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ABSTRACT 

In order to trace the history of dinoflagellate cyst assemblages and provide new insights in to Harmful 

Algal Bloom (HAB) dynamics in monsoon–influenced tropical environments, sediment cores were 

collected from four different coastal locations along the west coast of India. The naturally occurring 

radionuclide 210Pb activity in the sediment samples were measured; and subsequently the 

sedimentation rates (SRs) and ages were modeled. The SRs ranged from 0.15 ± 0.01 to 2.80 ± 0.38 

cm/yr and provided coverage of time period spanning between 21 and 145 yrs. Cysts of potential 

harmful dinoflagellates (Gonyaulax spinifera, Lingulodinium polyedrum, Protoceratium reticulatum and 

Scrippsiella trochoidea) were observed to be present earlier than the 20th century. Among the four 

sediment cores, significant temporal variations in cyst abundance were observed in the sediment core, 

off Mangalore. Two of the cores from off Mangalore and Cannanore were dominated by autotrophic 

cyst assemblages (Gonyaulax membranacea and Gonyaulax spinifera) in the deeper sediment 

sections. However, the upper sediment sections were dominated by heterotrophic forms. Temporal 

shifts in cyst assemblages from autotrophic to heterotrophic dinoflagellates in the Mangalore core 

coincided with high deposition of shells; carbon analyses (δ13Corg and Corg:N ratio) revealed shifts in 

organic matter type from terrestrial to marine source. The terrigenous input in this region, influenced by 

the monsoonal variations, can thus affect dinoflagellate assemblage structure and lead to changes in 

ecosystem functioning.  
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1. Introduction 

Dinoflagellates are a highly diverse group of flagellates, consisting of both photosynthetic 

(autotrophic) and non–photosynthetic (heterotrophic) taxa in equal proportions (Taylor, 1987). They 

form an important component of phytoplankton communities, contributing to toxic and Harmful Algal 

Blooms (HABs) (Anderson, 1989; Hallegraeff, 1993). About 10 % of the 2000 identified dinoflagellate 

species (Taylor, 1987) produce cysts (Head, 1996). These cysts, prevalent in the sediment bed, can 

provide basis for onset of blooms during favorable conditions.  

The distribution of dinoflagellate cysts (referred further in the text as dinocysts) represents an 

integrated record of planktonic assemblages over time and space, and is an archive of past 

environmental changes. Dinocysts are composed of dinosporin (Fensome et al., 1993), a 

biomacromolecule that is refractory towards degradation. This resistance facilitates their high 

preservation potential and long sedimentary record. Dinocysts have the potential to be preserved in the 

sediments for a much longer time than only decades (Belmonte et al., 1995). Thus, they can provide a 

historical account of their past occurrence and potentially their bloom history.  

With increasing awareness about the global expansion of HABs, information on dinocyst 

distribution in the sediment cores can provide significant insights to HAB dynamics in the region. Earlier 

studies have provided evidence for occurrence of harmful/toxic cyst species during a particular time 

period through dating of the sediment cores; for example Pyrodinium bahamense var. compressum in 

Manila bay (Furio et al., 1996; Siringan et al., 2003); and Gymnodinium catenatum in Tasmanian 

waters (McMinn et al., 1997) and harbors of New Zealand (Irwin et al., 2003). India being a maritime 

country having ~7,500 km coastline reported several HAB incidents (Karunasagar et al., 1984; Segar 

and Karunasagar, 1989; Karunasagar et al., 1998; Iyer et al., 2008; Silas, 1982). Reports from the 

recent past indicated that the coastal waters of India are also susceptible to ship–mediated bioinvasion 

(Anil et al., 2002). In fact, bioinvasion is recognized as one of the vectors for global expansion of HABs 

to other parts of the world (Hallegraeff, 1998; Blackburn et al., 2001; Marangoni et al., 2001). Apart 

from this, the study area is influenced by South–West (SW) monsoon and upwelling. The potential of 

SW monsoon to influence the dinoflagellate community and shifts in dominance has been observed in 

Mumbai port, west coast of India (D’Costa et al., 2008). Naturally occurring seasonal enrichment in 

nutrients has been reported along the west coast of India where upwelling during the SW monsoon 

results in high nutrient conditions triggering high primary production (de Sousa, et al. 1996; Naqvi et al. 

2000). However, previous dinocyst studies carried out along the west coast of India have investigated 
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only the surface sediments where dinocyst assemblages were mainly dominated  by heterotrophic 

forms (Godhe et al., 2000; Patil, 2003; D’Costa et al., 2008; D’Silva et al., 2011).  

Therefore, the present study was motivated by the lack of information on temporal/long–term 

changes in dinocyst assemblages from the Indian region. Sediment cores were collected from four 

different coastal locations (Goa, Karwar, Mangalore and Cannanore) for analyses of dinocysts.The 

naturally occurring radionuclide 210Pb activity in sediment samples were measured; and subsequently 

the sedimentation rates and ages were modeled. Additionally, geochemical analysis of the organic 

(Corg) and inorganic carbon content (CaCO3), isotopic nature (δ13Corg) and organic carbon: total nitrogen 

(Corg:N) ratio was also carried out to identify the origin and nature of the organic matter preserved in the 

sediment. The aims of the present study were to elucidate (1) the temporal variations in dinocyst 

assemblages and (2) the probable causes for shifts in dinocyst assemblages. 

