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ABSTRACT 

The distribution and abundance of dinoflagellate cysts in recent sediments from Visakhapatnam 

harbour, east coast of India was investigated and compared with sediment characteristics and 

physico–chemical variables of the overlying water column. The cyst abundance varied from 11 to 

1218 cysts g–1 dry sediment. Changes in the cyst assemblages from phototrophic to heterotrophic 

forms were observed from inner to outer harbour stations, and related to changes in environmental 

characteristics. Enhanced cyst production of potentially harmful dinoflagellate Protoceratium 

reticulatum was recorded in the inner harbour stations with higher nutrient concentrations. 

Protoperidinium cysts were the most diversified group, and were dominant in the outer harbour 

stations having improved water conditions and circulation. This study points out the potential use of 

dinoflagellate cyst populations in providing information on environmental conditions.  
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1. Introduction 

Anthropogenic nutrient enrichment of coastal waters is considered as one of the reasons for the 

increased occurrence of Harmful Algal Blooms (HABs) (Smayda, 1990; Hallegraeff, 1993; 

Anderson et al., 2002; Glibert et al., 2005).  Dinoflagellates are key components of phytoplankton 

community and contribute to formation of HABs. During their life–cycle, dinoflagellates produce 

resting cysts which are preserved in the sediment (Fensome et al., 1993). The population of 

dinoflagellates is influenced by environmental factors such as temperature, salinity, nutrients, 

turbidity and pollution (Taylor, 1987); and can also form cysts under adverse conditions. 

Dinoflagellate cysts (referred further in text as dinocysts) in the sediment encode information on the 

dinoflagellates present in the upper water column (Dale, 1976; Reid and Harland, 1978). The 

dinocyst assemblages, which comprise of phototrophic and heterotrophic forms, are important as the 

two trophic groups have different environmental requirements that are related to their nutrition 

(Harland et al., 2003) and can be used to characterize physico-chemical conditions in the overlying 

water column (Devillers and de Vernal, 2000; Godhe and Mc Quoid, 2003; Pospelova et al., 2004). 

Studies on dinocyst assemblages have highlighted the importance of cysts to serve as proxies for 

anthropogenic eutrophication (Thorsen and Dale, 1997; Dale, 1996, 2001; Dale et al., 1999; 

Matsuoka, 1999; Pospelova et al., 2002, 2004, 2005; Krepakevich and Pospelova, 2010; Shin et al. 

2010, 2011). 

In order to understand the status of dinocyst assemblages in relation to environmental 

characteristics, Visakhapatnam harbour, was selected for the present study since it is known to be 

highly polluted due to discharge of industrial effluents and domestic sewage (Ganapati and Raman, 

1973; Raman, 1995). Eutrophication of the waters at this harbour has been investigated over the last 

23 years (Raman, 1995). The land-locked situation of the harbour and the limitations of natural 

flushing processes have largely contributed to exposure of plant and animal communities to 

environmental pollution stress (Ganapati and Raman, 1973, 1979; Sarma et al., 1982; Raman and 

Ganapati, 1983, 1986; Raman and Prakash, 1989; Rathod et al., 1995; Kalavati et al., 1997; Tripathy 

et al., 2005). Impact of organic pollution in this harbour has resulted in periodic outbursts of 

phytoplankton blooms and fish mortality (Bharati et al., 2001; Raman, 1995). Therefore, 

observations on dinocyst assemblages from such a habitat can provide an overview of the changing 

scenario. 

No previous survey on dinocysts has been undertaken in Visakhapatnam harbour. The field 

observations used in the present study was carried out as part of Ballast Water Control and 
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Management Programme, India. The purpose of this study is (1) to evaluate spatio-temporal 

variation in dinocyst abundance and (2) to determine if the dinocysts preserved in the sediment 

reflect any environmental changes with respect to the water quality of the harbour.  

