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Chapter 1. General Introduction  

Dinoflagellates are the most diverse and dominant group of phytoplankton in freshwater, 

estuarine, and marine environments. Dinoflagellates gained importance because several species 

belonging to this group are responsible for toxin production and the occurrence of harmful-

algal-blooms (HABs) worldwide. As a result, dinoflagellates are considered amongst the most 

unwanted marine bioinvaders (Narale et al., 2013). The global increase in the frequency, 

duration, and geographic prevalence of HABs have been attributed to anthropogenic nutrient 

enrichment (eutrophication) of coastal waters, the introduction of non-indigenous harmful algal 

species via ships ballast water, and changing climate patterns (Anderson et al., 2002; 

Hallegraeff and Gollasch, 2006; Smayda, 2007; Hallegraeff, 2010; Roy et al., 2012; Casas-

Monroy et al., 2012). Therefore characterizing the distributional patterns of dinoflagellate 

(including harmful species) motile-stages and its resting cysts will help enhance the 

understanding of HABs (Satta et al., 2013) and also to study the spatiotemporal change of the 

marine environment. Dinoflagellates have a haplontic life cycle in motile-stages (Fensome et 

al. 1996).  

Dinoflagellates are represented by species with varying nutritional modes (autotrophic, 

heterotrophic, and mixotrophic). The life cycle usually involves asexual reproduction through 

binary fission. Sexual reproduction also occurs and is only known in a small percentage of 

dinoflagellates (Head, 1996). Cysts are produced as part of the life cycle in some members of 

the dinoflagellates. In some cases, cysts are formed in response to unfavorable environmental 

conditions like variations in water temperature, salinity, and nutrient fluxes. Cyst formation 

takes place by the fusion of two individuals to form a zygote. This zygote later develops into a 

hypnozygote, which is called dinocyst or dinoflagellate cyst. The zygote formed during sexual 

reproduction is called a resting cyst (Fig.1.1; Bravo and Figueroa 2013). Once formed, most of 

the resting cyst settles on the sediment bottom. They remain viable for several years or centuries 

(Ribeiro et al., 2013) and act as an essential source of the planktonic population when suitable 

conditions return (Matsuoka et al. 2000).  
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Figure 1. 1. The life cycle of dinoflagellates. (Illustration from Bravo and Figueroa 2013) 

Dinoflagellates motile stages produce species-specific cyst types with various morphological 

features (Matsuoka and Fukuyo, 2000; Zonneveld and Pospelova, 2015). The key identification 

features of cyst morphotypes comprises the shape, colour of the cyst, wall structure, 

paratabulations, ornamentation, and the archeopyle structure (Fig. 1.2). Can be further 

classified based as organic-walled (e.g., Gymnodinium speices, Gonyaulax species, 

Protoceratium reticulatum, Lingulodinium polyedrum, Pyrophacus steinii, and 

Protoperidinium species) and calcareous-walled dinocysts (e.g., Scrippsiella species and 

Ensiculifera species) (Bravo et al. 2014). 

Resting stages are physiologically dormant and can be viewed as ‘‘time capsules’’, as they 

allow for the preservation of biological material through time (Ribeiro et al., 2013). 

Approximately over 2000 species of living dinoflagellates have been identified. Nearly 10% 

are known to produce cysts (Gomez, 2005; Head, 1996). At least 90 of these cysts producing 

species are known to produce harmful blooms (Sournia, 1995), and 45 species are considered 

toxin producers (Sournia, 1995, Smayda 1997, Hallegraeff 2003). In recent studies, dinocyst 

assemblages are also considered a beneficial tool for the mapping and discovering harmful algal 

bloom species (Satta et al., 2013). 
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Figure 1. 2. General identifying characteristics of modern ‘brown coloured’ and ‘transparent’ 
dinoflagellate cysts. (Illustration from Zonneveld and Pospelova, 2015) 

In recent years, concern with a global increase in invasion by harmful dinoflagellates and the 

HAB (Harmful Algal Blooms) phenomenon caused by them. The studies related to their 

dynamics, both cysts, and vegetative cells, and the environmental factors influencing them have 

gained importance. Characterizing the distributional patterns of harmful species in both the 

water column and sediments and identification of the microalgal community associated with 

these species will be beneficial in enhancing the understanding of HABs (Satta et al. 2013). 

Additionally, regular monitoring of the factors responsible for HABs and their impact on the 

marine environment also requires the utmost attention. Moreover, studies on cysts of a 

particular region will aid in recording new dinoflagellate species that are challenging to identify 

and whose pelagic stages are rarely observed (Hesse et al. 1996).   

A global atlas on cysts studies in the world ocean suggests that a considerable amount of 

information is available from all the climatic zones of the world oceans except from the Indian 

sub-continent (Fig.1.3; Zonneveld et al. 2013). Despite the above-said importance, the data 

along the coastlines of India is minimal and mostly restricted to few locations (Godhe et al. 



4 
 

2000, D’Costa et al. 2008, D’Silva et al. 2011, 2013, Narale et al., 2013, 2015, Patil 2003, 

Narale and Anil, 2017) on modern dinoflagellate cysts and occurrence of cysts from sediments 

of the Late Quaternary period from Bay of Bengal (Naidu et al. 2012).   

 

 

Figure 1. 3. Map showing the dinocyst studied area (Illustration from Zonneveld et al. 2013).  

 

Considering India being one of the major maritime countries and having a vast coastline (~7,500 

km) encompassing different ecosystems, the studies on cysts producing dinoflagellate need 

detailed investigation to better understand their population dynamics holistically.  The majority 

of the studies in this region were focused on the distribution of dinoflagellate planktonic motile-

stage from the water column (e.g., Madhu et al., 2010, Madhu et al., 2011, Dayala et al., 2014, 

Thomas et al., 2013, Kumar et al., 2014, Chitari et al. 2017) and the dinocyst from sediment 

(Godhe et al. 2000, D’Costa et al. 2008, D’Silva et al. 2011, 2013, Narale et al., 2013, 2015; 

Patil 2003, Narale and Anil, 2017). However, compared with motile stages, the studies on 

dinoflagellate cysts with respect to spatial coverage along the Indian coasts are limited. Though 

there exists information on motile stages diversity along the Indian coast but it is not robust due 

to the following: 1. specific studies on dinoflagellates motile stages in the region are limited 

(Narale et al. 2017) but instead form a part of the studies on the total phytoplankton 

communities in general until and unless they include blooms (Padmakumar et al., 2012 and 

2018);. 2. Moreover, such studies on phytoplankton are based on traditional/conventional 

sample collection methods, which underestimate dinoflagellate motile stage compositions in 

the region.  This is because the monsoon-influenced tropical coastal regions are characterized 

by high suspended-load and high diversity but the low abundance of dinoflagellates. Therefore, 
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the conventional sampling method's enumeration isn’t adequate (Rodriguez-Ramos et al. 2014). 

Hence, it needs specific sampling strategies to obtain better estimates on the abundance and 

composition of dinoflagellate motile-stages. 

A review of the literature suggests that the work on dinoflagellate cysts are mostly related to 

determining past variations in the upper water conditions such as (human-induced) 

eutrophication, changes in sea-surface salinity and temperature, turbulence, and nutrient/trace 

element content, amongst others as well as changes in sedimentary conditions (e.g., Genovesi 

et al. 2011, Bringué and Rochon 2012; Mertens et al. 2012, Zonneveld et al., 2012 and 

references therein). Few studies also showcase the relation with the response of past living 

populations to inferred changes in the environment, at a decadal to century-scale (Ribeiro 2013) 

as well as in providing information about the history of dinoflagellate-induced HABs, which 

enables postulations about the possible causes and future risks (Anderson et al. 2012, Ribeiro 

et al. 2012). There are few studies on dinoflagellate cysts from the cores relating to the past 

environment (Naidu et al. 2012; Narale et al. 2015; D’Silva et al. 2012; Uddandam et al. 2015) 

but the direct attempts of studies relating the modern cysts to eutrophication and environmental 

gradient are  limited.  So far, only a few studies attempted linking dinocysts with the elevated 

nutrient concentration in the ports (D’Silva et al. 2013, Narale and Anil, 2019), but specific 

studies linking with different eutrophication levels (based on the trophic index) are desirable.   

Trophic index is an indicator to determine the level of eutrophication and is calculated based 

on temperature, salinity, oxygen saturation, chlorophyll a, and dissolved inorganic nitrogen and 

phosphate (Vollenweider et al. 1998; Pettine et al. 2007).  There exists a strong relationship 

between dinoflagellate cyst assemblages and eutrophication/pollution (Pospelova et al. 2002 

and 2005); it is presumed that in these systems, the influence of human-induced ecological 

alterations, including eutrophication, will be reflected in the dinoflagellates communities, 

including cyst assemblages.  

Recently several studies have also confirmed that some of the environmental parameters such 

as salinity, temperature, and nutrients are responsible for causing the variations in some 

cosmopolitan dinoflagellate cysts morphology (Nehring, 1994, 1997; Dale, 1996; Ellegaard, 

1998; Mertens et al. 2009a, 2009b, 2010, 2012;).  However, it is still unclear whether such 

variations occur in other cysts, which are cosmopolitan along the Indian coasts encompassing 

different ecosystems (e.g., estuarine, marine, rock pools). Nevertheless, the studies on viability 

and morphological details of the cysts encountered at different environmental gradients will 

provide more insights on their tolerance capabilities, biogeography, and environmental proxies. 

So far, much of the information on dinoflagellates are available for those inhabiting larger water 
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bodies (e.g., estuaries, coasts, bays), but there is a dearth of information on benthic 

dinoflagellates, which are the inhabitant of intertidal systems.  Benthic dinoflagellates, in 

nature, experiences extreme environmental conditions (due to daily fluctuation in solar 

radiation, heavy monsoonal rainfall, and prolonged darkness when transported to deeper/ 

shaded regions), but the information on their morpho-physiological response are not available 

and needs attention as some members are known for causing benthic HABs (Murray et al. 

2015).     

Given this, the following objectives are proposed. Since the study regions proposed to come 

under monsoons and human activities, the data generated will be useful in the studies related to 

ecobiology, harmful algal blooms, and ecosystem assessment.  

Objectives of the present study 

1. Cyst producing dinoflagellates from different ecosystem.

2. Relationship between environmental parameters and cyst producing dinoflagellates.

3. Morphological variation in the cyst of some dinoflagellates occurring in different

environmental conditions. 



Chapter 2 

Methodology 
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Chapter 2. Materials and methods  

In this chapter, detailed information on the study area and the methodology employed for 

addressing all the three objectives are provided.  Objectives one and two (i.e., chapters 3 and 4) 

are based on the field observations, whereas objective 5 is addressed through a combination of 

field data (Chapter 5A) and the laboratory experiments (Chapter 5B). 

2.1 Description of the study area and sampling strategy 

 A total of four areas, representing different ecosystems (estuarine and marine), along the west 

coast of India were selected (Fig. 2.1).  Of the four locations, three are major ports (Cochin, 

New Mangalore, and Kandla) and another one is Zuari estuary, Goa.   The details of the 

sampling locations are provided below. The field observations used here were carried out as 

part of the Ballast Water Management Program, India. 

Figure 2. 1. Location of sampling stations at the a) Kandla port, b) New Mangalore port, c) 
Cochin port, and d) Goa (Zuari estuary) along the west coast of India. 

2.1.1. Cochin port 

Cochin harbor (CH) is one of the major ports in India, situated in the northern part of the Kerala 

state along the southwest coast of India (9.58°N 76.14°E; Fig. 2.1.1). CH, situated on a bar-

built estuary and at the convergence of Cochin backwaters, is a natural port and is formed by 

six rivers (Periyar, Pamba, Achancoil, Manimala, Meenachil, and Moovattupuzha). The ship 

channel depth at the CH region is dredged and maintained in 10 to15 m, whereas the depth in 
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the estuary varies from 2 to 5 m (Qasim 2003). Minor seasonal variation in temperature occurs 

in CH since it is geographically located in the tropical region (Madhupratap 1987). Monsoon 

season (June to September) accounts for 55–65 % of the total annual rainfall in Cochin (Menon 

et al., 2000). As a result of the heavy precipitation during the peak monsoon period, salinity 

over a large extent of the backwaters reaches near-zero values. In the study area, the salinity 

gradient occurs in the shipping canal. Therefore, CH experiences high sedimentation rates (up 

to 1m per year; Menon et al., 2000) with strong benthic-suspension from voluminous fluvial 

discharges and dredging activities. Flood and ebb tides have a maximum range of 1 m in the 

harbour, whereas, in the shallow estuary region, there is little or no tidal influence (Qasim 

2003). 

Water and sediment sampling was carried out on 4 occasions in October 2011 (post-monsoon: 

PoM I), May 2012 (pre-monsoon: PrM), August 2012 (Monsoon: Mon), and November 2012 

(post-monsoon: PoM II) in Cochin port. In this study, a total of 23 stations were selected that 

included berths, wharf, dry docks, jetties, creek mouth, and fishing harbour (Table 2.1).  The 

stations are located in three channels, i.e., two stations in the Approach channel (AC), seven 

stations in the Mattancherry channel (MC), and 14 stations in the Ernakulam channel (EC) 

(Table 2.1, Fig. 2. 1.1).   

 

Figure 2. 1. 1. Map of Cochin port showing Approach channel (AC), Mattancherry channel 
(MC), and Ernakulam channel (EC). Please see table. 2.1 for the details of the sampling stations. 
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Table 2. 1 Details of sampling stations in Cochin harbour. 

 

  
Stn. 

No. Stn. Name 
 

Latitude 

(°N) 

Longitude 

(°E) 

Depth 

(m) 

Sediment 

texture  

I 

Approach Channel 

(AC) 
   

 

1 Custom Buoy 9.968 76.253 3.56 Silt 

2 Container Terminal 9.975 76.252 10.58 Silt  

II 

Mattancherry 

Channel (MC) 
   

 

3 Fishery Harbour 9.940 76.263 4.13 Silt  

4 L-Jetty/Dry Dock 9.945 76.267 3.18 Silt  

5 South coal berth 9.953 76.267 5.55 Silt  

6 Qua-1 9.954 76.267 4.61 Silt  

7 Qua-4 9.958 76.265 6.88 Silt -sand  

8 North Coal Berth 9.964 76.261 6.62 Silt  

9 Boat Train Pier 9.965 76.260 4.45 

Sand - 

silt  

III 

Ernakulam Channel 

(EC) 
   

 

10 DC Jetty 9.969 76.264 6.10 Silt  

11 Qua-6 9.967 76.267 8.50 
Silt-sand  

12 Qua-8 9.966 76.270 8.07 Silt  

13 Qua-10 9.964 76.275 7.00 Silt  

14 Ro-Ro Jetty 9.960 76.278 6.75 Silt  

15 Naval Jetty 9.957 76.281 1.88 Silt -sand  

16 Cochin Shipyard 9.955 76.286 6.00 Silt  

17 Bunker Oil Jetty 9.958 76.285 6.81 Silt -sand  

18 IFP Jetty 9.960 76.284 3.63 Silt -sand  

19 South Tanker Berth 9.962 76.280 10.27 Silt  

20 North Tanker Berth 9.964 76.279 10.65 Silt  

21 

Ernakulam Ferry 

Jetty 9.971 76.279 1.67 

Silt  

22 Cochin Oil Terminal 9.970 76.270 7.23 Silt  

23 Ernakulam Creek 9.978 76.275 1.60 Silt  
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2.1.2. New Mangalore port 

New Mangalore Port is a modern all-weather port situated at Panambur, Mangalore (Karnataka 

State in South India), on India's West Coast. Some of the major commodities exported through 

the Port are Iron Ore Concentrates and Pellets, Iron Ore Fines, POL (Petroleum, Oil, and 

Lubricants) products, granite Stones, containerized cargo, etc. While some of the major imports 

of the New Mangalore port are crude and POL products, LPG, coal, limestone, finished 

fertilizers, liquid ammonia, phosphoric acid, and Containerized cargo, etc. 

Water and sediment sampling from 19 stations were carried out on four occasions representing 

different seasons, i.e., November 2011 (post–monsoon: PoM I), May 2012 (pre–monsoon: 

PrM), September 2012 (Monsoon: Mon) and December 2012 (post–monsoon: PoM II) in New 

Mangalore port.  The selected stations were divided into three channels, i.e., Sidearm channel 

(SAC) (st 2-8), Approach channel (AC) (st 15-19 and st 1, 9), Oil berth channel (OBC) (st. 10-

14) (Fig. 2.1.2).

Figure 2. 1. 2. Map of New Mangalore port showing Approach Channel (AC), Side arm 
channel (SAC) and Oil berth channel. 
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Table 2. 2 Details of sampling stations in New Mangalore port. 

 

  

 

  

Stn. 

No. Stn. Name 
 

Latitude 

(°N) 

Longitude 

(°E) 

Depth 

(m) 

Sediment 

texture  

I Approach Channel (AC) 
   

 

1 
General cargo berth 12.929 74.820 8.76 Sand - silt 

9 
Iron ore berth 12.925 74.819 16.71 Sand - silt  

15 
Multipurpose berth 12.928 74.816 14.52 Silt -sand  

16 
Coal berth 12.927 74.812 14.98 Silt  

17 
Channel marker buoy-1 12.926 74.808 12.85 Silt -sand  

18 
Channel marker buoy-2 12.924 74.808 10.38 Silt -sand  

19 
Turning circle 12.925 74.814 15.39 Silt -sand 

II 

Side Arm Channel 

(SAC)    

 

2 
General cargo-1 12.930 74.819 10.74 Silt -sand 

3 
General cargo-2 12.932 74.819 10.83 Silt -sand   

4 
General cargo-3 12.934 74.818 11.48 Silt -sand 

5 
Northern return 12.934 74.818 10.47 Silt -sand 

6 
General cargo-4 12.933 74.817 10.99 Silt  

7 
General cargo-5 12.932 74.817 12.58 Silt -sand  

8 
General cargo-6 12.930 74.820 12.25 Silt  

III 

Oil Berth Channel 

(OBC)    

 

10 
POL/Liquefied Gas berth 12.922 74.811 13.28 Silt-clay  

11 
Crude/POL berth-1 12.919 74.813 14.15 Silt-clay 

12 
Crude/POL berth-2 12.916 74.813 15.52 Silt-sand 

13 
Crude/POL berth-3 12.917 74.815 15.44 Silt-sand 

14 
Under construction 12.920 74.815 13.27 Silt-sand  
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2.1.3. Kandla port 

Kandla port is situated along the western bank of Kandla creek. It is well protected from high 

waves and strong monsoon winds of the west coast, so it is operational all around the year and 

therefore acts as an all-weather port. Besides that, Kandla port has a reasonably good depth and 

stable banks. The width of the creek channel where Kandla port is situated varies from 1000 m 

at the mouth to 200 m in the upstream, and the depth varies from 8 to 12 m, while the tidal 

height ranges from 0.83 to 7.2 m, with tidal currents varying from 0.08 to 2 m/s (Sinha et al., 

2006). Various industrial-chemical manufacturing units, fertilizer-manufacturing industry 

(IFFCO), salt manufacturing units with saltpans rich in brines occur around the Kandla creek 

(Shirodkar et al., 2010) 

Figure 2. 1. 3 Map of Kandla port showing Inner channel (IC) stations and Outer channel (OC) 
station. 

There are a total of six jetties in the creek used by the KPT, Indian Oil Corporation, and IFFCO 

for handling liquid bulk, POL, fertilizers, raw materials, industrial chemicals, iron and steel, 
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food grains, metal, and its products, mineral ore, and other dry cargo, etc. The port facilitates 

extensive traffic of oil tankers, freighters, passenger-cargo vessels, ore carriers, fishing boats, 

and container vessels in Kandla creek. These activities generate different types of waste, which 

act as potential sources of contamination. 

Water and sediment sampling was carried out from 26 stations on four occasions representing 

different seasons i.e., October 2014 (post–monsoon: PoM I), July 2015 (Monsoon: Mon), 

October 2015 (post–monsoon: PoM II) and February 2016 (pre–monsoon: PrM) in Kandla port. 

Based on the location, broadly classified stations were divided into 2 channels, i.e., Inner 

channel (st 1-9 and 24-26), outer channel: (st 10-23), (Table. 2.3; Fig. 2.1.3).  
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Table 2. 3 Details of sampling stations in Kandla port. 

 

 

  

Stn. No. Stn. Name Latitude  Longitude  Depth (m) Sediment texture 
I Inner Channel (IC)     

1 
IOC Jetty 23°02'31.3"N 70°13'20.0"E 9.0 Sand 

2 
IFFCO Jetty 23°02'17.0"N 70°13'20.8"E 11.5 Sand 

3 
Rajiv Jetty 23°02'04.1"N 70°13'24.3"E 11.5 Sand 

4 
Indira Jetty 23°01'54.4"N 70°13'22.9"E 12.2 Sand 

5 
Shastri Jetty 23°02'12.6"N 70°13'23.0"E 11.3 Sand 

6 
Nehru Jetty 23°02'00.9"N 70°13'23.2"E 13.2 Sand 

7 
Local Fishing craft Anchorage-1 23°01'16.3"N 70°13'20.5"E 7.8 Sand  

8 
Local Fishing Craft Anchorage-2 23°01'03.0"N 70°13'19.0"E 7.8 Sand 

9 
Dry Dock 23°00'45.10"N 70°13'21.6"E 7.9 Sand  

24 
Kandla Creek-4 23°02'10.2"N 70°13'50.5"E 6.2 Sand-silt  

25 
Kandla Creek-5 23°2'33.80"N 70°13'35.10"E 5.8 Sand-silt  

26 
Kandla Creek-6 23°02'52.0"N 70°13'30.9"E 6.0 Sand-silt 

II Outer Channel (OC)     

10 
Crafts Berthing Jetty 23°00'26.0"N 70°13'24.6"E 11.6 Sand 

11 
Cargo Berth-1 23°00'19.7"N 70°13'25.7"E 12.4 Sand 

12 
Cargo Berth-3 23°00'13.3"N 70°13'26.4"E 11.5 Sand 

13 
Cargo Berth-5 23°00'01.8"N 70°13'26.0"E 14.0 Sand 

14 
Cargo Berth-7 22°59'44.7"N 70°13'27.1"E 18.2 Sand 

15 
Cargo Berth-9 22°59'32.0"N 70°13'28.3"E 15.4 Sand 

16 
Cargo Berth-10 22°59'29.8"N 70°13'28.8"E 14.2 Sand 

17 
Cargo Berth-11 22°59'23.7"N 70°13'30.2"E 15.3 Sand 

18 
Cargo Berth-12 22°59'17.3"N 70°13'29.5"E 16.6 Sand 

19 
Cargo Berth-14 22°59'02.4"N 70°13'35.5"E 16.4 Sand 

20 
Cargo Berth-15 22°58'53.3"N 70°13'39.5"E 20.2 Sand 

21 
Kandla Creek-1 22°58'56.7"N 70°14'06.6"E 6.0 Sand-silt 

22 
Kandla Creek-2 22°59'32.5"N 70°13'55.5"E 6.2 Sand-silt 

23 
Kandla Creek-3 23°0'53.28"N 70°13'54.39"E 5.8 Sand-silt 



15 

2.1.4. Zuari estuary 

The Zuari River is located in Goa and is one of the largest rivers along the central west coast of 

India (Fig.2.1.4). It originates from the Western Ghats at Hemad-Barshen and flows up to the 

Arabian Sea with several rivers drains into the estuary upstream. This estuary's average depth 

is ~ 5 m with a catchment area of 1152 km2 and a width of 5 km at the mouth, which decreases 

towards the head (0.05 km) (Shetye et al., 2007). The annual cycle is classified into 3 seasons, 

based on the physicochemical characteristics, i.e., February to May – pre-monsoon (PrM) 

season, June to September – monsoon season (Mon); and October to January - post-monsoon 

(PoM) season. The strong influence of SWM leads to high river discharge rates, exceeding 400 

m3 s-1 during monsoon, whereas the rest of the year, it is < 10 m3 s-1 (Shetye and Murty, 1987). 

Drastic changes in physicochemical characteristics of the water column result from a 

considerable quantity of freshwater discharge during monsoon season, whereas in the 

remaining period, tidal flow dominates (Qasim and Sen Gupta, 1981). This is a mesotidal 

estuary, which experiences semidiurnal tide with the highest tidal height of 2.5m during spring 

tide and ~ 1m during neap tide (Manoj and Unnikrishnan, 2009). Fortnightly sampling was 

carried out in the Zuari estuary from February 2010 to January 2011. Sediment samples were 

collected from 9 stations (S) (Fig. 2.1.4; Table.2.4) for dinoflagellate cyst. Based on the distance 

from the estuarine mouth, stations are demarcated as the downstream (S1 to S4), midstream (S5 

to S7), and upstream (S8-S9) (Table.2.4). Vertical profiles of temperature and salinity were 

determined using portable seabird CTD (SBE 19 plus).  
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Figure 2. 1. 4. Map of Zuari estuary showing the downstream (DS), midstream (MS) and 
upstream. 
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Table 2. 4 Details of sampling stations in Zuari estuary. 

 

 

 

 

 

 

 

 

 

 

 

2.2. Sampling of water and sediment 

2.2.1. Water sampling and analysis 

Surface and near-bottom water samples were collected with a 5-L Niskin sampler. Temperature 

and salinity were measured using a multiparameter portable instrument (SONDE). Dissolved 

oxygen and chlorophyll a were estimated by following standard procedures (Parsons et al., 

1984). Nutrient concentrations (nitrite, nitrate, ammonia, phosphate, and silicate) were 

estimated by using an autoanalyzer (Skalar San++).  

For dinoflagellate motile-stages, surface water samples were collected using a bucket. The 

collected water (5 L) was then filtered through a 20 μm mesh, and the filtrate retained on the 

mesh was transferred in a 100 ml bottle. Cells above 20 μm were collected. The samples were 

immediately fixed with Lugol’s iodine, and later on, aliquots of 2 mL, in duplicates, were 

scanned using an inverted microscope (Olympus IX 71) at 100x and 200x magnification. 

Dinoflagellate motile-stages were identified based on the identification keys 

(http://www.algaebase.org/, Taylor, 1973; Tomas, 1997). Motile-stage data for the New 

Mangalore port presented here are for PrM, Mon, and PoM-II seasons only. In this study, 

motile-stage and dinocyst data is provided for Cochin, Mangalore, and Kandla, while cyst data 

is only available for the Zuari estuary. 

Stn. 

No. Stn. Name 
 

Latitude 

(°N) 

Longitude 

(°E) 

Depth 

(m) 

Sediment 

texture  

I 

Downstream 

(DS) 
   

 

1 Marmugao 15° 25' 16.9'' 73° 47' 36.9'' 16 Sand 

2 Chicalim 15° 25' 8.5'' 73° 47' 22.4'' 5 Sand  

3 Island 15° 25' 57.4'' 73° 47' 57.0'' 5 Sand 

4 Sancoale 15° 25' 45.1'' 73° 47' 30.6'' 7.1 Silt-Sand 

II Midstream (MS)     

5 Cortalim 15° 25' 32.0'' 73° 47' 50.2'' 9.6 Silt-Sand 

6 Loutulim 15° 25' 54.0'' 73° 47' 24.4'' 10.5 Silt-Sand  

7 Borim 15° 25' 03.6'' 73° 47' 58.0'' 12.9 Sand  

8 Shiroda 15° 25' 12.3'' 73° 47' 55.5'' 9.1 Sand 

III Upstream (US)     

9 Kushavati 15° 25' 31.7'' 73° 47' 28.3'' 9.9 Sand 
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2.2.2. Sediment sampling, processing, and analysis 

The sediment samples were collected using a Van Veen grab with a grabbing area of 0.04 m2. 

Through the top windows of the grab, undisturbed sediment cores (PVC corer of 20 cm long 

with an inner diameter of 2.5 cm) were retrieved. Cores were sealed with airtight caps, stored 

in the dark, and kept in ice. After transportation to the laboratory, sediment cores were sectioned 

at 2 cm intervals, mixed well, and stored in airtight plastic bags at 4 0C in the dark until further 

analysis. 

For dinocyst analysis, a top fraction (0–2 cm), which represents recent sediment, was processed 

using the palynological method (Matsuoka and Fukuyo, 2000). Each sediment sample was 

sonicated for 10 mins and sieved through 100 and 10 μm mesh-sizes. The residue retained on 

the 10 μm mesh was acid-treated with 10% hydrochloric acid and then with 30% hydrofluoric 

acid with distilled water washes in between to remove the acid. The sample was sieved through 

a 10 μm mesh-size. The residue retained on the 10 μm mesh was transferred into a vial and 

suspended in 10 mL of distilled water. Aliquots of 0.25–1 mL of the processed samples were 

diluted to a total volume of 2.5 mL in a petridish (diameter 3.8 cm) and scanned under an 

inverted microscope (Olympus IX 71) at 100x to 400x magnification. Dinoflagellate cysts were 

identified based on published literature (Wall and Dale, 1968; Sonneman and Hill, 1997; 

Matsuoka and Fukuyo, 2000). The cyst abundance is expressed as the number of cysts g–1 dry 

weight of sediment. The water content was calculated according to the formula given by 

Matsuoka and Fukuyo (2000).  

For chapter 5A, two dinocysts (Pyrophacus steinii and Protoperidinium pentagonum) were 

identified based on their cosmopolitan distribution in different ecosystems. All measurements 

for this study were made using an Olympus BH-2 light microscope, equipped with a digital 

camera and Cell F Software Imaging System, respectively, and 40x objectives. For this study, 

for each sample, the length of the three longest processes and the largest body length and 

breadth were measured for each sample. The process length was calculated based on the 

distance between the base to the tip of the processes.  Fragments of cyst representing less than 

half and the cysts with broken processes were not considered for the study. 
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2.3. Responses of rock pool dinoflagellates to salinity changes and prolonged darkness 

experiment for Chapter 5B.  

 

2.3.1. Isolation, identification, and culturing of some selected benthic dinoflagellates  

The microscopic scanning of unpreserved rock pool (RP) water samples (i.e., to observe live 

micro-algae) during the sampling period (under Ocean Finder project) revealed dinoflagellates 

(Amphidinium and Bysmatrum) in high numbers.  This prompted to isolate and culture them for 

the in-depth analysis, as detailed below.  For obtaining pure cultures, cells of Amphidinium and 

Bysmatrum were isolated under a microscope and transferred aseptically to sterile 24-well 

multiwells (Corning make) containing 2 ml sterile f/2-Si media having 30 salinity.  The 

multiwells containing cells were then incubated at 250C under constant illumination of 150 

μmol m-2 s-1 provided by white light fluorescent tubes with a 12:12 h light: dark cycle (LDC).  

The monocultures of these species were further purified and maintained in the laboratory under 

the above-mentioned conditions for further analysis using microscopy (light, epifluorescence, 

and SEM), FlowCAM, and HPLC. The identification of dominant dinoflagellates Amphidinium 

and Bysmatrum were made by analyzing the micrographs (inclusive of DAPI and Calcofluor 

stained cells) taken from the compound microscope (equipped with DIC and epifluorescence) 

and scanning electron microscope (SEM).  DAPI stain was used to identify the location of the 

nucleus in the cell, whereas the Calcofluor and Imamura and Fukuyo’s solution (Yuki and 

Fukuyo 1992) were used only for Bysmatrum for studying the plate pattern.  Further to identify 

Bysmatrum, a squash technique for cells treated with Imamura and Fukuyo’s solution was also 

followed to observe plate patterns and arrangements.  Samples for SEM were prepared by 

following the method described by Jung et al. (2010) for delicate dinoflagellates. After fixing 

and drying, samples were sputter-coated with gold and examined using a JEOL JSM-5800 LV 

SEM.  The cell size of both dinoflagellates was determined using a factory-calibrated 

FlowCAM (Fluid Imaging Technologies, Inc., US). FlowCAM analysis was performed 

following standard procedure in an auto-image mode using a 10x objective – 100 µm flow cell 

as detailed in Patil and Anil (2015).  The photosynthetic and photoprotective pigments were 

also determined using high-performance liquid chromatography (HPLC), as described in 

section 2.3.4. For pigment analysis, cultures were grown in triplicates in 100 ml conical flasks 

under the above-mentioned conditions, and the samples for HPLC analysis were collected once 

the cultures reached exponential and stationary phase. 
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2.3.2. Experimental setup  

In order to elucidate the growth responses of benthic dinoflagellates to salinity variations and 

prolong darkness, specific experiments were performed using the monocultures of Bysmatrum 

gregarium (formerly known as B. caponii) and Amphidinium carterae.  This was achieved by 

subjecting the cultures to different salinity media and incubating the same at controlled 

temperature under 12h light: dark photo-cycle and prolong darkness. For the experiment, fifteen 

125 ml Nalgene bottles were used and of which 3 each contains f2-Si media (f/2; Guillard and 

Ryther 1962) prepared using seawater of five different salinities (5, 15, 25, 35, and 50) 

respectively.  The five test salinities were prepared by mixing f/2 media of salinities 0 and 50 

accordingly. The f/2 medium of salinity 0 was prepared using deionized water, and that of 

salinity 50 was prepared by evaporating seawater at a temperature of 70 to 80 °C.  In all these 

bottles, ~2000 cells/ml (final volume) were introduced and the bottles were gently swirled and 

incubated for 15 days in the temperature-controlled room (25 ± 1°C) under prolong darkness.  

A similar set (hereafter referred as control) was also prepared and incubated under 12 h light: 

dark photo-cycle at a light intensity of 70 µmol photons m-2 s-1.  For the experiments, a stock 

cultures of concentrated cells were prepared in different salinities (5, 15, 25, 35, and 50) and 

the same were used as inoculum for the respective salinities. To monitor changes in growth, 

morphology, physiology and pigment content an aliquot of 5 ml samples were sampled at 

frequent intervals i.e. 0, 1, 2, 3, 5, 7, 9, 12, and 15 days. The experiments were run in triplicates 

and the data presented here is the average of the experiments (i.e. n=3 for each treatment).  The 

cell counts and chlorophyll fluorescence measurements were made on all the sampling days 

whereas pigment analysis using high performance liquid chromatography (HPLC) were made 

on the following days 0, 5, 9 and 15.  

  

2.3.3. Microscopic cell counts and observations 

For cell growth, an aliquot of 1ml samples were fixed with Lugol’s iodine solution for the 

estimation of cell densities using haemocytometer and microscope (Olympus make).  At the 

same time, microscopic observations were also carried out to monitor morphological changes.   
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2.3.4. Variable fluorescence measurements 

Chlorophyll variable fluorescence (physiological indicator) was measured using the benchtop 

version of fast repetition rate fluorometer –FRRf (Fast Act system from Chelsea Company Ltd/ 

Satlantic Fluorescence Induction and Relaxation fluorometer).  The FRRf measures a range of 

photosynthetic parameters like initial (F0), maximum (Fm) and variable (Fv=Fm-F0) 

components of photosystem II fluorescence and maximum photosynthetic efficiency (Fv/Fm; 

Kolber et al. 1988; 1990), which can be used to assess the physiological status of the 

photosynthesizing organisms. For the measurements dark adapted samples (~30 to 60 min) 

under ambient temperature for each treatment were used.  The physiological assessment for 

phytoplankton can be given by Fv/Fm values, suggesting a stressed (< 0.30), transitional (0.30–

0.50) and growing (0.51–0.65) conditions (Patil and Anil 2019). The phytoplankton pigments 

(both photosynthetic and photoprotective) were also determined by using high performance 

liquid chromatography (HPLC) as detailed below. For pigment analysis, cultures were grown 

in triplicates in 100 ml conical flasks under the above mentioned conditions and the samples 

for HPLC analysis was collected once the cultures reached exponential and stationary phase 

2.3.5. Pigment analysis using high performance liquid chromatography (HPLC) 

For pigment analysis, 5ml of cultures were filtered through GF/F filters (25 mm diameter, 

Whatman) at day 0, 5, 12. After filtration, filter papers were then stored at −20 °C until analysis. 

Extraction of pigments from the filter paper was done in 3 ml of 100% acetone (HPLC grade) 

and sonicated for 1 min using an ultrasonic probe (Labsonic U, B. Braun Biotech International, 

Leverkusen, Germany) at 50 W kept on ice to prevent excessive heating. The extracts were then 

stored overnight at -20 °C for analysis using HPLC (Agilent Technology; Series 1200). Prior to 

the analysis, all the extracts were filtered (using Nylon filter membranes, 0.2 µm pore size) 

immediately before injection in the HPLC to remove cells and filter debris. This procedure was 

performed under dim light to prevent photolysis during samples, extraction and injection 

procedures. Pigment analysis was performed following the method of Van Heukelem (2002) 

with minor modification of calibrations and pre-injection procedure according to procedure 

described in Roy et al. (2015).  The pigment extracts were injected into the HPLC system 

equipped with an Agilent 1200 series diode array detector SL and reverse-phase C8 Column 

maintained with 60ºC (150 X 4.6 mm, 3.5 mm particle size) with 3 phase linear solvent gradient 

program at a flow rate of 1.1 ml/min. The detection of absorbance of the extracted pigments 
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was done at 450 and 665 nm. The quantitative and qualitative analysis of about 20 pigments, 

including the chlorophyll degradation products was performed using the commercially 

available pigment standards obtained from DHI Inc (Denmark) and Sigma–Aldrich (USA) for 

Chl a.  



Chapter 3 

Cyst producing dinoflagellates 

from the different ecosystem. 





23 

Chapter 3. Cyst producing dinoflagellates from different ecosystem 

3.1. Introduction  

Dinoflagellates, the dominant phytoplankton group, are ecologically important and notorious 

as they are represented by the species with varying nutritional modes (autotrophic, 

heterotrophic, and mixotrophic) and proliferation of harmful algal blooms/toxin production, 

respectively. As a result, they are considered amongst the most undesirable marine bioinvaders 

(Narale et al., 2013). The global increase in the duration, frequency, and geographic prevalence 

of harmful algal blooms (HABs) have been attributed to (a) anthropogenic nutrient enrichment 

(eutrophication) of coastal waters (Anderson et al., 2002), (b) the introduction of non-

indigenous harmful algal species via ships ballast water (Casas-Monroy et al., 2012, Hallegraeff 

and Gollasch, 2006, Smayda, 2007, Roy et al., 2012,) and (c) changing climate patterns 

(Hallegraeff, 2010). Therefore characterizing the distributional patterns of dinoflagellate 

(including harmful species) motile-stages and its resting cysts will help enhance the 

understanding of HABs (Satta et al., 2013) to study the spatiotemporal change of the marine 

environment. So far, approximately 13–16% of living dinoflagellates produce resting cysts as 

part of their life cycle or as means of surviving adverse environmental conditions, and a large 

proportion of these resistance stages are typically preserved in the sediments (Head, 1996) for 

months, years or even up to a century (Ribeiro et al., 2011, Lundholm et al., 2011). Given this, 

most of the studies on dinoflagellates conducted (particularly along the Indian coast) are either 

focused on the planktonic motile-stage from the water column using standard methods (Madhu 

et al., 2010, Madhu et al., 2011, Dayala et al., 2014, Thomas et al., 2013, and Kumar et al., 

2014) or dinocyst from sediment (D'Silva et al. 2011, Narale et al. 2013, Godhe et al. 2000). 

However, so far, to our knowledge, considerable information about linkages between 

planktonic motile-stages and benthic cysts, the contribution of the cyst and the non-cyst 

producing taxa, factors influencing the distribution, etc., is still lacking. Generally, the 

sampling/analysis of both motile-stages (from water) and cysts (from sediments) 

simultaneously provides the best information on the dinoflagellate species composition (Dale, 

1983) and also increases the information on species-richness in a study area (Persson and 

Rosenberg, 2003; Orlova et al., 2004; Satta et al., 2010). Along the Indian coast so far, only 

Narale et al. (2013), by comparing the information on cyst (analyzed data from one-time 

sampling) and planktonic motile-stages (obtained through published literature), documented the 

presence of 14 cyst-producing dinoflagellates (CPD) from the southeast coast of India. Since 

conventional sampling methods severely underestimate plankton species-richness (Rodríguez-

Ramos et al., 2014), an appropriate direct approach is desirable. Here a direct approach is 
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proposed to enumerate the motile-stages of CPD from planktonic samples, which are 

characterized by high suspended-load and increased diversity but the low abundance of 

dinoflagellates from monsoon-influenced ecosystems on the west coast of India. 

In this chapter, spatial and seasonal variation in the distribution of cyst forming dinoflagellates 

(i.e., planktonic motile-stages from the water column and dinocyst from sediment) community 

structure was evaluated from the following ecosystems (situated along the west coast of India): 

Kandla Port, Zuari estuary (Goa; only dinocyst), New Mangalore Port, and Cochin Port). These 

four ecosystems exhibit different environmental conditions ranging from marine (Kandla and 

Mangalore) to estuarine (Cochin and Goa (Zuari)). The water and sediment samples were 

collected in each ecosystem on different occasions representing different seasons (pre-

monsoon, southwest monsoon, and post-monsoon) to analyze cyst forming dinoflagellate (i.e., 

planktonic motile-stages and dinocyst) and environmental variables. 

 

3. 2. Methodology 

The details of sample collection and analysis pertaining to planktonic motile stages and benthic 

cysts from different ports (Kandla, New Mangalore, and Cochin) and estuarine (Zuari Estuary, 

Goa only for benthic cysts) are presented in chapter 2. 

 

3.2.1. Data analysis 

For this study, only dinoflagellate motile-stages (from water) and cyst from (from sediment) 

has been used. Community indices such as Shannon–Wiener’s diversity index (H’), species-

richness (i.e., the number of species), and Fisher’s Alpha (α) of dinoflagellate motile-stages and 

cysts were determined using PRIMER – version 6 (PRIMER–E Ltd. Plymouth, UK). H’ is used 

to characterize species diversity in a community and accounts for both abundance and evenness 

of the species present, whereas α is widely used as a diversity index to compare among 

communities varying in the number of individuals because theoretically independent of sample 

size. Two-way ANOVA was performed on abundance, species-richness, H’ and α of both cyst 

and motile-stages to evaluate spatial and temporal variation. 

The duplicate data sets per station in each channel were pooled and presented channel-wise for 

data analysis.  The data pooling was done due to the close proximity of the stations in the port 

area.  By doing so, the number of replicates, as well as sample volume, was increased. Besides, 

the statistical analysis also showed insignificant differences in the number of species between 

the sub-samples, thus ruling out any bias introduced by possible sampling errors and 
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legitimizing the pooling of samples. This was done for both planktonic and benthic samples.  

Community indices (Shannon–Wiener’s diversity index (H’), species-richness (i.e., Number of 

species) and Fisher’s Alpha (α)), and cluster analysis of dinoflagellate motile-stages and cysts 

were determined using PRIMER – version 6 (PRIMER–E Ltd. Plymouth, UK). H’ is used to 

characterize species diversity in a community and accounts for both abundance (log x+1) and 

evenness of the species present, whereas α is widely used as a diversity index to compare among 

communities varying in some individuals because theoretically independent of sample size. 

Two-way ANOVA was performed on abundance, species-richness, H’ and α of both cyst and 

motile-stages to evaluate spatial and temporal variation. Clustering was performed through the 

Bray Curtis similarity and average group methods. Data were subjected to log (x+1) 

transformation before analysis, and the cutoff for the grouping was done at a 50% similarity 

level. 

 

3.3. Results 

3. 3. 1. Distribution of dinoflagellate planktonic motile stages (including cysts producing 

dinoflagellates-CPD) and benthic cysts from different port ecosystems. 

 

3. 3. 1. 1. Dinoflagellate motile-stages from Cochin port. 

The motile-stages of total dinoflagellates varied from 89 to 2675 cells L-1 during the study 

period. In Approach Channel (AC), Mattancherry Channel (MC) and Ernakulum Channel (EC), 

the averaged cell abundance ranged between 197 to 981, 180 to 689, and 89 to 1038 cells L-1, 

respectively (Fig. 3.1 a).  ANOVA of abundance and univariate measures (diversity and species 

richness) revealed significant and insignificant variations with respect to seasons and location.  

Interestingly, ANOVA of time series data on dinoflagellates (abundance, diversity, and species 

richness) also revealed no significant variations suggesting that the tides, therefore, do not 

appear to influence the motile stages distribution, as these remain similar over a 24 h period. 

This indicates that the distribution of dinoflagellate motile stages was almost uniform in the 

port. Higher cell abundance was observed during PoM seasons, whereas higher values for 

species richness, species diversity, and Fisher’s α were found during PrM season in all three 

channels (Fig. 3.1a-d).  In the case of CPD, similar seasonal variations concerning abundance, 

species richness, and diversity indices were also observed. 

This study revealed a total of 52 species belonging to 21 genera (Fig. 3.3, Table 1), of which 

19 (belonging to 12 genera), 10 (belonging to 4 genera), and 23 species (belonging to 5 genera) 
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belonged to autotrophic, mixotrophic and heterotrophic forms respectively. A total of 27 species 

belonging to 14 genera are potentially harmful, and 19 species belonging to 9 genera are known 

to produce cysts (Fig. 3.3, Table 3.1). In all the channels, the autotrophic dinoflagellates cyst 

were dominating during PoM I and PrM MC), and the mixotrophic dinoflagellates were 

dominant only during PrM and PoM II in MC (Figs. 3.2.a-d). In general, Student’s t-test 

revealed insignificant differences between autotrophs and heterotrophs, but both showed 

significant differences with mixotrophic dinoflagellates (p values were 0.02 and 0.04 with 

autotrophs and heterotrophs, respectively).   

3. 3. 1. 2. Dinoflagellate cyst from Cochin port. 

The dinoflagellate cyst abundance varied from 89 to 1721 cysts g−1 dry sediment. 

Irrespective of the channels, high cyst abundance was observed during PoM I and PrM. In 

Approach Channel (AC), Mattancherry Channel (MC), and Ernakulum Channel (EC), the 

average cyst abundance ranged from 465 to 1112, 302 to 815, and 257 to 660 cysts g−1 dry 

sediment, respectively (Fig. 3.1 e). ANOVA revealed significant spatial (channels; p < 0.001) 

and seasonal (p < 0.001) variations, and the highest cyst abundances were observed in AC and 

MC during PrM, and in EC during PoM I (Fig. 3.1.e). ANOVA for univariate measures (species 

richness, species diversity, and Fisher's α) also exhibited significant spatial and seasonal 

variations (p values ranging up to<0.001). The results revealed high species-richness during 

Mon (for AC and MC) and PoM I (only in EC) (Fig. 3.1.b). Species diversity and Fisher's α in 

AC were highest during Mon and PoM I for MC and EC (Fig. 3.1.g.h). Altogether 35 cyst types 

were identified, of which 32 belonged to 14 genera, and the remaining three types were 

unidentified (Fig. 3.4; Table 3.2). Among them, Gonyaulax spinifera complex followed by 

Pyrophacus steinii, and the species belonging to Protoperidinium genera were the most 

dominant (Fig. 3.4). The autotrophic cysts consist of 18 species 
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Figure 3. 1 Variations in abundance, species-richness, Shannon-Wiener's (except MC); 
heterotrophic dinoflagellates dominated during Mon and PoM II (except diversity and Fisher's 
alpha (α) index of dinoflagellate motile-stages (a to d), and cysts (e to h) in Cochin port. 
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Figure 3. 2 Variations in the contribution of total dinoflagellate motile-stages (a to d) from water column (autotrophic, heterotrophic and 
mixotrophic) and cysts from sediments (autotrophic and heterotrophic) based on nutrition mode in Cochin port. 
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Figure 3. 3. Spatial and seasonal abundance of dinoflagellate motile-stages (cells L−1) in 
Cochin port. * indicates potentially harmful species. † indicates CPD. 
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Figure 3. 4. Spatial and seasonal abundance of dinoflagellate cysts (cysts g−1 dry weight) in 
Cochin port.* indicates potential HAB species.  
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Table 3. 1 List of motile stages found in the Cochin, New Mangalore and Kandla 
ports.*indicates potential HAB and † indicates CPD. 

Sr 

No. Autotrophs 
Cochin  

New 

Mangalore Kandla 

1 Akashiwo sanguinea*   + +   

2 Alexandrium catenella *† +     

3 Alexandrium cf. affine *† +     

4 Alexandrium cf. tamarense *† +     

5 Gonyaulax digitalis † +     

6 Gonyaulax fusiformis   +   

7 Gonyaulax polygramma * +     

8 Gonyaulax scrippsae *† +     

9 Gonyaulax spinifera *† + +   

10 Gonyaulax verior †       

11 Gymnodinium sp † +   + 

12 Gyrodinium spirale  + +   

13 Karenia mikimotoi * +     

14 Lingulodinium polyedrum *† +     

15 Podolampas palmipes   +     

16 Prorocentrum gracile  + +   

17 Prorocentrum lima * +     

18 Prorocentrum micans * + +   

19 Pseliodinium fusus + +   

20 Pyrophacus steinii † + +    

21 Scrippsiella acuminata *† +     

  Mixotrophs       

22 Dinophysis acuminata * +     

23 Dinophysis caudate* + +   

24 Dinophysis sp + +   

25 Heterocapsa rotundata  +     

26 Heterocapsa sp +     

27 Tripos furca * + + + 

28 Tripos fusus* + +   

29 Tripos macroceros  +     
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Contd.. 

 

Sr 

No.  Mixotrophs 
Cochin 

New 

Mangalore Kandla 

30 Tripos tripos  + + 

31 Oxytoxum parvum  + 

32 Phalacroma rotundatum* + 

Heterotrophs 

33 Diplopsalis lenticula *† + + 

34 Noctiluca scintillans * + + 

35 Protoperidinium bipes + + 

36 Protoperidinium claudicans + 

37 Protoperidinium conicum  + 

38 Protoperidinium curtipes + 

39 Protoperidinium depressum*  + + 

40 Protoperidinium divergens * + + 

41 Protoperidinium elegans + + 

42 Protoperidinium minutum *†  + + 

43 Protoperidinium oblongum † + + 

44 Protoperidinium oceanicum + 

45 Protoperidinium ovatum  + 

46 Protoperidinium pacificum  + 

47 Protoperidinium pellucidum  + + + 

48 Protoperidinium pentagonum † + + 

49 Blixaea quinquecornis *†  + 

50 Protoperidinium cf sourniai  + + 

51 Protoperidinium sp1 + + 

52 Protoperidinium sp2 + 

53 Protoperidinium sp3 + + 

54 Protoperidinium sp5 + 

55 Protoperidinium steinii  + + 

56 Protoperidinium subinerme† + + + 

57 Pyrocystis fusiformis + 

58 Preperidinium meunieri† + + 
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Table 3. 2 List of motile stages found in the Cochin, New Mangalore and Kandla ports and 
Goa (Zuari estuary). * indicates potential HAB. 

 

 

 

Contd.. 

  

Sr 

No. Species Name Cochin 

New 

Mangalore Kandla Goa  

  Autotrophs         

1 

Alexandrium 

pseudogonyaulax*       + 

2 

Alexandrium tamarense 

complex* + +   + 

3 Bitectatodinium spongium     + + 

4 Cochlodinium polykrikos* + +   + 

5 Ensiculifera sp       + 

6 Gonyaulax digitalis + + + + 

7 Gonyaulax elongatum + +   + 

8 Gonyaulax scrippsae* + +   + 

9 Gonyaulax sp + +   + 

10 Gonyaulax spinifera complex* + + + + 

11 Gonyaulx pacificus       + 

12 

Gymnodinium 

microreticulatum     + + 

13 Gyrodinium impudicum + +     

14 Impagidinium sp       + 

15 Lingulodinium polyedrum* + + + + 

16 Lingulodinium sp 2 + +     

17 Pentapharsodinium dalei + + + + 

18 Pheopolykrikos hartmannii + + + + 

19 Protoceratium reticulatum* + +   + 

20 Pyrodinium bahamense +     + 

21 Pyrophacus sp1 +       

22 Pyrophacus steinii + +   + 

23 Scrippsiella sp + +   + 

24 Scrippsiella acuminata* + +   + 
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Sr 

No. Species Name Cochin 

New 

Mangalore Kandla Goa 

Heterotrophs 

25 Archaeperidinium minutum  + 

26 Brigantedinium spp. + + 

27 Diplosalis lenticulatum* + 

28 Echinidinium sp + 

29 Polykrikos kofoidii + + + 

30 Polykrikos schwartzii + + 

31 Protoperidinium avellana + 

32 Protoperidinium claudicans + + 

33 

Protoperidinium 

compressum + + + 

34 Protoperidinium conicoides + + 

35 Protoperidinium conicum + + + + 

36 

Protoperidinium 

denticulatum + 

37 Protoperidinium divaricatum + + + 

38 Protoperidinium latissimum + + + + 

39 Protoperidinium leonis + + + + 

40 Protoperidinium nudum + + 

41 Protoperidinium oblongum + + + 

42 

Protoperidinium 

pentagonum + + + 

43 Blixaea quinquecornis* + + 

44 Protoperidinium sp1 + + 

45 Protoperidinium sp2 + 

46 Protoperidinium stellatum + + 

47 Protoperidinium subinerme + + + 

48 Zygabikodinium lenticulatum + + + 



35 
 

belonging to 11 genera, while 14 heterotrophic species belonged to 3 genera (Table 3.2). 

Autotrophic dinoflagellate cysts, in all channels, were dominant during PoM I, Mon, and PoM 

II, whereas heterotrophic dinoflagellates were dominating only during PrM in MC and EC (Fig. 

3.2. e-h). In general, Student's t-test (with respect to abundance) showed significant differences 

between autotrophic and heterotrophic dinoflagellate cysts (p=0.001). 

 

3. 3. 1. 3. Relationship of cyst producing dinoflagellate (CPD) between the water column 

and sediment in Cochin port. 

Comparison of the dinoflagellate assemblages revealed that a 13 CPD were present in both 

water column and sediment. The CPDs contribution to total dinoflagellates ranged between 

32% and 52%. The regression analysis for the abundance of total cysts (from sediments) and 

the motile stages of CPD (from water column) showed a weak inverse relationship but most 

obvious for the heterotrophs (Fig. 3.5.a). The heterotrophs showed clear association compared 

to autotrophs (Fig. 3.5.c). A comparison of motile-stages and cysts data also revealed the 

presence of 41 CPD, of which only 13 CPD were found in both the water column and the 

sediments (Table. 3.1. and 3.2.). The regression analysis between the abundance of planktonic 

motile-stages and cysts of 13 CPD (except one species, i.e., Scrippsiella acuminata) did not 

display any relationship. Among the 13 CPD, the motile stages and cysts of G. spinifera 

complex, Pyrophacus steinii, and Protoperidinium pentagonum were encountered on most 

occasions but for 9 species (Alexandrium tamarense, Gonyaulax digitalis, G. scrippsae, 

Lingulodinium polyedra, Protoperidinium claudicans, P. conicum, P. oblongum, P. subinerme 

and Preperidinium meunieri) motile-stages were encountered when the number of cysts were 

either very low or absent and vice versa. Although S. acuminata is found both as cysts in the 

untreated sediment samples and as motile-stage in the water column, it is impossible to establish 

a quantitative relationship between both life stages due to the dissolution of its calcareous cyst 

during the acid treatment of the quantitatively treated sediment samples. 
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Figure 3. 5. Density dependent relationship between motile-stages and cysts for total, 
autotrophic and heterotrophic cyst producing dinoflagellates of Cochin. 

3. 3. 1. 4. Dinoflagellate motile-stages from New Mangalore port. 

The dinoflagellate motile-stages abundance varied from 198- 7112 cells L-1, 29-1714 

cells L-1, and 31-1288 cells L-1 in PrM, Mon, and PoM-II, respectively. In all the seasons, the 

highest abundance and species numbers of dinoflagellate motile-stages were encountered in the 

stations located in the oil berth channel (OBC) as compared to the approach channel (AC) and 

sidearm channel (SAC) (Fig. 3.6.a). Planktonic motile stages abundance showed insignificant 

and significant spatial and seasonal variations (p<0.05, two-way ANOVA), respectively. The 

mixotrophic species were dominant in PoM-II and PrM, while in Mon, heterotrophs were 

dominant (Fig.3. 7. b-d). Tripos furca, Gonyaulax spinifera, and Protoperidinium pellucidum 

; p<0.05 

; p<ns

; p<0.01 
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were the dominant species during the PoM season. Protoperidinium pellucidum, Dinophysis 

caudata, and Pyrophacus steinii were the dominant species during the Mon season. Tripos 

furca, Protoperidinium steinii, and Dinophysis caudata were the dominant species during the 

PrM season.  Univariate indices showed a higher species richness in OBC, SAC, and AC during 

PrM, Mon, and PoM-II, respectively (Fig. 3.6 b). 