2. Materials and methods 

2.1. Environmental settings and characteristics of the study area 

The study area is situated on the eastern side of the Arabian Sea (refer to Fig. 1). The western 

continental shelf of India varies in width from 130 km in the north to 60 km in the south. The general 

continental drainage along the west coast of India is characterized by small rivers and streams that 

drain into the Arabian Sea. Rivers like Sal in Goa, Kalinadi in Karwar, Netravati in Mangalore and 

Valapattanam in Cannanore flow across the coastal plain, most of which are estuarine for the greater 

part of their length (Nair et al., 1978). Two distinct sediment types occur on the shelf, clastic clays on 

the inner shelf and relict sands on the outer shelf (Nair and Pylee, 1968). The surface currents along 

the west coast of India reverse every six months. During summer or SW monsoon (June–September), 

the West India Coastal Current (WICC) flows equatorward in the direction opposite to the wind. The 

local winds are upwelling favorable (Shetye et al., 1990); they commence from the SW coast of India 

during May and gradually propagate towards the north with decreasing intensity, well after the collapse 

of SW monsoon winds during September/October (Shetye et al., 1985; Banse, 1968). The SW 

monsoon coupled with upwelling brings cold, nutrient–rich waters from a few hundred meters depth to 

the surface and fuels biological productivity in the euphotic zone. Due to high biological productivity, the 

intermediate water gets depleted of oxygen creating hypoxic conditions during September–October 

(Naqvi et al., 2000). This region is also profoundly influenced by the SW monsoon rainfall. The heaviest 

rainfall occurs along the central west coast (around 13–14 ⁰N latitude) decreasing northward to < 1000 

mm y–1 along the Gujarat coast (north of Mumbai) and more gently towards the south (~ 2500 mm y–1 at 
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Trivandrum). During the winter period from November to January with reversal in surface currents 

(WICC), this process is reversed and associated with downwelling and well–oxygenated conditions 

over the shelf. The west coast of India is also characterized by low nutrient conditions and higher sea 

surface temperatures during February to May period. 

2.2. Sediment sampling 

Sampling was carried out at four coastal locations along the west coast of India during cruises 

onboard the Coastal Research Vessel (CRV) Sagar Sukti (cruise numbers: SaSu–89 and SaSu–125). 

The sampling locations were located on the inner shelf region off Goa (G1), Karwar (K1), Mangalore 

(M1) and Cannanore (Cn1) (Fig.1).  

Sediment cores were collected with a gravity corer having an inner diameter of 63 mm (details of cores 

given in Table 1). Utmost care was taken to collect the core tops and no visible disturbance features 

were seen on hauling up the sediment cores. The cores were immediately sectioned at 2 cm intervals 

up to 50 cm and then further at 5 cm intervals for the rest of the core. The outer edge of the sediment 

was scooped carefully to remove material possibly smeared by the core barrel. Thus, only the inner 

portion of each sectioned sample was collected and stored in airtight plastic bags at 4 oC in the dark 

until further analyses. 

2.3. Estimation of sedimentation rate and age of the sediment core 

210Pb activities of dried and powdered samples of sediment cores were analyzed indirectly by 

measuring the activity of its granddaughter 210Po (half life = 138.4 d) which is in radioactive equilibrium 

with 210Pb (half life = 22.3 yrs) using alpha–spectroscopy. The 210Pb activity decreases with increasing 

depth, reaches a depth where there is no further decay observed and the activity values remain steadily 

low and assumed to be parent supported activity except for G1 core. The activity of excess 210Pb 

(210Pbexc) in the sediment section is estimated from the relation:  

210Pbexc  =  210Pbtotal – 210Pbsupported 

where 210Pbtotal is the total 210Pb activity measured in the sample and 210Pbsupported is the average of 
210Pbtotal activities of steadily low values in deeper sections of the cores. 210Pbsupported is assumed to be in 

radioactive equilibrium with 226Ra; the values are given in Table 2.  This method is generally adopted 

when the parent 226Ra is not measured (Kamaruzzaman and Ong, 2008). Since, the dating horizon 

(near constant values) was not reached at the end of G1 core, 226Ra activity was measured in four 

samples from different depths by high resolution gamma spectroscopy using HPGe detector at Physical 
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Research Laboratory (PRL), Ahmedabad–India and the average of these values was used to compute 

the  210Pbexc activity. 

Further, the 210Pbexc profiles were normalized to aluminum (Al) content (used as a clay content 

proxy) so as to minimize the possibility of grain size effect (Somayajulu et al., 1999). Al content was 

determined using X–ray Fluorescence (XRF) spectrometry (AXIOS® of PANalytical). The error on Al 

measurements is ± 5 %. The 210Pbexc and Al–normalized 210Pbexc activities were plotted logarithmically 

against sediment depth for the four sediment cores (Fig. 2a–d) and showed an exponential decrease 

with depth, which is due to radioactive decay with time. The sedimentation rates (SRs) were estimated 

from the depth profile of 210Pbexc  and Al–normalized 210Pbexc activities following the Constant Initial 

Concentration (CIC) model (Koide et al., 1972; Krishnaswami and Lal, 1978). The SR errors were 

calculated using Williamson bivariate program (Williamson, 1968).  Assuming the core top to represent 

the year of collection (Table 1), the sediment age (calendar year) was calculated by dividing the mean 

depth of the sediment interval by SR.  

In addition, an attempt was made to use radiocarbon (14C, half life = 5,730 yrs) measurements. 

Since the sediment samples had insufficient number of foraminifera for measurements, organic matter 

was used for 14C dating by Accelerator Mass Spectrometry (AMS).This was carried out on six 

carbonate–free sediment samples (K1 core: 70–75 cm and 100–105 cm; M1 core: 70–75 cm and 125–

130 cm; Cn1 core: 46–48 cm and 90–95 cm) at Beta Analytic Inc, Miami, Florida (USA). The reservoir 

effect has been considered in the calculation and calibration of the estimated radiocarbon ages by 

IntCal 2004 Programme (Talma and Vogel, 1993; Reimer et al., 2004). 