2. Materials and Methods 

2.1. Description of the study area 

Visakhapatnam harbour is a semi-enclosed water body situated in north–east of Andhra Pradesh 

state, east coast of India (17°41' N; 83°18' E). The harbour area extends 4 kms from north–western 

arm of inner to the outer area of the harbour. The inner harbour area is a land-locked area which 

consists of naturally protected entrance channel, turning basin and three navigable arms (northern, 

western and north–western arm). Whereas, the outer harbour area has access to the open sea (Bay of 

Bengal) through the entrance channel and has a protected basin with two breakwaters. There are 18 

and 6 berths in the inner and outer harbour area with two moorings respectively. The climate in 

Visakhapatnam is governed by its location in the tropics and mainly affected by seasonal monsoons 

(south–west and north–east). There is inadequate tidal flushing and stagnant conditions prevailing in 

Visakhapatnam harbour (Sarma et al., 1982; Raman, 1995).  

2.2. Sampling strategy 

Sampling was carried out on four occasions in January 2007 (post–monsoon: PoM), November–

December 2007 (north–east monsoon: NEM), April 2008 (pre–monsoon: PrM) and August 2008 

(south–west monsoon: SWM) in Visakhapatnam harbour. Twenty–four stations were selected that 

included berths, wharf, dry docks, jetties and fishing harbour (Table 1). The sampling area was 

classified based on geographic location and environmental characteristics into two zones; the inner 

(Stations 1–14) and outer (Stations 15–24) harbour stations (Fig. 1). 

2.3. Sediment sampling, processing and analysis for dinocysts 

Sediment samples were collected in triplicates using a van Veen grab with a grabbing area of 0.04 

m2. Through the top windows of the grab, undisturbed sediment cores (20 cm long PVC corer with 

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

kept in ice. After transportation to the laboratory, sediment cores were sectioned at 2 cm interval and 

stored in airtight plastic bags at 4 oC in the dark until further analysis.  

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

processed (Matsuoka and Fukuyo, 2000). Each sediment sample was acid-treated (10% HCl and 

40% HF), sonicated and sieved through 100 and 10 µm mesh-sizes. The residue retained on the 10 
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µm mesh was transferred into a vial and suspended in 10 mL of distilled water. Aliquots of 0.5–1 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 Olympus IX 71 microscope at 100 to 400 times magnification. 

Dinocysts were identified based on published descriptions (Bolch and Hallegraeff, 1990; Nehring, 

1997; Sonneman and Hill, 1997; Godhe et al., 2000; Orlova et al., 2004). The cyst abundance was 

expressed as number of cysts g–1 dry sediment.  The water content was calculated according to the 

formula given by Matsuoka and Fukuyo (2000).  

For Scanning Electron Microscopy (SEM), the cyst samples were collected on Nucleopore 

polycarbonate filters (3 μm), dehydrated in increasing concentrations of ethanol series and freeze-

dried. The filter was mounted on stubs, sputter-coated with gold and observed with JEOL, JSM 5800 

LV Scanning Electron microscope. 

2.4. Water and sediment parameters 

Water samples were collected with a 5-liter Niskin sampler. Temperature, pH and salinity were 

measured using multiparameter portable instrument (Merck 340i). Dissolved oxygen (DO), 

chlorophyll a (Chla), suspended particulate matter (SPM) and nutrient concentrations of nitrite 

(NO2–N), nitrate (NO3–N), ammonia (NH4–N), phosphate (PO4–P) and silicate (SiO3–Si) were 

estimated by standard procedures (Parsons et al., 1984). Transparency was measured through secchi-

disc at all stations sampled. 