Figure 3. 6. Variations in abundance, species-richness, Shannon-Wiener's diversity and Fisher's 
alpha (α) index of dinoflagellate motile-stages (a to d), and cysts (e to h) in New Mangalore 
port. 
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Figure 3. 7. Variations in the contribution of total dinoflagellate motile-stages (a to d) from water column (autotrophic, heterotrophic and 
mixotrophic) and cysts from sediments (autotrophic and heterotrophic) based on nutrition mode in New Mangalore port. 
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Figure 3. 8. Spatial and seasonal abundance of dinoflagellate motile-stages (cells L−1) in New 
Mangalore port. * indicates potentially harmful species. 
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Shannon–Wiener’s diversity index (H’) was highest in OBC, SAC, and AC in PrM, Mon, and 

PoM, respectively (Fig. 3.6. c). Pielou’s evenness (J’) was highest during all the seasons at SAC 

(Fig. 3. 6. d). Fishers α index was highest in OBC, SAC, and AC during PrM, Mon and PoM-

II, respectively (Fig. 3. 6. e). Univariate indices such as species diversity and fishers α index 

showed no significant spatial and seasonal variation. In contrast, species richness and evenness 

showed significant seasonal variation (p<0.05, two-way ANOVA).  

A total of 33 species (11 autotrophic, 4 mixotrophic, and 18 heterotrophic forms) belonging to 

13 genera were recorded from all the channels. These 13 genera corresponded to seven orders 

(Dinophysiales, Gonyaulacales, Gymnodiniales, Noctilucales, Peridiniales, Prorocentrales, and 

Thoracosphaerales), and the contribution of the species belonging to Gonyaulacales and 

Peridinales were highest during non-monsoon and monsoon, respectively, and this was 

observed in all the three channels. Further, of the 33 species, a total of 22 species were 

frequently or commonly observed in all the channels (Fig. 3.8), and the remaining (except 2 

species) were detected in at least two channels. The two species, Protoperidinium elegans, and 

unidentified Protoperidinium sp., were seen in only one channel (Fig. 3.8). The most diverse 

genus was Protoperidinium with 13 species (Fig.3.8), followed by the genera Gonyaulax with 

4 species. Twelve genera were monospecific, whereas the remaining 2 genera (Prorocentrum 

and Tripos) consisted of 2 species each (Fig. 3.8). Among the dinoflagellates that were 

identified, 18 (1 mixotrophic, 4 autotrophic, and 14 heterotrophic) species were recorded for 

the first time in the Mangalore region, 15 species (of which 8 are new records) were found 

potentially harmful, and 19 species belonging to 9 genera are known to produce cysts (Table 

3.1).  

3. 3. 1. 5. Dinoflagellate cyst from New Mangalore Port 

The estimated total dinoflagellate cyst abundance ranged from 63-744, 73-560, 8-865, and 7-

341 cyst g-1 of dry sediment during PoM I, PrM, Mon, and PoM II respectively. The highest 

abundance and species numbers of cysts were recorded in AC and SAC compared to OBC 

throughout the year (Figs. 3. 6. f). Pyrophacus steinii and Gonyaulax spinifera complex were 

dominant during all the seasons.  Additionally, Protoperidinium leonis and P. pentagonum were 

also dominant during non-monsoon. Based on seasonal variation, higher cyst abundance was 

found in AC in all the seasons and highest in PoM I season. ANOVA indicated that the cyst 

abundance showed significant seasonal variation (p<0.05) but no spatial variation.  Univariate 

indices showed higher Shannon–Wiener’s diversity index (H’) in SAC during PoM I and in AC 

during PrM, Mon and PoM II (Figs. 3. 6. h). Species richness (s) was highest in AC during 
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PrM, Mon and PoM II seasons, whereas in SAC, it was during PoM I season (Figs. 3. 6. g). 

Pielou’s evenness (J’) as highest during all the seasons at SAC except PoM I which was seen 

in AC (Figs. 3. 6. i). Fishers α index was highest in SAC during PrM, Mon and PoM II seasons 

and in AC during PoM I (Figs. 3. 6. j). Univariate indices such as species diversity, species 

richness, evenness and fishers α index no significant spatial variation but seasonal variation was 

observed (p<0.05, two-way ANOVA).   

 

 

 

Figure 3. 9. Spatial and seasonal abundance of dinoflagellate cysts (cysts g−1 dry weight) in 
New Mangalore port.* indicates potential HAB species.  
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Altogether 35 dinocysts were recorded and of which 33 were identified to species or genus level 

and the remaining two as unknown dinocysts.  The recorded 33 species (16 Autotrophic and 14 

heterotrophic forms) of dinoflagellate cyst belonged to 15 genera (Table.3.2). During the 

sampling period, 33 species belonging to four (Gonyaulacales, Gymnodiniales, Peridiniales, 

Thoracosphaerales) orders were recorded in the sediment. In sediments, the members of 

Gonyaulacales contributions were highest in all seasons and channels, followed by Peridiniales 

members. Further of the 33 species, 16 species were frequently or commonly observed in all 

the channels (Fig. 3.9), 9 species were detected in at least two channels, and the remaining were 

seen in only one channel (Fig. 3.9).  The most diverse genus was Protoperidinium with 11 

species (Fig. 3.9), followed by the genera Gonyaulax with 5 species. Nine genera were 

monospecific, whereas the remaining 4 genera (Lingulodinium, Pyrophacus, Scrippsiella, and 

Polykrikos) consisted of 2 species each (Fig. 3.9). Of the 33 species, 8 are known to be 

potentially harmful.  

3. 3. 1. 6. Relationship of cyst producing dinoflagellate (CPD) between the water column 

and sediment in New Mangalore port. 

Comparison of the dinoflagellate assemblages revealed that 8 CPD were present in both water 

column and sediment. The CPDs contribution to total dinoflagellates ranged between 5% and 

23%. The regression analysis for the abundance of total cysts (from sediments) and the motile 

stages of CPD (from water column) showed a linear relationship. Both autotrophs and 

heterotrophs showed clear association. A comparison of motile-stages and cysts data also 

revealed 32 CPD, of which only 8 CPD were found in both the water column and the sediments 

(Figs. 3.7. and 3.9.). The regression analysis between the abundance of planktonic motile-stages 

and cysts of 8 CPD (except for two species, i.e., Protoperidinium pentagonum and Blixaea 

quinquecornis) did not display any relationship (appendix 1.1).  
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Figure 3. 10.  CPD of Gonyaulax spinifera complex, Pyrophacus steinii, Protoperidinium pentagonum, P. oblongum, and Preperidinium meunieri, 
Scrippsiella acuminata, Blixaea quinquecornis, and Protoperidinium subinerme representing motile stage and cyst in different seasons.
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Among the 8 CPD, the motile stages and cysts of G. spinifera complex, Pyrophacus steinii, 

Protoperidinium pentagonum P. oblongum, and Preperidinium meunieri were encountered on 

most occasions, but for 3 species (Scrippsiella acuminata, Blixaea quinquecornis, and 

Protoperidinium subinerme) motile-stages were encountered when the number of cysts was 

either very low or absent and vice versa (Fig 3.10).  

3. 3. 1. 7. Dinoflagellate motile-stages from Kandla port. 

The motile-stages of total dinoflagellates varied from 18 to 75 cells L-1 during the study period. 

In Inner Channel (IC) and Outer Chanel (OC), the averaged cell abundance ranged between 5 

to 9 and 2 to 7 cells L-1 respectively (Fig. 3. 11. a).  ANOVA of abundance and univariate 

measures (diversity and species richness) revealed spatial variations only in abundance in IC 

only. In contrast, univariate measures didn’t show any variation.   Higher cell abundance, 

species richness, species diversity, and Fisher’s α were found during PoM seasons in both 

channels (Fig. 3. 11. b-e).   

This study revealed a total of 6 species belonging to 3 genera (Fig. 3.13), of which 1 (belonging 

to 1 genus), 2 (belonging to 1 genus), and 3 species (belonging to 1 genus) belonged to 

autotrophic, mixotrophic, and heterotrophic forms respectively. A total of 1 species belonging 

to 1 genera was potentially harmful, and 2 species belonging to 2 genera are known to produce 

cysts (Table 3.1). Tripos furca, and Protoperidinium pellucidum were the dominant species 

during all the season. Gymnodinium catenatum was the dominant species during the Mon 

season. In the channels, the autotrophs dominated only during the Mon period in IC; 

heterotrophs dominated Mon and PoM II, and the mixotrophs dominant only during PrM in OC 

(Fig. 3.12. a-d).  
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Figure 3. 11. Variations in abundance, species-richness, Shannon-Wiener's diversity and 
Fisher's alpha (α) index of dinoflagellate motile-stages (a to d), and cysts (e to h) in Kandla 
port. 
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Figure 3. 12. Variations in the contribution of total dinoflagellate motile-stages (a to d) from water column (autotrophic, heterotrophic and 
mixotrophic) and (e to h) cysts from sediments (autotrophic and heterotrophic) based on nutrition mode in Kandla port.  
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Figure 3. 13. Spatial and seasonal abundance of dinoflagellate motile-stages (cells L−1) in 
Kandla port. * indicates potentially harmful species. 

Figure 3. 14. Spatial and seasonal abundance of dinoflagellate cysts (cysts g−1 dry weight) in 
Kandla port.* indicates potential HAB species.  
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3. 3. 1. 8. Dinoflagellate cyst from Kandla port. 

The dinoflagellate cyst abundance varied from 2 to 24 cysts g−1 dry sediment. The highest cyst 

abundance in IC and OC were observed during PoM I and the monsoon period, respectively. In 

IC, and OC the average cyst abundance ranged from 3 to 4, and 3 to 9 cysts g−1 dry sediment 

respectively (Fig. 3. 11. f). ANOVA revealed no spatial and seasonal variations in IC and OC 

stations. ANOVA for univariate measures (species number, species richness, species diversity, 

and Fisher's α) also exhibited significant seasonal variations in OC. The results revealed high 

species-richness during Mon (for OC and IC) and PoM I (only in EC) (Fig. 3. 11. g). Species 

diversity and Fisher's α in OC was highest during Mon and PoM II for OC (Fig. 3. 11. h, j). 

Altogether 15 cyst types were identified, of which 15 belonged to 8 genera. The remaining three 

types were unidentified (Fig. 3. 13). Among them Brigantedinium spp. followed by 

Bitectodinium sponginum, and the species belonging to Protoperidinium genera were the most 

dominant (Fig. 3. 14). The autotrophic cysts consist of 7 species belonging to 6 genera. In 

contrast, 8 heterotrophic species belonged to 2 genera (Table 3.2). Heterotrophic dinoflagellate 

cysts, in all channels, were dominant during all seasons (Fig. 3. 12.e -h). A total of 2 HAB 

species were observed during the study period. 

3. 3. 1. 9. Relationship of cyst producing dinoflagellate (CPD) between the water column 

and sediment in Kandla port. 

Comparison of the dinoflagellate assemblages revealed that a total of one CPD were present in 

both water column and sediment. The CPDs contribution to total dinoflagellates ranged 

between 0 to 16.66 %. A comparison of motile-stages and cysts data revealed 15 CPD, of which 

only 1 CPD were found in both the water column and the sediments (Figs. 3.13. and 3.14.). The 

regression analysis between the abundance of planktonic motile-stages and cysts of 1 CPD did 

not display any relationship.  

3. 3. 1. 10. Dinoflagellate cyst from Zuari estuary. 

The dinoflagellate cyst abundance varied from 5 to 375 cysts g−1 dry sediment. The highest cyst 

abundance in Upstream Channel (UC), Midstream Channel (MC), and Downstream (DC) were 

observed during Mon, PoM, and PrM period, respectively. In DC, MC, and UC, the average 

cyst abundance ranged from 30 to 144, 12 to 57, and 0 to 21 cysts g−1 dry sediment, respectively 

(Fig. 3. 15. a). ANOVA revealed no spatial and seasonal variations of cyst abundance in UC, 

MC, and UC stations. ANOVA for univariate measures (species number, species richness, 

species diversity, and Fisher's α) showed no significant spatial and seasonal variations in any 
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of three channel stations. The results revealed that species-richness, species diversity, and 

Fisher's α index were highest during the PrM period for DC and PoM for MC and Mon for UC 

(Fig. 3. 15. b-e).  

Altogether 39 cyst types were identified, of which 39 belonged to 21 genera. The remaining 

three types were unidentified (Fig. 3. 17., Table 3.2). Among them, Bitectatodinium spongium 

followed by Pyrophacus steinii, and the species belonging to Protoperidinium genera were the 

most dominant during the study period (Fig. 3. 17). The autotrophic cysts consist of 21 species 

belonging to 14 genera, while 13 heterotrophic species belonged to 6 genera (Table 3.2). 

Autotrophic dinoflagellate cysts, in all channels, were dominant during all seasons except UC 

during Mon wherein heterotrophs were dominant (Fig. 3. 16.a-d). A total of 9 HAB species 

were observed during the study period. 

 

 

Figure 3. 15. Variations in abundance, species-richness, Shannon-Wiener's diversity and 
Fisher's alpha (α) index of dinoflagellate cysts (a to e) in Goa (Zuari estuary). 
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Figure 3. 16. Variations in the contribution of total dinoflagellate cysts from sediments (autotrophic and heterotrophic) based on nutrition mode in 
Goa (Zuari estuary). 
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Figure 3. 17. Spatial and seasonal abundance of dinoflagellate cysts (cysts g−1 dry weight) in 
Goa (Zuari estuary).* indicates potential HAB species.  
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3. 3. 2. Port wise comparison of dinoflagellates motile-stages and benthic cysts. 

3. 3. 2. 1. Dinoflagellates motile-stages from different ports. 

The distribution of dinoflagellate motile-stages abundance showed distinct variation between 

the ports. Dinoflagellate motile-stages abundance was highest in Cochin port (9161 cells L-1), 

followed by Mangalore (865 cells L-1) and Kandla (72 cells L-1) ports (Fig. 3.18). This study 

revealed a high species number in Cochin (52 species) followed by New Mangalore (33 species) 

and Kandla (6 species) (Table 3.1). A total of 19 HAB species were reported, and among the 

ports, 19, 10, and 1 species were found in Cochin, New Mangalore, and Kandla port, 

respectively (Table 3.1). Of the 19 HAB species, 11 were autotrophic, and the remaining 4 each 

were mixotrophic and heterotrophic forms. The common HAB species that were found in all 

ports was Tripos furca. In New Mangalore and Cochin ports, HAB species found were 

Akashiwo sanguinea, Gonyaulax spinifera, Prorocentrum micans, Noctiluca scintillans, and 

Scrippsiella acuminate. While HAB species of Prorocentrum lima, Lingulodinium polyedrum, 

Karenia mikimotoi, Alexandrium cf. tamarense, Alexandrium cf. affine, Alexandrium catenella, 

Dinophysis acuminate, Protoperidinium quinquecorne was found only in Cochin port (Fig. 

3.19-21). The highest abundance of HAB motile-stages were recorded in Cochin followed by 

New Mangalore and Kandla ports. Overall the Mixotrophic dinoflagellates dominated Cochin 

and New Mangalore ports (Fig. 3. 20). In contrast, heterotrophic dinoflagellates dominated in 

Kandla port (Fig. 3. 21). Pyrophacus steinii and Gonyaulax spinifera were the most dominant 

species in Cochin and New Mangalore ports (Fig. 3.19). Protoperidinium species were the 

dominant species in Kandla port (Fig. 3. 21).  
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Figure 3. 18. Variations in planktonic motile-stages (a) abundance, (b) autotrophic and 
heterotrophic forms based on nutrition (c) species-richness, (d) Shannon-Wiener's diversity, (e) 
Fisher's alpha (α) index and (f) Species number from the Cochin, New Mangalore (Mangalore), 
Kandla ports. 
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Figure 3. 19. Distribution of autotrophic motile stage abundance (cells L−1) in the three ports 
i.e. Cochin New Mangalore (Mangalore) and Kandla. * indicates potential HAB species. 
Largest bubble corresponds to 250 cells L−1. 
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Figure 3. 20. Distribution of mixotrophic motile stage abundance (cells L−1) in the three ports 
i.e. Cochin New Mangalore (Mangalore) and Kandla. * indicates potential HAB species. 
Largest bubble corresponds to 250 cells L−1. 
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Figure 3. 21. Distribution of heterotrophic motile stage abundance (cells L−1) in the three ports 
i.e. Cochin New Mangalore (Mangalore) and Kandla. * indicates potential HAB species. 
Largest bubble corresponds to 250 cells L−1. 
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Figure 3. 22. a. Dendogram of planktonic dinoflagellates with respect to channels for different 
ports. 
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Figure 3.22. b. Dendogram of planktonic dinoflagellates with respect to species from the three port ecosystem. 
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The univariate measures such as species richness, species diversity, fisher’s index, and species 

number were also highest in Cochin, followed by New Mangalore and then in Kandla port (Fig. 

3.18. c, d, e, and f). The ANOVA of dinoflagellate motile-stage abundance, species richness, 

species diversity, fisher’s index, and species number showed a significant variation among the 

ports. The comparison revealed a total of 4 species (1 mixotrophic and 3 heterotrophic), which 

are common between the three ports. Among them, Tripos furca was the dominant species in 

each of these ports (Fig. 3. 20 ).  A total of 22 and 6 species were restricted only to Cochin (Fig. 

3. 19-21) and New Mangalore ports, respectively, but none from Kandla port (Fig. 3. 19-21).  

 Cluster analysis of the dinoflagellate motile-stage abundance showed that Cochin and 

New Mangalore ports were similar compared to Kandla port (Fig. 3.22.a) as these ports have 

identical species composition. Cluster analysis of species showed grouping, and at 50% 

similarity, it formed 7 groups (Fig. 3. 22.b). Group I and II consist of 14 and 12 species, which 

are the dominant species with higher abundance from all three ports (Fig. 3.22. b). Group III 

and IV consist of 6 and 7 species represented by species with low abundance occurring only in 

Cochin and Mangalore port (Fig. 3. 22. b). Group V and VI consist of 15 and 4 species 

represented by rare species with low abundance occurring only in Cochin (Fig. 3. 22. b). 

 

3. 3. 2. 2. Dinoflagellates cyst from different ports. 

The distribution of dinocyst abundance showed distinct variation between the ports. Dinocyst 

abundance was highest in Cochin station (1721 cyst-1g of DW sediment) followed by 

Mangalore station (864 cyst-1g of DW sediment), followed by Goa (Zuari estuary) station (375 

cyst-1g of DW sediment) and Kandla station (24 cyst-1g of DW sediment (Fig. 3.23.a). This 

study revealed a high species number in Goa (39 species) followed by Cochin (35 species) 

followed by New Mangalore (32 species) and Kandla (15 species) ports (Fig. 3.23.a. b, Table 

3.2). A total of 9, 7, 8, and 3 species that are common were found in Goa, Cochin, New 

Mangalore, and Kandla port, respectively are known to be potential HAB species (Table. 3.2). 

Of the 9 HAB species common in all ports, 7 were autotrophic forms, and 2 were heterotrophic 

forms. The common HAB species found in all ecosystems were Gonyaulax spinifera complex, 

Lingulodinium polyedra, and Protoceratium reticulatum. In New Mangalore and Cochin port, 

HAB species found were Alexandrium tamarense complex, Cochlodinium sp, Gonyaulax 

scrippsae and Scrippsiella acuminate. While HAB species of Blixaea quinquecornis was found 

only in New Mangalore port. The highest HAB dinocyst abundance was recorded in Goa, 
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followed by Cochin, New Mangalore, and Kandla port. Overall the autotrophic dinoflagellates 

dominated Cochin, New Mangalore, and Goa ports (Fig. 3.23.b). In contrast, heterotrophic 

dinoflagellates were dominated only in Kandla port (Fig. 3.24. b). Pyrophacus 

steinii and Gonyaulax spinifera complex were the most dominant species in Goa, Cochin, and 

New Mangalore ports (Fig. 3. 24. a. b). Brigantedinium spp and Bitectodinium sponginum 

were the dominant species in Kandla port (Fig. 3. 24. a. b).  

 
Figure 3. 23. Variations in dinocyst (a) abundance, (b) autotrophic and heterotrophic forms 
based on nutrition (c) species-richness, (d) Shannon-Wiener's diversity, (e) Fisher's alpha (α) 
index and (f) Species number from the Cochin (Coc), New Mangalore (Man), Kandla (Kan) 
ports and Zuari (Goa). 
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Figure 3. 24. a. Distribution of Autotrophic dinocysts abundance (cysts g−1 dry weight) in the 
three ports Cochin, New Mangalore (Mangalore), Kandla and Goa (Zuari). * indicates potential 
HAB species. Largest bubble corresponds to 1057 cysts g−1 dry weight. 
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Figure 3. 24.b. Distribution of heterotrophic dinocysts abundance (cysts g−1 dry weight) in the 

three ports, Cochin, New Mangalore (Mangalore), Kandla and Goa (Zuari). * indicates potential 

HAB species. Largest bubble corresponds to 1057 cysts g−1 dry weight 
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Figure 3. 25.  Dendogram of dinoflagellates cysts from sediments with respect to (a) different 
ecosystem, (b) species for the four different ecosystem. Please see Table 2 for species code. 
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The univariate measures, such as species richness, species diversity, fisher’s index, and species 

number, were also highest in Cochin, followed by New Mangalore and then in Kandla port (Fig. 

3. 23. c, d, e, f). The ANOVA of dinocyst abundance, species richness, species diversity, 

fisher’s index, and species number showed a significant variation among the ports. The ports' 

comparison revealed a total of 8 species that were common between the four ports, of which 4 

are autotrophic, and 4 are heterotrophic forms. Of these 8 species, 4 (Gonyaulax spinifera 

complex, Lingulodinium polyedrum, Protoperidinium pentagonum, and P. leonis) were the 

dominant species in all the ports (Fig. 3.24.a.b). A total 3 species (Gymnodinium 

microreticulatum, Protoperidinium avellana, and Protoperidinium denticulatum) were 

restricted to Kandla port (Fig. 3.24.a.b). While a total of 2 (Pyrodinium sp1and Pyrophacus sp) 

and 1 species (Blixaea quinquecornis) were restricted to Cochin and New Mangalore ports, 

respectively (Fig. 3. 24. a. b). A total 5 species (Protoperidinium sp2, Alexandrium 

pseudogonyaulax, Gonyaulax pacificus, and Pyrodinium bahamense) were restricted to Zuari 

estuary, Goa (Fig. 3. 24. a. b). 

Cluster analysis of the dinocyst abundance showed that Cochin and New Mangalore ports were 

similar compared to Kandla port and Goa (Fig. 3. 25. a) as these ports have identical species 

composition. Cluster analysis of species showed grouping, and at 50% similarity it formed 7 

groups (Fig. 3. 25. b). Group I consist of 24 species, which were represented by the dominant 

species from all the ports (Fig. 3. 25. b). Group II comprised of 8 species that are present in low 

abundance in the four ports. While groups III, IV, V, VI, VII consists of 12 species, representing 

the rare species with low abundance, found only in Goa (Zuari estuary).  

 

3. 4. Discussion  

3. 4. 1. Dinoflagellate planktonic motile stages from the different ecosystems. 

The sampling approach adopted in this study yielded more information on dinoflagellate 

species-richness, i.e., 52, 33, and 6 species in Cochin, New Mangalore, and Kandla, respectively 

(Table 1) than those publications using standard sampling strategies (Gopinathan, 1972; 

Devassy et al., 1974; Madhu et al., 2010, 2011; Rath et al. 2018). The sample rarefaction curve 

for dinoflagellate motile-stages and cysts from all stations of each of the ports revealed that 

curves approach an asymptote but do not level out (Figs.3.26. a, c), indicating that the majority 

of the dinoflagellates in the area had been recorded. This confirms that the method employed 

here was appropriate for the analysis of motile-stages and cysts wherein the majority of all the 
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species have been encountered. From the water column, the cyst producing dinoflagellate 

(CPD) contribution was quantified (both qualitatively and quantitatively) for the first time, and 

it was ∼36.5% (i.e., 19 of 52 species recorded are CPD), ∼30.3% (i.e., 10 of 33 species recorded 

are CPD), ∼16.66% (i.e., 1 of 6 species recorded are CPD) in Cochin, New Mangalore, and 

Kandla ports, respectively. CPD contribution to the total planktonic-motile-stages went up to 

52%, 25%, and 10% in Cochin, New Mangalore and Kandla. This study recorded 10 CPD 

(including eight potentially harmful) and 19 non-CPD (including three potentially harmful), 

which were not reported in earlier studies from this region (Fig. 3.3, 3.8, 3.12), thereby 

expanding their documented geographic distribution. Further, Dayala et al. (2014), who worked 

in the northern and southern sides of the Cochin port, reported just 21 dinoflagellate species 

(including 9 CPD) from samples concentrated from 100 L after passing through 20 μm mesh 

during three different seasons.  Probably prevalence of low salinity in their study location could 

be the reason for the low dinoflagellate abundance and species richness.  However, there is 

extensive variation in plankton stages within the water column at any given time and space. 

These findings highlight the importance of sampling site selection, which is based on the nature 

of activities related to shipping and the appropriate sampling approach to generate 

dinoflagellate diversity (including CPD and potentially harmful species) as much as possible. 

The present survey on planktonic dinoflagellate diversity from three major ports, with different 

environmental settings, along the west coast of India revealed 54 species. The highest number 

of motile stage types and abundance was recorded in New Mangalore port (marine), followed 

by Cochin (estuarine port), and the least in Kandla (marine but hypersaline) port (Fig. 3.19, 

3.20). Nutritionally, autotrophs, mixotrophs, and heterotrophs dominated Cochin, New 

Mangalore, and Kandla ports, respectively. Among the species recorded, G. spinifera complex, 

Pyrophacus steinii, and Protoperidinium pentagonum occurred round the year in the water 

column and sediments, implying that they produce cysts throughout the year in New Mangalore 

and Cochin ports.   
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Figure 3. 26. Sample rarefaction curves for (a, c, and e) dinoflagellate motile stages and (b, d, 
and f) cyst from all the ports (a-b) Cochin port, (c-d),New Mangalore port, (e-f) Kandla port. 
Rarefaction curves was performed using PAST (PAleontological STatistics) software. 
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The study also recorded some HAB species (Karenia brevis, K. mikimotoi, and Noctiluca 

scintillans) responsible for causing frequent blooms on the west coast of India (especially in 

Goa, Mangalore, and Cochin regions) (D’Silva et al. 2012). K. mikimotoi in Cochin and 

Gonyaulax polygramma in New Mangalore was documented, while Noctiluca scintillans was 

observed in both Cochin and New Mangalore port. Among the studied ports, Cochin and New 

Mangalore port are at high risk to future HAB events due to HAB species dominance in the 

region (Fig. 3.19-21). There is a rising trend in the incidences of HAB events (e.g., blooms of 

Gonyaulax, Noctiluca) in the Indian exclusive economic zone (Padmakumar et al., 2012; 

Padmakumar et al., 2018; Baliarsingh et al., 2018) and therefore, vigilant HAB monitoring is a 

need of the hour.  

 

3. 4. 2. Distribution of dinoflagellate cyst from different ecosystems. 

The present survey on dinoflagellate cyst diversity from three major ports and estuary, with 

different environmental settings, along the west coast of India revealed 43 species.  The highest 

number of cyst types and abundance was recorded in Cochin (estuarine port), followed by New 

Mangalore port (marine), Goa (Zuari estuary), and the least in Kandla (marine but hypersaline) 

port (Fig. 3.19).  Even considering the reported cyst assemblage from the other major ports, 

Mumbai and JNPT Ports (D'Costa et al., 2008) and Goa (D'Silva et al., 2011) along the west 

coast of India, cyst abundance and diversity was highest and lowest in Cochin and Kandla port 

respectively (Fig. 3.23).  These findings suggested that the dinoflagellate cyst abundance and 

species number showed a decreasing trend with respect to the geographical location of the ports 

(i.e., from south to north) in the following order: Cochin (southern port) - New Mangalore – 

Goa - Kandla (northern port) (Fig. 3.23. a, f). Interestingly, the change in nutritional mode 

dominance according to geographical location of the port was also evident, i.e., autotrophic and 

heterotrophic cysts were dominant in southern (Cochin, New Mangalore, and Goa) and northern 

(Mumbai/JNPT and Kandla) ports, respectively. The previous studies suggested heterotrophic 

dominance along the west coast of India (D’Silva, et al. 2012), but there has been a decadal 

change in the dominance from heterotrophic to autotrophic forms in the Cochin port (Rodrigues 

et al. 2019).  Such a paradigm shift might be due to a change in environmental settings as the 

autotrophs and heterotrophs respond directly and indirectly to the environment. 

Species composition revealed that though most of the species were recorded in the studied ports, 

few species with port-specific distribution are considered uncommon species.  For instance, 5, 

1, 3 occurred only in Kandla, New Mangalore, and Cochin port, respectively (Fig. 3.24.a.b). 
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Before this study, available reports from the major ports (Goa, Mumbai, and Mangalore) 

suggested the presence of 69 cysts types (Godhe et al. 2000, D’Costa et al. 2009, D’Silva et al. 

2011, 2013) and with the present study, due to record of 6 new species records (including one 

potential HAB species), the total no of cysts types is 75. The six new species include 

Bitectatodinium spongium (autotrophic), Gonyaulax elongatum (autotrophic), Blixaea 

quinquecornis (heterotrophic and potential HAB species), Brigantedinium spp. (heterotrophic), 

Dinocyst sp1 and Dinocyst sp2.  Among the studied ports, only Cochin port has some cysts data 

for the year 2000 from selected (D’Silva et al. 2011), and the comparison revealed that this 

study listed more 11 cyst types (including three potentially harmful).  Even the abundance of 

the dominant species (G. spinifera complex and some Protoperidinium spp.) showed an 

increasing trend over the last decade (Rodrigues et al. 2019), suggesting the possible role of 

change in the environment and increased anthropogenic activities cannot be ruled out but needs 

a further investigation. Nevertheless, the detailed checklist of cyst types and its morphological 

details presented here as part of port biological baseline survey (PBBS) will be valuable in the 

studies related to microalgal (dinoflagellate per se) biodiversity and invasion, hereafter. 

Documenting cysts of harmful dinoflagellates from the field is considered as one of the 

strategies in HAB monitoring (Anderson et al. 2012; Ribeiro et al. 2012) as viable cysts can be 

a precursor for blooms.  Given this, the present study list the presence of potential 11 HAB 

species from the six major ports along the west coast of India (Godhe et al. 2000, D’Costa et 

al. 2009, D’Silva et al. 2011, 2013, Narale et al. 2013). Of the 11 species, 8 (Alexandrium 

tamarense complex, Cochlodinium sp, Gonyaulax scrippsae, G. spinifera complex, 

Scrippsiella acuminate, Protoceratium reticulatum, Lingulodinium polyedra and Blixaea 

quinquecornis) potentially HAB species are documented, emphasizing the potential risks of 

HAB events under favorable condition in the studied three ports.  Most of these HAB species 

are known to produce a variety of toxins (saxitoxins, yessetoxins, and icthyotoxins) and 

responsible for water discoloration and oxygen depletion (Table 2). The autotrophic 

dinoflagellates (Alexandrium tamarense complex, G. spinifera complex, Lingulodinium 

polyedra, Protoceratium reticulatum, Scrippsiella acuminata) are known for causing 

potentially toxic HABs, and these species were most dominant in the Cochin and New 

Mangalore ports (Fig. 3.24.a.b).  Although no major HABs have been reported during the 

survey.  The previous instances of HAB events or shellfish poisoning outbreaks in and around 

the Cochin and New Mangalore ports have also been documented (e.g., Madhu et al. 2011, 

Padmakumar et al. 2012 and 2018).  And since Gonyaulax spp. blooms have recently been 

reported along the Indian coasts (e.g. Padmakumar et al. 2018, Baliarsingh et al. 2018, Kumar 
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et al. 2020); the dominance of these cysts might pose a concern and needs a vigilant approach 

as there is a rising trend in the incidences of HAB events in the Indian exclusive economic zone 

(Padmakumar et al. 2012). Similar to motile-stages, cysts data also indicated that the Cochin 

port, New Mangalore port and Zuari estuary are prone to future HABs event compared to 

Kandla port due to the dominance of HAB species in the region (Fig. 3.24.a.b). Studies 

indicated that the dinocysts act as a seed population and play an important role in the population 

dynamics of the dinoflagellates (Ishikawa and Taniguchi 2000).  However, a more extensive 

study needs to be undertaken to monitor the dinocyst for understanding HABs event from other 

port (minor) along India's coast.  

 

3. 4. 3. Comparison between dinoflagellate motile stages and benthic cysts 

The higher species number found in this study compared to previous studies, together with the 

higher species numbers in the cyst assemblages compared to the planktonic assemblages, 

suggest that cyst assemblages provide a more complete overview of CPD present in the region 

(Dale, 1976; Dodge and Harland, 1991; Montresor et al., 1998; Godhe et al., 2001). A 

comparison of motile-stages and cysts data from Cochin port revealed the presence of 41 CPD 

(including 12 potentially harmful; Figs. 3.3 and 3.4), of which only 13 CPD (including six 

potentially harmful), were found in both water and sediments (Figs. 3.3 and 3.4). In New 

Mangalore port, the presence of 37 CPD (including 7 potentially harmful; Figs. 3.8 and 3.9), of 

which only 8 CPD (including three potentially harmful), were found in both water and 

sediments (Figs. 3.8, 3.9). In Kandla port, the presence of 16 CPD (including 3 potentially 

harmful; Figs. 3.14 and 3.15), of which only 1 CPD, was found in both water and sediments 

(Figs. 3 .14, 3.15). G. spinifera complex, Pyrophacus steinii, and Protoperidinium pentagonum 

occurred round the year in the water column and sediments, implying that they produce cysts 

throughout the year (except Kandla port). Interestingly, the relationship between the abundance 

of motile-stages and cysts showed different trends for Cochin and New-Mangalore ports.  In 

Cochin, particularly for heterotrophs, an inverse trend was observed (Fig. 3.5) and. In contrast, 

for New Mangalore port, a linear trend was observed suggesting different kinds of linkages 

between motile-stages and cysts.  A study from Onagawa Bay, northeast of Japan, also indicated 

that the benthic cysts might act as a seed population and play an important role in the 

dinoflagellates' population dynamics (Ishikawa and Taniguchi, 2000). However, a more 

extensive study needs to be undertaken (including sampling at additional times of the year, 

using sediment traps and estimation of germiable cysts and motile-stages from unpreserved 
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samples) for the verification of the existence of an observed relation between cysts and motile 

stages. 

 

3.5. Conclusions 

The proposed targeted sampling strategy adopted in this study yielded sufficient information 

(qualitatively and quantitatively) on dinoflagellates motile stages compared to the standard 

method employed in regions categorized by high suspended particulate matter and high species 

diversity but low dinoflagellate abundance. Cyst producing dinoflagellate contribution was 

reported for the first time from the water column and was higher in Cochin port (32-52%) 

followed by New Mangalore port (5-22%) and Kandla port (0-16%). Planktonic motile stages 

(water column) and cysts (sediment) data facilitated to document of more new species 

(including potential HAB species) for the region. This study recorded the highest number of 

likely HAB species and six new species Bitectatodinium spongium, Gonyaulax elongatum, 

Blixaea quinquecornis (potential HAB species), Brigantedinium spp., Dinocyst sp1 and sp2 

from the region. The findings suggested that the dinoflagellate cyst abundance and species 

number showed a decreasing trend with respect to the ports' geographical location (i.e., from 

south to north). Cochin and New Mangalore port are highly at risk to future HABs event 

compared to Kandla port as most of the HAB species are dominant in this region.  
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Chapter 4. Relationship between environmental parameters and cyst producing 

dinoflagellates. 

4.1 Introduction. 

The dinoflagellate distribution, accumulation patterns, and the encystment or excystment are 

influenced by environmental factors such as turbidity, nutrients, temperature, salinity, and 

pollution (e.g., Taylor, 1987; Triki et al., 2017). Hence, the benthic dinoflagellate cyst 

assemblages encode information about the community in the water (Dale, 1976) and can 

provide substantial information on biological processes and interactions within the aquatic 

ecosystems. Thereby cyst assemblages have been considered as useful 

ecological/environmental indicators or proxies to determine variations in the upper water 

conditions such as cultural eutrophication, changes in sea-surface salinity and temperature, 

turbulence and nutrient/trace element content, as well as changes in sedimentary conditions 

(e.g., Mertens et al., 2009a, 2009b, 2010, 2012, Zonneveld et al., 2012 and references therein, 

Aydin et al., 2015).  

Given this, the relationship between the environmental variables and cyst producing 

dinoflagellate (planktonic motile-stages and benthic cyst) were undertaken in this study. In this 

chapter, the influence of environmental variables, including water quality (based on TRIX score 

and salinity), on the distribution of cyst producing dinoflagellates was addressed from different 

major port ecosystems (with different environmental settings) and Zuari estuary. These 

ecosystems are of concern because they are highly prone to bioinvasion, eutrophication, or 

pollution due to increased anthropogenic activities, such as industrial waste management and 

ballast waters exchanges from ships (Rath et al. 2018 and references within).  The increased 

human activities in these systems over the past several decades have resulted in considerable 

ecological alterations that have become a major threat to the ecosystem functioning (Naik and 

Kunte 2016; Verlecar et al. 2006; Shirodkar et al. 2008, 2010; Madhu et al., 2007; Balachandran 

et al., 2005; Martin et al., 2011, 2013) and estuarine biology (Jose et al., 2011; Martin et al., 

2012; Parvathi et al., 2015). Pollution index/trophic index (TRIX) for the region such as Cochin 

and New Mangalore ports confirm that the system is polluted/eutrophic (Chakraborty et al., 

2014; Rajaneesh et al., 2015; Rath et al., 2018). Since there are strong relations between 

dinoflagellate cyst assemblages and eutrophication/pollution (Pospelova et al. 2002 and 2005), 

it is presumed that in these systems, the influence of human-induced ecological alterations, 

including eutrophication, will be reflected in the dinoflagellates communities, including cyst 

assemblages. Given this, the relationship between the following: (i) Trophic index (TRIX) and 

measured community indices and (ii) salinity and measured community indices/composition 
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were investigated.  In this study, the data on dinoflagellate community parameters (species 

diversity and richness) and composition was further used to assess the trophic status (by 

comparing with available indices for eutrophication/pollution) for identifying new 

environmental proxies.  The information generated will lead to an additional contribution to the 

growing body of knowledge on dinoflagellates as ecological proxies. 

 
4.2. Methodology 

The details of sample collection and analysis about planktonic motile stages and benthic cysts 

from different ports (Kandla, New Mangalore, and Cochin) and estuarine (Zuari Estuary, Goa 

only for benthic cysts) are presented in chapter 2. 

 

4.2.1 Data analysis 

The evaluation of the relationship between the environmental parameters and the abundance 

data of dinoflagellates ordination analysis was performed using pooled data sets (as detailed in 

the previous chapter).  The program CANOCO v.4.5 was used to perform the multivariate and 

ordination analyses. Before analysis, detrended correspondence analysis (DCA) for motile-

stages and cysts composition data was engaged for selecting the type of ordination methods, 

i.e., linear or unimodal ordination as described by Lepš and Šmilauer (2003).  Based on the 

output of the DCA (gradient length), Canonical Correspondence Analysis (CCA) was 

performed for the Cochin and New Mangalore ports and Redundancy Analysis (RDA) for 

Kandla Port and Zuari estuary datasets. Both CCA and RDA were also performed using 

CANOCO version 4.5. For motile-stages and cysts data, RDA and CCA were performed using 

environmental data corresponding to surface and near-bottom.  Before SIMPER, CCA, and 

RDA, all the abundance data were log(x+1) transformed.   

Additionally, SIMPER (Similarity percentages) analysis was also performed to study the 

dinoflagellates (both motile stages and cysts) distribution with respect to salinity.  For analysis, 

factors values (1 to 7) corresponding to seven salinity ranges (38 to 30, 29.99 to 25, 24.99 to 

20, 19.99 to 15, 14.99 to 10, 9.99 to 5, and 4.99 to 0.5) were selected. Based on the salinity 

value, a factor value for each station during each season was assigned, i.e., four seasons and 

stations.  After that, SIMPER analysis was performed using one factor (salinity) design with 

Bray Curtis similarity as a measure.  The output of SIMPER analysis (i.e., similarity percentage 

contribution of each species to each salinity range or factor value) was further utilized to 
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categorize the recorded species according to their distribution into several levels (6 –  cysts and 

7 – motile stages) of salinity ranges and are referred as euryhaline I (0.5 to >30), euryhaline II 

(10 to >30), euryhaline III (20 to >30), stenohaline I (>30) and stenohaline II (<30). SIMPER 

analysis was performed separately for cysts and motile stages.  For the analysis of motile stages, 

surface salinity was used, while for cyst, both surface and near-bottom salinities were used.   

SIMPER analysis was performed using PRIMER version-6 software. 

Additionally, scatter plots were also used to access the relationship between the following: (i) 

salinity and measured community indices and (ii) Trophic index (TRIX) and measured 

community indices. TRIX, proposed by Vollenweider et al. (1998), is based on chlorophyll, 

oxygen saturation, and dissolved inorganic nutrients (nitrogen and phosphorus) and is used to 

evaluate the trophic status. TRIX was calculated using the equation TRIX= (log10 (chl a × a%O2 

× DIN × DIP) - k)/m, where chl a is in mg m-3, a%O2 is the absolute value of the percentage 

of DO saturation (abs |100 - %O2| = %O2), DIN is dissolved inorganic nitrogen including NO3
-

, NO2
-,NH4

+ in mg m-3 and DIP is dissolved inorganic PO4
3- in mg m-3. The constants k- 3.5 

and m- 0.8 are scale values obtained from Vollenweider et al. (1998) to adjust TRIX scale 

values (reads from 0 to 10) with a level of eutrophication in the ports. According to this method, 

TRIX scores lesser than 4 indicate low eutrophication with a high state of water quality; scores 

between 4 and 5 indicate medium eutrophication with a good state of water quality; scores 

between 5 and 6 indicate high eutrophication with a bad state of water quality and scores greater 

than 6 indicate elevated levels of eutrophication with the poor state of water quality. For 

comparison, the TRIX data collected under the same sampling program by Rajaneesh et al. 

(2015) and Rath et al. (2018) from the Cochin and New Mangalore ports were utilized, while 

for Kandla port TRIX score calculated as above. However, the TRIX calculation for the Zuari 

estuary was not performed due to the non-availability of DO. 

 

4.3. Results 

4.3.1 Environmental settings and community indices in different ecosystems during 

sampling. 

The environmental parameters measured showed distinct seasonal variations in all the studied 

ports. However, the seasonal patterns varied according to the geographical location of the ports. 

Water temperatures in the ports are relatively warmer in pre-monsoon and cooler during 

southwest monsoon (SWM) and post-monsoon. The averaged salinity variations were marginal 

(30–40) and large (8–38) in marine (Kandla, New Mangalore) and estuarine ports (Cochin, 
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Zuari estuary), respectively. The low salinity observed in marine and estuarine ports was due 

to freshwater influx during monsoons. Interestingly, the estuarine port systems are nutrient 

(NO3, PO4, and SiO4) rich than marine ports. However, the magnitude varies between the ports. 

For instance, among these ports, the magnitude of nutrient concentrations was higher for Kandla 

than Cochin New, Mangalore ports, and Zuari estuary (Table 4.1.1-4). Among the marine ports, 

nutrients showed a distinct seasonal variability, but the seasonal patterns varied between the 

Kandla, New Mangalore, Cochin ports, and Zuari estuary located on the west coast of India.  

The trophic index (TRIX) of the studied systems revealed that Kandla port (3-4) had a higher 

state of water quality with low eutrophication level, Mangalore port (4-5) had a good state of 

water quality with medium eutrophication level, and Cochin port (5-6) had a bad state of water 

quality with high eutrophication level. The ranges for each of the environmental parameters are 

summarized in table (4.1-4). In Cochin and New Mangalore, stations were dominated by slit 

around the year. While In Kandla port and Zuari estuary, it was the sand that dominant in the 

station throughout the year (Table 4.1-4).  
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Table 4. 1.  a Seasonal variations in environmental parameters of surface water of Cochin port. 

 

 
 

 

 

 

  

Parameters Season AC MC EC
PoM-I 29.75 ± 0.95 29.14 ± 0.57 29.21 ± 0.82

PoM-II 30.09 ± 0.23 30.25 ± 0.47 30.15 ± 0.23
PrM 30.21 ± 0.21 29.74 ± 0.40 30.02 ± 0.47
Mon 27.14 ± 0.13 27.77 ± 0.47 27.52 ± 0.23

PoM-I 25.58 ± 6.75 17.86 ± 8.60 16.91 ± 7.0
PoM-II 23.56 ± 5.00 28.17 ± 5.58 26.58 ± 6.81

PrM 19.75 ± 2.14 22.3 ± 6.56 17.6 ± 6.66
Mon 7.25 ± 2.98 11.39 ± 10.26 11.18 ± 12.31

PoM-I 27.76 ± 1.83 27.27 ± 6.54 26.69 ± 7.43
PoM-II 30.45 ± 21.43 19.23 ± 3.98 19.29 ± 6.15

PrM 35.9 ± 21.07 38.84 ± 12.00 46.09 ± 7.56
Mon 23.07 ± 0.75 24.39 ± 3.89 27.35 ± 11.11

PoM-I 0.28 ± 0.18 0.43 ± 0.51 0.24 ± 0.48
PoM-II 0.40 ± 0.14 0.63 ± 0.20 0.48 ± 0.25

PrM 1.1 ± 0.14 1.3 ± 0.22 1.02 ± 0.26
Mon 1.07 ± 0.61 0.83 ± 0.37 2.03 ± 0.70

PoM-I 4.07 ± 2.57 3.59 ± 1.87 4.02 ± 2.55
PoM-II 3.85 ± 0.80 3.80 ± 1.70 4.45 ± 3.10

PrM 6.95 ± 2.62 6 .00 ± 0.62 5.85 ± 0.93
Mon 7.72 ± 1.53 8.48 ± 0.43 10.05 ± 5.65

PoM-I 4.95 ± 3.74 2.77 ± 0.58 2.49 ± 0.73
PoM-II 4.00 ± 11.84 2.22 ± 0.91 2.46 ± 0.94

PrM 3.5 ± 1.56 4.37 ±1.35 3.93 ± 0.85
Mon 3.15 ± 0.99 3.25 ± 0.23 3.48 ± 0.90

PoM-I 30.75 ± 21.57 46.10 ± 13.14 59.30 ± 19.38
PoM-II 53.65 ± 9.55 34.70 ± 18.68 44.58 ± 16.20

PrM 37.2 ± 13.29 43.89 ± 5.90 46.19 ± 6.11
Mon 36.52 ± 13.46 35.77 ± 4.33 49.26 ± 19.64

PoM-I 12.00 ± 4.20 14.34 ± 3.80 13.52 ± 4.00
PoM-II 16.67 ± 13.97 36.75 ± 33.81 35.75 ± 22.63

PrM 28.70 ± 10.3 52.79 ± 27.6 36.59 ± 25.49
Mon 9.53 ± 1.60 32.58 ± 20.96 48.01 ± 27.30

Surface water

Nitrate (µM)

Phosphate (µM)

Silicate (µM)

Chlorophyll a  (µg/L)

Temperature (0C)

Salinity

Ammonia (µM)

Nitrite (µM)
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Table 4. 1.  b Seasonal variations in environmental parameters of near bottom waters of Cochin 
port. 

Parameters Season AC MC EC
PoM-I 28.06 ± 0.01 28.52 ± 0.31 27.84 ± 0.85

PoM-II 30.19 ± 0.17 30.36 ± 0.20 30.26 ± 0.14
PrM 29.15 ± 0.51 28.69 ± 0.38 29.15 ± 0.74
Mon 24.79 ± 1.00 25.71 ± 1.37 25.08 ± 1.41

PoM-I 31.08 ± 3.56 30.70 ± 3.20 24.08 ± 13.17
PoM-II 32.99 ± 2.83 30.28 ± 4.12 30.31 ± 5.70

PrM 28.08 ± 9.17 27.15 ± 2.73 23.12 ± 5.71
Mon 28.00 ± 7.85 17.14 ± 12.63 19.41 ± 14.24

PoM-I 25.9 ± 5.94 26.40 ± 4.77 28.62 ± 6.18
PoM-II 19.9 ± 6.93 17.07 ± 2.89 15.16 ± 3.53

PrM 43.65 ± 14.64 49.66 ± 10.27 44.82 ± 6.25
Mon 29.35 ± 1.91 23.78 ± 3.08 20.16 ± 6.10

PoM-I 0.40 ± 0.57 0.53 ± 0.33 0.21 ± 0.32
PoM-II 0.85 ± 0.35 0.60 ± 0.15 0.46 ± 0.19

PrM 1.05 ± 0.07 1.31 ± 0.16 0.94 ± 0.28
Mon 1.4 ± 1.27 1.01 ± 0.51 1.96 ± 0.57

PoM-I 2.85 ± 1.34 3.32 ± 1.76 4.48 ± 0.79
PoM-II 2.10 ± 0.57 2.02 ± 0.66 2.15 ± 0.69

PrM 4.7 ± 1.70 4.91 ± 1.18 4.97 ± 1.28
Mon 3.4 ± 2.40 4.75 ± 2.09 3.55 ± 3.13

PoM-I 2.15 ± 1.34 3.57 ± 1.55 3.49 ± 1.06
PoM-II 2.70 ± 0.57 2.86 ± 0.75 1.85 ± 0.62

PrM 4.95 ± 2.47 4.19 ± 0.89 3.87 ± 0.87
Mon 4.65 ± 0.35 4.65 ± 1.09 3.54 ± 0.37

PoM-I 23.45 ± 8.41 29.74 ± 10.35 27.37 ± 14.62
PoM-II 20.55 ± 12.23 22.29 ± 9.17 19.03 ± 12.33

PrM 43.6 ± 12.30 36.99 ± 8.49 38.51 ± 13.27
Mon 43.35 ± 5.44 34.26 ± 5.38 37.36 ± 5.14

PoM-I 12.64 ± 10.19 23.20 ± 13.67 23.29 ± 21.35
PoM-II 9.74 ± 4.23 9.01 ± 2.96 17.98 ± 10.59

PrM 24.70 ± 12.98 19.29 ± 22.22 20.95 ± 21.93
Mon 3.88 ± 0.80 12.23 ± 22.22 14.82 ± 6.97

Nitrate (µM)

Phosphate (µM)

Silicate (µM)

Chlorophyll a  (µg/L)

Bottom

Temperature (0C)

Salinity

Ammonia (µM)

Nitrite (µM)
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Table 4. 2. a Seasonal variations in environmental parameters of surface water of New 
Mangalore port. 

 

 

 

Parameters Seasons AC SAC OBC
PoM-I 29.66 ± 0.1 29.7 ± 0.09 29.41 ± 0.12

PoM-II 29.14 ± 0.24 29.27 ± 0.07 29.31 ± 0.16
PrM 29.44 ± 0.41 29.44 ± 0.21 29.62 ± 0.29
Mon 26.29 ± 0.42 26.1 ± 0.57 25.7 ± 0.3

PoM-I 35.81 ± 0.04 35.87 ± 0.07 36.05 ± 0.03
PoM-II 34.71 ± 0.14 34.77 ± 0.09 34.8 ± 0.09

PrM 35.66 ± 0.22 35.87 ± 0.4 35.67 ± 0.05
Mon 34.33 ± 0.19 34.37 ± 0.38 34.35 ± 0.4

PoM-I 40.11 ± 4.84 39.47±5.19 40.2 ± 6.08
PoM-II 18.03 ± 4.39 22.2 ± 4.66 15.14 ± 1.87

PrM 23.59 ± 8.96 29.83 ± 8.42 21.42 ± 5.13
Mon 26.13 ± 7.63 31.27 ± 12.16 31.18 ± 6.35

PoM-I 4.91 ± 2.93 3.79 ± 0.79 4.12 ± 5.48
PoM-II 4.47 ± 0.86 6.1 ± 1.07 4.78 ± 1.04

PrM 1.76 ± 0.67 1.96 ± 0.85 1.52 ± 0.22
Mon 0.57 ± 0.23 0.54 ± 0.16 0.58 ± 0.15

PoM-I 10.01 ± 7.2 9.36 ± 5.16 5.26 ± 4.33
PoM-II 3.34 ± 1.15 4.4 ± 1.32 3.8 ± 0.77

PrM 5.37 ± 3.53 6.57 ± 2.59 3.17 ± 2.91
Mon 0.74 ± 0.32 0.93 ± 0.44 0.15 ± 0.11

PoM-I 1.93 ± 0.37 2.19 ± 0.67 2.68 ± 0.37
PoM-II 1.9 ± 0.55 2.81 ± 0.35 1.98 ± 0.45

PrM 2.64 ± 2.99 1.27 ± 0.33 1.25 ± 0.98
Mon 2.32 ± 0.33 2.68 ± 0.69 3.33 ± 0.5

PoM-I 25.46 ± 10.35 13.83 ± 9.04 45.9 ± 6.3
PoM-II 14.69 ± 5.2 22.47 ± 4.61 14.84 ± 1.29

PrM 7.66 ± 7.11 8.22 ± 3.83 0.82 ± 0.4
Mon 16.22 ± 4.41 26.23 ± 7.83 29.86 ± 6.4

PoM-I 0.71 ± 0.28 0.71 ± 0.18 0.45 ± 0.15
PoM-II 11.39 ± 4.51 7.54 ± 4.57 8.69 ± 1.64

PrM 12.5 ± 11.2 32.17 ± 8.46 7.13 ± 2.86
Mon 10.46 ± 3.89 19.01 ± 8.73 6 ± 2.19

Chlorophyll a  (µg/L)

Temperature (0C)

Salinity

Ammonia (µM)

Nitrite (µM)

Nitrate (µM)

Phosphate (µM)

Silicate (µM)

Surface water
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Table 4. 2. b Seasonal variations in environmental parameters of near bottom water of New 
Mangalore port. 

 

 

 

Parameters Seasons AC SAC OBC
PoM-I 29.51 ± 0.03 29.56 ± 0.02 29.27 ± 0.07

PoM-II 28.94 ± 0.11 29.21 ± 0.06 29.11 ± 0.06
PrM 27.88 ± 0.27 28.16 ± 0.24 27.85 ± 0.09
Mon 25.19 ± 0.19 24.98 ± 0.1 25 ± 0.14

PoM-I 35.93 ± 0.2 35.93 ± 0.06 35.8 ± 0.46
PoM-II 34.76 ± 0.13 34.7 ± 0.18 34.82 ± 0.07

PrM 36.07 ± 0.37 36.03 ± 0.32 35.95 ± 0.24
Mon 34.81 ± 0.12 34.56 ± 0.35 34.8 ± 0.07

PoM-I 41.8 ± 5.74 34.63  ±  11.28 35.92  ±  4.57
PoM-II 15.91 ± 3.38 22.79 ± 5.91 14.74 ± 5.56

PrM 24.29  ±  5.62 29.88  ±  5.68 21.33  ±  2.47
Mon 28.33  ±  9.65 31.67  ±  6.33 34.06 ± 7.2

PoM-I 5.26 ± 2.03 3.51 ± 1.28 3.56 ± 3.25
PoM-II 3.83 ± 1.12 6.34 ± 0.45 4.8 ± 0.79

PrM 2.28 ± 0.65 1.97 ± 0.52 2.37 ± 0.48
Mon 0.6 ± 0.25 0.47 ± 0.15 0.59 ± 0.2

PoM-I 6.94 ± 6.57 10.4 ± 8.97 7.44 ± 5.52
PoM-II 3.64 ± 2.14 3.29 ± 0.75 2.44 ± 0.65

PrM 8.6 ± 1.89 8.23 ± 2.21 7.72 ± 2.03
Mon 0.49 ± 0.32 1.7 ± 0.73 0.69 ± 0.52

PoM-I 2.76 ± 1.84 2.29 ± 0.69 4.16 ± 2.31
PoM-II 2.09 ± 0.62 2.79 ± 0.41 2.1 ± 0.44

PrM 2.33 ± 0.45 2.71 ± 1.11 1.96 ± 0.63
Mon 3.93 ± 1.04 4.51 ± 0.56 4.43 ± 0.34

PoM-I 34.53 ± 24.88 22.24 ± 18.17 53.08 ± 19.06
PoM-II 14.43 ± 7.17 19.44 ± 2.26 15.84 ± 4.85

PrM 14.54 ± 2.11 15.49 ± 3.37 13.48 ± 4.47
Mon 28 ± 9.59 45.87 ± 4.36 36.12 ± 5.04

PoM-I 1.07 ± 0.91 1.12 ± 0.19 1.74 ± 1.54
PoM-II 7.32 ± 2.03 7.26 ± 1.66 10.59 ± 6.42

PrM 17.34 ± 13.69 8.68 ± 9.08 12.04 ± 14.01
Mon 8.39 ± 4.9 11.22 ± 9.67 3.74 ± 3.26

Chlorophyll a  (µg/L)

Near-Bottom water

Temperature (0C)

Salinity

Ammonia (µM)

Nitrite (µM)

Nitrate (µM)

Phosphate (µM)

Silicate (µM)
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Table 4. 3 1 Seasonal variations in environmental parameters of surface and near bottom water 
of Kandla port. 