2.4. Dinocyst sample processing and analysis 

For dinocyst studies, samples (approx. 2 g) were processed following the palynological method of 

Matsuoka and Fukuyo (2000) which included acid digestion by HCl (10 %) and HF (40 %), sonication 

and sieving (10 μm). Aliquots of 0.5–1 mL of processed samples (10 mL) were taken in a petridish (3.8 

cm diameter) and observed under an inverted microscope (Olympus IX 71) equipped with a camera at 

magnifications of 100, 200 and 400 times. The cysts were identified based on descriptions published in 

literature (Wall and Dale, 1968; Bolch and Hallegraeff, 1990; Lewis, 1991; Nehring, 1997; Sonneman 

and Hill, 1997; Lewis et al., 1999; Godhe et al., 2000; Matsuoka and Fukuyo, 2000; Wang et al., 2004; 

Orlova et al., 2004; Rochon et al., 2009; Matsuoka et al., 2009). When species–level identification was 

not possible, identification was done at genus level.  
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A part of the sediment sample (approx. 1 g) was weighed in wet condition and then dried in an 

oven at 70 ⁰C for 2–3 days to measure the water content. Cyst abundance was calculated as cysts/g 

dry sediment using the following formula (Matsuoka and Fukuyo, 2000): N/W (1– R), where N is the 

counted cyst number, W is the weight of the observed sediment and R is the proportion of water 

content of the sediment. 

For Scanning Electron Microscopy (SEM), the cysts were individually picked, fixed in 10 % 

formalin, washed in distilled water and then mounted on Nucleopore polycarbonate filters (3 μm). 

These were dehydrated in increasing concentrations of ethanol series and freeze dried. The filters were 

mounted on stubs, sputter coated with gold and examined with a JEOL, JSM 5800 LV field emission 

scanning microscope. 

2.5. Carbon analyses (Corg/TIC, TN, δ13Corg, Corg:N, CaCO3) 

The total carbon (TC) and total nitrogen (TN) content of 7–8 mg of dried, crushed and 

homogenized sediment samples were determined with a Carbon–Nitrogen–Sulphur (CNS) elemental 

analyser (CE instruments NCS 2500). The accuracy of the analyses was 0.02 % for TC and 1.2 % for 

TN using BBOT [2, 5–Bis (5 – tert–butyl–benzoxazol–2–yl) thiophene] standard. The reproducibility of 

the measurements was ± 0.1 %, checked by running replicates of samples.  

Total inorganic carbon (TIC) content was analyzed by using a CO2 Coulometer (CM 5014) following 

acidification of samples and CO2 extraction. The accuracy of analysis for calcium carbonate (CaCO3) 

standard was 2 % and the reproducibility of the measurements was ± 0.5 % for samples. Total organic 

carbon (Corg) content was obtained as the difference between total and inorganic carbon (Corg = TC – 

TIC). To express TIC as a percentage of CaCO3, the following equation was used: CaCO3 (%) = TIC x 

8.33. Based on total organic carbon (Corg) and total nitrogen (TN) values, the Corg:N ratios were 

calculated for the samples and expressed as molar ratios. 

Prior to isotopic analysis, sediment samples were acidified with 1N HCl and carbon (δ13 Corg) 

isotopic compositions analyzed with Thermo Finnigan Delta V plus Isotope Ratio Mass Spectrometer 

coupled with the elemental analyzer. The precision of the analysis was 0.3 % for δ13 Corg using sucrose 

as standard. The reproducibility of the measurements of a replicate sediment sample for δ13 Corg was ± 

0.1 %. 

The Corg:N and δ13Corg ratios were used to characterize organic matter sources in the sediment 

samples. The amount and type of organic matter in sediment reflect the supply and preservation of 
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organic matter from marine and terrigenous sources. Corg:N ratio < 10 is considered to be indicative of a 

marine source (Parsons, 1975) whereas for terrestrial organic matter, it varies from 20 to 200 (Hedges 

et al., 1986). The δ13Corg of marine origin record values of –18.5 to –21.5 ‰,  reflecting the heavier  

isotopic signature of marine organic matter whereas  lighter δ13Corg values (–25  to –29.3 ‰) reflect the 

organic matter from terrestrial C3 plants (Sackett, 1989; Tyson, 1995). 

2.6. Rainfall data 

The rainfall data was downloaded from the website (www.tropmet.res.in) of the Indian Institute of 

Tropical meteorology (an autonomous body under the Ministry of Earth Sciences, Government of 

India). 

2.7. Data analysis 

The downcore variations in species composition based on relative abundance of dinocysts in 

sediment cores were plotted as pollen diagrams using POLPAL 2004 program version 2009 (Nalepka 

and Walanus, 2003).  

 3. Results 

3.1. Sedimentation rate and estimated age 

The results of Al content, 210Pbtotal
  and 210Pbexc activities are shown in Table 2. The error quoted is 

1 sigma (68 %) due to counting statistics and the errors are propagated (Fig. 2). Downcore profiles of 
210Pbexc and Al–normalized 210Pbexc have shown that the activities decreased exponentially with 

increasing depth (Fig. 2). Therefore, SRs were calculated from both the profiles for the four cores (Fig. 

2). Since Al content in the sediments varied only marginally with depth, both the 210Pbexc and the Al–

normalized 210Pbexc profiles were nearly similar except for G1 core suggesting that the influence of 

lithological variation on 210Pbexc activity is minimal. However, the SRs derived from Al–normalized 
210Pbexc data has been used for interpretation throughout the paper. Assuming a constant SR, the 

apparent ages (calendar year) were assigned to sediment depths which are within the dating limits of 
210Pbexc method (Table 3).  