In addition, sediment samples were also collected using a van Veen grab for sediment texture, 

total carbon, inorganic carbon and total nitrogen analysis. The sediment texture was analyzed by 

standard wet sieving and pipette analyses and expressed as percentage of sand, silt and clay content 

(Buchanan, 1984). The total carbon (TC) and total nitrogen (TN) contents of 7–8 mg of dried, 

crushed and homogenized sediment samples were determined with a CNS elemental analyser (CE 

instrument, NCS 2500). The accuracy of the analyses was 0.01% for TC and 1% for TN using BBOT 

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

measurements was ± 0.1%, as checked by running replicates of the samples. Total inorganic carbon 

(TIC) content was estimated with the help of CO2 Coulometer (CM 5014) following acidification of 

the samples. The accuracy of analysis for calcium carbonate standard was 1.5% 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). 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. Corg:N ratio value < 10 is considered to be indicative of 
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marine source (Parsons, 1975) whereas for terrestrial organic matter, it varies from 20 to 200 

(Hedges et al., 1986). 

2.5. Data analyses 

Spatial variations in dinocyst abundance were presented as SURFER contours and relative 

contribution of phototrophic and heterotrophic dinocysts were presented as SURFER bubble plots 

using SURFER 8 program (developed by Golden Software Inc., USA). The percentage contribution 

of individual taxa to the dinocyst assemblages were plotted as pollen diagrams using POLPAL 2004 

program version 2009 (Nalepka and Walanus, 2003).  

Univariate measures such as Shannon-Wiener’s diversity index (H'), Margalef’s species richness 

(d) and Pielou’s evenness (J′) were determined using PRIMER – version 5 (PRIMER–E Ltd. 

Plymouth, UK). Two-way ANOVA was performed on dinocyst abundance, Shannon-Wiener’s 

diversity index (H'), Margalef’s species richness (d) and Pielou’s evenness (J′) to evaluate spatial 

and temporal variation (Sokal and Rohlf, 1981).  

The relationship between the environmental variables (characteristics of the overlying water 

column and sediment) and dinocyst assemblages was investigated by means of Canonical 

Correspondence Analysis (CCA), using the CANOCO version 4.5 (ter Braak and Smilauer 1998). 

Dinocyst abundance data were log (x+1) transformed. A forward selection was performed on the set 

of environmental variables and statistical significance of each variable was tested using a Monte 

Carlo permutation test under the reduced model with 999 number of permutations. Data for three 

samplings (NEM, PrM and SWM) were selected for CCA analysis where corresponding 

environmental variables were available for the stations. 

2.6. Nutrient index 

An index associated with nutrient eutrophication was proposed by Karydis et al. (1983). The 

index value (I) was calculated by the formula [I= (C/C–log X) + log A] where C is the log of the 

total loading of a given nutrient in the area, X is the total concentration of nutrient in the area and A 

is the number of stations. According to this method, the index values greater than 5 indicate 

eutrophic waters; values ranging between 3 and 5 indicate mesotrophic waters and values lower than 

3 indicate oligotrophic waters.  
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3. Results 

3.1. Dinocyst assemblage 

Overall, 28 dinocyst species belonging to 16 genera were recorded in recent sediments of 

Visakhapatnam harbour. The abundance range and frequency of occurrence of cyst species at 

stations has been given in Table 2. The total cyst abundance varied from 11 to 1218 cysts g–1 dry 

sediment (Fig. 2a–d) and did not show significant spatial variation (two-way ANOVA, Table 4). As 

compared to the inner harbour stations, univariate measures of dinocysts (species diversity, richness 

and evenness) were higher in the outer harbour stations (Table 3). However, significant spatial 

variation was observed in univariate indices except for species evenness (two-way ANOVA, Table 

4).     

Based on seasonal variation, higher cyst abundance was recorded during PrM period (Fig. 3a–d) 

and univariate indices (H', d, J') during PoM period in the outer harbour stations (Fig. 3b–d). 

Whereas, not much seasonal differences were observed in the inner harbour stations (Fig. 3b–d). 

However, significant seasonal variation was not observed in cyst abundance and univariate indices 

(two-way ANOVA, Table 4) for the stations.   