 

 

 

 

Parameters Seasons IC OC IC OC
PoM-I 30 ± 0.3 30.2 ± 0.3 30 ± 0.4 30.1 ± 0.3
PoM-II 26.8 ± 0.4 27.8 ± 0.7 26.7 ± 0.3 27.7 ± 0.6

PrM 27.2 ± 1 28.9 ± 0.9 27.3 ± 0.9 28.9 ± 0.9
Mon 20.8 ± 0.1 20.9 ± 0.1 20.7 ± 0.1 20.9 ± 0.2

PoM-I 37.7 ± 0.3 37.8 ± 0.2 37.8 ± 0.4 37.8 ± 0.2
PoM-II 35.9 ± 0 35.7 ± 0.1 36 ± 0.1 35.9 ± 0.2

PrM 24.5 ± 9.4 35.1 ± 8.2 27.1 ± 7.9 35.6 ± 7.5
Mon 40.1 ± 0.4 39.6 ± 0.2 40.3 ± 0.3 37.6 ± 8

PoM-I 15.2 ± 2.7 15.4 ± 3.4 14.9 ± 2.5 15.2 ± 1.1
PoM-II 4.9 ± 0.9 5 ± 0.6 5.2 ± 1.1 5 ± 0.6

PrM 1.6 ± 0.6 1.3 ± 0.3 1.4 ± 0.4 1.3 ± 0.1
Mon 1.2 ± 0.2 1.2 ± 0.2 1.2 ± 0.1 1.2 ± 0.2

PoM-I 4.4 ± 0.7 4.3 ± 0.6 4.7 ± 0.6 4.4 ± 0.4
PoM-II 2.8 ± 0.4 3.1 ± 0.6 3 ± 0.4 2.9 ± 0.5

PrM 6.7 ± 2 7.3 ± 1.7 7.1 ± 1.8 7.3 ± 1.5
Mon 7.1 ± 1.2 6.6 ± 2.2 7.2 ± 1.2 6.9 ± 1.8

PoM-I 7.1 ± 2.5 7.2 ± 1.5 6.8 ± 1.2 6.3 ± 1.9
PoM-II 12.7 ± 5.9 18.6 ± 4.8 14.5 ± 6.8 17 ± 3.1

PrM 11.8 ± 4.7 13.7 ± 6.4 10.7 ± 4.1 13.6 ± 8.2
Mon 15.8 ± 2.5 13.6 ± 2.7 15.7 ± 2.5 14.9 ± 2.3

PoM-I 4.7 ± 1.1 4 ± 1.6 4.1 ± 0.6 3.9 ± 1.2
PoM-II 3.2 ± 0.3 2.9 ± 0.5 3 ± 0.3 3.1 ± 0.6

PrM 3.3 ± 0.3 3.5 ± 1 3.6 ± 0.6 3.2 ± 0.5
Mon 5.8 ± 0.9 4.9 ± 0.6 5.7 ± 1.1 5.1 ± 0.5

PoM-I 57 ± 4.7 51.4 ± 4.3 53.1 ± 4 51.2 ± 2
PoM-II 79.1 ± 8.4 76.3 ± 11.1 81.2 ± 10.9 77 ± 9.9

PrM 31.5 ± 4.3 30.3 ± 6.1 31.1 ± 4.4 31.4 ± 4.9
Mon 134.9 ± 9.5 122.8 ± 5.6 135 ± 9.2 123.9 ± 5.9

PoM-I 0.9 ± 0.3 0.8 ± 0.2 1 ± 0.3 1 ± 0.2
PoM-II 0.5 ± 0.2 0.5 ± 0.2 0.4 ± 0.2 0.4 ± 0.2

PrM 0.5 ± 0.3 0.5 ± 0.4 0.4 ± 0.3 0.7 ± 0.6
Mon 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1

Surface water

Nitrate (µM)

Phosphate (µM)

Silicate (µM)

Chlorophyll a  (µg/L)

Near-Bottom water

Temperature (0C)

Salinity

Ammonia (µM)

Nitrite (µM)
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Table 4. 4 1 Seasonal variations in environmental parameters of surface and water of Zuari 
estuary. 

 

Parameters Seasons DS MS US
PrM 30 ± 1.4 30.8 ± 1.9 30.3 ± 2.5
Mon 27.9 ± 2.3 29.2 ± 1.9 29 ± 2.7
PoM 27.8 ± 0.8 28.3 ± 0.6 27.3 ± 1.1
PrM 33.8 ± 1.3 22.6 ± 8 2.1 ± 1.9
Mon 31.1 ± 4.7 12.2 ± 11.6 1.2 ± 2.3
PoM 31.2 ± 1.8 15.1 ± 10.4 0.4 ± 0.7
PrM 30.4 ± 10.8 34.6 ± 15.3 36.8 ± 21.3
Mon 53.5 ± 23.5 76.6 ± 29.6 77.1 ± 28.3
PoM 30.3 ± 8.5 43.9 ± 30.3 51.2 ± 38.3
PrM 0.6 ± 0.6 1.3 ± 0.8 0.3 ± 0.1
Mon 0.6 ± 0.4 0.7 ± 0.5 0.4 ± 0
PoM 1 ± 0.6 0.9 ± 0.9 0.3 ± 0.2
PrM 2 ± 1.2 1.7 ± 1.3 3.2 ± 1
Mon 5.1 ± 4.5 7.4 ± 5.7 12.1 ± 7
PoM 3.4 ± 2.4 4.8 ± 2.4 4.3 ± 3.1
PrM 2.2 ± 1.2 2.6 ± 0.9 1.7 ± 1.2
Mon 4.1 ± 2.8 3.9 ± 2.8 2.4 ± 1.9
PoM 2.6 ± 1.1 3.2 ± 1.5 2.2 ± 1.5
PrM 14.6 ± 14.1 40.4 ± 27.2 42.4 ± 48.2
Mon 24.7 ± 13.9 18.3 ± 7.6 24.7 ± 11.9
PoM 23.7 ± 12.2 48.6 ± 26.8
PrM 1.1 ± 0.7 3.4 ± 2.2 2 ± 0.5
Mon 1.8 ± 1.1 3.9 ± 2.4 4.1 ± 1.2
PoM 2.8 ± 0.1 7.1 ± 0.5 1.4 ± 0.4

Nitrate (µM)

Phosphate (µM)

Silicate (µM)

Chlorophyll a (µg/L)

Surface water

Temperature (0C)

Salinity

Ammonia (µM)

Nitrite (µM)
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4.3.2. Ordination analysis to evaluate the relationship between environmental variables 

and cyst producing dinoflagellate from different ecosystems 

Cochin Port: In station biplots of AC, MC, and EC, the stations during PrM and PoMs were 

positioned with high salinity, temperature, and nutrient levels, while during Mon, stations were 

positioned with low salinity and higher nitrate level (Fig. 4.1.a). A distinct grouping of stations 

representing a season was observed in the biplots of motile stages. The CCA of cyst abundance 

with surface and near bottom environmental variables showed different patterns. In station 

biplots of AC, MC, and EC with surface environmental variables, the stations during PrM, Mon, 

and PoM II were positioned towards lower salinity and high phosphate and nitrogen sources. 

While PoM I stations were positioned toward higher salinity and silicate sources (Fig. 4.1.b). 

Results obtained here are quite similar to those observed for motile stages (Fig. 4.1.a). Whereas 

for CCA of cyst abundance with surface and near-bottom environmental variables, no such 

distinct seasonality was observed. In station biplots of AC, MC, and EC with bottom 

environmental variables, showed that the stations during PoM I & II were positioned toward 

higher temperature and salinity. In contrast, PrM and Mon are placed toward higher nutrient 

levels, lower salinity, and temperature (Fig. 4.1.a). Such differences were mainly due to the 

prevalence of salinity stratification, i.e., low and high saline waters in the surface and near-

bottom, respectively, during the sampling period. The frequent benthic resuspension due to 

freshwater discharge and dredging activities around the year is another reason for the weak 

relation between cyst community and environment. 
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Figure 4. 1. Ordination diagrams for stations and seasons based on canonical correspondence 
analysis of the dinoflagellates (a. motile-stages and b. cysts) with surface and c. cyst with near 
bottom environmental conditions of Cochin port.   

 

New Mangalore Port: The canonical correspondence analysis using dinoflagellate (motile 

stages and cyst) of a Mangalore port (a coastal port) revealed that the station biplot (AC, SAC, 

and OBC) of motile stages and cysts showed distinct seasonal distribution with respect to the 
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environmental parameter (Fig.4.2.a and 4.2.b). In motile stage biplots, the stations during PoM-

II showed affinity towards higher nitrite, and phosphate, while PrM is seen with higher salinity, 

nitrates, and chlorophyll a. In Mon, stations showed affinity towards ammonia and silicates. In 

cyst biplots, the stations during both PoM and Mon showed affinity towards lower salinity and 

higher temperature, silicate, phosphate, and ammonia, while during PrM, the affinity was 

towards higher salinity nitrite, and nitrate. 

 

Kandla Port: The seasonality of dinoflagellate motile stages and cyst was analysed in 

relationship to environmental parameters in the Redundancy Analysis (RDA) (Fig. 4.3.a.b and 

Fig. 4.5.a.b). For motile stages, the first and second RDA axes explain 36.7 and 32% of the 

variance in species data. The physicochemical variables were not significantly related to the 

dinoflagellate motile stage in Kandla port. The ordination of dinoflagellate motile stage taxa 

along this gradient provides further evidence that dominant species during PrM are associated 

positively with Chla, nitrate, and nitrite (Fig. 4.3.a). The dominant gradient illustrated in the 

biplots is most easily described with regard to the seasonal sampling. No seasonal grouping of 

stations was observed for motile stages (Fig. 4.3.b). 

For cyst, the first and second RDA axes explain 39.7 and 29.1 % of the species data variance. 

No significantly physicochemical variables that were  
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Figure 4. 2. Ordination diagrams for station based on CCA of the a) motile dinoflagellates and 
b) cyst with environmental conditions from New Mangalore port. The colour purple, green, red, 
and blue corresponds to PoM-I, PrM, Mon and PoM-II seasons, respectively. Species codes are 
given in Appendix. Temp, D.O, Chl a, Si, PO4, NO2, NO3, NH3 corresponds to temperature, 
dissolved oxygen, chlorophyll a, silicate, phosphate, nitrite, nitrate and ammonia, respectively.  
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Figure 4. 3. Ordination diagrams for a. species and b. station based on Redundancy analysis 
(RDA) of the dinoflagellates motile-stages with environmental conditions from Kandla port. 
The numbers 1, 2, 3, 4 corresponds to PoM-I, PrM, Mon and PoM-II seasons, respectively. 
Species codes are given in Apendix. Temp, D.O, Chl a, Si, PO4, NO2, NO3, NH3 corresponds 
to temperature, dissolved oxygen, chlorophyll a, silicate, phosphate, nitrite, nitrate and 
ammonia, respectively. IC – Inner channel and OC- Outer channel 

a) 

 

 

 

 

 

 

 

 

 

 

b) 
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Figure 4. 4. Ordination diagrams for a. species and b. station based on Redundancy analysis 
(RDA) of the cyst with environmental conditions from Kandla port. The numbers 1, 2, 3, 4 
corresponds to PoM-I, PrM, Mon and PoM-II seasons, respectively. Species codes are given in 
Table.3.2. Temp, D.O, Chl a, Si, PO4, NO2, NO3, NH3 corresponds to temperature, dissolved 
oxygen, chlorophyll a, silicate, phosphate, nitrite, nitrate and ammonia, respectively. IC – Inner 
channel and OC- Outer channel.  

related to the dinoflagellate cyst were observed. The ordination of dinoflagellate cyst taxa along 

this gradient provides further evidence that the dominant species were associated positively by 

a) 

b)
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temperature and nutrients (nitrate and nitrite) (Fig.4.4.a). The dominant gradient illustrated in 

the biplots is most easily described with regard to the seasonal sampling. Similar to planktonic, 

no seasonal grouping of stations was observed for motile stages (Fig.4.4.b). 

 

Zuari estuary Goa: The seasonality of dinoflagellate cyst was analyzed in relationship to 

environmental parameters in the Redundancy Analysis (RDA) (Fig. 4.5.a.b). The first and 

second RDA axes explain 34 and 14.3 % of the species data variance. The most important 

physicochemical variable that was significantly related to the dinoflagellate cyst was salinity. 

The ordination of dinoflagellate cyst taxa along this gradient provides further evidence that the 

dominant species were positively associated with DO, Chl a, and nutrients (Fig. 4.5.a), and the 

gradient illustrated in the biplots is most easily described with regard to the seasonal sampling. 

The upper left quadrant represents conditions of PoM-I (with moderate temperature and 

salinity, lower nutrients), the upper right quadrant corresponds to conditions of PrM and Mon 

(high DO, Chl a, NH3, NO2 and NO3, lower salinity). This interpretation is supported by the 

ordination of stations (Fig.4.5.b), which shows a clear distribution of stations along this gradient 

depending on the seasons in which they are collected. 
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Figure 4. 5. Ordination diagrams for a. species and b. station based on Redundancy analysis 
(RDA) of the dinoflagellates cyst with environmental conditions from Zuari estuary. The 
numbers 1, 2, 3, corresponds to PrM, Mon and PoM seasons, respectively. Species codes are 
given in appendix. Temp, D.O, Chl a, Si, PO4, NO2, NO3, NH3 corresponds to temperature, 
dissolved oxygen, chlorophyll a, silicate, phosphate, nitrite, nitrate and ammonia, respectively. 
UC- upstream channel, MC- midstream channel, and DC- downstream channel.  

a) 

 

 

 

 

 

 

 

 

 

 

 

b) 
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4.3.3. Community indices versus salinity and Trophic index (TRIX score) 

The community indices (abundance, diversity, and species-richness) versus TRIX scores 

indicated different scenarios for dinoflagellate motile-stages (including CPD) and cyst 

assemblages. This was true for within and between the ports. The community indices for motile-

stages of CPD and cysts did not show much variation concerning TRIX scores in all the ports 

(except Kandla as motile stages of CPD were negligible). However, a distinct variation was 

observed for total dinoflagellate motile-stages. Higher values of community indices coincided 

with the high TRIX scores, and this was mainly due to the occurrence of non-CPD, and this 

was also true with dinoflagellate cysts.  The community indices of dinoflagellate cysts between 

the ports increased with an increase in eutrophication level (TRIX score).  For instance, the 

lowest, intermediate, and highest community and TRIX scores were recorded at Kandla, New 

Mangalore, and Cochin ports, respectively (Fig. 4.7).  

A similar trend exists for the community indices of dinoflagellates motile stages and cysts of 

different nutritional modes, i.e., both autotrophic heterotrophic dinoflagellate motile stages and 

cysts community indices (abundance diversity and species richness) were higher at high TRIX 

scores (Figs. 4.7.a-e and 4.8.a-e).  Interestingly, the results also revealed that the mixotrophic 

dinoflagellates community indices (except abundance) also showed a similar trend, but the 

magnitude was the lowest than autotrophic and heterotrophic dinoflagellates.   



90 
 

 
 

Figure 4. 6. Relationship between trophic index (TRIX) with the total community and their 
nutrition mode forms (i.e. autotrophs, mixotrophs and heterotrophs) (a) abundance, (b) species 
number, (c) species-richness, (d) Fishers index and (e) Shannon-Wiener’s diversity of the three 
ports.  For motile-stages the Trix scores for surface water respectively were used. LE, ME, and 
HE represents Low, Medium and High Eutrophication levels, respectively. 
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Figure 4. 7. Relationship between trophic index (Trix) with the total community and their 
nutrition mode forms (i.e. autotrophs and heterotrophs) (a) abundance, (b) species number, (c) 
species-richness, (d) Fishers index and (e) Shannon-Wiener’s diversity of the three ports.  For 
cysts the Trix scores for near bottom water respectively were used. LE, ME, and HE represents 
Low, Medium and High Eutrophication levels, respectively. 
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In Cochin port, concerning salinity and the community indices (diversity and species-richness) 

for total dinoflagellates revealed wider scatter for motile-stages than for cysts (Fig. 4.8.a-r). The 

observed scatter pattern was mainly due to the influence of freshwater discharges. Higher 

species richness and abundance of motile-stages for autotrophic and heterotrophic 

dinoflagellates were recorded at higher salinities. The same was also observed for autotrophic 

dinoflagellate cysts. Unlike Cochin port, in New Mangalore and Kandla ports, concerning 

salinity, the community indices for total dinoflagellates and cysts didn’t show a wide scatter 

pattern as the salinity variations were minimal (Fig. 4.9 to 4.12). Higher values for species 

richness and abundance of motile-stages and cyst were observed at higher salinities for both 

autotrophic and heterotrophic dinoflagellates.  Interestingly, in the Zuari estuary, higher values 

for species richness and abundance of the cyst were observed at higher salinities for only 

autotrophic dinoflagellates. 
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Figure 4. 8. Relationship between salinity values and community indices i.e. species-richness 
(a–i), Shannon-Wiener’s diversity (j–r) and Fishers index (s–aa) for dinoflagellate motile-stages 
(total dinoflagellates and cyst producing dinoflagellates) and cysts for Cochin port.  For motile-
stages and cysts the salinity values for surface and near bottom water respectively were used. 
Horizontal and vertical error bars corresponding to salinity and the measured community 
indices respectively indicates standard deviation. 
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Figure 4. 9.  Relationship between salinity values and community indices i.e. species-richness 
(a–c), Shannon-Wiener’s diversity (d–f) and Fishers index (g–i) for dinoflagellate motile-stages 
for New Mangalore port.  For motile-stages, the salinity values for surface water respectively 
were used. Horizontal and vertical error bars corresponding to salinity and the measured 
community indices respectively indicates standard deviation. 
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Figure 4. 10.  Relationship between salinity values and community indices i.e. species-richness 
(a–c), Shannon-Wiener’s diversity (d–f) and Fishers index (g–i) for cyst for New Mangalore 
port.  For cyst, the salinity values for near bottom water respectively were used. Horizontal and 
vertical error bars corresponding to salinity and the measured community indices respectively 
indicates standard deviation. 
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Figure 4. 11.  Relationship between salinity values and community indices i.e. species-richness 
(a–b), Shannon-Wiener’s diversity (c-d) and Fishers index (e-f) for dinoflagellate motile-stages 
for Kandla port.  For motile-stages, the salinity values for surface water respectively were used. 
Horizontal and vertical error bars corresponding to salinity and the measured community 
indices respectively indicates standard deviation. 
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Figure 4. 12.  Relationship between salinity values and community indices i.e. species-richness 
(a–c), Shannon-Wiener’s diversity (d–f) and Fishers index (g–i) for cyst for Kandla port.  For 
cyst, the salinity values for near bottom water respectively were used. Horizontal and vertical 
error bars corresponding to salinity and the measured community indices respectively indicates 
standard deviation. 
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4.3.4. SIMPER analysis of dinoflagellate composition concerning salinity 

SIMPER analysis of dinoflagellate motile stages (56 species) and cysts (37 species) revealed 

more euryhaline (38 motile stages and 26 cysts) than stenohaline (18 motile stages and 11 cysts) 

species (Table 4.9.a.b).  However, as expected, maximum number of euryhaline and stenohaline 

species are recorded from estuarine (Cochin port and Zuari estaury) and marine (New 

Mangalore and Kandla ports) ecosystems.   In Cochin port, 10, 20, and three species of motile 

stages occurred at a salinity range of >30-0.5,>30–20, and>30 to 10 are referred to as euryhaline 

I, II, and III, respectively (Table 4.5.a). The analysis revealed that the contribution of only 9 

species was higher and was encountered at most of the tested salinity ranges suggesting 

euryhaline characteristics (Table 4.5.a). The remaining species' distribution is restricted to 

narrow salinity ranges and is referred to as being stenohaline (Table 4.5.a). The distribution of 

species confined to a narrow salinity range, i.e., 0.5–10, 10-20, 20-30, is referred to as 

stenohaline brackish. The species that occurred only>30 are referred to as being stenohaline 

marine (Table 4. 5.a). In contrast, only stenohaline species are observed in New Mangalore (38 

occurred at a salinity range of >30; Table 4.6.a) and Kandla (4 species occurred at a salinity 

range of >30; Table 4.7.a) ports.  Like the dinoflagellate motile stage, cysts of many species 

also showed affinity to wider salinity ranges in the estuarine systems than marine systems.   In 

the case of the cyst from estuarine systems, SIMPER analysis with near-bottom water salinity 

showed the occurrence of several species (i.e. 20 and 38 species in Cochin port and Zuari 

estuary, respectively) at wider salinity ranges of which only 5 species (of which 4 species are 

common) were encountered at all tested salinity ranges and are referred as euryhaline (Tables 

4.5.b).  While the rest of the cyst types encountered at salinity>30 to 5 are referred to as being 

stenohaline marine for both the salinity analyzed as well as stenohaline freshwater cyst types 

encountered at salinity<5 for surface salinity (Tables 4.5.b).  While in marine systems, all the 

recorded 35 species occurred at a salinity range of >30 in New Mangalore port, wherein three 

and six species occurred at a salinity range of >20-25 and >30, respectively in Kandla port 

(Table 4.6.b and 4.7.b). 

Results of SIMPER analysis showing the contribution (%) of (a) dinoflagellate species (motile-

stages) in Cochin (7), New Mangalore (1) and Kandla (1)and (b) dinoflagellate species (cysts) 

in Cochin (6), New Mangalore (1), Kandla (2) and Zuari estuary (6) in salinity ranges were 

observed (Tables 4.5.a.b to 4.8.a.b). Each dinoflagellate's tolerance capability was scaled, i.e., 

euryhaline (I, II, and III) and stenohaline (I and II), based on their contribution to different 

salinity ranges. Also, only the species contributing >10% in at least one salinity range are 
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presented, i.e., representing euryhaline I and II, while the remaining species representing 

euryhaline III and stenohaline are presented in Table 4.9.a.b. 

4.4. Discussion 

The environmental variables showed distinct seasonal variations in each of the studied systems, 

and the same was also clearly reflected in dinoflagellate motile stages than cysts. However, the 

magnitude of seasonal variations was large in estuarine (Cochin port and Zuari estuary) than 

marine (New Mangalore and Kandla ports) systems. The marked variations in estuarine systems 

was mainly due to the changes brought in by a significant influx of freshwater (both river 

discharge and rainfall) than the marine systems wherein only rainfall is the primary cause of 

salinity variations. On the other hand, higher cyst assemblage distribution in Cochin followed 

by New Mangalore port, Zuari estuary, and Kandla port corresponded well with the sediment 

texture (i.e., higher and lower cyst abundance in silty/clayey and sandy bottom, respectively) 

and the higher abundance of motile stages of cyst producing dinoflagellates in the water column 

of the respective systems.  This is because the density of dinoflagellate cyst in surface sediments 

is dependent on the cyst formation potential of dinoflagellate motile stages in the water column 

and the deposition of cyst onto the sediments, which has specific gravity similar to silt particles   

(Dale, 1983; Dale, 2001a).  The ordination analysis revealed that the salinity could be the 

dominant factor for the observed clear distinction in the season of the motile stages for Cochin, 

New Mangalore, and Kandla ports.  Some biplots also indicated the possible relationship with 

variables such as the nutrients (mainly dissolved inorganic nitrogen), temperature, DO, and 

chlorophyll-a, which might have influenced the distribution directly or indirectly. Given this, 

trophic index (TRIX score), an indicator for eutrophication levels, and salinity were used to 

understand the nature of distribution in the studied systems. Since dinoflagellates are 

recognized as indicators of the environmental conditions due to their responses to the changing 

environmental factors in the water column, the subsequent section is deliberated from the 

perspective of water quality.  
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Table 4. 5. a Results of SIMPER analysis showing the contribution (%) of dinoflagellate species (motile-stages) in seven salinity ranges in Cochin 
port. The tolerance capability of each dinoflagellate was scaled i.e. euryhaline (I, II and III) and stenohaline (I) based on their contribution to 
different salinity ranges. 

Contd... 

>30 29.9 to 25 24.9 to 20 19.9 to 15 14.9 to 10 9.9 to 5 4.9 to 0.5
1 Pyrophacus steinii 6.09 9.27 7.45 9.44 33.32 38.3 46.8
2 Scrippsiella acuminata 5.2 6.16 15.57 10.35 0.9 2.21
3 Dinophysis caudata 3.1 0.49 1.37 6.38 9.73 14.82 2.23
4 Protoperidinium quinquecorne 8.83 8.73 11.03 4.79 4.7 0.86 0.29
5 Preperidinium meunieri 5.64 8.2 2.33 4.13 6.57 33.97 4.25
6 Prorocentrum lima 1.83 0.43 0.84 0.38 2.68 0.94
7 Protoperidinium bipes 0.84 0.9 6.24 2.7 0.27
8 Prorocentrum micans 0.93 0.35 0.28 6.79 2.09 0.27
9 Gyrodinium spirale 4.36 1.48 4.97 1.79 0.26
10 Tripos furca 17.29 13.02 14.13 10.93 5.48
11 Protoperidinium pacificum 8.59 5.15 4.67 7.3 24.78
12 Prorocentrum gracile 9.63 16.11 9.34 5.47
13 Karenia mikimotoi 5.43 10.28 6.99 1.13
14 Alexandrium cf. affine 0.52 3.01 5.77 0.47 1.04

15 Gonyaulax spinifera 3.5 3.07 1.55 7.01 0.83

16 Dinophysis sp. 5.22 4.37 3.73 3.68 0.9
17 Protoperidinium divergens 0.29 1.2 0.06 1.32 0.5
18 Akashiwo sanguinea  0.08 0.35 0.35 0.27
19 Noctiluca scintillans 0.31 2.43 1.73 0.63
20 Protoperidinium oblongum 0.23 0.24 0.09 0.29
21 Protoperidinium sp.3 3.81 2.59 1.68 0.43
22 Protoperidinium steinii 2.2 0.27 0.85 0.75
23 Tripos  fusus 0.07 0.24 0.54
24 Protoperidinium conicum 0.16 0.08 0.1
25 Gonyaulax scrippsae 0.8 0.15 1.35
26 Gymnodinium sp. 1.08 0.45 0.39
27 Gonyaulax digitalis 0.21 0.09
28 Protoperidinium pellucidum 0.04 1.97
29 Protoperidinium pentagonum 0.51 0.32 0.36

   
 

  
  

  
 

  
  

  
  

 
  
  

Euryhaline 2

  

  

Sr. No. Taxa Salinity range Salinity tolerance

Euryhaline 1
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30 Protoperidinium cf sourniae 0.12 0.97
31 Protoperidinium sp.1 1.22 0.54 1.45
32 Dinophysis acuminata 0.54 1 0.09
33 Protoperidinium subinerme 0.43 0.3
34 Lingulodinium polyedrum 0.99
35 Tripos muelleri 0.11
36 Protoperidinium depressum 0.08
37 Protoperidinium minutum 0.6 0.07 0.71 0.61
38 Oxytoxum parvum 0.07 1.07
39 Protoperidinium claudicans 0.39 1.2
40 Heterocapsa sp. 0.25 0.15
41 Pyrocystis fusiformis 0.16 1.41
42 Diplopsalis lenticula 1.09 4.25

 

Euryhaline 3 

Stenohaline brackish 
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Table 4. 5. b Results of SIMPER analysis showing the contribution (%) of dinoflagellate species (cysts) in seven salinity ranges in Cochin port. 
The tolerance capability of each dinoflagellate was scaled i.e. euryhaline (I, II and III) and stenohaline (I) based on their contribution to different 
salinity ranges. 

>30 29.9 to 25 24.9 to 20 19.9 to 15 14.9 to 10 9.9 to 5 4.9 to 0.5
1 Gonyaulax spinifera complex 25.89 17.87 35.53 55.12 14.46 23.32
2 Protoperidinium leonis 13.29 19.26 17.74 20.2 11.08 12.71
3 Protoperidinium pentagonum 9.98 7.48 6.65 21.1 10.88 13.74
4 Pyrophacus steinii 17.43 14.51 12.17 31.76 19.29
5 Protoperidinium conicum 1.06 3.77 2.74 11.72 1.98
6 Gonyaulax scrippsae 0.12 0.53 1.65 3.58 7.56
7 Lingulodinium polyedrum 5.6 7.03 5.8 8.12 8.08
8 Protoperidinium latissimum 8.3 9.33 5.64 3.02 6.6
9 Protoperidinium oblongum 7.58 8.58 1.93 2.52
10 Pheopolykrikos hartmannii 0.84 0.52 2.19
11 Protoperidinium stellatum 0.44 1.47 2.01
12 Polykrikos schwartzii 1.53 2.38 8.96
13 Gonyaulax sp. 0.04 0.84
14 Gyrodinium impudicum 0.02 0.36
15 Protoceratium reticulatum 4.41 6.29 1.36
16 Scrippsiella sp. 0.73 0.63 1.01
17 Polykrikos kofoidii 0.83 0.69 0.64
18 Protoperidinium claudicans 1.01 1.88 1.58
19 Alexandrium cf tamarense 0.13 1.48
20 Protoperidinium compressum 0.28 0.67
21 Protoperidinium divaricatum 0.01
22 Scrippsiella trochoidea 0.14
23 Protoperidinium subinerme 0.15
24 Cochlodinium sp. 0.02
25 Gonyaulax digitalis 0.1
26 Preperidinium meunieri 0.02
27 Lingulodinium sp. 0.05
28 Pentapharsodinium dalei 0.01

Euryhaline 3

Stenohaline

Sr. No. Taxa Salinity range Salinity tolerance

Euryhaline 1 

Euryhaline 2 
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Table 4. 6. a Results of SIMPER analysis showing the contribution (%) of dinoflagellate species (motile-stages) in seven salinity ranges in New 
Mangalore port. The tolerance capability of each dinoflagellate was scaled i.e. stenohaline (I) based on their contribution to different salinity ranges. 

>30 29.9 to 25 24.9 to 20 19.9 to 15 14.9 to 10 9.9 to 5 4.9 to 0.5
1 Tripos furca 43.14
2 Protoperidinium pellucidum 18.34
3 Dinophysis caudata 18.29
4 Prorocentrum micans 6.81
5 Pyrophacus Stein 5.1
6 Protoperidinium steinii 2.12
7 Prorocentrum gracile 2.02
8 Gonyaulax spinifera 1.3
9 Protoperidinium subinerme 0.56

10 Zygabikodinium lenticulatum 0.45
11 Phalacroma rotundatum 0.42
12 Protoperidinium pentagonum 0.38
13 Protoperidinium divergens 0.35
14 Protoperidinium oblongum 0.12
15 Protoperidinium quinquecorne 0.11
16 Scrippsiella trochoidea 0.1
17 Diplopsalis lenticula 0.09
18 Akashiwo sanguinea 0.08
19 Protoperidinium oceanicum 0.04
20 Protoperidinium elegans 0.03
21 Pseliodinium fusus 0.03
22 Gonyaulax polygramma 0.03
23 Protoperidinium sp2 0.02
24 Gyrodinium spirale 0.02
25 Noctiluca scintillans 0.01
26 Protoperidinium depressum 0.01
27 Tripos fusus 0.01
28 Protoperidinium curtipes 0.01
29 Protoperidinium minutum 0
30 Protoperidinium bipes 0
31 Gonyaulax fusiformis 0
32 Gonyaulax verior 0

Taxa Salinity range Salinity tolerance

Stenohaline

Sr. No.
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Table 4. 6. b Results of SIMPER analysis showing the contribution (%) of dinoflagellate species (cysts) in seven salinity ranges in New Mangalore 
port. The tolerance capability of each dinoflagellate was scaled i.e. stenohaline (I) based on their contribution to different salinity ranges. 

 

 

>30 29.9 to 25 24.9 to 20 19.9 to 15 14.9 to 10 9.9 to 5 4.9 to 0.5
1 Gonyaulax spinifera complex 28.44
2 Pyrophacus steinii 27.28
3 Protoperidinium pentagonum 10.9
4 Protoperidinium leonis 10.46
5 Lingulodinium polyedrum 7.71
6 Protoperidinium latissimum 6.47
7 Protoperidinium oblongum 4.27
8 Zygabikodinium lenticulatum 1.06
9 Gonyaulax digitalis 0.99

10 Protoceratium reticulatum 0.61
11 Protoperidinium conicum 0.35
12 Protoperidinium stellatum 0.26
13 Protoperidinium claudicans 0.24
14 Alexandrium sp 0.21
15 Scrippsiella trochoidea 0.16
16 Protoperidinium compressum 0.15
17 Gonyaulax scrippsae 0.13
18 Polykrikos schwartzii 0.1
19 Protoperidinium quinquecorne 0.07
20 Pheopolykrikos hartmannii 0.05
21 Cochlodinium sp 0.04
22 Gonyaulax sp 0.03
23 Protoperidinium subinerme 0.02
24 Gyrodinium impudicum 0.01
25 Polykrikos kofoidii 0.01

Sr. No. Salinity toleranceTaxa Salinity range

Stenohaline
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Table 4. 7. a Results of SIMPER analysis showing the contribution (%) of dinoflagellate species (motile-stages) in seven salinity ranges in Kandla 
port. The tolerance capability of each dinoflagellate was scaled i.e. stenohaline (I) based on their contribution to different salinity ranges. 

 

 

 

Table 4. 7. b Results of SIMPER analysis showing the contribution (%) of dinoflagellate species (cysts) in seven salinity ranges in Kandla port. 
The tolerance capability of each dinoflagellate was scaled i.e.) and stenohaline (I) based on their contribution to different salinity ranges. 

 

 

 

>30 29.9 to 25 24.9 to 20 19.9 to 15 14.9 to 10 9.9 to 5 4.9 to 0.5
1 Protoperidinium pellucidum 50.77
2 Tripos furca 47.33
3 Protoperidinium sp1 1.19
4 Protoperidinium subinerme 0.71

Taxa Salinity range Salinity tolerance

Stenohaline

Sr. No.

>30 29.9 to 25 24.9 to 20 19.9 to 15 14.9 to 10 9.9 to 5 4.9 to 0.5
1 Brigantedinium spp. 97.64 41.84
2 Protoperidinium leonis 0.42 29.59
3 Protoperidinium latissimum 28.56
4 Protoceratium reticulatum 0.87
5 Protoperidinium conicum 0.58
6 Gonyaulax spinifera complex 0.38
7 Gonyaulax digitalis 0.1

Stenohaline I

Taxa Salinity rangeSr. No. Salinity tolerance



106 
 

Table 4. 8 1 Results of SIMPER analysis showing the contribution (%) of dinoflagellate species (cysts) in seven salinity ranges in Zuari estuary. 
The tolerance capability of each dinoflagellate was scaled i.e. euryhaline (I, II and III) and stenohaline (I) based on their contribution to different 
salinity ranges. 

 

 

 

 

 

 

  

>30 29.9 to 25 24.9 to 20 19.9 to 15 14.9 to 10 9.9 to 5 4.9 to 0.5
1 Bitectatodinium spongium 42.22 38.14 100 100 45.32 Euryhaline I
2 Pyrophacus steinii 16.04 41.61 39.46
3 Ensiculifera sp 4.43 100
4 Protoperidinium leonis 3.23 7.65
5 Echinidinium sp 2.39 5.95
6 Scrippsiella trochoidea 1.98 6.65
7 Gonyaulax spinifera complex 15.06
8 Lingulodinium polyedrum 2.34
9 Protoperidinium pentagonum 2.26

10 Protoperidinium oblongum 1.24

Sr. No. Salinity range Salinity toleranceTaxa

Stenohaline I

Euryhaline II



107 

Table 4. 9. a Results of SIMPER analysis showing the contribution (%) of dinoflagellate species (motile-stages) in seven salinity ranges in all the 
ports. The tolerance capability of each dinoflagellate was scaled i.e. euryhaline (I, II and III) and stenohaline (I and II) based on their contribution 
to different salinity ranges. 

Salinity tolerance
>30 29.9 to 25 24.9 to 20 19.9 to 15 14.9 to 10 9.9 to 5 4.9 to 0.5 reported

1 Pyrophacus steinii 7.77 23.66 30.62 16.34 100 35.4 69.99 19.7-39.21

2 Preperidinium meunieri 3.46 5.19 14.77 1.09 51.35 14.39 33.9-35.52

3 Dinophysis caudata 11.65 2.09 5.16 2.86 5.26 32.6-37.72

4 Archaeperidinium minutum 0.05 0.02 3.67 32.4-35.12

5 Alexandrium cf. tamarense 0.29 0.94 0.1 8.44 17.3-24.01

6 Protoperidinium steinii 1.89 0.31 0.66 0.58 33.9-35.6 3

7 Prorocentrum lima 0.21 1.12 0.56 32.8-39.02

8 Tripos furca 44.88 18.07 13.69 13.23 13 - 35 3

9 Prorocentrum gracile 3.22 6.35 3.01 6.21  27-35 3

10 Prorocentrum micans 2.77 0.2 6.76 2.73 31.1-37.12

11 Blixaea quinquecornis 1.49 2.82 3.11 13.2 34.7-37.72

12 Scrippsiella acuminata 1.11 15.69 3.9 0.47 25.4-35.12

13 Protoperidinium pacificum 0.8 9.42 3.25 2.02
14 Gonyaulax spinifera 0.76 4.97 2.98 5.7 17.5-39.11

15 Karenia mikimotoi 0.53 1.55 2.61 6.87 34.7-38.02

16 Protoperidinium sp3 0.26 0.35 0.45 0.13
17 Dinophysis sp 0.25 1.8 2.32 2.75
18 Protoperidinium divergens 0.22 0.07 0.04 0.79 26.6-35.12

19 Protoperidinium bipes 0.12 0.38 1.4 1.43 24.1-38.12

Euryhaline II

Sr. No. Taxa
Salinity ranges

Euryhaline I
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Contd... 

 

 

 

20 Protoperidinium oblongum 0.1 0.07 0.03 0.24 16.8-38.41

21 Alexandrium cf. affine 0.07 3.24 0.1 1.18
22 Protoperidinium claudicans 0.01 0.15 0.09 0.38 25.5-37.71

23 Protoperidinium pellucidum 15.25 1.23 17.9-36.22

24 Gyrodinium spirale 0.47 1.81 1.19 27.2-39.32

25 Noctiluca scintillans 0.06 0.95 0.39 25.8-39.02

26 Tripos fusus 0.02 0.07 0.1 33-35 3

27 Diplopsalis lenticula 0.21 10.37 24 - 35 3

28 Akashiwo sanguinea 0.08 0.11 0.67 31.1-37.72

29 Protoperidinium pentagonum 0.35 0.39 26.8-36.02

30 Gymnodinium sp 0.05 0.13 2.9
31 Gonyaulax scrippsae 0.04 0.58 6.46 32.4-36.22

32 Protoperidinium cf sourniai 0.03
33 Gonyaulax polygramma 0.03 8.38 23.9-36.22

34 Pseliodinium fusus 0.02
35 Dinophysis acuminata 0.02 0.11 0.15
36 Oxytoxum parvum 0.01 0.16 0.21 34.1-37.02

37 Protoperidinium conicum 0 0.14 0.35 28.0-36.22

38 Gonyaulax verior 0 0.13

Euryhaline II
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Contd... 

 

 

 

 

 

39 Protoperidinium oceanicum 0.01 31 - 36 3

40 Protoperidinium curtipes 0.01
41 Protoperidinium elegans 0.01
42 Protoperidinium sp2 0.01
43 Heterocapsa sp 0
44 Protoperidinium subinerme 0.48 27.1-37.72

45 Phalacroma rotundatum 0.16
46 Protoperidinium sp1 0.76
47 Protoperidinium depressum 0.01 18.5-36.22

48 Tripos tripos 0.01
49 Podolampas palmipes 0.01
50 Gonyaulax fusiformis 0.01
51 Gonyaulax digitalis 0.01 32.1-36.22

52 Alexandrium catenella 0.06
53 Lingulodinium polyedrum 0.06
54 Pyrocystis fusiformis 0.8
55 Lingulodinium polyedrum 0.71 8.5-39.41

56 Protoperidinium ovatum 0.57

Stenohaline I

Stenohaline II
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Table 4. 9. b Results of SIMPER analysis showing the contribution (%) of dinoflagellate species (cysts) in seven salinity ranges in all the ports. 
The tolerance capability of each dinoflagellate was scaled i.e. euryhaline (I, II and III) and stenohaline (I and II) based on their contribution to 
different salinity ranges. 

 

Contd… 

>30 29.9 to 25 24.9 to 20 19.9 to 15 14.9 to 10 9.9 to 5 4.9 to 0.5 reported
1 Gonyaulax spinifera complex 24.63 12.49 34.9 40.42 15.47 22.69 14.4 17.5-39.11

2 Pyrophacus steinii 21.96 29 7.62 5.82 17.33 18.41 33.6 19.7-39.21

3 Protoperidinium leonis 10.69 16.23 21.32 17.29 6.59 12.43 7.44 17.8-38.61

4 Protoperidinium pentagonum 9.21 5.39 5.89 11.16 5.26 13.4 2.06 18.9-38.41

5 Lingulodinium polyedrum 6.67 3.46 3.28 2.17 4.93 8.97 8.5-39.41

6 Protoperidinium conicum 0.83 2.15 2.59 1.04 4.4 1.21 2.56 16.8-39.21

7 Gonyaulax scrippsae 0.23 0.2 1.89 4.61 0.79 32.4-36.22

8 Protoperidinium latissimum 5.1 5.61 3.06 12.15 8.18 7.83
9 Protoperidinium oblongum 4.19 4.11 3.87 13.7 4.24 1.96 16.8-38.41

10 Protoceratium reticulatum 1.18 5.61 4.41 1.06 16.6-35.51

11 Bitectatodinium spongium 1.25 10.13 0.77 25.1 14.95 31.9 - 38.31

12 Scrippsiella trochoidea 0.31 2.39 0.84 25.4-35.12

13 Brigantedinium spp. 9.42 6.77
14 Gonyaulax digitalis 0.68 0.12 1.32 27.5-39.41

15 Pheopolykrikos hartmannii 0.63 0.37 3.86 2.07
16 Polykrikos schwartzii 0.41 1.95 1.13 0.56 16.7-38.71

17 Protoperidinium claudicans 0.33 0.87 0.63 1.33 25.5-37.71

18 Protoperidinium stellatum 0.33 0.63 1.22 33.0-36.71

19 Preperidinium meunieri 0.5 0.67 33.9-35.52

20 Gonyaulax sp 0.08 0.81

Sr. No. Salinity Range Salinity tolerance

Euryhaline I

Euryhaline II

Taxa
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21 Alexandrium tamarense complex 0.29 0.83 17.3-24.01

22 Echinidinium sp 0.06 0.24 1.96
23 Polykrikos kofoidii 0.18 0.17 17.5-38.71

24 Protoperidinium compressum 0.15 0.43 17.8–38.91

25 Scrippsiella sp 0.15 0.12 0.27
26 Ensiculifera sp 0.12 0.25 20.2
27 Protoperidinium subinerme 0.08 0.39 17.5-24.01

28 Cochlodinium polykrikos 0.09
29 Protoperidinium divaricatum 0.04
30 Protoperidinium conicoides 0.04
31 Protoperidinium nudum 0.04
32 Blixaea quinquecornis 0.03
33 Pentapharsodinium dalei 0.02 11.3-39.31

34 Impagidinium sp 0.02
35 Gymnodinium microreticulatum 0.01
36 Gyrodinium impudicum 0.01
37 Diplosalis lenticulatum 0.01

Euryhaline III

Stenohaline I
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4.4.1. Dinoflagellate cyst assemblages from the perspective of TRIX 

Phytoplankton composition, mainly diatoms, and dinoflagellates (particularly cysts), have been 

applied widely in the study of modern and past environments as useful biological 

indicators/proxies. Indices such as species assemblage composition, species diversity, and 

species-richness are extensively used to assess the degree of water quality, including pollution 

and cultural eutrophication (Hendey et al.  1977, Wu 1984, Sommer 1995, Tsirtsis & Karydis 

1998, Pospelova et al. 2002, Price et al. 2017, Price et al. 2018). Shannon–Wiener diversity 

index has been used for pollution index in the case of diatom communities (Hendey et al. 1977), 

and dinocysts-based fisher's α and the number of species have been used as indicators of 

environmental conditions in estuarine systems (Pospelova et al. 2002, 2005). In general, the 

value of diversity index or species-richness in less polluted waters would be higher and was 

evident within and between the studied systems. Therefore, within the studied systems, the 

influence water quality, which depends on the activities such as loading and unloading of 

petroleum and its products, ammonia, and fertilizers products along with an increased load from 

the industries situated near the ports (Naik and Kunte 2016; Verlecar et al. 2006; Shirodkar et 

al. 2009) was also observed on dinoflagellates community. Pospelova et al. (2005) also 

indicated that the cyst species richness/diversity gradually increased when moving away from 

nutrient pollution sources, sewage outfalls in particular, and was evident in the studied port 

systems.  The higher value of diversity index or species-richness was recorded in a less nutrient 

polluted area and vice versa, particularly in Cochin and New Mangalore ports.  The lowest and 

highest values for community indices correspond to EC and AC in Cochin port. The low values 

in EC could be due to the location of sewage (#21 Ernakulam ferry jetty) and creek (#23 

Ernakulam creek) outfalls (Table 2.1; Fig. 2.1.1). Higher values for the stations located in AC 

are mainly due to tidal oscillations as it is directly connected to the sea (Fig. 2.1).  In New 

Mangalore port, the loading and unloading activities of fertilizers products might have resulted 

in lower values for community indices in SAC over the AC and OBC (Fig. 2.2 and 3.12).  In 

contrast, in Kandla port, a higher value of diversity index or species-richness was recorded in 

IC regions connected to four creek outfall and sewage near maintenance jetty. Although these 

results suggest high pollutants increase the dinoflagellate, the fact is that the dinoflagellate 

abundance is significantly lower compared to others ports. The overall index of pollution done 

by Shirodkar et al. (2010) on Kandla port suggested that the OC stations were slightly polluted 

while the IC stations were polluted. Further, between the port systems, the highest values for 
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community indices of motile stage and dinocyst corresponds to Cochin, followed by New 

Mangalore and Kandla port (Fig. 4.6 and 4.7). The Kandla port's low values could be attributed 

to low planktonic biomass, high suspended load, high tidal amplitude, and sandy sediment 

texture in the region (Table 2.3).  Additionally, the influence of salinity gradient on 

dinoflagellate community indices is also well documented in riverine systems (Seaborn and 

Marshall 2008) and was also evident in the Zuari river, i.e. dinoflagellate diversity 

index/species-richness decreased from the downstream to upstream (Fig.3.15).   

In general, the tropical waters, characterized by low abundance and highly diverse 

dinoflagellate populations, generally expect high-diversity and a number of species. However, 

the total number of species recorded for both motile-stage and dinocyst are comparable between 

Cochin and New Mangalore ports and the other geographical regions except Kandla, where the 

lowest species were recorded (Table. 4.10). The diversity and number of species values for 

dinocysts reported in this study are much lower than the lowest values available for temperate 

and tropical regions, including earlier studies from the same area (Table. 4.10). The decrease in 

diversity and number of species of dinocyst taxa can be used as a general indicator of polluted 

coastal and highly eutrophicated estuarine systems (Pospelova et al. 2002, 2005). Also, the 

decline in fisher's α index and the number of species of dinocysts may also be considered a 

combined signal of organic or toxic pollution in the port regions (Pospelova et al. 2005). 

Therefore the low values obtained here could be attributable to the moderate to a high state of 

pollution and eutrophication in the port region. The present study values fall within similar 

ranges as those reported from that of Bolinao, Pangasinan, West coast of the Philippines (Baula 

et al. 2011, Table 4.10), and thereby the studies ports.   
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Table 4. 10 Dinoflagellate cyst species richness and diversity along the Indian coast and other regions.  Values and text in parenthesis correspond 
to dinoflagellate motile stages. 

 

Region  

  

No.  

of species 

  

Diversity 

  

Species 

richness 

  

Pollution based on diversity 

  

References 

  

Shannon- Weiner Fisher's index    

Kandla Port, 

West coast of India 

15 

(7) 

0.6 – 1.3 

(0.6 – 1.0) 

0.2 – 2.6 

(0.1 – 0.6) 

1 – 4 

(1 – 3) 

moderate to high 

(High) Present study 
 

New Mangalore Port, West coast of 

India 

33 

(33) 

0.6 - 2.2 

(0.1 - 2.3) 

0.3 – 3 

(0.2 – 1.9) 

1 – 14 

(1 – 15) 

moderate to high 

(moderate to high) Present study  
 

Cochin Port,  

West coast of India  

35 

(52) 

0.5 - 2.6 

(0.5 - 2.6) 

0.3 - 2.8 

(0.2 – 6.4) 

2 – 18 

(1 - 27) 

moderate to high 

(moderate to high) Present study 

Zuari estuary, Goa 

West coast of India 39 0.5 - 2.8 0.3 - 5 2 - 18 moderate to high Present study 

Cochin Port, 

 West coast of India 29 1.6-2.5 - - low to moderate D'Silva et al., 2011 

Mumbai Port,  

West coast of India 32 1-2.6 - - low to moderate D'Silva et al., 2011 

Goa Port,  

West coast of India 35 0.5-2.5 - - moderate to high D'Silva et al., 2011 

Vishakapatnam Port , East coast of 

India 28 0.4-2.4 - - moderate to high D'Silva et al., 2012 

Buzzards bay, Massachusetts,  

East coast of USA 37 - 3.5-6.4 12 -26 
Low 

Pospelova et al., 2005 

Bolinao, Pangasinan,  

West coast of Philippines  34 0.8-2.5 0.6-3.7 3 - 15 moderate to high Baula et al., 2011 



115 
 

 

According to the scaling index, as proposed by Hendey (1977) and Pospelova et al. (2002), 

Cochin, New Mangalore, and Kandla ports can be classified as a slight to highly polluted habitat 

in different channels depending on the type of dinoflagellate composition data (i.e., motile-

stages or cysts) or indices used.  The classification based on Shannon-Weaver diversity of the 

total dinoflagellates and benthic cysts would classify the area as slightly to moderately polluted. 

In contrast, the CPD assemblages would classify the area as a moderately to highly polluted 

habitat.   Fisher's α and the number of species values obtained for dinocysts in Cochin port, 

New Mangalore, and Kandla port are lower than those reported by Pospelova et al. (2002, 2005) 

indicated that the ports are polluted.  So far, the usage of Fisher's α and species-richness has not 

been attempted for motile dinoflagellates. As a result, the information from the perspective of 

water quality is not available. However, considering available scaling indices for pollution and 

eutrophication, there may be a significant influence of water quality on dinoflagellate 

communities in the region. Nevertheless, this aspect needs further investigation. The discharge 

of freshwater in Cochin port and Zuari estuary environment is spatially and temporally variable, 

and so is the influence of benthic resuspension. Describing the community structure or 

population dynamics under such conditions using univariate measures (e.g., diversity, species 

richness) for planktonic and benthic stages needs a cautious approach.  The observation made 

it apparent that the diversity and species richness of motile stages and benthic cysts respectively 

form useful environmental proxies.  Further, the scaling done with these proxies is on par with 

TRIX scores (for Cochin port - Rajaneesh et al. 2015 and New Mangalore port - Rath et al. 

2018), pollution load index (for Cochin port; Chakraborty et al. 2014), and metal concentrations 

(for Cochin port; Martin et al., 2012) available for some studied ports.   

Additionally, the dinocyst taxa composition response is different for eutrophicated systems 

(Price et al., 2017). For instance, in regions like Tokyo Bay, Japan, (Matsuoka et al. 2003), 

British Columbia, Canada, (Radi et al. 2007, Krepakevich and Pospelova 2010), Northeast 

Pacific margin, (Radi and de Vernal 2004), Sishili Bay, Yellow Sea, China, (Liu et al. 2012) 

and Northern Gulf of Mexico, (Price et al. 2018), the heterotrophic dinocyst taxa like 

Archaeperidinium minutum, Brigantedinium spp., Polykrikos kofoidii, and Protoperidinium 

leonis are known to reflect nutrient availability and changes in eutrophication. Usually, 

heterotrophic dinoflagellates increase has been referred to as an indicator for eutrophic 

conditions (Dale et al., 1999; Matsuoka et al., 1999; Dale 2009; Price et al., 2018), especially 

in coastal waters.  However, this was not true in the present study, although the Cochin and 
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New Mangalore ports are eutrophic. In the present study, the cyst abundance increase was 

observed at medium and high eutrophication levels, but instead of heterotrophic forms, the 

autotrophic forms were the dominant (Fig. 4.7.a).  

The dominance of autotrophic forms for most of the year in Cochin and New Mangalore ports 

was in contrast with other studied regions in the northern sector along the Indian coast, i.e., 

Mumbai port (northwest coast; D'Costa et al., 2008), Goa port (central west coast; D'Silva et 

al., 2011) and Visakhapatnam port, in outer stations (Northeast coast; D'Silva et al., 2013).  

Interestingly, the dominance of autotrophic forms in Zuari estuary contrasts with the earlier 

reports (which are based either on one-time sampling - D'Silva et al., 2011or only one station 

monthly sampling - Patil 2003) from the region.  Such dominance is because of monsoon-driven 

freshwater influx influences the Cochin for the most of the year bringing significant variations 

in salinity fields from near freshwater to marine (∼36) and New Mangalore ports compared to 

the other studied regions.  Recent studies reported that even the moderate salinity variations 

(20–36) influence the dinoflagellate community (Naik et al., 2011; Sahu et al., 2014). Hence, it 

is assumed that the dinoflagellates communities will exhibit distinct variations and “in function 

of” the salinity fields, as evident in the present study (Fig. 4.8- 4.12).  Further, for motile 

heterotrophs that can endure salinity stress (Shin et al. 2010, 2011), the availability of prey is 

not considered a limiting factor in Cochin and New Mangalore ports based on the high 

chlorophyll levels (autotrophic biomass), mostly contributed by diatoms, irrespective of the 

salinity fields for the most part of the year (unpublished pigment data). While in the Kandla 

port, the heterotrophic form's dominance was observed as they can endure wider salinity stress 

(Shin et al. 2010, 2011). In Kandla port, the high suspended load, along with limited availability 

of prey based on the low chlorophyll levels, could be attributed to dominant heterotrophic forms 

(Table. 4.3, Fig 3.12).   

Further, the presence of the relatively high density of eutrophic species such as Polykrikos 

kofoidii/schwartzii, Lingulodinium polyedra, Peridinium dalei, and the number of 

Protoperidinium species do indicates that the Cochin, New Mangalore, and Kandla port are 

eutrophic (Dale et al., 1999; Pospelova et al., 2005; Radi et al., 2007; D'Silva et al., 2013, Price 

2018).  Additionally, tracking the dinoflagellate cysts temporally will also help assess the 

change in the environment over a period.  For instance, the present data from Cochin, when 

compared with cysts data from a decade ago from the same region (D'Silva et al., 2011), showed 

a decrease in richness and diversity values during the PrM period, suggesting that the area has 

undergone progressive deterioration over the years as indicated by Chakraborty et al. (2014).  

Nevertheless, the dominance of the dinocyst (G. spinifera complex, Lingulodinium polyedra, 
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P. leonis, P. conicum, P. pentagonum) in the sediments of the complex port ecosystem will add 

information to a growing body of knowledge on dinoflagellate distribution patterns (Marret and 

Zonneveld, 2003; Zonneveld et al., 2013) but also as an indicator of water quality. 