  Among the four cores dated, G1 core has the highest SR of 2.80 ± 0.38 cm/yr (Fig. 2a) and thus 

the youngest (1982–2003 AD) with a time span of only 21 yrs. The 226Ra activities were measured for 

G1 core as the dating horizon was not reached (Fig. 2a). The measured 226Ra activities in four 

sediment samples analyzed were 1.51 ± 0.11 dpm/g (sediment depth: 21–26 cm), 1.69 ± 0.13 dpm/g 
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(sediment depth: 31–41 cm), 1.48 ± 0.12 dpm/g (sediment depth: 51–61 cm) and 1.55 ± 0.12 dpm/g 

(sediment depth: 61–68 cm) respectively. Therefore, for computing the 210Pbexc activity in G1 core, 
226Ra activity of 1.56 ± 0.12 dpm/g (average value) measured was used. In K1 core, the upper 5 cm of 

the core showed a constant activity or plateau and this could be due to mixing or bioturbation which is a 

common phenomenon (Erten, 1997; Smith and Schafer, 1984). Alternatively, addition of recent 

transported material with deficient 210Pb activity could have diluted the activities in the top 5 cm. 

Therefore, these two points are not considered for computing the sedimentation rate for this core (Fig. 

2b). The remaining part of the K1 core (5 to 16 cm) shows a gradual decrease in 210Pbexc activity with 

depth and the estimated SR for this portion of the core is 0.09 ± 0.01 cm/yr (Table 1, Fig. 2b). The base 

of 16 cm of K1 core dates back to 1856 AD (Table 3) and covering a record of 145 yrs. For M1 core, 

the top 14 cm shows a gradual decrease in Al–normalized 210Pbexc activity with depth and the estimated 

SR is 0.33 ± 0.04 cm/yr (Table 1, Fig. 2c). Beyond 14 cm, there appears to be a drop in activity 

indicating a possible change in SR. Therefore, the last point (16–18 cm) has not been considered in 

deducing the rate for this segment of 14 to 18 cm (Fig. 2c). Therefore, the calendar year (AD) was 

assigned to M1 core upto 14 cm (Table 3) which corresponds to 1962 AD and covers a record of 43 

yrs. For Cn1 core, a SR of 0.15 ± 0.01 cm/yr (Table 1) was estimated from the upper 10 cm of the core 

(Fig. 2d) and the base of 10 cm correspond to 1950 AD and provide a record of 54 yrs (Table 3).  

The AMS based 14C ages of organic matter ranged from 390 AD to 820 BC. The AMS 14C 

estimated ages of organic matter in sediment cores K1, M1 and Cn1 were much older than the 210Pbexc 

derived ages in the corresponding bulk sediment. The older ages derived by 14C may be due to 

incorporation of ancient carbon during deposition (Zárate–del–Valle et al., 2011). Therefore, AMS 14C 

dates of organic matter were not used for computing the ages of the cores. Similar discrepancy in ages 

obtained by 210Pb and 14C methods was also reported by Kurian et al. (2009) in their study from the 

western continental shelf of India.  

3.2. Dinocyst assemblage 

A total of 36 taxa of dinocysts (17 autotrophic and 19 heterotrophic forms) were identified from the 

four sediment cores (Table 4). The cyst abundance ranged from 71 to 19880 cysts g–1 dry sediment. 

Based on downcore variations in cyst abundance, the cores were categorized into different zones (Fig. 

3a–d). An increase in cyst abundance was recorded in upper part of G1 (Zone 3) and K1 (Zone 2) 

cores (Fig. 3a and b). Significant changes in cyst abundance were observed in M1 core where two 

zones were clearly demarcated. Zone 1 (sediment interval from 125–130 cm to 38–40 cm) recorded 

very high cyst abundance of 3684–19880 cysts/g dry sediment. Three peaks of high cyst abundance 
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(19880, 17750 and 18964 cysts/g dry sediment) were observed at sediment sections 100–105 cm, 90–

95 cm and 46–48 cm in Zone 1 respectively (Fig. 3c). A drastic reduction in cyst abundance (345 

cysts/g dry sediment) was observed at 34–36 cm sediment interval. Subsequently, the Zone 2 

(sediment interval from 30–32 cm to 0–1 cm) above this layer (34–36 cm) recorded low to moderate 

cyst abundance (177–676 cysts/g dry sediment) (Fig. 3c). In Cn1 core, the cyst abundance was higher 

(393–1039 cysts/g dry sediment) in the lower part of the core (Zone 1, sediment interval from 95–100 

cm to 70–75 cm) as compared to Zone 2 (sediment interval shallower than 70 cm) that recorded low 

cyst abundance (63–438 cysts/g dry sediment) (Fig. 3d).  

Further, the dinocyst assemblages were classified into autotrophic and heterotrophic forms based 

on their mode of nutrition and their abundances are presented in Fig. 3(a–d). Cysts of heterotrophic 

dinoflagellates dominated throughout the cores G1 and K1 (Fig. 4a, b). Among the heterotrophic 

dinoflagellates, cysts of Protoperidinium latissimum, Protoperidinium oblongum and Protoperidnium 

leonis were the most dominant forms (Fig. 4a,b). In M1 core, autotrophic cyst forms dominated the cyst 

assemblages (60–85 %) in Zone 1(sediment interval from 125–130 cm to 26–28 cm) (Fig. 5a). 

Gonyaulax membranacea was the major contributor to the autotrophic cyst assemblages (Fig. 5a). 