Further grouping of these identified species based on their nutritional mode in vegetative 

dinoflagellates, revealed 14 phototrophic and 14 heterotrophic cyst species (Table 2). The cyst 

assemblages were dominated by phototrophic dinoflagellates in the inner harbour stations and 

heterotrophic dinoflagellates in the outer harbour stations irrespective of seasons (Fig. 2e–l). The 

phototrophic cyst assemblages in the inner harbour stations were dominated by Protoceratium 

reticulatum throughout the study period (Fig. 4a). Whereas the heterotrophic assemblages were 

dominated by Protoperidinium sp.3 (globular brown cyst) in the outer harbour stations (Fig. 4b–d) 

with an exception during PrM period where cysts of Protoperidinium leonis, Protoperidinium 

oblongum and Protoperidinium cf. pentagonum were prevalent (Fig. 4a–d). During PrM period, high 

abundance of dinocyst at dredger berth station (Stn 14) (Fig. 2c) was mainly contributed by P. 

reticulatum and Protoperidinium sp.3 (Fig. 4c). 

Some of the dinocyst species showed region specificity (inner and outer harbour stations) in their 

occurrence. For example, cysts of Pyrophacus steinii were recorded in the inner harbour stations and 

Protoperidinium latissimum in the outer harbour stations during PoM, NEM and SWM except for 

PrM period (Table 2, Fig. 4a–d). Whereas cysts of Alexandrium affine, Gonyaulax digitalis and 
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Pentapharsodinium dalei prevailed only in the outer harbour stations irrespective of the seasons 

(Table 2, Fig. 4a–d).  

Among the 28 cyst species identified, cysts of 6 potential harmful/toxic dinoflagellates (A. affine, 

Alexandrium minutum, Gonyaulax spinifera, Lingulodinium polyedrum, P. reticulatum and 

Scrippsiella trochoidea) were recorded in Visakhapatnam harbour (Table 2). Of this, cyst of P. 

reticulatum was the most common and dominant species in the inner harbour stations (Fig. 4a–d). 

Cysts of L. polyedrum were recorded during PoM period (Fig. 4a).  

In the present study, the calcite crystals of Scrippsiella cysts (S. trochoidea and Scrippsiella sp.) 

were intact in the palynologically processed samples. Although, it is commonly known that HCl acid 

dissolve the outer calcareous wall of S. trochoidea cysts leaving a thin organic inner wall (Cho and 

Matsuoka, 2001; Matsuoka et al., 2004, Wang et al., 2007). Previous studies have also reported intact 

cyst of S. trochoidea in palynologically processed samples from the Indian sub-continent (D’Costa et 

al., 2008; D’Silva et al., 2011, 2012). Cysts of S. trochoidea have contributed to a maximum of 25% 

to total dinocyst assemblages in recent sediments of Visakhapatnam harbour.  

3.2. Water quality in the harbour environment 

Higher temperature (28.5 to 30 ⁰C) was recorded during SWM and lower (25.5 to  

27.2 ⁰C) during PoM (Fig. 5a). The salinity values were higher during SWM and lower during NEM 

(Fig. 5b). The pH values ranged from 7 to 8.6 with higher pH recorded during SWM (Fig. 5c). 

Lower concentration (0.6–2.9 mg L–1) of DO was recorded at stations 2, 3 and 4 in the inner harbour 

during the four sampling periods (Fig. 5d). The suspended load in the water column was higher 

during PoM (Fig. 5e). Transparency of the water fluctuated between 0.3 to 14.5 m with higher 

transparency during NEM (Fig. 5f). In inner harbour stations, the nutrient concentrations were higher 

as compared to the outer harbour stations (Fig. 5g–k). Ammonia, phosphate and silicate 

concentrations were higher during SWM in the inner harbour stations (Fig. 5i–k) whereas the nitrate 

concentrations fluctuated between the PoM and NEM periods (Fig. 5h). The chlorophyll a 

concentrations were higher during PoM and lower during SWM (Fig. 5l). 