 

4.4.2. Dinoflagellate cyst assemblages from the perspective of salinity 

Generally, several factors are known to influence dinoflagellate assemblages in the water 

column (e.g., salinity, light, food availability) and cysts in sediments (e.g., grain size, 

sedimentation, grazing, bioturbation, benthic suspension, and degradation). In this study, the 

dominance of the freshwater discharge during monsoon and the competition between salinity 

egress and ingress during non-monsoon, along with the associated changes in light, chemistry 

(e.g., nutrients), and biology (e.g., food availability), could be the reason for the scatter patterns 

for the motile-stages (Fig 4.8). In the case of cysts, such a trend was not observed (Figs. 4.8), 

and the following could be the reasons: prevalence of salinity stratification during monsoon 

(mostly for Cochin port and Zuari estuary), restricted flow dynamics in the enclosed or semi-

enclosed channels, and dredging activities. The species used in SIMPER analysis suggest that 

all of them can be potential proxies for salinity (Table 4.9.a and 4.9.b). For instance, the 

dominance of euryhaline and stenohaline species somewhere would suggest that salinity 

fluctuations there are likely very high and low, respectively. However, based on the dominance 

and the frequency of occurrence, it is recommended that the euryhaline species contributing> 

10%, which are dominant in the water column (Table 4.9.a) and sediments (Table 4.9.b), can 

be regarded as potential proxies for the salinity in eutrophic estuarine regions. The influence of 

freshwater discharge for most of the year and the tidal cycle and the associated environmental 

changes are most likely the reason for the encountering of cysts and motile stages of dominant 

species at wide salinity ranges. Further, the utility of the species contributing <10% (which 

includes some euryhaline and stenohaline species, Table 4.9.a and 4.9.b) can be used as a 

potential indicator, especially for salinity ingress or egress, which also needs in-depth 

investigation. A total of 49 and 16 of motile stage and cyst species, respectively, showed wider 

variations than reported in previous reports (Zonneveld and Susek, 2007; 

https://www.eoas.ubc.ca/research/phytoplankton/dinoflagellates; Zonneveld et al., 2013).   

Among them, the dominance of the cysts producing dinoflagellates (G. spinifera complex, P. 

leonis, P.conicum, P. pentagonum, Preperidinium meunieri, and P. steinii), which are 

euryhaline type, in the water and sediments of the complex ecosystem will add information to 
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a growing body of knowledge on the distribution patterns of cyst producing dinoflagellates 

(Marret and Zonneveld, 2003; Zonneveld et al., 2013) but also as an indicator of water quality. 

 

4.5. Conclusion 

The environmental variables showed distinct seasonal variations in each of the studied systems, 

and the same was also clearly reflected in dinoflagellate motile stages than cysts. On the other 

hand, higher cyst assemblage distribution in Cochin followed by New Mangalore port, Zuari 

estuary, and Kandla port corresponded well with the sediment texture (i.e., higher, and lower 

cyst abundance in silty/clayey and sandy bottom, respectively) and the higher abundance of 

motile stages of cyst producing dinoflagellates in the water column of the respective systems. 

The trophic index (TRIX) score reveled that Cochin port (5-6) had a bad state of water quality 

with high eutrophication level, Mangalore port (4-5) had a good state of water quality with 

medium eutrophication level, and Kandla port (3-4) had a higher state of water quality with low 

eutrophication level.  The dinoflagellate cysts composition also showed a distinct variation 

between these ports i.e. the cyst abundance, species number and the number of HAB species 

was highest in highly eutrophicated (Cochin) port followed by medium (Mangalore) and low 

(Kandla) eutrophicated ports. Even the abundance of indicator species (Protoperidinium, 

Polykrikos, Lingulodinium) for nutrient enrichment also showed similar trend. Autotrophic 

dinocyst were dominant in Cochin and Mangalore ports, while in Kandla port it was the 

heterotrophic dinocyst.  This study concludes that dinoflagellate cyst (species numbers, fisher’s 

α index and indicator species) can be used as potential proxies for eutrophication. The 

euryhaline species like G. spinifera complex, P. leonis, P. conicum, P. pentagonum, 

Preperidinium meunieri, and P. steinii found both in the water and sediments of the complex 

ecosystems can also be as an indicator of water quality based on salinity. 
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Chapter 5. Morphological variation in the cyst of some dinoflagellates occurring in 

different environmental conditions. 

In this chapter, the morphological change in dinocyst occurring in the different ecosystems was 

studied. This chapter is subdivided into 5A and 5B. In Chapter 5A, is based on the field studies 

using natural samples (sediment) collected at different seasons from a different environment. 

In Chapter 5B, two benthic dinoflagellates have been used to evaluate their morphological and 

physiological response to salinity and prolonged darkness conditions. 

 

5A. Morphological variation in the cyst of some dinoflagellate occurring in different 

ecosystems.  

 

5A. 1. Introduction  

Generally, dinoflagellate cysts morphology (shape, size, types of processes, wall structure, 

color) are species-specific. Dinoflagellates produce species-specific cyst types with different 

morphological features (Fensome et al., 1993; Matsuoka and Fukuyo, 2000; Zonneveld and 

Pospelova, 2015). According to the literature, organic-walled (e.g., Protoceratium reticulatum, 

Lingulodinium polyedrum, Pyrophacus steinii, and Protoperidinium species) and calcareous-

walled dinocysts (e.g., Scrippsiella species and Ensiculifera species) were reported (Bravo et 

al. 2014). The shape, color, wall structure, paratabulations, ornamentation, and the archeopyle 

(aperture) structure were considered as essential morphotypes for cysts identification. Further, 

such morphological characteristic diversity is observed more in organic-walled cyst 

morphotypes than the calcareous cysts (Narale, 2016). It is notable that even in a single species, 

there exists marked variations in the morphological characteristics of the cysts. Recently few 

studies have confirmed that the environmental parameters such as salinity, temperature, and 

nutrient are some of the critical factors responsible for causing the variations in cysts 

morphology (e.g., process length) of some cosmopolitan dinoflagellate, Protoceratium 

reticulatum (Mertens et al. 2009a, 2009b, 2010, 2012).   

Several studies have reported an environmentally controlled variability in morphological 

features in the cysts of certain dinoflagellates. Wall et al. (1973) was first to note a positive 

relation between variable process lengths of the resting cyst of Lingulodinium polyedrum and 

salinity in the Black Sea. Most of the cysts bearing short processes have been linked with low 

salinity found near coastal and estuarine environments (Nehring, 1994; Dale, 1996; Nehring, 

1997; Ellegaard, 1998). Resting cyst processes lengths have been used semi quantitatively for 
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down-core salinity reconstructions in the Black Sea (Dale, 1996; Mudie et al., 2001; Marret et 

al., 2009), the Baltic Sea (Dale, 1996; Brenner, 2005; Head, 2007), the Limfjord in NW 

Denmark (Ellegaard, 2000), in the SW Black Sea (Verleye et al., 2009) and the Cariaco Basin 

(Mertens et al., 2009a). Cysts bearing shorter processes with reduced salinity conditions have 

been also recorded in other dinoflagellate cyst species. These species include cyst of 

Protoceratium reticulatum (Nehring, 1994, 1997; Dale, 1996; Ellegaard, 1998), 

Pentapharsodinium dalei (Nehring, 1994, 1997) and several Spiniferites (Gonyalux) species 

(Wall et al., 1973; Gundersen, 1988; Dale, 1996; Lewis et al., 1999; Ellegaard et al., 2002). In 

cyst of Protoceratium reticulatum, salinity and temperature were the influencing factors for 

morphological variation specially the process length in the tropical and Southern Hemisphere 

Oceans (Verleye et al 2012). However, it is still not clear whether such kind of variations do 

occur in other cysts, which are cosmopolitan in distribution in various ecosystems. 

Nevertheless, the studies on viability and morphological details of the cysts encountered at 

different environmental gradients will provide more insights on its tolerance capabilities, 

biogeography, and as environmental proxies. 

In light of this, the morphological variation in cyst of some dinoflagellates that were located in 

different geographic locations along the Indian coast is studied. To address this objective 

sediment samples collected under Ballast Water Management Program-India for dinoflagellate 

cysts analysis from different ecosystems (estuarine and marine) along the west coast of India 

have been utilized. In this study, cysts of Pyrophacus steinii and Protoperidinium pentagonum 

were selected as they were predominant in both estuarine (Cochin and Zuari estuary (Goa) and 

marine (Mangalore port) ecosystems and also given by their occurrences in different salinity 

conditions (due to monsoon driven fresh water influx) as reported in chapter 3 and 4.   Though 

available literature do confirm their presence in good numbers along the coast of India 

encompassing different ecosystems (D’Costa et al., 2008; D'Silva et al., 2012, Narale et al., 

2013, 2015; Narale and Anil, 2017, Prabhudessai et al., 2020, Rodrigues et al. 2019) but the 

existence of morphometric variations with respect to environmental settings have not be 

addressed.  

 

 

5A. 2. Methodology 

In this study, cysts of Pyrophacus steinii and Protoperidinium pentagonum were selected to 

evaluate the variations in their morphometry measurement between the different port 
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ecosystems. P. steinii are autotrophic dinoflagellates cyst belonging to the order Gonyaulacales 

and family Pyrophacaceae. The P. steinii cysts are generally large, spherical and disk shaped 

with large, bulbous or barrel shaped processes. It consists of hypocystal archeopyle, which is 

sub-trapezoidal in outline. These cyst comprised of an inner (endophragm) and outer membrane 

(ectophragm) and they are connected with structures called processes.  The base and tip of the 

processes are attached to the endophragm and ectophragm, respectively (Fig. 5. 1. a). P. 

pentagonum are heterotrophic dinoflagellates cyst belong to order the Peridiniales and family 

Protoperidiniaceae. Cysts are pentagonal or peridinioid shaped and dorso-ventrally compressed 

with short, needle shaped processes. In these cysts hexagonal archeopyle is observed (Fig. 5. 1. 

b). Both these dinocysts were selected as they encountered in considerable numbers in the 

studied ecosystems (Cochin port, New Mangalore port and Zuari estuary), except Kandla port. 

The details of sampling (water for environmental parameters and sediment for cysts), 

processing and cyst analsyis are given in Chapter 2.  In this chapter, P. steinii and P. 

pentagonum cysts distribution and their variability in dimensions with respect to salinity were 

studied.  Salinity wise distribution was performed based on abundance data and SIMPER 

analysis as detailed in chapter 4.. All the measurements, based on cysts morphology as 

illustrated in figs 5.1 and 5.2, were made using an Olympus BH-2 light microscope, equipped 

with a digital camera and Cell  

F Software Imaging System respectively, and 40x objectives. For P. steinii, the length and 

breadth of the cysts endophragm (inner membrane) and ectophragm (outer membrane), were 

measured along with the length of the three longest visible processes as shown in Figure 5. 1. 

a. The process length was measured from the base to the tip (Fig. 5. 1. a). In P. pentagonum the 

length and breadth were measured as illustrated in the Figure 5. 1. b. The P. pentagonum variant 

used in the study is given below (Fig. 5. 1. b).  Fragments of cyst, and the broken cysts were 

not considered for the analysis. 

 

 

 

 

 

 

a 
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Figure 5. 1. 1. a. Cyst of Pyrophacus steinii showing the endophragm and ectophragm used 
measurements. b. Cyst of Protoperidinium pentagonum which was used for the measurements. 

 

5A. 3. Results 

5A. 3.1. Pyrophacus steinii 

The P. steinii cyst abundance and its contribution to total cyst assemblage from Zuari estuary 

(Goa), New Mangalore and Cochin ports are provided in (fig 5.1.2, 5.1.4).  The results revealed 

lower P. steinii cyst abundance (2- 21 avg cyst g-1 of DW sediment) and contribution (i.e. 6 -

23 % to total community) in Zuari estuary (Goa) compared to other locations. In New 

Mangalore (i.e. 18- 81 avg cyst g-1 of DW sediment; 20-30% to total community), and Cochin 

b 

Length 
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Endophragm 
 
Process 

Length 

Breadth 
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(34-68 avg cyst g-1 of DW sediment; contribution 10-16% to total community) the cysts were 

observed during all the sampling seasons (Fig. 5.1.2.a) 

Salinity wise distribution of P. steinii cyst based on SIMPER analysis for each ecosystems were 

different.  For instance, in Cochin ports, cysts were encountered at wider salinity (5-35) ranges 

and the maximum contribution was recorded at lower salinities (Fig. 5.1.2.b). Whereas in New 

Mangalore and Zuari estuary (Goa) locations the cysts occurrences were restricted to > 30 and 

>30 -25 salinity ranges respectively (Fig. 5.1.2.b). The morphometric measurements revealed 

that the dimensions of P. steinii cyst sizes between the locations were different. The dimensions 

of the cysts ectophragm (the outer covering) and endophragm (the inner body of cyst) was found 

to be larger in Zuari estuary (Goa)  (ectophragm l= 114.76 ± 7.5 µm and b= 108.36 ± 5.76 µm; 

endophragm l = 74.43 ± 13.77 µm and b= 69.29 ± 2.1 µm) followed by New Mangalore 

(ectophragm l= 78.80 ± 9.76 µm and b= 71.76 ± 8.36 µm; endophragm l= 57.26 ± 6.93 µm, b= 

50.64 ± 4.79 µm ) and Cochin (ectophragm l= 72.27 ± 9.07 µm, b= 65.78 ± 7.96 µm; 

endophragm l= 51.97 ± 6.42 µm, b= 50.64 ± 4.79 µm) ports (Fig. 5.1.3.a.b). Even the process 

length of P. steinii was also found to be larger in Zuari estuary (Goa) (11.92 ± 2.1 µm) followed 

by New Mangalore (8.78 ± 1.23 µm) and Cochin (8.15± 1.38 µm) ports (Fig. 5.1.3. c).  ANOVA 

followed by post hoc test (Tukey’s HSD; p < 0.05) revealed that the cysts from the Zuari estuary 

(Goa) region were significantly larger (cyst size and process length) than those found in other 

ecosystems.  Between, New Mangalore and Cochin ports P. steinii cell size were relatively 

larger, but not significant, in the former port than those encountered in the later port.  

  

 



124 
 

 

Figure 5. 1. 2. Distribution of Pyrophacus steinii in the Cochin, New Mangalore (Mangalore) 
ports and Zuari estuary (Goa). a. Total cyst abundance (Averaged) in different ecosystem along 
with Pyrophacus steinii abundance. The number above the bars represents the total cyst 
abundance in that season and in brackets the total abundance of Pyrophacus steinii. b. The 
percentage contribution of Pyrophacus steinii cyst to each of the salinity gradient in different 
ecosystem. 
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Figure 5. 1. 3. Morphological measurements of Pyrophacus steinii a. Length and breadth of 
the cysts ectophragm, b. length and breadth of the cysts endophragm breadth, and c. length of 
the cysts processes. 
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5A. 3. 2. Protoperidinium pentagonum 

The P. pentagonum cyst contribution to total cysts abundance was least in Goa i.e. 0.5-3 % (1-

3 avg cyst g-1 of DW sediment), compared to New Mangalore (8-12%; 5-24 avg cyst g-1 of DW 

sediment), and Cochin (4-10%; 25- 53 avg cyst g-1 of DW sediment) ports (Fig. 5.1.4.a).  

Similar to P. steinii cyst, the salinity wise distribution of P. pentagonum cyst based on SIMPER 

analysis for each ecosystems were also different.  In Cochin ports, cysts were encountered at 

wider salinity (5-35) ranges but the maximum contribution was recorded at higher salinities 

(Fig. 5.1.4.b).  

 

Figure 5. 1. 4. Distribution of Protoperidinium pentagonum in the Cochin, New Mangalore 
(Mangalore) ports and Zuari estuary (Goa). a. Total cyst abundance (Averaged) in different 
ecosystem along with Protoperidinium pentagonum abundance. The number above the bars 
represents the total cyst abundance in that season and in brackets the total abundance of 
Protoperidinium pentagonum. b. The percentage contribution of Protoperidinium pentagonum 
cyst for each salinity range in different ecosystem was obtained from chapter 4. 
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Figure 5. 1. 5. Morphological measurements of Protoperidinium pentagonum a. The length of 
the cell. b. The breadth of the cell. 

 

Even in Mangalore and Zuari estuary (Goa) the contribution was highest at > 30 salinity (Fig. 

5.1.4.b).The morphometric measurement of P. pentagonum revealed that the cyst dimension 

(length and breadth) was relatively larger in New Mangalore (l= 93.33 ± 9.76 µm, b= 76.67 ± 

4.88 µm) followed by Zuari estuary (Goa)  (l= 90.50 ± 8.66 µm, b= 80.98 ± 7.28 µm) and 

Cochin (l= 72.27 ± 9.07 µm, b= 65.78 ± 7.96 µm) ports (Fig. 5.1.5.a.b). However, ANOVA 

revealed insignificant variation in the cysts size between the ecosystems. 

5A. 4.  Discussion 

Dinoflagellate cysts are expected to resist the conditions outside the range tolerated by motile 

stages. However, the existence of the variations in cyst morphology are known to be influenced 

by environmental parameters such as salinity, temperature, light and nutrient in certain 

dinoflagellates (Zonneveld and Susek, 2007; Mertens et al. 2009a, 2009b, 2010, 2012). For 

instance Mertens et al. (2009b) after analysing core-top samples from 144 locations (having a 

globally distribution) showed a relationship between the average process lengths of L. 

machaerophorum with both salinity (positive) and temperature (negative).  According to 

observation and theoretical considerations (Kokinos and Anderson (1995), Hallett 1999, 

Hemsley et al. 2004) Mertens et al (2009) explained  the formation of processes in dinocyst, 

which begins with the outer membrane expansion, a monomer is formed and starts to 

amalgamate on the cytoplasmic membrane, after which depending on the environmental 

conditions such as temperature and salinity, a lot of smaller (at low temperature and salinity) or 

a few larger (at high temperature and salinity) colloids of monomers are formed. After which 

the visco-elastic dinosporin is produced on the globules, which stretches membrane and 
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polymerized coated under the monomer in a radial direction. The membrane expansion often 

comes to a stop before radical stretching ends. The formation of longer process takes longer 

duration (at high temperature and salinity) as compared to the shorter process (at low 

temperature and salinity).  However, it is still not clear whether there exists morphometry 

similarities in the population encountered across the studied ecosystems and the same is 

discussed subsequently for each of the studied cysts.   

In the present study, P steini and P. pentagonum were predominant in both nutrient rich 

estuarine and marine ecosystems wherein temperature and salinity could be the important factor 

in determining the cysts dimension and distribution.  The morphometric measurements of P. 

steinii and P. pentagonum cysts showed distinct variation between the studied ecosystems. For 

instance, cyst of P. steinii and P. pentagonum in Cochin port were general smaller in size as 

compared to New Mangalore and Zuari estuary (Goa).  Further, within Cochin port, size of both 

the cysts types also showed large variations. Among the two dinoflagellates, the temperature 

and salinity effect on morphometry of P. steinii cysts is well documented through laboratory 

experiments (Zonneveld and Susek, 2007).  According to the P. steinii culture experiment, 

temperature clearly affected the cyst morphology wherein the length of the cysts processes 

formed at temperature of 16.5 °C and 34.8 °C were small and flattened while in between 20°C 

to 30 °C  were significantly longer. Even the influence of changing temperatures on the cysts 

morphological variations in Lingulodinium machaerophorum and Spiniferites baltica are also 

reported (Hallett, 1999; Ellegaard et al., 2002). The P. steinii, cell size length and width showed 

a larger variation and bigger cells were formed at lower temperature (16.5°C) as compared to 

higher temperature (20°C to 34.8 °C) (Zonneveld and Susek, 2007). This confirms that the 

temperature effect on the cysts morphometry of the both the dinoflagellates in the study region 

will be negligible due to prevalence of warmer waters (avg temperature 28) and the insignificant 

variations in the water temperature between the ecosystems.  In the Cochin, New Mangalore 

ports and Zuari estuary the temperature ranged between 28.7 ± 1.7, 27.9 ± 3.6 and 29.1± 2 0C 

respectively. Since the ranges for water temperature in the studied locations are similar the 

influence of salinity variations could be the driving factor.   

Interestingly, in the case of P. and P. pentagonum, both the life stages are classified as 

euryhaline type as they were recorded in all the salinity ranges (Fig. 5.1.2.a.b.), which suggests 

one of the possible reasons for their predominance in the region.  It was observed that the cyst 

of P. steinii and P. pentagonum found in New Mangalore port and Zuari estuary (Goa) were 

found in salinity above 30 psu while in Cochin port cysts were found a wider salinity ranging 
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from 5 to >30 psu. The prevalence of freshwater influx for most part of the year and the 

occurrence of planktonic motile-stages of P. steinii in high numbers at wide salinity ranges (5-

>30 psu) are the main reasons in Cochin port (Rodrigues et al. 2019). Even in New Mangalore 

port, a marine system with less salinity variation (>30 psu), planktonic motile stages were 

observed in good numbers at higher salinity, whereas in Zuari estuary, unlike Cochin port is an 

open system with less freshwater influx (compared to Cochin port) might harbour less 

abundance of motile stages as evidence from less cysts production. In the case of P. 

pentagonum, planktonic motile-stage were found in above 30 and 15-20 psu ranges in Cochin 

port and above 30 psu in New Mangalore port. Therefore, different cyst size class observed in 

Cochin port, could be explained by the salinity changes experienced by their planktonic motile-

stages thereby resulting variability in cyst morphmetry. As evidence from culture experiments 

the changes in cysts sizes were observed in relation to salinity but not statistically significant 

especially at higher salinity range wherein large cyst size were observed (Zonneveld and Susek, 

2007). Generally, P. steinii cyst length and breadth ranged between 85 -115 um and 75-95 um, 

respectively in salinity ranging from 20 to 45 psu wherein large and small cyst size were 

observed at higher and lower salinities (Zonneveld and Susek, 2007). Interestingly, the cyst of 

P. steinii recorded in Zuari estuary (Goa) was the largest when compared to the information 

available in the literature (Zonneveld and Susek, 2007).  However, to our knowledge, the 

species studies on morphometry variations in P. pentagonum are not available.  Similar to P. 

steinii, cysts of P. pentagonum also showed variation in cell length and the relatively bigger-

sized cysts were observed in the Mangalore port, followed by Zuari estuary (Goa) and Cochin 

port but the differences were insignificant. The prevalence of low salinity for a longer period in 

Cochin port could be the factor responsible for the production cysts with smaller size.  

Additionally, the cyst processes in certain dinoflagellate has been considered as a potential 

proxy for salinity variation (Mertens et al., 2010). Generally, processes of L. machaerophorum 

and other cysts, considered as a primary biological function as a clustering device to improve 

sinking rates (Mertens et al., 2009b).  The influence of salinity variation on the length of the 

process in Lingulodinium is well documented through laboratory experiments.  For instance 

Hallett (1999) confirmed a positive and negative relation with respect to salinity and 

temperature, respectively but in combination could show morphological variation and in 

another experiment, cysts without or with processes showed reduced length when grown at a 

low (15 psu) salinity, and at 40 psu slight reduction of process length has been observed (Hallett, 

1999). In view of these, here an attempt has been made to understand the variability. However, 
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in our study, compared to other ports, large size cysts were found in Zuari estuary where salinity 

was >30. Interestingly 45% of P. steinii cyst recorded from Goa showed a cell length of >115 

µm which is larger, not only from those reported from other ports, but also to that available in 

the literature. The body measurement and process length of P. steinii showed a significant 

difference in cyst found in Goa as compared to others. The process length of P. steinii were 

smaller in Cochin port with wider salinity ranges compared to New Mangalore and Zuari 

estuary (Goa) where they found in stations with salinity above 30 psu. There also exits a 

variation in the species phenotype, as seen in Zonneveld and Susek, (2007) wherein 22 strains 

of Pyrophacus steinii only three of them produced cysts suggest all phenotypes species don’t 

produce cyst or their triggering mechanism for cyst formation was different. The possible 

reason for this variation could be that the strains of P. steinii recorded in Goa are different from 

other ports, or the cyst formed could be result of sexual reproduction, which is usually larger in 

size, or there might be other factors apart from environment. However, specific studies through 

molecular approaches are a need of the hour to understand the stain variability and such an 

approach will boost dinoflagellate eco-biological studies.    

 

5A. 5. Conclusion 

This study concludes that the P. steinii and P. pentagonum cysts are euryhaline species as they 

encountered at much wider salinity range compared to available reports and thereby adding 

newer information to their biogeographic distribution.    Further variability in cysts 

morphometry was also observed between the ecosystems and was found to be in accordance 

with salinity values as the influence of other environment (i.e. prevalence of narrow temperature 

range and nutrient rich conditions) may not be dominant. Cyst morphometry i.e. length, breadth 

and process length, (only in P.Steini) of both the dinoflagellates were relatively larger and 

smaller at higher (>25 psu) and lower salinity (<25 psu) ranges, respectively.  Occurrence of 

large size P. steini cysts and salinity wise variability in P. pentagonum cysts size also adds 

newer information to ecobiology of dinoflagellate cysts. This study confirms that, in addition 

to cysts with processes, cysts without process do exhibit variability in its morphometry in 

different environmental settings and such cysts (if dominant) can form alternative indicators in 

the regions where known indicator species are less predominant.  However, specific studies 

similar to those available for certain cysts with processes need to be undertaken for the cysts 

without processes exhibiting morphometric variations.  Further documenting the cysts 
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morphometry in the studies related to distribution along with environment as well as controlled 

experiments to understand the responses to environmental triggers/cues and the reasons for 

variability will be useful for robust data generation and interpretation to strengthen the utility 

of cyst morphometry of other dinoflagellates as potential environmental indicators. Given this, 

due to unsuccessful in obtaining P. steinii and P. pentagonum cultures, different dinoflagellates 

from the rock pools were isolated and tested to study the effect of salinity and darkness on cyst 

production in the next subchapter 5B.  
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5B. Benthic dinoflagellate responses to salinity and prolonged darkness 

5B. 1. Introduction 

Dinoflagellates are ecologically important as they form the base of aquatic food webs, produce 

harmful algal bloom toxins, and have a role in marine biogeochemistry. Much of the 

information on planktonic dinoflagellate's diversity and ecology, i.e., dinoflagellate planktonic 

and cyst, are available from the large water bodies, such as estuaries bays, lakes, coastal, and 

Open Ocean. However, information on benthic dinoflagellate from smaller water bodies (such 

as rock pools along the rocky intertidal shores), which experience extreme conditions due to 

daily fluctuations in the environment (e.g., temperature, salinity, etc.) and anthropogenic 

pressures, are limited (Kita et al., 1985; Häggqvist and Lindholm, 2015). In recent years, benthic 

dinoflagellates gain importance as most of these species are responsible for the occurrence of 

harmful/toxic blooms and also causing discoloration of water, and fish mortality in the coastal 

waters are the native of the rock pools (Murray et al. 2015). Regarding environmental and 

societal concerns, it becomes important to take up the studies in the rock pools, especially with 

benthic dinoflagellate.  

Benthic dinoflagellates are common in shallow waters and are known to occur in diverse habitat 

types, including different substrata types (e.g., sediments, macrophytes, seagrasses, corals, 

rocks, sediments, etc.) through the production of polysaccharide filaments and mucous layers 

(Honsell et al., 2013).  Taxonomic composition in benthic and planktonic habitats is quite 

distinct. Of the ~2000 described extant dinoflagellate, only less than 10% of 

species appear to be benthic. However, the information on their geographic 

distribution is still minimal. Benthic dinoflagellates from tropical and subtropical waters are 

well-known and more species have been thoroughly described than temperate, sub-arctic, and 

polar environments (Duran-Riveroll et al., 2019). Although benthic dinoflagellate study from 

other tropical regions is much studied, its information from the Indian coastal belt, especially 

from the rocky shore and rock pools, is scarce. 

The tropical regions experience many monsoon showers, due to which salinity changes 

drastically in rock pools. Within rock pools, rise in temperatures can increase by >15 °C, salinity 

by 3 ppt, and oxygen levels can reach hypoxic conditions within a few hours (Congleton 1980; 

Metaxas & Scheibling 1993; Jensen & Muller-Parker 1994). Patil et al. 2017, investigated the 

rock pools from monsoon-influenced tropical shores, revealed benthic dinoflagellates' 

dominance. These dinoflagellate experience a wide range of environmental conditions (such as 

temperature, light intensity, salinity) in rock pools, and under such conditions, they resort to 
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adaptive strategies (such as encystment in general and production of photoprotective pigments) 

(Patil et al., 2017). Benthic dinoflagellate is known to attach to a substratum or migrate to 

crevasses, which can cause them to get buried due to tidal action in shadowy or dark regions in 

rockpools (Patil et al. 2017).  The information on dark survival in most microalgae (including 

burial in intertidal sediments), except benthic dinoflagellates, either by forming resting cells or 

changing nutritional mode, photosynthetic pigments and activities such as metabolic, migratory 

and respiratory (eg. Jochem, 1999; Mitbavkar and Anil, 2004; McMinn and Martin, 2013; Naik 

and Anil, 2018 a and b). Given this, bloom-forming benthic dinoflagellates were isolated from 

tropical rock pools (Anjuna rocky shore, Goa, India; Patil et al. 2017) during late pre-monsoon 

and were used for elucidating the following. a) A detailed morphological description of the 

isolated benthic dinoflagellates. b) To study the growth, physiological and morphological 

responses to salinity changes and prolong darkness. c) To confirm the existence of resting cyst 

or pellicle cyst as an adaptation strategy. 

  

5B. 2. Methodology 

Refer chapter 2. 3. for methods followed  

 

5B. 3. Results 

5B. 3. 1. Identification of dinoflagellate strains  

 

5B. 3. 1. 1. Amphidinium carterae 

FlowCAM and microscopic analysis revealed that the Amphidinium cells in cultures were 

ovoid, ellipsoid from the ventral side, and dorsoventrally flattened. The dimensions for cell 

length (11–17 μm; most cells 13–15 μm), width (10–14 μm), and breadth (lateral; 

approximately 7 μm) are in similar ranges as reported in the literature for Amphidinium carterae 

(Table). The ratio of cell length to width ranged between 1.1 and 1.5 (n = 40). Amphidinium 

cell comprises epicone and hypocone with a prominent nucleus, pyrenoid, and chloroplast with 

branched lobes. All these features are observed in the micrographs (Fig.5.2.1). Epicone 

observed was crescent-shaped from the ventral side and was clearly deflected towards the left. 

The cingulum's starting is located 0.12–0.16 of the cell length from the apex and traverses 

midway across the ventral face before descending on the ventral side. The distance of the 

cingulum's proximal and distal ends from the cell’s apex compared to total cell length ranged 
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between 0.3 and 0.4, and 0.09 and 1.5, respectively. Furthermore, the epicone is separated from 

hypocone by a girdle encircling the epicone forming a V-shaped ending on the ventral side, 

below which lies the sulcus.  

 

Figure 5. 2. 1. Light microscope (LM) image of Amphidinium sensu stricto in a dorsal view of 
live cell, b–e ventral view of live cell, f, g epifluorescence images of cell showing chlorophyll 
by auto fluorescence, h epifluorescence image of cell stained with DAPI showing the shape and 
location of nucleus (N), i SEM image. Arrows represent pyrenoids (a), red bodies (b), 
longitudinal flagella insertion (c), depression near the sulcal groove and near cingulum (d), and 
ventral view showing pustule (e). Scale bar in all images is 5 μm.  

 

Sulcus beginning 1.3 μm below the proximal end of the cingulum, continuing to posterior. A 

spherical or oval or crescentic-shaped nucleus, ranging between 4.2 and 6.0 μm in diameter, 

was present in the hypocone's posterior part. Epifluorescence microscopy (red fluorescence) 

revealed the presence of only one chloroplast with branched lobes and a single prominent 

pyrenoid (Fig.5.2.1). Chloroplast greenish-yellow, probably single with multiple lobes and 
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superficial perforated like structures. Prominent red bodies were present in the hypocone. 

Pyrenoid, measuring 2.5–3.3 μm in diameter, was also prominently seen in the central or 

slightly anterior region. The isolated strain is easily culturable in f/2 media and has a faster 

growth rate similar to that reported for A. carterae. Asexual division in the isolated strain is by 

binary fission in the motile cell.  

 

5B. 3. 1. 2. Bysmatrum gregarium 

FlowCAM and microscopic analysis revealed that the cells are pentagonal in shape with an 

average ESD diameter, length, and width of 26 ± 2, 29 ± 3, and 24 ± 2 μm, respectively (Fig. 

5.2.2). The calcofluor staining and quash technique revealed that the vegetative cells showed 

reticulated thecal surface and the typical plate pattern (Po, X, 4′, 3a, 7″, 6c, 4s, 5‴, 2′‴) with the 

second and third anterior intercalary plates not in contact with one another, a unique 

morphological feature of Bysmatrum (Fig. ). The plate formula of Bysmatrum spp., arranged in 

a Kofoidian series, is almost identical to that of Scrippsiella spp., but were transferred to the 

genus Bysmatrum spp., because the second and third anterior intercalary plates are not in contact 

with one another due to the presence of a third apical plate (Faust and Steidinger 1998; Murray 

et al. 2006). The apical portion of the cell showed a prominent teardrop apical pore complex 

(APC). Epifluorescence microscopy (red fluorescence) revealed chloroplast's presence 

throughout the cell, and the nucleus position was found to be variable from one cell to cell 

(Fig.5.2.2.). B. gregarium is also culturable using the standard f/2 media but has a slow growth 

rate compared with co-occurring species Amphidinium within RPs.  
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Figure 5. 2. 2. Light microscope (LM) image of Bysmatrum gregarium in a lateral view of live 
cell, b persevered cells, c SEM image showing thecal plate arrangements, and d, e 
epifluorescence images of cell stained with calcofluor white showing thecal plate arrangements. 
f, g LM and SEM image of APC, h, i epifluorescence images of cell showing chlorophyll 
autofluorescence, and j, k, l epifluorescence image of cell stained with DAPI showing the 
nucleus (N) located in hypotheca, epitheca, and center, respectively. Scale bar in all images is 
10 μm. The numbers/alphabets in plates c to g indicate the apical plates (1’ to 4’), anterior 
intercalary plates (1a, 2a, 3a), precingular plates (1” to 7”), apical pore complex (APC), apical 
pore (Ap), pore plate (Po) and canal plate (X). 

 

5B. 3. 2. Influence of salinity and darkness on the dinoflagellate strains  

5B. 3. 2. 1. Amphidinium carterae 

The cells of A. carterae could grow under different salinity conditions (except for 5 salinity) 

when incubated in 12h light: dark conditions (LDC). A. carterae showed a lag phase of 3 days 

in all salinities except 5 salinity. The culture collapsed after day 1. The exponential phase was 

achieved quicker in 25 salinity by day 5 and 35 salinity by day 7. While 15 salinity by day 9, 

and 50 salinity by day 12 were slower (Fig. 5.2.3.a). In LDC, the maximum cell abundance and 

growth rate were observed at  25 salinity (254074 ± 63188 cells/mL, 1.08 ± 0.13 d-1), and 35 

salinity (431296 ± 162944 cells/mL, 1.06 ± 0.17 d-1), as compared to 5 salinity (4444 ± 2422 
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cells/mL, 0.38 ± 0.72 d-1), 15 salinity (129444 ± 54521 cells/mL, 0.59 ± 0.32 d-1), 50 salinity 

(147407 ± 59008 cells/mL,  0.61± 0.28 d-1) (Fig. 5.2.3.a,b). In LDC, the optimal and limited 

growth was observed at higher (25 & 35) and lower (15 and 50) salinity, respectively.  

Figure 5. 2. 3. The growth of Amphidinium carterae at different salinities under 12 h light-dark 
photo-cycle. (a) Cell abundance and (b) Growth rate.   
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The cells of A. carterae could grow initially in different salinity conditions when incubated in 

prolong dark condition (PDC). A. carterae showed an exponential period on day 2 in all 

salinities, after which the count decreased (Fig.5.2.4. a). The maximum cell abundance and 

growth rate in DC was observed in 25 salinity (8148 ± 1156 cells/mL, 0.9± 0.13 d-1), 35 salinity 

(9259± 1697 cells/mL, 0.46± 0.24 d-1), and lower abundance in 5 salinity (3704 ± 1156 

cells/mL, 0.66± 0.39 d-1), 15 salinity (7963 ± 1786 cells/mL, 0.65± 0.63 d-1), and 50 salinity 

(6111 ± 2003 cells/mL, 0.34± 0.30 d-1) (Fig.5.2.4. a, b). The optimal and limited growth was 

observed at higher (35 & 50) and lower (15 and 25) salinity, respectively.  

The Amphidinium cells morphology in 5 salinity LDC showed swollen cells, which 

disintegrated by day 3. In 50 salinity LDC, by day 9 it was observed that 2 or 3 cells of 

Amphidinium were conjugating, and later cells enlarged in size and exhibited nuclear cyclosis 

(rotation of the contents of the nucleus). But no encystment of Amphidinium cells in LDC was 

observed in any of the salinities. Change in cell morphology of A. carterae was induced in PDC. 

Cells of A. carterae appeared to be active and motile for up to day 9, and shrinkage was 

observed in cell size (Fig.5.2.5). It was noted that it could survive till the 9th day, but no cyst 

formations were observed. The trends in fluorescence parameters during incubation were 

different in different salinities as well as between the prolonged dark condition (PDC) and 

light-dark conditions (LDC) (Fig. 5.2.6, and 5.2.7). The F0 and Fv both showed a similar 

trend under the respective treatments.  In LDC, F0 and Fv showed an increasing trend in all 

the salinity except in 5 (Fig 5.2.6.a,c). Under PDC F0 and Fv showed an increasing trend and 

then started declining rapidly on day 12 in all the salinity expect in 5 (Fig 5.2.7.d).  However, 

similar trends were not evident with Fv/Fm. The trends of Fv/Fm concerning incubation days 

varied according to the treatments. For instance, the lowest Fv/Fm were encountered at low 

salinity (compared to higher salinity) and PDC (compared to LDC).   
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Figure 5. 2. 4. The growth of Amphidinium carterae at different salinities under prolonged 
darkness. (a) Cell abundance and (b) Growth rate. 

 

 

 
Figure 5. 2. 5. Micrographs of Amphidinium carterae motile stages showing (a) live cell at 35 
salinity, (b and c) cell fusion and nuclear cyclosis seen at day 9 to 15 at 50 salinity. Scale in (a) 
is 10µm, while (b and c) is 20 µm. 
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In LDC, Fv/Fm values ranged from 0.15-0.32 in 5 salinity, 0.19-0.46 in 15 salinity, 0.28-0.46 

in 25 salinity, 0.25-0.38 in 35 salinity, and 0.26- 0.34 in 50 salinity (Fig 5.2.6.d).  Whereas 

under PDC, Fv/Fm values ranged from 0.11-0.3 in 5 salinity, 0.21-0.26 in 15 salinity, 0.19-

0.36 in 25 salinity, 0.25-0.37 in 35 salinity, and 0.24- 0.38 in 50 salinity (Fig 5.2.7.d).  

HPLC pigment analysis of Amphidinium carterae in LDC revealed that the higher pigment 

concentration were found in 25 and 35 salinity treatment while in the others they were in traces. 

In Amphidinium carterae, cell constitutes peridinin, diadinoxanthin, diatoxanthin, zeaxanthin, 

and lutein, chlorophyll (a, b), and beta carotene pigments. A. carterae in PDC, the HPLC 

pigment revealed that the higher pigment concentration of diatoxanthin, and chl a in all the 

salinities were observed. In comparison, other pigments were present at a lower concentration 

in different salinity treatments.  
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Figure 5. 2. 6. Chlorophyll fluorescence (i.e. a. initial (F0), b. maximum (Fm) and c. variable – 
Fv) and d. photosynthetic efficiency (Fv/Fm) of Amphidinium carterae at different salinities 
under 12 h light-dark photo-cycle. 

 

 



142 
 

 
Figure 5. 2. 7. Chlorophyll fluorescence (i.e. a. initial (F0), b. maximum (Fm) and c. variable – 
Fv) and d. photosynthetic efficiency (Fv/Fm) of Amphidinium carterae at different salinities 
under prolonged darkness. 
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5B. 3. 2. 2. Bysmatrum gregarium 

B. gregarium could grow under all the different salinity conditions when incubated in 12h light: 

dark condition (LDC). B. gregarium showed a lag phase period of 3 days in all salinities except 

5 salinity wherein the culture collapsed after day 1. The exponential phase in 15 salinity was 

attained by day 9, 25 salinity by day 5, 35 salinity by day 7, and 50 salinity day 12 (Fig. 5.2.8.a). 

The maximum cell abundance and growth rate in LDC were observed in 15 salinity (7407 ± 

3572 cells/mL, 0.4 ± 0.3 d-1), 25 salinity (6111 ± 5472 cells/mL, 0.6 ± 0.7 d-1), and 35 salinity 

(13704 ± 2740 cells/mL, 1.3 ± 0.1 d-1), while lower in 5 salinity (3889 ± 5800 cells/mL, 0.5 ± 

0.6 d-1), and 50 salinity (4074 ± 642 cells/mL,  0.4 ± 0.7 d-1) (Fig. 5.2.8.a,b). The optimal and 

limited growth was observed at higher (25, 35 & 50) and lower (5 and 15) salinity, respectively. 

The cells of B. gregarium couldn’t grow under all the different salinity conditions when 

incubated in prolong dark conditions (PDC). 

Morphologically, B. gregarium cells in LDC showed no encystment in any of the different 

salinities. The encystment of B. gregarium cells was observed in PDC at all the salinities to 

form a temporary cyst (Fig. 5.2.10). These cysts were oval to ellipsoid shaped, covered with 

mucilaginous substance, and found in clusters. The B. gregarium cyst size ranged from 19.3 – 

20.5 µm in length and 16- 19 µm in breadth. The cyst size variation was observed between 

salinity (Fig. 5.2.11), but it was not significant in the ANOVA test.  

The trends in fluorescence parameters during incubation were different in different salinities 

as well as between the PDC and LDC (Fig. 5.2.12 and 5.2.13). The F0 and Fv both showed a 

similar trend under the respective treatments.   
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Figure 5. 2. 8. The growth of Bysmatrum gregarium at different salinities under 12 h light-
dark photo-cycle. (a) Cell abundance and (b) Growth rate. 
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Figure 5. 2. 9. The growth of Bysmatrum gregarium at different salinities under prolonged 
darkness. (a) Cell abundance and (b) Growth rate. 

 

In LDC, F0 and Fv showed an increasing trend in all the salinity except in 5 (Figs 5.2.12.a,c). 

Whereas, under prolonged darkness, F0 and Fv showed a drecreasing trend in all salinity (Figs 

5.2.13.a,c). However, similar trends were not evident with Fv/Fm. The trends of Fv/Fm 

concerning incubation days varied according to the treatments. For instance, the lowest 

Fv/Fm was encountered at low salinity (compared to higher salinity) and PDC (compared to 

LDC).   
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Figure 5. 2. 10. Micrographs showing (a) live motile cell at 35 salinity under light:dark 
photo-cycle, (b and c) temporary cyst /pellicle cyst of Bysmatrum gregarium found in all 
salinity under prolonged darkness. Scale in (a) is 10µm, while (b and c) is 20µm.  

 

 

 

 
Figure 5. 2. 11. Variation in cyst (a) length and (b) breadth of Bysmatrum gregarium formed 
under prolonged darkness (PDC) in different salinities. 
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Figure 5. 2. 12. Chlorophyll fluorescence (i.e. a. initial (F0), b. maximum (Fm) and c. 
variable – Fv) and d. photosynthetic efficiency (Fv/Fm) of Bysmatrum gregarium at different 
salinities under photo-cycle. 



148 
 

 
Figure 5. 2. 13. Chlorophyll fluorescence (i.e. a. initial (F0), b. maximum (Fm) and c. 
variable – Fv) and d. photosynthetic efficiency (Fv/Fm) of Bysmatrum gregarium at different 
salinities under prolonged darkness. 
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In light-dark condition, Fv/Fm values ranged from 0.28-0.38 in 5 salinity, 0.34-0.44 in 15 

salinity, 0.35-0.44 in 25 salinity, 0.36-0.46 in 35 salinity, and 0.26- 0.44 in 50 salinity 

(Fig.5.2.12.d).  Whereas under PDC, Fv/Fm values ranged from from 0.19-0.3 in 5 salinity 

treatment, 0.24-0.36 in 15 salinity treatment, 0.24-0.34 in 25 salinity treatment, 0.27-0.33 in 35 

salinity treatment, and 0.24- 0.31 in 50 salinity treatment (Fig.5.2.13.d). 

HPLC pigment analysis of Bysmatrum gregarium in LDC revealed that the higher pigment 

concentration were found in 15 and 25 salinity treatment while in moderate concentration in 

other salinity treatment. In B. gregarium cell constituted of peridinin, fucoxanthin, 

diatoxanthin, and chl a pigments. HPLC pigment analysis of Bysmatrum gregarium in PDC 

revealed that the higher pigment concentration was found in 5, and 15 salinity treatment in the 

dark.  

 

5B. 4. Discussion  

5B. 4.1. Identification and distribution of Amphidinium  

The genus Amphidinium is an unarmoured photosynthetic dinoflagellate containing 

approximately 120 species. The toxigenic dinoflagellates belonging to Amphidinium are among 

the HAB-causing taxa globally. Amphidinium is a widespread genus of dinoflagellate, found in 

temperate and tropical marine waters, in both free-living benthic and endosymbiotic states. 

Even though Amphidinium distribution is widespread, previous studies in the region did not 

document its occurrence probably because they dealt mostly with microalgae collected in 

offshore waters and not from coastal or intertidal habitats. Furthermore, Amphidinium, being a 

nonthecate, can also be damaged or distorted when preserved with preservatives (e.g., formalin, 

Lugol’s). Thus, they should still have seen something escaping the notice of workers. Only 

recently, the occurrence of Amphidinium is reported in the water column of the Mumbai and 

Gujarat coasts. In the Mumbai coast, Amphidinium is just listed along with other taxa (Shahi et 

al. 2015), whereas in the Okha Port harbour (Gujarat), recurrent blooms of Amphidinium are 

noticed (Mandal et al. 2011) as A. carterae. However, none of the above-mentioned studies 

from Indian region provided the morphological details nor the ecological information. 

Moreover, the morphological similarities between many of the current studied species of 

Amphidinium sensu stricto cause taxonomical confusion, because the different species studied 

from wild samples tend to share similar or misleading important morphological information 

(e.g., Flø Jørgensen et al. 2004, Murray et al. 2004; Dolapsakis and Economou-Amilli 2009). 

Therefore, distinguishing Amphidinium sensu stricto species can only be done after careful 
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morphological observations of live cells (Dolapsakis and Economou-Amilli 2009). In view of 

this, observations were made with live cells in this study.  

In this study, for the first time, morphological details of a species belonging to Amphidinium 

sensu stricto from the Indian region are presented. The identification is based on the specific 

morphological features from the cultures as detailed in the literature (e.g., Flø Jørgensen et al. 

2004, Murray et al. 2004; Dolapsakis and Economou-Amilli 2009). Based on the cellular and 

morphological features, as presented in Fig. 5.2.1, the Amphidinium species recorded is closely 

related to its morphological similar sibling A. carterae Hulburt 1957.  

 

5B. 4.2. Identification and distribution of Bysmatrum species  

Lombard & Capon (1971) described a new thecate benthic dinoflagellate isolated from tidal 

pools in southern California and named it Peridinium gregarium. After that Horiguchi & 

Pienaar (1988a), illegitimate renamed Peridinium gregarium to Scrippsiella gregarium and 

after that transfer to Bysmatrum gregarium by Faust & Steidinger (1998), the correct name for 

this species is now considered to be Bysmatrum gregarium (Hoppenrath et al., 2014). The genus 

Bysmatrum, which was established in 1998 for peridinoid dinoflagellates, previously belonged 

to genus Scrippsiella (Faust and Steidinger 1998). Recent work on morphological features and 

molecular sequence analyses revealed that Bysmatrum is different from Scrippsiella and also 

forms an isolated and uncertain position outside the Thoracosphaeraceae (Gottschling et al. 

2012; Jeong et al. 2012). In general, species belonging to the genus Bysmatrum are peridinoid, 

thecate, and photosynthetic (as they possess many chloroplasts; Fig. 5.2.2). They mostly occur 

in tide pools, sandy sediments, and also as epibiotic on macroalgae or corals (Murray et al. 

2006). Until date, a total of five species viz. B. arenicola, B. gregarium, B. granulosum, B. 

subsalsum, and B. teres have been reported and described.. B. gregarium is the smallest species 

compare to other Bysmatrum species (Jeong et al. 2012). The morphological comparisons of B. 

gregarium with those from different geographical regions (America, Korea and Malaysia) 

revealed that the ranges for the dimensions of anteroposterior and dorsoventral of Indian strain 

fall near that of the Korean strains (Table 5.2.1). 
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Table 5. 1 Comparison of the morphology of the Sooseong (BGSS), Garolim (BCGL), USA (BGU), Malaysian (BGM) and Indian (BCI) strains 
of Bysmatrum gregarium. In parenthesis (mean). Yes: It has. No: It does not have. NA: Not available. AP: Anteroposterior. DV: Dorsoventral. Po: 
apical pore plate. 

 

  Sooseong Garolim USA Malaysian Indian 

  BGSS BGGL BGU BGM BGI 

Shape in ventral view Pentagonal Pentagonal Pentagonal Pentagonal Pentagonal 

Shape in apical view circle with a depression at 

the ventral side 

circle with a depression at 

the ventral side 

circle with a depression 

at the ventral side 

circle with a 

depression at the 

ventral side 

circle with a depression 

at the ventral side 

AP length, μm (Live) 24.9-37.4 (30.8) 20.6-32.7 (27.6) 20-34 18-24 (22) 18.99-27.09 (21.66) 

AP width, μm (Live) 22.4-31.9 (27.2) 18.3-34.9 (26.5) 20-34 19-26 (23) 21.58-31.27 (25.43) 

Ratio of AP to width 

(Live) 

1.0-1.3 (1.1) 0.9-1.2 (1.0) NA NA 0.78-0.97 (0.85) 

DV length, μm (Live) 21.4-29.1 (25.8) 21.9-28.8 (24.4) NA NA 25.11-32.36 (29.53) 

DV width, μm (Live) 27.5-34.8 (31.0) 24.4-32.0 (27.8) NA NA 26.45-32.68 (29.80) 

Ratio of DV to width 

(Live) 

0.8-0.9 (0.8) 0.8-0.9 (0.9) NA NA 0.92-1.06 (0.99) 

Plate ornamentation reticulated reticulated reticulated reticulated reticulated 

Thecal pore yes yes NA yes NA 

Thecal pore size, μm 0.03-0.09 (0.06) for 

smaller pores, 0.14-

0.21(0.17) for larger ones 

0.03-0.12 (0.07) for 

smaller pores, 0.15-0.23 

(0.20) for larger ones 

NA NA NA 
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Cingulum width (CW), 

μm 

2.5-4.2 (3.5) 2.0-4.1 (3.3) NA NA 2.33-5.43 (3.67) 

Cingulum displacement 

(x CW) 

1.1-1.9 (1.5) 1.0-2.0 (1.3) 0.5-1 NA 0.98-2.02 (1.50) 

Cingulum displacement 

(x Cell length) 

0.1-0.3 (0.2) 0.1-0.2 (0.1) NA NA NA 

Sulcal list 2, left, internal 2, left, internal 2, left, internal 2, left, internal 2, left, internal 

Apical stalk yes yes yes yes yes 

Shape of Apical pore 

complex (APC) 

teardrop teardrop polygonal polygonal teardrop 

Length of APC (Po+X 

plates), μm 

6.0-7.9 (7.2) 5.2-7.4 (6.4) NA NA 6.98-9.29 (8.14) 

Width of APC μm 2.5-4.3 (3.5) 2.3-3.9 (3.0) NA NA 4.55-5.60 (4.9) 

Length of Po, μm 3.7-5.0 (4.3) 3.0-5.0 (4.0) NA NA 4.69-5.94 (5.39) 

Length of X plate, μm 2.2-3.7 (2.9) 1.8-2.9 (2.4) NA NA 1.9-3.12 (2.42) 

The 1st apical plate (1') penta penta penta penta penta 

The 1st intercalary plate 

(1a) 

quadra quadra quadra quadra quadra 

The 2nd intercalary plate 

(2a) 

hexa hexa hexa hexa hexa 

The 3rd intercalary plate 

(3a) 

penta penta penta penta penta 

Antapical plate indented indented indented indented indented 

Intercalary band striated striated striated striated 
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Antapical spine looks like spine, but may 

be extension of lists 

looks like spine, but may 

be extension of lists 

yes yes looks like spine, but 

may be extension of 

lists 

Nucleus epithecal epithecal, hypotheca, or 

equatorial 

epithecal NA epithecal, hypothecal, 

or equatorial 

Stigma yes yes yes NA yes 

Reference Hae Jin Jeong et al 2012 Hae Jin Jeong et al 2012 Horiguchi and Pienaar 

1988a; Ten-Hage et al. 

2001 

Mohammad- Noor et 

al. 2007 

this study 
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Even the shape of the apical pore complex (APC), the location of nucleus and appearance of 

antapical spines are similar. The shape of APC was teardrop in Indian and Korean strains, 

whereas APC was polygonal in American and Malaysian strains. The noteworthy observations 

were that the ranges for APC dimensions and cingulum were much higher for Indian strains 

than others.  

 

 
 

Figure 5. 2. 14. Mapping of Bysmatrum species based on published reports with special 
emphasis on Bysmatrum gregarium. The literature used for mapping the global distribution of 
Bysmatrum species are as follows: Al-Has and Noor 2011, Almazán-Becerril et al. 2015, Faust 
2000, 2005, Hazeem 2009, Hinzmann 2005, Horiguchi and Pienaar 2000, Jeong et al. 2012, 
Krakhmalny et al. 2012, Limoges et al. 2015, Mohammad-Noor et al. 2007, Murray et al. 2006, 
Okolodkov et al. 2014, Parsons and Preskitt 2007, Saburova et al. 2009, Satta et al. 2013, 2014, 
Shah et al. 2010 and Ten-Hage et al. 2001. 

 

These characteristics indicate that the B. gregarium found in this study could be either a new 

strain or cryptic species. However, this aspect needs molecular evidence for confirmation. To 

date Bysmatrum gregarium have been reported in southern California, western Korea (Jeong et 

al., 2012), the Mexican Caribbean (Almazán-Becerril et al., 2015), Hawaii (Parsons & Preskitt, 

2007) and in the South China Sea (Luo et al 2018) and norther Indian Ocean (present study). 

Although the reports on Bysmatrum are from tropical coastal seas, this study will be reporting 
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for the first time the occurrence of high abundance of Bysmatrum from this part of the world, 

in particular from norther Indian Ocean (Fig.5.2.14). 

 

5B. 4.3. The response of rockpool dinoflagellates to salinity changes and prolonged 

darkness  

Generally, the transfer of cells from high to low salinities/LDC to PDC or vice versa can cause 

a stress condition affecting the overall growth and be reflected in this study on two benthic 

dinoflagellates (A. carterae – athecate and B. gregarium – thecate) with different morphology 

and cell wall, isolated from the same rock pools. However, both the dinoflagellates responded 

differently to salinity changes and prolonged darkness.  The nature of growth, physiological 

and morphological responses for each dinoflagellate are discussed separately in the subsequent 

discussion.   

 

5B. 4.3.1. Amphidinium carterae 

Amphidinium carterae sensu stricto is one of the most studied benthic dinoflagellates as it is 

HAB producing species, especially toxin producers, and has medical and aquaculture 

applications (Molina-Miras et al., 2020).  Further, Amphidinium sp. is known for its great 

capacity for luxury consumption of nutrients and can store nitrate and phosphate for several 

generations (Lee et al., 2003). Such kind of storing/remobilizing their internal metabolites until 

the availability of N indicates a type of adaptation to nitrogen stress (Dagenais-Bellefeuille and 

Morse, 2013). Therefore, the nutrient limitation may not be a dominant growth-limiting factor 

in A. carterae. Previous laboratory experiments reported that 25-30°C is the optimal 

temperature for A. carterae growth (Aquino-Cruz et al. 2016; Zimmermann, 2006), and even 

the blooms of A. carterae coincided with optimal temperature ranges (Ismael et al., 1999; 

Mandal et al., 2011; Patil et al., 2017). Therefore, in this study, the temperature was maintained 

at 26°C during all salinity and prolonged darkness experiments. Few studies reported that A. 

carterae growth was observed at a wide range of salinities (14 to 50 psu), with an optimal range 

between 20 to 32 psu (Brand, 1984; Lee et al., 2003; Zimmermann, 2006).  In this study, the 

exposure of A. carterea to different salinity treatments revealed growth in all salinities (except 

5 psu) under LDC. However, better growth was observed at higher salinity (35-50) and 

disintegrate in freshwater. The lag phase was longer in low salinity (<25 psu) compared to 

higher salinity (>25 psu), suggesting slower and faster growth in the former and latter salinities. 