From sediment interval 18–20 cm, there was a major shift in dinocyst assemblages from autotrophic to 

heterotrophic forms. The heterotrophic forms contributed 53–90 % to total cyst assemblages in upper 

part of the core (Zone 2, sediment interval from 18–20 cm to 0–1cm) and were dominated by 

Protoperidinium latissimum, Protoperidinium leonis, Protoperidinium oblongum and Protoperidinium cf. 

pentagonum (Fig. 5a). In Cn1 core, autotrophic dinoflagellates dominated the cyst assemblages (41–76 

%) at sediment interval from 95–100 cm to 65–70 cm; the major contributors were Gonyaulax 

scrippsae, Gonyaulax spinifera and Pyrophacus steinii (Fig. 5b). From shallower depths of 65 cm 

onwards in Cn1 core, the cyst assemblages were dominated by heterotrophic dinoflagellates 

(Protoperidinium latissimum, Protoperidinium oblongum, Protoperidinium spp. and Zygabikodinium 

lenticulatum). 

The cyst assemblages were further looked into from the HAB perspective. Among the 36 identified 

cyst species, 7 potential HAB species (Matsuoka and Fukuyo, 2000 and references therein) were 

recorded from the four sediment cores. Alexandrium affine and Alexandrium minutum cysts (potential 

Paralytic Shellfish Poisoning producers–PSP) were traced in the upper few centimeters (less than 5 

cm) of K1 and M1 core that corresponding to their presence in recent years i.e. 1961 and 1999 AD 

respectively (Figs. 4b, 5a). Potential yessotoxin producers such as cyst of Gonyaulax spinifera, 

Lingulodinium polyedrum and Protoceratium reticulatum were recorded in the four cores (Figs. 4, 5). 

Cyst of Gonyaulax spinifera were recorded in almost the entire length of the cores G1, K1 and Cn1 
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(Figs. 4a, b and 5b) whereas cysts of Lingulodinium polyedrum and Protoceratium reticulatum were 

reported occasionally in the cores (Figs. 4, 5). Cysts of Cochlodinium cf. polykrikoides (blooms cause 

fish mortality) were recorded in cores G1 (2000 AD), M1 (< 1950 AD) and Cn1 (1964 AD). Cysts of 

Scrippsiella trochoidea (blooms cause fish mortality) were also recorded in the four cores as commonly 

occurring HAB form for almost the entire length of the core (Figs. 4, 5). 

Among the calcareous cysts, Scrippsiella trochoidea was commonly recorded whereas Scrippsiella 

trifida was rare in occurrence in the sediments. It is well known that calcareous cysts are affected by 

palynological methods using acids; the outer calcareous spines dissolve with acids, leaving a thin inner 

organic layer (Head et al., 1996; Head et al., 2006). However, cysts of Scrippsiella trochoidea (Fig. 

7c1–2) and Scrippsiella trifida (Fig. 7d) were observed in processed samples with CaCO3 spines, even 

after acid treatment. As the number of cysts of Srippsiella encountered in this study was few, its 

influence on total cyst abundance can be considered minimal. Other cyst species such as Alexandrium 

affine and Cochlodinium polykrikoides were also encountered in the samples and not affected by acids 

(Fig. 7a–b2). 

3.3. Carbon analyses (Corg,TIC, TN, δ13
Corg, Corg:N, CaCO3) 

For G1, K1 and Cn1 cores, the organic carbon (Corg) and CaCO3 content did not show much 

variation; values ranged from 1.25 to 3 % and 2.43 to 22.34 % respectively (Fig. 3e, f, h, m, n, p). 

Based on δ13Corg and Corg:N ratios in  G1 and K1 cores  point to a marine source of organic matter (Fig. 

3e, f, i, j).  

For M1 core, the Corg content increased from lower to upper part of the core (Fig. 3g). The δ13Corg 

and Corg:N ratio values indicated a strong supply of terrestrial organic matter in Zone 1(sediment 

interval from 125–130 cm to 38–40 cm), whereas, in upper part (Zone 2, sediment interval from 34–36 

cm to 0–1 cm) of the core, there was increased input of marine organic matter (Fig. 3g, k). A shell layer 

was present in M1 core at sediment interval from 38–40 cm to 22–24 cm (Fig. 3o). This layer 

contributed to higher CaCO3 content (20–61 %) with two maximum peaks recorded at sediment 

intervals 34–36 cm and 30–32 cm (Fig. 3o). This high content of CaCO3 was mainly due to massive 

deposition of broken shell pieces of bivalves, gastropods, scallops and tusk shells.  

The δ13Corg and Corg:N ratios indicated that the lower part of the Cn1 core (Zone 1) comprised of 

organic matter from a terrestrial source whereas the upper part of the core (Zone 2) from a marine 

source (Fig. 3h, l). The CaCO3 content in the Cn1 core was higher (14.25–22.24 %) at sediment 

intervals 8–9 cm and 6–7 cm (Fig. 3p). 
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4. Discussion 

4.1. Sedimentation rate and estimated age 

210Pbexc derived SRs were found to vary between 0.09 ± 0.01 cm/yr and 2.80 ± 0.38 cm/yr along the 

west coast of India. At the coastal location off Goa, highest SR of 2.80 ± 0.38 cm/yr was recorded in G1 

core (Fig. 2a). The G1 core was sampled from a shallower area (total water depth of 19 m) and located 

in proximity of River Sal. The other 3 cores were sampled from water depths ranging from 29 to 33 m 

and showed comparatively lower SRs ranging from 0.09 ± 0.01 to 0.33 ± 0.04 cm/yr (Fig. 2b–d). In 

M1core (off Mangalore), a SR of 0.33 ± 0.04 cm/yr was determined for upper part (0–14 cm) of the core 

(Fig. 2c) and thereafter indicating a possible change in SR due to presence of shell layer. Sediment 

cores K1 and Cn1 had comparatively lower SRs of 0.09 ± 0.01 cm/yr and 0.15 ± 0.01 cm/yr 

respectively. Borole et al. (1982) have reported a high clay accumulation rate of 1.9 cm/yr at the 

mouths of Narmada and Tapti rivers in Gulf of Cambay. It was observed that the clay accumulation rate 

decreased from 1.9 cm/yr at Narmada and Tapti river mouths (the main source of terrigenous matter) to 

1.8 mm/yr towards the deeper water regions of the shelf (Borole et al., 1988 and references therein). 

