affect various aspects of phyto
plankton survival like grazing by zooplankton (Sunda and Hardison, 
2010; Pancic and Kiørboe, 2018; Petrucciani et al., 2022), diffusion and 
sinking (Padisak et al., 2003; Durante et al., 2019), growth rates (Wirtz, 
2011), nutrient uptake (Grover, 1989; Karp-Boss and Boss, 2016) and 
light harvesting (Naselli-Flores and Barone, 2007, 2011). The key 
phytoplankton traits (cell size and shape) are controlled by environ
mental conditions (like nutrients, light, temperature, species in
teractions, and grazers), making shape and size crucial determinants of 
fitness (Naselli-Flores et al., 2007; Zohary et al., 2010; Stanca et al., 
2013; Leonilde et al., 2017). The effect of nutrients and grazing on 
phytoplankton morphological attributes (like shape, size, S:V, and 
GALD) are investigated in various reservoirs (Naselli-Flores and Barone, 
2007; Xiao et al., 2011; Butts et al., 2022). There are few studies on 
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shape variability from marine systems (Paul et al., 2021; Paul et al., 
2023), but specific studies on morphological attributes considering 
SCML from a vast marine pelagic system, particularly the Indian Ocean 
(IO), are scarce.

The IO’s unique geographical, physical, and meteorological features 
distinguish it from the world’s two major oceans, i.e., Pacific and 
Atlantic. The tropical IO encompasses the northern IO (Arabian Sea and 
Bay of Bengal on the west and east, respectively), equatorial IO from 
4oN-4oS, and southern tropical IO up to 30oS. Among them, northern IO 
is surrounded by Asian land masses and is profoundly influenced by 
seasonal monsoonal forcing, weak equatorial upwelling, and significant 
freshwater influx from major rivers (Schott and McCreary Jr., 2001). 
The IO is the smallest oceanic basin and plays important roles in the 
global ocean, i.e., the transport of heat, salt, carbon, and about 15–20 % 
of global primary production (Behrenfield and Falkowski, 1997; 
Regaudie-de-Gioux et al., 2014). The existence of an upper low- 
chlorophyll, a nutrient-depleted mixed layer where productivity is 
limited (Dugdale and Goering, 1967), followed by a light-limited, 
nutricline-associated with elevated chlorophyll known as subsurface 
chlorophyll maximum layer (SCML) is common in stratified waters 
(Herbland and Voituriez, 1979; Cullen, 1982). According to Cullen 
(2015), SCMLs are the local chlorophyll-maxima, formed in layers and 
maintained by ecological interactions like autecological processes 
(growth, photosynthetic acclimation, and sinking or swimming of 
phytoplankton) and grazing control that modulates phytoplankton 
concentrations over days to weeks. The primary production at sea sur
face can also be limited due to photoinhibition (Kirk, 1994). Conse
quently, phytoplankton accumulation occurs at distinct water depths, 
which do not necessarily correspond to the maximum in either irradi
ance or nutrient concentration (Cullen, 1982), forming SCML. SCML is a 
ubiquitous ocean feature in tropical (Shah et al., 2020), subtropical 
(Mignot et al., 2014), and polar regions (McLaughlin and Carmack, 
2010; Baldry et al., 2020). However, SCML depth varies globally, 
forming at depths >80 m in the subtropical and tropical (30oS to 30oN), 
40–80 m in the tropics, Southern Ocean (south of 40oS), and < 40 m in 
the northern subarctic (north of 40oN) (Yasunaka et al., 2022). The 
existence of such biological feature and its significant contribution to the 
column primary production has already been reported in the IO 
(Shulenberger and Reid, 1981; Sarma and Aswanikumar, 1991; Reve
lante and Gilmartin, 1995; Goldman and McGillicuddy, 2003; Hanson 
et al., 2007; Shah et al., 2020; Jayaram et al., 2021; Garg et al., 2024). 
The SCML is greatly influenced by the prevailing physical processes, 
mixing, stratification, and phytoplankton groups (Fu et al., 2018; Shah 
et al., 2020). Though most of these studies have focused on the forma
tion and maintenance of SCML, either satellite-based (Shah et al., 2020) 
or argo-float-based (Jayaram et al., 2021) data, the community-based 
studies are lacking (Sarma et al., 2021). A recent study based on the 
HPLC-based phytoplankton pigment data from the northern IO reported 
that micro-phytoplankton are the major contributors to increasing 
Chlmax (Garg et al., 2024). However, an integrated taxonomic and 
morphological trait-based (shape, size, S:V and GALD) study of micro- 
phytoplankton community from sea surface and SCML within different 
geographic regions of the IO and at various SCML depths (20–140 m) is 
not available. Therefore, the present study focuses on the applicability of 
oceanic micro-phytoplankton morphological traits to infer if forms can 
be related to ecological functions/changes, how traits vary in different 
sub-chlorophyll maximum layer depths, and their usefulness as tracers 
in changing oceanic ecosystems. As oceans are vulnerable to climate 
change, phytoplankton adaptive capabilities from ecological and global 
change perspectives are becoming vital.

2. Materials and methods

2.1. Study area and sampling strategies

The observations were made during two cruises onboard R/V Sindhu 

Sadhana in the Southeastern and oxygen minimum zone (OMZ) of the 
Arabian Sea (AS) (SSD069; 12 January-11 February 2020), Bay of 
Bengal (BoB) and North and South Equatorial Indian Ocean up to 30oS 
(NEIO, SEIO and STIO) in a three-month long cruise (SSD079; 14 March- 
5 June 2021) (Fig. 1; Table 1). The water samples were collected at 38 
stations (AS-14, BoB-4, NEIO-3, SEIO-6, and STIO-11) from the sea 
surface and sub-surface chlorophyll maximum layers (SCML) with 10 L 
Niskin bottles attached to 32 Carousel Water Sampler (Sea-bird Elec
tronics Inc.; SBE), which is operated with SBE 911 plus CTD equipped 
with sensors such as temperature (SBE 3 plus SN5552; ±0.001 ◦C), 
conductivity (SBE 4 SN4088; ±0.0003 S m− 1), dissolved oxygen (SBE 
43SN2288; ±2 % of saturation), transmissometer (WET Labs C-star), 
fluorometer (Seapoint Sensors; 0.02 μg L− 1) and surface PAR (LI-COR 
Biospherical; μmol photons m− 2 s− 1) for real-time data acquisition.

2.2. Micro-phytoplankton collection

The collected 5 L water samples from the sea surface and SCML were 
passed through a 20 μm mesh, concentrated to 100 mL, and preserved 
with 4 % acidic Lugol’s iodine for further analysis. A known aliquot 
(2–5 mL) of sample volume was analyzed in duplicates using an inverted 
microscope (IX73 Olympus Make) at 200-400× to assess micro- 
phytoplankton composition and abundance. Microalgal identification 
was performed using standard identification keys (Tomas, 1997; Taylor, 
1973).

The morphological measurements such as length, width, breadth, 
area, volume, surface-to-volume ratio (S:V), and greatest axial linear 
dimension (GALD) of ~30 cells for each micro-phytoplankton were 
measured according to geometric shapes (Hillebrand et al., 1999; Sun 
and Liu, 2003) at 200×-600× using pre-calibrated Olympus cellSens 
standard software digital camera adapter system (Qimaging MicroPub
lisher 5.0 RTV) attached to the inverted microscope (Olympus IX73). 
These measurements were then utilized for cell volume (V; μm3) and 
surface area (S; μm2) calculation (Hillebrand et al., 1999; Sun and Liu, 
2003). The S:V and GALD (μm) are calculated as Paul et al. (2023)
described, and morphometric shapes are hereafter referred to as 
phytoplankton geometric shapes (PGS; Salmaso et al., 2015).

Overall, 17 PGS were identified among which 12 were simple (Box-B, 
Cone-C, Cylinder-Cyl, Cymbelloid-Cym, Ellipsoid-Elli, Elliptic prism- 
ElliP, Gamphonemoid-Gam, Half sphere-Hs, Prism on parallelogram- 
PoP, Prism on triangle-PoT, Prolate spheroid-Ps and Sphere-S) and 5 
were combined/complex (Cylinder+2 Half spheres-Cyl2Hs, Ellipsoid+2 
Cones+ Cylinder-Elli2CCyl, Elliptic prism+4 Cones-ElliP4C, Prolate 
spheroid+2 Cylinders-Ps2Cyl and 2 Cones-2C).

2.3. Environmental variables

Seawater samples for dissolved inorganic nutrient analysis were 
collected in 4.5 mL cryo-vials in 4 replicates and frozen at -20 ◦C until 
analysis. Samples were thawed to room temperature before analysis, and 
nutrients (nitrate, nitrite, phosphate, and silicate) were measured using 
an auto-analyzer (Model: Skalar Analytical SAN++, Netherlands) 
following standard colorimetric methods (Grasshoff et al., 1992). The 
onboard-operated CTD profiler obtained other environmental parame
ters (temperature, salinity, oxygen, and PAR). The SCML depth was 
determined using fluorescence downward profiles generated by a fluo
rometer (Seapoint Sensors; 0.02 μg L− 1) attached to the CTD profiler. 
The mixed layer depth (MLD) was calculated using a 0.03 kg m− 3 den
sity difference from the surface (de Boyer Montegut et al., 2004), and 
nitracline depth was taken where the nitrate concentration reached 1 
μM L− 1 (Zhuang et al., 2020).

2.4. Data analysis

Univariate measures such as species count, Shannon–Wiener’s di
versity, species richness, and evenness were performed on log- 
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transformed data for both taxa and PGS. The clustering of different re
gions and between SCML depths was performed with SIMPROF (Simi
larity Profile Analysis; significance level at 0.05) through the 
Bray–Curtis similarity and group average method. The data were 
grouped at 50 % to ascertain significant similarities or dissimilarities 
concerning PGSs and taxa. Univariate and clustering analyses were 
performed using the statistical software PRIMER 6 (Clarke and Gorley, 
2006; Clarke and Warwick, 2001). The two-way analysis of variance 
(ANOVA) was performed using Statistica software (release 8) on log- 
transformed data to evaluate the variations between regions and 
SCML depths. The relationship between S:V and GALD was determined 
using power law regression on log-transformed data. The functional 
relationship between two measured quantities, where a relative change 
in one quantity results in a relatively proportional change in another, is 
often expressed as a power law equation (allometric equation) repre
senting scale symmetry: 

y = kxb or logy = b log x+ log k 

where b is the scaling exponent of the law.
Here GALD was taken as a function (i.e., y), S:V is variable (i.e., x), b 

is the order of scaling (i.e., the exponent), and k is a constant. So, if b =
− 0.15, a 100 % change (i.e., doubling) in GALD is associated with a 15 % 
decrease in S:V. The multivariate relationship of environmental vari
ables with PGSs, S:V, and GALD corresponding to the sea surface and 
SCML depths were evaluated by performing Redundancy Analysis (RDA) 

using CANOCO v4.5 software (Ter Braak and Smilauer, 2002). To 
identify the best ordination model, detrended correspondence analysis 
(DCA) was conducted, and based on the lengths of environmental 
gradient (< 2 standard deviations), a linear response model (i.e., RDA) 
was selected. Based on the direct gradient technique of RDA and using 
forward selection (and a Monte Carlo permutation test, n = 499), key 
environmental variables were determined. The arrow length (environ
mental variables, PGSs, S:V, and GALD) and orientation determine their 
relative importance and approximate correlations to the axes (Lepš and 
Šmilauer, 2003).

2.5. Data presentation

The stations were grouped into six regions based on geographical 
locations (Table 1). AS stations are grouped in two transects, i.e., AST1 
(stations in East-West direction) and AST2 (OMZ), stations from BoB and 
the Andaman Sea are grouped as BoB, stations 2oN-7oN are grouped as 
NEIO, 1oS-10oS as SEIO and 10oS-30oS as STIO. Furthermore, all stations 
are categorized as shallow (20-50 m), intermediate (50-100 m), and 
deep (>100 m) SCMLs to study the variations at different depths of 
occurrences (See Supplementary Table 1).

Fig. 1. Schematic showing map of the study area along with the fluorescence profile of different regions of the Indian Ocean. Dominant species and PGS are denoted 
for surface and SCML in each subsequent profile. Cyl: cylinder, ElliP: elliptic prims, Elli: ellipsoid, PoP: prism on parallelogram, S: sphere, ElliP2CCyl: elliptic 
prism+2cones + cylinder, Cym: cymbeloid, ElliP4C: elliptic prism+4 cones, Ps2Cyl: prolate spheroid+2 cylinders, 2C: 2 cones, AST1: Arabian Sea transect 1, AST2: 
Arabian Sea transect 2, BoB: Bay of Bengal, NEIO: North equatorial Indian Ocean, SEIO: South equatorial Indian Ocean and STIO: South tropical Indian Ocean. The 
black dotted line shows mixed layer depth (MLD), and the orange dotted line shows nitracline depth.
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3. Results

3.1. Hydrographic condition of the Indian Ocean

Overall, the IO sea surface water was warmer than that of SCML. The 
equatorial region (NEIO and SEIO) sea surface water was the warmest, 
followed by AST1, BoB, AST2, and STIO, the coolest. In the SCML, AST1 
was the warmest, followed by BoB, NEIO, AST2, SEIO, and least in STIO. 
The salinity of the sea surface and SCML was lowest in BoB, followed by 
equatorial, STIO, and AS (maximum) transects. Maximum sea surface 
DO was recorded in BoB followed by NEIO, STIO, SEIO, AST2, and least 
in AST1, whereas, in SCML, STIO showed the maximum DO followed by 
AST2, BoB, AST1, NEIO, and SEIO. The MLD was shallow in BoB (12 ± 6 
m), NEIO (31 ± 4 m) and deepening in SEIO (36 ± 27 m), AST1 (42 ± 6 
m), STIO (53 ± 7 m) and AST2 (72 ± 12 m). The nitracline depth was 
shallow in AST2 (45 ± 41 m), NEIO (58 ± 38 m), BoB (59 ± 33 m), 
AST1 (60 ± 26 m) and deeper in SEIO (98 ± 44 m) and STIO (108 ± 36 
m).

The median NO3 concentration for sea surface waters ranged from 
0.57 to 1.4 μM, recording maximum in NEIO (1.4 ± 0.15 μM), followed 
by BoB (1.24 ± 0.62 μM), AST1 (1.02 ± 0.51 μM), SEIO (0.96 ± 1.7 
μM), STIO (0.85 ± 0.19 μM) and least in AST2 (0.57 ± 0.25 μM). In 
SCML, concentrations ranged from 0.7 to 5.0 μM, recording maximum in 
NEIO (5.0 ± 0.5 μM), followed by BoB (2.9 ± 1.8 μM), SEIO (2.4 ± 0.6 
μM), AST1 (1.8 ± 2.0 μM), STIO (1.2 ± 0.3 μM) and least in AST2 (0.7 
± 0.9 μM).

The median PO4 concentration for sea surface waters ranged from 
0.5 to 1.4 μM recording maximum in AST1 (1.4 ± 0.15 μM), followed by 
BoB (1.2 ± 0.42 μM), NEIO (0.8 ± 0.36 μM), SEIO (0.7 ± 1.4 μM) and 

least in STIO and AST2 (0.5 ± 0.2 μM). In SCML, concentrations ranged 
from 0.3 to 2.2 μM, recording maximum in NEIO (2.2 ± 0.8 μM), fol
lowed by BoB (1.4 ± 0.9 μM), SEIO (1.3 ± 0.3 μM), AST1 (1.1 ± 1.1 
μM), STIO (0.8 ± 0.2 μM) and least in AST2 (0.3 ± 0.5 μM) (Table 2).

The intermediate SCML was warmer (26.3 ± 0.5 ◦C) than shallow 
(25.9 ± 0.3 ◦C) and deep (18.5 ± 1.05 ◦C) SCML. The deep SCML was 
more oxygen saturated (4.7 ± 0.16 mgL− 1) than shallow (3.2 ± 0.41 
mgL− 1) and intermediate (3.3 ± 0.13 mgL− 1), which did not show much 
variation. The salinity variation was insignificant among SCML depths. 
The mean concentration of SiO4, PO4, NO2 + NO3, and N:P was 
maximum in the intermediate, followed by shallow and least in deep 
SCML (Table 3).

3.2. Relationship between PGS, morphological traits, and environmental 
variables

The RDA results revealed that the dominant PGSs at the sea surface 
were limited by SiO4 availability and high light (PAR) conditions. 
Similarly, S:V and GALD were controlled by only nutrient limitation, but 
in SCML, both nutrient and light availability were the controlling fac
tors. Interestingly, S:V and GALD of the dominant PGSs in shallow and 
intermediate SCML were positively correlated with nutrients and light, 
whereas in the deep SCML, nutrients were positively and the light was 
negatively correlated. Further, the temperature was also one of the 
controlling parameters in the deep SCML, and it negatively correlated 
with GALD and PGSs, which means increasing temperature will result in 
smaller phytoplankton cells. Therefore, the morphometric attributes (S: 
V and GALD) were strongly influenced by the SCML depth and the 
prevailing environment (Supplementary Fig. 1a–c).

3.3. PGS diversity of the sea surface waters

The PGSs in the sea surface water were relatively similar (Supple
mentary Fig. 2a). Altogether, 13 PGSs (9 simple and 4 complex) were 
recorded, corresponding to 108 micro-phytoplankton species. Simple 
PGSs contributed 81–98 % and complex 4–19 % in the IO. A few simple 
(Cyl, ElliP, and PoP) and complex (2C and Elli2CCyl) PGSs were com
mon, irrespective of the regions. However, the maximum PGSs were 
recorded in AST1 (12 PGSs; 8 simple and 4 complex) followed by SEIO 
(11 PGSs; 7 simple and 4 complex), BoB (10 PGSs; 7 simple and 3 
complex), AST2, NEIO and STIO (9 PGSs; 6 simple and 3 complex each).

Among the PGSs, Cyl and ElliP were dominant compared to other 
prominent PGSs like PoP, Elli, 2C, and ElliP4C (Supplementary Table 2). 
However, species responsible for corresponding PGSs differed with 
bioregions (Supplementary Table 2). All these PGSs cumulatively 
contributed up to 87 % of the total community in all the regions. 
Maximum species diversity was observed in Cyl for AST1 (15 centric 
diatom species), AST2 (8 centric diatom species), BoB (13 centric diatom 
species), and STIO (10 centric diatom species) whereas ElliP (9 diatom 
species; 8 centric and 1 pennate) and Elli (6 dinoflagellate species) 
showed maximum diversity in NEIO and SEIO, respectively. The uni
variate analysis revealed similar PGSs among the regions. PGS richness 
and diversity were highest in BoB, followed by AST1 and NEIO, AST2 
and STIO, and least in SEIO. The number of PGS was highest in BoB, 
followed by AST1, AST2, NEIO, and STIO, and least in SEIO (Supple
mentary Fig. 3g–i).

The S:V and GALD of dominant PGSs, cumulatively representing 
>50 % in the sea surface waters, were Cyl, ElliP, and 2C. The S:V of Cyl 
and 2C significantly increased from northern to southern IO, and the 
maximum was in STIO (0.59 μm− 1) and SEIO (4.33 μm− 1), respectively, 
whereas ElliP remained relatively similar, ranging between 0.43 and 
0.70 μm− 1. However, GALD of Cyl, ElliP, and 2C decreased significantly 
from northern to southern IO, and the maximum was in AST2 for both 
Cyl (373 μm) and ElliP (86 μm) and in AST1 for 2C (1056 μm), 
respectively.

The regression analysis of the dominant PGSs in the sea surface (Cyl, 

Table 1 
Station details with regions and geographic positions.

Station No. Latitude Longitude Regions

1 9◦N 75◦5E

Arabian Sea transect 1 (AST1) 
Oligotrophic transect

2 9◦N 74◦0E
3 9◦N 72◦5E
4 9◦N 69◦5E
5 9◦N 68◦E
6 9◦N 66◦5E
7 9◦N 65◦E
8 9◦N 63◦5E
9 9◦N 62◦E
10 9◦N 60◦E
11 11◦N 62◦57E Arabian Sea transect 2 (AST2) 

OMZ transect12 14◦50N 65◦57E
13 16◦75N 69◦E
14 17◦38N 67◦95E
15 17◦N 89◦85E

Bay of Bengal (BoB)16 20◦22N 88◦04E
17 10◦40N 92◦64E
18 7◦99N 92◦38E
19 7◦N 75◦58E North Equatorial Indian Ocean (NEIO)
20 5◦19N 92◦81E
21 2◦91N 92◦15E
22 1◦98S 90◦47E

South Equatorial Indian Ocean (SEIO)
23 2◦03S 75◦56E
24 4◦S 90◦46E
25 7◦32S 75◦98E
26 7◦76S 90◦02E
27 9◦99S 89◦63E
28 16◦05S 88◦29E

South Tropical Indian Ocean (STIO)

29 20◦99S 85◦E
30 25◦50S 82◦53E
31 30◦S 80◦E
32 30◦S 75◦E
33 30◦S 69◦99E
34 18◦27S 61◦25E
35 16◦36S 67◦27E
36 12◦93S 74◦67E
37 13◦55S 75◦55E
38 16◦05S 88◦29E
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ElliP, and PoP) showed a significant negative correlation between S:V 
and GALD for Cyl and ElliP but not for PoP, which was not significant. 
Interestingly, the scaling exponent (i.e., b), which can be used to 
quantify the amount of change of the dependent variable (i.e., S:V in this 
case), showed significant variation in the sea surface for both Cyl (− 0.09 
to − 0.41) and ElliP (− 0.16 to − 0.32) but not for PoP (− 0.09 to 0.05) 
(Fig. 2).

3.4. PGSs in varying depths of SCML

Like the sea surface, SCML PGSs were similar (Supplementary Fig. 
2b), and 17 PGSs (12 simple and 5 complex) belonging to 134 species 
were recorded. Simple and complex PGSs contributed 86–98 % and 
2–14 %, respectively. Among the 17 PGSs, five simple (Cyl, ElliP, PoP, 
Elli, and B) and two complex (2C and Elli2CCyl) PGSs were common. 
The SCML corresponding to different regions were categorized as 
shallow (20-50 m; represented by all stations in AST2 and one in BoB), 
intermediate (50-100 m; represented by all stations in AST1, NEIO, and 
SEIO, three stations in BoB and five stations in STIO) and deep (>100 m; 
represented by six stations in STIO) SCML (Supplementary Table 1). 
PGSs were maximum in intermediate NEIO (13 PGSs: 8 simple and 5 
complex) followed by intermediate BoB (12 PGSs: 7 simple and 5 
complex), shallow AST2, intermediate AST1, and deep STIO (11 PGSs 
each), intermediate SEIO (10 PGSs: 7 simple and 3 complex), shallow 
BoB and intermediate STIO (9 PGSs each). The PGSs in shallow, inter
mediate, and deep SCML corresponded to 50 (37 diatoms and 13 di
noflagellates), 113 (72 diatoms and 41 dinoflagellates), and 48 (34 
diatoms and 14 dinoflagellates) micro-phytoplankton species, respec
tively. Like sea surface, among the PGSs, ElliP and Cyl were the most 
dominant compared to other prominent PGSs like PoP, Elli, B, 2C, and 

Elli2CCyl (Supplementary Table 3). However, the species responsible for 
corresponding PGSs differed with SCML depths in different bioregions 
(Supplementary Table 3). All these PGSs cumulatively contribute up to 
96 %, 93 %, and 94 % in shallow, intermediate, and deep SCML of total 
abundance, respectively.

3.5. S:V and GALD of PGSs in varying depths of SCML

The variability in S:V and GALD of PGSs showed distinct variability 
for SCML depths. For instance, S:V of Cyl showed a significant increase, 
ElliP and Elli showed a minor increase, and PoP and B showed a sig
nificant decrease with increasing depth of SCML. The GALD of Cyl and 
ElliP significantly decreased, PoP showed a minor decline, B showed a 
minor increase, and Elli showed no trend with increasing SCML depth. 
The average S:V and GALD for individual PGSs recorded for shallow, 
intermediate, and deep SCML are provided in Supplementary Table 4 for 
reference. The regression analysis between S:V and GALD revealed (i) 
shallow SCML: a significant negative for Cyl, ElliP, and Elli2CCyl, a 
significant positive for PoP and no significant negative correlation for B, 
(ii) intermediate SCML: a significant negative for Cyl, ElliP, PoP, B, and 
2C, no significant negative and positive correlation for Elli and Elli2CCyl 
respectively, and (iii) deep SCML: significant negative for Cyl, ElliP, Elli, 
and 2C, not significant positive for PoP and not significant negative 
correlation for B and Elli2CCyl. Interestingly, the scaling exponent ‘b’ 
showed a decreasing trend from shallow to deep SCML for Cyl (− 0.45, 
− 0.33, and − 0.22), an increasing trend from shallow to deep SCML for 
B (− 0.13, − 0.27 and − 0.52), Elli (− 0.22 and − 0.27) and 2C (− 1.94 
and − 3.55), decreasing from shallow to intermediate and again 
increasing in deep SCML for ElliP (− 0.30, − 0.24, and − 0.56) and no 
trend for PoP and Elli2CCyl (Figs. 3 and 4).

Table 2 
The environmental parameters and nutrient concentration at the sea surface and SCML of different regions of the Indian Ocean. The values of environmental pa
rameters are mean, and nutrients are median. The range values are given in parentheses.