McLachlan, (1961) reported higher chl a per cell of A. carterea when grown at 25 psu salinity.  

Similar results were obtained in the present study, where the chl a content per cell was higher 
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at 25 salinity than different salinity.  F0, a proxy for chl a, also showed similar results 

(Fig.5.2.6.a). The FRRf measurements revealed reduced photosynthetic efficiency (Fv/Fm = 

<0.3) at lower (<15 psu), and all salinities in LDC and PDC, respectively. The inhibition of 

photosynthesis in lower salinities in LDC and PDC suggests that the cells are under stress while 

others in a transitional state (Patil and Anil 2019). Interestingly, the FRRf derived maximum 

Fv/Fm of 0.65 (Kolber and Falkowski, 1993), indicating photosynthetically active cell, was not 

observed even under optimal growth conditions (i.e., at optimal temperature and salinity). The 

maximum photosynthetic efficiency recorded at optimal salinity was 0.37, and probably this 

lower Fv/Fm could be A.carterae unique taxonomic signature (Fig.5.2.6.d). The presence of 

alternate light-harvesting mechanisms and continuous fluorescence quencher production under 

LDC could be the reasons for the non-detection of maximum Fv/Fm of 0.65.  Several studies 

reported that A. carterae comprised peridinin-chlrophyll a protein complex, a unique light-

harvesting complex that uses blue-green as a primary light absorber (Hofman1996, Damjanovic 

et al. 2000).  The FRRf protocol is based on the variable chl fluorescence wherein blue 

excitation flashes are used, which may not be sufficient to capture the actual fluorescence from 

PCP complex.  Similar instance methodological differences are also reported with phycobilin 

containing cyanobacteria (Kaiblinger and Dokulil, 2006).  The other reason for reduced 

photosynthetic efficiency could be attributed to the formation diatoxanthin. Diatoxanthin 

appears to be a quencher of excitation energy within the antenna, and its formation leads to a 

reduction in the effective absorption cross-section of PSII (Falkowski and Raven 2007). Given 

this, the Fv/Fm of 0.37 could be the maximum measure of photosynthetic efficiency or 

photosynthetically healthy for the A. carterae. 

Cao Vien (1967, 1968) reported sexual reproduction in A. carterae, wherein zygotes are naked 

and non-motile cells. Reports show that when dinoflagellates are exposed to low or higher 

saline stress, different adaptation features like cyst formation tend to get triggered (Taylor, 

1987). Increased salinity and long day length conditions on cells of A. carterae spontaneously 

encysted, and some of these cysts represented zygotes (Sampayo 1985).  In this study, only at 

a salinity of 50 psu, distinct morphological changes were evident in LDC but not in other 

salinities.  In 50 salinity on the 9th day, two to three cells were fusing at the epicone, and cells 

enlarge in size and exhibit nuclear cyclosis (rotation of the nucleus contents).  This feature was 

observed until the last day of the experiment, i.e., the 15th day. This type of rotation has been 

linked to the meiosis I stage in other dinoflagellate zygotes' life cycle. But no cyst formation 

was observed in the present study as recorded in Cao Vien (1967). Similarly, A. klebsii, which 
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is isolated from salt marsh, exhibited cell fusion, nuclear cyclosis, and encystment (Barlow, 

1999). During late premonsoon (just before the onset of monsoon), an investigation from 

rockpools reported A. carterae blooms in high-tide rockpools where salinity reached close to 

50 psu due to evaporation (Patil et al. 2017).   Given the above, it is assumed that the cell fusion 

at higher salinities and the cellular changes brought in might be a kind of adaptive strategy to 

counter extreme environmental conditions (mainly temperature and salinity), and the specific 

studies in this direction will be a step ahead.  

   Algal senescence in cells is a defining feature of old algal cell cultures wherein cell shrinkage, 

loss of motility, and loss of pigment content are reported (Freudenthal 1962; Pommerville & 

Kochert 1981; Prezelin 1982; Fogg & Thake 1987; Kirk 1998). In algal studies, the term 

senescence has been more loosely used to describe cell conditions during culture decline (e.g., 

Fogg & Thake 1987), and previous observations of senescent cells probably included 

observations of dead cells. A. carterae senescence, i.e., cell death in the stationary phase in 

cultures with normal illumination and light-deprived cultures, resulted in a similar dead-cell 

morphology (Franklin and Berges, 2004). Irrespective of salinity, the chl a per cell reduced in 

PDC with an increase in incubation. In contrast, in LDC the chl a per cell increased in all salinity 

except 5psu. The highest chl a per cell was observed at 15 psu, followed by 25 and 35 psu in 

LDC. The interaction of salinity and darkness showed no cyst formation in A. carterae. Instead, 

all the A. carterae cells were observed at the bottom of the PDC flask after day 1 of the 

experiment, indicating a downward vertical movement reported by Kim et al. (2017) in dark 

conditions.  Although under stress, A. carterae didn’t form cyst but showed cell shrinkage and 

even motility (movement of the flagella) till day 9 in PDC.  These findings suggest that A 

carterae can survive under extreme conditions (salinity and prolonged darkness), which mimics 

the ship’s ballast water tank conditions during voyages and when transported to deeper 

sediments or shaded areas in intertidal regions.   

 

5B. 4.3.2. Bysmatrum gregarium 

Bysmatrum genera are one of the newly established genera in 1998 of peridinoid dinoflagellates, 

previously belonged to genus Scrippsiella (Faust and Steidinger 1998). Recent work on 

morphological features and molecular sequence analyses revealed that Bysmatrum is different 

from Scrippsiella and forms an isolated and uncertain position outside the Thoracosphaeraceae 

(Gottschling et al., 2012; Jeong et al. 2012). In general, species belonging to the genus 

Bysmatrum are peridinoid, thecate, and photosynthetic. So far, a total of five species viz. B. 

arenicola, B. gregarium, B. granulosum, B. subsalsum, and B. teres have been reported and 
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described (fig.5.2). Until today, Bysmatrum species didn't receive much importance in 

ecological studies as they are non-HAB producing species compared to other toxin-producing 

dinoflagellates harboring in an intertidal niche ecosystem. Therefore, there is a dearth of 

information on the response of Bysmatrum species to physio-chemical variables.   For the first 

time in this study, an attempt has been made to derive its ecological data such as eurytolerant 

capabilities through laboratory studies.  The exposure of B. gregarium to different salinity 

treatments revealed that they could grow better at higher salinity (25 -50) than at lower salinity 

(<25). Generally, these are the salinity conditions experienced by B. gregarium in rock pools 

of Anjuna rocky shores, Goa, India (Patil et al. 2017), where higher (due to evaporation) and 

lower (rainfall) salinity are recorded during non-monsoon and monsoon seasons, respectively.  

At lower salinity (5 psu) B. gregarium showed no lag phase, instead, growth decreased with the 

increase in the incubation period.  However, 5 and 7 days of lag phase were observed at 15-25 

and 50 salinities, respectively, indicating a former salinity optimum for maximum growth.  

Among the salinity optima (15-35), the highest cell abundance was recorded when incubated at 

35 salinity.  This is in accordance with that of another Bysmatrum species (B. subsalsum), 

wherein high cell abundances were recorded at water temperatures >20°C and salinity levels 

>30 in La Pletera salt marshes of Catalan Coast, Spain (Angles et al. 2017). Even the other 

Bysmatrum species (B. teres and B. granulosam) used for morphological characterization, were 

initially obtained from high salinity tide pools.  The initial fluorescence (F0, chlorophyll proxy) 

also showed a similar trend as that of the abundance. Further, the variable fluorescence 

measurements showed that LDC cells were under transitional conditions (i.e., Fv/Fm >0.3 to 

0.43) in all the salinities during the experiment. While in PDC, irrespective of salinity, the cells 

were under stress (i.e., Fv/Fm <0.3). Like A. carterae, a maximum Fv/Fm of 0.65 was not 

observed even under optimal conditions. Unlike A.carterae, less concentration of chlorophyll 

fluorescence quencher (i.e., diatoxanthin) was detected, and the prevalence of alternate light-

harvesting mechanism, like in A.carterae, is unknown. Generally, dinoflagellate possess unique 

photosynthetic apparatus that extensively uses both carotenoids and chlorophyll as the main 

light absorber, unlike other antenna systems with the preponderance of chlorophyll (Polívka et 

al., 2007).  However, research in this direction will be a step ahead in these newly described 

genera. 

  Since this is the first study on Bysmatrum genus and paucity of information, these observations 

were compared with the available information on the Scrippsiella genus, as it is considered a 

closely related species (Gottschling et al. 2012, Jeong et al. 2012). In many of Scrippsiella 
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species, salinity changes triggered cyst formation (Watanabe et al., 1982; Kim and Han, 2000) 

but not in Bysmatrum gregarium, suggesting additional deviation (i.e., triggering factor for 

encystment) to the existing morphological and genetic differences between the two closely 

related species. In LDC conditions, it was observed that B. gregarium showed a downward 

migrating pattern during the dark period.  In PDC, no growth was observed in any of the salinity 

treatment but triggered cells to undergo morphological changes to form pellicle cyst, suggesting 

that PDC is a factor to induce encystment of this dinoflagellate. Like Scrippsiella hangoei, the 

temporary cyst formation seems to be a long-term response to darkness (Rintala et al. 2007). 

However, the cyst formed by Scrippsiellla genus is calcareous, while the cyst formed by 

Bysmatrum are organic-walled cysts. The changes in cyst morphometry measurements were 

insignificant and also didn’t showed a clear pattern.  The FRRf measurements revealed reduced 

photosynthetic efficiency (Fv/Fm <0.3).  This may be related to the down-regulation of genes 

involved in photosystem II and ATP synthase, which coincided with physiologically inactive 

resting cysts reported for A. sanguinea (Liu et al. 2020). 

According to available reports on Bysmatrum genus, only one record of cyst belongs to B. 

subsalsum, which is recovered from palynologically treated sediments collected in the Alvarado 

Lagoon (southwestern Gulf of Mexico). B. subsalsum cysts formed are proximate, reflecting 

the features of the parent thecal stage (Limoges et al. 2015). In contrast, the pellicle cyst of B. 

gregarium is proximate, covered with mucilaginous material, and does not reflect the parent 

thecal stages. The B. gregarium pellicle cyst size ranged from 19.3 – 20.5 µm in length and 16- 

19 µm in breadth, smaller than the vegetative cells suggesting the cyst are not formed by sexual 

reproduction. The cyst formed by B. gregarium is pellicle cysts, while cysts found in 

Bysmatrum subsalsum are resting cysts. Interaction of salinity and darkness didn’t have a 

combined effect on B. gregarium. Still, the prolonged darkness triggered encystment, and this 

study provides the first description of the pellicle cyst. Again, similar to A. carterae, B. 

gregarium can survive extreme salinity variations in LDC but responded differently under PDC, 

wherein specialized cysts were formed.  Nevertheless, they can regrow under favourable 

conditions in the same or in different areas.   

 

5B. 5. Conclusion  

This study, for the first time, provides a detailed morphological description of the two benthic 

dinoflagellates i.e. Amphidinium carterae and Bysmatrum gregarium) isolated from the Anjuna 

rockyshores (Goa, India).  The occurrence of A. carterae and B. gregarium is considered as the 

first report from the Goa coast and the northern Indian Ocean, respectively. The laboratory 
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experiments revealed that salinity changes didn’t trigger cyst formation for both the 

dinoflagellates under light-dark photocycle. Interestingly, irrespective of salinities, 

morphological responses of both dinoflagellates were different under prolong darkness i.e. 

Bysmatrum underwent encystment while Amphidinium showed cell shrinkage and flagellar 

movement (up to 9 days) without cell division.  This is the first report of resting cyst formation 

in Bysmatrum gregarium. However physiological response was same i.e. reduced 

photosynthetic efficiency under lower salinity and prolong darkness. Overall, both 

dinoflagellates did not show a maximum photosynthetic of 0.65 under optimal growth 

conditions due to the prevalence of carotenoid-chlorophyll protein complex and diatoxanthin, 

a fluorescence quencher (only in A. carterae).  Through this study it is propose that the low 

salinity caused due to the monsoonal rainfall has the potential to control pre-monsoon benthic 

dinoflagellate blooms in intertidal systems along the Indian coasts, since it hampers cell growth, 

inhibits photosynthesis and does not trigger cyst formation as survival adaptive strategies.  



Chapter 6 

Summary 
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Chapter 6. Summary 

The studies on dinoflagellates, a prominent phytoplankton group, have gained importance as 

some of them form the basse of the quatic foodweb, are known for harmful algal bloom (HABs) 

formation and toxin-producers, environmental proxies and have a role in aquatic 

biogeochemistry. However, the information from monsoon-influenced tropical regions 

characterized by the high suspended load and high diversity but low abundance is limited. This 

study illustrates the ecology of cyst producing dinoflagellates through a combination of field 

studies in different ecosystems and laboratory experiments using the least studied rock pool 

dinoflagellates cultures.  Here, the population dynamics of dinoflagellates (planktonic-motile-

stages and benthic-cysts) from monsoon-influenced estuarine (Cochin port and Zuari estuary, 

Goa) and marine ecosystems (New Mangalore and Kandla ports) was investigated. A targeted 

sampling strategy is proposed over conventional methods to obtain better estimates of 

abundance and diversity. This study reports, for the first time, the contribution of cyst producing 

dinoflagellate from the water column and was found to be higher in Cochin port (32-52%) 

followed by New Mangalore port (5-22%) and Kandla port (0-16%). Planktonic motile stages 

(water column) and cysts (sediment) data facilitated to document many new species (including 

potential HAB species) for the region. This study recorded the highest number of potential HAB 

species to date and six new species Bitectatodinium spongium, Gonyaulax elongatum, Blixaea 

quinquecornis (potential HAB species), Brigantedinium spp., Dinocyst sp1 and sp2 from the 

region. The findings suggested that the dinoflagellate cyst abundance and species number 

showed a decreasing trend with respect to the ports' geographical location (i.e., from south to 

north). Cochin and New Mangalore port are at high risk to future HABs event compared to 

Kandla port as they harbor many HAB species.  

The environmental variables (temperature, salinity, and nutrients) showed distinct seasonal 

variations in each of the studied systems, and the same was also clearly reflected in 

dinoflagellate motile stages than cysts. On the other hand, higher cyst assemblage distribution 

in Cochin followed by New Mangalore port, Zuari estuary, and Kandla port corresponded with 

the sediment texture (i.e., higher and lower cyst abundance in silty/clayey and sandy bottom, 

respectively) and the higher abundance of motile stages of cyst producing dinoflagellates in the 

water column of the respective systems. The trophic index (TRIX), which has been used to 

characterize the trophic state of coastal waters, revealed that Cochin port (5-6) had a bad state 

of water quality with a high eutrophication level, Mangalore port (4-5) had a good state of water 

quality with medium eutrophication level, and Kandla port (3-4) had a higher state of water 

quality with low eutrophication level.  The dinoflagellate cysts composition also showed a 
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distinct variation between these ports, i.e., the cyst abundance, species number, and the number 

of HAB species was highest in highly eutrophicated (Cochin) port followed by medium 

(Mangalore) and low (Kandla) eutrophicated ports. Even the abundance of indicator species 

(Protoperidinium, Polykrikos, Lingulodinium) for nutrient enrichment also showed a similar 

trend. Autotrophic dinocyst was dominant in Cochin and Mangalore ports, while in Kandla 

port, it was the heterotrophic dinocyst.  This study concludes that dinoflagellate cyst (species 

numbers, fisher’s α index, and indicator species) can be used as potential proxies for 

eutrophication. The euryhaline species like G. spinifera complex, P. leonis, P.conicum, P. 

pentagonum, Preperidinium meunieri, and P. steinii were found both in the water, and 

sediments of the complex ecosystems can also be an indicator of water quality based on salinity. 

Generally, dinoflagellate cysts morphology (e.g., shape, size, types of processes) is species-

specific, and its variability due to environment (temperature and salinity) makes them potential 

proxies.  Morphological variability in certain dinocysts is well documented elsewhere but 

lacking from monsoon-influenced coastal ecosystems. This study on distribution and 

morphometry variability on two dinoflagellate cysts, Pyrophacus steinii (autotrophic) and 

Protoperidinum pentagonum (heterotrophic), from estuarine (Cochin port and Zuari estuary) 

and marine (New Mangalore port) ecosystems along the west coast of India revealed that both 

are dominant and euryhaline species. Further, variability in cysts morphometry was also 

observed between the ecosystems and was following salinity values as the influence of other 

environmental parameters (i.e., the prevalence of narrow temperature range and nutrient-rich 

conditions) may not be dominant. Cyst length, breadth, and processes length (only in P. steinii) 

of both the dinoflagellates were relatively larger and smaller at higher (>25 psu) and lower 

salinity (<25 psu) ranges, respectively.  The occurrence of both the cysts at a much wider 

salinity range, presence of significantly large sized P. steinii cysts (up to 120 µm in Zuari 

estuary) compared to available reports (including other ports), and salinity-wise variability in 

P. pentagonum cysts size are the new information contributing to their biogeographic 

distribution and eco-biology of dinoflagellate cysts per se. This study confirms that, in addition 

to cysts with processes, some cysts without processes exhibit size variability in different 

environmental settings. Such cysts (if dominant) can form alternative environmental indicators 

in regions where known indicator species are less predominant.   

In this study, for the first time, provides a detailed morphological description of the two benthic 

dinoflagellates, i.e., Amphidinium carterae and Bysmatrum gregarium) isolated from the 

Anjuna rocky shores (Goa, India).  The occurrence of A. carterae and B. gregarium  are 

considered as the first report from the Goa coast and the northern Indian Ocean, respectively. 
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The laboratory experiments revealed that salinity changes didn’t trigger cyst formation for both 

the dinoflagellates under the light-dark photcycle. Interestingly, irrespective of salinities, 

morphological responses of both dinoflagellates were different under prolong darkness, i.e., 

Bysmatrum underwent encystment while Amphidinium showed cell shrinkage and flagellar 

movement (up to 9 days) without cell division.  This is the first report of resting cyst formation 

in Bysmatrum gregarium. However the physiological response was the same, i.e., reduced 

photosynthetic efficiency under lower salinity and prolonged darkness. Overall, both 

dinoflagellates did not show a maximum photosynthetic of 0.65 under optimal growth 

conditions due to the prevalence of carotenoid-chlorophyll protein complex and diatoxanthin, 

a fluorescence quencher (only in A.carterae).  This study proposes that the low salinity caused 

due to the mosoonal rainfall has the potential to control pre-monsoon benthic dinoflagellate 

blooms in intertidal systems along the Indian coasts since it hampers cell growth, inhibits 

photosynthesis, and does not trigger cyst formation as adaptive survival strategies.  

This study on the ecology of cyst producing dinoflgellates from monsoon-influenced marine 

and estuarine systems illustrates the importance of the sampling approach in elucidating the 

influence of environmental settings (e.g., magnitude of trophic state index, sediment texture 

(only for cysts), salinity, and prolong darkness) in determining the nature of community 

structure (including likely HAB species, and proxies) and morpho-physiological responses, 

which is a step ahead in the studies related to eco-biology, biogeography, harmful algal blooms, 

and ecosystem assessment. 
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Appendix 

Dinocyst description 

Alexandrium tamarense complex (Lebour) Balech (Fig. 1.1): Cysts ellipsoidal or elongated 

shaped with rounded ends covered with mucilaginous layer with detritus particles. Archeopyle 

not observed. Toxic species. Size varied from 45-47 µm diameter. Autotrophic forms. 

Bitectatodinium spongium (Zonneveld) Zonneveld & Jurkschat (Fig. 1.2): Cysts spherical 

shaped with a wall that comprises a thin pedium and a spongy, granulo-fibrous, numerous 

capitate or acuminate solid spines. Chasmic archeopyle observed. Nontoxic species. Size varied 

from 40-50 µm diameter and process length varied from 8- 14 µm. Autotrophic forms. 

Cochlodinium sp (Fig. 1.3): Cysts spherical shaped with short, hollow and fibrous cylindrical 

processes. Tremic, cryptopylic archeopyle observed. Toxic species. Size varied from 40-50 µm 

diameter. Autotrophic forms. 

Gonyaulax digitalis (C.H.G.Pouchet) Kofoid (Fig. 1.4): Cysts round or ovoidal shaped with 

pronounced apical protuberance & have thick micro-granulate wall. Tabulation is expressed by 

low sutural septa formed between gonal & intergonal processes which are bi or trifurcate. 

Precingular archeopyle which is reduced & six sided with rounded corners. Nontoxic species. 

Size was 30 µm in diameter with processes 10 µm. Autotrophic form. 

Gonyaulax elongatum (C.H.G.Pouchet) Kofoid (Fig. 1.5): Cysts elongate to ellipsoidal shaped 

with smooth wall. Tabulation is expressed by wide flaring sutural septa, which are membranous 

and hollow. Processes are trifurcate with bifid or trifid tips. Precingular archeopyle observed. 

Nontoxic species. Size varied from 40-45 µm long and 30-35 µm wide with processes from 10-

12 µm. Autotrophic forms. 

Gonyaulax scrippsae Kofoid (Fig. 1.6): Cysts sub-spherical to ovoid shaped and is ornamented 

with processes that are interconnected by low sutural septa. The processes are simple, long, thin 

and are trifurcate with bifid tips. Precingular archeopyle observed. Nontoxic species.  Size 

varied from 30- 35 µm diameter with processes from 10-12 µm. Autotrophic forms. 

Gonyaulax spinifera complex (Claparède & Lachmann) Diesing (Fig. 1.7): Cysts spherical to 

ovoidal shaped with gonal and intergonal processes. Consists of Spiniferites membranaceus and 

Spiniferites mirabilis. 



Spiniferites membranaceus (R. Rossignol) Sarjeant (Fig. 1.7): Cysts spherical to ovoidal with 

membranous processes particularly at the antapical and paracingulum regions. Processes are 

trifurcate with bifid tips. Trapezoidal archeopyle observed. Toxic species. Size varied from 35-

40 µm diameter with processes from 13-15 µm.  Autotrophic forms. 

Spiniferites mirabilis (M.R. Rossignol) K. Matsuoka: Cysts large, spherical to ovoidal with 

indistinct tabulation. The processes are tubular and conical, branching into fairly broad distal 

tips with Y-shaped extremities. Precingular archeopyle observed. Size varied from 35-40 µm 

diameter with processes from 13-15 µm. Autotrophic forms 

Gymnodinium microreticulatum C.J.S. Bolch, Negri & G.M. Hallegraeff (Fig. 1.8): Cysts 

spherical shaped with a wall that is pale brown to purplish brown and is covered with a network 

of raised ridges, forming a pattern of polygonal reticulations that reflect amphyesmal vesicles 

of the vegetative cells. Chasmic archeopyle observed. Size varied 30-35 µm diameter. 

Autotrophic forms. 

Gyrodinium impudicum S. Fraga & I. Bravo: Cysts small, spherical shaped covered with thin 

mucilaginous layer. Archeopyle almost indistinguishable suture along lower margin. Nontoxic 

species. Size varied from 30-35 µm diameter. Autotrophic forms.  

Lingulodinium polyedrum (F.Stein) J.D. Dodge (Fig. 1.9): Cysts spherical shaped with micro-

granulate to granulate wall and have many elongated, hollow and bulbous processes that are 

closed at distal extremities. Epicystal archeopyle, large and variable with short processes. Toxic 

species. Size varied from 48- 50 µm diameter with processes 10-12 µm. Autotrophic forms. 

Pentapharsodinium dalei (Indelicato & A.R. Loeblich III) Balech (Fig. 1.11): Cysts smooth, 

spherical or slightly sub-spherical shaped having a prominent red accumulation body. The 

processes are numerous and randomly distributed all around the cyst which are slightly curved 

and split at the terminal end. Nontoxic form. Chasmic archeopyle. Size varied from 30- 35 µm 

diameter with processes 5 µm. Autotrophic forms. 

Pheopolykrikos hartmannii (W.Zimmermann) Matsuoka & Fukuyo (Fig. 1.12): Cysts spherical 

shaped with numerous conical, hollow and spinate processes having round base, and bears few 

striations on the proximal base. Chasmic archeopyle observed. Nontoxic species. Size varied 

from 70 -75 µm diameter with processes 10 µm. Autotrophic forms. 

Protoceratium reticulatum (Claparède & Lachmann) Bütschli (Fig. 1.13): Cysts spherical to 

ovoid shaped with micro-granulate wall, having numerous processes which are simple, erect, 



and slender to stout shafts with capitate, acuminate or slightly furcated terminations. 

Precingular, sub-triangular archeopyle which is trapezoidal in outline. Toxic species. Size 

varied 40-45 µm diameter with processes 10 µm. Autotrophic forms. 

Pyrodinium bahamense L.Plate (Fig. 1.14): Cysts spherical shaped with smooth to 

microreticulate or microgranulate cyst wall. Processes are numerous, hollow, open distally, 

with a variable length and weakly striated base. Processes can be fused at bases or can be 

distally bifurcate. Epicystal archeopyle observed. Toxic species. Size varied from 35-40 µm 

diameter with processes 5-7 µm. Autotrophic forms. 

Pyrophacus steinii (Schiller) Wall & Dale (Fig. 1.15): Cysts large, spherical and disk shaped 

with large, bulbous or barrel shaped processes. Hypocystal archeopyle which is sub-trapezoidal 

in outline. Nontoxic species. Size varied from 65- 85 µm diameter with processes 10-15 µm. 

Autotrophic forms 

Pyrophacus sp (Fig. 1.16): Cysts spherical shaped with bulbous processes. Archeopyle was not 

observed.  Nontoxic species. Size was 85 µm diameter with processes 10-15 µm. Autotrophic 

forms. 

Scrippsiella acuminate (Ehrenberg) Kretschmann, Elbrächter, Zinssmeister, S. Soehner, 

Kirsch, Kusber & Gottschling (Fig. 1.17): Cysts ellipsoidal to ovoid shaped with numerous 

calcareous needle like processes. Theropylic archeopyle observed. Toxic species. Cyst varied 

from 38- 40 µm in length and 32-35 µm in breadth. Autotrophic forms.  

Scrippsiella sp (Fig. 1.18): Cysts ovoid shaped with numerous calcareous rounded processes. 

Archeopyle was not observed.  Cyst was 35 µm in diameter. Autotrophic forms. 

Blixaea quinquecornis (Abé) Gottschling (Fig. 1.19): Cysts are armoured, diamond shaped and 

dorso-ventrally compressed. Archeopyle was not observed. Oxygen depleting species. Size 

varied from 35-40 µm length and 30-35 µm breadth with processes length of 2-5 µm. 

Heterotrophic forms. 

Brigantedinium spp (Fig. 1.20): Cysts spherical shaped with circular outline in dorsal view, 

with smooth to micro-granulate surface. Intercalary archeopyle. Nontoxic species. Cyst were 

38-40 µm diameter. Heterotrophic forms 

Polykrikos kofoidii Chatton (Fig. 1.21): Cysts ellipsoidal or elongate to ovoid shaped with short, 

hollow and cylindrical or infundibular processes with re-curved distal extremities. Tremic 



archeopyle observed. Nontoxic species. Size varied from 68-70 µm length and 38-40 µm wide 

with processes 5-10 µm. Heterotrophic forms 

Polykrikos schwartzii Bütschli (Fig. 1.22): Cysts ellipsoidal or elongate to ovoid shaped with 

fibrous processes that flare distally. Tremic archeopyle observed. Nontoxic species. Size varied 

from 55-60 µm long and 50 µm wide with processes 5-7 µm 

Protoperidinium avellana (Meunier) Balech (Fig. 1.23): Cysts spherical shaped with smooth 

surface. Curved, hexagonal, intercalary archeopyle is laterally elongate. Nontoxic species. Size 

varied from 40-45 µm diameter. Heterotrophic forms. 

Protoperidinium claudicans (Paulsen) Balech (Fig. 1.24): Cysts heart shaped or cordate and 

dorso-ventrally flattened with numerous short pointed spines. Pentagonal to sub-hexagonal 

archeopyle situated sub apically truncating the apex. Nontoxic species.  Cyst were 35-38 µm in 

length and 30-32 µm in breadth with processes length ranging from 3-5 µm. Heterotrophic 

forms. 

Protoperidinium compressum (Abé) Balech (Fig. 1.25): Cysts with sea-star like outline or 

dorso-ventrally compressed with unique stellate morphology. Intercalary, sub-triangular 

archeopyle observed. Nontoxic species.  Size varied from 85-90 µm in length and 70-75 µm in 

breadth. Heterotrophic forms. 

Protoperidinium conicoides (Paulsen) Balech (Fig. 1.26): Cysts spherical shaped with circular 

outline in dorsal view, with smooth to micro-granulate surface. Intercalary, symmetrical, 

hexagonal to sub-trapezoidal archeopyle observed. Nontoxic species. Size varied from 40-45 

µm in diameter. Heterotrophic forms 

Protoperidinium conicum (Gran) Balech (Fig. 1.27): Cysts ovoid to kidney shaped and 

compressed antero-posteriorly, covered by parallel rows of moderately long, needle shaped 

spines. Intercalary, hexagonal or sub-trapezoidal archeopyle observed. Nontoxic species. Size 

varied from 70-75 µm long and 75-80 µm wide with processes length of 10-12 µm. 

Heterotrophic forms. 

Protoperidinium denticulatum (Gran & Braarud) Balech (Fig. 1.28): Cysts spherical shaped 

with smooth wall. Intercalary, hexagonal, laterally elongated or lunate archeopyle was 

observed. Nontoxic species. Size varied from 40-45 µm diameter.  



Protoperidinium divaricatum (Meunier) Parke & J.D.Dodge (Fig. 1.29): Cysts are hexagonal 

or elliptical to peridinioid shaped and dorso-ventrally compressed with hollow tubular 

processes terminated with capitate or multifurcate extensions that are closed distally. 

Intercalary, sub-hexagonal archeopyle was observed. Nontoxic species. Size varied from 70-80 

µm long and 60-70 µm wide with processes 10-15 µm. Heterotrophic forms. 

Protoperidinium latissimum (Kofoid) Balech (Fig. 1.30): Cysts are pentagonal or peridinioid 

shaped and dorso-ventrally compressed with two short hypo-cystal horns. Hexagonal 

archeopyle observed. Nontoxic species. Size varied from 80- 90 µm length and 75- 85 µm 

breadth. Heterotrophic forms. 

Protoperidinium leonis (Pavillard) Balech (Fig. 1.31): Cysts are large, cordate or pentagonal to 

ellipsoidal shaped and dorso-ventrally flattened with 2 antapical horns with pointed tips. 

Intercalary, trapezoidal or triangular to sub-hexagonal archeopyle observed. Nontoxic species. 

Size varied from 60-70µm length and 45-55 µm breadth. Heterotrophic forms. 

Protoperidinium oblongum (Aurivillius) Parke & Dodge (Fig. 1.32): Cysts are cordate or 

peridinioid shaped with rounded apices and dorso-ventrally compressed. Intercalary, truncate 

or hexagonal archeopyle observed. Nontoxic species. Size varied from 70-75 µm long and 65-

70 µm wide. Heterotrophic forms. 

Protoperidinium pentagonum (Gran) Balech (Fig. 1.33): Cysts are pentagonal or peridinioid 

shaped and dorso-ventrally compressed with short, needle shaped processes. Hexagonal 

archeopyle observed. Nontoxic species. Size varied from 70-95 µm length and 65-85 µm 

breadth. Heterotrophic forms. 

Protoperidinium sp.1 (Lejeunecysta paratenella) (Fig. 1.34): Cysts are pentagonal shaped, with 

reticulated surface. It is dorso-ventrally flattened with two antapical horns which have pointed 

tips. Archeopyle was not observed. Nontoxic species. Size varied from 55-60 µm in length and 

50-55 µm in breadth. Heterotrophic forms. 

Protoperidinium sp.2 (Fig. 1.35): Cysts brown color, smooth surface and spherical shaped. 

Archeopyle was not observed. Nontoxic species. Size varied from 35-40 µm diameter. 

Heterotrophic forms 

Protoperidinium stellatum (D.Wall) M. Head (Fig. 1.36): Cysts are pentagonal or lanceolate 

shaped and often compressed dorso-ventrally with five distinct horns positioned at each angles 



of the cyst body. Intercalary archeopyle observed. Nontoxic species. Size varied from 85- 90 

µm in length and 85- 90 µm in breadth. Heterotrophic forms. 

Protoperidinium subinerme (Paulsen) A.R. Loeblich III (Fig. 1.37): Cysts are reniform, ovoidal 

to kidney shaped or broadly elliptical with apical-antapical compression. Intercalary, hexagonal 

archeopyle observed. Nontoxic species.Size: 60-65 µm in length and 50-55 µm in breadth. 

Heterotrophic forms 

Preperidinium meunieri (Pavillard) Elbrächter (Fig. 1.38): Cysts are lanticular or spherical 

shaped with two layered wall and para-tabulation was clearly expressed upon the cyst surface. 

Theropylic, epicystal or chasmic archeopyle observed. Nontoxic species. Size varied from 55-

60 µm in length and 48-50 µm in breadth. Heterotrophic forms. 

Dinocyst calcareous type (Fig. 1.39): Cysts spherical to ovoidal shaped with calcareous cell 

wall and processes needle like. Size ranging from 45-50 µm in length and 40-45 µm in width 

with processes ranging from 4-5 µm. 

Dinocyst sp1 (Fig. 1.40): Cysts pentagonal shaped, reticulated surface with fibrous processes. 

Size was 30 µm in length and 25 µm n width with processes ranging from 3-4 µm. 



Fig. 2. Micrographs of dinoflagellates (1) Alexandrium tamarense complex*(d= 45-47 µm), (2) 

Bitectatodinium spongium (d= 40-50 µm, p= 8- 14 µm) (3) Cochlodinium sp (d= 40-50 µm), 

(4) Gonyaulax digitalis (d= 30 µm, p= 10 µm), (5) Gonyaulax elongatum (l= 40-45 µm, b= 30-

35µm, p= 10- 12 µm), (6) Gonyaulax scrippsae (d= 30-35 µm, p= 10-12 µm), (7) Gonyaulax 



spinifera complex (d= 35-40 µm, p= 13- 15 µm), (8) Gymnodinium microreticulatum (d= 30-

35 µm), (9) Lingulodinium polyedrum (d= 48-50 µm, p= 10-12 µm), (10) Lingulodinium sp2 

(d= 40-50 µm, p= 8- 10 µm), (11) Pentapharsodinium dalei (d= 30-35 µm, p= 5 µm), (12) 

Pheopolykrikos hartmannii (d= 70-75 µm, p= 10 µm), (13) Protoceratium reticulatum (d= 40-

45 µm, p= 10 µm), (14) Pyrodinium bahamense (d= 35-40 µm, p= 5-7 µm), (15) Pyrophacus 

steinii (d= 65-85 µm, p= 10-15 µm), (16) Pyrophacus sp1 (d= 85 µm, p= 10-15 µm), (17) 

Scrippsiella acuminate (l= 38-40 µm, b=32-35 µm), (18) Scrippsiella sp (d= 35 µm), (19) 

Blixaea quinquecornis (l= 35-40 µm, b= 30-35 p= 2-5 µm), (20) Brigantedinium spp. (d= 38-

40 µm), (21) Polykrikos kofoidii (l= 68-70 µm, b=38-40 µm,  p= 5-10 µm), (22) Polykrikos 

schwartzii (l= 55-60 µm, b=50 µm, p= 5-7 µm), (23) Protoperidinium avellana (d= 40-45 µm), 

(24) Protoperidinium claudicans (l= 35-38 µm, b= 30-32 µm, p= 3-5 µm), (25) 

Protoperidinium compressum (l= 85-90 µm, b=70-75 µm),  (26) Protoperidinium conicoides 

(d= 40-45 µm), (27) Protoperidinium conicum (l= 70-75 µm, b= 75-80 µm, p= 10-12 µm), (28) 

Protoperidinium denticulatum (d= 40-45 µm), (29) Protoperidinium divaricatum (l= 70-80 µm, 

b= 60-70 µm, p= 10-15 µm), (30) Protoperidinium latissimum (l= 80-90 µm, b= 75-85 µm), 

(31) Protoperidinium leonis (l= 60-70 µm, b= 45-55 µm), (32) Protoperidinium oblongum (l= 

70-75 µm, b= 65-70 µm), (33) Protoperidinium pentagonum (d= 70-95 µm, b= 65-85 µm), (34) 

Protoperidinium sp2 (d= 55-60 µm, b= 50-55 µm), (35) Protoperidinium sp2 (d= 35-40 µm, ), 

(36) Protoperidinium stellatum (l= 85-90 µm, b= 85-90 µm), (37) Protoperidinium subinerme 

(l= 60-65 µm, b= 50-55 µm), (38) Preperidinium meunieri (d= 55-60 µm, b= 48-50 µm), (39) 

Dinocyst Calcareous type (l= 45-50 µm, b=40-45 µm, p= 4 µm), and  (40) Dinocyst sp 1(l= 30 

µm, b= 8- 14 µm)  
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LT-RPs. The observed differences can thus be attributed to 
the microalgal composition differences and to differences 
in experienced irradiance of these communities. Dynamic 
photoinhibition was more prominent in LT-RPs followed 
by MT-RPs and HT-RPs. The high accumulation of photo-
protective pigments in HT-RPs (due to prolong exposure to 
solar radiation) could be the reason for the differences. The 
presence of reduced de-epoxidation state and the mid-day 
depression in Fv/Fm coupled with elevated σPSII confirmed 
dominance of NPQ of reaction centres in HT-RPs com-
pared to other pools. This study concludes that RP plank-
tonic microalgae are eurythermal, euryhaline, and eury-
photic. Concerned with increasing harmful algal bloom 
events further studies on diverse aspects of RP microalgae 
(including chemical mediated interactions) needs attention.

Keywords Rockpools · Benthic dinoflagellates · 
Amphidinium carterae · Bysmatrum caponii · Blooms · 
Photoprotection

Introduction

Microalgae (both planktonic and benthic), which are auto-
trophic single-celled organisms, are the most diverse and 
forms an important component in aquatic environments. 
Microalgae are ecologically important as they form the 
base of aquatic food webs, produce harmful algal bloom 
toxins, possess symbiotic relationships with invertebrates, 
and have a role in aquatic biogeochemistry. They are also 
biotechnologically significant due to the production of 
diverse bioactive compounds. So far, much of the informa-
tion on the diversity and ecology of microalgae, i.e., phy-
toplankton have come from the large water bodies, such as 
estuaries, bays, lakes, coastal, and open ocean. However, 

Abstract Intertidal rockpools (RPs), forming a ubiq-
uitous component of rocky shores, are biologically rich 
ecosystems influenced by short-term (hours–days) and 
long-term (days–seasons) fluctuating environments. So far, 
studies on RP biology are scarce and received no atten-
tion in India. This study elucidates planktonic microalgal 
composition and photoprotection mechanisms [dynamic 
photoinhibition, non-photochemical-quenching (NPQ), 
and photoprotective pigments production)] from the RPs 
located at high tide (HT), mid tide (MT), and low tide (LT) 
zones on the rocky shores of Anjuna, Goa (India) facing 
the Arabian Sea. MT-RPs and LT-RPs were dominated by 
diatoms and HT-RPs by dinoflagellates due to the blooms 
of autotrophic benthic dinoflagellates belonging to Amphi-
dinium sensu stricto and Bysmatrum. The detailed micro-
scopic analysis of these dinoflagellates showed morpholog-
ical and cellular features similar to Amphidinium carterae 
(known harmful algae of concern) and Bysmatrum caponii. 
This study reports B. caponii for the first time from India 
as well as from northern Indian Ocean. The fast-repetition-
rate-fluorometer measurements of RP microalgae suggested 
lower quantum efficiency (Fv/Fm) and functional absorp-
tion cross section for HT-RPs followed by MT-RPs and 
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information on microalgae from small water bodies (such 
as rock pools on rocky intertidal shores) which experi-
ence anthropogenic pressures and extreme conditions due 
to daily fluctuations in the environment (e.g., temperature, 
salinity, etc) is limited (Häggqvist and Lindholm 2015 
and references therein). The literature also suggests that 
the most of the species responsible for the occurrence of 
harmful/toxic blooms of benthic microalgae (especially 
dinoflagellates) and also causing discolouration of water 
and fish kills in the coastal waters are the native of the rock 
pools (Murray et al. 2015). As an environment and society 
concern, it becomes important to take up the studies in the 
rock pools (RPs).

Rocky shores, which are often considered as biologi-
cally rich environments, comprise two types of habitat, i.e., 
emergent (e.g., steep rocky cliffs, platforms, and boulder 
fields) and non-emergent (e.g., rockpools). To date, con-
siderable literature exists on the establishment and organi-
sation of biological communities on emergent substrata 
(Metaxas and Scheibling 1993). However, little is known 
about the population structure and dynamics of plankton 
within intertidal RPs or tide pools (Metaxas and Scheib-
ling 1993; Underwood and Skilleter 1996; Johnson 2000). 
Nonetheless, conditions in RPs, as on emergent substrata, 
are highly regulated by the tidal cycle. RPs, which are a 
ubiquitous component of rocky shore throughout the world, 
are nutrient and biota rich small water bodies both in size 
and in depth. Depending upon the location of RPs at the 
different tidal zones (HT, MT, and LT) of the rocky shore, 
the biota of the RP experiences a varying degree of con-
stantly changing environments. Waves, exposure to mid-
day solar radiations, predators, and anthropogenic pressures 
are few of the extreme stress conditions that RP biota must 
tolerate to survive. Hence, addressing scientific questions 
relevant to species diversity and ecophysiological aspects 
will provide new insights on the ecosystem functioning in 
the lesser studied RPs.

The coastline along the mainland of India, which is 
about 5423  km, consists nearly 11% of rocky shore with 
cliffs, 43% sandy beaches, and remaining 46% by mud 
flats and marshy coastline (Sanil Kumar et  al. 2006). The 
contribution of rock shores is more (>90%) along the west 
coast compared to the east coast. As a result, rocky shores 
(including pools), which are influenced by tropical mon-
soons, diurnal tides, waves, variability in solar radiation 
and anthropogenic pressures, form an important component 
of the coastal ecosystem as it harbours diverse organisms 
ranging from micro- to macro-organism including fishes, 
oysters, clams, etc. Given the above and concerned with the 
prevalence of non-reported potential harmful microalgae 
from the region, we investigated the microalgal composi-
tion from the water column (hereafter referred as “plank-
tonic microalgae”) of the different RPs located at different 

zones on the rocky shores. In this study, planktonic micro-
algae are used, because the RP water comprises both phy-
toplankton and tychoplankon, i.e., phytobenthos from the 
water column. In addition, the physiological status was 
also investigated through the measurement of biophysical 
parameters using a fast-repetition-rate fluorometer (FRRF) 
and pigment analysis by high-performance liquid chroma-
tography (HPLC). So far, to the best of our knowledge, 
no attempt has been made to understand the variability in 
species composition and its photosynthetic performance to 
varying light conditions from RPs of this tropical region. 
The information generated will serve as a benchmark for 
further studies on RP phytoplankton from the tropical 
region.

Materials and methods

Study location and sampling strategy

This work was carried out on rocky shores of Anjuna, Goa 
(15°34′34.986″N; 73°44′23.895″E) located on the west 
coast of India and is facing Arabian Sea (Fig. 1). This loca-
tion was selected owing to the following: (1) high abun-
dance of RPs of various dimensions with rich biodiversity 
in different zones of rocky intertidal regions; (2) significant 
influence of diurnal tides and solar radiation; (3) purely 
marine and no influence of river water; and (4) relative 
influence of tourism related activities. For the study, water 
sampling from nine RPs located at different tidal levels 
[three each at low tide (LT), mid tide (MT), and high tide 
(HT) level] was carried out every day during LT of the 
summer season (1st to 15th May 2014 and 6th to 20th April 
2015) for a period of 15 days. The tides in the region are 
semi diurnal, and therefore, the sampling dates were fixed 
based on the tidal amplitude so as to capture the variations 
under both ‘flushed’ (i.e., water of RPs gets replaced with 
shore water during high tide) and ‘exposed’ (i.e., water 
of RPs does not get replaced for up to several days with 
shore water until the desired high-tide level is attained) 
scenarios of RPs. In this region, when the tidal amplitude 
of the highest high tide was > 1.8 m, the water of all the 
RPs gets flushed fully and this mostly occurred during the 
first and the last 5 days of the sampling days. However, dur-
ing middle 5 days of the sampling period, when the tidal 
amplitude of the highest high tide was < 1.8 m, except HT-
RPs, the waters from others RPs in mid- and low tide got 
flushed. During this period, the waters of HT-RPs remain 
undisturbed due to tidal cycle but were exposed to direct 
sunlight. Since the water quantity in the RPs is relatively 
small, as shown in Fig. 1, environmental extremes on the 
organisms are almost certain. The water samples were col-
lected every day from all the RPs (just before flushing), i.e., 
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mostly during the early morning, and were then immedi-
ately transported to the laboratory within 2 h under dark 
conditions in an insulated container for further analysis. 
Further water samples from RPs were collected without 
disturbing the benthic communities and the depth in each 
pool ranged between 2 and 3 feet.

Planktonic microalgal analysis using microscopy

A known volume (1 L) of the water sample was preserved 
with 4% Lugol’s iodine solution at the site for planktonic 
microalgal analysis using an inverted microscope (IX-73 
Olympus Make). Microscopy method was used for microal-
gal composition and abundance. Two to 5 ml of the sample 
was analysed. The identification of microalgae was carried 
out manually based on the standard identification keys.

Identification of dominant species belonging 
to Amphidinium senso stricto and Bysmatrum

Since the background information on the taxonomy of RP 
microalgae is not available and also the preservatives used 
are taxon specific, microscopic scanning of unpreserved 
RP water samples (i.e., to observe live microalgae) was 
carried out at frequent intervals upon arrival to labora-
tory during the sampling period. This exercise revealed the 
presence of dinoflagellates (Amphidinium and Bysmatrum) 
in high numbers and thereby prompted to isolate and cul-
ture them for in depth analysis as mentioned in the follow-
ing. For obtaining pure cultures, cells of Amphidinium and 
Bysmatrum were isolated under microscope and transferred 
aseptically to sterile 24-well multiwells (Corning make) 

containing 2  ml sterile f/2-Si media. The multiwells con-
taining cells were then incubated at 25 °C under a 12  h 
light:dark photoperiod. The monocultures of these species 
were further purified and been maintained in the laboratory 
under the above said conditions for further analysis using 
microscopy (light, epifluoresecence, and SEM), FlowCAM, 
and HPLC. The identification of dominant dinoflagellates 
Amphidinium and Bysmatrum was done by analysing the 
micrographs (inclusive of DAPI and Calcofluor stained 
cells) taken from the compound microscope (equipped with 
DIC and epifluorescence) and scanning electron micro-
scope (SEM). DAPI was used to identify the location of 
the nucleus in the cell, whereas the Calcofluor and Ima-
mura and Fukuyo’s solution (Yuki and Fukuyo 1992) was 
used only for Bysmatrum for studying the plate pattern. 
Further to identify Bysmatrum, a squash technique for cells 
treated with Imamura and Fukuyo’s solution was also fol-
lowed to observe plate pattern and arrangements. Samples 
for SEM were prepared by following the method described 
by Jung et al. (2010) for delicate dinoflagellates. After fix-
ing and drying, samples were sputter coated with gold and 
examined using a JEOL JSM-5800 LV SEM. Cell size of 
both dinoflagellates was determined using a factory cali-
brated FlowCAM (Fluid Imaging Technologies, Inc., US). 
FlowCAM analysis was performed following the stand-
ard procedure in an auto-image mode using a 10× objec-
tive—100 µm flow cell as detailed in Patil and Anil (2015). 
The photosynthetic and photoprotective pigments were 
also determined using HPLC as described in the following. 
For pigment analysis, cultures were grown in triplicates 
in 100  ml conical flasks under the above-mentioned con-
ditions and the samples for HPLC analysis were collected 

Fig. 1  Location of study site
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once the cultures reached exponential and stationary phase. 
Furthermore, a one-way ANOVA was also performed 
to evaluate the influence of growth phase on the pigment 
ratios for both the species.

Pigment analysis using high‑performance liquid 
chromatograph (HPLC)

The most common approach to studying the phytoplank-
ton/microalgal community is based on the size and tax-
onomy as the information gained from both are important 
to strengthen the understanding of the functioning of any 
given aquatic ecosystem. Given this, efforts were made to 
study the variations in the community based on the size 
and taxonomy using a combination of microscopy (for tax-
onomy) and diagnostic pigments by HPLC (for both size 
structure and chemotaxonomy). However, the data for diag-
nostic pigments are available only for 2015 samplings. For 
pigment analysis, approximately 1 l of water samples from 
RPs and 10 ml from cultures (containing 14 and 2.7 × 105 
cells  ml−1 of Amphidinium and Bysmatrum, respectively) 
were filtered for HPLC analysis through GF/F filters 
(25 mm diameter, Whatman). After filtration, filter papers 
were kept inside the storage vials and then stored at −20 °C 
until analysis. Extraction of pigments from filter paper was 
done in 3 ml of 100% acetone (HPLC grade) for 1 min in 
an ultrasonic probe (Labsonic U, B. Braun Biotech Interna-
tional, Leverkusen, Germany) at 50 W kept on ice to prevent 
excessive heating. The extracts were then stored overnight 
at 20 °C for analysis using HPLC (Agilent Technology; 
Series 1200). Prior analysis, all the extracts were filtered 
(using Nylon filter membranes, 0.2 µm pore size) immedi-
ately before injection in the HPLC to remove cells and fil-
ter debris. To prevent photolysis of the samples, extraction 
and injection procedures were performed under dim light. 
Pigment analysis was performed following the method of 
Van Heukelem (2002) with minor modification of calibra-
tions and preinjection procedure as detailed in Roy et  al. 
(2015). Pigments were quantified against the standards 
procured from DHI (Denmark) and Sigma–Aldrich (USA). 
The range of planktonic microalgal pigments found in this 
study includes chlorophylls (a, b, and c family), fucoxan-
thin (fuco), peridinin (per), 19′-hexanoyloxyfucoxanthin 
(19′HF), 19′-butanoyloxyfucoxanthin (19′BF), alloxanthin 
(Allo), diadinoxanthin (DD), diatoxanthin (DT), β caro-
tene (car), zeaxanthin (zea), lutein (lut), violaxanthin (viol), 
neoxanthin (neo), and prasinoxanthin (pras). Furthermore, 
the pigment data from RPs were utilized to derive the data 
for different planktonic microalgal size fractions, taxo-
nomic groups, and the pigment ratios. The microalgal size 
fractions (pico-, nano-, and microplankton) and taxonomic 
groups (diatoms, dinoflagellates, flagellates, and prokary-
otes) were computed using diagnostic pigments (fuco, 

per, chl b, 19′HF, 19′BF, allo, and zea) as per the method 
described by Brewin et al. (2015) and Barlow et al. (2007), 
respectively. To estimate the fractions of chlorophyll in 
three different size classes, total chlorophyll concentration 
needs to be estimated by weighing the sum of seven diag-
nostic pigments. From the weighted diagnostic pigments, 
fractions of picoplankton, nanoplankton, and microplank-
ton were computed (see Brewin et al. 2015 for details). The 
pigment indices of different groups were calculated using 
Barlow et  al. (2007) using the diagnostic pigments (DP), 
which is defined as the sum of seven pigments (DP = Chl b 
+ 19′BF + Fuco + 19′HF + Per + Allo + Zea). Different phy-
toplankton community were calculated from DP are as fol-
lows:  DiatomsDP = Fuco/DP;  DinoflagellatesDP = Per/DP; 
 FlagellatesDP  =  (Allo + 19′HF + Chl b + 19′BF)/DP; and 
 ProkaryotesDP = Zea/DP.

Effect of solar radiation and nutrient enrichment on RP 
planktonic microalgae

To evaluate the effect of solar radiation and nutrient enrich-
ment (nitrate + ammonia + phosphate + silicate) on plank-
tonic microalgae of RP, in situ incubation experiments, in 
triplicates, were conducted for 1  day on 10th May 2014. 
For the incubation, nine 1.2 L Whirlpack Bags were used. 
For the experiments, three sets of bags were selected and 
the experiments were conducted using RP water samples 
representing LT-RPs, MT-RPs, and HT-RPs. The incuba-
tions were performed in the respective RP locations. The 
incubations started from early morning (06:30 am) on 10th 
May 2014 and lasted until 11th May 2014 morning. Dur-
ing the incubation, measurement of physiological param-
eters from bags (both nutrients enriched and non-enriched) 
and RPs was made at every 3-h intervals until the sunset 
and the last measurement were made after 24 h, i.e., 11th 
May 2014 morning. Similarly, along with the above experi-
ment, another set of bags were also incubated to evaluate 
the effect of nutrient enrichment on the variable fluores-
cence of planktonic microalgae. For the experiments, 50% 
strength of f/2 macro-nutrients (nitrate + phosphate + sili-
cate) and ammonium chloride 50  µM) were used for 
nutrient enrichment. The physiological parameters were 
measured using Fast Act system from Chelsea company 
Ltd and HPLC. The FastAct measures a suite of photo-
synthetic parameters, such as initial (F0), maximum (Fm), 
and variable (Fv = Fm  −  F0) components of photosystem 
II (PSII) fluorescence, quantum yield (Fv/Fm), and func-
tional absorption cross section (σPSII), which can be used 
to assess the physiological status of the photosynthesizing 
organisms. Fv/Fm is a measure of photosynthetic quantum 
efficiency (Kolber et al. 1988, 1990). Whereas σPSII, which 
describes the efficiency of light utilisation for photochemis-
try in PSII, is the product of the light-harvesting capability 
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of the light-harvesting pigments and the efficiency of exci-
tation transfer to the reaction centre (Ley and Mauzerall 
1982; Mauzerall and Green-Baum 1989; Dubinsky 1992). 
σPSII is derived from the rate of increase between F0 and Fm 
fluorescence and any variations in this rate will affect σPSII 
values. For the measurements, dark adapted samples (~2 h) 
under ambient temperature for each treatment were used. 
In general, samples are dark adapted for 30–60 min prior 
to measurements, however, in this study, due to practical 
difficulty, the dark adaptation was prolonged to ~2 h. The 
rock pools were located remotely and take about ~30  min 
by foot from the nearest parking area and another an hour 
from parking point to the laboratory by vehicle. Neverthe-
less, the effect of the dark adaptation time between 30 min 
and 2 h on Fv/Fm values will be insignificant (From et al. 
2014). This was also confirmed with cultures such as dino-
flagellates (Amphidinium and Bysmatrum) and diatoms 
(Navicula a pennate and Skeletonema a centric) as well as 
natural communities, which were maintained in a outdoor 
tank under natural light conditions. The measurements (in 
duplicates) were carried out on two occasions (09:00 and 
1400 h), and on each occasion, the sample measurements 
were done after 30, 60, and 120 min of dark measurements 
(data not shown). Therefore, the current measurements may 
not significantly alter the outcome of the investigation. Fur-
thermore, a multifactorial ANOVA followed by post hoc 
Tukey test was performed on the FRRF data (F0, Fv/Fm, 
and σPSII) to evaluate variations with respect to time and the 
location of the pools. To document the changes in the pho-
toprotective pigment ratios between the rock pools of dif-
ferent tidal zones, samples (from duplicate rock pools) for 
pigment analysis using HPLC were carried out from morn-
ing 06:30  am to 06:30  pm at 3-h intervals on 10th May 
2014. The variations in the pigment ratios (DT + DD/Chl 
a, DT/DT + DD, PPC/PSC) with respect to location of the 
pools were assessed using one-way ANOVA.

Results

Environment

Like in any other RPs, the environmental parameters (e.g., 
temperature and salinity) in the RPs selected for the study 
exhibited large fluctuations over short temporal scales 
during the study period. The ranges of water temperature 
and salinity recorded daily in HT-RPs were 27–37 °C and 
28–49.5  psu, respectively, whereas the temperature and 
salinity ranges for MT-RPs and LT-RPs were 26–37 °C and 
35–38 psu, respectively (Dr. NL Thakur personal commu-
nications). The ranges mentioned varied depending upon 
the position of the sun and the tidal amplitude. However, 
within a day, the temperature ranges between 28 and 40 °C 

and the maximum was observed during the noon, whereas 
salinity varied with tidal oscillations in addition to sun 
position (only in HT-RPs).