These variations in SRs may be influenced by their distance to river mouths and variable alongshore 

currents along the western continental margin of India.  

The dating of sediment cores by 210Pb method provided coverage of time period spanning between 

21 and 145 yrs. The G1 core was the youngest with time span of 21 yrs (2003–1982 AD), whereas 

cores M1 and Cn1 provided time coverage of 43 yrs (2005–1962 AD) and 54 yrs (2004–1950 AD) 

respectively. The K1 core provided much longer time coverage of 145 yrs (2001–1856 AD). The ages 

(calendar year) were assigned for the sediment depths where actual 210Pbexc values were determined, 

avoiding extrapolation to the lower part of the cores. The downcore variations beyond the assigned 

ages are described with respect to sediment depths only. 

4.2. Possible influence of monsoon/terrestrial input on cyst assemblages 

Temporal variations in dinocyst abundance were observed in the four cores sampled; abundance 

ranged from 71 to 19880 cysts/g dry sediment. G1 and K1 core showed an increasing trend in cyst 

abundance in the upper part of the core (Zone 2) whereas in M1 and Cn1 core, higher cyst abundance 

was recorded in the lower part of the core (Zone 1). Overall, maximum temporal variability in dinocyst 

abundance was observed in M1 core (Fig. 3c). The Zone 1 (sediment interval from 125–130 cm to 38–

40 cm) in M1 core recorded higher abundance of dinocysts (3684–19880 cysts/g dry sediment); these 

numbers drastically reduced from 34–36 cm onwards. This drastic reduction in cyst abundance could 
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be possibly due to two reasons. Firstly, the core section 34–36 cm consisted of high deposition of 

broken pieces of shells (bivalves, gastropods, scallops and tusk shells) (Fig. 3o). This shell layer might 

represent a storm layer or sudden mass movements that have resulted in deposition of shells from 

intertidal areas. These broken shells could have acted as a barrier for the resuspension or rejuvenation 

(revival of cyst to vegetative form) of cysts leading to reduction in subsequent cyst deposition. The 

second reason could be due to variations in the supply of organic matter (marine or terrestrial sources) 

that caused resultant changes in nutrient availability. This change of organic matter source is further 

identified and supported by δ13Corg values and Corg:N ratios. The major source of organic matter 

supplied for the sediments between 125–130 cm and 38–40 cm  was from terrestrial input and then 

subsequently shifted to marine source from 34–36 cm onwards (Fig. 3g, k).  

The input of terrigenous organic material to the Arabian Sea can be related to monsoon intensity 

and varies on a regional scale across the Arabian Sea (Sirocko, 1989). The SW monsoon period from 

June–September is the main source of climatic variation in the investigated area.  This leads to 

considerable input of nutrients through rainfall and land run–off/ riverine discharge (terrigenous 

sources) into coastal waters, which would then lead to reduced salinity and enriched nutrients (Qasim 

and Sen Gupta, 1981). The rivers in the study area are seasonal in nature with high discharge during 

SW monsoon. The area between 15 ⁰N and 20 ⁰N in the Arabian Sea during SW monsoon is mainly 

dominated by terrigenous organic matter that decreased from inner to offshore region along the 

western continental shelf of India (Sardessai, 1994), which is also observed in the Mandovi estuary, 

Goa (Maya et al., 2011).  

Over the years, the Asian sub–continent has experienced fluctuations in SW monsoon pattern. 

According to Anderson et al. (2002) and Pandey et al. (2003), the monsoon intensity was stronger 

during 1400–1500 AD, weaker monsoon during 1600 AD; and a pause/break in SW monsoon was 

reported during the time period ~1800 to 1900 AD. Based on all–India summer monsoon data, 19 major 

flood years and 24 major drought years were reported during the time period from 1871 to 2009 AD  

(Fig. 6a).  Such irregular events in terms of climate change can affect the supply of organic matter and 

cause disturbances in nutrient availability which in turn can result in cascading effects on population 

dynamics of dinoflagellates.  

Though the west coast of India is influenced by SW monsoon, regional differences in rainfall 

intensity were observed at the sampled locations (Fig. 6b). The monsoonal forcing or intensity was 

higher at Mangalore as compared to Goa–Karwar and Cannanore coastal locations (Fig. 6b). However, 

G1 and K1 cores did not depict a major monsoonal influence on cyst assemblages whereas minor 
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fluctuations were recorded in Cn1 core. Therefore, reduction in total cyst abundance (Fig. 3c) and shift 

in organic matter type (Fig. 3g, k)  in M1 core can be attributed to changes in magnitude and frequency 

of rainfall that caused alterations in nutrient input and in turn have affected their cyst production rate.  