Regions of IO Temperature (◦C) Salinity (PSU) Oxygen (mL L− 1) NO3 (μM) NO2 (μM) PO4 

(μM)

AST1 
(0m)

28.7  
(27.8–29.3)

35.1 
(34.2–35.5)

3.7 
(3.6–3.8)

1.02 
(0.49–5.64)

0.21 
(0.04–0.42)

1.45  
(0.84–2.49)

AST1 
(SCML)

27.8  
(26.5–28.9)

35.9  
(35.5–35.9)

3.2  
(2.5–3.6)

1.8  
(0.26–18.4)

0.1  
(0.05–0.45)

1.1  
(0.55–2.73)

AST2 
(0m)

26.1  
(25.0–26.8)

36.3  
(36.2–36.5)

3.6  
(3.5–3.7)

0.57  
(0.41–1.5)

0.46 
(0.24–0.48)

0.55 
(0.28–1.23)

AST2 
(SCML)

26.0  
(25.0–26.8)

36.3  
(36.2–36.5)

3.6 
(3.6–3.7)

0.7  
(0.65–3.27)

0.4  
(0.24–0.45)

0.3  
(0.21–1.83)

BoB 
(0m)

28.7. 
(27.4–29.7)

32.4  
(31.8–32.9)

4.5  
(4.4–4.7)

1.17 
(0.7–3.47)

0.17 
(0.15–0.24)

0.69 
(0.56–1.66)

BoB 
(SCML)

27.1 
(25.6–27.9)

33.6 
(33.4–34.1)

3.3  
(1.6–4.0)

2.9 
(1.2–9.2)

0.3 
(0.2–0.39)

1.4 
(0.9–4.6)

NEIO 
(0m)

29.8  
(29.8)

34.8  
(34.7)

4.4  
(4.36)

1.41  
(1.19–1.72)

0.19  
(0.15–0.22)

0.82 
(0.65–1.79)

NEIO  
(SCML)

26.8 
(25.3–28.3)

34.4 
(34.1–34.7)

3.1 
(2.6–3.6)

5.0 
(4.5–6.2)

0.3 
(0.21–0.36)

2.2 
(1.8–4.3)

SEIO 
(0m)

28.9  
(28.9–30.0)

34.2 
(34.1–34.9)

4.3 
(3.4–4.4)

0.96 
(0.79–10.88)

0.17 
(0.13–0.32)

0.71 
(0.59–9.35)

SEIO  
(SCML)

24.2 
(21.0–28.2)

35.0 
(34.7–35.2)

3.0 
(1.9–4.0)

2.4 
(0.9–5.0)

0.5 
(0.26–0.61)

1.3 
(0.8–2.6)

STIO 
(0m)

26.1 
(22.5–28.0)

35.0  
(33.9–35.9)

4.3 
(3.3–4.7)

0.85  
(0.32–2.69)

0.17 
(0.13–0.34)

0.49  
(0.37–2.65)

STIO 
(SCML)

20.4 
(14.7–24.5)

35.3 
(34.8–35.7)

4.1 
(2.5–5.1)

1.2 
(0.6–3.9)

0.3 
(0.11–0.37)

0.8 
(0.53–2.05)

Table 3 
The environmental parameters and nutrient concentration at varying depths of SCML of the Indian Ocean. The values of environmental parameters are mean and for 
nutrient is median along with standard error.

Depth of SCML Temperature (◦C) Salinity (PSU) Oxygen (mL L− 1) NO2 (μM) NO3 (μM) PO4 (μM) Si (μM) N:P

>50 m 25.9 ± 0.29 35.9 ± 0.45 3.2 ± 0.41 0.37 ± 0.08 3.44 ± 1.7 1.74 ± 0.9 5.96 ± 3.4 2.21 ± 0.5
50–100 m 26.2 ± 0.51 35.1 ± 0.18 3.4 ± 0.13 0.29 ± 0.03 3.69 ± 0.8 1.6 ± 0.4 9.88 ± 1.5 2.60 ± 0.8
<100 m 18.5 ± 1.05 35.6 ± 0.06 4.7 ± 0.16 0.22 ± 0.03 0.91 ± 0.1 0.67 ± 0.05 6.19 ± 1.1 1.38 ± 0.1
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3.6. Comparative results between the sea surface and SCML

The SCML recorded more PGSs (17 PGSs) than the corresponding 
surface waters (13 PGSs). In shallow, 12 (8 simple and 4 complex) and 
15 (10 simple and 5 complex) PGSs belonging to 34 and 50 species of 

micro-phytoplankton were recorded in surface and SCML, respectively. 
Simple PGSs contributed 87 % and 96 %, whereas complex PGSs 
contributed 13 % and 4 % in shallow regions of the sea surface and 
SCML. Three simple (Cyl, ElliP, and PoP) and two complex (2C and 
Elli2CCyl) PGSs were common. Among simple PGSs, Cyl contributed 32 

)
mµ(

DLAG

S:V (µm-1)

AST1 AST2

BoB NEIO

SEIO STIO

Cyl
b= -0.41; R2= 0.40

P= 0.0008

Cyl
b= -0.09; R2= 0.82

P= 0.00001

PoP
b= -0.09; R2= 0.067

P= 0.29

ElliP
b= -0.22; R2= 0.56

P= 0.00001

Cyl
b= -0.24; R2= 0.62

P= 0.00002

ElliP
b= -0.16; R2= 0.39

P= 0.001

ElliP
b= -0.20; R2= 0.27

P= 0.0009

Cyl
b= -0.19; R2= 0.51

P= 0.00004

Cyl
b= -0.15; R2= 0.53

P= 0.00002

ElliP
b= -0.32; R2= 0.17

P= 0.04

Cyl
b= -0.22; R2= 0.36

P= 0.10

ElliP
b= -0.05; R2= 0.024

P= 0.49

PoP
b= 0.05; R2= 0.024

P= 0.49

Fig. 2. Non-linear regression of dominant PGS in sea surface waters of the IO. AST1: Arabian Sea transect 1, AST2: Arabian Sea transect 2, BoB: Bay of Bengal, NEIO: 
North equatorial Indian Ocean, SEIO: South equatorial Indian Ocean, STIO: South tropical Indian Ocean, S:V: surface-to-volume ratio and GALD: greatest-axial-linear- 
dimension. ElliP: elliptic prism, Cyl: cylinder and PoP: prism on parallelogram.
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%, co-dominated by Rhizosolenia styliformis, Bacteriastrum sp., and Pro
bosica alata on the surface, and 30 %, co-dominated by Bacteriastrum sp., 
Dactyliosolen sp., and Thalassiosira sp. in SCML. ElliP contributed 25 %, 
co-dominated by Navicula sp. and Chaetoceros peruvianus on the surface, 
and 41 %, dominated by various Chaetoceros species (e.g., C. messanensis, 
and C. curvisetus) in SCML. PoP contributed 17 % and 15 % in surface 
and SCML, respectively, dominated by Pseudonitzschia sp. Regarding 
complex PGSs, 2C contributed 5 %, dominated by Protoperidinium sp. in 
surface waters, whereas Elli2CCyl contributed 3 % and 2 % in surface 
and SCML, respectively dominated by Tripos species (e.g., T. tripos, 
T. deflexus, and T. pentagonus). Simple PGSs like Cyl showed no change 
in S:V and a significant decrease in GALD, PoP showed a significant 
increase in S:V and GALD, and ElliP showed a significant decrease in S:V 
and GALD (Fig. 5), whereas complex PGSs, 2C showed no change in S:V 
and a significant decrease in GALD between the sea surface and SCML.

In the intermediate region, 13 (8 simple and 5 complex) PGSs in 

surface and SCML belonging to 96 and 113 micro-phytoplankton species 
were recorded. Simple PGSs contributed 78 % and 95 %, whereas 
complex 12 % and 5 % in the intermediate region of the sea surface and 
SCML. Four simple (Cyl, ElliP, Elli, and PoP) and three complex (2C, 
ElliP4C, and Cyl2Hs) PGSs were common. Among simple PGSs, Cyl 
contributed 32 %, co-dominated by Coscinodiscus sp., Leptocylindrus sp., 
Thalassiosira sp., Bacteriastrum sp., and Guinardia cylindrus in surface and 
26 % in SCML, co-dominated by Bacteriastrum sp., Coscinodiscus sp., and 
Thalassiosira sp. ElliP contributed 27 %, co-dominated by Navicula sp., 
Chaetoceros sp., and Hemiaulus sinensis in the sea surface, and 31 % in 
SCML, dominated by various Chaetoceros species (e.g., C. messanensis, 
and C. lasiniosus). Elli contributed 9 % in the sea surface water, domi
nated by Prorocentrum sp., and PoP contributed 26 % in SCML, domi
nated by Pseudonitzschia sp. Regarding complex PGSs, 2C contributed 7 
% and 2 % in the sea surface and SCML, both dominated by Proto
peridinium sp. and Gonyaulax sp. ElliP4C contributed 6 % in the sea 
surface, dominated by Climacodium frauenfeldianum and Cyl2Hs 
contributed 2 % in SCML, dominated by Corethron sp. Simple PGSs like 
Cyl and ElliP showed a significant increase in S:V and a decrease in 
GALD, PoP showed a significant increase in both S:V and GALD (Fig. 5) 
whereas, in complex PGSs, 2C showed no change in S:V and a significant 
decrease in GALD between surface and SCML.

In the deep region, 8 (5 simple and 3 complex) and 11 (8 simple and 
3 complex) PGSs in the sea surface and SCML belonging to 25 and 48 
micro-phytoplankton species were recorded. Simple PGSs contributed 
83 % and 88 %, whereas complex 17 % and 12 % in deep regions of the 
sea surface and SCML. Three simple (Cyl, ElliP, and PoP) and three 
complex (2C, Elli2CCyl, and Cyl2Hs) PGSs were common. Among simple 
PGSs, Cyl contributed 12 % in the sea surface, co-dominated by Aster
omphalus sp., Rhizosolenia clevei, and Rhizosolenia hebetata, and 24 % in 
SCML, co-dominated by Bacteriastrum sp. and Coscinodiscus sp. ElliP 
contributed 48 % in the sea surface, co-dominated by Navicula sp. and 
Chaetoceros dadayi, and 36 % in SCML, dominated by Chaetoceros sim
plex. PoP contributed 20 % in the sea surface, dominated by Nitzschia sp., 
and 13 % in SCML, dominated by Pseudonitzschia sp. Regarding complex 
PGSs, Cyl2Hs contributed 8 % in the sea surface, dominated by Corethron 
sp., 2C 6 % and 7 % in the sea surface and SCML, respectively, domi
nated by Protoperidinium sp., and Elli2CCyl contributed 3 % in SCML, co- 
dominated by Tripos teres and Tripos horridius. Simple PGSs like Cyl 
showed a significant increase in S:V and a decrease in GALD, PoP 
showed a significant increase in S:V and GALD, and ElliP showed no 
significant change in S:V and a decrease in GALD (Fig. 5), whereas, in 
complex PGSs, 2C showed no change in S:V and GALD between the sea 
surface and SCML.

The sea surface waters of shallow, intermediate, and deep regions 
recorded lower micro-phytoplankton and PGSs than SCML, all domi
nated by simple PGSs. The simple (Cyl, ElliP, and PoP) and complex (2C, 
Elli2CCyl, and Cyl2Hs) PGSs were common in all the layers, irrespective 
of the regions. However, Cyl dominated the sea surface and ElliP in the 
SCML of both shallow and intermediate regions, respectively. ElliP was 
dominant in the deep region (sea surface and SCML). The S:V in Cyl 
showed no change in shallow, increase in intermediate and deep re
gions, ElliP showed a decrease in shallow, increase in intermediate and 
no change in deep, PoP showed an increase, and 2C showed no change in 
all the regions between the sea surface and SCML. The GALD showed a 
decrease in Cyl, ElliP, 2C and an increase in PoP for all the areas except 
2C, which showed no change only in the deep region.

4. Discussion

The existence of permanent SCML in IO (AS, BoB, equatorial IO, and 
STIO) has been well documented (Shulenberger and Reid, 1981) pri
marily focused on the formation and maintenance of SCML using sat
ellite (Shah et al., 2020) or argo-float data (Jayaram et al., 2021). Fu 
et al. (2018) emphasized that the phytoplankton community structure 
defines the understanding of SCML characteristics. The phytoplankton 
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Fig. 3. Non-linear regression of dominant PGS in varying depths of SCML in the 
IO. S:V: surface-to-volume ratio, GALD: greatest-axial-linear-dimension, ElliP: 
elliptic prism, Cyl: cylinder and PoP: prism on parallelogram.
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Fig. 4. Non-linear regression of dominant PGS in sub-surface chlorophyll maximum layer (SCML) of the IO. AST1: Arabian Sea transect 1, AST2: Arabian Sea transect 
2, BoB: Bay of Bengal, NEIO: North equatorial Indian Ocean, SEIO: South equatorial Indian Ocean, STIO: South tropical Indian Ocean, S:V: surface-to-volume ratio, 
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species show high morphological plasticity, optimizing their perfor
mance in response to environmental variabilities. Therefore, morpho
logical analysis could be used to estimate the ecological variability 
within which a species can persist. Moreover, in the past two decades, 
analyzing spatial and temporal patterns of phytoplankton assemblages 
using trait-based methods has become popular (see Naselli-Flores and 
Padisak, 2023 and references therein). Hence, it is crucial to establish an 
understanding of the morphological trait variability and community 
structure between the sea surface and SCML as various taxa play a 
pivotal role in biogeochemical processes, like carbon transfer to depth or 
higher trophic level, in new primary production (Revelante and Gil
martin, 1995; Goldman and McGillicuddy, 2003) and could help in 
predictions of ecosystem response to future climate changes (Barnett 
et al., 2019).

This study recorded 108 and 134 species representing only 45 % and 
55 % of the PGSs (14 and 17 out of 31 described PGSs in Sun and Liu 
(2003)) described for phytoplankton in literature in the sea surface and 
SCML, respectively. The unrecorded 14 PGSs are represented mainly by 
the freshwater species or phytobenthos in the sunlit zone or belong to 
groups (e.g., flagellates, Euglenophyceae, Chlorophyceae) that were not 
recorded due to known technical limitations (e.g., preservatives and 
sample collection above 20 μm) through the microscopic approach. 
Despite methodological limitations, this study revealed that SCML har
bors most of the described PGSs and species, showing dissimilar spatial 
distribution patterns concerning abundance, composition, and diversity. 
A better understanding of the SCML micro-phytoplankton community, 
key taxa, and morphological adaptations will be necessary to assess 
climate warming impact across IO effectively. The pelagic ecosystem 
trophic pathways could be modified if any variation in biomass, species 
composition, and size structure of the phytoplankton community within 
the SCML takes place (Legendre and Rassoulzadegan, 1996). Therefore, 
to better anticipate the community shifts and the functional implications 
for the ecosystem in changing global climate scenarios, it is of utmost 
importance to understand the relationship and variability of morpho
metric traits and taxonomy. This study discusses the variability in dis
tribution patterns between bioregions and variable depths of SCML in 

the IO, having distinct hydrographic conditions in the subsequent 
sections.

4.1. Variability of diversity and morphological traits of PGSs in the sea 
surface

Simple elongated PGSs (e.g., Cyl, ElliP, and PoP) followed by com
plex shapes dominated in IO. ElliP and Cyl were the most prevalent PGSs 
in the sea surface waters but showed an opposite trend in distribution. 
For instance, Cyl showed a clear dominance in the northern (NIO, i.e., 
AS, BoB, and NEIO) than the southern IO (SIO, i.e., SEIO and STIO) and 
vice versa for ElliP. Interestingly, Cyl displayed taxonomic gradation 
where chain-forming taxa with or without setae dominated the NIO and 
solitary bigger taxa in SIO. While ElliP showed no such taxonomic 
variability (dominated by various species of Chaetoceros). Whereas in 
complex PGSs, the distribution was sporadic, and they are primarily 
present in the oligotrophic AST1, NEIO, SEIO, and STIO. The complex 
PGSs (Elli, 2C, and ElliP4C), which are dominated mainly by various 
pennate and dinoflagellate species, are known for their adaptive capa
bilities (presence of flagella and capability to survive in low nutrient 
conditions) in oligotrophic sea surface conditions (see Table 2). Since 
oligotrophic conditions are widespread in marine pelagic systems, PGS 
variability will also be similar. On the other hand, the morphological 
traits (S:V and GALD), which encode even the smallest environmental 
changes in their adaptive measures, are well reflected, i.e., low S:V (0.42 
± 0.18 μm− 1) and high GALD (219 ± 89 μm) values under mesotrophic 
conditions (i.e., in NIO) and high S:V (0.51 ± 0.07 μm− 1) and low GALD 
(102 ± 6 μm) under oligotrophic conditions (i.e., in SIO) (Fig. 6). The 
nutrient flow across the cell boundary might not increase with a meager 
increase of S:V as it also depends on the cell shape (nutrient flow de
clines as cell curvature decreases, i.e., cell radius increases; Kiorboe, 
2008); therefore, elongated prolate cells can provide large nutrient flow 
compared to oblate cells with same surface area and volume (Karp-Boss 
and Boss, 2016). Hence, the richness of elongated shapes is generally 
greater than that of oblate shapes (Ryabov et al., 2021).

Interestingly, individual PGSs show distinct patterns in their 
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Shallow Shallow ShallowIntermediate Intermediate IntermediateDeep Deep Deep

GA
LD

(µ
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Fig. 5. Violin plot of morphological attributes (S:V and GALD) in dominant PGS from varying SCML depths. S:V: surface-to-volume ratio, GALD: greatest-axial-linear- 
dimension, SCML: sub-surface chlorophyll maximum layer, Cyl: cylinder, ElliP: elliptic prism, and PoP: prism on parallelogram.
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morphometric traits. For instance, the S:V of Cyl significantly increased 
from northern to southern IO, showing maximum values for STIO, 
whereas ElliP showed no such pattern (Fig. 7). The trends observed in 
Cyl could have been caused by environmental gradients (the trophic 
conditions and stratification). The water column becomes more strati
fied and oligotrophic towards equatorial regions. It is known that 
environmental conditions like nutrients, light, and temperature influ
ence the shape and size distribution of phytoplankton (Naselli-Flores 
et al., 2007; Stanca et al., 2013), making size and shape a crucial de
terminants of fitness. Kruk and Segura (2012) also concluded that 
environmental factors select specific phytoplankton morphological 
groups. However, this study shows that such patterns are PGS-specific 
and majorly determined by the dominant taxa. For example, non- 
setae-bearing taxa like Rhizosolenia, Pseudosolenia, Coscinodiscus, and 
Probosica or taxa with short (Bacteriastrum in Cyl) and long setae 
(Chaetoceros in ElliP). Former ones seldom form chains and depend more 

on their morphological attributes for survival, whereas later chain 
lengths are independent of morphological attributes and, therefore, 
show no specific patterns or trends. Since the S:V decreases with cell 
volume, it has been assumed that natural selection should favor elon
gated PGSs (Lewis, 1976; Niklas, 2000). Hence, morphological attri
butes reflect the environmental variability more robustly in simple PGSs 
(like Cyl, ElliP, and PoP) than other PGSs and can act as a potential 
ecological proxy for the pelagic ocean.

4.2. Variability of diversity and morphological traits of PGS in varying 
depths of SCML

Like sea surface, PGSs are dominated by simple elongated shapes (e. 
g., Cyl, ElliP, and PoP) irrespective of the SCML depths and bioregions 
(Supplementary Figs. 2 and 4). ElliP, Cyl, and PoP were the most 
prevalent PGSs in shallow, intermediate, and deep SCML. The 

Fig. 6. Violin plot of morphological attributes (S:V and GALD) in dominant PGS from sea surface and SCML waters. S:V: surface-to-volume ratio, GALD: greatest- 
axial-linear-dimension, SCML: sub-surface chlorophyll maximum layer, Cyl: cylinder, ElliP: elliptic prism, and PoP: prism on parallelogram.
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Fig. 7. Violin plot of morphological attributes (S:V and GALD) in dominant PGSs from sea surface and SCML of different regions in the Indian Ocean. AST1: Arabian 
Sea transect 1, AST2: Arabian Sea transect 2, BoB: Bay of Bengal, NEIO: North equatorial Indian Ocean, SEIO: South equatorial Indian Ocean, STIO: South tropical 
Indian Ocean, S:V: surface-to-volume ratio, GALD: greatest-axial-linear-dimension, Cyl: cylinder, ElliP: elliptic prism, and PoP: prism on parallelogram.
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intermediate SCML harbored the maximum PGSs and taxa compared to 
shallow and deep. Though the dominance remained constant, the per
centage contribution of simple PGSs (ElliP, Cyl, PoP, and B) gradually 
decreased except for Elli, which showed an opposite trend. In contrast, 
the contribution of complex PGSs (2C and Elli2CCyl) gradually 
increased with the increasing depth of SCML. However, the taxa in 
various SCML depths showed significant similarity between shallow and 
intermediate and dissimilarity to deep SCMLs. This similarity can be 
explained by the nutrient availability (N:P), which was relatively higher 
in shallow and intermediate but less in deep SCML. These two layers 
(shallow and intermediate) were dominated by Pseudonitzschia spp., 
which is well adapted to grow in varying light conditions (Bates, 1998; 
Houliez et al., 2023). Whereas the deep SCML was dominated by a 
heterotrophic dinoflagellate (Protoperidinium spp.), well known as a key 
contributor to the SCML community (Durham and Stocker, 2012; 
Cullen, 2015). Few microscopic observations have also reported 
increased dinoflagellate abundance in the SCML (Estrada et al., 2016; 
Barnett et al., 2019; Decembrini et al., 2020). The motility of di
noflagellates (response to resource gradients) can act as an essential trait 
in compensating for physiological disadvantages compared to diatoms 
(Ross and Sharples, 2007). Protoperidinium spp. is also known to be 
species-specific feeders and prefers to feed on diatoms majorly (Buskey, 
1997). Some of the Protoperidinium species (P. depressum) have also 
shown survival for extended periods (up to 71 days) in conditions of 
starvation (Jakobsen and Hansen, 1997; Menden-Deuer et al., 2005). 
However, the capability to endure extended starvation is a useful 
strategy, especially for a species-specific feeder; their presence might not 
indicate optimal growth conditions (Gribble et al., 2007). Chaetoceros 
simplex was also found abundantly in deeper SCML. The presence of 
Chaetoceros simplex in low light and nutrient-poor conditions is also 
reported from the deeper waters of the western Pacific Ocean (Mou 
et al., 2022). On the other hand, ElliP and PoP were the most prevalent 
PGSs in SCML and were dominated by spore-forming (e.g., Chaetoceros 
spp., Bacteriastrum spp.; Bosak et al., 2015) and low-light-adapted taxa 
(e.g., Pseudonitzschia spp.).

The relation between morphological traits (S:V vs GALD) differed 
between SCML depths, suggesting different adaptive strategies to cope 
with prevailing conditions. The PGSs in shallow SCML showed low S:V 
and high GALD, while in intermediate and deep SCML, PGSs showed 
high S:V and low GALD (Fig. 4). For instance, high S:V and low GALD 
observed in deep and intermediate SCML could be due to low nutrient 
and light conditions (O’Farrell et al., 2007; Morabito et al., 2007) and 
vice versa for shallow SCML. Kruk et al. (2015) reported from sub
tropical estuary that the S:V ratio increased with the vertical attenuation 
coefficient and, supposedly, the extent of light limitation. Cell elonga
tion gives micro-phytoplankton a competitive advantage by diminishing 
sinking velocity (Padisak et al., 2003), better nutrient absorption 
without affecting S:V ratio (Kleparski et al., 2022), enhancing light 
capture (Naselli-Flores and Barone, 2011) and can also be an adaptation 
to grazing (Petrucciani et al., 2022). The morphometric traits of the 
dominant PGSs between SCML depths show specific morphometric 
adaptation (like the ability to maintain an optimum S:V and GALD). For 
example, in shallow SCML, all dominant species in their respective PGSs 
maintained a low S:V (0.15–0.67 μm− 1) and high GALD (40–158 μm), 
whereas, in deep SCML, high S:V (0.37–0.90 μm− 1) and low GALD 
(27–72 μm) strategy was prevalent. The intermediate SCML S:V 
(0.20–0.92 μm− 1) and GALD (28–111 μm) values were higher than 
shallow but lower than deep SCML. Such trait variability could be due to 
nutrient limitation as light availability is the same at all SCML depths (i. 
e., 1–2 %). Though many studies have shown a strong effect of light 
(O’Farrell et al., 2007; Kruk et al., 2015) and nutrients (Naselli-Flores 
and Barone, 2011) on the phytoplankton morphology but under con
stant low light conditions, nutrients act as a strong controlling factor 
(Morabito et al., 2007; Charalampous et al., 2018). Moreover, the 
spectral quality of light (within the range of photosynthetic active ra
diation; PAR, 400–700 nm) other than the intensity plays a significant 

role for phytoplankton (Hintz et al., 2021). The spectral range of light 
shifts from a full spectrum at the sea surface to a limited (predominantly 
blue spectrum) in deeper layers (Kirk, 1994; Holtrop et al., 2021). 
Therefore, the spectral quality of light in shallow, intermediate, and 
deep SCML might be subjected to such spectral shifts, which may also be 
an additional factor influencing morphometric traits.

Additionally, variability in S:V was also observed for different PGSs 
between SCML depths, similar to that observed for the sea surface wa
ters. For instance, S:V of Cyl increased significantly, and ElliP and Elli 
showed a minor increase, whereas PoP and B decreased significantly 
with increasing depth of SCML. The shallow and intermediate SCMLs 
were less stratified and nutrient-depleted than the deep SCMLs. Such 
environmental differences in SCMLs are strongly reflected in a similar 
pattern in the morphological attributes of Cyl, ElliP, and Elli, whereas 
PoP and B show opposite trends. Ryabov et al. (2021) considered PGSs 
like Cyl and ElliP elongated and PoP and B oblate shapes. They have 
argued that the rate of nutrient diffusion declines as cell curvature de
creases; therefore, an elongated cell can provide a larger nutrient flow 
than oblate cells. They also observed that the maximum surface exten
sion for oblate shapes are smaller than the elongated ones. Moreover, the 
opposite trends observed in PoP and B might also be because of the 
pennate diatom taxa (e.g., Pseudonitzschia, Thalassiothirx, and Tha
lassionema) that dominate these PGSs. These taxa are either known to be 
well adapted to thrive in low light conditions or form chains to overcome 
their geometric constraints. Hence, the elongated PGSs are more prev
alent with robust morphological attributes responding to environmental 
conditions than the oblate PGSs. The observations suggest that light 
(both quantity and quality) and nutrients have a robust limiting influ
ence on the morphological attributes of micro-phytoplankton in the 
oligotrophic pelagic system of IO.

4.3. Sea surface vs SCML

The sea surface and SCML taxa also differed and were governed by 
the prevailing environmental conditions in both layers. The trophic 
conditions are different across IO, like eutrophic conditions (North- 
eastern AS), mesotrophic conditions (central and southeastern AS, and 
BoB), and oligotrophic conditions (equatorial and STIO); therefore, the 
taxa are expected to be different (Sarma et al., 2021). The micro- 
phytoplankton assemblages between the surface and SCML reveal that 
the SCML community is well adapted to the subsurface environments by 
showing distinct assemblages from the surface. Few studies have re
ported that assemblage might be similar if SCML is formed due to 
growing cell accumulation near the sea surface. However, if SCML is 
formed due to active growth, the species assemblage may differ from the 
upper layer (Furuya and Marumo, 1983). In this study, except for AST2, 
all the SCML have formed below MLD, suggesting major environmental 
constraints governing community differences.