The extent of eutrophication in the inner and outer stations of Visakhapatnam harbour was 

evaluated using nutrient index (I) (Karybdis et al., 1983). The index values obtained for NH4–N in 

the inner harbour waters indicate the prevalence of eutrophic conditions (I > 5) for stations 2, 3, 4 

and 9 while mesotrophic conditions (I, 3.5–4.8) prevailed for other stations in the inner harbour 
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(Table 1). The outer harbour waters showed a decrease in nutrient index values, indicating a 

mesotrophic condition (I ≤ 3.5) (Table 1). 

3.3. Sediment texture, carbon content, total nitrogen and sedimentary organic matter 

The sediment texture of harbour sediments was silty–sand at most of the stations sampled (Table 

1). The Corg and TN content of sediment was higher at stations 1, 2, 5, 8 and 14 (Table 1). The 

sedimentary organic matter in the harbour environment were dominated by terrigenous supply 

(Corg:N ratio, 20.25–57.62) with an exception of two stations (stations 9 and 24) that comprised of  

marine organic matter (Corg:N ratio, 17.94–17.99) source (Table 1). 

3.4. Relationship between environmental variables and dinocysts 

CCA was used to relate the distribution of different dinocysts to environmental variables.  The 

positions of the sampled sites in CCA biplot reflect their species composition and association with 

environmental variables (Fig. 6). The length of the arrows (environmental variables) and their 

orientation indicates their relative importance and approximate correlations to the axes. Arrows point 

in the direction of increase of the environmental gradient. Based on Forward selection and Monte 

Carlo permutation test of the 13 environmental variables, salinity and silt were statistically 

significant (p-value ≤ 0.05) (Fig. 6c). The results of CCA showed that 11.9% of the total inertia 

(2.802) in the species data was explained by environmental variables (Table 5). The CCA axes 1 and 

2 (eigenvalues of 0.198 and 0.136, respectively) explained 39.3% of the cumulative variance of the 

relation of species-environmental variables (Table 5). Based on intersect correlation of 

environmental variables with the CCA axis, phosphate was strongly related to axis 1 and salinity to 

axis 2 (Table 6).  

In station biplot, axis 2 clearly separated the inner and outer harbour stations (Fig. 6a).  Inner 

harbour stations were positioned on right side of biplot with high nutrients, Corg, temperature and 

SPM. Seasonal patterns were observed in the outer harbour stations in station biplot. During SWM 

and PrM periods, the stations clustered together associated with elevated levels of salinity and DO. 

Whereas, during NEM period, elevated levels of pH, and lower temperature and SPM values 

correlated with the distribution of dinocysts in the outer harbour stations (Fig. 6a).  

In species biplot, the majority of the cyst species (mainly heterotrophic forms) were positioned at 

lower left in positive direction with high salinity and DO, and lower levels of nutrients (Fig. 6b). 

Heterotrophic dinoflagellates (Protoperidinium species) were the dominant cyst species in the outer 

stations of Visakhapatnam harbour (Fig. 4). The most frequently occurring and abundant 
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phototrophic cyst P. reticulatum (Prot.ret) was positioned at upper right of the ordination plot i.e. in 

positive direction of nutrients (Fig. 6b) and had their optima in the inner harbour stations. Some of 

the cyst species that had restricted distribution in the harbour region that is inner and outer harbour 

stations were related to their environmental variables. Cysts of P. steinii (Pyr.ste) were recorded only 

in the inner harbour stations with positive relation for elevated level of phosphate (Fig. 6b).  P. steinii 

had highest cumulative fit (61.47%) by all environmental variables (Table 7) in the CCA biplot. 