4.3. Upwelling/Eutrophication 

The cyst assemblages in G1 and K1 core were mainly dominated by heterotrophic forms whereas 

in Cn1 core, autotrophic forms dominated for a short period of time. In the study region, biological 

productivity is mainly fuelled by coastal upwelling (Naqvi et al., 2006). This results in nutrient–enriched 

waters in the euphotic zone and triggers high primary production (de Sousa et al., 1996). Dominance of 

heterotrophic dinocysts was recorded in surface sediments investigated from the west coast of India 

(Godhe et al., 2000; D’Costa et al., 2008; D’Silva et al., 2011). Cyst assemblages dominated by 

heterotrophic dinoflagellates are found in areas of pronounced upwelling (Marret and Zonneveld, 2003 

and references therein; Pospelova et al., 2008). Therefore, abundance of heterotrophic dinocysts 

suggests nutrient–rich conditions (Harland et al., 2006). Heterotrophic dinoflagellates are known to feed 

on a wide variety of prey organisms such as diatoms, dinoflagellates, eggs and earlier naupliar stages 

of copepods (Jeong, 1994a, 1999; Sherr and Sherr, 2007). It has been observed that the coastal 

waters along the west coast of India are mainly dominated by diatom populations (Devassy and Goes, 

1988; Sawant and Madhupratap, 1996; Habeebrehman et al., 2008., Patil and Anil 2008; D’Costa and 

Anil, 2010) that may serve as prey organisms for heterotrophic dinoflagellates. According to Matsuoka 

(1999), increased diatom production was the reason for increase in heterotrophic dinoflagellates in 

Tokyo Bay whereas Dale (2001) attributed the increase to reduction in autotrophic forms due to 

reduced light penetration.  

A totally different scenario was observed in M1 core: (1) Drastic reduction in total cyst abundance 

and (2) shifts in cyst assemblages from autotrophic to heterotrophic forms. These variations observed 

in cyst assemblages from one region to another reflect localized influence in the study area. Alterations 

in nutrient input/concentrations can affect the cyst production rate of Gonyaulax membranacea 

(autotrophic dinoflagellate) and influence the composition of dinocyst assemblage. Thus changes in 

cyst population off Mangalore can also be related to anthropogenic influence. Saetre et al. (1997) 

recorded a similar situation in the Norwegian Fjord as in the case of M1 core. The basic signal recorded 

were (1) an overall reduction of cyst concentrations that was interpreted as possibly reflecting reduced 

phytoplankton production in response to pollution and (2) a proportional increase in cysts of 

heterotrophic species that was interpreted as possibly reflecting adverse effects of toxicity, light 

penetration, etc. especially  on autotrophic dinoflagellates including cyst–forming species. It has been 
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reported in other studies that strong eutrophication tends to increase heterotrophic dinoflagellates 

(Thorsen and Dale, 1997; Dale et al., 1999; Matsuoka, 1999; Dale, 2001; Dale, 2009). Matsuoka (1999) 

related the increase in cysts of heterotrophic species in Yokohama port, Tokyo Bay, Japan to the heavy 

impact of the prevalent sewage and industrial pollution. This was possibly interpreted as increased 

diatom production from increased nutrient loading, providing more prey that increased dinoflagellate 

production. Therefore, high proportion of cysts produced by heterotrophic dinofalgellates could, for 

example, indicate upwelling (Dale, 1996) or eutrophic (Matsuoka, 2001) conditions.  

The characteristic features of the study area such as upwelling and availability of prey organisms 

provide suitable conditions for dominance and prevalence of heterotrophic dinoflagellates. Cysts of 

heterotrophic dinoflagellate are common in highly turbulent upwelling areas (Marret and Zonneveld, 

2003). They may have adaptations to turbulence, turbulence sensing and migrational scattering to 

avoid turbulence can also help particular forms of dinoflagellates to maintain their indigenous 

population (Smayda, 2010).  Predominance of heterotrophic dinoflagellates (Protoperidinium) is of 

considerable importance in trophic dynamics. An increase in heterotrophic forms is known to cause 

increased grazing pressure on the phytoplankton population (Jeong, 1994b).  This, in turn, can affect 

higher trophic organisms and cause alterations in ecosystem functioning. 

4.4. Unusual high cyst abundance of Gonyaulax membranacea (=Spiniferites membranaceus) 

In this study, unexpected very high cyst abundance (3658–19778 cysts/g dry sediment) of 

Gonyaulax membranacea was recorded at sediment intervals from 125–130 cm to 46–48 cm, that 

contributed nearly 99 % to total cyst assemblages (Fig. 5a). The presence of large amount of empty, 

undamaged cysts of G. membranacea in M1 core probably indicates massive bloom events that must 

have occurred and therefore confirms bloom dynamics across a longer time scale in the coastal waters 

off Mangalore.  

G. membranacea is a transparent, spherical to ovoid cyst with gonal and/ or intergonal processes 

(Fig. 7 e1–4). They have a two layered wall; the periphragm has a granulated surface reminiscent of an 

orange peel whereas the endophragm is smooth. This cyst species has been recorded in temperate 

and tropical regions.  It forms a dominant part of cyst assemblages in coastal sediments in 

subtropical/tropical areas (Marret and Zonneveld, 2003 and references therein). High relative cyst 

abundance of  

G. membranacea are found in sediments of oligotrophic/mesotrophic environments and rarely observed 

in eutrophic areas. These cyst species can occur in relatively high abundance in low nitrate (< 10 μM) 
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and phosphate (< 1 μM) concentrations; and have not been observed from regions with sea surface 

salinity below 28.8 ppt (Marret and Zonneveld, 2003). The possible reason could be that the cysts were 

produced at Mangalore location during the non–monsoon season where nutrients were scarce. Given 

these aspects, the results of the present study indicate favorable environmental conditions prevailed in 

the past for high cyst production of G. membranacea. Whereas, increasing anthropogenic activities and 

climatic changes in the recent past can have a profound influence on the dinocyst assemblages and in 

turn might have affected the high cyst turnover rates of G. membranacea. 

Increase in human, agricultural and industrial activities can considerably stress the surrounding 

marine environment. Besides this, variations in rainfall patterns can also lead to changes in nutrient 

availability. Over the years, increased occurrence of monsoon breaks have been observed over the 

Indian sub-continent (Ramesh Kumar et al. 2009). Such changes can influence the ecosystem and alter 

the community structure. An in-depth study on the influence of such environmental changes on the 

ecology of dinoflagellates in very much needed. 