Additionally, morphometric traits (S:V and GALD) showed inter
esting results. For instance, S:V of dominant PGSs (e.g., Cyl, ElliP, and 
PoP) showed no specific pattern or trends between shallow SCML and 
the corresponding sea surface. Probably, environmental conditions 
showed similarity to shallow SCML within MLD. In contrast, the PGSs of 
intermediate and deep SCML showed distinct patterns with the corre
sponding sea surface due to differences in environmental conditions. For 
instance, dominant PGSs showed an increasing and decreasing trend in 
their S:V and GALD values, respectively. However, no such changes or 
patterns were noticed in complex PGSs like 2C, which correspond to 
dinoflagellates that can overcome any vertical environmental gradient 
by using their flagella for migration. An increase in S:V helps improve 
nutrient uptake in general (Raven, 1999; Kruk et al., 2015); therefore, 
the observed patterns in S:V and GALD might be in response to nutrient 
availability. The allometric scaling analysis of dominant PGSs in which 
the functional relationship between two measured quantities (S:V and 
GALD in this study), where a relative change in one quantity results in a 
relative proportional change in the other, in surface and SCML revealed 
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interesting information. For all dominant PGSs, any change in GALD was 
associated with very minimal change (decrease) in S:V (Figs. 2–4), 
suggesting the adaptation by dominant PGSs to conserve S:V. The degree 
of change in S:V was even less for SCML than the surface. Similar stra
tegies have been reported previously from the north and southeastern 
Arabian Sea (Paul et al., 2023), the Mediterranean micro-tidal lagoon 
(Aubry et al., 2017), and the coast of the Salento peninsula (Stanca et al., 
2013). However, in AS, nutrient availability and the prevailing hydro
graphic conditions determined the adaptive strategies adopted by 
dominant PGSs. The variations in allometric patterns are not evolu
tionary but result from random variations or local adaptive differences 
among populations (Neustupa, 2016). These variations have been 
identified as essential factors in morphological evolutions as individual 
allometric trajectories may act as constraints canalizing evolutionary 
change of morphology (Klingenberg, 2010; Wilson, 2013; Pelabon et al., 
2014). Reynold has implicitly recognized morphological traits as 
“master traits” because physiological and ecological features are 
strongly regulated by shape and size (Reynolds, 2006; Weithof and 
Beisner, 2019) and represent organisms’ response to environmental 
changes affecting ecosystem functioning (Kruk et al., 2021). The 
morphological attributes and their variability help species to increase 
their fitness to varying environmental factors. This morphological 
variability is known as “phenotypic plasticity” and can be produced by a 
single genotype (West-Eberhard, 1989). The realized niches can be made 
unstable by a species using phenotypic plasticity over space and time 
(Marrone et al., 2023). Therefore, given the above arguments, this study 
argues that S:V and GALD can act as robust morphological traits in the 
pelagic regions of IO. PGSs like Cyl and PoP respond very strongly, and 
ElliP sporadically to environmental factors aided by their morphological 
traits, making them proxies to map the phenotypic plasticity in large 
pelagic systems, which is predicted to change due to global warming.

Several modelling-based studies suggest climate warming will in
crease ocean stratification, reducing nutrient exchange between the 
deep ocean and the upper mixed layer (Bopp et al., 2001; Sarmiento 
et al., 2004). The stratification in the upper 200 m has increased by 5.3 
% in the global ocean (in recent decades, i.e., 1960–2018), caused 
mainly by temperature changes (Li et al., 2020). According to Dutkie
wicz et al. (2005), ocean stratification will deepen the nitracline, 
reducing nutrient supply to the euphotic layer by the end of this century 
and oceanic primary productivity by 14 %. Nonetheless, predicting the 
impact of such changes on marine ecosystems is elusive. Cermeño et al. 
(2008) indicated that enhanced nutrient limitation would reduce the 
competitive advantages of diatoms. As revealed in our study, the SCML 
formed at depths coincided with 1–2 % PAR and nitracline depth (within 
10 m depth above or below).

Besides global warming and climate change, the increased nutrient 
influx (both natural and anthropogenic activity-driven) is one of the 
major issues affecting ecosystems’ ecological status (e.g., Krishna et al., 
2016; Thiagarajan et al., 2024), particularly primary producers 
(including their morphology and size). The northern Indian Ocean (i.e., 
AS and BoB), in addition to natural processes (e.g., upwelling, convec
tive mixing, freshwater influx), receive higher river discharges and 
anthropogenic aerosols than the southern Indian Ocean (EIO and STIO) 
(e.g., Rasch et al., 2001; Zhang and Reid, 2010; Panda et al., 2024), 
which can be linked to rapid industrialization and other activities (e.g., 
Sridevi et al., 2023). Such nutrient inputs are generally limited to the sea 
surface layers, which mostly influence the surface phytoplankton com
munity and morphometric traits. In this study, the morphometric traits 
(S:V and GALD), which showed a north-south gradient (i.e., the S:V 
gradually increased and GALD decreased), were positively correlated 
with nutrients, i.e., micro-phytoplankton size (i.e., elongated forms) 
increase with increasing nutrients. A higher S:V aids in higher nutrient 
uptake, more light exposure, and improves resistance against sinking 
(Naselli-Flores et al., 2007). However, any increase in the S:V could also 
risk a phytoplankton cell to photoinhibition or damage caused by higher 
PAR exposure at the sea surface (Kirk, 1994), leaving a shape-specific 

response of the morphometric traits, as evident in this study. Our find
ings align with Naselli-Flores and Barone (2007), who recorded more 
elongated phytoplankton shapes in a eutrophic waterbody with less light 
availability. The elongated micro-phytoplankton forms can have a 
competitive upper hand under turbulent and eutrophic environments, 
which can help non-flagellated forms (like Skeletonema, Talassiosira, and 
Chaetoceros) to out-compete other non-elongated phytoplankton forms 
(Hardikar et al., 2024).

In the case of SCML depths, a tight coupling for deep SCML PGSs 
(including S:V and GALD) with nutrients and light (PAR) was observed. 
Further, N:P values at different SCML depths varied according to 
nitracline, i.e., higher in shallow (2.21 ± 1.12) and intermediate (2.50 
± 4.32) than in deep (1.38 ± 0.33) SCML. The N:P value at deep SCML 
was low because it formed above the nitracline depth, and the gap be
tween them was also greater. Further, the temperature negatively 
correlated with GALD and PGSs, suggesting relatively higher tempera
tures favored smaller phytoplankton cells. Therefore, under the pre
dicted global warming scenario, deepening of nitracline might affect the 
different size and shape primary producers in the following ways: (i) 
smaller spherical phytoplankton (e.g., picoplankton, coccolithophores): 
these have less nutrient requirements and might be relatively less 
affected as they are well adapted to low light and low nutrient condition 
(known to have low Reynolds numbers with high S:V and low GALD, 
making nutrient uptake much easier; Fogg, 1991), (ii) bigger flagellated 
phytoplankton with complex PGS (like dinoflagellates) with high S:V 
and GALD: these cells might be moderately affected as they are equipped 
with various nutrition modes (e.g., autotrophy, heterotrophy, and 
mixotrophy) and can also evade low nutrient conditions using flagella 
for motility, and (iii) bigger simple PGS phytoplankton (without flagella; 
e.g., diatoms) with low to moderate S:V and GALD: these forms are 
dominant (80–90 %), possess distinct phenotypic plasticity, have higher 
nutrient requirements and might be severely affected by light and 
nutrient limitation. Therefore, their morphometric traits can offer a 
potential ecological proxy in predicted oceanic climate change scenarios 
(deeper nitracline with very low light and a relatively shallow SCML 
with low nutrients). Under such conditions, the morphological traits (S: 
V and GALD) can be useful tracers to delineate the adaptive strategies by 
different PGSs, i.e., PGS with high morphometric plasticity (like cylinder 
and prism on parallelogram) will have the upper hand over other PGS 
(like an elliptic prism) with limited plasticity. Nonetheless, further 
studies unraveling the dynamics of S:V and GALD of PGS with nitracline 
depth and PAR under the predicted future scenarios will provide more 
insights into the resilience or vulnerability of micro-phytoplankton 
(both at sea surface and SCML), biological pump efficiency per se, to 
the global change predictions.

5. Conclusion

This study concludes that the simple elongated PGSs (e.g., Cyl, ElliP, 
and PoP) were cosmopolitan, having similar dominance (with varying 
percentage contribution) patterns in the sea surface, SCML, and between 
the deep SCML and corresponding sea surface. However, they showed 
latitudinal gradients at the sea surface, i.e., north-south and south-north 
gradients for Cylindrical and Elliptic-prism PGS, respectively. In 
contrast, the complex PGS showed sporadic distribution. Further, the 
similarity between the PGSs (community and morphological trait) of 
SCML and the corresponding sea surface is based on the location of the 
former concerning MLD. Among SCMLs, the occurrence depth deter
mined PGS dominance and its morphological attributes. Simple and 
complex PGS contribution gradually decreases and increases, respec
tively, with increasing SCML depth. Also, PGS in shallow SCML showed 
low S:V and high GALD, while in intermediate and deep SCML, high S:V 
and low GALD, indicating adaptive strategy, i.e., phenotypic plasticity 
behavior by dominant PGSs to capture light. Between the SCML depths, 
only simple PGS (Cylinder followed by Elliptic-prism and Prism on 
parallelogram) showed profound variability in morphological traits 
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showcasing strong phenotypic plasticity behavior. Further, a positive 
correlation between the morphometric traits (S:V and GALD) and nu
trients was observed for surface and SCML depths. This study highlights 
the applicability of S:V and GALD as a potential ecological proxy to 
assess the ecological impact of physical processes (e.g., convective 
mixing, upwelling, eddies) and anthropogenic-driven activity (e.g., 
coastal eutrophication, aerosol deposition) linked to nutrient and light 
availability in oceanic systems. Since micro-phytoplankton are signifi
cant contributors to SCML, this study facilitates a better understanding 
of SCML ecology and biogeochemistry per se in predicted ocean change 
scenarios.
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Abstract
Studies on dinoflagellate cysts in the Arabian Sea (AS) are limited to the coastal waters, but no information from the deeper 
depths. The dinoflagellate cyst assemblages in surface sediment samples (0–2 cm) from the deeper depths (up to ~ 4500 m) 
of central (oxygen minimum zone (OMZ)) and southeastern (oligotrophic) AS revealed that the relatively good numbers of 
cyst concentrations reach deeper depths of OMZ (3505 m) and oligotrophic (4368 m) regions, but the former harbored more 
cyst concentrations than the latter. The cyst concentration and species count (including HAB species) recorded here are lower 
compared to the eastern (EAS) and western (WAS) AS, but the autotrophic cyst dominance (74–83%) at deeper depths is 
in contrast with the heterotrophic dominance in coastal AS. Of the recorded 41 cyst species (belonging to 18 genera), four 
species (cyst of Cladopyxis sp., Operculodinium janduchenei, Stelladinium bifurcatum, and Protoperidinium monospinum) 
from the deepest part of oligotrophic AS form the first report. In contrast, Spiniferites and Lingulodinium cysts were common 
occurrences. Taxonomic comparison with literature revealed (i) the prevalence of more cosmopolitan species (32 species) 
which could be due to the prevalence of large and small-scale lateral transport of cysts in oligotrophic regions followed by 
OMZ and coastal regions, respectively, and (ii) very few region-specific species, i.e., cyst of Protoperidinium latissimum, 
Lejeunecysta sabrina, cyst of Protoperidinium denticulatum in EAS and Impagidinium patulum, and I. strialatum, in WAS. 
Interestingly, variability in the morphometry was evident between the coastal and open oceans in some cosmopolitan cysts, 
e.g., Operculodinium centrocarpum and Lingulodinium machaerophorum. These findings from the less studied pelagic 
regions will contribute to the growing knowledge of dinoflagellate cyst distribution patterns and highlight the significance 
of cyst taxa and morphology as potential ecological indicators for AS.

Keywords  Dinoflagellate cysts · Arabian Sea · OMZ · Oligotrophic region · Coastal region · Deep sea

Introduction

Dinoflagellates are a diverse phytoplankton group and one 
of the important primary producers in marine ecosystems 
(Rodrigues and Patil 2021). Dinoflagellates (only 12–13%) 
are known to produce organic-walled and calcareous cysts 
as part of their life cycles (Head 1996), but in some cases, 

adverse environmental conditions (like changes in tem-
perature, salinity, and nutrient flux) can also induce cyst 
production. Many of these resting organic-walled cysts are 
known to be resistant to physical, chemical, and biologi-
cal degradation (Dale 1996) and settle at the bottom of the 
ocean floor. These cysts help dinoflagellates to form seed 
banks for blooms (including harmful algal blooms), produce 
toxins (e.g., Alexandrium and Gymnodinium species), and 
help in unwanted marine bio-invasion as they remain viable 
for many years (Matsuoka and Fukuyo 2000; Lundholm 
et al. 2011; Delebecq et al. 2020). Dinoflagellate cysts are 
also used as proxies for climate reconstruction and pollu-
tion (e.g., Pospelova et al. 2005; Hallegraeff and Gollasch 
2006; Marret et al. 2009; Mertens et al. 2009a), as indicators 
for past environmental conditions (Pospelova et al. 2002; 
Marret and Zonneveld 2003), qualitative and quantitative 
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reconstructions of sea surface temperature (SST), sea surface 
salinity (SSS), sea-ice cover duration, or primary productiv-
ity (e.g., Mudie et al. 2002; Marret and Zonneveld 2003; 
Pospelova et al. 2006, 2015; Radi and de Vernal 2008; Zonn-
eveld et al. 2008; de Vernal et al. 2013). However, to recon-
struct past environmental conditions, one should understand 
the relationship between individual dinoflagellate cyst spe-
cies and specific environmental parameters, which requires 
a region-specific understanding of the spatial distribution 
of cysts in relation to environmental conditions (e.g., Dale 
1976, 2009; Pospelova et al. 2004, 2005).

The Arabian Sea (AS) is one of the interesting ocean 
basins as it is strongly influenced by the Asian Monsoon 
system, which regulates its biological productivity (Banse 
1987) and also the presence of an intense oxygen minimum 
zone (OMZ) in the thermocline depths (~ 100 to 1000 m) 
(Morrison et al. 1998). The OMZ region and the southeast-
ern AS are known to be relatively productive and oligo-
trophic, respectively (Vijayan et al. 2021). Dinoflagellate 
cysts are reported to be susceptible to oxidative degradation 
(Zonneveld et al. 1997) similar to organic matters, and there-
fore, cysts sensitive to oxidative degradations (e.g., cysts of 
Protoperidinium species) preserve well in the OMZ sedi-
ment (Narale et al. 2015). Though dinoflagellate cysts from 
the Arabian Sea (AS) have received ample attention, stud-
ies from OMZ and southeastern oligotrophic regions have 
received less attention than those from the productive coastal 
regions of the AS.

Most of the work on the dinoflagellate cyst from the 
coastal and oceanic regions of the western Arabian Sea 
(WAS) is studied and compiled by Zonneveld et al. (1997, 
2003, and 2013) and Marret and Zonneveld (2003). The 
coastal regions in the WAS are known to be productive and 
driven by intensive upwelling (Marret and Zonneveld 2003; 
Sprangers et al. 2004; Holzwarth et al. 2007). Therefore, the 
reported high concentration of dinoflagellate cysts (139 to 
75 000 cysts g−1) in the coastal regions in the WAS can be 
linked to productivity. On the other hand, most of the work 
on dinoflagellate cysts from the coastal regions and port 
areas of the EAS are studied by various authors (Godhe et al. 
2000; D’costa et al. 2008; D’silva et al. 2011, 2012; Narale 
et al. 2015; Rodrigues et al. 2019, 2022) focusing only on 
cyst assemblage. Interestingly, these studies have reported the 
dominance of heterotrophic dinoflagellate cysts, which are 
generally linked to the indicators for eutrophic environments 
and high productivity (Dale et al. 1999; Matsuoka 1999; Radi 
and Vernal 2004; Dale 2009; Price et al. 2018). However, a 
recent study by Rodrigues et al. (2022) from different levels 
of eutrophicated marine ports (Mangalore & Cochin port) 
located on the west coast of India showed the dominance of 
autotrophic dinoflagellate cysts (except Kandla port). Despite 
the coastal regions of the eastern Arabian Sea (EAS) being 
productive (driven by coastal upwelling), the concentration 

of dinoflagellate cysts is not as high compared to the WAS 
(Narale et al. 2013). Overall, these studies give us a general 
picture of dinoflagellate cyst distributions in the coastal 
regions, but the information from deeper depths (beyond 
2000 m) is scarce. Generally, dinoflagellate cyst morphology, 
which is species-specific, makes them potential proxies for 
environmental factors (e.g., temperature, salinity). However, 
the information on the variability of cyst morphology from 
field samples representing different ecosystems is limited. 
A recent study documented variability in the morphometry 
of common cysts (with and without process) and correlated 
salinity values between the marine and estuarine ecosystems 
on the Indian coast (Rodrigues and Patil 2021), highlighting 
more measurements to provide better insights. Global datasets 
of dinoflagellate cysts distributed in surface sediments 
provide detailed information for a better understanding of the 
environmental drivers of cyst species at a larger basin scale 
(de Vernal et al. 2001; Marret and Zonneveld 2003; Zonneveld 
et al. 2013; de Vernal et al. 2020; Marret et al. 2020). Over 
the years, dinoflagellate studies (including cysts) in coastal 
settings received more attention than oceans because of major 
economic and health threats due to the increasing HAB events 
(Zonneveld et al. 2022). A recent study by Marret et al. (2020) 
on the distribution of dinoflagellate cysts across the world 
oceans highlighted the gap in the pelagic regions of the Indian 
Oceans. Therefore, a study of dinoflagellate cysts from the 
deep-sea sediments in the pelagic region of the AS will fill 
the gap in the current datasets and add to the biogeography of 
dinoflagellate cysts in the deepest parts of the AS. Through 
this study, the following was documented: (a) cyst assemblage 
from the deep-sea sediments (> 200 m water column depths); 
(b) differences in cyst assemblage between coastal, OMZ, 
and oligotrophic regions; (c) new records, if any; and 
(d) variations in morphometry of selected cosmopolitan 
dinoflagellate cysts. Further, by combining cyst datasets of the 
current study with that of the literature, major distributional 
patterns of dinoflagellate cysts are documented for the AS 
to identify the cosmopolitan and region-specific cyst taxa as 
well as morphometric differences of selected cosmopolitan 
taxa from the perspective of potential ecological indicators 
for the AS.

Materials and methods

Sample collection and hydrographic conditions

The study was conducted under the interdisciplinary 
program launched by the Council of Scientific and 
Industrial Research-National Institute of Oceanography 
(CSIR-NIO) called TraceBioMe. Under this program, the 
sampling and observations were made in the southeastern 
Arabian Sea from 12 January to 12 February 2020 
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onboard R/V Sindhu Sadhana (SSD069). Sediment cores 
were collected at eight stations (Fig.  1 and Table  1) 
representing coastal (station 1), oligotrophic (stations 2 
to 5), and OMZ (stations 6 to 8) regions using the Maxi 
Multiple Corer (60 cm length × 100 mm diameter), which 
is the standard Bowers and Connelly corer currently used 
worldwide, (Ocean Scientific International Ltd). The 
sediment grain size (sand, > 63 µm; silt, 4–63 µm; and 
clay, < 4 µm) was measured by dry sieving and pipette 
analysis (Folk et  al. 1970; Folk 1974). The sediment 
collected is silty (except in stations 1, 2, and 7). The 

sediment was sandy in station 1, while the sediment was 
silty clay in stations 2 and 7 (Table 1). The hydrographic 
details of the stations are published elsewhere (Singh 
et al. 2023). The sampling stations 6, 7, and 8 lie inside 
the denitrification zone, particularly in the thermocline 
depths (100–1000 m) of the AS (Naqvi, 1991), and the 
same was evident from dissolved oxygen (DO) profiles 
during the sampling period (Singh et al. 2023). Further, 
a relative increase in DO was also observed in the 
deeper waters (> 2000 m; Singh et al. 2023). Salinity 
data revealed the influence of Persian Gulf and Red Sea 

3 2

1
4

I
N
D
I
A

Depth (m)

Fig. 1   The map shows sample locations plotted on a bathymetric map 
of the Arabian Sea and the possible surface origin locations of cysts 
in the surface sediment samples. The data points (indicating sur-
face origin locations) showed in ODV plots are generated from the 
planktondrift simulation tool by selecting 11  m/day sinking speed 
scenario. The sampling stations are numbered and depicted in white-
bordered diamond shapes. The colorful dots represent the cyst origin 
locations in the upper water column. The red and yellow dotted line 

shows coastal and oceanic upwelling zones (Marret and Zonneveld 
2003; Banse 1968); the eastern AS experiences both weaker (bold 
red dash lines) and stronger (small red dot lines) coastal upwelling 
zone (Smitha et al., 2008); the shaded region with black dotted lines 
shows the denitrification zone (Naqvi, 1991). White circles indicate 
the locations from previous studies (e.g., Marret et  al. 2020; Godhe 
et  al. 2000; D’costa et  al., 2008; Dsilva et  al., 2011, 2012; Narale 
et al. 2015)
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waters in thermocline depths of OMZ regions, and the 
influence of low saline Bay of Bengal (BOB) waters at the 
coastal station (Supplementary Fig. 1) and Arabian Sea 
high saline water (over a depth range of 75 to 100 m) was 
apparent during the sampling period (Singh et al. 2023). 
Surface chlorophyll was higher (0.2 to 1.14 mg m−3) in 
the OMZ region, followed by coastal (0.26 mg m−3) and 
oligotrophic region (0.06 mg m−3).

Sample processing

The top 2 cm of each sediment core (0–2 cm) was processed 
following the palynological method (Matsuoka and Fukuyo 
2000). A known weight (2–5 g) of wet sediment was soni-
cated for 1 min with distilled water (DW) and sieved through 
with 100 and 10 µm mesh repeatedly to remove salts and 
debris. Subsequently, the acid-free slurry was sieved through 
a tier of two different meshes (100 and 10 µm) to remove 
coarse and fine material. The retained residue on the 10 µm 
mesh was treated with 10% hydrochloric acid (HCl) for 24 h 
to remove calcium carbonate and later washed thoroughly 
with DW and then with 30% hydrofluoric acid (HF) to dis-
solve silicate materials. All the acid-treated samples were 
washed thoroughly with DW 4–5 times to remove acid. The 
acid-free residue was sieved again through 10 µm mesh and 
re-suspended carefully to 10 mL DW in a vial, and the entire 
10 mL was analyzed microscopically (e.g., Cho and Mat-
suoka 2001; Matsuoka et al. 2003; Wang et al. 2004; Baula 
et al. 2011) using an inverted microscope (Olympus IX73) 
equipped with a digital camera (Qimaging MicroPublisher 
5.0 RTV) at × 100–400 magnification for identification and 
quantification of dinoflagellate cysts. A total of 100–300 
dinoflagellate cysts per sample were counted. In this study, 
dinoflagellate cyst abundances are represented by cyst 
concentrations and were calculated as the number of cysts 
per gram of dry sediment (cysts g−1) using the formula N/
(W × (1 − WC)), where N is the total number of cysts, W 
is the wet sediment weight taken for analysis, and WC is 
the water content (Cho and Matsuoka 2001; Matsuoka et al. 
2003). To estimate the water content, an extra sample from 
the top 0–2 cm of each core was taken, and a known weight 
(0.5–1 g) of the wet sample was dried at 70 °C for 24 h, and 
the weight difference between the wet and dried samples is 
the water content (Matsuoka et al. 2003). Further, Price et al. 
(2016), based on tracer experiments, documented an average 
loss of 8.2% of Lycopodium spores during processing, with 
the greatest loss occurring through the fine sieve and result-
ing in only a 4.8% overestimation of the cyst concentration. 
This suggests that, in our study, the loss is mainly during the 
sieving process as we have analyzed the entire residue sam-
ple (except station 1, i.e., coastal station) rather than just a 
portion. Additionally, the acids used in sediment processing 
are known to cause the dissolution of calcareous cysts (e.g., Ta
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Scrippsiella) and the cysts lacking distinctive ornamentation 
(e.g., Alexandrium; Bravo et al. 2006). Considering their 
distribution restricted to shallow depths in coastal regions 
(Zonneveld et al., 2005; Wendler et al. 2002; Rodrigues et al. 
2019 & 2022; Narale et al. 2015) and absence at 4035 m 
depth (Zonneveld et al., 2005), it is assumed that the meth-
odology employed has not influenced the data generated in 
this study. Millero et al. (1998) reported that the water in 
the north-eastern AS is under-saturated in [CO3

2−] below 
3400 m; hence, the calcium carbonate dissolution might be 
more. Wendler et al. (2002) reported 81–96% and 50–84% 
decrease in calcareous cyst flux between the trap and the 
surface sediments from the north-eastern and south-west-
ern AS, respectively. These processes further confirm the 
absence of the calcareous dinoflagellate cysts in the AS’s 
deeper depths (< 3500 m). Also, in stations, 1 (113 m) and 2 
(2105 m), Scrippsiella and Alexandrium cysts’ absence was 
confirmed by scanning the aliquots of untreated, distilled 
water cleaned, and sieved sediment samples. Taking these 
and Price et al. (2016) findings, it is assumed that the cyst 
loss in our study may not be significant, and the cyst con-
centration presented will represent near real concentrations 
with negligible impact on the variability in cyst assemblage, 
dominance pattern, and distribution trends presented in this 
study.

The identification of dinoflagellate cysts was based on 
various published literature (Wall and Dale 1968; Sonne-
man and Hill 1997; Matsuoka and Fukuyo 2000; liu et al. 
2012; Radi et al. 2013; Rigel et al. 2022; Li et al. 2020; 
online version: https://​www.​marum.​de/​en/​Modern_​dinof​
lagel​late_​cyst_​deter​minat​ion_​key.​html). Cysts with clear 
morphologies were identified at their species level; however, 
a few cysts that could not be identified at their species level 
were represented by the genus “spp.” The light microscope 
micrographs of some dinoflagellate cysts recorded are also 
presented (Fig. 2). Further, the analyzed dinoflagellate cyst 
assemblage is categorized into autotrophic, mixotrophic, 
and heterotrophic following Marret et al. (2020). Moreover, 
some dinoflagellate cyst species like Spiniferites ramosus 
and S. bulloideus, which show minor interspecific morpho-
logical variations (e.g., size and process thickness), were 
grouped as S. ramosus (Li et al. 2023). Similarly, S. mirabilis 
and S. hyperacanthus are grouped as cysts of Gonyaulax 
spinifera complex (or S. mirabilis/hyperacanthus in this 
study) (de Vernal et al. 2020, 2018; Rochon et al. 2009), 
whereas other Spiniferites which could not be identified to 
the species level are included in Spiniferites spp. Along with 
the counts, the morphometric (body size and process length) 
measurements of the following predominant dinoflagellate 
cysts, which occurred in coastal, OMZ, and oligotrophic 
regions, were also recorded and presented: Spiniferites ram-
osus (n = 9–30), Lingulodinium machaerophorum (n = 5–8), 
and Operculodinium centrocarpum (n = 5–25).