Whereas, cysts of P. dalei (Pen.dal) and G. digitalis (Gon.dig) recorded in the outer harbour stations 

were influenced by higher level of DO and lower nutrient concentrations (Fig. 6b). A. minutum 

(Aex.min), P. reticulatum (Pro.ret), P. latassimum (Prot.lat) and P. subinerme (Prot.sub) showed 

more than 42% of the cumulative fit with environmental variables (Table 7). 

4. Discussion 

To the best of our knowledge, this is the first study that examined the distribution of dinocysts in 

the semi-enclosed area of Visakhapatnam harbour (east coast of India), influenced by environmental 

variables. The cyst abundance recorded in recent sediments of this harbour was comparatively higher 

(maximum 1218 cysts g–1 dry ) than the other areas studied from the western continental margins of 

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

assemblages from these areas were mainly dominated by heterotrophic Protoperidinium species. 

However, the dominance of phototrophic harmful cyst form, Protoceratium reticulatum was 

observed for the first time in Visakhapatnam harbour.  

The most prominent feature of Visakhapatnam harbour that makes the system unique is the 

presence of high nutrient concentrations. Sedimentary proxies have provided additional clues about 

the environmental conditions in the Visakhapatnam harbour. The main source of sedimentary carbon 

in this harbour was deduced from Corg:N ratio which indicates the terrestrial source (Corg:N ratio > 

25, Table1). The terrestrial component likely is from human sewage, a problem recognised 

throughout the history of the harbour (Ganapati and Raman, 1973; Raman, 1995). This is considered 

to reflect the environmental conditions of the overlying waters in the harbour, resulting in increased 

supply of organic material to the sediments and oxygen deficient waters. Over a period of several 

years, Visakhapatnam harbour appears to have acted as a sink for a variety of waste additives, 

resulting in observed changes in physico-chemical variables and biota (Ganapati and Raman, 1973, 

1979; Sarma et al., 1982; Raman and Ganapati, 1983, 1986; Kalavati et al., 1997; Tripathy et al., 

2005). Based on the nutrient index value, the water quality of Visakhapatnam harbour is graded to be 

mesotrophic except at the northern arm (west and east quay berths) of the inner harbour which is 
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considered to be highly eutrophic. It is known that the harbour environment is stressed, influenced by 

anthropogenic pressures; and this was also reflected in the distribution of dinocysts in recent 

sediments of Visakhapatnam harbour.  

Marked differences in univariate indices (species diversity and richness) (Fig. 3b–c) and shifts in 

cyst assemblages from phototrophic to heterotrophic forms were observed from inner to outer 

stations (Fig. 2e–l) of  Visakhapatnam harbour irrespective of seasons. Using species diversity 

values, Hendey (1977) classified marine habitats as severely (0–1), moderately (1–2) and slightly (2–

3) polluted. Accordingly, Visakhapatnam harbour can be classified as moderately polluted (diversity 

values > 1) except for northern arm (west and east quay berths) of inner harbour area that is severely 

polluted (diversity values < 1). As suggested by Shaw et al. (1983), diversity is generally lower in 

pollution stressed environments than in unpolluted areas. A decrease in species richness of dinocyst 

taxa is also considered as an indicator of pollution and highly eutrophic estuarine systems (Pospelova 

et al., 2002). Their probable influence on the dinocyst assemblages in Visakhapatnam harbour was 

also evident with respect to the consistent dominance of a single cyst species of phototrophic forms 

(P. reticulatum) in the inner harbour stations, characterized by high nutrient concentrations. Besides 

this, the species diversity and richness values were much lower in the inner stations of 

Visakhapatnam harbour.  Hence, high abundance of cysts due to the predominance of one species 

(contributed more than 50% of the total cyst abundance), as well as low overall species diversity of 

resting stages are indicative of high anthropogenic eutrophication of the coastal waters (Thorsen and 

Dale, 1997; Dale et al., 1999; Dale, 2009). Whereas, in the outer harbour stations, a different 

scenario was observed; the cyst assemblage being dominated by heterotrophic forms 

(Protoperidinium species). Moreover, the stations situated in the outer harbour are subjected to water 

column mixing and comparatively less turbid waters. The concentration of nutrients in the near-shore 

waters of Visakhapatnam are relatively low as compared to harbour waters showing rapid mixing 

within a few kilometres from the harbour mouth (Sarma et al., 1988). Therefore, increased 

production of heterotrophic cysts resulted from slightly improved environmental conditions or 

reduced pollution effect on the cyst assemblages in the vicinity of outer harbour environment.  