Rock pool planktonic microalgal community

The microscopic analysis revealed a total of 79 microalgal 
species belonging to diatoms [67 species (41 pennates and 
26 centrics) belonging to 40 genera, i.e., 22 pennates and 
18 centrics)] and dinoflagellates (12 species belonging to 8 
genera) (Supplementary Table 1). Interestingly, high abun-
dance and low species composition were observed in HT-
RPs followed by LT-RPs and MT-RPs (Fig.  2). Although 
the planktonic microalgal abundance and composition was 
higher during 2015 sampling compared to 2014, the above 
trend on pools of different tidal zones was observed in both 
the years (Fig. 2). During May 2014, HT-RPs comprised of 
14 species with a cell concentration of 40 × 103 cells L−1, 
whereas MT-RPs and LT-RPs comprised of 14 species 
with cell concentrations of <5 × 103  cells  L−1. In April 
2015, high-tide rockpool comprised of 40 species with a 
cell concentration of 160 × 103 cells L−1, whereas mid- and 
low-tide RPs comprised of > 50 species with cell concen-
trations of <25 × 103 cells L−1. Planktonic microalgal com-
munity showed significant variations between the RPs of 
different tidal zones and this was evident during 2014 and 
2015 summer samplings. In HT-RPs, dinoflagellates domi-
nated the community regarding cell density, even though 
the diatoms were rich in diversity (Supplementary Table 1; 
Fig. 2). However, the reverse was observed in MT-RPs and 
LT-RPs, wherein diatoms were the dominant in both the 
abundance and the diversity (except on certain occasions 
in mid-tide RPs). This trend was observed throughout the 
15-day observations encompassing flushing and non-flush-
ing events of the RPs due to the tidal oscillations. Pigment 
analysis by HPLC also revealed four prominent groups, i.e., 
diatoms, dinoflagellates, flagellates (chlorophytes, chryso-
phytes, cryptophytes, and prasinophytes), and prokaryotes. 
Among them, the diagnostic pigments for diatoms were 
high in the MT-RPs and LT-RPs, whereas the contribu-
tion of prokaryotes diagnostic pigments (Zeaxanthin) was 
the lowest among the four groups at all the tidal zones. The 
diagnostic pigments for dinoflagellates (peridinin) and flag-
ellates (chl b, 19′HF, and 19′BF) were considerably higher 
in HT-RPs compared to other RPs (Fig.  3). Amphidinium 
and Bysmatrum were the major dinoflagellates, whereas 
the species belonging to pennates (Navicula, Licmophora, 
Achnanthes, Synedra, Thalassionema) followed by centric 
(Chaetoceros, Melosira) dominated the diatoms (Supple-
mentary Table 1).

The size structure data of planktonic microalgae 
obtained indirectly through three component model 
revealed the dominance of the micro-plankton followed 
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by picoplankton and nanoplankton. This trend was 
observed during most of the sampling day and in all the 
RPs irrespective of the location of the pools on the dif-
ferent heights of the shore (Fig. 3). On a couple of occa-
sions, picoplankton dominated the community (~50%) in 
HT-RPs and MT-RPs. The ranges for different size phyto-
plankton in HT-RPs, MT-RPs, and LT-RPs are as follows: 
for micro-phytoplankton, ranges were 35–75, 35–80, and 
40–85%, respectively, for nano-phytoplankton, the ranges 

were 10–35, 10–20, and 10–40%, and for picoplankton, 
the ranges were 10–50, 15–60, and 10–20%, respectively.

Description of Amphidinium

FlowCAM and microscopic analysis revealed that the 
Amphidinium cells in cultures were ovoid, ellipsoid from 
the ventral side and dorsoventrally flattened. The dimen-
sions for cell length (11–17  µm; most cells 13–15  µm), 

Fig. 2  Distribution of dominant phytoplankton groups (diatoms and 
dinoflagellates) based on microscopic analysis in rock pools located 
at different tidal zones (high tide, mid tide, and low tide) during May 

2014 and April 2015 sampling. The data presented are the average of 
three rock pools for different tidal zones
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width (10–14  µm), and breadth (lateral; approximately 
7  µm) are in similar ranges as reported in the literature 
for Amphidinium carterae (Supplementary Table  2). 
The ratio of cell length to width ranged between 1.1 and 
1.5 (n = 40). Amphidiniun cell comprises of epicone and 
hypocone with a prominent nucleus, pyrenoid, and chlo-
roplast with branched lobes. All these features are clearly 
observed in the micrographs (Fig.  4). Epicone observed 
was crescent-shaped from the ventral side and was clearly 
deflected towards the left. The starting of cingulum is 
located 0.12–0.16 of the cell length from the apex and 
traverse midway across the ventral face before descend-
ing on the ventral side. The distance of the proximal and 
distal ends of the cingulum from the cell’s apex compared 
to total cell length ranged between 0.3 and 0.4, and 0.09 

and 1.5, respectively. Furthermore, the epicone is separated 
from hypocone by a girdle encircling the epicone forming 
a V-shaped ending on the ventral side, below which lies 
the sulcus. Sulcus beginning 1.3  µm below the proximal 
end of the cingulum, continuing to posterior. Spherical or 
ovoid or crescentric-shaped nucleus, ranging between 4.2 
and 6.0  μm in diameter, was present in the posterior part 
of the hypocone. Epifluorescence microscopy (red fluores-
cence) revealed the presence of only one chloroplast with 
branched lobes and a single prominent pyrenoid (Fig.  4). 
Chloroplast greenish-yellow, probably single with multiple 
lobes and superficial perforated like structures. Prominent 
red bodies were present in the hypocone. Pyrenoid, meas-
uring 2.5–3.3  µm in diameter, was also prominently seen 
in central or slightly anterior region. The isolated strain is 
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Fig. 3  Percent (%) contribution of phytoplankton taxonomic groups 
(diatoms, dinoflagellates, flagellates, and prokaryotes) and size frac-
tions (pico-, nano-, and microphytoplankton) in rock pools located at 
different tidal zones (high tide, mid tide, and low tide) during April 
2015 sampling. Taxonomic groups and size fractions are computed 

using data on diagnostic pigments analysed using high-performance 
liquid chromatography (for computational details, see “Materials and 
methods”). The data presented are the average of three rock pools for 
each tidal zone

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



 Mar Biol (2017) 164:89

1 3

89 Page 8 of 19

easily culturable in f/2 media and has a faster growth rate 
similar to that reported for A. carterae. Asexual division 
in the isolated strain is by binary fission in the motile cell. 
The pigment analysis using HPLC of Amphidinium culture 
grown under 12 h light:dark cycle at approximately 25 °C 
revealed the presence of high amount of photoprotective 

pigments (diadinoxanthin-DD and diatoxanthin-DT) along 
with other photosynthetic pigments chlorophylls (a and c2) 
and diagnostic pigments (peridinin and β carotene) (Fig. 5). 
However, the production of DD and DT, which are referred 
as xanthophyll pigments, are also dependent on the phase 
of the growth. The ratio of DD + DT to chl a (p < 0.001) 

Fig. 4  Light microscope (LM) image of Amphidinium sensu stricto 
in a dorsal view of live cell, b–e ventral view of live cell, f, g epif-
luorescence images of cell showing chlorophyll autofluorescence, h 
epifluorescence image of cell stained with DAPI showing the shape 

and location of nucleus (N) i SEM image. Arrows represent pyrenoids 
(a), red bodies (b), longitudinal flagella insertion (c), depression near 
the sulcal groove and near cingulum (d), and ventral view showing 
pustule (e). Scale bar in all images is 5 µm
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and PPC to PSC (p < 0.01) was significantly higher during 
stationary phase compared to exponential phase (Fig. 5).

Description of Bysmatrum

FlowCAM and microscopic analysis revealed that the 
cells are pentagonal in shape with an average ESD diam-
eter, length, and width of 26 ± 2, 29 ± 3, and 24 ± 2  μm, 
respectively (Supplementary Table  3; Fig.  6). The calco-
fluor staining and quash technique revealed that the vegeta-
tive cells showed reticulated thecal surface and the typical 
plate pattern (Po, X, 4′, 3a, 7″, 6c, 4s, 5‴, 2′‴) with the 
second and third anterior intercalary plates not in contact 
with one another, a unique morphological features of Bys-
matrum (Fig.  6). The plate formula of Bysmatrum spp., 
arranged in a Kofoidian series, is almost identical to that 
of Scrippsiella spp., but were transferred to the genus 
Bysmatrum spp., because the second and third anterior 
intercalary plates are not in contact with one another due 

to the presence of third apical plate (Faust and Steidinger 
1998; Murray et  al. 2006). The apical portion of the cell 
showed prominent teardrop apical pore complex (APC). 
Epifluorescence microscopy (red fluorescence) revealed 
the presence of chloroplast throughout the cell and the 
nucleus position was found to be variable from one cell to 
cell (Fig.  6). Bysmatrum caponii is also culturable using 
the standard f/2 media but has a slow growth rate com-
pared with co-occurring species Amphidinium within RPs. 
The pigment analysis using HPLC of Bysmatrum culture 
grown under 12 h light:dark cycle at approximately 25 °C 
revealed the presence of high amount of photo protective 
pigments (diadinoxanthin-DD and diatoxanthin-DT) along 
with other photosynthetic pigments chlorophylls (a and c2) 
and diagnostic pigments (peridinin and β carotene) (Fig. 5). 
Similar to Amphidinium, the production of DD and DT is 
also dependent on the phase of the growth. The ratio of 
DD + DT to chl a and PPC to PSC was significantly higher 
during stationary phase compared to exponential phase 
(p < 0.001; Fig. 5).

Effect of solar radiation on the photophysiology of RP 
planktonic microalgal community

The results of the effect of solar radiation and nutrient 
enrichment (N) on the photosynthetic parameters (Fv/Fm 
and σPSII) of planktonic microalgae of HT-RPs, MT-RPs, 
and LT-RPs are presented in Fig. 7. The measurements of 
chlorophyll fluorescence yields on planktonic microalgae 
of HT-RPs, MT-RPs and LT-RPs revealed distinct vari-
ations over the 24 h period. Among the measured param-
eters, only Fv/Fm and connectivity parameter showed the 
characteristic diurnal patterns. In both Fv/Fm and connec-
tivity parameter, diurnal patterns were characterized by a 
decrease from high morning values to noon or late after-
noon minimums, followed by a reciprocal increase after 
the daily minimum. However, such a characteristic diurnal 
variability was not observed with F0 and σPSII. In case of 
F0, there was no significant increase observed in RPs as 
well as in experimental bags without nutrients indicating 
that there was no increase in the biomass. The increase in 
F0 observed lately in bags enriched with nutrients, espe-
cially for MT-RPs and LT-RPs, was due to the increase of 
biomass, i.e., growth of the microalgae. The prevalence of 
high σPSII compared to initial (morning) value during under 
high solar radiation was one of the important observa-
tion with respect to photoprotection mechanism. In all the 
treatments, Fv/Fm (p <  0.001) and connectivity parameter 
(p < 0.001) showed significant variations with both tide and 
time, whereas σPSII showed significant variations only with 
respect to tide (p < 0.01). The data revealed that the after-
noon values were significantly lower (in case of Fv/Fm, and 
connectivity parameter; p < 0.001) and relatively higher in 

Fig. 5  Mean values of a, b photoprotective pigment ratios, i.e., 
DD + DT/chlorophyll a, c, d de-epoxidation of the xanthophyll cycle 
pigment DD, i.e., DT/DD + DT, and e, f phototprotective carotenoids 
(PPC) to photosynthetic carotenoids (PSC) at exponential and station-
ary growth phases of Amphidinium and Bysmatrum. DT Diatoxanthin, 
DD Diadinoxanthin. Both the species were grown under laboratory 
conditions at 25 °C under a 12 h light:dark photoperiod using sterile 
f/2-Si media
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case σPSII when compared to the morning and late evening 
measurements. While the same general pattern of all the 
PSII parameters (Fv/Fm, σPSII, and connectivity parameter) 
was observed for all the RPs, the magnitude of the diel 
cycling was more striking in LT-RPs followed by MT-RPs 
and HT-RPs. Furthermore, the values for all the measured 
parameters varied between the location of the pools, i.e., 
lower for HT-RPs followed by MT-RPs and LT-RPs.

The photoprotective pigment ratios (DT + DD/chl a and 
PPC/PSC) and the de-epoxidation state of the microalgae 
(DT/DT + DD) also showed a distinct variations between 
the rock pools of different tidal locations (Fig.  8). The 
DT + DD/chl a and PPC/PSC were higher in HT-RPs fol-
lowed by the MT-RPs and LT-RPs; however, such a pat-
tern was not observed with the de-epoxidation state 
(Fig. 8). Even during 2015 samplings, the ratio of PP and 
PS revealed the dominance of former than later in HT-
RPs (0.8–2.8) and the reverse was observed in MT-RPs 
(0.3–2.2) and LT-RPs (0.3–1.3). The high PP:PS ratios 
(i.e., >1) in MT-RPs (twice) and LT-RPs (once) were 

observed less than two occasions. Whereas in HT-RPs, low 
PP:PS ratio (i.e., <1) was observed on three occasions dur-
ing bloom period.

Discussion

Environment

The west coast of India experiences alternating wet and dry 
seasons due to monsoons (Vijith et al. 2009). As a result, 
the intertidal organisms experiences significant variations 
in environmental conditions in both the seasons. During 
the wet season, the intertidal organisms experiences low 
salinity stress due to monsoonal rainfall, whereas during 
dry season, high temperature, high light, and high salinity 
stress due to the diurnal environmental changes (heat, light, 
and evaporation) brought by the solar radiation. Further-
more, the severity of the stress conditions is also depend-
ent on the pool size and location of the pool on the shore 

Fig. 6  Light microscope (LM) image of Bysmatrum caponii in a 
lateral view of live cell, b persevered cells, c SEM image showing 
thecal plate arrangements, and d, e epifluorescence images of cell 
stained with calcofluor white showing thecal plate arrangements. f, 
g LM and SEM image of APC, h, i epifluorescence images of cell 
showing chlorophyll autofluorescence, and j, k, l epifluorescence 

image of cell stained with DAPI showing the nucleus (N) located in 
hypotheca, epitheca, and center, respectively. Scale bar in all images 
is 10 µm. The numbers/alphabets in plates c to g indicate the apical 
plates (1’ to 4’), anterior intercalary plates (1a, 2a, 3a), precingular 
plates (1” to 7”), apical pore complex (APC), apical pore (Ap), pore 
plate (Po) and canal plate (X)
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(Martins et  al. 2007). The organisms inhabiting RPs are 
subject to stressful environmental conditions during the 
LT (Huggett and Griffiths 1986). However, the magnitude 
of stress is more on the pools located on the upper shore 
as they are exposed to longer periods of emersion (Hug-
gett and Griffiths 1986). Whereas the organisms inhabit-
ing the pools located on the lower shores escapes such 
kind of environmental stress due to tidal flushing. Based 
on the tidal amplitude and location of the RPs on different 
heights of the shore, it was evident that the MT-RPs and 
LT-RPs were flushed by diatom-dominated sea water (data 
from surrounding water not shown) twice a day, but their 
exposure time was varying according to the tide levels, 
i.e., 100% during flood and ebb phase of the highest HT. 
However, in the case of HT-RPs, flushing occurred once 
per day during initial and final 5  days of the observation 
when the tidal amplitude was greater than 1.8 m, and dur-
ing intermittent 5  days, the tidal amplitude was less than 

1.8 m; as a result, there was no flushing. During the non-
flushing period, the environmental stress on the biology of 
HT-RPs will be more severe as there will be limited space 
for them to escape. As a result, the RPs exhibited large 
fluctuations over short temporal scales in physicochemical 
parameters, such as temperature and salinity. Pools on the 
upper shore are exposed to longer periods of emersion, and 
hence experience greater variability in environmental con-
ditions (Huggett and Griffiths 1986). Under such extreme 
conditions, the sensitive organisms will be outplayed by 
the eurytolerant organisms. Further available literature 
also indicated that the RPs harbour species that are rarely 
or never recorded from open waters (Dethier 1980; Jons-
son 1994). Often, such RP species have physiological or 
behavioural adaptations that can aid population persistence 
in individual pools (Blackwell and Gilmour 1991; Jonsson 
1994). In this investigation, the emphasis is given on the 
planktonic microalgae of RP as this study will enlighten 

Fig. 7  a Diel variations in solar radiation. The data presented are the 
average values of 7 days during the sampling periods, d tidal ampli-
tude during the incubation period, and b, c, e, f times series FRRF 
measurements (at 3-h intervals for a period of 24 h) of b F0, c Fv/Fm, 
e σPSII, and f connectivity parameter from rock pools and experimen-
tal bags containing natural rock pool communities (enriched with and 

without f/2 macro-nutrients) starting from 6:30 am of 10th May 2014 
to 6:30 am of 11th May 2014. For the measurements, three rock pools 
located at different tidal zones [i.e., three each in high-tide (HT), 
mid-tide (MT), and low-tide (LT) zones] were selected. The data pre-
sented are the average of triplicates
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with the new information on RP microalgal species com-
position and their photoprotection mechanisms, which is so 
far not available from this region.

Rock pool planktonic microalgal community

The pigment data revealed that the contribution of smaller 
planktonic microalgae (pico-phytoplankton) was more dur-
ing flushing period (first and last 5 days of the sampling) 
and such high contribution was due to the tidal flushing 
(Fig. 3). However, during the non-flushing period, the HT-
RPs were dominated by bigger microalgae (Fig. 3). These 
results indicated that the tidal oscillations play an important 

role in structuring the planktonic microalgae based on the 
size. Although there are biases in the indirect quantification 
using model, the general trend would have remained the 
same even if the quantification was done through the direct 
measurements, i.e., using the size fractionated approach.

Furthermore, the microscopic data also revealed sig-
nificant variations between the rock pools of different tidal 
zones with dinoflagellates and diatoms being the dominant 
in HT-RPs and other pools, respectively (Fig. 2). The dif-
ferences observed in the planktonic microalgal community 
between the pools of tidal zones clearly indicate that the 
height on the shore may be expected to influence commu-
nity structure through effects on physicochemical condi-
tions during low water. Earlier studies have also confirmed 
that the pool size will also influence the biotic communi-
ties as these pools experience more extreme environmental 
conditions (e.g., Metaxas and Scheibling 1993; Therriault 
and Kolasa 2001). However, in this study, the replicate 
pools selected in different tidal zones are of almost simi-
lar dimensions, but the pools of HT zones are smaller com-
pared to the pools of MT and LT zones. As a result, the 
environmental stress and tidal flushing (both intensity and 
frequency) are the major factors influencing the rock pool 
planktonic microalgae. During the investigation, the values 
of pool water temperature (up to 40 °C) and salinity (up to 
67 psu) were significantly higher in HT-RPs compared to 
MT-RPs and LT-RPs. Even under such extreme conditions, 
some species of the microalgae belonging to dinoflagellates 
not only survived but also bloomed. Here, we report for the 
first time the occurrence of two dinoflagellates, i.e., Amphi-
dinium and Bysmatrum blooms from the RPs. Although 
these species were found in the pools of all the tidal zones, 
the maximum abundance was observed in HT-RPs. The 
blooming of these organisms was observed during both 
the years, possibly indicating an annual phenomenon that 
is a matter of concern and needs in-depth investigations on 
their ecological role and consequences.

Identification and distribution of Amphidinium

The genus Amphidinium is an unarmoured photosyn-
thetic dinoflagellate containing approximately 120 spe-
cies. The toxigenic dinoflagellates belonging Amphidinium 
are among the HAB-causing taxa globally. Amphidinium 
is a widespread genus of dinoflagellate, found in temper-
ate and tropical marine waters, in both free-living benthic 
and endosymbiotic states. Even though Amphidinium dis-
tribution is widespread, previous studies in the region did 
not document its occurrence probably because they dealt 
mostly with microalgae collected in offshore waters and not 
from coastal or intertidal habitats. Furthermore, Amphidin-
ium, being a nonthecate, can also be damaged or distorted 
when preserved with preservatives (e.g., formalin, Lugol’s). 

Fig. 8  Mean values of a phototprotective carotenoids (PPC) to pho-
tosynthetic 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 corresponding to planktonic 
microalgae of rock pools located high-tide (HT), mid-tide (MT), and 
low-tide (LT) zones. DT Diatoxanthin, DD Diadinoxanthin. The data 
presented are the average of five readings made at 3-h intervals (start-
ing from 6:30 am to 6:30 pm of 10th May 2014) during time series 
experiments from duplicate rockpools located at different tidal zones
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Thus, they should still have seen something escaping the 
notice of workers. Only recently, the occurrence of Amphi-
dinium is reported in the water column of the Mumbai and 
Gujarat coasts. In the Mumbai coast, Amphidinium is just 
listed along with other taxa (Shahi et  al. 2015), whereas 
in the Okha Port harbour (Gujarat), recurrent blooms of 
Amphidinium are noticed (Mandal et al. 2011) as A. cart-
erae. However, none of the above-mentioned studies from 
Indian region provided the morphological details nor the 
ecological information. Moreover, the morphological simi-
larities between many of the current studied species of 
Amphidinium sensu stricto cause taxonomical confusion, 
because the different species studied from wild samples 
tend to share similar or misleading important morpho-
logical information (e.g., Flø Jørgensen et  al. 2004, Mur-
ray et  al. 2004; Dolapsakis and Economou-Amilli 2009). 
Therefore, distinguishing Amphidinium sensu stricto spe-
cies can only be done after careful morphological observa-
tions of live cells (Dolapsakis and Economou-Amilli 2009). 
In view of this, observations were made with live cells in 
this study.

In this study, for the first time, morphological details 
of a species belonging to Amphidinium sensu stricto from 
the Indian region are presented. The identification is based 
on the specific morphological features from the cultures as 
detailed in the literature (e.g., Flø Jørgensen et  al. 2004, 
Murray et  al. 2004; Dolapsakis and Economou-Amilli 
2009). Based on the cellular and morphological features, 
as presented in Supplementary Table  2 and Fig.  4, the 
Amphidinium species recorded is closely related to its mor-
phological similar sibling A. carterae Hulburt 1957. Fur-
thermore, the Amphidinium recorded in high abundance 
from RPs located in the HT zone could be a eurytoler-
ant organism. This is because the impact of solar radia-
tion and associated changes (increase in pool temperature 
(up to 40 °C) and salinity (up to 67 psu) is significant on 
the HT-RP organisms especially when it is devoid of tidal 
flushing. In addition, laboratory study also confirmed the 
eurytolerant nature in one of the A. carterae strain that can 
withstand wide range of temperature, salinity, and pH, with 
capacity for luxury consumption and ability to store nitrate 
and phosphate for several generations (Lee et  al. 2003). 
Furthermore, being the resident of the intertidal RPs, cop-
ing up with the supra-optimal level of solar radiation for 
survival will be challenging. In general, most algae are 
equipped with photoprotective mechanisms, such as non-
photochemical quenching (NPQ) and production of photo-
protective pigments (xanthophylls and carotenoids). Xan-
thophyll cycle pigments (DD and DT), which are found in 
most algae (such as diatoms, dinoflagellates, haptophytes), 
play a crucial role in the photoprotection via the develop-
ment of NPQ during excess radiation exposure (van de Poll 
and Buma 2009). However, the production of xanthophylls 

is dependent on the phase of the growth as well as growth 
conditions (in particular light) and this was true with 
Amphidinium cultures. In general, the production of xan-
thophyll pigments is more during stationary phase (Fig. 5) 
and under high-light conditions (Ruivo 2010). Therefore, 
it is presumed that the high xanthophyll concentration in 
Amphidinium could be one of the reasons to cope up with 
solar radiation in HT-RPs (Fig.  5). However, a targeted 
approach to evaluate the interactive effect of light, tempera-
ture, and salinity on pigments and photophysiology will 
provide more information on tolerance capabilities.

In the last decade, some species belonging to this group 
have gained attention and are being used as a ‘model’ 
organism for research into dinoflagellate genetics, polyke-
tide production (including cytotoxins and ichthyotoxins), 
and photosynthesis (Kobayashi et  al. 1991; Satake et  al. 
1991; Bauer et  al. 1994, 1995; Paul et  al. 1996; Houdai 
et  al. 2001; Damjanovic et  al. 2000; Kleima-Foske et  al. 
2000a, b, Ten Lohuis and Miller 1998; Kubota et al. 2006). 
Even though Amphidinium forms a dominant phytobenthos 
and known to be a nice prey for protistan grazers (Jeong 
et al. 2001), its ecological significance in their role as pri-
mary producer, biogeochemical cycling, and food-web 
dynamics in the benthic system is largely unknown. In this 
study, the physical factors (tidal flushing) are the dominant 
factor in controlling the blooms than the protistan grazing 
because of the possible impact of environmental extremes 
due to solar radiation on grazers and the relatively low 
density of heterotrophic dinoflagellates (potential graz-
ers). However, a direct study in this direction is essential 
to understand the possible fate of the Amphidinium bloom 
in the rockpools. Since most of the species and the strains 
belonging to Amphidinium sensu stricto are toxic and also 
there is variability in toxicity in some of them (Baig et al. 
2006), a bloom of any member of toxin producing species 
should be viewed with concern for the possible ecological 
consequences in or nearby regions (Anderson et al. 2012). 
Therefore, given the presence of high level of cryptic diver-
sity within the Amphidinium sensu stricto, further precise 
identification of Amphidinium species and clades must be 
done for sourcing novel compounds (Murray et al. 2012) as 
well as to identify whether the species recorded will cause 
endemic or not (supported by toxicity studies).

Identification and distribution of Bysmatrum species

The genus Bysmatrum, which was established in 1998 for 
peridinoid dinoflagellates, previously belonged to genus 
Scrippsiella (Faust and Steidinger 1998). Recent work on 
morphological features and molecular sequence analy-
ses revealed that Bysmatrum is different from Scrippsiella 
and also forms an isolated and uncertain position outside 
the Thoracosphaeraceae (Gottschling et  al. 2012; Jeong 
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et  al. 2012). In general, species belonging to the genus 
Bysmatrum are peridinoid, thecate, and photosynthetic 
(as they possess many chloroplasts; Fig.  6). They mostly 
occur in tide pools, sandy sediments, and also as epibi-
otic on macroalgae or corals (Murray et  al. 2006). Until 
date, a total of five species viz. B. arenicola, B. capo-
nii, B. granulosum, B. subsalsum, and B. teres have been 
reported and described. In the present study, based on the 
cellular and morphological features, as presented in Sup-
plementary Table  3 and Fig.  5, the Bysmatrum species is 
identified as B. caponii. B. caponii is the smallest species 
compare to other Bysmatrum species (Jeong et  al. 2012). 
The morphological comparisons of B. caponii with those 
from different geographical regions (America, Korea and 
Malaysia) revealed that the ranges for the dimensions of 
anteroposterior and dorsoventral of Indian strain fall near 
that of the Korean strains (Supplementary Table 3). Even 
the shape of the apical pore complex (APC), the location of 
nucleus and appearance of antapical spines are similar. The 
shape of APC was teardrop in Indian and Korean strains, 
whereas APC was polygonal in American and Malaysian 
strains. The noteworthy observations were that the ranges 
for the dimensions of APC and cingulum were much 
higher for Indian strains compared to others. These char-
acteristics clearly indicate that the B. caponii found in this 
study could be either new strain or cryptic species. How-
ever, this aspect needs molecular evidence for confirma-
tion. Although the reports on Bysmatrum are from tropical 

coastal seas, this study will be reporting for the first time 
the occurrence of high abundance of Bysmatrum from this 
part of the world, in particular from norther Indian Ocean 
(Fig. 9). In this study, Bysmatrum distribution in RPs was 
similar to that of Amphidinium, i.e., high in HT and less 
in other pools. Hence, coping up with the supra-optimal 
level of solar radiation for survival will also be challeng-
ing for Bysmatrum. Like most dinoflagellates, Bysmatrum 
do produce photoprotective pigments (xanthophyll) to cope 
up with the impact of solar radiation (Fig.  5). However, 
similar to Amphidinium, Bysmatrum do produce significant 
amount of photoprotective pigments (DT + DD) during sta-
tionary phase compared to exponential phase. Interestingly, 
the production was significantly higher in Bysmatrum com-
pared to Amphidinium (Fig.  5). Considering the survival 
and the occurrence of high abundance in HT-RPs, further 
studies related to Bysmatrum ecology, photophysiology, 
food web, and biogeochemical cycling are essential to 
explore its tolerance capabilities and importance in ecosys-
tem functioning.

Effect of solar radiation on the photophysiology of RP 
planktonic microalgal community

Although light is essential for microalgae (growth, pro-
ductivity, physiology, and ecology), yet the light envi-
ronment experienced by the organisms is dictated by 
its location in the aquatic environment. In general, the 

Fig. 9  Mapping of Bysmatrum species based on published reports 
with special emphasis on Bysmatrum caponii. The literature used 
for mapping the global distribution of Bysmatrum species are as fol-
lows: Al-Has and Noor 2011, Almazán-Becerril et  al. 2015, Faust 
2000, 2005, Hazeem 2009, Hinzmann 2005, Horiguchi and Pienaar 

2000, Jeong et al. 2012, Krakhmalny et al. 2012, Limoges et al. 2015, 
Mohammad-Noor et  al. 2007, Murray et  al. 2006, Okolodkov et  al. 
2014, Parsons and Preskitt 2007, Saburova et  al. 2009, Satta et  al. 
2013, 2014, Shah et al. 2010 and Ten-Hage et al. 2001
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phytoplankton/microalgae in any aquatic environment 
experiences inevitably variable irradiance regimes. Fur-
thermore, the phytoplankton/microalgae/zooxanthellae, 
those inhabiting in shallow water bodies or the shallow 
environment, experiencing severe variability in irradi-
ance regimes especially due to direct exposure to solar 
radiation are referred as “euryphotic” as they are capa-
ble of acclimating to a wide range of irradiance lev-
els (Falkowski and Dubinsky 1981). In this study, the 
planktonic microalgae of RP must also be euryphotic 
as it experiences inevitably variable irradiance regimes 
during a day. However, the extent of the irradiance influ-
ence/effect on planktonic microalgae is dependent on the 
location of the RP on the shore, the tidal cycle (diurnal 
tides, spring, and neap tides), and the nature of the com-
munities. For example, the RPs located in the HT zone 
of the rocky shore, which are dominated by dinoflagel-
lates, experience significant variability of the irradiance 
regimes during LT compared to those RPs (dominated 
by diatoms) present in MT and LT zones. Since micro-
algae experience variable levels of solar radiation from 
sunrise to sunset, its photosynthetic performance will 
also vary accordingly. The fluorescence measurements 
revealed that the RP planktonic microalgae are photosyn-
thetically active; however, the magnitude varied between 
the location of the RPs and the position of the sun. The 
magnitude of diel variations was high in LT-RPs fol-
lowed by MT-RPs and HT-RPs. This trend was observed 
in both incubation bags as well as for the natural RPs. 
The observed differences between the RPs of different 
tidal zones can thus be attributed to phytoplankton com-
position differences as well to differences in experienced 
irradiance of these communities. Unlike in natural RPs, 
planktonic RP microalgae within the incubation bags are 
devoid of migratory patterns (between zones due to diur-
nal tides and to look for shadowy regions within the pools 
especially by motile microalgae) and grazing by benthic 
filter feeding organisms. Moreover, during the incubation 
period, the diurnal tides flushed only MT-RPs and LT-
RPs but not HT-RPs. Furthermore, all the RPs selected in 
this investigation were devoid of shadowy regions (e.g., 
macroalgae, deep crevices, etc) indicating that the micro-
algae inhabiting in these RPs should have defined photo-
protection mechanisms. Consequently the measurements 
from incubation bags and the natural RPs confirmed that 
irrespective of above said migratory patterns, RP plank-
tonic microalgae exhibit range of biophysical mecha-
nisms to cope up with the impact of varying solar radia-
tion depending on the location on the shore. The times 
series FRR measurements (Fv/Fm and σPSII) and pigment 
analysis revealed the possible involvement of dynamic 
photoinhibition, non-photochemical quenching (NPQ) 

of reaction centres, or the production of photoprotective 
pigments/compounds to regulate excess light.

Interestingly, in all the treatments, Fv/Fm is reduced 
from a morning high to mid-day lowest with reciprocal 
recovery to the maximum value in the evening and further 
increase was evident in the morning. These results confirm 
that the dynamic photoinhibition (i.e., rapid recovery of 
PSII reaction centres from damage, Gorbunov et al. 2001) 
plays an important role in the photoprotection of planktonic 
microalgae of different tidal pools. However, the magnitude 
of variability from morning high to mid-day low was maxi-
mum in LT-RPs followed by MT-RPs and HT-RPs. This 
was due to the prevalence of low Fv/Fm ratios in HT-RPs 
followed by MT-RPs compared to LT-RPs in the morning 
time. The reasons for the prevalence of low as well as mid-
day depression in the maximum quantum yield of photo-
synthesis could also be due to either synthesis or accumu-
lation of photoprotective pigments, i.e., non-photosynthetic 
active pigments in cells (Babin et  al. 1996). In general, 
photoprotective pigments contribute to the absorption of 
photosynthetic active radiation (PAR) but do not transfer 
absorbed excitation energy to Photosystem-I or Photosys-
tem-II resulting into reduced maximum quantum yield. It 
has been previously determined that photoprotective com-
pounds (e.g., carotenoids, xanthophyll’s) increase during 
exposure to high PAR and ultraviolet radiation—UVR 
(Van de Poll et al. 2006; Dimier et al. 2007; Villafañe et al. 
2008). Since the exposure time of HT-RPs to direct solar 
radiation is longer followed by MT-RPs and LT-RPs due to 
tidal cycle, one would expect accumulation of photoprotec-
tive pigments (PP) in microalgae to be also follow a simi-
lar pattern (i.e., more in HT-RPs followed by MT-RPs and 
LT-RPs) and was evident in this study. The ratio of PP and 
photosynthetic (PS) pigments during 2014 (morning-to-
evening time series—see results for ranges) and 2015 [daily 
variations; (Fig. 8)] samplings confirmed that the accumu-
lation of PP is more in HT-RPs followed by MT-RPs and 
LT-RPs. Hence, such variations in the accumulation pat-
terns in PP between the RPs of different tidal zones could 
be one of the reason for the observed significant differences 
in the magnitude of variability in Fv/Fm from morning high 
to mid-day low between the RPs of different tidal zones 
as well as the prevalence of low Fv/Fm in HT-RPs during 
morning time. The magnitude of variability from morning 
high to mid-day low (assuming Fv/Fm lower limit of 0.15) 
in HT-RPs, MT-RPs, and LT-RPs was approximately 50, 
61.5, and 62%, respectively.

In addition, mid-day reduction in chlorophyll fluo-
rescence can also be caused by the thermal dissipation 
of excess excitation energy either in the light-harvesting 
antennae or the reaction centres of PSII (Vassiliev et  al. 
1994). As predicted by biophysical models, quenching 
within the reaction centre is associated with a decrease 
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in Fv/Fm without a change in σPSII, while quenching in 
the antennae bed leads to a decrease in σPSII (Vassiliev 
et al. 1994). In the present study, in all the treatments, the 
decrease in Fv/Fm was associated with an increase in σPSII 
(up to 10, 2, and 16% in HT-RPs, MT-RPs, and LT-RPs, 
respectively) indicating that the thermal dissipation of 
excess excitation energy occurs in the reaction centres of 
PSII. Antenna bed quenching should be correlated with the 
xanthophyll cycle (Demmig-Adams and Adams 1996) and 
is a well-described photoprotective mechanism in higher 
plants and algae. Although the RP planktonic microalgae 
produce photoprotective xanthophyll pigments (diatoxan-
thin-DT and diadinoxanthin-DD), the involvement of xan-
thophyll cycle to dissipate excess energy was found to be 
variable between the pools located at different tidal zones. 
This is because some studies have shown that UV can 
inhibit the xanthophyll cycle, generally causing a decrease 
in DT concentration (Brunet et  al. 2011). Since the RPs 
selected in the study are directly exposed to solar radiation, 
as a result, the impact of UVR on RP biology is inevita-
ble. In general, DD assist in light harvesting by transfer-
ring energy to chlorophylls, whereas the DT do not transfer 
but are involved in thermal dissipation of excess absorbed 
energy (Demmig-Adams 1990; Olaizola et  al. 1994). The 
presence of DT relative to the DD + DT pool is signifi-
cantly less in HT-RPs compared to other RPs (Fig. 8) indi-
cating that the xanthophyll cycle activity is almost less than 
50% in former than the later to protect from excess light. 
The lower DT and higher DD + DT pool not only signifies 
the more accumulation of DD in HT-RPs but also indicates 
the prevalence of NPQ of reaction centres. This is because 
DT appears to be quencher of excitation energy within the 
antenna, and its formation leads to a reduction in the effec-
tive absorption cross section of PSII (Falkowski and Raven 
2007). However, further targeted studies in this direction 
are essential.

Interestingly, the biophysical mechanisms to regu-
late excess light in RP planktonic microalgae enriched 
with nutrients followed a similar pattern as observed in 
non-enriched experiments. This trend was observed in all 
the tidal pools. The only observed difference was the sig-
nificant improvement in quantum efficiency (Fv/Fm) in the 
late evening or early morning. Such an increase was due 
to the enhancement in the microalgal biomass as evident 
from the F0 values (a proxy for chlorophyll a). However, 
the magnitude of increase in biomass and Fv/Fm values 
varied between the RPs. The magnitude was higher in LT-
RPs followed by MT-RPs and HT-RPs. Another interesting 
observation was that the microalgal response time to nutri-
ent enrichment varied between the tidal pools. The LT-RP 
planktonic microalgae responded within 12 h, whereas the 
response time was 24 h for MT-RP and HT-RP phytoplank-
ton. The observed differences between the tide pools can 

thus be attributed to phytoplankton composition differences 
having differential growth responses. Results indicated that 
high-tide pools were dominated by dinoflagellates, whereas 
mid- and low-tide pools are dominated by diatoms. In gen-
eral, diatoms are known to respond quickly than dinoflag-
ellates to nutrient enrichment. Nevertheless, these results 
confirm that the light effect is dominant than the nutrient 
effect on the photophysiological status of RP planktonic 
microalgae.

Conclusions

This study concludes that the planktonic microalgal com-
munity structure differed between the RPs of HT, MT and 
LT. Here, we report for the first time blooms of autotrophic 
benthic dinoflagellates belonging to Amphidinium sensu 
stricto and Bysmatrum in HT-RPs from the region. The 
morphological analysis for these Indian strains, presented 
here for the first time using live cells, showed features sim-
ilar to A. carterae (known harmful algae of concern) and 
B. caponii. Both the species are culturable, and between 
them, Amphidinium had higher growth rate. The report-
ing of the occurrence of B. capnoii is not only for the first 
time from India but also from the northern Indian Ocean. 
This study, carried out during peak summer, also concludes 
that the RP planktonic microalgae are eurytolerant and also 
can serve as seed banks to the surrounding water bodies. 
The dynamic photoinhibition (prominent in LT-RPs), non-
photochemical quenching of reaction centres (prominent 
in HT-RPs), and production of photoprotective pigments 
(only in HT-RPs) were the prominent photoprotective 
mechanisms in addition to migratory patterns to cope up 
with the fluctuating solar radiation. Concern over the rise in 
the occurrence of HABs and also considering the presence 
of significant rocky-shore area (~600  km) along the vast 
Indian coast (7500 km), further studies on diverse aspects 
of RP microalgae (e.g., diversity, adaptive strategies, eco-
logical roles, and bioactive compounds) need attention.
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A B S T R A C T

Dinoflagellates are referred among potential bioinvaders and environmental proxies. Information from tropical
regions on the coupling of cyst and motile stages of dinoflagellates characterized by high suspended-load, and
high diversity but low abundance is limited. Here, the population dynamics of dinoflagellates (planktonic-mo-
tile-stages and benthic-cysts) from monsoon-influenced Cochin-harbour, southwest coast of India was in-
vestigated. A targeted sampling strategy is proposed over conventional methods to obtain better estimates of
abundance and diversity. From the water column, the cyst-producing-dinoflagellates contribution was quantified
for the first time, and it was up to 52% of total planktonic-motile-stages. Interestingly, the number of motile-
stages versus the number of cysts for heterotrophs revealed an inverse trend and the explanation is not
straightforward. This is because Cochin-harbour experiences discharges, i.e., freshwater (peak during monsoon),
anthropogenic, and dredging activities throughout the year facilitating benthic-suspension, high sedimentation
rate, and distinct seasonality in the availability of prey. In such an environment, motile-stages-diversity and
cysts-species-richness formed potential environmental proxies. The presence of cysts of indicator taxa
(Protoperidinium, Polykrikos, Lingulodinium) for nutrient-enrichment in relatively good proportions and low
ranges of motile-stages diversity and cysts species-richness do signal eutrophic system. Autotrophic-cysts
dominance illustrates that the heterotrophs need not be dominant in the eutrophic-system as reported in earlier
studies. The dominance of euryhaline dinoflagellates (Gonyaulax spinifera, Protoperidinium pentagonum, P. leonis,
Pyrophacus steinii) cysts provided additional information on cyst-producing-dinoflagellates as potential en-
vironmental indicators. The existence of 24 morphotypes belonging to potentially harmful-algal-bloom (HAB)
species emphasizes HAB risks under favorable conditions.

1. Introduction

Dinoflagellates, which are a prominent phytoplankton group
alongside other primary producers, gained importance because several
species belonging to this group are responsible for toxin production as
well for the occurrence of harmful-algal-blooms (HABs) worldwide. As
a result, dinoflagellates are considered amongst the most unwanted
marine bioinvaders (Narale et al., 2013). The global increase in the
frequency, duration and geographic prevalence of HABs have been at-
tributed to anthropogenic nutrient enrichment (eutrophication) of
coastal waters, the introduction of non-indigenous harmful algal species
via ships ballast water and changing climate patterns (Anderson et al.,
2002; Hallegraeff and Gollasch, 2006; Smayda, 2007; Hallegraeff,
2010; Roy et al., 2012; Casas-Monroy et al., 2012). Therefore char-
acterizing the distributional patterns of dinoflagellate (including

harmful species) motile-stages and its resting cysts will be useful in
enhancing the understanding of HABs (Satta et al., 2013) and also to
study the spatiotemporal change of the marine environment. So far
approximately 13–16% of living dinoflagellates are known to produce
resting cysts as part of their life cycle, or as means of surviving adverse
environmental conditions, and a large proportion of these resistance
stages are typically preserved in the sediments (Head, 1996) for
months, years or even up to a century (Ribeiro et al., 2011; Lundholm
et al., 2011). The cyst distribution/accumulation patterns and the en-
cystment/excystment are influenced by environmental factors such as
temperature, salinity, nutrients, turbidity and pollution (e.g., Taylor,
1987; Triki et al., 2017). Hence the benthic dinoflagellate cyst assem-
blages encode information about the community in the water (Dale,
1976) and also have the potential to provide substantial information on
biological processes and interactions within the aquatic ecosystems.
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Thereby cyst assemblages have been considered as useful ecological/
environmental indicators or proxies to determine past variations in the
upper water conditions such as cultural eutrophication, changes in sea-
surface salinity and temperature, turbulence and nutrient/trace ele-
ment content, as well as changes in sedimentary conditions (e.g.
Mertens et al., 2009a, 2009b; 2010, 2012; Zonneveld et al., 2012 and
references therein, Aydin et al., 2015).

During the last decade, there has been considerable progress in
understanding the distribution of dinoflagellate cysts from the sedi-
ments along the Indian coast (Godhe et al., 2000; Patil, 2003; D'Costa
et al., 2008; D'Silva et al., 2011; Naidu et al., 2012; D'Silva et al., 2013;
Narale et al., 2013, 2015; Narale and Anil, 2017). However, consider-
able information about linkages between planktonic motile-stages and
benthic cysts, the contribution of the cyst and the non-cyst producing
taxa, factors influencing the distribution etc., is still lacking. Generally,
the sampling/analysis of both motile-stages (from water) and cysts
(from sediments) simultaneously provides the best information on the
dinoflagellate species composition (Dale, 1983) and also increases the
information on species-richness in a study area (Persson and Rosenberg,
2003; Orlova et al., 2004; Satta et al., 2010). Along the Indian coast so
far only Narale et al. (2013), by comparing the information on cyst
(analyzed data from one time sampling) and planktonic motile-stages
(obtained through published literature), documented the presence of 14
cyst-producing dinoflagellates (CPD) from the southeast coast of India.
Since conventional sampling methods severely underestimate plankton
species-richness (Rodríguez-Ramos et al., 2014), an appropriate direct
approach is desirable. Here a direct approach is proposed to enumerate
motile-stages of CPD from planktonic samples, which are characterized
by high suspended-load, and high diversity but low abundance of di-
noflagellates, from a monsoon-influenced harbour in the backwaters of
Cochin, on the west coast of India.

The increased human activities in the Cochin backwaters over the
past several decades have resulted in considerable ecological alterations
that have become a major threat to the ecosystem functioning (Madhu
et al., 2007; Balachandran et al., 2005; Martin et al., 2011, 2013) and
estuarine biology (Jose et al., 2011; Martin et al., 2012; Parvathi et al.,
2015). Pollution index/trophic index (TRIX) for the region do confirm
that the system is polluted/eutrophic (Chakraborty et al., 2014;
Rajaneesh et al., 2015). Considering the existence of strong relations
between dinoflagellate cyst assemblages and eutrophication/pollution,
it is presumed that, in Cochin harbour (CH) also, the influence of
human-induced ecological alterations including eutrophication will be
reflected in the dinoflagellates communities, and, thus, the cyst as-
semblages. In this study, the information generated on dinoflagellate
community parameters (species diversity and richness) and composi-
tion was further used to assess the trophic status (by comparing with
available indices for eutrophication/pollution) and for identifying new
environmental proxies. The available publications are based on the
standard sampling strategies (Gopinathan, 1972; Devassy et al., 1974;
Madhu et al., 2010, 2011) and considering the environmental com-
plexity of CH, a targeted sampling strategy was adapted to obtain better
estimates of abundance and diversity of dinoflagellates planktonic-
motile-stages and benthic-cysts with respect to more traditional sam-
pling methods. The information generated will lead to an additional
contribution to the growing body of knowledge on dinoflagellates as
environmental proxies and its biogeography (particularly harmful
species).

2. Materials and methods

2.1. Description of the study area

Cochin harbour (CH) is one of the major ports in India, situated in
the northern part of the Kerala state along the southwest coast of India
(9.58°N 76.14°E; Fig. 1). CH, which is situated on a bar built estuary
and at the convergence of Cochin backwaters is a natural port and is

formed by six rivers (Periyar, Pamba, Achancoil, Manimala, Meenachil,
and Moovattupuzha). The ship channel depth at the CH region is
dredged and maintained in the area of 10–15m, whereas the depth in
the estuary varies from 2 to 5m (Qasim, 2003). Minor seasonal varia-
tion in temperature occurs in CH since it is geographically located in the
tropical region (Madhupratap, 1987). Monsoon season (June to Sep-
tember) accounts for 55–65% of the total annual rainfall in Cochin
(Menon et al., 2000). As a result of heavy precipitation during the peak
monsoon period, salinity over a large extent of the backwaters reaches
near zero values. In the study area, the salinity gradient occurs in the
shipping canal. Therefore, CH experiences high sedimentation rates (up
to 1m per year; Menon et al., 2000) with strong benthic-suspension
from voluminous fluvial discharges and dredging activities. Flood and
ebb tides have a maximum range of 1m in the harbour, whereas, in the
shallow estuary region, there is little or no tidal influence (Qasim,
2003).

2.2. Sampling strategy

Sampling was carried out on four occasions in October 2011 (post-
monsoon: PoM I), May 2012 (pre-monsoon: PrM), August 2012
(Monsoon: Mon) and November 2012 (post-monsoon: PoM II) in CH. In
this study, a total of 23 stations were selected that included berths,
wharf, dry docks, jetties, creek mouth and fishing harbour (Table 1).
The sampling on each occasion was spread over 5–6 days, and the
sampling was performed from morning till noon. Water and sediment
samples were collected at all the stations for dinoflagellate motile-
stages and cysts respectively. The stations are located in three channels,
i.e., two stations in the Approach channel (AC), seven stations in the
Mattancherry channel (MC) and 14 stations in the Ernakulam channel
(EC) (Table 1). Additionally, on each sampling season, a time series
observation (4-h interval over 24 h) of motile stages and the environ-
ment was performed at two stations, i.e. one each in AC and EC (Fig. 1)
to elucidate the tidal influence on abundance and univariate measures
(diversity, species number, and evenness). The field observations used
here were carried out as part of the Ballast Water Management Pro-
gram, India.

2.3. Sediment sampling, processing, and analysis for dinoflagellate cysts

The sediment samples were collected using a Van Veen grab with a
grabbing area of 0.04m2. Through the top windows of the grab, un-
disturbed sediment cores of 6–8 cm were retrieved using a PVC corer of
20 cm long with an inner diameter of 2.5 cm. Cores were sealed with
airtight caps, stored in the dark and kept in ice. Upon reaching field
laboratory within a couple of hours, sediment cores were sectioned
immediately (at 2 cm interval) and stored in airtight plastic bags at 4 °C
in the dark until further analysis.

For dinocyst analysis, only the top fraction (0–2 cm) of the cores,
which represents recent sediment, was processed using palynological
methods (Matsuoka and Fukuyo, 2000) with some modifications
(D’Costa et al., 2008). Each sediment sample (weighing 2 g wet wt.) was
subjected to sonication for 1min (Krepakevich and Pospelova, 2011)
and sieving through 120 and 20 μm mesh-sizes. The residue retained on
the 20 μm mesh was acid-treated first with 10% hydrochloric acid and
then with 30% hydrofluoric acid. The sample was sonicated and sieved
through 20 μm mesh-size. The residue retained on the 20 μm mesh was
transferred into a vial and suspended in 10ml of distilled water. Ali-
quots of 1ml of the processed samples were scanned under an inverted
microscope (Olympus IX 71) at 100x to 400x magnification. Dino-
flagellate cysts were identified based on published literature (Wall and
Dale, 1968; Sonneman and Hill, 1997; Matsuoka and Fukuyo, 2000).
Additionally, microscopic analysis of untreated, distilled water cleaned
and sieved sediment samples was carried out for the confirmation of the
presence of calcareous cysts (eg., Scrippsiella) and the cysts lacking
distinctive cysts wall (eg., Alexandrium). The cyst abundance was
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expressed as No. cysts g−1 dry sediment. The water content was cal-
culated according to the formula given by Matsuoka and Fukuyo
(2000). A known weight (1 g) of wet sediment sample was dried at
70 °C for 24 h to estimate the water content. Cyst concentration was
calculated as the number of cysts per gram of dry sediment [cysts g− 1

dry sediment] using formula N/W (1− R), where N – number of cysts,
W – weight of sediment and R – proportion of water in the sediment.

2.4. Water sampling and analysis

Surface and near-bottom water samples were collected with a 5-L
Niskin sampler. Temperature and salinity were measured using
Multiparameter portable instrument (SONDE). Dissolved oxygen and
chlorophyll a were estimated by following standard procedures
(Parsons et al., 1984). Nutrient concentrations of nitrite, nitrate, am-
monia, phosphate, and silicate were estimated by autoanalyzer (Skalar
San++). For dinoflagellate motile-stage analysis, surface water sam-
ples were collected using a bucket. Since the water samples contain
high suspended load and low dinoflagellate abundance, the conven-
tional way of collecting (i.e., known volume of 0.5–1 L of the sample)
for analysis would not provide enough information required for this
study. Therefore, a concentration method was adopted here to lower
the suspended load and at the same time capture sufficient

dinoflagellate cells to allow for better estimates of abundance and di-
versity. Here, the collected water (5 L) was concentrated by gently
filtering through a 20 μm mesh and the filtrate retained on the mesh
was slowly transferred to a bottle using a known volume of filtered
seawater (100 ml). Cells above 20 μm were collected. The samples were
immediately fixed with Lugol's iodine, and after that, aliquots (2 ml) of
the concentrated sample (in duplicates) were scanned using an inverted
microscope (Olympus IX 71) at 100x and 400x magnification. Dino-
flagellate motile-stages were identified based on identification keys
(http://www.algaebase.org/, Taylor, 1973; Tomas, 1997) and ex-
pressed as cells L−1.

2.5. Data analysis

For data analysis, the duplicate data sets per station in each chan-
nels were pooled and presented per channel. The data pooling was done
due to close proximity of the stations in the port area. By doing so the
number of replicates as well as sample volume was increased. In ad-
dition, the statistical analysis also showed insignificant differences in
the number of species between the sub-samples, thus ruling out any bias
introduced by possible sampling errors and legitimizing the pooling of
samples. This was done for both planktonic and benthic samples.
Further, sample rarefaction curves for motile stages and cysts was also

Fig. 1. Geographical location of Cochin harbour and the sampling stations within the harbour. “Star” indicates time series station.

Table 1
Details of sampling stations in Cochin harbour. Only the percentage of the dominant sediment fraction(s) is given.

Stn. No. Stn. Name Latitude (°N) Longitude (°E) Depth (m) Sediment texture (%)

I Approach Channel (AC)
1 Custom Buoy 9.968 76.253 3.56 Silt (75.19)
2 Container Terminal 9.975 76.252 10.58 Silt (74.51)
II Mattancherry Channel (MC)
3 Fishery Harbour 9.940 76.263 4.13 Silt (76.85)
4 L-Jetty/Dry Dock 9.945 76.267 3.18 Silt (62.40)
5 South coal berth 9.953 76.267 5.55 Silt (74.16)
6 Qua-1 9.954 76.267 4.61 Silt (74.57)
7 Qua-4 9.958 76.265 6.88 Silt (54.11) -sand (44.80)
8 North Coal Berth 9.964 76.261 6.62 Silt (89.82)
9 Boat Train Pier 9.965 76.260 4.45 Sand (61.80) - silt (37.94)
III Ernakulam Channel (EC)
10 DC Jetty 9.969 76.264 6.10 Silt (72.51)
11 Qua-6 9.967 76.267 8.50 Silt (52.61)-sand (45.40)
12 Qua-8 9.966 76.270 8.07 Silt (71.55)
13 Qua-10 9.964 76.275 7.00 Silt (66.06)
14 Ro-Ro Jetty 9.960 76.278 6.75 Silt (76.77)
15 Naval Jetty 9.957 76.281 1.88 Silt (57.66)-sand (41.04)
16 Cochin Shipyard 9.955 76.286 6.00 Silt (66.30)
17 Bunker Oil Jetty 9.958 76.285 6.81 Silt (59.25)-sand (39.86)
18 IFP Jetty 9.960 76.284 3.63 Silt (64.35)-sand (34.73)
19 South Tanker Berth 9.962 76.280 10.27 Silt (72.50)
20 North Tanker Berth 9.964 76.279 10.65 Silt (71.96)
21 Ernakulam Ferry Jetty 9.971 76.279 1.67 Silt (79.49)
22 Cochin Oil Terminal 9.970 76.270 7.23 Silt (77.25)
23 Ernakulam Creek 9.978 76.275 1.60 Silt (69.92)
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performed (from all the stations and for each channel) using PAST
software to ensure that majority of all the species have been en-
countered. Community indices (Shannon–Wiener's diversity index (H′),
species-richness (i.e., Number of species) and Fisher's Alpha (α)) and
cluster analysis of dinoflagellate motile-stages and cysts were de-
termined using PRIMER – version 6 (PRIMER–E Ltd. Plymouth, UK). H′
is used to characterize species diversity in a community and accounts
for both abundance (log (x+1)) and evenness of the species present,
whereas α is widely used as a diversity index to compare among
communities varying in some individuals, because theoretically in-
dependent of sample size. Two-way ANOVA was performed on abun-
dance, species-richness, H′ and α of both cyst and motile-stages to
evaluate spatial and temporal variation. Clustering was performed
through the Bray Curtis similarity and group average methods. Data
were subjected to log (x+1) transformation before analysis and the
cutoff for grouping was done at 50% similarity level. Additionally
SIMPER (Similarity percentages) analysis was also performed to study

the dinoflagellates (both motile stages and cysts) distribution with re-
spect to salinity. For the analysis, factors values (1–7) corresponding to
seven salinity ranges (38–30, 29.99 to 25, 24.99 to 20, 19.99 to 15,
14.99 to 10, 9.99 to 5 and 4.99 to 0.5) were selected. Then based on the
salinity value, a factor value for each station during each season was
assigned, i.e., four seasons X 23 stations. This was then subjected to
SIMPER analysis using one factor (salinity) design with Bray Curtis si-
milarity as a measure. The output of SIMPER analysis (i.e. similarity
percentage contribution of each species to each salinity range or factor
value) was further utilized to categorize the recorded species according
to their distribution into several levels (6 – cysts and 7 – motile stages)
of salinity ranges and are referred as euryhaline I (0.5 to> 30), eur-
yhaline II (10 to> 30), euryhaline III (20 to>30), stenohaline I
(> 30) and stenohaline II (< 30). SIMPER analysis was performed se-
parately for cysts and motile stages. For SIMPER analysis of motile
stages, surface salinity was used, while for cyst both surface and near-
bottom salinity was used. This is because of the prevalence of salinity

Fig. 2. Variations in abundance, species-richness, Shannon-Wiener's diversity and Fisher's alpha (α) index of total dinoflagellate motile-stages (a to d), motile-stages
of cyst producing dinoflagellates – CPD (e to h) and cysts (i to l).
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stratification for most of the year (as also evident from salinity data in
suppl. Table 1) and also the near-bottom salinity does not vary much
unlike in the surface water round the year (Jacob et al., 2013). Both
SIMPER and clustering analysis were performed using PRIMER version-
6 software. Canonical Correspondence Analysis (CCA) was performed
using CANOCO version 4.5 for evaluating the relationship between the
environmental parameters and the abundance data of dinoflagellates.
CCA for motile-stages was conducted using environmental data corre-
sponding to surface, whereas for cysts, both the surface and near-
bottom environmental parameters were used. Before SIMPER and CCA,
all the abundance data were log (x+1) transformed. Regression ana-
lysis was performed to evaluate the density (i.e. abundance) dependent
relationship between the planktonic motile-stages (cells L−1) and cysts
(cysts g−1 of sediment dry wt.) of autotrophic and heterotrophic di-
noflagellates as well as the species encountered in both sediments and
water column. Additionally scatter plots were also used to access the
relationship between the following: (i) salinity and measured commu-
nity indices and (ii) Trophic index (TRIX) and measured community
indices. TRIX proposed by Vollenweider et al. (1998) is based on
chlorophyll, oxygen saturation and dissolved inorganic nutrients (ni-
trogen and phosphorus) and is used to evaluate the trophic status from
ultra-oligotrophy (2–4; Pettine et al., 2007) to hypertrophy (TRIX>5).
For comparison, the TRIX data from Rajaneesh et al. (2015) from the
same area (Cochin harbour) was utilized and the data used for TRIX
calculations were collected under the same sampling program.