Diversity indices

Community indices such as species count (number of spe-
cies), Shannon–Wiener’s diversity index (H′), Pielous even-
ness, and Margalef’s species richness of dinoflagellate cysts 
for each station were determined using PRIMER—version 
6 (PRIMER–E Ltd. Plymouth, UK). Species count for each 
station is presented in Table 2. Additionally, the community 
indices for oligotrophic and OMZ regions were also deter-
mined by averaging the data for each station in the respec-
tive regions, i.e., the average of stations 2 to 5 and 6 to 8 for 
oligotrophic and OMZ, respectively (supplementary Fig. 2).

Planktondrift simulation

Planktondrift simulation is applied to trace the potential 
dinoflagellate cyst sources. Planktondrift (https://​plank​
tondr​ift.​scien​ce.​uu.​nl) is an online particle trace simulation 
tool developed to simulate the trajectories and dispersal pat-
terns of virtual particles representing plankton in the ocean 
(Nooteboom et al. 2019, 2020). The planktondrift simula-
tion utilizes climate models like the Ocean General Circu-
lation Model for the Earth Simulator (OFES), Nucleus for 
European Modelling of the Ocean (NEMO), or the Paral-
lel Ocean Program (POP). These climate models provide a 
3D flow field of the ocean currents in which particles are 
released every 3 days for 6 years at the bottom of the ocean 
and tracked back in time along the flow field. These sinking 
particles are assumed to be heavier than water; therefore, a 
vertical sinking velocity is added to the velocity along the 
transport. This study used the OFES model of the plank-
tondrift simulation tool to trace the possible surface origin 
locations for all sampling stations, which incorporates more 
sinking scenarios than other models for locations falling 
below 75° North and South (https://​plank​tondr​ift.​scien​ce.​
uu.​nl). The typical sinking speed for dinoflagellate cysts is 
11 m/day (Anderson et al. 1985), and the same was selected 
to run the simulations.

Results

Dinoflagellate cyst diversity and distribution

Overall, a total of 41 cyst species belonging to 18 genera, of 
which 17 autotrophic, 3 mixotrophic, and 21 heterotrophic 
species were found in the present study (Fig. 2 and Table 1). 
The total cyst concentration was maximum in coastal (231 
cysts g−1), followed by OMZ (124 cysts g−1) and oligo-
trophic regions (90 cysts g−1) (Fig. 3a). The lowest cyst con-
centration was recorded in oligotrophic station 2 (46 cysts 
g−1). Univariate measures revealed the following: (i) the cyst 
species count was higher in OMZ (Fig. 3b), (ii) diversity was 

https://www.marum.de/en/Modern_dinoflagellate_cyst_determination_key.html
https://www.marum.de/en/Modern_dinoflagellate_cyst_determination_key.html
https://planktondrift.science.uu.nl
https://planktondrift.science.uu.nl
https://planktondrift.science.uu.nl
https://planktondrift.science.uu.nl
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Fig. 2   Micrograph of auto-
trophic (1–15), mixotrophic 
(16–18), and heterotrophic 
(19–36) dinoflagellate cysts. 
Autotrophic: 1 Bitectatodinium 
spongium, 2 Impagidinium 
aculeatum, 3 Impagidinium 
paradoxum, 4 Impagidinium 
patulum, 5 Impagidinium stri-
alatum, 6 Nematosphaeropsis 
labyrinthus, 7a, 7b Opercu-
lodinium centrocarpum, 8 
Operculodinium janduchenei, 
9 Polysphaeridium zoharyi, 10 
Spiniferites bentorii, 11 Spinif-
erites mirabilis, 12 Spiniferites 
ramosus, 13 Spiniferites sp., 14 
Gonyaulax spiniferites com-
plex, and 15 Tuberculodinium 
vancampoae; mixotrophic: 16 
cyst of Polykrikos hartmannii, 
17 Lingulodinium machaero-
phorum, and 18 Lingulod-
inium sp.; and heterotrophic: 
19 Brigantedinium sp., 20 
Brigantedinium simplex, 21 cyst 
of Cladopyxis sp., 22 cyst of 
Polykrikos kofoidii, 23 cyst of 
Polykrikos schwartzii, 24 cyst of 
Protoperidinium denticulatum, 
25 cyst of Protoperidinium 
latissimum, 26 cyst of Proto-
peridinium monospinum, 27 
Echinidinium sp., 28 Lejeune-
cysta sabrina 29 Selenopemphix 
nephroides, 30 Selenopemphix 
quanta, 31 Stelladinium bifur-
catum, 32 Stelladinium reidii, 
33 Stelladinium stellatum, 34 
Trinovantedinium applanatum, 
35 Votadinium calvum, and 36 
Votadinium sp. (all scale bar 20 
micron)

1 2 3 4

5 6 7a 7b

8 9 10 11

12 13 14 15

16 17 18 19

20 21 22 23

relatively similar in the region (Fig. 3c), (iii) richness was 
higher in the oligotrophic region (Fig. 3d), and (iv) species 
evenness was higher in the oligotrophic region followed by 
OMZ and coastal regions of the AS (Fig. 3e).

In the oligotrophic region, maximum species count 
(24 species) and diversity index H′ (2.7) were recorded 
in stations 2 and 5 (Supplementary Fig. 2), respectively. 
The other three stations in oligotrophic regions, where 
the depth varied from 2000 to 4600 m, recorded 15–22 
species, 68–155 cysts g−1, and 1.6–2.0 diversity index 
H′ of dinoflagellate cysts. The deepest station 4 (depth 
4607 m) recorded a relatively lower species count (only 
16) and concentration (68 cysts g−1). In the OMZ region, 

the species count was higher in station 8 (i.e., 22 taxa) 
followed by stations 6 and 7 (recorded 21 and 20 taxa, 
respectively) (supplementary Fig. 2). Station 8 recorded 
the maximum cyst concentration (140 cysts g−1), followed 
by stations 7 (123 cysts g−1) and 6 (108 cysts g−1).

The cysts of autotrophic taxa dominated the assemblages 
than heterotrophic taxa in all the regions. Cysts produced 
by autotrophic taxa contribute 83%, 77%, and 74% to the 
total dinoflagellate cysts in the coastal, oligotrophic, and 
OMZ regions, respectively (Fig. 3f). The heterotrophic to 
autotrophic ratio (H/A) showed a slightly higher value in 
the OMZ (0.37) than in the oligotrophic (0.36) and coastal 
(0.20) regions (Fig. 4).
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Fig. 2   (continued)

In the coastal and oligotrophic region, cyst assemblage 
was mostly dominated by autotrophic species like Spinifer-
ites spp., cysts of Gonyaulax Spinifera complex, S. ramosus, 
and S. mirabilis, and mixotrophic species like Lingulodinium 
sp. representing 56% of the total dinoflagellate cyst assem-
blage. In the present study, potential HAB species cysts of 
three autotrophic and two mixotrophic cysts (cysts of Gon-
yaulax Spinifera complex, Operculodinium centrocarpum, 
Polysphaeridium zoharyi, cyst of Polykrikos hartmannii, and 
Lingulodinium machaerophorum) were recorded of which 
four were present in the deeper stations (i.e., stations 2–5) 
except cyst of Polykrikos hartmannii and four in the coastal 
station (i.e., station 1) except Polysphaeridium zoharyi.

On the contrary, in the OMZ region, the species count 
was higher in station 8 (i.e., 22 taxa) followed by stations 6 
and 7 (recorded 21 and 20 taxa, respectively) (supplemen-
tary Fig. 2). Station 8 recorded the maximum cyst concentra-
tion (140 cysts g−1), followed by stations 7 (123 cysts g−1) 
and 6 (108 cysts g−1). The OMZ region cyst assemblage was 
mostly dominated by autotrophic species like Spiniferites 
spp., Spiniferites ramosus, Lingulodinium sp., Echinidinium 
sp., Nematosphaeropsis sp., and Impagidinium paradoxum 

which represent 75% of the total dinoflagellate cyst assem-
blage. Among the five HAB species, three species in both 
station 6 (Operculodinium centrocarpum, Gonyaulax Spinif-
era complex and cyst of Polykrikos hartmannii) and station 7 
(Operculodinium centrocarpum, Gonyaulax Spinifera com-
plex and Lingulodinium machaerophorum) and all in station 
8 were recorded. The comparison of cyst assemblage data 
revealed that the species count and abundance recorded in 
this study were low compared to the EAS and WAS (Fig. 5).

Morphometry of dinoflagellate cysts

The morphometric measurements of Spiniferites ramo-
sus in the coastal (l = 38 ± 5  µm, w = 35 ± 4  µm, and 
PL = 11 ± 2 µm), oligotrophic (l = 40 ± 6 µm, w = 34 ± 5 µm, 
and PL = 10 ± 2 µm), and OMZ (l = 38 ± 4 µm, w = 34 ± 3 µm, 
and PL = 10 ± 2 µm) regions of the AS did not show any 
significant variation and fall within the reported size ranges 
(l = 30–46  µm, w = 17–43  µm, and PL = 1.2–12  µm) in 
the literature. The morphometric measurements of Lingu-
lodinium machaerophorum in the coastal (d = 35 µm and 
PL = 6 µm), oligotrophic (d = 49 ± 5 µm and PL = 13 ± 1 µm), 



	 Environmental Science and Pollution Research

Ta
bl

e 
2  

D
in

ofl
ag

el
la

te
 c

ys
ts

 a
bu

nd
an

ce
 (c

ys
ts

 g
−

1  d
ry

 w
ei

gh
t) 

in
 a

ll 
th

e 
st

at
io

ns
 o

f t
he

 A
ra

bi
an

 S
ea

. A
 a

ut
ot

ro
ph

s, 
M

 m
ix

ot
ro

ph
s, 

H
 h

et
er

ot
ro

ph
s. 

Tr
op

hi
c 

st
at

us
 is

 g
iv

en
 fo

llo
w

in
g 

M
ar

re
t e

t a
l. 

(2
02

0)
. T

he
 m

ot
ile

 a
ffi

ni
ty

 is
 b

as
ed

 o
n 

Li
 e

t a
l. 

(2
02

3)
, M

ar
re

t e
t a

l. 
(2

02
0)

, R
am

íre
z-

Va
le

nc
ia

 e
t a

l. 
(2

02
1)

, a
nd

 R
ig

el
 e

t a
l. 

(2
02

2)
. I

nd
et

 =
 in

de
te

rm
in

at
e,

 +
 m

ea
ns

 p
re

vi
ou

sly
 re

po
rte

d,
 *

 m
ea

ns
 

fir
st 

re
po

rt

Tr
op

hi
c 

st
at

us
M

ot
ile

 a
ffi

ni
ty

Pa
le

on
to

lo
gi

ca
l n

am
e

C
oa

st
al

O
lig

ot
ro

ph
ic

 (O
A

S)
O

M
Z

O
A

S
O

M
Z

EA
S

W
A

S

St
1

St
2

St
3

St
4

St
5

St
6

St
7

St
8

1
A

U
nk

no
w

n
Bi

te
ct

at
od

in
iu

m
 sp

on
gi

um
4,

5&
6

9.
7

0.
4

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
1

0.
0

 +
 

 +
 

2
A

G
on

ya
ul

ax
 sp

. I
nd

et
Im

pa
gi

di
ni

um
 a

cu
le

at
um

4&
6

0.
0

0.
8

1.
9

5.
3

11
.3

10
.2

0.
0

0.
2

4.
8

3.
5

 +
 

 +
 

3
A

G
on

ya
ul

ax
 sp

. I
nd

et
Im

pa
gi

di
ni

um
 p

ar
ad

ox
um

4&
6

0.
0

0.
0

1.
2

28
.8

17
.7

21
.6

1.
1

0.
6

11
.9

7.
8

 +
 

 +
 

4
A

G
on

ya
ul

ax
 sp

. I
nd

et
Im

pa
gi

di
ni

um
 p

at
ul

um
6

0.
0

1.
0

0.
5

2.
9

4.
8

1.
1

0.
3

0.
0

2.
3

0.
5

 +
 

5
A

G
on

ya
ul

ax
 sp

. I
nd

et
Im

pa
gi

di
ni

um
 sp

.
0.

0
1.

0
0.

0
3.

8
0.

6
0.

0
0.

0
0.

0
1.

4
0.

0
 +

 
 +

 
6

A
G

on
ya

ul
ax

 sp
. I

nd
et

Im
pa

gi
di

ni
um

 st
ri

al
at

um
6

1.
6

0.
0

0.
0

2.
4

1.
0

10
.5

3.
3

0.
2

0.
8

4.
7

 +
 

7
A

G
on

ya
ul

ax
 sp

in
ife

ri
te

s c
om

pl
ex

Ne
m

at
os

ph
ae

ro
ps

is
 la

by
ri

nt
hu

s4&
6

0.
0

0.
0

0.
8

3.
8

21
.9

8.
2

2.
5

1.
6

6.
7

4.
1

 +
 

 +
 

8
A

U
nk

no
w

n
Ne

m
at

os
ph

ae
ro

ps
is

 sp
.

0.
0

0.
0

0.
0

0.
0

0.
0

8.
8

8.
2

4.
1

0.
0

7.
0

 +
 

 +
 

9
A

Pr
ot

op
er

id
in

iu
m

 re
tic

ul
at

um
O

pe
rc

ul
od

in
iu

m
 c

en
tro

ca
rp

um
1–

6
2.

4
1.

3
4.

6
1.

5
11

.0
7.

7
1.

8
2.

4
4.

6
4.

0
 +

 
 +

 
10

A
U

nk
no

w
n

O
pe

rc
ul

od
in

iu
m

 ja
nd

uc
he

ne
i*

0.
0

0.
2

0.
0

3.
8

1.
9

5.
8

3.
3

0.
0

1.
5

3.
0

11
A

U
nk

no
w

n
O

pe
rc

ul
od

in
iu

m
 sp

.
0.

0
0.

0
1.

5
0.

0
0.

0
0.

7
0.

2
0.

0
0.

4
0.

3
 +

 
 +

 
12

A
Py

ro
di

ni
um

 b
ah

am
en

se
Po

ly
sp

ha
er

id
iu

m
 zo

ha
ry

i3,
5&

6
0.

0
0.

0
2.

9
0.

0
0.

0
0.

0
0.

0
0.

4
0.

7
0.

1
 +

 
 +

 
13

A
G

on
ya

ul
ax

 n
ez

an
ia

e
Sp

in
ife

ri
te

s b
en

to
ri

i4&
6

0.
0

0.
0

0.
5

0.
0

0.
0

0.
0

0.
0

0.
0

0.
1

0.
0

 +
 

 +
 

14
A

G
on

ya
ul

ax
 w

ha
se

on
ge

ns
is

Sp
in

ife
ri

te
s h

yp
er

ac
an

th
us

4
17

.3
0.

6
0.

7
0.

3
1.

3
2.

3
0.

2
0.

4
0.

7
1.

0
 +

 
 +

 
15

A
G

on
ya

ul
ax

 sp
in

ife
ri

te
s c

om
pl

ex
Sp

in
ife

ri
te

s m
ira

bi
lis

1,
3,

4&
6

49
.7

1.
3

3.
1

1.
2

5.
2

3.
9

0.
8

1.
8

2.
7

2.
2

 +
 

 +
 

16
A

G
on

ya
ul

ax
 sp

in
ife

ri
te

s c
om

pl
ex

Sp
in

ife
ri

te
s r

am
os

us
1,

3,
4&

6
70

.2
9.

8
49

.8
2.

6
3.

5
0.

5
38

.7
28

.2
16

.5
22

.5
 +

 
 +

 
17

A
G

on
ya

ul
ax

 sp
in

ife
ri

te
s c

om
pl

ex
Sp

in
ife

ri
te

s s
p.

39
.5

8.
5

20
.0

4.
4

15
.2

9.
1

17
.4

65
.3

12
.0

30
.6

 +
 

 +
 

18
A

Py
ro

ph
ac

us
 st

ei
ni

i
Tu

be
rc

ul
od

in
iu

m
 v

an
ca

m
po

ae
2,

3,
5&

6
1.

6
0.

6
0.

0
0.

0
10

.3
0.

0
0.

0
0.

0
2.

7
0.

0
 +

 
 +

 
19

M
Po

ly
kr

ik
os

 h
ar

tm
an

ni
i

C
ys

t o
f P

ol
yk

ri
ko

s h
ar

tm
an

ni
i1–

3,
5&

6
2.

4
0.

0
0.

0
0.

0
0.

0
0.

2
0.

0
0.

2
0.

0
0.

1
 +

 
 +

 
20

M
Li

ng
ul

od
in

iu
m

 p
ol

ye
dr

um
Li

ng
ul

od
in

iu
m

 m
ac

ha
er

op
ho

ru
m

1–
6

1.
6

1.
2

0.
3

0.
0

3.
9

0.
0

0.
7

0.
4

1.
3

0.
4

 +
 

 +
 

21
M

Li
ng

ul
od

in
iu

m
 sp

.
Li

ng
ul

od
in

iu
m

 sp
.

9.
7

3.
8

1.
7

0.
3

6.
5

5.
3

8.
2

14
.3

3.
1

9.
2

 +
 

 +
 

22
H

Pr
ot

op
er

id
in

iu
m

 sp
.

Br
ig

an
te

di
ni

um
 si

m
pl

ex
5&

6
0.

0
1.

0
0.

0
0.

0
0.

0
0.

0
0.

0
0.

0
0.

2
0.

0
 +

 
 +

 
23

H
Pr

ot
op

er
id

in
iu

m
 c

on
ic

oi
de

s
Br

ig
an

te
di

ni
um

 sp
.2,

5&
6

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
2

0.
0

0.
1

 +
 

 +
 

24
H

C
la

do
py

xi
s s

p.
C

ys
t o

f C
la

do
py

xi
s s

p.
*

0.
0

0.
0

0.
0

0.
0

0.
3

0.
0

0.
0

0.
0

0.
1

0.
0

25
H

Po
ly

kr
ik

os
 k

of
oi

di
i

C
ys

t o
f P

ol
yk

ri
ko

s k
of

oi
di

i2–
5

0.
0

0.
6

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
1

0.
0

 +
 

 +
 

26
H

Po
ly

kr
ik

os
 sc

hw
ar

tz
ii

C
ys

t o
f P

ol
yk

ri
ko

s s
ch

wa
rt

zi
i1–

3,
5&

6
3.

2
0.

0
0.

0
0.

0
0.

0
0.

0
0.

0
0.

0
0.

0
0.

0
 +

 
 +

 
27

H
Pr

ot
op

er
id

in
iu

m
 d

en
tic

at
um

C
ys

t o
f P

ro
to

pe
ri

di
ni

um
 d

en
tic

at
um

3&
5

1.
6

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

 +
 

28
H

Pr
ot

op
er

id
in

iu
m

 la
tis

si
m

um
C

ys
t o

f P
ro

to
pe

ri
di

ni
um

 la
tis

si
m

um
1,

3&
5

0.
0

0.
4

0.
0

0.
0

0.
6

0.
0

0.
0

0.
0

0.
3

0.
0

 +
 

29
H

Pr
ot

op
er

id
in

iu
m

 m
on

os
pi

nu
m

C
ys

t o
f P

ro
to

pe
ri

di
ni

um
 m

on
os

pi
nu

m
*

0.
0

0.
0

0.
0

0.
0

3.
2

0.
0

0.
0

0.
0

0.
8

0.
0

30
H

Pr
ot

op
er

id
in

iu
m

 sp
.

C
ys

t o
f P

ro
to

pe
ri

di
ni

um
 sp

.
2.

4
2.

5
0.

0
0.

9
3.

5
2.

5
3.

6
6.

5
1.

7
4.

2
 +

 
 +

 
31

H
D

ip
lo

ps
al

id
 o

r P
ro

to
pe

rid
in

io
id

 g
ro

up
Ec

hi
ni

di
ni

um
 sp

.4&
6

4.
8

3.
8

2.
5

5.
6

17
.4

1.
8

28
.2

5.
5

7.
3

11
.8

 +
 

 +
 

32
H

Pr
ot

op
er

id
in

iu
m

 le
on

is
Le

je
un

ec
ys

ta
 sa

br
in

a5
0.

8
0.

0
0.

0
0.

0
0.

0
0.

0
0.

0
0.

0
0.

0
0.

0
 +

 
33

H
Pr

ot
op

er
id

in
iu

m
 su

bi
ne

rm
e

Se
le

no
pe

m
ph

ix
 n

ep
hr

oi
de

s1–
6

0.
0

4.
8

0.
0

0.
0

7.
1

5.
3

2.
3

2.
0

3.
0

3.
2

 +
 

 +
 



Environmental Science and Pollution Research	

and OMZ (d = 46 ± 13 µm and PL = 12 ± 4 µm) regions of 
the AS showed significant variation both in the body size 
and process length. However, they fall within the reported 
size ranges (d = 31–54 µm and PL = 2–21 µm) in the litera-
ture. The morphometric measurements of Operculodinium 
centrocarpum in the coastal (d = 36 µm and PL = 2 µm), 
oligotrophic (d = 33 ± 4 µm and PL = 7 ± 2 µm), and OMZ 
(d = 31 ± 4 µm and PL = 6 ± 1 µm) regions of the AS showed 
significant variation in process length but not in the body 
size. However, they fall within the reported size ranges 
(d = 33–48 µm and PL = 7–14 µm) in the literature (Fig. 6 
and supplementary Table 2).

Planktondrift simulations to track the origin 
of dinoflagellate cysts

The drift simulations of dinoflagellate cysts revealed differ-
ent transport patterns for the stations located in coastal, oli-
gotrophic, and OMZ regions, suggesting different origins. 
For instance, the lateral transport of the dinoflagellate cysts 
in all the stations shows overlapping (except coastal station 
1 and station 2), whereas station 5 has the maximum lateral 
transport even from the WAS and OMZ region. However, in 
OMZ stations (6, 7, and 8), the lateral transport of the dino-
flagellate cysts was also relatively large but mainly confined 
to the OMZ region to a larger extent (Fig. 1).

Discussion

Factors influencing dinoflagellate cyst diversity 
and distribution

The present study on the dinoflagellate cyst community from 
the deepest part of the central (OMZ) and southeastern (oli-
gotrophic) Arabian Sea revealed 41 species. The highest 
number of cysts was recorded at 113 m (station 1) and the 
lowest at a depth of 2105 m (station 2) in the coastal and oli-
gotrophic regions of the AS, respectively. However, despite 
being one of the deepest locations in the oligotrophic region, 
station 5 (4368 m) recorded relatively higher cyst concen-
trations (i.e., 155 cysts g−1) due to its proximity to produc-
tive OMZ and upwelling regions of the WAS and the same 
is evident from the planktondrift simulation (Fig. 1). The 
stations in the OMZ region also recorded relatively higher 
cyst concentrations (108–140 cysts g−1). Dinoflagellate cysts 
are susceptible to oxidative degradation like organic matter 
(Zonneveld et al. 1997); however, an intense OMZ region 
might help in better preservation of cysts in the OMZ sedi-
ment supporting the highest cyst abundance in this region 
(Wendler et al. 2002). In addition, the OMZ region is con-
sidered relatively more productive due to the prevalence of 
high chlorophyll (i.e., 0.2 to 1.14 mg m−3) than the SEAS, Su

pe
rs

cr
ip

t n
um

be
rs

 in
di

ca
te

 s
pe

ci
es

 p
re

vi
ou

sly
 re

po
rte

d 
in

 th
os

e 
re

fe
re

nc
es

, i
.e

., 
(1

) G
od

he
 e

t a
l. 

(2
00

0)
, (

2)
 D

’c
os

ta
 e

t a
l. 

(2
00

8)
, (

3)
 D

’s
ilv

a 
et

 a
l. 

(2
01

1)
, (

4)
 N

ar
al

e 
et

 a
l. 

(2
01

5)
, (

5)
 R

od
ri-

gu
es

 e
t a

l. 
(2

02
2)

, a
nd

 (6
) Z

on
ne

ve
ld

 e
t a

l. 
20

13

Ta
bl

e 
2  

(c
on

tin
ue

d)

Tr
op

hi
c 

st
at

us
M

ot
ile

 a
ffi

ni
ty

Pa
le

on
to

lo
gi

ca
l n

am
e

C
oa

st
al

O
lig

ot
ro

ph
ic

 (O
A

S)
O

M
Z

O
A

S
O

M
Z

EA
S

W
A

S

St
1

St
2

St
3

St
4

St
5

St
6

St
7

St
8

34
H

Pr
ot

op
er

id
in

iu
m

 c
on

ic
um

Se
le

no
pe

m
ph

ix
 q

ua
nt

a2–
6

8.
9

0.
0

0.
0

0.
0

0.
0

0.
0

0.
2

0.
2

0.
0

0.
1

 +
 

 +
 

35
H

U
nk

no
w

n
Se

le
no

pe
m

ph
ix

 sp
.

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

1.
6

0.
0

0.
0

0.
5

 +
 

 +
 

36
H

U
nk

no
w

n
St

el
la

di
ni

um
 b

ifu
rc

at
um

*
0.

0
0.

2
0.

0
0.

0
0.

0
0.

2
0.

0
0.

0
0.

0
0.

1
37

H
Pr

ot
op

er
id

in
iu

m
 sp

p.
St

el
la

di
ni

um
 re

id
ii4&

6
0.

0
0.

8
0.

0
0.

3
6.

5
1.

8
0.

0
0.

0
1.

9
0.

6
 +

 
 +

 
38

H
Pr

ot
op

er
id

in
iu

m
 c

om
pr

es
su

m
St

el
la

di
ni

um
 st

el
la

tu
m

2–
4&

6
0.

0
0.

6
0.

0
0.

0
0.

0
0.

7
0.

7
2.

9
0.

1
1.

4
 +

 
 +

 
39

H
Pr

ot
op

er
id

in
iu

m
 p

en
ta

go
nu

m
Tr

in
ov

an
te

di
ni

um
 a

pp
la

na
tu

m
1–

6
1.

6
0.

0
0.

0
0.

0
0.

0
0.

0
0.

0
0.

2
0.

0
0.

1
 +

 
 +

 
40

H
Pr

ot
op

er
id

in
iu

m
 o

bl
on

gu
m

Vo
ta

di
ni

um
 c

al
vu

m
1,

3,
5&

6
1.

6
0.

8
0.

0
0.

0
0.

0
0.

0
0.

0
2.

2
0.

2
0.

7
 +

 
 +

 
41

H
Pr

ot
op

er
id

in
iu

m
 st

ei
di

nf
er

ae
Vo

ta
di

ni
um

 sp
.