4.5. Potential harmful species  

Studies on dinocyst assemblages provided a historical account of potential harmful forms, with 

some well–preserved dinocysts prevailing for extremely long periods in sediments. Cysts of potential 

harmful dinoflagellates such as Gonayaulax spinifera, Lingulodinium polyedrum, Protoceratium 

reticulatum, and Scrippsiella trochoidea were found in sedimentary records. The preservation of PSP 

forms such as Alexandrium affine and Alexandrium minutum was lower in the sediment cores. 

Alexandrium cysts were recorded from 1961 AD in the sediment cores. Cysts of Cochlodinium 

polykrikoides were also reported from the sediment cores. An earlier HAB report from the west coast of 

India recorded Cochlodinium spp. (two species) in the coastal waters of Kerala in 1922 AD that caused 

discoloration of water (Hornell and Nayudu, 1923). In recent years (2001 AD), blooms of Cochlodinium 

polykrikoides were reported from coastal waters of Goa and coincided with massive fish mortality 

(O’Herald, 2001). Cysts of Gonayaulax spinifera, Lingulodinium polyedrum and Protoceratium 

reticulatum are recorded in the study area and known as potential yessotoxin producers. Earlier, 

Gonyaulax spinifera was not included in the harmful list, but recent studies have proved that Gonyaulax 

spinifera can be considered harmful as they are potential yessotoxin producers (Rhodes et al., 2006; 

Paz et al., 2008). Among the calcareous cysts, Scrippsiella trochoidea was commonly recorded 

whereas Scrippsiella trifida was rare in occurrence in the sediments. The preservation of all these 

harmful forms has helped us to reveal their presence from sedimentary records. The reporting of cysts 
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of potential harmful dinoflagellates is also important from the global expansion and bioinvasion point of 

view. 

5. Conclusion 

This study is the first sedimentary record of dinocysts from the west coast of India, a unique tropical 

environment influenced by monsoon. 210Pb dating of cores has yielded records ranging between 21 and 

145 yrs that have tracked the changes in dinocyst assemblages with time.  

Dinocyst assemblages richer with Gonyaulax membranacea in deeper sediment sections, off 

Mangalore suggest support to bloom events of autotrophic forms in the past. 

 Drastic reduction in cyst abundance was observed in Mangalore (M1) core that coincided with 

presence of shell layer and shifts in organic matter type from terrestrial to marine sources, possibly 

monsoon driven. Subsequent to this shift, dinocyst assemblage changed from autotrophic to 

heterotrophic dominant forms indicating changes in the ecosystem functioning. 

 Cysts of potential harmful dinoflagellates such as Gonyaulax spinifera, Lingulodinium polyedrum, 

Protoceratium reticulatum and Scrippsiella trochoidea were recorded in the sediments older than 20th 

century and therefore provide a baseline for future studies on bioinvasion and toxic blooms. 
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Legends to figures 

Fig. 1. Location map of sediment cores collected from the west coast of India. Map showing major 
features of surface circulation and wind direction during the West(SW) monsoon and North–East (NE) 
monsoon [WICC, West India Coastal Current; SMC, westmonsoon current; NMC, north–east monsoon 
current; SM, summer monsoon; WM, winter monsoon]. 

Fig. 2. Profiles of 210Pbexc (dpm/g) and Al–normalized 210Pbexc  (dpm/g of Al) activity plotted 
logarithmically against sediment depth (cm) for sediment cores (a) G1, (b) K1, (c) M1 and (d) Cn1. The 
sedimentation rates (SR) were determined from the slope of 210Pbexc  (dpm/g) and Al–normalized 
210Pbexc activity (dpm/g) plotted versus sediment depth (cm). 

Fig. 3. Downcore variations in (a–d) total dinoflagellate cyst abundance (cysts/g dry sediment); (e–h) 
organic carbon (% Corg) and isotope of organic carbon (‰ δ13Corg); (i–l) organic carbon: total nitrogen 
(Corg:N ) molar ratio and (m–p) Calcium carbonate (% CaCO3) for  sediment cores G1, K1, M1 and Cn1. 
The calendar years (AD) are assigned to the sediment depths based on sedimentation rates estimated 
from 210Pbexc data (refer to Table 3). 

Fig. 4. Downcore variations in autotrophic and heterotrophic forms, and species composition (%) of 
dinoflagellate cysts for sediment cores (a) G1 and (b) K1. The species codes are presented in Table 4. 
The calendar years (AD) are assigned to the sediment depths based on sedimentation rates estimated 
from 210Pbexc data (refer to Table 3). 

Fig. 5. Downcore variations in autotrophic and heterotrophic forms, and species composition (%) of 
dinoflagellate cysts for sediment cores (a) M1 and (b) Cn1. The species codes are presented in Table 
4. The calendar years (AD) are assigned to the sediment depths based on sedimentation rates 
estimated from 210Pbexc data (refer to Table 3). 

Fig. 6.  (a) All–India Summer monsoon rainfall anomalies during 1871–2009 showing drought, flood 
and normal periods (source: www.tropmet.res.in) and (b) regional variation in average annual rainfall 
during 1871–2009 at the four costal locations from the west coast of India.  

Fig. 7. Photomicrographs of dinoflagellate cyst types recorded in recent sediments from the west coast 
of India. (a) Alexandrium minutum. (b1) Cochlodinium polykrikoides. (b2) Cochlodinium polykrikoides. 
(c1) Scrippsiella trochoidea type 1. (c2) Scrippsiella trochoidea type 2 and (d) Scrippsiella trifida. 
Scanning electron photomicrographs of Gonyaulax membranacea cysts (Spiniferites membranaceus). 
(e1) Dorsal view showing archeopyle, (e2) Lateral view, (e3) Ventral view and (e4) Detail of spines. All 
Scale bars, 10 μm. 
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