3. Results

3.1. Environment

Environmental data showed a distinct seasonality. Low tempera-
ture, low salinity, and high nutrient concentrations were observed
during Mon and were attributed to the freshwater influx (precipitation
and riverine discharge). In general, chlorophyll was higher for the most
of the year (surface average 32 ± 25 μg L−1 and bottom average
18 ± 15 μg L−1) and the high and low values were recorded during
non-monsoon and monsoon season respectively. The ranges for each of
the environmental parameters are summarized in Supplementary
Table 1. The sediment texture in all stations was found to be dominated
by silt (38–90%) followed by sand (9%–62%), except for Station 9
which was dominated by sand (62%) followed by silt (38%) (Table 1).

3.2. Seasonal variations in dinoflagellate motile-stages (including cysts
producing dinoflagellates-CPD) from the water-column

The motile-stages of total dinoflagellates varied from 89 to
2675 cells L−1 during the study period. In AC, MC and EC the averaged
cell abundance, ranged between 197 and 981, 180 to 689 and 89 to
1038 cells L−1 respectively (Fig. 2a). ANOVA of abundance and uni-
variate measures (diversity and species richness) revealed significant
seasonal variations, but spatially variations were insignificant. Inter-
estingly, ANOVA of time series data on dinoflagellates (abundance,
diversity and species richness) revealed no significant variations sug-
gesting that the tides therefore do not appear to influence the dis-
tribution of the motile stages, as these remain similar over a 24 h
period. This indicates that the distribution of dinoflagellate motile
stages was almost uniform in the port. Higher cell abundance was ob-
served during PoM seasons, whereas higher values for species richness,
species diversity, and Fisher's α were found during PrM season in all
three channels (Fig. 2a–d). In the case of CPD, similar seasonal varia-
tions concerning abundance, species-richness and diversity indices were
also observed (Fig. 2e–h).

This study revealed a total of 52 species belonging to 21 genera
(Fig. 3, Suppl. Table 2), of which 19 (belonging to 12 genera), 10
(belonging to 4 genera) and 23 species (belonging to 5 genera) be-
longed to autotrophic, mixotrophic and heterotrophic forms

respectively. A total of 27 species belonging to 14 genera are potentially
harmful, and 19 species belonging to 9 genera are known to produce
cysts (Fig. 3; Suppl.Table 2). In all the channels, the autotrophic di-
noflagellates dominated during PoM I and PrM (except MC); hetero-
trophic dinoflagellates dominated during Mon and PoM II (except MC),
and the mixotrophic dinoflagellates were dominant only during PrM
and PoM II in MC (Fig. 4a–d). In general, Student's t-test revealed in-
significant differences between autotrophs and heterotrophs but both
showed significant differences with mixotrophic dinoflagellates (p va-
lues were 0.02 and 0.04 with autotrophs and heterotrophs respec-
tively).

Cluster analysis of the dinoflagellate motile-stages concerning sta-
tions and seasons revealed four groups corresponding to four different
sampling periods indicating a distinct seasonal distribution of plank-
tonic motile-stages (Suppl. Fig. 1a). It was also observed that in each
season (except PoM I) the spatial allocation of dinoflagellates remained
the same, i.e., distribution at MC and EC stations were similar compared
to AC. During PoM I, the distribution at AC and MC were the same
compared to EC (Suppl. Fig. 1a). The spatial differences observed
during the PoM can be attributed to the length and intensity of mon-
soon events. For instance high, lower and lowest dinoflagellate abun-
dance were encountered in AC, MC and EC respectively when there was
riverine discharge (as evidenced with the prevalence of low salinity
during Mon and PoM I) while during PrM and PoM II dinoflagellate
abundance was high, lower and lowest was in EC, MC and AC respec-
tively. In general, number of species recorded are more in EC (51
species) compared to MC (44 species) and AC (34 species). Cluster
analyses of species for AC, MC and EC at 50% similarity level revealed
that the species belonging to the Group I were either dominant or were
recorded in all the seasons (Suppl. Fig. 1b–d). However, the species
composition of the Group I for three channels is different. In AC, MC
and EC, the number of species with highest cell abundance representing
Group I were 7 (Karenia mikimotoi, Scrippsiella acuminata, Prorocentrum
gracile, Pyrophacus steinii, Dinophysis caudata, Tripos furca, and Pre-
peridinium meunieri,), 4 (T. furca, K. mikimotoi, S. acuminata, and P.
gracile) and 8 (Alexandrium cf. tamarense, Gonyaulax polygramma, G.
scrippsae, Blixaea quinquecorne, T. furca, P. steinii, Protoperidinium paci-
ficum, and Preperidinium meunieri) species respectively (Fig. 3). The
remainder of the species belonging to other groups which occurred only
on few occasions in less numbers were considered as minor groups
(Fig. 3, Suppl. Fig. 2b–d).

3.3. Distribution of dinoflagellate cysts in the sediments

The averaged dinoflagellate cyst abundance varied from 89 to 1721
cysts g−1 dry sediment. Irrespective of the channels, high cyst abun-
dance were observed during PoM I and PrM. In AC, MC and EC the
average cyst abundance ranged from 465 to 1112, 302 to 815 and 257
to 660 cysts g−1 dry sediment respectively. ANOVA revealed significant
spatial (channels; p < 0.001) and seasonal (p < 0.001) variations and
the highest cyst abundances was observed in AC and MC during PrM,
and in EC during PoM I (Fig. 2i). ANOVA for univariate measures
(species richness, species diversity, and Fisher's α) also exhibited sig-
nificant spatial and seasonal variations (p values ranging up
to< 0.001). The results revealed high species-richness during Mon (for
AC and MC) and PoM I (only in EC) (Fig. 2j). Species diversity and
Fisher's α in AC was highest during Mon and PoM I for MC and EC
(Fig. 2k–l). Altogether 35 cyst types were identified, of which 32 be-
longed to 14 genera and the remaining three types were unidentified
(Fig. 5; Suppl. Table 3). Among them Gonyaulax spinifera complex fol-
lowed by Pyrophacus steinii and the species belonging to Protoperidinium
genera were the most dominant (Fig. 5). The autotrophic cysts consist
of 18 species belonging to 11 genera, while 14 heterotrophic species
belonged to 3 genera (Fig. 5; Suppl. Table 3). Autotrophic dinoflagellate
cysts, in all channels, were dominant during PoM I, Mon and PoM II,
whereas heterotrophic dinoflagellates were dominating only during
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PrM in MC and EC (Fig. 4e–h). In general, Student's t-test (with respect
to abundance) showed significant differences between autotrophic and
heterotrophic dinoflagellate cysts (p= 0.001).

Unlike with the motile-stages, cluster analysis of the dinoflagellate
cyst species concerning stations and seasons did not show distinct
seasonality (Suppl. Fig. 2a). Similar to motile stages, high number of
cyst types were recorded in EC (32 species) followed by MC (28 species)

and AC (22 species). Specieswise cluster analyses for AC, MC and EC at
50% similarity level revealed that in all the channels, species belonging
to the Group IV (for AC, Suppl. Fig. 2b), Group II (for MC, Suppl.
Fig. 2c) and Group III (for EC, Suppl. Fig. 2d) were predominant as they
occurred on all or several occasions in high abundance. However, the
species composition of these groups representing three channels is
different. In AC, MC and EC, highest cyst abundances were recorded by

Fig. 3. Spatial and seasonal abundance of dinoflagellate motile-stages (cells L−1). * indicates potentially harmful species, + indicates cyst producing dinoflagellates.
Numbers 1, 2, 3, 4, and 5 on right side of the plot corresponds to Madhu et al., (2010), Madhu et al., (2011), Dayala et al., (2014), Thomas et al., (2013), and Kumar
et al., (2014) respectively.
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5 (G. spinifera complex, P. steinii, Protoperidinium latissimum, P. penta-
gonum and Polykrikos schwartzii belonging to Group IV), 5 (G. spinifera
complex, P. steinii, Protoperidinium leonis, P. stellatum and Preperidinium
meunieri belonging to Group II) and 3 (G. spinifera complex, P. leonis and
P. steinii belonging to Group III) species respectively (Fig. 5, Suppl.
Fig. 2b–d). The rest of the species belonging to other groups which
occurred only on few occasions in less numbers were considered as
minor groups (Fig. 5, Suppl. Fig. 2b–d).

3.4. Relationship of cyst producing dinoflagellates (CPD) from water
column and sediment

Comparison of the dinoflagellate assemblages revealed that a total
of 13 CPD were present in both water column and sediment. Out of
these, nine were found in all three channels. The CPDs contribution to
total dinoflagellates ranged between 32% and 52%. The regression
analysis for the abundance of total cysts (from sediments) and the
motile stages of CPD (from water column) showed a weak inverse re-
lationship but most obvious for the heterotrophs (Fig. 6). The hetero-
trophs showed clear association compared to autotrophs (Fig. 6). A
comparison of motile-stages and cysts data also revealed the presence of
41 CPD, of which only 13 CPD were found in both the water column
and the sediments (Figs. 3 and 5). The regression analysis between the
abundance of planktonic motile-stages and cysts of 13 CPD (except one
species i.e. S. acuminata) did not display any relationship (data not
shown). Among the 13 CPD, the motile stages and cysts of G. spinifera
complex, Pyrophacus steinii and Protoperidinium pentagonum were en-
countered on most occasions but for 9 species (Alexandrium tamarense,
Gonyaulax digitalis, G. scrippsae, Lingulodinium polyedra, Protoperidinium
claudicans, P. conicum, P. oblongum, P. subinerme and Preperidinium
meunieri) motile-stages were encountered when the number of cysts
were either very low or absent and vice versa. Although S. acuminata is
found both as cysts in the untreated sediment samples and as motile-
stage in the water column, it is not possible to establish a quantitative
relationship between both life stages due to dissolution of its calcareous
cyst during the acid treatment of the quantitatively treated sediment
samples.

3.5. CCA to evaluate the relationship between environmental variables and
CPD

In station biplots of AC, MC, and EC, the stations during PrM and
PoMs were positioned with high salinity, temperature, and nutrient
levels, while during Mon, stations were positioned with low salinity and
higher nitrate level (Suppl. Fig. 3a). A distinct grouping of stations

representing a season was observed in the biplots. The CCA of cyst
abundance with surface and near bottom environmental variables
showed different patterns. In station biplots of AC, MC, and EC with
surface environmental variables, showed that the stations during PrM,
Mon and PoM II were position towards lower salinity and high phos-
phate and nitrogen sources. While PoM I stations were positioned to-
ward higher salinity and silicate sources (Suppl. Fig. 3b). Results ob-
tained here are quite similar to that observed for motile stages (Suppl.
Fig. 3a). Whereas for CCA of cyst abundance and near bottom en-
vironmental variables, no such distinct seasonality was observed. In
station biplots of AC, MC, and EC with bottom environmental variables,
showed that the stations during PoM I & II were positioned towards
higher temperature and salinity, while PrM and Mon are positioned
toward higher nutrient level, lower salinity and temperature (Suppl.
Fig. 3c). Such differences were mainly due to the prevalence of salinity
stratification, i.e., low and high saline waters in surface and near-
bottom respectively during the sampling period. The frequent benthic-
resuspension due to freshwater discharge and dredging activities
around the year is another reason for the weak relation between cyst
community and environment.

3.6. Community indices versus salinity and trophic index (TRIX)

The community indices (diversity and species-richness) versus TRIX
scores indicated different scenarios for dinoflagellate motile-stages
(including CPD) and cyst assemblages (Suppl. Fig. 4). The community
indices for motile-stages of CPD and cysts did not show much variation
concerning TRIX scores. However, a distinct variation was observed for
total dinoflagellate motile-stages. Higher values of community indices
coincided with the high TRIX scores, and this was mainly due to the
occurrence of non-CPD especially during non-monsoon, in particular
during PrM. However, concerning salinity, the community indices (di-
versity and species-richness) for total dinoflagellates revealed more
important scatter for motile-stages than for cysts (Suppl. Fig. 5). The
observed scatter pattern was mainly due to the influence of freshwater
discharges. Higher values for species richness and abundance of motile-
stages were observed at higher salinities for both autotrophic and
heterotrophic dinoflagellates. The same was also observed for auto-
trophic dinoflagellate cysts. (Fig. 7).

3.7. SIMPER analysis of dinoflagellates composition concerning salinity

SIMPER analysis revealed the dominance of euryhaline species in
both planktonic motile-stages and cyst assemblages (Table 2). In the
case of planktonic motile-stages, 10, 20 and three species occurred at a

Fig. 4. Variations in the contribution of total dinoflagellate motile-stages (a to d) from water column (autotrophic, heterotrophic and mixotrophic) and cysts from
sediments (autotrophic and heterotrophic) based on nutrition.
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salinity range of> 30–0.5,> 30–20 and> 30 to 10 are referred as
euryhaline I, II and III respectively (Table 2a and Suppl. Table 5a). The
analysis revealed that the contribution of only 9 species was higher and
were encountered at most of the tested salinity ranges suggesting eur-
yhaline characteristics (Table 2a). The distribution of the remaining
species is restricted to narrow salinity ranges and are referred to as
being stenohaline (Suppl. Table 5a). The distribution of species which
are confined to narrow salinity range of 0.5–10 or 10 to 20 or 20 to 30
are referred as stenohaline brackish, and the species which occurred
only> 30 are referred to as being stenohaline marine (Suppl. table 5a).
In the case of cyst, SIMPER analysis with both surface and near-bottom

water salinity showed a total of 20 species at wider salinity ranges of
which only 5 species were encountered at all tested salinity ranges and
are referred as euryhaline (Tables 2b and c). While the rest of the cyst
types encountered at salinity> 30 to 5 are referred to as being steno-
haline marine for both the salinity analysed, as well as stenohaline
freshwater cyst types encountered at salinity< 5 for surface salinity
(Suppl. Table 5b and c).

Fig. 5. Spatial and seasonal abundance of dinoflagellate cysts (cysts g−1 dry weight). * indicates potential HAB species. 1 – D'Silva et al. (2011); 2 – Narale et al.
(2013); 3 – Godhe et al. (2000); 4 – Patil (2003).
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4. Discussion

4.1. Dinoflagellate assemblage from the perspective of bioinvasion

The sampling approach adapted in this study yielded more in-
formation on dinoflagellate species-richness i.e. 52 species (Fig. 3;
Suppl. Table 2) than those publications using standard sampling stra-
tegies (Gopinathan, 1972; Devassy et al., 1974; Madhu et al., 2010,
2011). The sample rarefaction curve for dinoflagellate motile-stages
and cysts from all stations and each of the channels revealed that curves
approaches an asymptote but does not level out (Suppl. Figs.6 and 7),
indicating that the majority of the dinoflagellates in the area had been
recorded. This confirms that the method employed here was appro-
priate for analysis of motile-stages and cysts wherein majority of all the
species have been encountered. From the water column, the CPD con-
tribution was quantified (both qualitatively and quantitatively) for the

first time, and it was ∼36.5% (i.e. 19 of 52 species recorded are CPD)
and up to 52% of total planktonic-motile-stages. This study recorded 10
CPD (including eight potentially harmful) and 19 non-CPD (including
three potentially harmful), which were not reported in earlier studies
from this region (Fig. 3, Suppl. Table 2), thereby expanding their
documented geographic distribution. Further, Dayala et al. (2014), who
worked in the northern and southern side of the present study region,
reported just 21 dinoflagellate species (including 9 CPD) from samples
concentrated from 100 L after passing through 20 μmmesh during three
different seasons. Probably prevalence of low salinity in their study
location could be the reason for the low dinoflagellate abundance and
species-richness. This information also confirms earlier studies (D′ Silva
et al. 2011) that the present study region harbors high dinoflagellate
species-richness and is an ideal location to study dinoflagellate com-
munities where species numbers are low. The comparison also revealed
that this study listed 11 cyst types (including three potentially harmful)
(Fig. 3, Suppl. Table 2) more than that of D'Silva et al. (2011) and the
abundance of the dominant species (G. spinifera complex and some
Protoperidinium spp.) showed an increased trend over the last decade.
However, there is extensive variation in plankton stages within the
water column at any given time and space. These findings highlight the
importance of sampling site selection, which is based on the nature of
activities related to shipping and the appropriate sampling approach to
generate dinoflagellate diversity (including CPD and potentially
harmful species) as much as possible.

Compared to previous studied sites along the west coast of India
(Godhe et al., 2000; Patil, 2003; D'Costa et al., 2008; D'Silva et al.,
2011) our study area is characterized by generally higher cyst abun-
dances. High dinoflagellate production and prevalence of silty sediment
round the year could be the factors for the accumulation of high cyst
abundance. It has been suggested that the higher cysts abundances
correspond to the higher dinoflagellate production and/or the dom-
inance of fine-grained (muddy-silty) sediments (Dale, 1983; Anderson
et al., 1995; Joyce et al., 2005). It has been observed that out of 61 CPD
recorded only 19 were reported all along the west coast (Godhe et al.,
2000; D’Costa et al., 2008; D'Silva et al., 2011, 2013, Narale et al.,
2013). This also includes autotrophic dinoflagellates (Alexandrium cf.
tamarense, G. spinifera complex, Lingulodinium polyedra, Protoceratium
reticulatum, Scrippsiella acuminata) known for causing potentially toxic
HABs. This study documents 24 potentially HAB species (10 and 14 are
CPD and non-CPD respectively), which had not been detected until this
study (Figs. 3 and 5), emphasizing the potential risks of HAB events
under favorable condition. Most of the dominant dinoflagellates re-
corded here are known to be potentially harmful (Figs. 3 and 5). This
list comprises of variety of toxin (saxitoxins, yessetoxins, and icthyo-
toxins) producers as well as species responsible for water discoloration
and oxygen depletion (Suppl. Table 4). Although no major HABs have
been reported during the survey, the study documents the relatively
high abundance of motile stages of potentially HAB species during post-
monsoon (Karenia mikimotoi, Tripos furca, Scrippsiella acuminata, Nocti-
luca scintillans and Blixaea quinquecornis) and pre-monsoon (Gonyaulax
scrippsae, G. polygramma and B. quinquecornis) seasons (Fig. 3). SIMPER
analysis suggested that the dominant HABs (except N. scintillans, G.
scrippsae, and G. polygramma which contributed< 10%) are euryhaline
types (Table 2) and salinity fluctuations may not be an issue for growth
or survival. N. scintillans and G. scrippsae are euryhaline type 2 whereas
G. polygramma is stenohaline type (Suppl. Table 5) and their observed
salinity preferences needs further confirmation. However, the magni-
tude (both the diversity and abundance) was more in the post-monsoon
season than the pre-monsoon season (Fig. 3) suggesting that the en-
vironment during post-monsoon is conducive for the preponderance of
dinoflagellates, particularly HAB species. However, the preponderance
of HAB species during post-monsoon of different years (i.e. PoM I and
PoM II) need not be similar (Fig. 3) due to variability in the length and
intensity of monsoonal discharges (as evidenced from salinity data;
suppl. Table 1). The previous instances of HAB events or shellfish

Fig. 6. Density dependent relationship between motile-stages and cysts for
total, autotrophic and heterotrophic cyst producing dinoflagellates.
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Fig. 7. Relationship between salinity values and
community indices i.e. species-richness (a and b) and
abundance (c and d) for motile-stages (a and c) and
cysts (b and d) of autotrophic and heterotrophic di-
noflagellates. For motile-stages and cysts the salinity
values for surface and near bottom water respec-
tively were used. Horizontal and vertical error bars
corresponding to salinity and the measured com-
munity indices respectively indicates standard de-
viation.

Table 2
Results of SIMPER analysis showing the contribution (%) of (a) dinoflagellate species (motile-stages) in seven salinity ranges and (b) dinoflagellate species (cysts) in
six salinity ranges. The tolerance capability of each dinoflagellate was scaled i.e. euryhaline (I, II and III) and stenohaline (I and II) based on their contribution to
different salinity ranges. Also only the species contributing> 10% in at least one salinity range are presented i.e. representing euryhaline I and II while the remaining
species representing euryhaline III and stenohaline are presented in supplementary table 5.

a. Classification of motile-stages based on surface salinity.

Sr. No. Taxa Salinity Range Salinity tolerance

36 to 30 30 to 25 25 to 20 20 to 15 15 to 10 10 to 5 5 to 0.5 reported

1 Pyrophacus steinii 6.09 9.27 7.45 9.44 33.32 38.3 46.8 16.9-36.61 Euryhaline I
2 Scrippsiella acuminata 5.2 6.16 15.57 10.35 0.9 2.21 25.4-35.12

3 Dinophysis caudata 3.1 0.49 1.37 6.38 9.73 14.82 2.23 32.6-37.72

4 Blixaea quinquecorne 8.83 8.73 11.03 4.79 4.7 0.86 0.29 34.7-37.72

5 Preperidinium meunieri 5.64 8.2 2.33 4.13 6.57 33.97 4.25 33.9-35.52

6 Tripos furca 17.29 13.02 14.13 10.93 5.48 31.0-37.72 Euryhaline II
7 Protoperidinium pacificum 8.59 5.15 4.67 7.3 24.78
8 Prorocentrum gracile 9.63 16.11 9.34 5.47 31.8-35.12

9 Karenia mikimotoi 5.43 10.28 6.99 1.13 34.7-38.02

b. Classification of cysts based on surface salinity.

Sr. No. Taxa Salinity Ranges Salinity tolerance

36 to 30 30 to 25 25 to 20 20 to 15 15 to 10 10 to 5 5 to 0.5 Reported

1 Gonyaulax spinifera complex 23.26 23.56 29.05 35.34 26.77 25.46 20.52 17.5-39.12 Euryhaline I
2 Pyrophacus steinii 17.78 14.78 17.47 8.95 14.04 19.96 16.16 17.8-38.62

3 Protoperidinium leonis 16.02 17.14 12.69 22.33 26.16 10.1 12.13 18.9-38.42

4 Protoperidinium pentagonum 14.38 4.37 10.55 9.51 7.28 15.69 13.04 19.7-39.22

5 Protoceratium reticulatum 3.68 2.15 6.06 1.91 11.01 0.56 0.26 16.6-35.52

c. Classification of cysts based on bottom salinity.

Sr. No. Taxa Salinity range Salinity tolerance

38 to 30 30 to 25 25 to 20 20 to 15 15 to 10 10 to 5 reported

1 Gonyaulax spinifera complex 25.89 17.87 35.53 55.12 14.46 23.32 17.5-39.11 Euryhaline I
2 Protoperidinium leonis 13.29 19.26 17.74 20.2 11.08 12.71 17.8-38.61

3 Protoperidinium pentagonum 9.98 7.48 6.65 21.1 10.88 13.74 18.9-38.41

4 Pyrophacus steinii 17.43 14.51 12.17 31.76 19.29 19.7-39.21

5 Protoperidinium conicum 1.06 3.77 2.74 11.72 1.98 16.8-39.21

1 Zonneveld & Susek, 2007.
2 Zonneveld et al., 2013 and the references therein.
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poisoning outbreaks in and around the study region have also been
documented during post monsoon season (e.g. Madhu et al., 2011,
Padmakumar et al., 2012, 2018). Most importantly the cyst assem-
blages are also dominated by the potentially HAB species (G. spinifera
complex followed by L. polyedra and Protoceratium reticulatum) which
are euryhaline type (Table. 2, Fig. 5, Suppl. Table 5). Although the
motile stages of these euryhaline HAB species are observed in the
planktonic samples, their abundances are lower than those of the other
dinoflagellates. Since Gonyaulax blooms have recently been reported
along the Indian coasts (eg. Padmakumar et al., 2018; Baliarsingh et al.,
2018) the dominance of these cysts might pose a concern and needs a
vigilant approach as there is a rising trend in the incidences of HAB
events in the Indian exclusive economic zone (Padmakumar et al.,
2012).

The higher species number found in this study compared to previous
studies, together with the higher species numbers in the cyst assem-
blages compared to the planktonic assemblages, suggest that cyst as-
semblages provide a more complete overview of CPD present in the
region (Dale, 1976; Dodge and Harland, 1991; Montresor et al., 1998;
Godhe et al., 2001). A comparison of motile-stages and cysts data re-
vealed the presence of 41 CPD (including 12 potentially harmful; Figs. 3
and 5), of which only 13 CPD (including six potentially harmful), were
found in both water and sediments (Figs. 3 and 5). Among them G.
spinifera complex, Pyrophacus steinii and Protoperidinium pentagonum
occurred round the year in the water column and sediments implying
that they produce cysts throughout the year. The remaining 28 CPD
occurred either in planktonic (6 CPD, including 5 potentially harmful)
or cyst (22 CPD, including one potentially harmful) samples indicating
that the latter yielded more information on CPD. Interestingly, the
number of motile-stages versus the number of cysts (in particular for
heterotrophs) revealed an inverse trend (Fig. 6) and these trends were
observed in all the channels, indicating that the linkages between mo-
tile-stages and cysts in each of the channels are the same. Cysts in se-
diments are testimonies of what has happened in the water column in
the past whereas the motile-stages population in the water column
experiences a higher degree of spatial and temporal (e.g., hours, sea-
sons) variability. Therefore justifying the direct biological link between
the two life cycle stages (mobilities, different time scales) is not
straightforward. Here the cysts deposited in the sediments is recent (few
months) because of the high sedimentation rate (1 m per annum;
Menon et al., 2000) and the motile stage distribution in the water
column did not vary (spatially – channels and temporally, i.e., within
24 h) significantly. Given this, the distinct seasonal variations in the
abiotic factors (e.g., salinity, turbidity) and the availability of the prey/
food (e.g., diatoms) respectively (Suppl. Table 1) could have caused the
observed inverse trend between the two life stages. A study from
Onagawa Bay, northeast of Japan also indicated that the benthic cysts

might act as a seed population and play an important role in the po-
pulation dynamics of the dinoflagellates (Ishikawa and Taniguchi,
2000). However, a more extensive study needs to be undertaken (in-
cluding sampling at additional times of the year, using sediment traps
and estimation of germinable cysts as well as motile-stages from un-
preserved samples) for the verification of the existence of an observed
relation between cysts and motile stages.

4.2. Dinoflagellate assemblage from the perspective of water quality

Phytoplankton composition, mainly diatoms, and dinoflagellates
(particularly cysts), have been applied widely in the study of modern
and past environments as effective biological indicators/proxies. In
addition to species composition, species diversity (Hendey, 1977; Wu,
1984; Pospelova et al., 2002) and species-richness (Sommer, 1995;
Tsirtsis and Karydis, 1998; Pospelova et al., 2002) are also extensively
used to assess the degree of water quality including pollution and cul-
tural eutrophication. Hendey (1977) used the Shannon–Wiener di-
versity index as pollution index in diatom communities, and Pospelova
et al. (2002, 2005) used dinoflagellate cysts-based Fisher's α and spe-
cies-richness (number of species) as indicators of environmental con-
ditions in estuarine systems. In general, the value of diversity index or
species-richness in less polluted waters would be higher. In this study,
the lowest and highest values for community indices corresponds to EC
and AC respectively (Fig. 2). The low values in EC could be due to the
location of sewage (#21 Ernakulam ferry jetty) and creek (#23 Erna-
kulam creek) outfalls (Table 1; Fig. 1). Higher values for the stations
located in AC is mainly due to tidal oscillations as it is directly con-
nected to sea (Fig. 1). Pospelova et al. (2005) also indicated that the
cyst species richness/diversity gradually increases when moving away
from the sources of nutrient pollution, sewage outfalls in particular.

In general, tropical waters are characterized by low abundance and
diverse dinoflagellate populations. Hence, one would expect high-di-
versity and species-richness in the study area. Though the total number
of species recorded are comparable between different geographical
regions, the diversity and species-richness values for dinoflagellate
cysts reported here are much lower than the lowest values available for
temperate and tropical regions, including earlier studies on dino-
flagellates from the same region (Table 3). Pospelova et al. (2002,
2005) suggested a decrease in diversity and species-richness of dino-
flagellate cyst taxa as a general indicator of polluted and highly eu-
trophicated estuarine system. Further, the decline in species-richness
and Fisher's α index of dinoflagellate cysts may also be regarded as a
combined signal of organic and toxic pollution in the port (Pospelova
et al., 2005). Therefore the low values obtained here could be attri-
butable to the moderate to high state of pollution and eutrophication.
The values reported in the present study fall within similar ranges as

Table 3
Comparison of dinoflagellate cyst species richness and diversity along the Indian coast and other regions.

Region No. of species Diversity Species richness Pollution based on diversity Reference

Shannon- Weiner Fisher's index

Cochin harbour,
West coast of India

35 0.5–2.6 0.3–2.8 2.0–18 moderate to high This study

Cochin harbour,
West coast of India

29 1.6–2.5 – – low to moderate D'Silva et al. (2011)

Mumbai harbour,
West coast of India

32 1–2.6 – – low to moderate D'Silva et al. (2011)

Goa harbour,
West coast of India

35 0.5–2.5 – – moderate to high D'Silva et al. (2011)

Vishakapatnam harbour, East coast of India 28 0.4–2.4 – – moderate to high D'Silva et al. (2012)
Buzzard's Bay, Massachusetts,

East coast of USA
37 – 3.5–6.4 12.0–26 low Pospelova et al. (2005)

Bolinao, Pangasinan,
West coast of Philippines

34 0.8–2.5 0.6–3.7 3.0–15 moderate to high Baula et al. (2011)
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those reported for Bolinao, Pangasinan, west coast of Philippines (Baula
et al., 2011, Table 3). According to the scaling index as proposed by
Hendey (1977) and Pospelova et al. (2002), CH can be classified as a
slightly to highly polluted habitat in different channels depending on
the type of dinoflagellate composition data (i.e., motile-stages or cysts)
or indices used. The classification made based on Shannon-Weaver di-
versity of the total dinoflagellates and benthic cysts would classify the
area as slightly to moderately polluted, whereas the CPD assemblages
would classify the area as moderately to highly polluted habitat. Fish-
er's α and species-richness (number of species) values obtained for di-
noflagellate cysts are lower than the values reported by Pospelova et al.
(2002, 2005) indicated that CH is polluted. So far the usage of Fisher's α
and species-richness have not been attempted for motile dinoflagellates.
As a result, the information from the perspective of water quality is not
available. However, considering available scaling indices for pollution
and eutrophication, it is possible that there will be a significant influ-
ence of water quality on dinoflagellate communities in the region.
Nevertheless, this aspect needs further investigation. The discharge of
freshwater in this environment is spatially and temporally variable and
so is the influence of benthic resuspension. Describing the community
structure or population dynamics under such condition using univariate
measures (e.g., diversity, species richness) for planktonic and benthic
stages needs a cautious approach. From the observation made it is ap-
parent that the diversity and species richness of motile stages and
benthic cysts respectively forms useful environmental proxies. Further,
the scaling done with these two proxies is on par with other pollution
indexes such as TRIX scores (Rajaneesh et al., 2015), pollution load
index (Chakraborty et al., 2014) and metal concentrations (Martin
et al., 2012) available for the region.

Usually, an increase in the heterotrophic dinoflagellates has been
used as an indicator for eutrophic conditions (Dale et al., 1999;
Matsuoka et al., 1999; Dale, 2009), especially in coastal waters. How-
ever, this was not true in the present study even when the CH is eu-
trophic. The dominance of autotrophic forms for the most of the year
(except during PrM) was in contrast with other studied regions in the
northern sector along the Indian coast, i.e., Mumbai harbour (northwest
coast), Goa harbour (central west coast) and Visakhapatnam harbour
(Northeast coast) (D'Costa et al., 2008; D'Silva et al., 2011). Such
dominance is because freshwater influx influences the CH for the most
of the year bringing significant variations in salinity fields from near
freshwater to marine (∼36) compared to the other studied regions.
Recent studies reported that even the moderate salinity variations
(20–36) do influence the dinoflagellate community (Naik et al., 2011;
Sahu et al., 2014). Hence, it is assumed that the dinoflagellates com-
munities will exhibit distinct variations and “in function of” the salinity
fields, as evident in the present study (Fig. 7 and Suppl. Fig. 3). Further,
for motile heterotrophs that can endure salinity stress (Shin et al. 2010,
2011), the availability of prey is not considered a limiting factor in CH
based on the high chlorophyll levels, (autotrophic biomass), mostly
contributed by diatoms, irrespective of the salinity fields for most part
of the year (unpublished pigment data). Further the occurrence of the
relatively high presence of eutrophic species such as Lingulodinium
polyedra, Polykrikos kofoidii/schwartzii, Peridinium dalei, number of
Protoperidinium species and Diplosalis lenticulata do confirm that the CH
is eutrophic (Dale et al., 1999; Pospelova et al., 2005; Radi et al., 2007;
D'Silva et al., 2013). The present data, when compared with cysts data
from a decade ago from the same region (D'Silva et al., 2011), showed a
decrease in richness and diversity values during PrM period. Further,
over the years the area has undergone progressive deterioration as in-
dicated by Chakraborty et al. (2014).

Generally several factors are known to influence dinoflagellate as-
semblages in the water column (e.g., salinity, light, food availability)
and cysts in sediments (e.g., grain size, sedimentation, grazing, bio-
turbation, benthic suspension, and degradation). In this study, the
dominance of the freshwater discharge during monsoon and the com-
petition between salinity egress and ingress during non-monsoon along

with the associated changes in light, chemistry (e.g., nutrients) and
biology (e.g., food availability) could be the reason for the scatter
patterns for the motile-stages (Suppl. Figs. 1a and 3a). In the case of
cysts, such a trend was not observed (Suppl. Figs. 2a and 3b), and the
following could be the reasons: prevalence of salinity stratification
during monsoon, restricted flow dynamics in the channels during non-
monsoon and dredging activities. The species used in SIMPER analysis
suggest that all of them can be potential proxies for salinity (Table 2).
For instance, dominance of euryhaline and stenohaline species some-
where would suggest that salinity fluctuations there are likely very high
and low respectively. However, based on the dominance and the fre-
quency of occurrence it is suggested that the euryhaline species con-
tributing> 10%, which are dominant in the water column (Table 2a)
and sediments (Table 2b–c), can be regarded as potential proxies for the
salinity in eutrophic estuarine regions. The influence of freshwater
discharge for the most of the year and the tidal cycle along with the
associated environmental changes are most likely the reason for the
encountering of cysts and motile stages of dominant species at wide
salinity ranges. Further, the utility of the species contributing<10%
(which includes some euryhaline and all stenohaline species, Suppl.
Table 5a, b and c) to be used as a potential indicator, especially for
salinity ingress or egress, also needs in-depth investigation. Never-
theless, the dominance of the cysts of dinoflagellates (G. spinifera
complex, P. leonis, P.conicum, P. pentagonum and P. steinii), which are
euryhaline type, in the sediments of the complex ecosystem will add
information to a growing body of knowledge on CPD distribution pat-
terns (Marret and Zonneveld, 2003; Zonneveld et al., 2013) but also as
an indicator of water quality.

5. Conclusions

The sampling strategy adopted here generated sufficient/reliable
information on dinoflagellates, including HAB species, to confirm that
the diversity indices for planktonic motile-stages and the species-rich-
ness for cyst assemblages are ideal proxies to ascertain that the Cochin
harbour is eutrophic. This scaling was on par with the available pol-
lution indices. The presence of the cysts of indicator taxa
(Protoperidnium, Polykrikos, and Lingulodinium) in relatively high pro-
portions does confirm eutrophic system. The study showed there could
be a nutrition-based relationship between benthic cysts and planktonic
motile-stages. The dominance of autotrophs for the most of the year
confirm that the heterotrophs need not always be dominant in the eu-
trophic system. The cysts of dominant dinoflagellates G. spinifera, P.
pentagonum, P. leonis and P. steinii observed here will contribute addi-
tional information to a growing body of knowledge on CPD as an in-
dicator of water quality and chemistry. The presence of 24 HAB
(harmful-algal-bloom) species in the region also emphasizes potential
risks of HAB events under favorable condition.
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Generally, dinoflagellate cyst morphology is species specific. Their variability due to environmental factors (temper-
ature and salinity) makes them potential proxies for such factors. However, there is a dearth of information on the
variability of cyst morphology from monsoon-influenced coastal ecosystems. This study on distribution and variability
in the dinocyst morphometry of Pyrophacus steinii and Protoperidinium pentagonum from estuarine (Cochin port and Zuari
estuary) and marine (New Mangalore port) ecosystems along the Indian west coast revealed that both are common
and euryhaline species. However, variability in cyst morphometry was observed and correlated salinity values between
the ecosystems. Other parameters (i.e. the prevalence of narrow temperature ranges and nutrient-rich conditions) may
not be dominant in influencing cysts morphometry. Cyst length, breadth and processes length (only in P. steinii) of both
were relatively larger and smaller at salinity ranges higher and lower than 25 psu, respectively. The data presented for
different ecosystems are comparable in most parameters except salinity variations. This study extends the ranges of
records for both species. Pyrophacus steinii cysts were significantly larger (up to 120 μm in Zuari estuary) than literature
reports on cysts from higher salinity systems and salinity-related variability in P. pentagonum cyst size indicates notable
potential proxy indicator of salinity.

KEYWORDS: dinoflagellate; cyst morphometry; Pyrophacus steinii; Protoperidinium pentagonum; salinity;
estuarine; marine
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INTRODUCTION

Dinoflagellates are one of the important primary pro-
ducers in the marine ecosystem. About 12–13% of total
dinoflagellates are known to produce resting or pellicle
cysts as part of their life cycle (Head, 1996). These cysts
are important for their ability to form seed banks for
blooms (including harmful algal blooms), sources of tox-
ins, unwanted marine bioinvaders, and also as proxies
for climate reconstruction and pollution (Pospelova et al.,
2005; Hallegraeff and Gollasch, 2006; Marret et al., 2009;
Mertens et al., 2009b). Generally, dinoflagellate cyst mor-
phology, i.e. shape, size, types of processes, wall structure,
color is species specific. Dinoflagellates produce species-
specific cyst types with different morphological features
(Fensome, 1993; Matsuoka and Fukuyo, 2000; Zonneveld
and Pospelova, 2015). The shape, color, wall structure,
paratabulations, ornamentation and archeopyle (aper-
ture) structure are considered essential features for cyst
identification. Such morphological characteristic diver-
sity is observed more in organic-walled cyst morphotypes
than in the calcareous cysts (Narale, 2016). Notably, there
are marked variations in cyst morphological characteris-
tics even in a single species. Recently, a few studies have
confirmed that the environmental parameters such as
salinity, temperature and nutrients are some of the critical
factors relatable to the variations in cysts morphology
of the cosmopolitan dinoflagellate, for example, process
length in Protoceratium reticulatum (Mertens et al., 2009a,
2009b, 2010, 2012). Furthermore, such variations in the
size of the cyst processes have been used as proxies to
reconstruct past environmental conditions such as salinity
(Mertens et al., 2009b, 2010).

Several studies have reported an environmentally con-
trolled variability in morphological features in the cysts of
certain dinoflagellates. Wall et al. (1973) noted a positive
relationship between variable process lengths of the rest-
ing cyst of Lingulodinium polyedrum and salinity in the Black
Sea. Most cysts bearing short processes have been linked
with low salinity found near coastal and estuarine envi-
ronments (Nehring, 1994, 1997; Dale, 1996; Ellegaard
et al., 1998). Resting cyst processes length have been used
semi-quantitatively for down-core salinity reconstructions
in the Black Sea (Dale, 1996; Mudie et al., 2001; Marret
et al., 2009), the Baltic Sea (Dale, 1996; Brenner, 2005;
Head, 2007), the Limfjord in NW Denmark (Ellegaard,
2000), in the SW Black Sea (Verleye et al., 2009) and
the Cariaco Basin (Mertens et al., 2009a). Cysts bearing
shorter processes with lower salinity conditions have also
been recorded in other dinoflagellate cyst species. These
species include cyst of P. reticulatum (Nehring, 1994, 1997;
Dale, 1996; Ellegaard et al., 1998), Pentapharsodinium dalei

(Nehring, 1994, 1997) and several Spiniferites (Gonyalux)

species (Wall et al., 1973; Gundersen, 1988; Dale, 1996;
Lewis et al., 1999; Ellegaard et al., 2002). In the cyst of P.

reticulatum, salinity and temperature were the influencing
factors for morphological variation, especially the process
length in the tropical and Southern Hemisphere Oceans
(Verleye et al., 2012). However, it is still unclear whether
such variations occur in other cysts, which are cosmopoli-
tan in the distribution in various ecosystems. Nevertheless,
the studies on viability and morphological details of the
cysts encountered at different environmental gradients
will provide more insights on their tolerance capabilities,
biogeography and ecological proxies.

In light of this, we investigated the morphological
variation in some dinoflagellate cysts located in different
geographic ecosystems such as estuarine and marine
ecosystems along the Indian coast from sediment samples
collected under Ballast Water Management Program-
India (BAMPI). Here, the cysts of Pyrophacus steinii and
Protoperidinium pentagonum were selected as they were
predominant in both estuarine (Cochin port in Kerala
state and Zuari estuary in Goa state) and marine port
(New Mangalore port in Karnataka state) ecosystems.
Though available literature does confirm their presence
in good numbers along the coast of India, encompassing
different ecosystems (D’Costa et al., 2008; D’Silva et al.,
2012; Narale et al., 2013, 2015; Narale and Anil,
2017; Prabhudessai and Rivonker, 2020; Rodrigues
et al., 2019), the possible existence of morphometric
variations in different environmental settings has not been
addressed.

METHODOLOGY

Sediment and water samples (surface and sub-surface)
were collected at several stations from three major ports
(Cochin—23 stations; New Mangalore—19 stations; and
Kandla—26 stations) and Zuari estuary (five stations),
located on the west coast of India (Fig. 1). The sampling
locations are influenced by monsoon reversals, a fresh-
water influx of varying magnitude, and anthropogenic
pressures, particularly in ports wherein a more significant
proportion of all cargo traffic is being handled. Therefore,
the sampling in each port was undertaken on a seasonal
basis, i.e. two during post-monsoon and one each during
pre-monsoon and monsoon, whereas in Zuari estuary,
sampling was at monthly intervals for 1 year. The details
of water sampling for environmental parameters such
as temperature, salinity, and inorganic nutrients and
sediment for dinoflagellate cysts, processing and cyst
analysis were the same as described in Rodrigues et al.
(2019). The environmental parameters were recorded
using standard procedures for temperature, salinity and
inorganic nutrients, and the palynological method was
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Fig. 1. Location of sampling stations in different ecosystems along the west coast of India. (a) Zuari estuary (5 stations), (b) New Mangalore
port (19 stations) and (c) Cochin port (23 stations), along the west coast of India. Asterisk indicates samples from Kandla port were collected and
analyzed, but the cysts of Pyrophacus steinii and Protoperidinium pentagonum species were not encountered. Therefore, the map showing the location of
sampling stations from Kandla port is not included.

employed for cyst analysis from the sediments (Rodrigues
et al., 2019). Based on cyst data, cysts of P. steinii and
P. pentagonum were selected as they were predominant in
the studied regions, except Kandla port. In this study,
morphometric variations in the selected cysts of P. steinii

and P. pentagonum were evaluated. Though the selected
dinoflagellates are predominant, their average abundance
per gram dry weight (DW) is <80 and <50 for P. steinii and
P. pentagonum, respectively. Therefore, ∼25–30 intact cysts
for each dinoflagellate from ecosystems were selected for
the morphometric measurements. All the measurements
of both the cyst were done when cysts were in the dorsal
view. For measurement, fragments of the cyst and the
broken cysts were not considered for the analysis in this
study. Pyrophacus steinii is an autotrophic dinoflagellates
cyst belonging to the order Gonyaulacales and family
Pyrophacaceae. The P. steinii cysts are generally large,
spherical and disk shaped with large, bulbous or barrel-
shaped processes. They have a hypocystal archeopyle,
which is sub-trapezoidal in outline. Cysts comprise an

inner (endophragm) and outer membrane (ectophragm)
and are connected with structures called processes.
The base and tip of the processes are attached to the
endophragm and ectophragm, respectively (Fig. 2a).
Protoperidinium pentagonum is a heterotrophic dinoflagellates
cyst belonging to the order Peridiniales and family
Protoperidiniaceae. Cysts are pentagonal or peridinoid
shaped and dorso-ventrally compressed with short,
needle-shaped processes. In these cysts, hexagonal
archeopyle is observed (Fig. 2b). In this study, P. steinii and
P. pentagonum cyst distribution and their size variability
with respect to salinity were studied. The pooled total
cyst abundance from each sampling region, i.e. data
from no. of stations × four seasons for ports and no.
of stations × 12 months for Zuari estuary were then
categorized into seven different salinity ranges, i.e. 0–4.9,
5–9.9, 10–14.9, 15–19.9, 20–24.9, 25–29.9 and >30 psu
based on their occurrences. All the measurements, based
on cysts morphology as illustrated in Fig. 2a and b,
were made using an Olympus BH-2 light microscope,
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Fig. 2. Cyst of (a) Pyrophacus steinii and (b) Protoperidinium pentagonum
with morphometry details (total length and breadth) used for the mea-
surements. In P. steinii, the length and breadth of ectophragm and
endophragm along with processes length were recorded. The dotted line
shown in “b” for P. pentagonum is used only for length measurements.
All the measurements were performed in the same orientation, i.e.
dorsal view.

equipped with a digital camera and Cell F Software
Imaging System, respectively, and 40× objectives. For
P. steinii, the length and breadth of the cysts, endophragm
and ectophragm, were measured along with the length
of the three most extended visible processes, as shown in
Fig. 2a. The process length was calculated from the base
to the tip (Fig. 2a). In P. pentagonum, the length and breadth
were measured as illustrated in Fig. 2b.

RESULTS

Environmental conditions

The environmental settings in each of the ports are
different, and thereby the selected locations repre-
sent diverse ecosystems. In each of the chosen areas,
environmental data (Table I) collected during the port
biological sampling as part of the BAMPI program
showed a distinct seasonality (for details, please see
Rath et al. (2018) for New Mangalore port, Rodrigues
et al. (2019) for Cochin port, Sathish et al. (2020) for all

three ports). The average water temperature changes
in between the locations were broadly comparable, i.e.
28.7 ± 1.7, 27.9 ± 3.6, 29.1 ± 2◦C were recorded from
Cochin port, New Mangalore port, Zuari estuary and
Kandla port, respectively. However, the salinity showed a
wide variation between the locations and was mainly due
to the riverine influx and precipitation. The maximum
salinity variations were recorded at Cochin port (4–
36 psu) followed by Zuari estuary (26–36 psu), New
Mangalore port (30.53–36.70 psu) and Kandla port (30–
40 psu). Interestingly, the nutrient concentrations were
high in all the locations during sampling (Table I).

Pyrophacus steinii

Pyrophacus steinii cyst abundance and its contribution to
total cyst assemblage from Zuari estuary (Goa), New
Mangalore and Cochin ports are provided in Fig. 3a.
Among the studied regions, lower P. steinii cyst abundance,
i.e. 2–21 avg cyst g−1 of DW sediment and contribution,
i.e. 6–23% to the total cyst abundance were observed
in Zuari estuary (Fig. 3a). In New Mangalore (i.e. 18–
81 avg cyst g−1 of DW sediment; 20–30% to total cyst
abundance) and Cochin ports (34–68 avg cyst g−1 of DW
sediment; contribution 10–16% to total cyst abundance),
the cysts were observed during all the sampling seasons
(Fig. 3a).

Salinity-wise distribution of P. steinii cyst for each
ecosystem was different. For instance, in Cochin port,
cysts were encountered at wider salinity ranges, i.e. 5–
35 psu, and the maximum contribution (up to ∼55%)
was recorded at salinities <30 psu (Fig. 3b), whereas in
New Mangalore port (100%) and Zuari estuary (∼80%)
locations, the maximum cyst contribution was recorded
at salinity >30 psu (Fig. 3b).

The morphometric measurements revealed that
the dimensions of P. steinii cyst sizes between the
locations were different. The dimensions of the cysts
ectophragm and endophragm was found to be larger
in Zuari estuary (ectophragm l = 114.76 ± 7.5 μm and
b = 108.36 ± 5.76 μm; endophragm l = 74.43 ± 13.77 μm
and b = 69.29 ± 2.1 μm) followed by New Manga-
lore (ectophragm l = 78.80 ± 9.76 μm and b = 71.76 ±
8.36 μm; endophragm l = 57.26 ± 6.93 μm, b = 50.64
± 4.79 μm) and Cochin (ectophragm l = 72.27 ± 9.07 μm,
b = 65.78 ± 7.96 μm; endophragm l = 51.97 ± 6.42 μm,
b = 50.64± 4.79 μm) ports (Fig. 4a and b). Even the
process length of P. steinii was also found to be larger
in Zuari estuary (11.92 ± 2.1 μm) followed by New
Mangalore (8.78 ± 1.23 μm) and Cochin (8.15 ± 1.38 μm)
ports (Fig. 4c). Analysis of variance (ANOVA) followed by
post hoc test (Tukey’s Honest Significant Difference (HSD);
P < 0.05) indicated that the cysts from the Zuari estuary
region were significantly larger (cyst size and processes
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Fig. 3. Seasonal distribution of Pyrophacus steinii cysts in different ecosystems. (a) Bar represents the average abundance of total and P. steinii cysts in
the Cochin port (n = 23), New Mangalore port (n = 19) and Zuari estuary (n = 20). The numbers above the bars represent the total cyst abundance
and the numbers in parenthesis represent the total abundance of P. steinii cysts. (b) The percentage contribution of P. steinii cyst was obtained based
on their occurrences in six different salinity ranges calculated for each sampling region. PoMI, PrM, Mon and PoM II corresponds to Post-Monsoon
I, Pre-Monsoon, Monsoon and Post-Monsoon II seasons, respectively.
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Table I: The annual ranges for each environmental parameter recorded during sampling from different
ecosystems

Environmental parameters Ecosystems

New Mangalore Port Cochin Port Kandla Port Zuari estuary (Goa)

Temperature (◦C) 27.9 ± 3.6 28.7 ± 1.7 26.5 ± 3.6 29.1 ± 1.8

Salinity (psu) 35.2 ± 0.8 20.8 ± 11.3 36 ± 6 33.1 ± 2

Dissolved oxygen (mg/L) 3.4 ± 1.8 4.6 ± 2 5.7 ± 0.8 NA

Phosphate (μM) 2.6 ± 1.3 3.3 ± 1.3 4 ± 1.2 1.8 ± 0.7

Silicate (μM) 22.1 ± 14.2 37.7 ± 16.7 72.7 ± 37.3 17.4 ± 14.6

Ammonia (μM) 28.3 ± 10 28.2 ± 12.9 5.7 ± 5.9 31.3 ± 14.5

Nitrite (μM) 2.8 ± 2 0.9 ± 0.7 5.4 ± 2.1 0.8 ± 0.4

Nitrate (μM) 4.7 ± 4.2 4.7 ± 3.1 12.6 ± 5.6 1.1 ± 0.9

Chl a (μg/L) 8.8 ± 9.3 20.6 ± 22.2 0.6 ± 0.3 2.2 ± 1.5

length) than those found in other ecosystems. Between
New Mangalore and Cochin ports, P. steinii cyst size was
relatively larger, but not significantly so, in the former
port than those encountered in the latter port.

Protoperidinium pentagonum

The P. pentagonum cyst contribution to total cyst abun-
dance was lowest in Zuari estuary, i.e. 0.5–3% (1–3 avg
cyst g−1 of DW sediment), compared with New Manga-
lore (8–12%; 5–24 avg cyst g−1 of DW sediment) and
Cochin (4–10%; 25–53 avg cyst g−1 of DW sediment)
ports (Fig. 5a). Similar to P. steinii cyst, the salinity-wise dis-
tribution of P. pentagonum cyst abundance for each ecosys-
tem was also different. In Cochin port, cysts were encoun-
tered at wider salinity ranges, i.e. 5–35, but the maximum
contribution (∼55%) was recorded at salinities <30 psu
(Fig. 5b), whereas in New Mangalore port (100%) and
Zuari estuary (∼72%), the contribution was highest at
>30 salinity (Fig. 5b). The morphometric measurement
of P. pentagonum revealed that the cyst length was slightly
larger in New Mangalore port (l = 93.33 ± 9.76 μm) fol-
lowed by Zuari estuary (l = 90.50 ± 8.66 μm) and Cochin
(l = 72.27 ± 9.07 μm) port (Fig. 6a), whereas breadth was
relatively larger in Zuari estuary (b = 80.98 ± 7.28 μm)
followed by New Mangalore (b = 76.67 ± 4.88 μm) and
Cochin (b = 65.78 ± 7.96 μm) ports (Fig. 6b). However,
ANOVA results indicated no significant variation in the
size of the cyst between the ecosystems.

DISCUSSION

Dinoflagellate cysts are expected to resist the conditions
outside the range tolerated by motile stages. However,
cyst morphology variations were known to be influenced
by environmental parameters such as salinity, tempera-
ture, light and nutrient in certain dinoflagellates (Zon-
neveld and Susek, 2007; Mertens et al., 2009a, 2009b,
2010, 2012). For instance, Mertens et al. (2009b), after

analyzing core-top samples from 144 locations having a
global distribution, showed that the relationship between
the average process lengths of Lingulodinium machaerophorum

was positive and negative with salinity and tempera-
ture, respectively. According to observation and theoret-
ical considerations (Kokinos and Anderson, 1995; Hal-
lett, 1999; Hemsley et al., 2004; Mertens et al., 2009b)
explained the formation of processes in dinocyst, which
begins with the outer membrane expansion, a monomer
is formed. It starts to amalgamate on the cytoplasmic
membrane, depending on the environmental conditions
such as temperature and salinity, a lot of smaller (at low
temperature and salinity) or a few larger (at high tem-
perature and salinity) colloids of monomers are formed.
The visco-elastic dinosporin is produced on the glob-
ules, which stretch the membrane and polymerized coat
under the monomer in a radial direction. The membrane
expansion often comes to a stop before radical stretching
ends. The formation of a longer process takes a longer
duration at high temperature and salinity than the shorter
process at low temperature and salinity. Although lab-
oratory experiments have been previously addressed in
some dinoflagellate species, environmental data is needed
to uncover factors explaining cyst morphology variability,
establish proxies for species identification and delimit
species distribution niches.