0.
0

0.
4

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
1

0.
0

 +
 

 +
 

Su
m

23
1

46
92

68
15

5
10

8
12

3
14

0
90

12
4



	 Environmental Science and Pollution Research

which is oligotrophic, i.e., 0.06 to 0.26 mg m−3. Moreover, 
the decay function within OMZ is less than the oxic portions 
of the ocean (Jensen et al. 2011; Roullier et al. 2014; Van 
Mooy et al., 2002). That implies that the relative proportion 
of organic matter that passes through OMZ is proportionally 
higher than that for oxic waters (Keil et al. 2016). Sarma 
et al. (2007) reported that the sinking flux of the particu-
late organic carbon (POC) to the deep sea (> 2500 m) is 
maximum in the AS (i.e., 13.3 mg C m−2 day−1). Therefore, 
fewer and more concentrations of dinoflagellate cysts in the 
oligotrophic sediment of SEAS and OMZ sediment, respec-
tively, are apparent. Interestingly, high cyst concentrations 
and similar composition in the coastal station and the OMZ 
region suggest both to be productive systems compared to 

oligotrophic regions. The distribution of dinoflagellate cysts 
in the sediments is determined by many factors, including 
the ecology of dinoflagellates, transport processes, and pres-
ervation conditions (Dale 1996; Zonneveld and Brummer 
2000; Zonneveld et al., 2013). Further, in HAB monitor-
ing, cyst documentation of harmful dinoflagellates from 
the field is one of the monitoring strategies (Anderson et al. 
2012; Ribeiro et al. 2012), as any viable cyst can serve as 
the precursor for blooms. Given this, the present study lists 
five potential HAB species from both oligotrophic and OMZ 
regions of the AS. Four potential HAB species were found 
in the coastal station except Polysphaeridium zoharyi, and 
four (except the cyst of Polykrikos hartmannii) were found in 
the deepest parts of the AS. Most of these HAB species are 

Fig. 3   Variations in dinoflagel-
late cyst a concentration, b spe-
cies count, c species diversity, 
d species richness, e species 
evenness, and f autotrophic, 
mixotrophic, and heterotrophic 
contributions (%) in coastal and 
oligotrophic regions and oxygen 
minimum zone (OMZ)
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known to produce various toxins like saxitoxin and yesso-
toxins. The cysts of HAB species might be a greater concern 
for the coastal station than the deeper stations. However, 
the presence of the cysts of HAB species in the deepest part 
of the AS might suggest the reach of coastal HAB events. 
Although an unbiased and complete inventory is essential 
for establishing general indicators of large-scale systems, 
adapting to updated procedures, such as combining metabar-
coding high throughput sequencing and single-cyst morpho-
molecular identification, is the way ahead. Nevertheless, the 
present study will serve as a benchmark for future studies.

Comparison of dinoflagellate cyst assemblage 
with previous studies in the AS

The concentration and diversity of dinoflagellate cysts in 
the EAS coastal regions were highly variable, depending on 
geographic location and season (Fig. 5). For instance, port 
areas followed by the strong (west coast of India) and weak 
(southern tip of the Indian peninsula) upwelling-influenced 
coastal stations harbor cyst concentrations in decreasing 
order (Fig.  1). Additionally, the sediment texture (silty/

clayey sediment harbors more cyst concentration than sandy 
sediment), nutrient loading (e.g., eutrophication in port areas, 
nutrient-rich upwelled coastal water), and salinity variations 
(precipitation and riverine discharges during monsoon) are 
major drivers determining cyst concentration and community 
according to the geographic location (Smitha et al., 2008; 
D’costa et al. 2008; Dsilva et al. 2011; Rodrigues et al. 2019, 
2022). Along the EAS coastal region (west coast of India), 
autotrophs and heterotrophs dominated in the highly productive 
southern and relatively less productive northern eutrophicated 
ports, respectively. The present coastal station, located near 
the southwest coast of India, falls under an intense upwelling-
influenced area, and compared to previous studies, the cyst 
community differed, but the concentration was almost in the 
same range. This study observed autotrophic dominance, while 
the previous study reported autotrophic and heterotrophic in 
port (Rodrigues et al. 2019) and coastal (D’silva et al. 2011) 
regions, respectively. Generally, autotrophic and heterotrophic 
dominance are related to their higher planktonic production 
(Dale 1983; Anderson et al. 1995; Joyce et al. 2005) and 
eutrophic environments (Dale et al. 1999; Matsuoka 1999; 
Radi and Vernal 2004; Dale 2009; Price et al. 2018). Several 

Fig. 4   The plot shows the 
comparison of heterotrophic to 
autotrophic ratio (H/A) among 
the regions of the Arabian Sea. 
EAS, eastern Arabian Sea; 
WAS, western Arabian Sea; 
OMZ, oxygen minimum zone. 
Data to calculate H/A for the 
western Arabian Sea are taken 
from Marret et al. (2020) and 
for the eastern Arabian Sea 
from various studies (e.g., 
D’costa et al., 2008; Dsilva 
et al., 2011, 2012; Narale et al. 
2015 and Rodrigues et al. 
2022). H/A concentration and 
H/A taxa are calculated using 
cyst concentration and species 
count data, respectively
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Fig. 5   Plots showing compara-
tive data for dinoflagellate cysts 
a species count (number of 
species) and b dinoflagellate 
cyst concentration. Present 
study locations are represented 
using numbers. The shaded area 
represents the oxygen minimum 
zone (OMZ). Data for species 
count and concentration for 
comparison are taken from 
Zonneveld et al. (2013), D’Silva 
et al. (2011), Narale et al. 
(2015), Dcosta et al. (2008), and 
Rodrigues et al. (2022)
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studies documented that the dinoflagellate cysts, particularly 
heterotrophic to autotrophic (H/A) ratios, are good ecological 
indicators (Lewis et  al. 1990; Radi and de Vernal 2004; 
Sangiorgi and Donders 2004; Verleye and Louwye 2010; 
Zonneveld et al. 2010; Hardy et al. 2016). However, such 
ratios are to be applied with caution in this region due to 
the seasonal variation in H/A ratios (Rodrigues et al. 2019). 
In the present study, the concentration and diversity of 
autotrophic dinoflagellate cysts were dominant irrespective 
of the regions, and the H/A concentration ratios are very 
low, i.e., concentration ratio < 1 in all the stations. The H/A 
concentration ratios of coastal (0.20) oligotrophic (0.36 ± 0.35) 
and OMZ (0.37 ± 0.20) are much lower than the average ratios 
reported for productive EAS (3.1 ± 3.5) and WAS (4.1 ± 6.8) 
despite large variations in the dominance of heterotrophic 
and autotrophic cysts (Fig. 4). However, the present study’s 
taxa H/A ratio of coastal AS (except for the oligotrophic and 

OMZ regions, which were lower) showed a similar value to 
previously reported ratios from EAS and WAS. The prevalence 
of low productive oligotrophic and OMZ compared to coastal 
EAS and WAS could be the primary reason for the observed 
low H/A ratio in the former. Nevertheless, these findings 
suggested that the production of heterotrophic dinoflagellate 
cysts is less in the coastal, oligotrophic, and OMZ than the 
previous reports in the coastal AS.

Through the present study, we propose that of the 
recorded 41 species, 32 showed a cosmopolitan distribu-
tion in the AS basin (Table 2). Among them, 27 species 
recorded in this study were documented from the WAS and 
EAS, indicating their widespread occurrence in the region. 
Also, seven (cyst of Cladopyxis sp., cyst of Protoperidinium 
latissimum, Lejeunecysta sabrina, Operculodinium janduch-
enei, cyst of Protoperidinium denticulatum, Protoperidinium 
monospinum, and Stelladinium bifurcatum) and six (cyst 
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Fig. 6   The plot shows morphometric measurements of selected cos-
mopolitan dinoflagellate cysts body (L = length, W = width, and 
D = diameter) and process length (PL) in coastal, oligotrophic, and 
OMZ regions of the Arabian Sea. a Spiniferites ramosus (i) body 

size (length and width) and (ii) process length, b Lingulodinium 
machaerophorum (i) body size (diameter) and (ii) process length, and 
c Operculodinium centrocarpum (i) body size (diameter) and (ii) pro-
cess length
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of Cladopyxis sp., Impagidinium patulum, Impagidinium 
strialatum, Operculodinium janduchenei, Protoperidinium 
monospinum, and Stelladinium bifurcatum) species recorded 
in this study were not reported from WAS and EAS, respec-
tively. Further, four species (cyst of Cladopyxis sp., Oper-
culodinium janduchenei, Stelladinium bifurcatum, and Pro-
toperidinium monospinum) are found to be reported for the 
first time from the AS (Table 2). Such distinct demarcation 
in the distribution of certain dinoflagellate species could 
be related to variable productivity patterns as biological 
productivity in AS is tightly coupled to the physical forc-
ing (e.g., monsoon reversals, currents, upwelling, fronts) 
mediated through nutrient availability. Cysts are thought to 
behave like silt particles in the water column as their size is 
within the silt range (Dale 1976, 1996; Mudie and Harland 
1996) and, therefore, can be transported by ocean currents 
as they sink through the water column or be re-suspended 
by bottom currents after deposition (e.g., Dale 1976; Zonn-
eveld and Brummer 2000). Various surfaces and associated 
undercurrents are well described in Schott and McCreary 
Jr. (2001) for the AS, which could play a role in large-scale 
dinoflagellate cyst transport. During the southwest monsoon 
season, strong upwelling in coastal Oman and Somalia is 
generally observed (Banse 1987). This phenomenon brings 
cool, nutrient-rich deep water to the surface, making the 
region very productive (Barber et al. 2001). This nutrient-
rich water reaches 500–700 km offshore into the central AS 
(Morrison et al. 1998) and could also displace dinoflagel-
late cysts. The planktondrift simulations by Nooteboom 
et al. (2019) reported that the dinoflagellate cysts could be 
displaced up to 1570 km under the influence of currents 
from their origin location at the surface before they reach 
the ocean floor. The similar simulations used in this study 
also revealed large and small-scale lateral transport of the 
dinoflagellate cysts in oligotrophic regions followed by 
OMZ and coastal regions, respectively (Fig. 1). However, 
the lateral transport was more confined to coastal than OMZ 
regions. For instance, in the oligotrophic station 5, the lateral 
transport was from the productive upwelling region of the 
WAS, whereas in coastal station 1 and oligotrophic station 2, 
transport is confined to a smaller region. Interestingly, in sta-
tions 6, 7, and 8, the lateral transport was mostly restricted to 
the OMZ region. Hence, it is presumed that the prevalence 
of (i) large-scale lateral transport is a possible reason for the 
existence of more cosmopolitan dinoflagellate cyst species 
and (ii) the region-specific dinoflagellate cyst population 
can be linked to restricted lateral transport patterns. How-
ever, this aspect needs further investigation.

Furthermore, four dinoflagellate cyst species cysts of 
Cladopyxis sp., Operculodinium janduchenei, Stelladinium 
bifurcatum, and cyst of Protoperidinium monospinum  were 
recorded in the deepest station (station 5) of the oligotrophic 
region and Operculodinium janduchenei and Stelladinium 

bifurcatum in both oligotrophic and OMZ regions. The 
available literature suggests that (i) cyst of Cladopyxis sp. 
has also previously been reported from the Pacific (central 
and tropical), tropical Atlantic, Sargasso Sea (Dale and 
Dale 1992) in deep-sea sediment traps, and on the shelf and 
slope of the South China Sea (Kawamura 2002); (ii) cyst 
of P. monospinum is recorded from the Mediterranean Sea; 
it is characteristically documented in tropical to equatorial 
regions of NW Africa and is generally found in high num-
bers in upwelling regions or when upwelled water is passed 
across oligotrophic waters (Zonneveld et al. 2013). Since 
monsoonal upwelling is a well-known phenomenon in the 
AS particularly WAS (Fig. 1), it is presumed that the influ-
ence of WAS upwelled water might be reaching up to sta-
tion 5 and was also evident in the simulation plot (Fig. 1). 
However, more surveys in and around upwelling regions are 
warranted to relate cyst of P. monospinum distribution with 
the upwelling phenomenon in AS. (iii) O. janduchenei is 
reported from both temperate and equatorial regions, and 
the highest abundance is recorded from the eastern Indian 
Ocean off Indonesia (Zonneveld et al. 2013). (iv) S. bifur-
catum has been reported from the eastern Pacific and east 
equatorial Atlantic oceans (Head et al. 2020), the western 
Bay of Bengal as Stelladinium reidii (in Uddandam et al. 
2017), and in sediment traps from the South China Sea as 
Stelladinium-Type A (in Li et al. 2018). S. bifurcatum is 
mainly associated with warmer waters and highly productive 
conditions (Head et al. 2020).

Generally, dinoflagellate cyst morphology is species-
specific, but their variability due to environmental factors 
such as temperature and salinity is well documented from 
both laboratory and field studies (e.g., Ellegaard et al. 2002; 
Mertens et al. 2009a, 2009b, 2010 and 2012; Rodrigues and 
Patil 2021). The variability in the morphology of some cos-
mopolitan cysts was also evident between coastal and open 
ocean types (Fig. 6). However, the variability varied with cyst 
types. For instance, larger and smaller cyst sizes for coastal 
and open oceans, respectively, and vice versa. Bitectatodin-
ium spongium (coastal, d = 52 µm; open oceans, d = 46 µm) 
and Operculodinium centrocarpum (coastal, d = 36 µm; open 
oceans, d = 31 µm; Fig. 6c) belonged to the former types, while 
Lingulodinium machaerophorum (coastal, d = 35 µm; open 
oceans, d = 49 µm; Fig. 6b) and Tuberculodinium vancampoae 
(coastal, l × w = 92 × 85 µm; open oceans, l × w = 106 × 87 µm) 
belonged to the latter types. However, Spiniferites ramosus did 
not show any significant variation (Fig. 6a), and the dimen-
sions are as per the literature. Hence, it is assumed that there 
could be variability in the cyst morphology of the recorded 
cosmopolitan cysts. Generally, the morphology of dinoflagel-
late cysts is species-specific, but their variability, particularly 
in cyst size and process length, due to environmental factors 
(temperature and salinity) makes them potential proxies for 
such factors (Rodrigues and Patil 2021). For instance, process 
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length in cyst of Protoceratium reticulatum (O. centrocarpum) 
and some Spiniferites species are linked to salinity conditions 
(Verleye et al. 2012; Ellegaard et al. 1998 and 2002) and the 
influence of changing temperatures on the morphology of L. 
machaerophorum and Gonyaulax baltica cysts (Hallett 1999; 
Mertens et al. 2012; Ellegaard et al. 2002). Given this, it is 
assumed that the cysts, which are cosmopolitan, will encode 
signatures that can be used as potential proxies, and this was 
evident in this study. The process length in L. machaeropho-
rum and O. centrocarpum cysts that were encountered on the 
coast was relatively smaller than that of the ocean (Fig. 6b 
& c), suggesting the influence of low saline waters coming 
from monsoonal discharges and BOB (Hareeshkumar 2014). 
Though the average dimensions for most of the cysts are as per 
the literature values, the recorded ranges indicated the presence 
of cysts with smaller or larger dimensions (Supplementary 
Table 2). For instance, Bitectatodinium spongium, Opercu-
lodinium centrocarpum, Impagidinium aculeatum, Nemato-
sphaeropsis labyrinthus, and cysts of Polykrikos hartmannii 
(from ocean) were smaller while cyst of Polykrikos hartmannii 
(from coastal) and Impagidinium paradoxum were relatively 
larger compared to those reported in the literature (Supplemen-
tary Table 2). Since these inferences are from a small sample 
population, more measurements from field samples represent-
ing different bioregions of the oceans are desirable to facilitate 
their robustness as potential environmental indicators. Never-
theless, this study will add information to a growing body of 
knowledge on dinoflagellate cyst distribution patterns (Marret 
and Zonneveld 2003; Zonneveld et al., 2013) from the less 
studied pelagic region of the AS.

Conclusion

This study provides the first account of dinoflagellate cyst dis-
tribution and diversity from oligotrophic and OMZ regions of 
the Arabian Sea. The cyst concentration was maximum in the 
coastal, followed by the OMZ, and least in the oligotrophic 
region (with an exception of station 5, located close to OMZ 
and the upwelling zone). However, the diversity and rich-
ness were higher in the oligotrophic and OMZ and least in 
the coastal regions of the AS. Cysts of autotrophic dinoflagel-
lates were dominant irrespective of the regions. The taxonomic 
comparison revealed that most cysts are cosmopolitan (~ 56%) 
irrespective of water column depths, and the remaining were 
region-specific. This could be due to the prevalence of large-
scale and restricted lateral transport patterns in the oligotrophic 
followed by OMZ and coastal regions, respectively. Further, 
taxa of Cladopyxis sp., Operculodinium janduchenei, Stella-
dinium bifurcatum, and cyst of Protoperidinium monospinum 
associated with different environmental conditions from the 
deepest part of oligotrophic AS form the first report. Also, 
variability in the morphology of the cosmopolitan cysts 

Operculodinium centrocarpum and Lingulodinium machaero-
phorum was evident between the coastal and open oceans. 
These findings from the less studied pelagic region will con-
tribute to the growing body of knowledge on dinoflagellate 
cyst distribution patterns and highlight the significance of cyst 
taxa and morphology as potential ecological indicators for AS.
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Abstract  Phytoplankton communities from pelagic 
systems were assessed to explore the potential of using 
commonly used traits (such as cell geometry and taxa) 
as ecological function indicators from the data generated 
during the winter monsoon in the eastern Arabian Sea 
(AS). Altogether, data from two oceanic, i.e., convec-
tive mixing influenced non-oligotrophic northeastern- 
AS (NEAS-O) and Rossby wave-influenced oligotrophic 
southeastern-AS (SEAS-O) and one coastal (NEAS-C) 
cruises were utilized to decipher the ecological infer-
ences. Overall phytoplankton shapes showed a high 
level of redundancy by selecting only a few dominant 
shapes (5 of 22 shapes), though taxonomic diversity 
was rich (164 species). The taxonomic and morphologi-
cal approach adopted revealed high species and shape 
diversity in NEAS-O than in high-abundance NEAS-C 
and low-abundance SEAS-O. Also, the shape diversity 
and dominant shapes (cylinder, elliptic-prism, and prism-
on-parallelogram) remained the same in oceans than 
NEAS-C where combined (cylinder + 2 half-sphere) and 

simple (elliptic-prism) shapes dominated. Additionally, 
the Rossby-wave front and its reminiscence in SEAS-O 
and sea-surface-temperature fronts in NEAS-C favored 
simple and combine shaped phytoplankton, respectively. 
The morphological properties assessment revealed that 
the dominant shapes adapted the strategy to conserve 
the optimal surface-to-volume ratio (S:V) irrespective of 
changes in greatest-axial-linear-dimension (GALD) in 
NEAS-O and SEAS-O but not in NEAS-C. However, the 
dominant shapes in the NEAS-O and SEAS-O opted for 
high S:V with low GALD and low S:V with high GALD, 
respectively, while high S:V with no relation with GALD 
in NEAS-C suggests the prevalence of different adaptive 
strategies to cope with the respective hydrographic con-
ditions, particularly nutrient availability.

Keywords  Phytoplankton · Taxonomy · Cell 
geometry · Northeastern Arabian Sea · Southeastern 
Arabian Sea · Winter monsoon

Introduction

Phytoplankton, which are vital in ecosystem function-
ing, food-web dynamics, fisheries, and biogeochemical 
cycling of essential micro and macronutrients, are not 
only taxonomically diverse but also show amazing intra- 
and inter-specific morphological diversity with organ-
isms ranging greatly in the magnitude of size (Finkel 
et al., 2010) and a wide range of shapes (Hillebrand et al., 
1999; Sun & Liu, 2003). Traditionally, the morphological 
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attributes are being used only for taxonomic studies but 
it does not reflect the ecological functions (Naselli-Flores 
et al., 2007; Salmaso & Padisak, 2007). Lewis (1976) first 
noted the ecological value of morphological descriptors 
in phytoplankton resource acquisition (light and nutrient 
uptake) under the pressure of natural selection and com-
petition. The adaptive value of the morphological vari-
ability and differences in morphology adopted for diverse 
ecological strategies by phytoplankton was studied by 
Margalef (1978) and later explored by Reynolds (1997). 
Few shapes are best adapted to certain environmental 
conditions than others so the phytoplankton with such 
shapes should have better fitness and diversity (Ryabov 
et al., 2021). The aquatic ecosystem’s ecological state can 
be assessed by understanding the adaptive value of dif-
ferent phytoplankton morphologies; therefore, morpho-
logical diversity can be considered a key factor allowing 
a particular ecological group to withstand the various 
environmental conditions experienced in the ecosystem 
(Naselli-Flores, 2014).

The trait-based approaches in phytoplankton ecol-
ogy have become common and such approaches have 
the potential to increase our insight into the organiza-
tion of ecological communities and predict their reor-
ganization under any environmental change (Litchman &  
Klausmeier, 2008). This is because phytoplankton are rel-
atively simple and have well-defined traits that determine 
their ecological niche (Litchman & Klausmeier, 2008). 
The well-defined commonly used traits in phytoplank-
ton can be classified into three categories (Litchman & 
Klausmeier, 2008; Weithoff & Beisner, 2019): (i) mor-
phological — size, shape, greatest axial linear dimension 
(GALD), biovolume, mucilage presence/absence, and 
biological form (unicellular/colonial/filament/chains); 
(ii) physiological — presence/absence of silica demand, 
heterocysts (N2-fixation), mixotrophy, toxin production, 
resting stages, dominant pigment type, nutrient, and/or 
light uptake parameters; and (iii) behavioral — presence/
absence of flagella and aerotypes. Among all the above-
mentioned traits, morphometric traits like size and shape 
are considered master traits (Weithoff & Beisner, 2019) 
which affect nutrient acquisition, sinking, and grazer 
susceptibility (Grover, 1989; Smayda, 1970; Thingstad 
et  al., 2005). Size and shape are also plastic in nature 
and depend on many environmental variables, such as 
light levels, nutrient concentrations, and grazing pressure 
(Chisholm, 1992; Duarte et al., 1990).

Furthermore, in trait-based studies, species shar-
ing similar adaptive traits are grouped even if they are 

taxonomically distinct (Simberloff & Dayan, 1991). 
From the phytoplankton viewpoint, the pelagic habi-
tat and its main representative phyla and their ecology 
are relatively similar across both marine and freshwa-
ter ecosystems (Weithoff & Beisner, 2019). Despite 
such similarity, the focus of research differed between 
systems, i.e., the majority of research in the marine 
considered how traits and trait distribution derive pro-
cesses that determine the environmental conditions 
(like biogeochemistry) but it is the opposite in the 
freshwater where the focus is on how communities 
respond to the environment and which environmen-
tal factors drive the trait-based community assembly 
(Weithoff & Beisner, 2019). For instance, the increas-
ing uses of trait-based studies to explain and under-
stand phytoplankton community is limited to distribu-
tion (Kruk et  al., 2010), seasonal dynamics (Salmaso 
& Padisak, 2007), diversity, and community structure 
(Litchman & Klausmeier, 2008) in freshwater, whereas 
in the marine ecosystem, the studies are limited to 
spatiotemporal variation (Stanca et  al., 2013), bio-
geographic trait patterns (Barton et al., 2013), biogeo-
chemical processes such as primary production and 
nitrogen fixation (Breton et al., 2017), oceanic biogeo-
chemistry (Litchman et  al., 2007, 2015; Finkel et  al., 
2010), and phytoplankton dynamics (Alexander et al., 
2015). Many morphological traits might be strategic 
and help in explaining phytoplankton differences and 
patterns under contrasting hydrodynamic conditions 
(Fraisse et al., 2013). Thus, morphological traits play a 
pivotal role in the determination of phytoplankton eco-
logical niches (Aubry et al., 2017). The morphological 
adaptive strategy that results in response to environ-
mental changes helps differently sized phytoplankton 
organisms to coexist making it like a geometric con-
currence (Roselli & Basset, 2015; Segura et al., 2013). 
However, to our knowledge, the information on the 
variations in phytoplankton shapes concerning differ-
ent hydrographic settings in the marine pelagic systems 
is not available and was addressed in the present study 
by selecting the eastern Arabian Sea in the Northern 
India Ocean, a well-studied system, as a reference. 
A similar approach was attempted to study the rock-
pool micro-phytoplankton community from the inter-
tidal zone (Paul et al., 2021) but studies from the open 
ocean are limited even though there exist few datasets 
on cell volumes (Chitari & Anil, 2017).

The Arabian Sea (AS) is considered one of the 
unique oceanic basins owing to its high productive 
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periods in winter (WM) and summer monsoon (SM) 
caused by the seasonal reversal of wind direction 
and associated drastic changes in the surface cur-
rents (Banse, 1987) and the data presented here cor-
responds to winter monsoon from eastern AS (EAS). 
The physical change in the water column associ-
ated with the reversal of monsoonal winds governs 
the productivity of the Arabian Sea (Wiggert et  al., 
2005). During WM, the hydrographic conditions in 
the northern and southern regions of EAS are signifi-
cantly different, i.e., currents bring in high nutrients 
through convective mixing in the NEAS which sup-
ports phytoplankton production (including bloom; 
Banse, 1987; Sarma et al., 2019) and was also noticed 
in this study, i.e., higher in NEAS (both open and 
coastal) than SEAS-O (Supplementary Tables 1 and 
2). The convective mixing in NEAS is triggered by 
the cold-dry north-easterly continental wind blow-
ing over the surface waters causing evaporation  
(Madhupratap, et al., 1996; Weller et al., 2002). The 
convective mixing during winter monsoons deepens 
the mixed layer depth and enhances nutrient avail-
ability (Sawant & Madhupratap, 1996). Whereas in 
SEAS, WM is defined by the existence of seasonal 
down-welling Rossby waves (Shankar et  al., 2002) 
which, along with its associated currents, brings the 
nutrient-enriched low saline water mass from the 
western boundary of the Bay of Bengal (Shenoi et al., 
2002) and triggers primary producers (Kumar et  al., 
2004, Amol, 2018) in the otherwise warmer oligo-
trophic waters (Vijayan et al., 2021). Additionally, the 
mesoscale features such as sea surface temperature 
(SST) fronts supporting rich phytoplankton biomass 
than the adjoining non-fronts are also prevalent in AS. 
However, more SST fronts are reported in NEAS than 
in SEAS (Kurian et al., 2020). Therefore, in the pre-
sent study, an attempt has been made to understand 
the distribution of phytoplankton shapes and species 
composition between contrasting hydrographic set-
tings such as (a) nutrient-rich coastal and open ocean 
systems, (b) oligotrophic and non-oligotrophic ocean 
systems, and (c) SST fronts and non-fronts from both 
coastal and ocean ecosystems. Through this study, 
an attempt is made to explore the possibility of using 
phytoplankton shapes (> 5 microns) as ecological 
function indicators in marine pelagic systems.

Methodology

Study area and sampling strategies

The present study was carried out in the north 
(NEAS) and the south (SEAS) EAS during the winter 
monsoon of 2015–2016. In the NEAS, two cruises, 
R/V Sindhu Sankalp (11–22 February 2015) in the 
open ocean (NEAS-O) and R/V Sindhu Sadhana (18 
November- 2 December 2016) in the coastal (NEAS-
C), were taken during late winter monsoon and early 
winter monsoon, respectively, and another cruise, R/V 
Sindhu Sadhana (6–17 November 2016), was taken in 
the open ocean of SEAS (SEAS-O) during early win-
ter monsoon (Fig. 1 and Supplementary Fig. 1). The 
water samples from NEAS-O (20 stations), NEAS-
C (38 stations), and SEAS-O (31 stations) were col-
lected at discrete depths (surface to 100 m) with 10 
L Niskin bottles attached to 32 Carousel Water Sam-
pler (Sea-bird Electronics Inc.; SBE) which is oper-
ated with the SBE 911 plus CTD for real-time data 
acquisition. The hydrographic data revealed that in 
NEAS, the surface and sub-surface waters are more 
saline and are relatively cooler and warmer, respec-
tively, than SEAS (Fig. 2). Also, the fluorescence and 
nutrient concentrations are relatively higher in NEAS 
than in SEAS. Additionally, differences in frontal and 
non-frontal regions were also observed. Most of the 
hydro-graphic data are published in detail elsewhere 
(see Bemal et  al., 2018 and Sarma et  al., 2019 for 
more details) and here, only a summary of the same is 
presented in Supplementary Tables 1 and 2.

Phytoplankton sample collection and analysis

A fixed volume (1L) of the water sample was pre-
served with 4% Lugol’s iodine and used for further 
analysis. An aliquot (2–5 ml) of the sample volume 
in duplicate was analyzed from the concentrated (by 
sedimentation (48 h) and siphoning technique) 100 
ml using an inverted microscope (IX-73 Olympus 
Make) to access the phytoplankton composition and 
abundance. The taxonomic identification of phyto-
plankton was carried out based on standard identifi-
cation keys (Taylor, 1973; Tomas, 1997).
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The morphological measurements (length, width, 
breadth, area, volume, and maximum linear dimen-
sion) for each phytoplankton cell or colony were per-
formed using a factory-calibrated FlowCAM (Fluid 
Imaging Technologies) at 4 × magnification (flowcell 
300 µm) and a microscope digital camera adapter sys-
tem (QimagingMicroPublisher 5.0 RTV) attached to  
the inverted microscope at 200–600 × magnification 
(Olympus IX73), respectively. These measurements 
were then used for the calculation of volume (V; µm3) 
and surface area (S; µm2) following Hillebrand et al. 
(1999) and Sun and Liu (2003). In algal ecology and 
physiology, shape and size variability play a key role 
(Capblancq & Catalan, 1994) wherein the surface/
volume ratios of a biomass unit need to be maintained 
within physiologically necessary bounds in a given  
environment (Lewis, 1976). Given this, the surface-
to-volume ratio (S:V) of the phytoplankton was  
calculated according to Lewis (1976) and Aubry et al. 
(2017). For chain-forming cells like Chaetoceros and 
Skeletonema, each cell in the chain was considered 
and the morphological measurements were taken in  
higher magnifications (400 × or 600 ×). The great-
est axial linear dimension (GALD; µm) or maxi-
mum linear dimension (Weithoff & Beisner, 2019) 

is measured directly from the linear dimensions like 
diameter, height, total length, and apical axis length 
of a given cell based on the geometric approxima-
tion given by Hillebrand et al. (1999) and Sun et al. 
(2003). Here, in this study, the GALD of a cell is 
measured according to its cell geometry as described 
by Ryabov et  al. (2021). For instance, in the simple 
shapes, the maximum cell linear dimension (e.g., 
diameter in the sphere, height in ellipsoid and cyl-
inder, apical axis length in prism on parallelogram) 
was considered GALD, whereas for combined  
shapes (Box + 2 Cylinders, Cylinder + 2 Half spheres, 
Ellipsoid + 2 Cones + Cylinder, etc.,) consisting of 
few segments measured separately (e.g., cylinder 
with 2 half spheres), the sum of the linear dimen-
sions of these parts or the total height or length was 
considered.

Overall, a total of 22 shapes were identified among 
which 11 shapes were simple (Box-B, Cone-C, Cylinder- 
Cyl, Cymbelloid-Cym, Ellipsoid-Elli, Elliptic prism-ElliP,  
Half sphere-Hs, Prism on parallelogram-PoP and Prism on  
triangle-PoT, Prolate spheroid-Ps, and Sphere-S) and 8 were  
combined (Box + 2 Cylinders-B2Cyl, Box + Elliptic prism- 
BElliP, Cone + Half sphere-CHs, Cylinder + 2 Half spheres-
Cyl2Hs, Ellipsoid + 2 Cones + Cylinder-Elli2CCyl), Elliptic 
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Fig. 1   Schematic showing location of the stations in the northeast-
ernstern Arabian Sea - NEAS (both ocean and coastal) and south-
eastern Arabian Sea - SEAS (only ocean) along with the dominant 
taxa and shape and the prevailing hydrographic conditions. Green, 

blue, and black arrow indicate convective mixing, inflow of water 
from BOB, and Rossby wave. Note: Cyl, cylinder; ElliP, ellip-
tic prism; PoP, prism on parallelogram; Cyl2Hs, cylinder + 2 half 
sphere. T1 and T2 correspond to transects 1 and 2 in SEAS-O
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prism + 4 Cones-ElliP4C, Prolate spheroid + 2 Cylinders-
Ps2Cyl, and 2 Cones-2C). Among them, the 3 shapes 
with their girdle view (e.g., Cyl, PoP, PoT) are considered 
equivalent to their original shape as the geometric formula 
was the approximation of the original shape.

Data analysis

Univariate measures such as species count, abun-
dance, Shannon–Wiener’s diversity, species richness, 
and evenness were performed on log-transformed 
species and shape data. The clustering of frontal and 
non-frontal phytoplankton was performed through  
the Bray–Curtis similarity and group average meth-
ods. For the analysis, log (x + 1) transformed spe-
cies and shape data were used, and the grouping  
was done at a 50% level to find the significant simi-
larities. Furthermore, the log-transformed taxa and  
shape data were subjected to a two-way analysis of 
variance (ANOVA) to evaluate the variation between 

regions as well as between the frontal and non-frontal 
regions. The relationship between the greatest axial 
linear dimension (GALD) and S:V was determined 
by using linear regression on log(x + 1) transformed 
data. The significance level was set at p < 0.05 and 
the determination coefficient (R2) was considered the 
proportion of variation in S:V which can attribute to 
GALD, whereas the slope (b) showed the degree to 
which the S:V would vary as GALD increases. If the 
slope (b) value is very low, for instance, b = − 0.06 
for PoP, that means a decrease in S:V of 0.06  µm−1 
for each µm increase in GALD. The negative correla-
tion between GALD and S:V in general means that 
as the GALD increases the S:V decreases, and vice 
versa. Univariate measures calculation and cluster-
ing analysis were performed using statistical soft-
ware PRIMER 6, ANOVA was performed using 
Statistica software (release 8), linear regression analy-
sis and box plots were plotted using R program (R 
core Team, 2020), and ODV plots were plotted using  
Ocean Data View 4 (Schlitzer, 2015).

Fig. 2   The vertical distribution of temperature (°C), salinity (psu), and oxygen concentration (mL L−1) in northeastern Arabian Sea 
coastal (NEAS-C) and southeastern Arabian Sea ocean (SEAS-O)
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Results

Taxonomic and shape diversity of the north‑eastern 
Arabian Sea (NEAS)

A total of 133 (belonging to 63 genera) and 83 
(belonging to 48 genera) species were recorded in 
the open ocean (NEAS-O) and coastal (NEAS-C) 
regions, respectively (Supplementary Table  3). In 
NEAS-O diatoms (81%) comprising 54 species (36 
centric and 18 pennate species) followed by dino-
flagellates (19%) comprising 89 species dominated 
the community, whereas in NEAS-C, diatoms (94%) 
comprising 44 species (30 centric and 14 pennate 
species) followed by dinoflagellates (6%) compris-
ing 39 species dominated the phytoplankton com-
munity. Despite diatom dominance, the contribution 
to the total community was higher in the open ocean 
(82–98%) than in the coastal (77%) (Fig. 3). ANOVA 
revealed significant differences in phytoplankton 
community structure and species dominance between 
the open ocean and coastal region (p = 0.003). The 
diversity analysis reveals that the species count, 
richness, evenness, and diversity were higher in the 
NEAS-O than in NEAS-C except for the abundance 

which showed an opposite trend for both taxonomy 
and shape (Fig. 4a–j).

In the NEAS-O, centric diatoms Rhizosolenia 
styliformis and Probosica alata of Cyl shape fol-
lowed by pennate diatoms Lioloma sp. of B shape and 
Navicula spp. of ElliP shape and dinoflagellate spe-
cies Protoperidinium spp of 2C shape were the major 
contributors. Whereas in NEAS-C, centric diatom 
Skeletonema sp. of Cyl2Hs shape and Leptocylindrus 
sp. of Cyl shape followed by pennate diatom Pseu-
donitzschia spp. of PoP shape and Thalassionema 
nitzschoides of B shape and dinoflagellate species 
Protoperidinium spp. of 2C shape dominated the 
community. It is notably interesting that despite the 
overall phytoplankton community was diatom domi-
nated, the community structure was quite different 
within diatoms except for the dinoflagellates.

All the recorded phytoplankton species are catego-
rized into a total of 19 (11 simple and 8 combined) and 
16 (11 simple and 5 combined) morphometric shapes 
from NEAS-O and NEAS-C, respectively. Simple-
shaped (88%) phytoplankton dominated in NEAS-O, 
whereas combined-shaped (55%) in NEAS-C. Among 
the simple shapes, Cyl (54%) was the dominant shape 
followed by ElliP (9%), B (9%), Elli (6%), and ElliP4Cs 

Fig. 3   Groupwise distribution of phytoplankton in the water column of NEAS and SEAS. NEAS-O, north-eastern Arabian Sea open 
ocean; NEAS-C, north-eastern Arabian Sea coastal region; and SEAS-O, south-eastern Arabian Sea open ocean
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(5%) in NEAS-O. Maximum species diversity was 
observed in Elli2CCyl representing 36 phytoplankton 
species (all dinoflagellates) followed by Cyl with 27 
species (22 centric diatoms and 5 dinoflagellates), Elli 
with 20 species (all dinoflagellate), and ElliP with 16 
species (11 centric and 5 pennate diatoms). Among the 
combined shaped phytoplankton, Cyl2Hs (53%) was 
dominant followed by PoP (12%), ElliP (12%), and 
Cyl (12%) in NEAS-C. The maximum species diver-
sity was observed in Cyl with 17 species (all centric 
diatoms) followed by ElliP with 14 species (11 centric 
and 3 pennate diatoms) and Elli with 14 species (all 
dinoflagellates).

The linear regression analysis of dominant phyto-
plankton shapes (abundance ≥ 60%) from NEAS-O 
revealed a significant negative correlation between 
GALD and S:V (p < 0.05), whereas no significant 
correlation was observed for NEAS-C (Fig.  8). In 
the NEAS-O, the determination of coefficient (R2) 
for dominant shapes showed low values. However, 
in the present study, the dominant shapes (Cyl, ElliP, 
and PoP) of both coastal and open ocean ecosystems 
in NEAS adopted high S:V with a low GALD strat-
egy. The results point out that all the dominant shapes 
in NEAS-O are attenuated (Cyl, ElliP, and PoP) and 
have adapted the strategy to conserve the optimal 
S:V which changes very minimally as the GALD 
increases (Fig. 8).

Additionally, the sampling at 38 stations in the 
NEAS-C region encompasses both frontal and non-
frontal regions and is categorized and presented 
accordingly as follows: (a) east front (EF) comprising 
7 stations, (b) west front (WF) comprising 5 stations, 

(c) main front (MF) comprising 18 stations, and (d) 
non-front (NF) comprising of 8 stations (Fig.  S1). 
It is evident from the comparative community and 
diversity analysis that the frontal waters showed high 
abundance and species composition compared to the 
non-frontal waters (Fig.  5a–e). Among all the sta-
tions, MF recorded the maximum number of phyto-
plankton species followed by EF, NF, and WF waters. 
The phytoplankton abundance was higher in all the 
frontal stations compared to NF. Interestingly, species 
richness, evenness, and diversity were higher in the 
NF stations compared to all the frontal stations (MF, 
EF, and WF) (Fig.  5c–f). A total of 67 phytoplank-
ton species (39 diatoms (26 centric and 13 pennate) 
and 28 dinoflagellate species) representing 44 genera 
were recorded in the MF followed by EF with 52 spe-
cies (32 diatoms (20 centric and 12 pennate) and 20 
dinoflagellate species) from 38 genera, NF 50 species 
(27 diatom (18 centric and 9 pennate) and 23 dino-
flagellate species) from 34 genera, and WF 49 species 
(31 diatom (19 centric and 12 pennate) and 18 dino-
flagellate species) from 36 genera. Diatoms in the 
frontal waters contributing 90–98% of the total abun-
dance dominated the entire phytoplankton commu-
nity, whereas dinoflagellates contributed only 2–10%. 
The non-frontal waters were also diatom-dominated 
contributing 81% of the total abundance and the 
remaining 19% were contributed by dinoflagellates.

The shape-based morphometric analysis from the 
frontal and non-frontal regions of NEAS-C reveals 
that simple shapes dominated the WF (56%) and  
NF (69%), whereas combined shapes dominated  
the EF (57%) and MF (55%). The dominant shapes 

Fig. 4   Univariate measures of phytoplankton (both taxonomy and shape-wise) from NEAS (both coastal - NEAS-C and open ocean-
NEAS-O) and SEAS (open ocean; SEAS-O). Station data are pooled and presented here
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in all the frontal regions (except NF) were Cyl2Hs 
(43–56%) followed by PoP (11–15%), ElliP (11– 
12%), and Cyl (11–15%). The dominant shape in 
the NF region was Cyl (23%) followed by Cyl2Hs 
(22%), PoP (17%), and ElliP (15%). The maximum  
shape diversity in all the frontal (11–14 species) and 
non-frontal (13 species) regions was observed in the 
Cyl shape. However, the univariate measurement 
reveals that the shape richness, evenness, and diver-
sity were higher in the non-frontal regions than in the 
frontal regions except for the abundance (N) which 
was higher in the frontal region (Fig. 5f–j).

The dominant shapes such as Cyl2Hs (centric dia-
tom Skeletonema sp.), PoP (Pseudonitzschia spp.), 
ElliP (Chaetoceros spp. and Navicula spp), and Cyl 
(Thalassiosira spp. and Leptrocylindrus spp.) in the 
frontal region are represented by diatoms. In the 
non-frontal region, Cyl was the dominant shape and 
is majorly represented by Leptocylindrus spp. and 
Thalassiosira spp. Taxonomically, the centric diatom 
community was dominated by Skeletonema sp. and 
Leptocylindrus spp., whereas the pennate community 
was dominated by Pseudonitzschia spp. and Navicula 
spp. The dinoflagellate communities in both frontal 
and non-frontal waters were dominated by Protop-
eridinium spp. The cluster analysis for both taxonomy 
and shape shows two distinct clusters in which all the 
frontal stations (MF, EF, and WF) showed signifi-
cant taxonomic similarity and formed one single clus-
ter and NF as another cluster (Supplementary Fig. 4);  
however, the number of shapes was insignificant 
between the frontal and non-frontal regions. ANOVA 
also revealed significant (p = 0.0001) taxonomic 

differences between MF and NF regions but signifi-
cant shape dissimilarity between frontal and non-
frontal regions was not found (p > 0.05).

Taxonomic and shape diversity of the south‑eastern 
Arabian Sea (SEAS)

A total of 74 phytoplankton species belonging to 35 
genera were recorded from two transects (T1 and 
T2) in SEAS-O. Of the 74 species, 30 and 44 species 
were represented by diatoms (21 centric and 9 pen-
nate species) and dinoflagellates, respectively, despite 
the high number of dinoflagellate species, the phy-
toplankton community was dominated by diatoms 
(77%). Unlike NEAS-O, the percentage contribution 
revealed the maximum contribution by pennate dia-
toms (48%) followed by centric diatoms (29%) and 
dinoflagellates (23%). The centric diatom community 
was dominated by Cerataulina sp. and Chaetoceros 
spp., whereas Pseudonitzschia spp. and Thalassio-
thrix sp. dominated the pennate diatom community. 
The dinoflagellate community was dominated by 
Gyrodinium sp., Protoperidinium spp., and Scripp-
siella sp. Between the transects, transect 1 (T1) com-
prising 19 stations showed a slightly higher abun-
dance compared to transect 2 (T2) comprising 12 
stations. A total of 68 species belonging to 35 genera 
and 42 species belonging to 28 genera were recorded 
from T1 and T2 respectively. Of the 68 species in 
T1, 28 and 40 species were represented by diatoms 
(19 centric and 9 pennate species) and dinoflagellate, 
respectively. Whereas in T2, they were represented by 
an equal number of species, i.e., 21 species of diatom 

Fig. 5   Univariate measures of phytoplankton (both taxonomy 
and shape-wise) from frontal and non-frontal in coastal region 
of northeastern Arabian Sea (NEAS). EF, east front; WF, west 

front; MF, main front and NF, non-front. Station data frontal 
and non-frontal region are pooled and presented here
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(13 centric and 8 pennate species) and dinoflagel-
lates. In both the transect, diatoms (76% in T1 and  
84% in T2) dominated the community followed by 
dinoflagellates (24% in T1 and 16% in T2). Among 
the diatoms, the pennate contribution was higher than 
centric diatoms. Also, the community in both tran-
sects is represented by the same dominant species. For  
instance, in T1, the centric diatom community was 
dominated by Cerataulina sp., Chaetoceros spp., and 
Thalassiosira sp., whereas Pseudonitzschia spp. and 
Navicula sp. dominated among pennate diatoms. The 
dinoflagellate community was dominated by Protop-
eridinum sp., Gyrodinium sp., and Scrippsiella sp. In 
T2, Chaetoceros spp. and Thalassiosira sp. were the 
dominant centric diatoms whereas; Pseudonitzschia 
sp. and Thalasiothrix sp. dominated the pennate dia-
tom community. Gyrodinium spp. and Protoperidin-
ium spp. dominated the dinoflagellate community. 
Univariate measures revealed that T1 showed higher 
species number, abundance, richness, diversity, and 
evenness than T2 (Supplementary Fig. 2a–e).

All the recorded 74 phytoplankton species which 
are categorized into 12 morphometric shapes (9 sim-
ple and 3 combined) were recorded in the SEAS-
O. Simple shapes showed maximum contribution 
(93–97%) compared to the combined shapes (3–7%). 
Considering the T1 and T2 transect, Cyl (23%) fol-
lowed by PoP (19%), ElliP (18%), Elli, and B (14% 
each) dominated the phytoplankton community. Both 
the T1 and T2 recorded a similar number of shapes 
but Cyl (29%) dominated the former and PoP (32%) 
in the latter. ElliP2CCyl and Cyl showed maximum 
diversity representing 16 species each in T1 and Cyl 

(9 species) and Elli (7 species) in T2 showed the 
maximum diversity. The most dominant shape (Cyl) 
in T1 was represented by centric diatoms Cerataulina 
spp. and Thalassiosira spp. and the dominant shape 
PoP in T2 was represented by pennate diatom Pseu-
donitzschia spp. The diversity analysis of T1 and 
T2 revealed that shape abundance, evenness, and 
diversity were higher in T1 except for richness (d) 
which was higher in T2 (Supplementary Fig.  2f–j). 
Similar to NEAS-O, the linear regression analysis of 
dominant phytoplankton shapes (abundance ≥ 60%) 
revealed a significant negative correlation between 
GALD and S:V (p < 0.05) (Fig.  8) with the high-
est determination of coefficient (R2) was recorded 
for PoP followed by Cyl. The dominant shapes (Cyl, 
ElliP, and PoP) of SEAS-O adopted low S:V with a 
high GALD strategy. The results point out that all 
the dominant shapes in SEAS-O are attenuated (Cyl, 
ElliP, and PoP) and have adapted the strategy to con-
serve the optimal S:V which changes very minimally 
as the GALD increases (Fig. 8).

Additionally, T1 in SEAS-O encompasses 19 sta-
tions in both frontal (F) and non-frontal (NF) regions 
and the results are presented accordingly. Of the 19 
stations, 10 stations were frontal (F) and 9 stations 
were non-frontal (NF). Furthermore, the NF region 
was again divided into two zones NF-west (NFW) 
and NF-east (NFE). The diversity analysis shows that 
the species count, richness, evenness, and diversity 
are higher in the frontal region than in the NF regions 
except for the abundance which is higher in the NFE 
(Fig. 6a–e). A total of 45 species belonging to 24 gen-
era and 38 belonging to 27 (in NFW) and 26 (in NFE) 

Fig. 6   Univariate measures of phytoplankton (both taxonomy 
and shape-wise) from frontal and non-frontal in oceanic region 
of southeastern Arabian Sea (SEAS). NFW, non-front west; F, 

frontal region; and NFE, non-front east. Station data frontal 
and non-frontal region are pooled and presented here
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genera were recorded in F and NF, respectively. Of 
the 45, 18 and 27 species correspond to diatoms (13 
centric and 5 pennate species) and dinoflagellates, 
respectively, in F, whereas in NF, 20 diatoms (12 cen-
tric and 8 pennate species) plus 18 dinoflagellates and 
16 diatoms (10 centric and 6 pennate species) plus 22 
dinoflagellates were recorded from NFW and NFE, 
respectively. In all the regions, diatoms dominated the 
phytoplankton community, i.e., 70%, 79%, and 77% 
in frontal, NFW, and NFE, respectively. In the frontal 
region, pennate diatom (Pseudonitzschia spp.) domi-
nated, whereas centric diatoms (Chaetoceros spp. and 
Cerataulina sp.) dominated the NF (NFE and NFW) 
regions. The dinoflagellate community was domi-
nated by Gyrodinium sp. and Protoperidinium spp. 
in both frontal and NF regions. The cluster analysis 
shows that frontal and NFE are significantly similar 
and form a single cluster in the dendrogram (Supple-
mentary Fig. 3).

Between non-frontal (both NFW and NFE) and 
frontal, a total of 11 and 10 morphometric shapes 
were recorded in the former and later, respectively. 
Simple-shaped phytoplankton dominated (92–95%) 
both the frontal and non-frontal regions, whereas 
combined shape contributed only 5–8%. Among the 
simple shapes, Cyl-shaped phytoplankton dominated 
(28–41%) the non-frontal regions, whereas frontal 
regions were co-dominated by Elli (26%) and Cyl 
(21%) shape (Fig. 7). Interestingly, the species struc-
ture was different despite Cyl-shape was most domi-
nant in both the frontal and non-frontal regions. In 
NFW, Cyl-shape was represented by P. alata and Cer-
ataulina spp. and NFE was dominated only by Cera-
taulina spp. The Elli-shape was mostly represented 
by dinoflagellates (Gyrodinium spp. and Scripp-
siella spp.) in the frontal regions. Maximum diversity 
among shapes in the frontal regions was observed 
with Cyl, Elli, and ElliP2CCyl, which were repre-
sented by 11 species each, whereas maximum species 
diversity among the non-frontal regions was observed 
with Cyl (7–10 species) and Elli (7–9 species) shapes. 
The diversity analysis reveals that NFE and NFW 

have a similar number of shapes and richness is rela-
tively higher than in the frontal regions (Fig. 6f and 
d). NFE showed the maximum abundance followed 
by front and NFW. The cluster analysis showed that 
the non-frontal regions are similar to each other but 
dissimilar to the frontal regions but ANOVA does not 
show any significant dissimilarity (p > 0.05) (Supple-
mentary Fig. 3).

Taxonomic and shape diversity comparison between 
NEAS‑O and SEAS‑O

The chain-forming centric diatoms (e.g., P. alata and R. 
styliformis; 62%) dominated the NEAS-O, whereas pen-
nate diatoms (Pseudonitzschia spp.; 48%) dominated in 
the SEAS-O. The percentage contributions of diatom and 
dinoflagellates were different in the NEAS-O and SEAS-
O where dinoflagellates contributed less (2%) in the for-
mer than the latter (23%). The dinoflagellate community 
was dominated by a single genus (Protoperidinium spp.) 
in NEAS-O, whereas Gyrodinium spp., Protoperidinium 
spp., and Scrippsiella spp. co-dominated the commu-
nity in the SEAS-O. The abundance, species richness, 
evenness, and diversity were higher in the NEAS-O 
than in SEAS-O (Fig. 4a–e). The cluster analysis based 
on Bray–Curtis similarity shows that the NEAS-O and 
SEAS-O are significantly dissimilar (Supplementary 
Fig. 5). The shape richness was higher in NEAS-O (19 
shapes) than in SEAS-O (12 shapes) (Fig. 4f–j). The most 
dominant shape was Cyl comprising 27 phytoplankton 
species (22 centric diatoms and 5 dinoflagellate species) 
and PoP comprising 3 pennate diatom species in NEAS-
O and SEAS-O, respectively (Supplementary Fig.  6). 
The most species diverse shape Elli2CCyl comprised 36 
and 16 dinoflagellate species in NEAS-O and SEAS-O, 
respectively. The univariate analysis revealed that the 
number of shapes, abundance, and shape richness was 
higher in NEAS-O compared to SEAS-O but shape even-
ness and diversity showed an opposite trend (Fig. 4f–j).

Discussion

This study recorded 164 species and represents 
most (accounting for up to 71%) of the geometric 
shapes (22 out of 31 described shapes of Sun and 
Liu (2003)) described for phytoplankton in literature 
(Supplementary Table 3). The remaining unrecorded 
9 shapes are mostly represented by the freshwater 

Fig. 7   Distribution of dominant phytoplankton shape in the 
frontal and non-frontal water column of NEAS and SEAS. 
NEAS-C, coastal north-eastern Arabian Sea; SEAS-O, open 
ocean south-eastern Arabian Sea; NF, non-front; MF, main 
front; WF, west front; EF, east front; NFE, non-front east; and 
NFW, non-front west

◂
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species or the phytobenthos in the sunlit zone or 
belong to groups (e.g., flagellates, Euglenophyceae, 
Chlorophyceae) that were not recorded due to known 
technical limitations (e.g., preservatives) through 
microscopy approach. Among them, the latter may 
be of significance as the present study is dealing 
with species from marine pelagic systems but not 
from freshwater or benthic habitat. The phytoplank-
ton marker pigment data for the eastern Arabian 
Sea, including from the presented NEAS-O transect 
(Sarma et  al., 2018) and available literature (Bemal 
et  al., 2019; Chandrasekhararao et  al., 2018; Roy 
et  al., 2015), indicated the presence of groups such 
as non-thecate dinoflagellates (peridinin), Chryso-
phyceae (19′-butanoyloxyfucoxanthin), haptophytes 
(19′-hexanoyloxyfucoxanthin), cyanobacteria (zeax-
anthin), Prochlorococcus (divinyl chlorophyll a and 
b), chlorophytes (chl b), and prasinophytes (prasinox-
anthin). Since the present study is based on micro-
scopic analysis, only the dominant groups (> 5 µm) 
like diatoms and thecate dinoflagellates are possi-
ble to consider but not the above-mentioned groups 
(except picophytoplankton) due to methodological 
limitations (Lugols-Iodine and Formalin; Williams 
et al., 2016). Also, picophytoplankton are not consid-
ered and Trichodesmium though preserved well with 
the fixative but was not found in this study. Consid-
ering methodological limitations in the microscopic 
method, the phytoplankton shape data are generally 
underestimated, and even then, they are successfully 
used and tested to understand the phytoplankton 
dynamics in both freshwater (mostly community-
related) and marine systems (process-related) (e.g., 
Aubry et  al., 2017; Stanca et  al., 2013). Despite 
methodological limitations, this study also revealed 
that EAS harbors most of the described phytoplank-
ton shapes and species showing dissimilar spatial 
distribution patterns concerning abundance, compo-
sition, and diversity. In this study, the variability in 
distribution patterns between bioregions having dis-
tinct hydrographic conditions is discussed in the sub-
sequent sections.