Available reports suggest that P steinii and P. pentagonum

cysts are widespread spatially along the west coast of India
(D’Costa et al., 2008; D’Silva et al., 2011, 2012; Rodrigues
et al., 2019) and are also present in all the seasons, includ-
ing during monsoon (Figs. 3a and 5a). The freshwater
influx through precipitation and river discharge brings in
drastic environmental changes, particularly salinity fields.
However, the magnitude of salinity field variations, par-
ticularly duration, is dependent upon the proximity of the
location of the river. For instance, the salinity field varia-
tions were significant in Cochin port compared with New
Mangalore port (Table I). Since P steinii and P. pentagonum
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Fig. 4. Morphological measurements of Pyrophacus steinii from Cochin
port, New Mangalore port and Zuari estuary. (a) Averaged length and
breadth of the cysts ectophragm, (b) averaged length and breadth of the
cysts endophragm breadth and (c) averaged length of the cysts processes.
Error bars indicate standard deviation. One-way ANOVA and Tukey’s
multiple comparison test (α = 0.05) were conducted to evaluate the
cyst size differences recorded between ecosystems. Only the significant
differences between the ecosystems are shown. “∗” and “@” indicates
that the cyst size recorded from Zuari estuary is significantly different
from Cochin and New Mangalore port, respectively.

cysts were predominant in nutrient-rich estuarine and
marine ecosystems, salinity could be an important factor
in determining the cysts’ dimension and distribution.
Interestingly, though both the cysts were present through-
out the samplings in all three ecosystems, distinct season-
ality was not observed. Although the cyst abundance of

both the species showed similar abundance in Cochin and
New Mangalore ports, their percentage contribution to
the total abundance was higher in later port in all seasons.
These two dinocysts were also reported at wider salinity
ranges than previously reported, especially in Cochin port
(Figs 3b and 5b). Therefore, the life stages of P. steinii and
P. pentagonum are classified as euryhaline type as they were
recorded in all the salinity ranges (Fig. 3a and b), which
suggests one of the possible reasons for their predomi-
nance in the region. It was observed that the cyst of P.

steinii and P. pentagonum found in New Mangalore port and
Zuari estuary were encountered at salinity above 30 psu,
whereas in Cochin port, cysts were found at wider salinity,
i.e. 5–36 psu. The prevalence of freshwater influx for most
of the year and the occurrence of planktonic motile stages
of P. steinii in high numbers at wide salinity ranges, i.e.
5–>30 psu, are the main reasons for the proliferation
in Cochin port (Rodrigues et al., 2019). Even in New
Mangalore port, a marine system with less variation at
salinity >30 psu, planktonic motile stages were observed
in good numbers. Unlike Cochin port, Zuari estuary is an
open system with less freshwater influx and harbor less
abundance of motile stages, as evidence from lower cyst
production. In P. pentagonum, planktonic motile stage were
found in above 30 and 15–20 psu ranges in Cochin port
and above 30 psu in New Mangalore port. Therefore,
different cyst size classes observed in Cochin port could
be explained by the salinity changes experienced by their
planktonic motile stages, resulting in cyst morphometry
variability.

The morphometric measurements of P. steinii and P.

pentagonum cysts showed distinct variation between the
studied ecosystems. For instance, cysts of P. steinii and P.

pentagonum in Cochin port were generally smaller than
New Mangalore port and Zuari estuary. Furthermore,
within Cochin port, the size of both the cysts types also
showed larger variations. Zonneveld and Susek (2007)
through culture experiments reported that the changes
in P. steinii cyst sizes were observed to salinity but not
statistically significant, especially at the higher salinity
range wherein a large cyst size was observed. Generally,
P. steinii cyst length and breadth ranged between 85–115
and 75–95 μm, respectively, in salinity ranging from 20 to
45 psu. Large and small cyst sizes were observed at higher
and lower salinities (Zonneveld and Susek, 2007). These
findings, when related with the present study, revealed
that the salinity effect can be possible as (i) the salinity
variation was very large, i.e. 0–36 psu; (ii) the seasonal
distribution of the planktonic form of P. pentagoum and P.

steinii indicated that the former is absent during monsoon
and the latter present throughout the year with highest
during monsoon and pre-monsoon season; and (iii) spa-
tially abundance of cysts and planktonic forms are higher
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Fig. 5. Seasonal distribution of Protoperidinium pentagonum cysts in different ecosystems. (a) Bar represents the average abundance of total and P.
pentagonum cysts in the Cochin port (n = 23), New Mangalore port (n = 19) and Zuari estuary (n = 20). The numbers above the bars represent the
total cyst abundance and the numbers in parenthesis represent the total abundance of P. pentagonum cysts. (b) The percentage contribution of P.
pentagonum cyst obtained based on their occurrences in six different salinity ranges calculated for each sampling region. PoMI, PrM, Mon and PoM
II corresponds to Post-Monsoon I, Pre-Monsoon, Monsoon and Post-Monsoon II seasons, respectively.

in the region where the variations in salinity field is very
large, e.g. Cochin port. Interestingly, the cysts of P. steinii

found in the Zuari estuary were larger when compared
with the information available in the literature (Zonneveld
and Susek, 2007). However, to our knowledge, specific
studies on morphometry variations in P. pentagonum and P.

steinii for lower salinity, i.e. <20 psu, are not available. Like

P. steinii, cysts of P. pentagonum also showed variation in cell
length. The relatively bigger-sized cysts were observed in
the New Mangalore port, followed by Zuari estuary and
Cochin port, but the differences were insignificant. The
prevalence of low salinity for a longer period in Cochin
port could be the factor responsible for producing cysts of
smaller size.
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Fig. 6. Morphological measurements (a: average length and b: average breadth) of Protoperidinium pentagonum cysts from Cochin port, New
Mangalore port and Zuari estuary. Error bars indicate standard deviation. One-way ANOVA was conducted to evaluate the cyst size differences
recorded between ecosystems. Since analysis revealed insignificant differences, Tukey’s multiple comparison test (α = 0.05) was not performed.

In addition, certain dinoflagellate cyst processes have
been considered a potential proxy for salinity variation
(Mertens et al., 2010). Generally, L. machaerophorum and
other cysts processes are considered a primary biological
function as a clustering device to improve sinking rates
(Mertens et al., 2009b). The influence of salinity variation
on the length of the process in Lingulodinium is well doc-
umented through laboratory experiments. For instance,
cysts without or with processes showed reduced length
when grown at a 15 psu salinity, and at 40 psu, slight
reduction of process length has been observed (Hallett,
1999). Hallett (1999) also confirmed positive and nega-
tive relationships to salinity and temperature, respectively,
but in combination could show morphological variation.
Although studies related to interactive effects of salin-
ity and temperature had shown morphological variation
in some dinocyst such as L. polyedrum and P. reticulatum

(Hallett, 1999; Verleye et al., 2012), but the information
on the studied organisms are scarce. Among the two
dinoflagellates, the temperature effect on P. steinii cysts’
morphometry is also reported by Zonneveld and Susek
(2007). According to their study, temperature affected the
P. steinii cyst morphology wherein the length of the cyst
processes formed at a temperature of 16.5 and 34.8◦C
were small and flattened. In comparison, between 20
and 30◦C were significantly longer. Even the influence of

changing temperatures on the cyst morphological vari-
ations in L. machaerophorum and Spiniferites baltica are also
reported (Hallett, 1999; Ellegaard et al., 2002). In P. steinii,
cell size length and width showed a larger variation, i.e.
smaller cells were formed at lower (16.5◦C) and highest
temperature (34.8◦C) compared with intermittent tem-
peratures (Zonneveld and Susek, 2007). This confirms
that the temperature effect on the cyst morphometry of
both the dinoflagellates in the study region will be negligi-
ble due to the prevalence of warmer waters with average
temperature of 28◦C and the broadly comparable in
the water temperature between the ecosystems. In the
Cochin port, New Mangalore port and Zuari estuary, the
temperature ranged between 28.7 ± 1.7, 27.9 ± 3.6 and
29.1 ± 2◦C, respectively. Since the ranges for the water
temperature in the studied locations are similar, salinity
variations could be the driving factor for cyst encystment.
Also given that nutrient depletion triggers the encystment
of some dinoflagellates, e.g. Scrippsiella cf. lachrymosa (Olli
and Anderson, 2002), the information on the effect of
nutrient availability on the cyst morphology needs further
investigations. Given these, here, an attempt has been
made to understand the variability. However, in our study,
compared with other ports, large size cysts were found in
Zuari estuary where salinity was >30. Interestingly 45%
of P. steinii cyst recorded from Zuari estuary showed a cell
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length of >115 μm, which is larger, not only from those
reported from other ports but also to that available in the
literature. The body measurement and process length of
P. steinii showed a significant difference in cyst found in
Zuari estuary (Goa) as compared with others. The process
length of P. steinii was smaller in Cochin port with wider
salinity ranges than New Mangalore port and Zuari estu-
ary, where they were found in stations with salinity above
30 psu. There also exists a variation in the species phe-
notype, as seen in Zonneveld and Susek (2007), wherein
22 strains of P. steinii, only three of them produced cysts
suggest all phenotypes species do not produce cyst or their
triggering mechanism for cyst formation was different.
The possible reason for this variation could be that the
strains of P. steinii recorded in Zuari estuary are different
from other ports. For example, different sexual behavior
such as homothallism (self-fertilization) or heterothallism
(intercrossing of ± strains) is possible within strains of the
same species. However, there are few species with both
homothallic and heterothallic sexuality (e.g. Gymnodinium

catenatum—Figueroa et al., 2006; Steidinger and Garccés,
2006; Scrippsiella trochoidea—Montresor et al., 2003; Alexan-

drium tamarense and Karenia brevis—Blackburn and Parker,
2005; Polykrikos hartmannii—Chai et al., 2020), including
P. steinii (Zonneveld and Susek, 2007). Previously, P. steinii

was considered to have a heterothallic sexual reproduc-
tion (Pholpunthin et al., 1999), but Zonneveld and Susek
(2007) suggested that (i) homothallic sexual reproduction
do exist in some strains and (ii) identified temperature
as one of the variable influencing cysts morphometry.
However, specific studies through molecular approaches
are the need of the hour to understand the strain vari-
ability, and such an approach will boost dinoflagellate
eco-biological studies.

CONCLUSION

This study concludes that the P. steinii and P. pentagonum

cysts are euryhaline species. They encountered a much
wider salinity range compared with available reports,
thereby adding newer information to their biogeographic
distribution. Further variability in cysts morphometry
was also observed between the ecosystems. It was found
to be following salinity values as the influence of other
environments (i.e. the prevalence of narrow temperature
range and nutrient-rich conditions) may not be dominant.
Cyst morphometry, i.e. length, breadth and process length
(only in P. steinii) of both the dinoflagellates were relatively
larger and smaller at salinity range greater and less than
25 psu, respectively. The occurrence of large size P. steinii

cysts and salinity-wise variability in P. pentagonum cysts
size also adds newer information to the eco-biology of
dinoflagellate cysts. This study confirms that, in addition

to cysts with processes, cysts without processes exhibit
variability in their morphometry in different environmen-
tal settings. Such cysts, if dominant, can form alternative
indicators in regions where known indicator species are
less predominant. However, specific studies similar to
those available for certain cysts with processes need to
be undertaken for the cysts without processes exhibiting
morphometric variations. Furthermore, documenting the
cysts morphometry in the studies related to distribution
along with the environment as well as controlled experi-
ments to understand the responses to environmental trig-
gers/cues and the reasons for variability will be useful for
robust data generation and interpretation to strengthen
the utility of cyst morphometry of other dinoflagellates
as potential environmental indicators.
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A B S T R A C T

An overview of dinoflagellates cysts assemblage is presented as a trophic index for three monsoon-influenced 
estuarine and marine ports along the Indian coast. The cyst distribution (including harmful species) showed a 
trend of highest abundance and species number in highly eutrophicated estuarine (Cochin-south) followed by 
medium (New-Mangalore-central) and low (Kandla-north) levels of eutrophicated marine ports. The investiga-
tion revealed four new species in the region (Bitectatodinium spongium, Gonyaulax elongatum, Brigantedinium sp. 
and potential harmful species Blixaea quinquecornis-cyst similar to planktonic). Autotrophs dominance in the 
highly productive Cochin and New-Mangalore ports reveals that, in eutrophic systems, heterotrophs need not 
always be dominant. The indicator taxa (Polykrikos, Protoperidnium, and Lingulodinium) presence in high density 
indicated a eutrophic system. This study concludes cyst (species numbers/Fisher-α index/indicator species) as 
potential eutrophication proxies and emphasizes greater harmful-algal-bloom risks in the high trophic-index 
ports (Cochin and New-Mangalore).   

1. Introduction

Dinoflagellates are the most dominant and diverse phytoplankton
group in freshwater, estuarine, and marine environments and also 
include potential invaders. Cysts production, as part of many dinofla-
gellate life cycles has been reported. In some cases, cysts are produced in 
response to adverse environmental conditions, for example, changes in 
temperature, salinity, and nutrient fluxes. Once formed, most of the 
resting cyst settles on the sediment bottom. They remain viable for 
several years and acts as an essential source of the planktonic population 
when suitable conditions return (Matsuoka and Fukuyo, 2000). Resting 
stages are referred to as “time capsules,” as they preserve biological 
material for a long time (Ribeiro et al., 2013). In recent years, concerned 
with the global increase in the occurrence of Harmful Algal Blooms 
(HABs) in coastal waters, owing to eutrophication (anthropogenic 
nutrient enrichment; e.g. Anderson et al., 2002), changing climate pat-
terns (e.g. Hallegraeff, 2010) and ships ballast water-mediated intro-
duction of non-native species (e.g. Smayda, 2007; Casas-Monroy et al., 
2013), the studies on dinoflagellates and its cysts have received 
importance. As several of the dinoflagellate species are responsible for 
the occurrence of HABs worldwide, some of which are toxin-producing 

and act as environmental proxies. At least 90 of these cysts producing 
species are known to cause harmful blooms (Sournia, 1995), and 45 
species are considered toxic (Sournia, 1995; Smayda, 1997; Hallegreaff 
et al., 2003). Further, dinoflagellate cyst assemblages are also consid-
ered as a valuable tool (for the detection and mapping of HABs; Satta 
et al., 2013) and proxy to determining past environmental variations in 
the water conditions (such as changes in sea-surface temperature, 
salinity, turbulence, and eutrophication along with changes in sedi-
mentary conditions; Zonneveld et al., 2012). 

A global atlas on cysts distribution studies in the world ocean sug-
gests that a considerable amount of information is available from all the 
climatic zones of the world oceans except from the Indian sub-continent 
(Zonneveld et al., 2013). Despite the above-said importance, the infor-
mation on dinoflagellate cysts distribution from the Indian subcontinent 
is scarce and are restricted to modern cysts at few locations (D'Costa 
et al., 2008; D'Silva et al., 2012, 2013; Godhe et al., 2000; Patil, 2003; 
Narale et al., 2013, 2015; Narale and Anil, 2017) as well as from the 
sediments representing Late Quaternary period from Bay of Bengal 
(Naidu et al., 2012). Considering India being one of the significant 
maritime countries and having a vast coastline (~7500 km), the studies 
on cysts producing dinoflagellate need detailed investigation at spatial 
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and temporal scales to better understand their population dynamics 
holistically. Moreover, Indian coasts are characterized with high 
particulate-load and high species diversity but low cyst abundance. 
Therefore characterizing the distributional patterns of dinoflagellate 
cysts will be beneficial in improving the understanding of HABs and also 
to study the spatio-temporal change of dinoflagellate cysts in different 
environments. 

Considering human induced alterations over the years, it is presumed 
that the influence of such alterations (including eutrophication) will be 
reflected in dinoflagellates and cyst assemblages per se. In this study, the 
information (such as composition and species diversity and richness) on 
cyst assemblages from three major ports (Cochin – estuarine Port, 
Mangalore – marine port, and Kandla – marine port experiencing hy-
persaline condition during non-monsoon) located along the west coast 
of India was correlated with the trophic status (by comparing with 
available indices for eutrophication/pollution) for identifying new 
environmental proxies. The data generated will provide additional in-
formation to the growing body of knowledge on dinoflagellates as water 
quality proxies and biogeography, including harmful and indicator 
(nutrient enrichment) species for the less studied monsoon influence 
tropical ports. The sampling in each port was carried out as part of the 
port biological baseline survey for BAMPI (Ballast water Management 
Program, India). 

2. Materials and methods 

2.1. Description of the study area 

2.1.1. Cochin port 
Cochin port (Kerala, India) is one of the major Indian ports and is 

situated on a bar-built estuary at the convergence of backwaters. Cochin 
ports, Ernakulum channel is 5 km long and 200 m wide, while Mat-
tancherry channel is 2.6 km long and 180 m wide (BAMP Monograph 
series No. 5, Internal publication). Cochin receives 55–65% of the total 
annual rainfall during the monsoon season (Menon et al., 2000). The 
salinity of the backwaters reaches near-zero values due to the heavy 
precipitation during the peak monsoon period. The maximum tidal 
range is 1 m in the port regions, whereas the influence of tides is 
insignificant (Qasim, 2003). 

For sampling, a total of 23 stations were selected based on activities 
such as fishing harbour, jetties, wharf, dry docks, creek mouth, and 
berths (Fig. 1 and suppl. Table 1). Sampling was carried out on four 
occasions representing different seasons, i.e., post-monsoon (October 
2011 and November 2012), pre-monsoon (May 2012), and August 2012 
(monsoon). The sampling was performed from morning till noon and 
was spread over 5 to 6 days on each occasion. 

Fig. 1. Location of sampling stations in different ports. a) Kandla port, b) New Mangalore port, and c) Cochin port along the west coast of India. The details of the 
sampling stations are provided in the Supplementary Tables 1 to 3. 
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2.1.2. New Mangalore port 
New Mangalore Port (Karnataka) is a modern all-weather on the 

West Coast of India. New Mangalore ports, side arm channel is 900 m 
long and 198 m wide, Oil berth channel is 1055 m long and 234 m wide 
(BAMP Monograph series No. 9, Internal publication). Iron ore pellets 
and concentrates, petroleum, oil and lubricants (POL) products, granite 
stones, container cargo, etc. are the major commodities exported from 
this port. On the other hand, the major imports of the Port are POL 
products and crude oil, LPG, Coal, Limestone, Finished Fertilizers, 
Liquid Ammonia, Phosphoric Acid, Other Liquid Chemicals, Contain-
erized cargo, etc. 

Sampling was carried out on four occasions representing different 
seasons, i.e., post-monsoon (November 2011 and December 2012), pre- 
monsoon (May 2012), and monsoon (September 2012) in New Man-
galore Port. In this study, the water and sediment samples were sampled 
from 19 stations based on port activities (Fig. 1 and suppl. Table 2) for 
dinoflagellate motile-stages and cysts, respectively. Tides ranged from 
0.4 to 1.2 m during the study period. 

2.1.3. Kandla port 
Kandla Port, which is located along the western bank of Kandla 

creek, is operational throughout the year and thereby referred to as an 
all-weather port. Kandla ports, channel width vary from 200 to 1000 m 
and total length is around 28 km (BAMP Monograph series No. 7, in-
ternal publication). Various fertilizer-manufacturing industry, 
industrial-chemical manufacturing units, salt manufacturing units with 
saltpans rich in brines are located around the Kandla creek (Shirodkar 
et al., 2010). The port facilitates the extensive traffic of passenger cargo 
vessels, ore carriers, oil tankers, freighters, fishing boats, and container 
vessels in Kandla port. In this study, a total of 26 stations were selected 
based on port activities (Fig. 1 and suppl. Table 3), and sampling was 
done on four occasions in post-monsoon (October 2014 and 2015), 
monsoon (August 2015), and pre-monsoon (February 2016). 

2.2. Sampling 

5-L Niskin sampler was used to collect surface and near-bottom water 
samples. A multiparameter portable instrument (SONDE) was used to 
measure temperature and salinity at the site. Dissolved oxygen, bio-
logical oxygen demand, and chlorophyll-a were estimated by following 
standard procedures (Parsons, 2013). Nutrient concentrations such as 
phosphate, silicate, nitrite, nitrate, and ammonia were determined using 
an autoanalyzer (Skalar San++). To evaluate the trophic status of port 
waters, TRIX was calculated using the equation TRIX = (log10 (chl a × a 
%O2 × DIN × DIP) − k)/m (Vollenweider et al., 1998). TRIX scores 
lesser than 3–4 indicate low eutrophication; scores of 4–5 indicate me-
dium eutrophication with; scores of 5–6 indicate high eutrophication, 
and scores >6 indicate elevated levels of eutrophication. Trix score was 
used to assess the relationship with the dinoflagellates cyst. The Vol-
lenweider 1998 TRIX eutrophication score have been successfully 
implemented in Mediterranean ports (Massi et al., 2019) and was also 
employed in other regions, including ports (e.g. Rajaneesh et al., 2015; 
Noyel and Desai, 2020). In this study the sampling was conducted 
continuously over 3–4 days encompassing different tidal regimes and 
the TRIX score during this sampling period don't vary significantly (for 
either of the three ports) suggesting negligible influence of the physical 
forcing. 

Van Veen grab was used to collect bottom sediment samples with a 
0.04 m2 grabbing area. In addition, undisturbed sediment cores (20 cm 
in length PVC corer with an inner diameter of 2.5 cm) through the top 
windows of the grab, were collected. Cores were sealed with caps, kept 
in ice in the dark containers. In the laboratory, sediment cores were 
sectioned at 2 cm interval, mixed well, and stored in airtight plastic bags 
at 4 ◦C in the dark until further dinoflagellate cyst analysis. 

2.3. Dinoflagellate cyst analysis 

Only the top fraction (0–2 cm), which comprises the recent sampled 
sediments, was processed using the palynological method (Matsuoka 
and Fukuyo, 2000). Sediment samples were sonicated for 10 min and 
sieved through 100 and 10 μm mesh-sizes. The residue retained on the 
10 μm mesh was acid-treated with 10% HCL acid and 30% HF acid with 
distilled water washes in between to remove the acid. Next, the sample 
was sieved through 10 μm mesh size. The residue retained on the mesh 
was transferred and suspended in 10 mL of distilled water into a vial. 
Aliquots of 0.25–1 mL of the residual samples were diluted to a total 
volume of 2.5 mL in a Petri dish (diameter 3.8 cm) and scanned under an 
inverted microscope (Olympus IX 71) at 100× to 400× magnification. 
Dinoflagellate cysts were identified based on published literature (Wall 
and Dale, 1968; Sonneman and Hill, 1997; Matsuoka and Fukuyo, 
2000). The cyst abundance was expressed as the number of cysts g− 1 dry 
sediment after calculating the water content according to the formula 
given by Matsuoka and Fukuyo (2000). 

3. Results 

3.1. Environment 

In all the studied ports, the measured environmental parameters 
revealed a distinct seasonal variation (for details, please see Rath et al. 
2018 for New Mangalore port, Rodrigues et al. 2019 for Cochin port, 
Sathish et al., 2020 for all three ports). However, the seasonal trends 
between the ports were different (Rath et al., 2018; Rodrigues et al., 
2019; Sathish et al., 2020). The averaged salinity variations were small 
(30–40 psu) in marine ports (Kandla, New Mangalore), and large (8–38 
psu) estuarine ports (Cochin). The low salinity observed in marine and 
estuarine ports was due to riverine discharge and precipitation during 
monsoons. Water temperatures in all three ports are relatively warmer 
in pre-monsoon and cooler during southwest monsoon (SWM) and post- 
monsoon. Interestingly, nutrients (NO3, PO4, and SiO4) were more in 
estuarine than marine port systems. However, the concentrations of 
nutrients varied between the ports. The nutrient concentrations were 
higher for Kandla as compared to Cochin and New Mangalore ports 
(Table 1). Nutrients showed a distinct seasonal variability among the 
marine ports, but the seasonal trends varied between the ports located. 
The trophic index (TRIX) revealed that Kandla port (3–4) had a higher 
state of water quality with low eutrophication level, Mangalore port 
(4–5) had a good state of water quality with medium eutrophication 
level, and Cochin port (5–6) had a bad state of water quality with high 

Table 1 
Ranges of environmental parameters recorded from Cochin, New Mangalore, 
and Kandla ports. * The TRIX score during the sampling period, which con-
ducted continuously over 3–4 days encompassing different tidal regimes and 
associated changes, didn't vary significantly for either of the three ports and this 
strengthen the utility of TRIX index.  

Parameters Ports 

Kandla New Mangalore Cochin 

Temperature (◦C) 26.5 ± 3.6 27.9 ± 3.6 28.7 ± 1.7 
Salinity (psu) 36 ± 6 35.2 ± 0.8 20.8 ± 11.3 
Dissolved oxygen 

(mg/L) 
5.7 ± 0.8 3.4 ± 1.8 4.6 ± 2 

Phosphate (μM) 4 ± 1.2 2.6 ± 1.3 3.3 ± 1.3 
Silicate (μM) 72.7 ± 37.3 22.1 ± 14.2 37.7 ± 16.7 
Ammonia (μM) 5.7 ± 5.9 28.3 ± 10 28.2 ± 12.9 
Nitrite (μM) 5.4 ± 2.1 2.8 ± 2 0.9 ± 0.7 
Nitrate (μM) 12.6 ± 5.6 4.7 ± 4.2 4.7 ± 3.1 
Chl a (μg/L) 0.6 ± 0.3 8.8 ± 9.3 20.6 ± 22.2 
TRIX score* 3.5 ± 0.7 4.6 ± 0.9 5.5 ± 0.8 
Depth (m) 9–10 7.5–14 9.75–13.7 
Sediment texture (%) Sandy 

(55–70%) 
Silty-clayey 
(58–64%) 

Silty-clayey 
(55–67%)  
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eutrophication level. 

3.2. Dinocyst distribution, and diversity 

Overall a total of 40 dinocysts were reported belonging to 17 genera 
and 2 unidentified dinocysts in the three different port ecosystems 
(Table 1; Figs. 2 and 3). The autotrophic and heterotrophic dinocyst 
consists of 20 species each. In addition, a total of 8 potentially HAB 
species were also recorded in this study. The distribution of dinocyst 
abundance showed distinct variations between the ports. Dinocyst 
abundance was highest in Cochin station (1721 cyst− 1g of DW sedi-
ment), followed by Mangalore station (864 cyst− 1g of DW sediment) and 
Kandla station (24 cyst− 1g of DW sediment). This study revealed a high 
species number in Cochin (35 species) followed by New Mangalore (32 
species) and Kandla (15 species) (Fig. 3b). A total of 7, 8, and 3 species 
found in Cochin, New Mangalore, and Kandla port are known to be 
potential HAB species (Table 2). Of the 8 HAB species, 7 were autotro-
phic forms, and one was heterotrophic form. The common HAB species 
found in all ports were Gonyaulax spinifera complex, Lingulodinium 

polyedra, and Protoceratium reticulatum. In New Mangalore and Cochin 
port, HAB species found were Alexandrium tamarense complex, Cochlo-
dinium sp., Gonyaulax scrippsae, and Scrippsiella acuminata (Table 2). In 
contrast, HAB species of Blixaea quinquecornis was found only in New 
Mangalore port. The highest HAB dinocyst abundance was recorded in 
Cochin, followed by New Mangalore and Kandla port. Overall the 
autotrophic dinoflagellates dominated in Cochin and New Mangalore 
ports (Fig. 3b). While heterotrophic dinoflagellates were dominated in 
Kandla port (Fig. 4b). Pyrophacus steinii and Gonyaulax spinifera complex 
were the most dominant species in Cochin and New Mangalore ports 
(Fig. 3a). Brigantedinium spp. and Bitectodinium sponginum were the 
dominant species in the Kandla port (Fig. 3b). 

The univariate measures, such as species number, species richness, 
species diversity, and fisher's index, were also highest in Cochin, fol-
lowed by New Mangalore and then in Kandla port (Fig. 4a, c, d, e, and f). 
The ANOVA of dinocyst abundance, species richness, species diversity, 
fisher's index, and species number showed a significant variation among 
the ports. The comparison of the ports revealed a total of 9 species, 
which were common between the three ports, of which 5 are 

Fig. 2. a. Micrographs of HAB dinoflagellates (1) Alexandrium tamarense complex, (2) Cochlodinium sp., (3) Gonyaulax scrippsae, (4) Gonyaulax spinifera complex, (5) 
Lingulodinium polyedrum, (6) Lingulodinium sp.2, (7) Pyrodinium bahamense, (8) Scrippsiella acuminate, (9) Blixaea quinquecornis. Scale bar is 20um. 
b. Micrographs of dinoflagellates (1) Bitectatodinium spongium, (2) Gonyaulax digitalis, (3) Gonyaulax elongatum, (4) Gymnodinium microreticulatum, (5) Penta-
pharsodinium dalei, (6) Pheopolykrikos hartmannii, (7) Pyrophacus steinii, (8) Pyrophacus sp.1, (9) Scrippsiella sp., (10) Brigantedinium spp., (11) Polykrikos kofoidii, (12) 
Polykrikos schwartzii, (13) Protoperidinium avellana, (14) Protoperidinium claudicans, (15) Protoperidinium compressum, (16) Protoperidinium conicoides, (17) Proto-
peridinium conicum, (18) Protoperidinium denticulatum, (19) Protoperidinium divaricatum, (20) Protoperidinium latissimum, (21) Protoperidinium leonis, (22) Proto-
peridinium oblongum, (23) Protoperidinium pentagonum, (24) Protoperidinium sp.1, (25) Protoperidinium stellatum, (26) Protoperidinium subinerme, (27) Preperidinium 
meunieri. Scale bar is 20 μm. 
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Fig. 2. (continued). 
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autotrophic, and four are heterotrophic forms. Of these 9 species, 4 
species (Gonyaulax spinifera complex, Lingulodinium polyedra, Proto-
peridinium pentagonum, and P. leonis) were some of the dominant species 
in each of these ports (Fig. 3). A total 5 species (Bitectatodinium spongium, 
Brigantedinium spp., Gymnodinium microreticulatum, Protoperidinium 

avellana, and Protoperidinium denticulatum) were restricted to only to 
Kandla port. In comparison, a total 3 species (Pyrodinium sp1, Pyro-
phacus sp., and Protoperidinium sp.1) and 1 species (Blixaea quinque-
cornis) were restricted to Cochin and New Mangalore ports, respectively. 
Cluster analysis of the dinocyst abundance showed that Cochin and New 

Fig. 3. Dinoflagellate cysts abundance (cysts g− 1 dry weight) in the three ports Kandla (K), New Mangalore (M) and Cochin (C). * indicates potential HAB species. 
Largest bubble corresponds to 4000 cysts g− 1 dry weight. 

Table 2 
List of occurrence of potentially harmful dinoflagellates from three ports with brief description.  

Sr. No Species name Effect of bloom Toxin type Cochin Mangalore Kandla 

Autotrophs 
1 Alexandrium tamarense complex  Saxitoxin + +

2 Cochlodinium sp.  Possible ichthyotoxic + +

3 Gonyaulax scrippsae Discolouration of water and oxygen depletion  + +

4 Gonyaulax spinifera  YTX + + +

5 Lingulodinium polyedra  YTX + + +

6 Protoceratium reticulatum  YTX + + +

7 Scrippsiella acuminata Discolouration of water  + +

8 Pyrodinium bahamense  Saxitoxin +

Heterotrophs 
9 Blixaea quinquecornis Discolouration of water and oxygen depletion   +
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Mangalore ports were similar to Kandla port (Fig. 6a) as these ports have 
identical species composition. Cluster analysis of species showed 
grouping, and at 50% similarity, it formed 2 groups (Fig. 6b). Group, I 
consist of 7 species represented by rare species with low abundance 
during the study period (Fig. 6b). While Group II comprised 32 species 
and was again clustered into two subgroups (IIa, consist of 28 species, 
and IIb, consisting of 4 species). The species in subgroup IIa, were the 
dominant species, while species representing subgroup II b are rare 
species with higher abundance (Fig. 6b). 

3.3. Relationship between the community indices and trophic index 
(TRIX) 

The community indices (abundance, species number, diversity, and 
richness and fisher's index) versus the TRIX score indicated different 

scenarios between the ports. In Kandla port, the community indices were 
the lowest along with low eutrophication levels compared to the other 
two ports (Fig. 5). In New Mangalore port, the community indices were 
intermediate along with medium eutrophication levels as compared to 
the other two ports (Fig. 5). In Cochin port, the community indices were 
higher along with high eutrophication levels than the other two ports 
(Fig. 5). In Cochin and New Mangalore Port, the autotrophic cyst 
abundance was higher with high TRIX scores as compared to Kandla 
port (Fig. 5a). In Cochin, New Mangalore, and Kandla port, the het-
erotrophic dinocyst species number and species diversity were higher 
with a high TRIX score (Fig. 5a). In Cochin and New Mangalore port, the 
heterotrophic cyst fisher's index was higher with high TRIX scores as 
compared to Kandla port (Fig. 5d). In Cochin and New Mangalore port, 
the autotrophic cyst species richness was high at higher TRIX score, and 
the heterotrophic cyst was high at low TRIX score in Kandla (Fig. 5e). 

Fig. 4. Variations in dinocyst (a) abundance, (b) autotrophic and heterotrophic forms based on nutrition (c) species-richness, (d) Shannon-Wiener's diversity, (e) 
Fisher's alpha (α) index and (f) Species number from the Kandla, Cochin and New Mangalore ports. 
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4. Discussion 

4.1. Dinocyst assemblage diversity and distribution 

The present survey on dinoflagellate cyst diversity from three major 
ports, with different environmental settings along the west coast of 
India, revealed 42 species. The highest number of cyst types and abun-
dance was recorded in Cochin (estuarine port), followed by New Man-
galore port and the least in Kandla (marine but hypersaline) port 
(Fig. 3a). The prevalence of silty sediment round the year in the Cochin 
and New Mangalore port could be the reason for the high cyst abun-
dance compared to Kandla ports (Table 1). Studies suggest that the 
higher cysts abundances are directly proportional to higher dinoflagel-
late production in areas with fine-grained sediments (Dale, 1983; 
Anderson et al., 1995; Joyce et al., 2005; Rodrigues et al., 2019). Even 
considering the reported cyst assemblage from the other major ports 
Mumbai and JNPT Ports (D'Costa et al., 2008) and Goa (D'Silva et al., 
2012) along the west coast of India, cyst abundance and diversity was 
highest and lowest in Cochin and Kandla port, respectively (Table 2). 
These findings suggested that the dinoflagellate cyst abundance and 
species number showed a decreasing trend with respect to the 
geographical location of the ports (i.e., from south to north) in the 
following order: Cochin (southern port) - New Mangalore – Goa – 
Mumbai - Kandla (northern port). Interestingly, the change in 

autotrophic and heterotrophic dominance according to the geographical 
location of the port was also evident. For instance autotrophic and 
heterotrophic cysts were dominant in southern (Cochin and New Man-
galore) and northern (Mumbai/JNPT and Kandla) ports, respectively in 
the present study. D'Silva et al. (2012) reported heterotrophic domi-
nance along the west coast of India. Still, Rodrigues et al. (2019) 
observed a decadal change in the dominance from heterotrophic to 
autotrophic forms in the Cochin Port. Such a paradigm shift might be 
due to change in environmental settings as the autotrophs and hetero-
trophs respond directly and indirectly to the environment. 

Species composition revealed that though most of the species were 
recorded in the studied ports, few species with port-specific distribution 
are considered uncommon species. For instance, the species number of 
5, 1, and 3 occurred only in Kandla, New Mangalore, and Cochin Port, 
respectively (Fig. 3). Before this study, available reports from the major 
ports (Goa, Mumbai, and Mangalore), suggested the presence of 69 cysts 
types (Godhe et al., 2000; D'Costa et al., 2008; D'Silva et al., 2012, 
2013), and with the present study, due to record of 6 new species records 
(including one potential HAB species), the total no of cysts types is 75. 
The four new species include Bitectatodinium spongium (autotrophic), 
Gonyaulax elongatum (autotrophic), Blixaea quinquecornis (heterotrophic 
and potential HAB species), Brigantedinium spp. (heterotrophic). Among 
the studied ports, only Cochin port has some cyst data for the year 2000 
(D'Silva et al., 2012), and the comparison indicated that the present 

Fig. 5. Relationship between trophic index (TRIX) with the total community and their nutrition mode forms (i.e. Autotrophs and Heterotrophs) (a) abundance, (b) 
species number, (c) species-richness, (d) Fishers index and (e) Shannon-Wiener's diversity of the three ports. For motile-stages and cysts the TRIX scores for surface 
and near bottom water respectively were used. LE, ME and HE refers to low, medium and high eutrophication, respectively. 
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study listed 11 more cyst types (including three potentially harmful). 
Even the density of the dominant species (some Protoperidinium spp. and 
Gonyaulax spinifera complex) showed an increasing trend over the last 
decade (Rodrigues et al., 2019). Nevertheless, the detailed checklist of 
cyst types and morphological details presented here as part of the port 
biological baseline survey (PBBS) will be valuable in the studies related 
to microalgal (dinoflagellate per se) biodiversity and invasion, hereafter. 

Documenting cysts of harmful dinoflagellates from the field is 
considered one of HAB monitoring strategies (Anderson et al., 2012; 
Ribeiro et al., 2012) as viable cysts can be a precursor for blooms. Given 
this, the present study lists potential 11 HAB species from the six major 
ports along the west coast of India (Table 2). Of the 11 species, 9 
(Alexandrium tamarense complex, Cochlodinium sp., Gonyaulax scrippsae, 
G. spinifera complex, Scrippsiella acuminata, Protoceratium reticulatum, 
Lingulodinium polyedra, Pyrodinium bahamense and Blixaea quinquecornis) 
potentially HAB species are documented, highlighting the potential HAB 
risks under favorable conditions. Most of these HAB species are known 

to produce various toxins (e.g. icthyotoxins, saxitoxins, and yessotox-
ins), and also responsible for oxygen depletion and discoloration of 
water (Table 2). The following dinoflagellates, Alexandrium tamarense 
complex, Scrippsiella acuminata, Gonyaulax spinifera complex, Proto-
ceratium reticulatum, and Lingulodinium polyedra, which are known for 
triggering potentially toxic HABs, and these species were most dominant 
in the Cochin and New Mangalore ports (Fig. 3). Although no major 
HABs have been reported during the investigation, the previous HAB 
instances or shellfish poisoning outbreaks in and around the Cochin and 
New Mangalore ports have also been documented (Madhu et al., 2011; 
Padmakumar et al., 2012, 2018). Cysts of saxitoxin producing species 
Pyrodinium bahamense have also been reported from Mumbai port on 
west coast (Table 3) and Visakhapatnam harbour along the east coast of 
India (D'Silva et al., 2013). However, to our knowledge reports of its 
bloom are reported. Recent reports of Gonyaulax spp. blooms along the 
Indian coasts (Padmakumar et al., 2018; Baliarsingh et al., 2018; Kumar 
et al., 2020), and the dominance of cysts (if any) might pose a concern 

Fig. 6. Dendrogram of dinoflagellates cysts from sediments with respect to (a) ports and (b) species. Species codes are as follows Alexandrium tamarense complex (Ale 
Tam), Bitectatodinium spongium (Bit spo), Cochlodinium sp. (Coc sp), Gonyaulax digitalis (Gon dig), Gonyaulax elongatum (Gon elo), Gonyaulax scrippsae (Gon scr), 
Gonyaulax spinifera complex (Gon spi), Gymnodinium microreticulatum (Gym mic), Lingulodinium polyedrum (Lin pol) Lingulodinium sp.2 (Lin sp), Pentapharsodinium 
dalei (Pen dal), Pheopolykrikos hartmannii (Phe har) Protoceratium reticulatum (Prot rec), Pyrodinium bahamense (Pyr bah) Pyrophacus steinii, (Pyr ste), Pyrophacus sp.1 
(Pyr sp), Scrippsiella acuminate (Scr acu), Scrippsiella sp. (Scr sp), Brigantedinium spp. (Bri sp), Polykrikos kofoidii (Pol kod), Polykrikos schwartzii (Pol sch), Proto-
peridinium avellana (Pro ave), Protoperidinium claudicans (Pro cla), Protoperidinium compressum (Pro com), Protoperidinium conicoides (Pro con) Protoperidinium conicum 
(Pro con), Protoperidinium denticulatum (Pro den), Protoperidinium divaricatum (Pro div), Protoperidinium latissimum (Pro lat), Protoperidinium leonis (Pro leo), Proto-
peridinium oblongum (Pro obl), Protoperidinium pentagonum (Pro pen) Protoperidinium sp.1 (Pro sp1), Protoperidinium stellatum, (Pro ste), Protoperidinium subinerme (Pro 
sub), Preperidinium meunieri (Pre meu). 
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Table 3 
Checklist of dinoflagellates cyst types for six major ports located along the west coast of India. Values indicate maximum abundance (cysts g− 1 dry sediment) recorded. 
The initial d, l, b, and p indicates the diameter, length, breadth, and process length of the dinocyst. Bold species names indicate smaller sized dinocyst. * represents the 
potential HAB species.  

Species list D'Silva et al. 2011 Present study Present study Literature 

Mumbai Goa Cochin Kandla Mangalore Cochin Size (μm) Size (μm) 

Autotrophs 
Alexandrium affiine* 2 2 57      
Alexandrium minutum* 2 8 80      
Alexandrium tamarense complex* 3  37  19 78 d = 45–47  
Alexandrium spp.   27      
Bitectatodinium spongium    1   d = 40–50, p = 8–14 d = 63 

p = 10a 

Cochlodinium cf. polykrikoides*  9       
Cochlodinium sp.  10   19 49 d = 40–50  
Gonyaulax digitalis 11 1 74 2 83 37 d = 30, p = 10 l = 60–73 

b = 45–63 
p = 15–25a 

Gonyaulax elongatum     1 49 l = 40–45, b = 30–35, p = 10–12 l = 40–59 
b = 26–42 
p = 5–9a 

Gonyaulax scrippsae* 45 29 27  42 271 d = 30–35, p = 10–12  
Gonyaulax spinifera complex* 72 28 148 2 820 2561 d = 35–40, p = 13–15 l = 34–50 

b = 34–57 
p = 12–17a 

Gonyaulax spp.  10 107  36 79   
Gymnodinium cf. catenatum 2        
Gymnodinium microreticulatum    1     
Gymnodinium impudicum  8   16 45 d = 30–35 d = 36–62a 

Lingulodinium polyedrum* 22 10 44 1 233 565 d = 48–50 
p = 10–12 

d = 31–54 
p = 2–21a 

Lingulodinium sp.2     8 27 d = 40–50 
p = 8–10  

Pentapharsodinium dalei 8 9 40 1 7 22 d = 30–35 
p = 5 

d = 19–36 
p = 1–8a 

Pheopolykrikos hartmannii 4 8   6 176 d = 70–75 
p = 10 

d = 50–60 
p = 7–12a 

Protoceratium reticulatum* 25 1 120 4 81 443 d = 40–45 
p = 10 

d = 38–48 
p = 7–14a 

Pyrodinium bahamense var compressum* 4      d = 35–40 
p = 5–7  

Pyrodinium bahamense      7     

Species list D'Silva et al. 2011 Present study Present study Literature 

Mumbai Goa Cochin Kandla Mangalore Cochin PS (μm) PR (μm) 

Autotrophs 
Pyrophacus steinii 29 17 18  919 1230 d = 65–95 

p = 10–15 
l = 80–110 
b = 50–55 
p = 8–13a 

Pyrophacus sp.      28 d = 85 
p = 10–15  

Scrippsiella trifida  16       
Scrippsiella acuminata* 19 64 28  17 65 l = 38–40 b = 32–35  
Scrippsiella spp.  1   4 208 d = 35   

Heterotrophs 
Blixaea quinquecornis*     17  l = 35–40 

b = 30–35 
p = 2–5  

Brigantedinium spp.    53   d = 38–40 d = 29–53a 

Diplopelta parva  12       
Diplopsalis lenticula* 2        
Lebouraia minuta 34  50      
Polykrikos kofoidii 7 16 74  2 118 l = 68–70 b = 38–40 p = 5–10 l = 72–125 

b = 48–63 
p = 6–11a 

Polykrikos schwartzii 4 10 148  22 209 l = 55–60 
b = 50 
p = 5–7 

l = 60–72 
b = 44–55 
p = 8.5–14a 

Polykrikos sp.  9       
Protoperidinium avellana    1   d = 40–45  
Protoperidinium claudicans 4 14 30  25 229  

(continued on next page) 
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and needs a vigilant approach as there is a rising trend in the incidences 
of HAB events in the Indian exclusive economic zone (Padmakumar 
et al., 2012). Cochin and New Mangalore port are highly at risk to future 
HABs event compared to Kandla port as most HAB species are dominant 
in this region (Fig. 3). Findings from Satta et al., 2010, suggests Blixaea 
quinquecornis may be a benthic pelicle cyst as far as the surface sediment 
observation was concerned, and also recorded their apparently viable in 
deeper sediments (6–7 cm). The planktonic form of B. quinquecornis have 
also been the reported in Cochin (Rodrigues et al., 2019) and New 
Mangalore port from the water coloumn analysis. Although 
B. quinquecornis were reported in both Cochin and New Mangalore ports 
in the water column only in surface sediment of the latter was recorded. 
In this study B. quinquecornis, cyst shape observed was similar to that of 
its vegetative stages. This benthic pelicle cyst stages formed by 
B. quinquecornis need further investigation to study their life cycle. 
Studies indicated that the dinocysts act as a seed population, which in 
the dinoflagellates population dynamics play an essential role (Ishikawa 
and Taniguchi, 2000). However, a detailed investigation needs to be 
commenced to monitor the dinocysts for predicting and preventing 
HABs events from other port (minor) along the coast of India. 

4.2. Dinoflagellate cyst assemblages from the perspective of water quality 

Several studies reported that dinocysts taxa could be used as in-
dicators of water quality change and anthropogenic impact. To assess 
the water quality including eutrophication and pollution, indices such as 
species assemblage composition, species diversity, and species-richness 
are widely used (Hendey, 1977; Wu, 1984; Sommer, 1995; Tsirtsis and 

Karydis, 1998; Pospelova et al., 2002; Price et al., 2017, 2018). Shan-
non–Wiener diversity index has been used for pollution index in diatom 
communities (Hendey, 1977), and dinocysts based Fisher's α and the 
number of species have been used as indicators of environmental con-
ditions in estuarine systems (Pospelova et al., 2002, 2005). In the pre-
sent study, the highest values for community indices were found to 
Cochin, followed by New Mangalore and Kandla port (Fig. 5). The low 
values in the Kandla port could be attributed to low planktonic biomass, 
high suspended load, high tidal amplitude, and sandy sediment texture 
in the region (Table 1). The tropical waters, characterized by low 
abundance and highly diverse dinoflagellate populations, generally 
expect high diversity and many species. However, the total number of 
species recorded is comparable between Cochin and New Mangalore 
ports and the other geographical regions except for Kandla, where the 
lowest species were recorded (Table 4). The comparison of diversity and 
number of species values with available reports from temperate and 
tropical regions, including earlier studies from the same region, shows 
that the value of the present study is much lower than that found in the 
other areas (Table 4). The decrease in diversity and number of species of 
dinocyst taxa can be used as a general indicator of eutrophication and 
pollution (Pospelova et al., 2002, 2005). Also, the decline in Fisher's α 
index and the number of species of dinocysts can also be considered a 
combined signal of toxic or organic pollution in the coastal regions 
(Pospelova et al., 2005). Therefore the low values found here could be 
attributed to the moderate to a high state of eutrophication and pollu-
tion in the port region. The values in the present study are comparable to 
the ranges reported from the coast of the Philippines (Baula et al., 2011, 
Table 4), and thereby the studied ports. According to the scaling index, 

Table 3 (continued ) 

Species list D'Silva et al. 2011 Present study Present study Literature 

Mumbai Goa Cochin Kandla Mangalore Cochin PS (μm) PR (μm) 

l = 35–38 
b = 30–32 
p = 3–5 

Protoperidinium compressum 8 9 43  38 107 l = 85–90 
b = 70–75  

Protoperidinium conicoides 10   1   d = 40–45 d = 29–49a 

Protoperidinium conicum 39 33 82 3 33 278 l = 70–75 
b = 75–80 
p = 10–12  

Protoperidinium denticulatum  8  1   d = 40–45  
Protoperidinium divaricatum 4 9   1 14 l = 70–80 

b = 60–70 
p = 10–15  

Protoperidinium latissimum 15 44 85 1 186 498 l = 80–90 
b = 75–85  

Protoperidinium leonis 36 47 241 4 371 1115 l = 60–70 
b = 45–55 

l = 60–80a 

Protoperidinium oblongum 49 45 108  154 397 l = 70–75 
b = 65–70  

Protoperidinium pentagonum 59  28  344 717 l = 70–95 
b = 65–85  

Protoperidinium cf. pentagonum 37 48 103       

Heterotrophs 
Protoperidinium subinerme 10 37 60 1 6 21 l = 60–65 

b = 50–55 
d = 48–60a 

Protoperidinium sp.1 4 8 2   11 l = 55–60 
b = 50–55  

Protoperidinium sp.2 2        
Protoperidinium sp.3         
Protoperidinium sp.4  4       
Protoperidinium sp.5  21 37      
Protoperidinium stellatum     40 72 l = 85–90 

b = 85–90 
l = 92–125 
b = 82–126a 

Protoperidinium spp.  53 80      
Preperidinium meunieri 6 51 111 0 103 119 d = 55–60 

b = 48–50   

a https://www.marum.de/en/Karin-Zonneveld/Modern-Dinocyst-Key.html. 

R.V. Rodrigues et al.                                                                                                                                                                                                                           

https://www.marum.de/en/Karin-Zonneveld/Modern-Dinocyst-Key.html


Marine Pollution Bulletin 176 (2022) 113423

12

as proposed by Pospelova et al. (2002), and Hendey (1977), Cochin, 
New Mangalore, and Kandla ports can be categorized as moderately to 
the highly polluted environment depending on the dinocysts diversity 
indices. Fisher's α and the number of species values obtained in Cochin 
port, New Mangalore, and Kandla port are lower than the values stated 
by Pospelova et al. (2002, 2005) indicated that the ports are polluted. 
Further, the scaling done with these proxies is on par with TRIX scores 
(for Cochin port - Rajaneesh et al., 2015 and New Mangalore port - Rath 
et al., 2018), pollution load index (for Cochin port; Chakraborty et al., 
2014), and metal concentrations (for Cochin port; Martin et al., 2012). 
From the observation made, it is apparent that the diversity indices of 
dinocysts form useful environmental proxies. 

Additionally, dinocyst taxa composition responses is different for 
eutrophicated systems (Price et al., 2017). For instance, in regions like 
Sishili Bay, Yellow Sea-China (Liu et al., 2012), British Columbia- 
Canada (Radi et al., 2007; Krepakevich and Pospelova, 2010), North-
east Pacific margin (Radi and de Vernal, 2004), Tokyo Bay-Japan 
(Matsuoka et al., 2003), and Northern Gulf of Mexico, (Price et al., 
2018), the heterotrophic dominance of dinocyst taxa like Arch-
aeperidinium minutum, Brigantedinium spp., Polykrikos kofoidii, and Pro-
toperidinium leonis are known to reflect nutrient availability and changes 
in eutrophication. Usually, in coastal waters, heterotrophic di-
noflagellates increase has referred to indicators for eutrophic environ-
ments (Dale et al., 1999; Matsuoka, 1999; Dale, 2009; Price et al., 2018). 
In our study, more cysts were observed at medium and high eutrophi-
cation levels. Still, instead of heterotrophic autotrophic forms were the 
dominant (Fig. 5a) suggesting that former need not always be dominant 
in the eutrophic system, as observed in Cochin and New Mangalore 
ports. The dominance of autotrophic forms observed for most of the year 
in Cochin and New Mangalore ports were in contrast with other studied 
regions in the northern sector along the Indian coast, i.e., Mumbai port 
(northwest coast), Goa port (central west coast), and Visakhapatnam 
port (Northeast coast) (D'Costa et al., 2008; D'Silva et al., 2012). This 
dominance of autotrophic cysts does signify its higher planktonic pro-
duction (Dale, 1983; Anderson et al., 1995; Joyce et al., 2005) and are 
reflected in this study. The planktonic dinoflagellate data for Cochin 
port (Rodrigues et al., 2019) and New Mangalore port (Rath et al., 2018) 
also showed the prevalence of autotrophs than heterotrophs. Such 
dominance is because of the changes driven by monsoon events (e.g. 
nutrient-rich freshwater influx, the influence of upwelled water; Verle-
car et al., 2006; Harnstrom et al., 2009; Madhu et al., 2010a and Madhu 
et al., 2010b), which fuels phytoplankton production compared to the 
other studied regions on the northern side. While in the Kandla port, the 
dominance of the heterotrophic form was observed as they can tolerate 
broader salinity stress (Shin et al., 2010, 2011). Thus, in Kandla port, the 
high suspended load, along with the low chlorophyll levels, could be 
attributed to heterotrophic dominance (Table 1). Further, the presence 
of the relatively high abundance of indicator taxa for eutrophic such as 
Pentaspharsodinium dalei, Lingulodinium polyedra, Polykrikos kofoidii/ 
schwartzii, and the number of Protoperidinium species do emphasize that 
the Cochin, New Mangalore, and Kandla port are eutrophic (Dale et al., 

1999; Pospelova et al., 2005; Radi et al., 2007; D'Silva et al., 2013; Price 
et al., 2018). Furthermore some of the dinocyst (such as Bitectatodinium 
spongium, Gonyaulax digitalis, Gymnodinium microreticulatum, Polykrikos 
kofoidii, P. schwartzii, and Protoperidinium stellatum) were relatively 
morphologically smaller in this study than available reports from other 
regions (Table 1) suggesting further investigation to delineating influ-
encing factors. Nevertheless, the dominance of the dinocyst (Proto-
peridinium leonis, Protoperidinium conicum, Protoperidinium pentagonum, 
Gonyaulax spinifera complex, Lingulodinium polyedra, and Pyrophacus 
steinii) in the sediments of the complex port ecosystem will add infor-
mation to a growing body of knowledge on dinoflagellate distribution 
patterns (Marret and Zonneveld, 2003; Zonneveld et al., 2013) but also 
as an indicator of water quality. 

5. Conclusion

This study provides an overview of dinoflagellate cyst assemblage
(including new records and HAB species) with respect to trophic index 
(TRIX) for eutrophication from the major ports located on the west coast 
of India. The findings suggested that the dinoflagellate cyst abundance 
and species number showed a decreasing trend with respect to the 
geographical location of the ports (i.e., from south to north). Interest-
ingly, the cyst abundance, species number, and the number of HAB 
species were highest in highly eutrophicated (Cochin) port followed by 
medium (New Mangalore) and low (Kandla) eutrophicated ports. The 
dominance of autotrophs in eutrophicated Cochin and New Mangalore 
port confirms that heterotrophs need not always be dominant and this is 
in contrast to offshore regions where heterotrophs such as Proto-
peridinium tend to be dominant. However, more data points are required 
to ascertain heterotrophs dominance in the offshore location along the 
Indian coasts. Furthermore, the relatively high indicator cyst taxa (Lin-
gulodinium, Polykrikos, and Protoperidnium spp.) confirm a eutrophic 
system. Additionally, the investigation records six new species, 
including a potential HAB species in the dinocyst checklist from the 
region. This study demonstrates the utility of dinoflagellate cyst 
assemblage (species numbers, fisher's α index, and indicator species) as 
potential indices for eutrophication in monsoon-influenced ports sys-
tems. Cyst assemblages also emphasize greater HAB risks in the high 
trophic index ports (Cochin and Mangalore) than the low trophic index 
port (Kandla) under favorable conditions. 
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Table 4 
Comparison of dinoflagellate cyst species richness and diversity along the Indian coast and other regions.  

Region No. of species Diversity Species richness Pollution based on diversity Reference 

Shannon- 
Weiner 

Fisher's index 

Kandla Port, West coast of India  15 0.6–1.3 0.2–2.6 1–4 Moderate to high Present study 
New Mangalore Port, West coast of India  33 0.6–2.2 0.3–3 1–14 Moderate to high Present study 
Cochin Port, West coast of India  35 0.5–2.6 0.3–2.8 2–18 Moderate to high Present study 
Cochin Port, West coast of India  29 1.6–2.5 – – Low to moderate D’Silva et al., 2011 
Mumbai Port, West coast of India  32 1–2.6 – – Low to moderate D’Silva et al., 2011 
Goa Port, West coast of India  35 0.5–2.5 – – Moderate to high D’Silva et al., 2011 
Vishakapatnam Port, East coast of India  28 0.4–2.4 – – Moderate to high D'Silva et al., 2012 
Buzzards bay, Massachusetts, East coast of USA  37 – 3.5–6.4 12–26 Low Pospelova et al., 2005 
Bolinao, Pangasinan, West coast of Philippines  34 0.8–2.5 0.6–3.7 3–15 Moderate to high Baula et al., 2011  
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