Variability between coastal and open ocean 
ecosystems

The contrast in the oceanographic conditions is 
well reflected in both taxa and morphology for the 
NEAS-C and NEAS-O phytoplankton communi-
ties. The diatom dominance (also reported in previ-
ous studies, e.g., by Vijayan et  al., 2021 and refer-
ences therein) is represented by different species and 
morphotypes but NEAS-O harbored rich species and 
shape diversity compared to the NEAS-C. Such high 
variability in geometric shape is not a coincidence 
but a morphological adaptation to environmental 
conditions. Similar findings are also reported from 
the coastal waters of the Salento Peninsula (Italy) 
where the phytoplankton shapes were dependent on 
environmental conditions and strongly varied with 
the season (Stanca et  al., 2013). The winter convec-
tive mixing and advection induced the availability 
of high nitrate and phosphate concentration (Bemal 
et  al., 2018; Sarma et  al., 2018) favored high spe-
cies and shape variability in the NEAS. Furthermore, 
the Rhizosolenoid diatom devoid of nitrogen-fixing 
endosymbionts (Richelia) also signifies nitrate avail-
ability (Padmakumar et  al., 2010a, b). Among the 
recorded phytoplankton morphotypes, species with 
Cyl and Cyl2Hs dominated the NEAS-O and co-
dominated the NEAS-C, where the chain-forming 
(Skeletonema sp. and Leptocylindrus spp.) and non-
chain forming (Rhizosolenoid) centric diatoms domi-
nated in NEAS-C and NEAS-O, respectively, show-
ing spatial variations. In NEAS-C, the Cyl2Hs-shape 
(solely represented by Skeletonema) contributed more 
than half (53%) of the shape diversity. However, its 
distribution was restricted only to the upper water 
column (<40  m) (Supplementary Fig.  6) suggesting 
that Cyl2Hs-shape is the best fit only in the shal-
low waters or might have had a very strong mecha-
nism to remain afloat in the sunlit zone to exploit the 
available resources (Durante et al., 2019; Smayda & 
Boleyn, 1966). For instance, in Skeletonema, a high 
S:V ratio (0.8; Smayda & Boleyn, 1966) and large 
colony formation are the key features to reducing the 
sinking rate. In general, the sinking rate is lower in 
elongated shapes (like Cyl, Cyl2Hs) than in spheri-
cal shapes (Durante et al., 2019). Whereas in the open 
ocean, the presence of apical process in Cyl-shape, 
i.e., Rhizosolenia sp. (as also shown in Rhizosole-
nia setiger by Smayda & Boleyn, 1966) might have 

Fig. 8   Relationship between GALD and S:V for the 8 domi-
nant shapes recorded in north-eastern (open and coastal) and 
south-eastern Arabian Sea during the study period. a NEAS-O, 
north-eastern Arabian Sea open-ocean; b NEAS-C, north-east-
ern Arabian Sea coastal waters; and c SEAS-O, south-eastern 
Arabian Sea open ocean; Cyl, cylinder; ElliP, elliptic prism; 
Cyl2Hs, cylinder + 2 half sphere; PoP, prism on parallelogram

◂
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helped in reducing the sinking rate. Another experi-
mental study also demonstrates that the spine aid in 
reducing the sinking rate (Padisak et al., 2003). The 
dominant (48%) Cyl-shaped diatom in NEAS-O was 
found to be evenly distributed throughout the water 
column (Supplementary Fig. 6), making it a success-
ful and best-adapted shape among all the 19 shapes 
reported. The success of Cyl-shaped phytoplankton 
can also be inferred by its morphometric traits and 
adaptive strategies like conserving optimum S:V and 
high S:V with low GALD, respectively. The regres-
sion analysis revealed that the Cyl-shape showed a 
negative correlation between GALD and S:V with 
a very low slope (b = 0.131) value. This means a 
decrease in S:V of 0.131 µm−1 for each µm increase 
in GALD, pointing out that the dominant shape in the 
NEAS-O ecosystem was attenuated and has adapted 
the strategy to conserve the optimal S:V which 
changes very minimally as the GALD increases.

Variability in contrasting oceanographic settings

Our study finds that both the taxonomic and shape 
diversity of phytoplankton were higher in the produc-
tive non-oligotrophic NEAS-O compared to the non-
productive oligotrophic SEAS-O. Cyl-shaped centric 
diatoms dominated and co-dominated in NEAS-O 
and SEAS-O, respectively. However, the species rep-
resenting Cyl-shape are different but were mostly 
dominated by centric diatoms. In NEAS-O, Rhizo-
solenoid (like P. alata and R. styliformis) diatoms 
dominated, whereas in SEAS-O Cerataulina sp., P. 
alata, and Thalassiosira sp. co-dominated with ellip-
tic prism-shaped (Chaetoceros spp.) diatoms. Cera-
taulina spp. representing the Cyl-shape is well known 
for its bloom formation in nutrient-depleted turbulent 
waters (Ault et  al., 2000; Lauria et  al., 1999). Such 
spatial variability in morphotype dominance can 
be attributable to the prevalence of different hydro-
graphic conditions in NEAS-O (biochemical changes 
driven by winter convective mixing) and SEAS-O 
(oligotrophic conditions). The oligotrophic conditions 
in the SEAS-O have resulted in the low abundance 
and chain-forming small pennate diatoms, which are 
known to have advantages over large phytoplankton 
cells under nutrient-limited conditions making them 
dominant (Finkel, 2007; Grover, 1989). The oligo-
trophic condition of SEAS-O is also revealed by the 
increased percentage contribution of dinoflagellate 

species (23%) known to be better adapted in nutrient-
limited conditions and use their flagella in exploiting 
a stratified water column. Among the 12 shapes, sim-
ple and attenuated shapes like Cyl (23%), PoP (19%), 
and ElliP (18%) dominated the phytoplankton com-
munities. The less shape diversity reflects the prevail-
ing environmental conditions (oligotrophic waters), 
which could not afford to support the variety of other 
shapes, and only the best-adapted shapes flourished. 
However, it is interesting to note that even if the 
NEAS-O and SEAS-O showed very different hydro-
graphical conditions and diversity, the shape domi-
nance remained the same: simple attenuated shapes 
like Cyl or ElliP dominated across this vast gradient. 
All the dominant shapes have adopted the strategy 
of conserving their optimum S:V by showing nega-
tive correlation and minimal variations as the linear 
dimension changes (Fig.  8). Moreover, the adaptive 
strategies opted by the dominant shapes (Cyl, ElliP, 
and PoP) in NEAS-O and SEAS-O varied. In the 
NEAS-O, the dominant shapes (Cyl, ElliP, and PoP) 
opted for high S:V with low GALD, but the domi-
nant shapes in SEAS-O opted for the opposite. Such 
consistency in morphological traits composition com-
pared to species composition is also reported in vari-
ous studies (Naselli-Flores & Barone, 2007; Weithoff 
& Gaedke, 2017; Salmaso & Padisak, 2007), pointing 
out the importance of trait-based studies. Therefore, 
it can be said that the phytoplankton cell geometry 
or shape in the eastern Arabian Sea (NEAS-O and 
SEAS-O) showed a high level of redundancy. Redun-
dancy, in this case, means that even if the taxonomic 
diversity was high, only a small number of shapes 
dominated. The trait-based studies allow the quanti-
tative assessment of community or ecosystem resist-
ance or resilience to changes through functional 
redundancy (Lavorel & Garnier, 2002; McGill et al., 
2006) which in turn can increase the predictability of 
future ecosystem function projections than the spe-
cies-centered taxonomic approaches (Levine, 2016; 
Martini et  al., 2021). Furthermore, the eastern Ara-
bian Sea (NEAS-O and SEAS-O) is well known for 
the occurrence of large-scale phytoplankton blooms 
(D’Silva et al., 2012), and the species causing blooms 
are generally characterized by simple shapes. For 
example, spherical-shape Noctiluca bloom (Gomes 
et  al., 2008; Sarma et  al., 2019) and Cyl-shape 
Trichodesmium (Padmakumar et  al., 2010b; Prabhu 
et al., 1965; Ramanamurthy et al., 1972). Therefore, 
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it can be assumed that because of such bloom events, 
the shape diversity could be heavily influenced and 
skewed towards the bloom-forming dominant shape 
in the study area (NEAS-O and SEAS-O). Even con-
sidering such events, the eastern AS (NEAS-O and 
SEAS-O) is dominated by simple shape phytoplank-
ton, particularly the Cyl-shape, suggesting it is the 
most adapted shape irrespective of the oceanographic 
regions and hydrographic conditions. The Cyl-shape 
has a wide morphological variability associated with 
wide taxonomic variability and is also considered a 
more attenuated shape capable of conserving opti-
mum S:V ratio very efficiently, therefore, making it 
the best fit with the prevailing environmental condi-
tions (Aubry et al., 2017).

Variability in frontal and non‑frontal regions

The mesoscale features (fronts or filaments), which 
are used to generate potential fisheries zone (PFZ) 
advisories, are considered hotspots for phytoplank-
ton bloom (Franks, 1992; Hesse et al., 1989) and its 
formation both in coastal (Sarma et  al., 2018; Vipin 
et al., 2015) and open ocean (Amol, 2018; Roy et al., 
2015) regions of EAS is well documented. The phyto-
plankton community studies on frontal regions of the 
EAS are mostly based on marker pigments (Bemal 
et  al., 2019; Kurian et  al., 2020; Roy et  al., 2015). 
However, detailed taxa and morphometry-based stud-
ies of the phytoplankton community variability in 
coastal and open ocean frontal regions are lacking 
and an attempt is made to delineate frontal influence 
on the phytoplankton shape dominance in EAS.

The phytoplankton shapes in EAS showed sig-
nificant morphometric variability between NEAS-C 
and SEAS-O frontal regions. The frontal regions in 
NEAS-C were dominated by Cyl2Hs (43–56% and are 
solely represented by Skeletonema) and its dominance 
can be explained by the background condition or pre-
existing phytoplankton community theory (Sarma 
et  al., 2018). This suggests that Cyl2Hs-shaped phy-
toplankton was best adapted to exploit the frontal 
hydrographic conditions. The morphometric adapta-
tions like high S:V (0.8) associated with low GALD 
in Cyl2Hs might have a major role. The dominance of 
chain-forming diatoms in the coastal frontal regions 
is also reported in the South China Sea (Liu et  al., 
2021) and EAS (Sarma et  al., 2018). However, the 
non-frontal (NF) regions were equally dominated by 

Cyl (Leptocylindrus being the dominant one), Cyl2Hs 
(23–22%, PoP (17%), and ElliP (15%) shapes. This 
suggests that the NF regions have a higher competi-
tion among the species for the limited resources where 
all the major shapes flourished similarly to their 
potential, whereas Cyl2Hs shape competes with others 
in frontal conditions. However, it should be noted that 
the phytoplankton response to the frontal conditions is 
subjected to the prevailing background conditions and 
community (Kurian et al., 2020; Sarma et al., 2018). 
The background phytoplankton community is domi-
nated by chain-forming centric diatoms but the per-
centage contribution and abundance were relatively 
less. Also, the species composition (particularly dia-
toms) was slightly different in the non-front regions 
compared to the frontal regions. Such morphological 
shift towards a more attenuated shape (like long chain-
forming Skeletonema) is a type of adaptation, which 
show minimal variations in the S:V ratio to maximize 
chloroplast exposition to light, i.e., opting for the most 
elongated shape by maintaining the shortest diameter 
(Naselli-Flores & Barone, 2011).

In contrast to NEAS-C fronts, the shape dominance 
in the oligotrophic SEAS-O front is different despite 
both T1 and T2 transects showing the least shape 
diversity (only 12 shapes) with the former transect 
cutting across the frontal waters but not in the latter, 
i.e., T2 transect without fronts (Bemal et  al., 2019). 
SEAS is seldom enriched by Rossby wave-associated 
fronts bringing in changes in hydrographic conditions 
but is less favorable to phytoplankton growth com-
pared to the NEAS (Supplementary Table 2). Never-
theless, this study points out the influence of Rossby 
fronts on phytoplankton shape dominance and biolog-
ical productivity per se. The frontal stations in SEAS-
O showed a slight increase in abundance and diver-
sity compared to those of non-frontal stations located 
on the western side (NFW) but not those on the east-
ern side (NFE). The availability of relatively higher 
inorganic nitrogen in frontal (2.06  µM) and NFE 
(1.54 µM) than NFW (1.02 µM) could be the reason 
for the differences in phytoplankton abundance. In 
NFE, the increased abundance can also be due to the 
reminiscence of frontal signature (Amol, 2018; Bemal 
et al., 2019; Vipin et al., 2015) along the path as the 
sampled front was associated with a strong current 
that was drifting at 40–50  cm  s−1 westward (Bemal 
et  al., 2019). The Rossby waves were drifting west-
ward towards the offshore, which means that the NFE 
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should have the reminiscence of the Rossby front, 
and NFW (yet to be influenced by the Rossby front) 
is the true non-frontal region which is also evident 
from the salinity profile of water mass as explained 
in Bemal et  al. (2019) in details. The reminiscence 
effect of the westward propagating Rossby front is 
also well reflected in the morphological and species 
diversity of the associated phytoplankton community. 
The dominance of the Cyl (41%) shape in the NFE 
and also the existence of the Elli-shape (7% though in 
less abundance) set the necessary background for the 
phytoplankton community, which took advantage of 
the Rossby front and co-dominated the frontal region. 
The frontal regions of SEAS-O were co-dominated 
by Elli (26%) and Cyl (21%) shapes representing 
dinoflagellate and centric diatoms, respectively. Even 
though dinoflagellates are considered poor competi-
tors for inorganic nutrients (Litchman & Klausmeier, 
2008), they are generally predominant in low-nutrient 
waters as observed in this study. For instance, the 
ability of Gyrodinium spp., Elli-shaped mixotrophic 
dinoflagellate, to rapidly increase almost three times 
and respond to the abrupt resource enrichment asso-
ciated with the Rossby front proves that Elli-shaped 
phytoplankton has the required adaptive strategies 
(flagella and mixotrophy) to flourish in the given 
environmental conditions.

Conclusion

This study concludes that the phytoplankton cell 
shape in the eastern Arabian Sea showed a high level 
of redundancy by choosing only a few dominant 
shapes associated with high taxonomic diversity. 
The integrated approach (taxonomy and morphol-
ogy) adopted in the present study revealed higher 
taxonomic and shape diversity in the convective 
mixing influenced non-oligotrophic NEAS-O than 
adjoining NEAS-C and oligotrophic SEAS-O. Inter-
estingly, the shape diversity and dominance (Cyl, 
ElliP, and PoP) remained the same between NEAS-
O and SEAS-O, and among the fronts, the combined 
and simple shaped phytoplankton out-competed in 
NEAS-C and SEAS-O. The assessment of morpho-
logical properties based on S:V and its relationship 
with GALD suggested the prevalence of different 
adaptive strategies to cope with respective hydro-
graphic conditions in the open ocean (NEAS-O and 

SEAS-O) and coastal (NEAS-C) by conserving S:V 
despite the increase in GALD in the former and no 
change in the later.
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Biologically rich rock-pools (RPs) are prominent component of rocky intertidal habitat and this study
elucidates the factors aAecting the phytoplankton distribution from high-tide (HT), mid-tide (MT) and
low-tide (LT) RPs (Anjuna rocky shores, Goa, India), during the summer season. Results revealed that
the RP location determines the nature of phytoplankton assemblage. MT-RPs and LT-RPs supported
rich microalgal diversity (species number/morphological shapes) than HT-RPs. However, the cell
abundance was higher in latter than former RPs. In frequently Cushed MT-RPs and LT-RPs, pennate
diatoms (Pseudonitzschia, Nitzschia, Thalasionema, Navicula, and Licmophora) representing elongated
shapes dominated, whereas in stagnant HT-RPs spherical/combined shaped dinoCagellates (Amphi-
dinium carterae sensu stricto and Bysmatrum gregarium) dominated. Interestingly, even though the
taxonomic assemblages changed temporally the shape dominance remained consistent suggesting shape as
a robust morphological trait. Additionally, the study also revealed the existence of species-speciBc
allelopathy on other microalgae by Amphidinium (potential harmful algae) indicating a type of adaptive
strategy, in addition to eurytolerant capabilities, for its predominance in HT-RPs, which experiences
varying environmental (light, temperature, and salinity) conditions.

Keywords. Rock-pools; microalgae; taxonomy; morphological traits; Amphidinium; allelopathy.

1. Introduction

Rock-pools (RPs) are a prominent component of
any rocky intertidal habitat and are extensively
studied for their diverse invertebrate fauna. The
microalgal community assemblage, dynamics, and
structure on a temporal and spatial scale, various
biotic (grazing and interactions with different rock
pool inhabitants) and abiotic (nutrient, light,
temperature, salinity, tidal inCuence, pool size, and

dimensions) factors inCuencing the assemblages
and succession (Huggett and GrifBths 1986;
Metaxas and Scheibling 1993, 1994, 1996a, b;
Underwood and Skilleter 1996; Norberg 1998;
Therriault and Kolasa 2001; Martins et al. 2007;
Anusa et al. 2012; Soininen and Meier 2014;
H€aggqvist and Lindholm 2015, 2016; Rishworth
et al. 2017; DaSilva et al. 2020) of rock-pools have
been extensively studied throughout the world in
fresh, brackish and marine ecosystems but not in
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the Indian sub-continent. The small size with well-
deBned boundaries, rock-pools can serve as perfect
mesocosms to study the phytoplankton community
dynamics (Metaxas and Scheibling 1994, 1996a).
Microalgae from the adjacent waters are intro-
duced into the rock-pools because of the tidal
action and remain isolated from the adjacent sea-
water depending on the tidal amplitude and loca-
tion of the rock-pools on the shore (Metaxas and
Scheibling 1994). The importance of the tidal cycle
in deciding the biotic and abiotic components of
the rock-pools is greatly acknowledged (Metaxas
and Scheibling 1993). Even though the Indian
coastline has a significant amount of rocky shores
(600 km approx.) abundant with rock-pools, it has
not received the attention for microalgal research.
Rock-pools play a very important role in the
intertidal ecosystem and can serve as a seed bank
(Baig et al. 2006; Patil et al. 2017) or even can
cause a bloom of toxic algae causing Bsh-kill
(Murray et al. 2015). Since RP microalgae experi-
ence/tolerate various order of environmental vari-
ability (like temperature, salinity, light, and
anthropogenic disturbances) in a very short tem-
poral scale, they are referred to as eurythermal,
euryhaline, and euryphotic (Patil et al. 2017).
Therefore to cope with such extreme conditions RP
microalgae constantly compete through various
physiological, morphological, and biochemical
adaptations, like change in morphology and shape,
producing speciBc enzymes/pigments/compounds,
different nutrient acquisition strategies (like
mixotrophy) and vertical migration (Legrand et al.
2003). Among them, the prevalence of physiologi-
cal adaptation (photoprotection and photoinhibi-
tion) in RP microalgae was reported in a separate
study (Patil et al. 2017). However, the present
study characterizes the phytoplankton community
based on the species composition and the mor-
phological traits from the RPs located at different
tidal levels. Also, the role of the allelopathic eAect
of dominant microalgae on the selected planktonic
and benthic microalgae was elucidated. To under-
stand the functional role of a particular organism in
a given ecosystem various functional traits are
being used (Padisak et al. 2003; Litchman and
Klausmeier 2008). Phytoplankton assemblages
under variable environmental conditions can per-
haps be shaped by size and form selection in nat-
ural environments (Morabito et al. 2007). A variety
of geometric shapes of microalgae co-existing
together in an ecosystem is a form of adaptive
strategy responding to the Cuctuating environment

(Margalef 1978; Reynolds 2006; Naselli-Flores et al.
2007). The functional classiBcation approach has
already been applied to understand the rock-pool
microalgal assemblage and proved to be useful
(H€aggqvist and Lindholm 2015). Shape being the
simplest morphological attribute carries ecological
information as the environmental forcing inCuences
it significantly (Grover 1989; Sommer 1998;
Padisak et al. 2003; Naselli-Flores et al. 2007;
Karp-Boss and Boss 2016). Using microalgae shape
cannot only make it easier to understand the rock-
pool assemblage, but can help in predictive studies.
Although geometric shapes (morphological traits)
have also been used to decipher the ecological
understanding in marine waters (Stanca et al.
2013), never been used before to understand the
community dynamics, particularly in a rock-pool
ecosystem.
Knowing the fact that the west coast of India is

rich in rocky shores and a dearth of study con-
cerning the microalgal community of rock-pools
exist, this study explored: (1) how the tidal levels
and variations aAect the rock-pool microalgal
assemblages? (2) whether the geometric shape
serves as a morphological trait to understand the
distribution of rock-pool microalgal community?.
Further, the microscopic observation of unpre-
served samples during the sampling period indi-
cated blooms of Amphidinium carterae sensu
stricto (a potential harmful dinoCagellate) and
Bysmatrum gregarium (Patil et al. 2017). Litera-
ture search revealed that the toxicity and
allelopathy of Amphidinium carterae are studied
and reported around the world, but not all the
strains are found to be toxic (Jeong et al. 2001;
Baig et al. 2006; Mandal et al. 2011; Murray et al.
2015). In view of this, experiments were also per-
formed to conBrm whether the bloom formations of
Amphidinium carterae in RPs have any toxic or
allelopathic eAect on the dominant microalgal
groups in the adjacent waters.

2. Materials and methods

2.1 Study location and sampling strategy

The rocky shores of Anjuna, Goa (15�34034.98600N;
73�44023.89500E) which is rich in rock-pools (RPs)
and located on the western coast of India facing the
Arabian Sea was selected for this study (Bgure 1).
The study location is very unique owing to its
various sized rock pools with Courishing
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biodiversity, no intrusion or inCuence of freshwater
source and relatively a tourist popular site makes it
an ideal study area for rock pool research (Patil
et al. 2017).
A total of nine RPs located at various tidal levels

(three at each low tide (LT), mid-tide (MT), and
high tide (HT)) were selected for water sampling.
The sampling was carried out in the summer sea-
son of two different years (May 2014 and April
2015) during the LT every day for 15 days. The
rationale for sampling during the summer season is
as follows: (1) RPs experience maximum solar
radiation resulting in increased water temperature,
light penetration and salinity (due to evaporation),
(2) Two summer seasons to conBrm consistency in
trends, (3) Feasibility for sampling keeping in mind
the semi-diurnal nature of the tide in the region.
The sampling days were designed in such a way so
that the variation in both ‘Flushed (F)’ (when the
RP water is replaced by the adjacent water with
tidal action) and ‘Non-Cushed (NF)’ (when the RP
water is not replaced for several days particularly
for HT-RPs) scenario can be apprehended. The
Brst and last Bve days of the sampling where the
tidal amplitude of the highest high tide was[1.8 all
the RPs got Cushed, whereas when the high tide
amplitude was \1.8, only LT and MT-RPs got
Cushed except the HT-RP. The small quantity of
undisturbed HT-RP water during the NF time was
exposed to direct sunlight which made the envi-
ronmental extremes inevitable. Environmental
parameters (like temperature and salinity) were
collected from the selected RPs of different tidal
levels. During the sampling period, water temper-
ature and salinity in HT-RPs ranged between
27–37�C and 28–49.5 PSU, respectively, whereas,

water temperature and salinity in LT and MT-RPs
ranged between 26–37�C and 35–38 PSU, respec-
tively (Patil et al. 2017). The lowering of salinity
during 2014 sampling was due to the occurrence of
precipitation (up to 2.6 mm; MICD, NIO) during
the latter half part of sampling. Even a small
amount of precipitation is sufBcient to lower
salinity in RPs harbouring smaller volume of
water. However, no precipitation occurred during
2015 sampling.

2.2 Sample analysis

A known volume (1 L) of the water samples col-
lected from all the RPs were preserved with 4%
Lugol’s iodine at the site and then transported
immediately (within 2 h) to the laboratory in dark
condition for the analysis of microalgal composi-
tion and abundance (in triplicates) using an
inverted microscope (IX-73 Olympus Make). The
identiBcation of microalgae was carried out man-
ually based on the standard identiBcation guides
(Tomas 1997). Further, all the recorded species
were assigned to their known geometric shapes as
described in Hillebrand et al. (1999) and Sun and
Liu (2003) to Bnd out if shapes can be used as a
functional trait. A total of 12 shapes were identiBed
among which eight shapes were simple (Box (B),
Cylinder (Cyl), Cymbelloid (Cym), Ellipsoid (Elli),
Elliptic prism (ElliP), Gamphonemoid (Gam),
Prism on parallelogram (PoP) and Prism on tri-
angle (PoT)) and 4 were combined (Cylinder + 2
half spheres (Cyl2Hs), Ellipsoid + 2 cones +
cylinder (Elli2CoCy), Prolate spheroid + 2 cylin-
ders (Ps2Cy) and 2 cones (2C)).

Goa
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Figure 1. Location of the study site.
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2.3 Experimental design to elucidate allelopathic
eAect of A. carterae on other microalgae

The observation of unpreserved samples during
the sampling period from the HT-RP waters under
the microscope revealed a very high abundance of
dinoCagellates, which prompted us to further
isolate the microalgae and culture for detailed
identiBcation and experiments. The dinoCagel-
lates were identiBed as Amphidinium carterae
sensu stricto (potential harmful dinoCagellate)
and Bysmatrum gregarium, formerly known as B.
caponii (for identiBcation details, refer Patil et al.
2017) and maintained in f/2 media (Guillard and
Ryther 1962). The abundance data suggested
their high number in HT-RPs whereas, other
microalgae were less abundant and literature also
advocated some of the A. carterae strain to be
toxic (Murray et al. 2015). Given this, an experi-
ment was designed to conBrm the allelopathic
eAect of A. carterae on the various microalgae
found in either the same HT-RP or adjacent
waters. A diatom (Skeletonema costatum), green
algae (Dunaliella tertiolecta), and a dinoCagellate
(Bysmatrum gregarium) were selected as test
organisms for the allelopathic eAect of A. carterae
cell-free Bltrate. The culture of A. carterae, S.
costatum, D. tertiolecta and B. gregarium were
maintained at 27 ± 1�C under a light photocycle
of 12:12 h light: dark in their exponential growth
phase by weekly re-inoculation of fresh culture
media.

2.4 Amphidinium carterae culturing for cell-free
Bltrate and allelopathy evaluation

In order to obtain large quantities of cell-free Bl-
trate during stationary phase, A. carterae was
cultured in four one litre sterile Casks containing
800 ml of f/2 media at 35 PSU salinity. The culture
conditions are the same as mentioned above. The
growth of A. carterae was monitored every day by
cell counts (using haemocytometer and upright
microscope (Olympus; 10� objective) until the
culture reached its stationary phase so that it can
be harvested to obtain a cell-free Bltrate. The cul-
ture of A. carterae was harvested on 10th day to
obtain cell-free Bltrate and it was carried out by
Brst passing through 10-l mesh followed by Blter-
ing on 0.22-l Millipore Blter paper under very low
pressure. The obtained cell-Bltrate (designated as
100% strength) was then used for allelopathic
experiments.

For the experiments, the different strength of
cell free Bltrate (100%, 75%, 50%, 25%, 10%) was
evaluated for allelopathic eAect against S.
costatum, D. tertiolecta and B. gregarium.
Additionally, all the cultures were grown in f/2
media and are treated as control (0%). The dif-
ferent strength of the cell-free Bltrate was
prepared using sterile 0.22 l Bltered seawater.
The experiments were performed in triplicates in
150 ml polycarbonate bottles (Nalgene make)
containing different strength cell-free Bltrates
enriched with f/2 media. A known number of the
cell of S. costatum (1068 cells mL�1), D. terti-
olecta (2437 cells mL�1) and B. gregarium
(10 cells mL�1) were inoculated in triplicates
and incubated for 4 days at 27 ± 1�C under a
light photocycle of 12:12 h light: dark. To
evaluate the eAect of allelopathy counting and
morphological changes were observed every day
for the period of 4 days. Counting was performed
in the same way as mentioned above for A. car-
terae using haemocytometer and upright micro-
scope (Olympus; 10� objective) and the
abundance was expressed as cells/ml.

2.5 Data analysis

Univariate measures such as species count (S),
Shannon–Wiener’s index (H0), species richness
(d), and evenness (J0) were performed on log-
transformed data for both species-wise and
shape-wise data. Further, these data as well as
abundance data (log-transformed data) were
subjected to two-way analysis of variance
(ANOVA) to evaluate the variation between
the location of RPs as well as the periods of
Cushing and non-Cushing. The clustering
of RP microalgae was performed through the
Bray–Curtis similarity and group average
methods. For the analysis, long (x+1) trans-
formed were used and the grouping was done at
a 50% level to Bnd the significant similarities
with respect to shape-wise as well between the
Cushing/non-Cushing period. For the allelopathy
experiment, ANOVA followed by a post-hoc test
was performed on the data which is normalized
to day 0 values to Bnd the significant differences
among the treatments. Univariate measures
calculation and clustering analysis were per-
formed using statistical software PRIMER ver-
sion 6 and ANOVA was performed using
Statistica software (release 8).
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3. Results

3.1 Distribution of microalgae based
on taxonomic nomenclature

Altogether 79 microalgal species comprising 68
diatoms and 11 dinoCagellate species were recor-
ded. However, the RP microalgal community
exhibited distinct variations between (i) the years
of sampling (i.e., 2014 and 2015), (ii) the location of
the rock pools at different tidal level (LT, MT, and
HT-RPs), and (iii) with the occurrence of tidal
Cushing in LT, MT, and HT-RPs with the adjacent
water during sampling period (table 1; Bgure 2).
More microalgal species number and abundance
were recorded during 2015 compared to 2014
(table 1; Bgure 2) and probably the lower salinity
due to the precipitation (pre-monsoon showers)
could be the reason. Interestingly, during both the
years, HT-RPs harboured high microalgal abun-
dance compared to LT and MT-RPs. In contrast,
univariate measures such as the number of species,
diversity index, and the species richness revealed
lower values for HT-RPs than MT and LT-RPs,
and this trend was observed in both the years
(Bgure 3). ANOVA for total abundance, number of
species, species richness, and diversity revealed
significant variations (p\ 0.001) for inter-annual,
location of pools, and periods of Cushing and non-
Cushing. The microalgae composition of LT-RPs
(74% and 61% in 2014 and 2015, respectively) and
MT-RPs (50% and 64% in 2014 and 2015, respec-
tively) were dominated by diatoms (of which pen-
nate diatoms contribution was highest, i.e.,
23–59% in both the years) followed by dinoCagel-
lates (i.e., 26–36%) of which thecate dinoCagellates
were the maximum contributors (9–65%). How-
ever, the composition was completely different in
HT-RPs, wherein the community was dominated
by dinoCagellates (83–96%) in both the years
(Bgure 2). The pennate diatom community, in LT
and MT-RPs, was mostly represented by Pseudo-
nitzschia spp., Nitzschia spp., Thalassionema spp.
and Licmophora sp., whereas the dinoCagellate
community of HT-RPs was dominated by high
abundance of A. carterae and B. gregarium (refer
Patil et al. 2017 for details on identiBcation).
It was further observed that in each pool,

during both the years, the phytoplankton abun-
dance and composition showed significant tem-
poral variations (particularly during the Cushing
(F) and non-Cushing (NF) periods and was
mainly due to the variations in the intensity of

the tidal Cushing. The NF period recorded the
least number of species in all the RPs compared
to the F period in which 2014 showed the least
compared to 2015 between both the years
(Bgure 3). The species richness index shows
higher species richness in F period in all the RPs
than NF period in which LT-RPs show the
highest value followed by MT and HT-RPs for
both the years (Bgure 3). The Pielou’s evenness
(J0) index values revealed that the population in
MT and LT-RPs are evenly distributed (J0 close
to 1) compared to HT-RP’s (negligible J0 value)
and it was consistent during F and NF periods
(Bgure 5c). The uneven distribution in HT-RPs
was mainly due to the high abundance of Bys-
matrum (during 2014) and A. carterae (during
2015) (table 1; Bgure 2). The cluster analysis at
50% Bray–Curtis similarity level using taxo-
nomic data revealed two groups one is repre-
sented by LT and MT-RPs and the other by HT-
RP (not shown).

3.2 Microalgal composition and distribution
based on geometric shape as trait

The diversity indices for shapes show that the total
number of shapes was more in 2015 (i.e., all the 12
shapes recorded) compared to 2014, wherein only
nine shapes were recorded (Bgure 4). In 2014,
LT-RPs were dominated by Gam (37–59%) shape
followed by B (12–25%) and MT-RPs were domi-
nated by Gam (up to 36%), Elli (up to 64%) and B
(up to 47%) (Bgure 4). In both the RPs, 6–8 shape
types were recorded during Cushing (Fa and Fb)
and non-Cushing periods. In contrast, HT-RPs
were dominated by Elli (99%) shape during both
the F (six shape types in Fa and seven shape types
in Fb) and NF (2 shape types) periods (Bgure 5).
ANOVA revealed insignificant variations for shape
diversity and richness for Cushing and non-Cushing
periods. However, in the year 2015, LT-RPs were
dominated by Ps2Cy (up to 26%), Gam (up to
17%), Elli (27–38%), and Gam (up to 18%),
whereas MT-RPs were dominated by Ps2Cy (up to
40%), Cyl2Hs (up to 18%), Cyl2Hs (20%), Gam
(20%), Elli (up to 33%) and 2C (up to 25%).
Interestingly, similar to 2014, the HT-RPs were
dominated by Elli (97%) during Cushing and non-
Cushing periods. Similar to 2014, ANOVA revealed
insignificant variations for shape diversity and
richness for Cushing and non-Cushing periods.
During 2015 sampling, the number of shapes
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recorded was relatively less in HT-RPs (9–10
shapes) compared to LT-RPs (11 shapes) and MT-
RPs (12 shapes) (Bgure 5).
Thus, the shape diversity gradually decreased

from LT-RPs to HT-RPs. The HT-RP was con-
sistently dominated by Elli shape which is majorly
represented by dinoCagellates (A. carterae and B.
gregarium) in both the years (Bgure 5). The Gam
shape was chieCy represented by Licmophora spp.
in both the years. Shape PoP (representing Nitzs-
cia spp., Pseudonitzschia spp. and Pleurosigma
spp., i.e., mostly pennate diatoms) is the most
diverse geometric shape comprising 10 species and
3 genera followed by EliP (9 species and 6 genera),
Elli (7 species and 5 genera) and Cyl (5 species and
5 genera) in 2014. The most diverse shape in 2015
EliP (represented by a mixed group of pennate and
centric diatoms) comprises of 23 species and 14
genera followed by PoP (14 species and 4 genera),
Elli (11 species and 7 genera), Cyl (11 species and 8
genera) and B (9 species and 7 genera). Hence, the
simple shapes dominated in terms of taxa richness
in both years.
The shape-wise clustering of the RP microalgae

population for the year 2014 at 50% Bray–Curtis
similarity level revealed only one group showing
Cyl, B, ElliP, and PoP to be significantly similar
(Bgure 6). However, shape-wise clustering of RP
microalgae for the year 2015 at 50% Bray–Curtis
similarity level revealed Bve major groups in which
group I (B and ElliP), group II (Gam and Ps2Cy),
group III (2C and PoP), group IV (Cyl and
Cyl2Hs) showed significant similarities, but group
V (Elli) formed a single group in the cluster
(Bgure 6). Similar to taxonomic data, the cluster
analysis using shape data at 50% Bray–Curtis
similarity level also revealed two groups wherein
one is represented by LT and MT-RPs and the
other by HT-RP Bgure 7).

3.3 Effect of A. carterae cell-free Bltrate
on other microalgae

The allelopathic eAect of A. carterae cell-free
Bltrate was evaluated against the three microalgal
cultures (i.e., S. costatum, B. gregarium and D.
tertiolecta) and the results revealed that the
allelopathy eAect was species-speciBc. In the case
of S. costatum, the maximum growth was observed
in control (i.e., 0%) as compared to those grown in
cell Bltrates. Inhibition of Skeletonema growth
increased with an increase in the strength of theT
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cell-free Bltrates (Bgure 8). Additionally, the mor-
phological changes were also evident, for example
the larger chains containing 16–17 cells were seen

only in control, and those with reduced Bltrate
strength, the chain length was shorter containing
4–5 cells. Similar to S. costatum, growth inhibition

Figure 2. Bubble plot showing the temporal (2014 and 2015) and spatial (among low-tide (LT), mid-tide (MT), and high-tide
(HT) rock pools) variation of the total rock pool phytoplankton abundance. The maximum symbol diameter corresponds to 709
103 cells L�1. Fa: Cushing during the Brst Bve days, NF: non-Cushing, and Fb: Cushing during the last Bve days of the 15 days
sampling. Species highlighted in red are known to be toxic or harmful species.
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(up to 76%) in B. gregarium was also observed at
higher concentrations (100% and 75%) of cell-free
Bltrate compared to control (Bgure 8). The number
of cells in 100% Bltrate strength was 6.5 cells/ml,
whereas, in control, density was 26 cells/ml, on the
4th day. This suggests that, despite the slow
growth of B. gregarium, the growth in the control

was four times more than that observed in 100%
Bltrate concentration. Moreover, B. gregarium cells
also showed some distinct morphological changes
at higher concentrations (100%, 75%, and 50%)
wherein the cells formed a dormant structure and
remained non-motile but in control, the cell mor-
phology and motility remained intact. ANOVA

Figure 3. Taxonomy-wise diversity indices of RP microalgae. S: species count, d: species richness, J0: evenness, H0:
Shannon–Weiner’s index, Fa and Fb: Cushing period, NF: non-Cushing period, LT: low-tide, MT: mid-tide and HT: high-tide.

Figure 4. Bubble plot showing the temporal (2014 and 2015) and spatial (among low-tide (LT), mid-tide (MT), and high-tide
(HT) rock pools) variation of the total rock pool phytoplankton abundance based on shapes. The maximum symbol diameter
corresponds up to 809 103 cells L�1. Fa: Cushing during the Brst Bve days, NF: non-Cushing, and Fb: Cushing during the last Bve
days of the 15 days sampling. Df: dinoCagellates; Dt(P): pennate diatoms; Dt(C): centric diatoms; Dt(M): both pennate and
centric diatoms. Metaxas A and Lewis A G 1992 Diatom communities in tidepools: The eAect of Intertidal height.
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revealed that, in the case of S. costatum and B.
gregarium, significant inhibition with respect to
Bltrate strength (p \ 0.01) and the highest was
observed at 100% followed by 75% Bltrate
strength. Unlike S. costatum and B. gregarium, D.
tertiolecta showed no growth inhibition or mor-
phological changes even at the highest concentra-
tion. ANOVA also revealed an insignificant
variation between the cell Bltrate strength and
control. Surprisingly the maximum growth was
observed in 100% cell-free Bltrate and the growth
in 100% cell-free Bltrate was*30% more compared
to control on the 4th day suggesting a stimulatory
eAect (Bgure 8).

4. Discussion

4.1 InCuence of rock-pool location
on the microalgal community based
on taxonomic nomenclature

The rock-pool microalgal community Cuctuated
greatly among the tidal locations and with the tidal
Cushing and non-Cushing. Microalgae are intro-
duced in the rock-pools by the tidal action from the
adjacent seawater and the assemblages change

consequently depending on the period of non-
Cushing of the pools. Tidal Cushing based on the
location of the rock-pools is one of the significant
factors (Underwood and Skilleter 1996) in shaping
and controlling the microalgal community on a
very short temporal scale (Metaxas and Scheibling
1994). However, several factors do inCuence
assemblage during such short timescale (Metaxas
and Scheibling 1994). Tidal Cushing not only
brings the organisms from the adjacent sea but also
adds fresh nutrients to the LT and MT-RPs which
support rich phytoplankton assemblage compared
to the HT-RPs (Soininen and Meier 2014). In our
study, during both the years, diatoms with higher
species diversity were dominant in the LT and MT-
RPs and dinoCagellates, with lesser species diver-
sity, in the HT-RPs (table 1; Bgure 2). The diatom
dominance in LT and MT-RPs has also been
reported in other studied RPs (Anusa et al. 2012;
Soininen and Meier 2014; Rishworth et al. 2017).
Among the diatoms, pennate species dominated LT
and MT-RPs and they were mostly represented by
elongated, chain-forming or branching types such
as Licmophora spp., Pseudonitzschia spp., Synedra
spp., Navicula spp., Thalassionema spp. and Tha-
lassiothix spp. Since LT and MT-RPs are the most

Figure 5. Diversity indices of RP microalgae based on shapes. S: species count, d: species richness, J0: evenness, H0:
Shannon–Weiner’s index, Fa and Fb: Cushing period, NF: non-Cushing period, LT: low-tide, MT: mid-tide and HT: high-tide.

J. Earth Syst. Sci.         (2021) 130:128 Page 11 of 17   128 



turbulent and frequently Cushed pools, the domi-
nance of pennate forms (Padisak et al. 2003) with
benthic lineage are not unusual (Metaxas and
Lewis 1992; Metaxas and Scheibling 1996a, b).
Whereas, the dominance of dinoCagellates in HT-
RPs was mainly due to the blooms of A. carterae
and B. gregarium (Patil et al. 2017). The HT-RPs
selected in this study are relatively smaller com-
pared to the LT and MT-RPs and therefore will
experience higher environmental stress (tempera-
ture up to 40�C and salinity up to 67 PSU) and less
frequent tidal Cushing which in turn will inCuence
the microalgal assemblage in the HT-RPs (Patil

et al. 2017). The dinoCagellates A. carterae and B.
gregarium (both are newly reported from Indian
waters) are typically HT-RPs inhabitants even
though present in the LT and MT-RPs in fewer
numbers, which were found to be euryhaline,
eurythermal and euryphotic (Patil et al. 2017). The
photoprotection mechanism of these HT-RP
dinoCagellates detailed in Patil et al. (2017) points
out their adaptive capabilities to a varying light
regime. The dinoCagellate blooms exhibited typical
characteristics of S-strategists, i.e., species utilizing
nutrients eDciently under resource-limited condi-
tions (Reynolds 2006) and was the case in HT-RPs

Figure 6. Cluster dendrogram based on geometric shapes for the year 2014 (a) and 2015 (b) using the Bray–Curtis similarity co-
efBcient and group average method: grouping done at 50% similarity (data is log transformed; LT: low-tide, MT: mid-tide, HT:
high-tide, Fa and Fb: Cushing period and NF: non-Cushing period).

  128 Page 12 of 17 J. Earth Syst. Sci.         (2021) 130:128 



due to non-Cushing for considerable time. These
Bndings are also consistent with Margalef’s pro-
posal (1978) which states that centric and pennate
diatoms should dominate in high turbulence and
Cagellates should dominate under low turbulence
conditions (Kiorboe 1993).

4.2 InCuence of rock-pool location
on the microalgal community based
on geometric shapes

The present study is the Brst attempt to use the
geometric shape as a trait to determine phyto-
plankton dynamics in the rock-pool ecosystem. Our
results show that the RPs of the rocky shores of
Anjuna, Goa are characterized by high morpho-
logical diversity in terms of shape. The LT and
MT-RPs are relatively more diverse in terms of

shape compared to HT-RPs (Bgures 4 and 5). All
the recorded microalgae taxa were classiBed into 12
geometric shapes (Hillebrand et al. 1999; Sun and
Liu 2003) and the morphological differences have a
functional meaning which is well reCected in phy-
toplankton adaptive strategies (Lewis 1976;
Margalef 1978; Naselli-Flores et al. 2007). Even
though there is no speciBc literature suggesting a
particular shape to be either spherical or elongated,
many of the pre-deBned shapes have been catego-
rized based on the various published literature
(Stanca et al. 2013; Karp-Boss and Boss 2016) to
fall in either of the following categories spherical/
round and elongated shape. Therefore, in the pre-
sent study, it is assumed that shapes like 2-cones
and ellipsoid can be classiBed as spherical or near-
spherical shapes, whereas the rest of the shapes as
elongated shapes. Any deviation from a perfect

Figure 7. Cluster dendrogram based on geometric shapes with respect to Cushing (Fa and Fb) and non-Cushing (NF) period for
the year (a) 2014 and (b) 2015 using the Bray–Curtis similarity co-efBcient and group average method: grouping done at 50%
similarity (data is log transformed; LT: low-tide, MT: mid-tide, HT: high-tide, Fa and Fb: Cushing period and NF: non-Cushing
period).
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sphere is considered as an advantage for resource
acquisition. The sphere represents the smallest
boundary area occupying a given space, therefore,
distortion from the spherical shape can increase the
area of the surface which might represent a com-
petitive adaptation to conserve an optimum sur-
face to volume ratio, i.e., S:V (Lewis 1976;
Reynolds 2006; Karp-Boss and Boss 2016). For
instance, distortion of spherical shape diatoms to
achieve an optimum S:V can allow them to sink
more slowly than spheres of equivalent size and can
also help to out-compete smaller ones for resource
acquisition (Grover 1989; Padisak et al. 2003). It
has also been reported that shapes such as

elongated and round or combined shapes are
prevalent in Cushed and stagnant nutrient-limited
RPs, respectively (Sommer 1998; Morabito et al.
2007) and is also evident in this study. For
instance, the dominance of elongated and non-
spherical shapes like Gam, PoP, and B in the fre-
quently Cushed LT and MT-RPs proves the success
of these shapes in exploiting the abrupt nutrient
input as well as surviving the frequent turbulence
caused by tidal action (Naselli-Flores et al. 2007;
Naselli-Flores and Barone 2007). In HT-RPs,
dominance of Elli shape suggests the prevalence of
a more stable, stratiBed, and nutrient-deprived
water. This means that under such conditions, the
elongated shapes will be replaced with round or
combined shapes mostly represented by Cagellates
(dinoCagellate A. carterae and B. gregarium in this
study), which competes poorly for inorganic
nutrients (Litchman and Klausmeier 2008; Stanca
et al. 2013). Another interesting Bnding of this
study is that even though the taxonomic assem-
blage changed temporally (from 2014 to 2015), the
shape dominance remained more or less consistent,
i.e., ElliP and PoP were the most taxa-rich shapes,
indicating the importance of shape as a robust
morphological trait in microalgal studies enabling
easy, less complicated non-taxonomic approach for
better understanding of community dynamics.
This also suggests that these particular morpho-
logical traits are selected by environmental pres-
sure and must have some selective advantages
compared to other shapes such as spherical shapes
(Karp-Boss and Boss 2016). Periodic measure-
ments of morphological trait succession can pro-
vide information on the health of the ecosystem
(e.g., underwater light climate; Naselli-Flores and
Barone 2007), essential functional processes (e.g.,
community assemblage; Salmaso and Padisak
2007), ecological characteristics of phytoplankton
organisms (Naselli-Flores et al. 2007) and act as a
useful monitoring tool without any mind-boggling
taxonomic skills (Stanca et al. 2013).

4.3 Allelopathy of bloom forming rock-pool
dinoCagellate Amphidinium against other
microalgae

Various Amphidinium strains have shown toxic
eAects on other microalgae, nauplii larvae, and
even Bsh (Baig et al. 2006; Murray et al. 2015) and
the production of toxin is also considered as a type
of physiological trait to deter predators (Litchman

Figure 8. Effect of A. carterae cell-free Bltrate on the growth
of (a) Skeletonema costatum, (b) Dunaliella tertiolecta, and
(c) Bysmatrum gregarium in different Bltrate concentrations.
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and Klausmeier 2008). Literature revealed that the
toxicity and allelopathy of A. carterae are studied
and reported around the world (Jeong et al. 2001;
Baig et al. 2006; Mandal et al. 2011; Murray et al.
2015). It has also been reported that A. carterae,
which released substances or allelochemicals into
the culture medium or environment inhibited or
altered the growth of the co-cultured or co-existing
microalgae (Xiaoqing et al. 2012). Further, the
prevalence of high level of cryptic diversity within
the Amphidinium sensu stricto (Murray et al. 2012)
and variability in toxicity in some of them (Baig
et al. 2006) is also well documented. Given this, the
present study was conducted to conBrm whether
blooming of A. carterae (local strain) resulted
suppression in the growth of other microalgae
present in the HT-RPs by producing some sort of
antagonistic allelopathic chemical. This is the Brst
attempt to Bnd out the allelopathic eAect of cell-
free Bltrate of local strain A. carterae on various
commonly occurring phytoplankton species in RPs
and the adjacent waters. This study conBrms that
the cell-free Bltrate of A. carterae does produce
some allelochemicals, which have species-speciBc
eAect. The species speciBcity of the toxic eAect of
allelochemical is reported in a few studies else-
where (Baig et al. 2006; Poulson et al. 2010). The
maximum inhibition of growth by cell-free Bltrate
of A. carterae was noticed in Skeletonema cells
followed by Bysmatrum (Bgure 8). However, results
showed a stimulatory eAect of cell-free Bltrate of A.
carterae on the green algae Dunaliella (Bgure 8).
The stimulatory eAect of allelochemical from other
algae and cyanobacteria are also reported (Rice
1984; Suikkanen et al. 2005; Poulson et al. 2010).
The allelopathy is often used as a tool to get an
upper hand to compete for limited resources and
also helps in the bloom formation of the organism
(Gran�eli and Hansen 2006; Pavaux et al. 2020).
Hence, it is assumed that the A. carterae might
have used allelopathy as a physiological trait to
suppress competitors in the HT-RPs, in addition to
its eurytolerant adaptive capability against
extreme temperature, salinity, and light (Patil
et al. 2017). Such strategy might have enabled to
compete against the limited resources to form
blooms as evident from the composition data.
These Bndings suggest that such a physiological
trait (allelopathy) can also be related to ‘competi-
tor’s suppression’ in addition to ‘predator’s avoid-
ance’ as proposed by Litchman and Klausmeier
(2008). It was also observed that Skeletomena
being the most sensitive to the allelochemical

followed by Bysmatrum. However, the inhibition in
growth was observed only at higher strength of A.
carterae Bltrate suggesting that the tidal action
(through dilution) could play a great role in the
eAectiveness of allelopathy as a competitive strat-
egy in HT-RPs.
The morphological changes observed in Bysma-

trum like temporary cyst-like structures induced
by the cell-free Bltrate of A. carterae might explain
the coping mechanism of Bysmatrum gregarium
which also co-existed with A. carterae in the HT-
RPs. Temporary cyst formation which is used as a
defense mechanism to resist allelochemicals is also
reported in Scrippsiella (which is almost identical
to Bysmatrum; Jeong et al. 2012) as well (Fistarol
et al. 2004). A separate study also showed a weaker
allelopathy eAect by A. carterae Bltrate on Am-
phora coffeaeformis, a biraphid benthic pennate,
and bioBlm-forming diatom (Patil and Jaskreet
unpublished data). Nevertheless, the present study
indicated that Amphidinium blooms in rock-pools
will have a varying eAect on planktonic and bioBlm
microalgae. However, further studies with mixed
microalgal assemblage and the faunal component
will lead to a better understanding of the impact on
the microalgal community. Since Amphidinium
experiences extreme environment in the rock-pools
(Patil et al. 2017) elucidating the role of environ-
mental parameters (e.g., temperature and salinity)
on the allelochemical production and their eAects
need further attention.

5. Conclusion

This study highlight that the location of RPs
determines the nature of phytoplankton assem-
blage. Less microalgal diversity (including shapes)
and number of species were recorded in HT-RPs
than MT and LT RPs. In frequently Cushed RPs
(MT and LT), pennate diatoms (Pseudonitzschia,
Nitzschia, Thalasionema, Navicula, and Lic-
mophora) representing elongated types dominated,
whereas in stagnant HT-RPs spherical/combined
shaped dinoCagellates (Amphidinium sensu stricto
and Bysmatrum gregarium) dominated. Generally,
elongate shapes are more successful in turbulent,
well-mixed waters whereas spherical shapes in
nutrient-limited, stratiBed, stagnant waters of the
RPs. Interestingly, even though the taxonomic
assemblage changed temporally, the shape domi-
nance remained consistent suggesting the latter a
robust morphological trait. The existence of
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species-speciBc allelopathy on other microalgae by
Amphidinium (known harmful algae of concern and
dominant in HT-RPs) highlights a type of physio-
logical trait to suppress competitors and might
be one of the reasons for its predominance in HT-
RPs experiencing varying environmental (light,
temperature, and salinity) conditions.
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