The effect of environmental variables on cyst assemblages with respect to inner and outer stations 

of Visakhapatnam harbour is clearly revealed in CCA biplots (Fig. 6a-b). Salinity, DO and nutrients 

are considered as determining factors in structuring the dinocyst assemblages. Mainly phototrophic 

forms dominated the dinocyst assemblages in the inner harbour stations were associated with 

elevated levels of nutrients, and lower levels of DO and salinity. The inner harbour stations receive 
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significant nutrients derived from either domestic sewage or industrial wastes containing nitrogen 

and phosphorus (Rao and Mohanchand, 1988; Bharati et al., 2001). The effect was reflected  at the 

outfall (northern arm) were practically anoxic conditions and low salinity conditions existed due to 

direct influence of freshwater discharge of waste and riverine run-off. The most abundant 

phototrophic species encountered in the inner harbour stations, P. reticulatum (Pro.ret) was 

associated at high end of ammonia gradient in the CCA biplot (Fig. 6b). The results indicate high 

levels of ammonia (Fig. 5i) in the semi-enclosed water body, and this can be related possibly due to 

domestic sewage discharge through the northern arm of Visakhapatnam harbour (Bharati et al., 

2001).  Besides this, P. steinii (Pyr.ste) cysts had restricted distribution in the inner harbour station, 

associated with elevated levels of phosphate. This can be considered to be characteristic of 

mesotrophic to eutrophic conditions. Whereas, in the outer harbour stations, dinocyst species 

favoured a particular range of environment variables that were characteristic of sampling periods, 

indicating seasonal variations in the cyst assemblages (Fig. 6a-b). As a result of high species 

diversity in the outer harbour stations (Fig. 3b), majority of the cyst species clustered together at the 

high end of salinity and DO gradient in the CCA biplot (Fig. 6b). The dominance of heterotrophic 

forms indicates the availability of prey organisms and nutrient-rich conditions (Harland et al., 2006). 

This suggests that water column mixing results in relatively more cysts being produced from 

Protoperidinium species. 

Silt was considered as significant (p-value ≤ 0.05) environmental variable in CCA (Fig. 6c) that 

correlated with the cyst distribution. The sediment samples in Visakhapatnam harbour was 

dominated by silt and sand content (Table 1). Dinocyst are smaller than 63 μm; therefore settle out in 

fine silt fraction. Hence, finer-grained sediment provides richer cyst assemblages than coarser-

grained sediment (Dale, 1979; Goodman, 1987). Other environmental variable that emerged as 

important in CCA biplot was pH, where the outer harbour stations during NEM clustered together 

(Fig. 6b). The seasonal pH variability in Visakhapatnam harbour (Fig. 5c) is an indication of the 

amount of phosphorus and nitrogen containing compounds through industrial pollution, nitrogen 

fertilizers, photosynthesis or respiration of the algae. The resulting increased primary production 

(Skeletonema blooms) may have driven an increase in pH in the Visakhapatnam harbour, offering a 

competitive advantage to species tolerant to such conditions. The pH of seawater in a coastal 

ecosystem can be driven to greater extremes by nutrient additions than would occur without nutrient 

additions. It is suggested that pH is an important factor contributing to the regulation of 

dinoflagellate blooms in the coastal marine ecosystem (Yoo, 1991); and could form a possible link 

between eutrophication and red tides.  
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Increase in heterotrophic dinoflagellates has been reported in other coastal waters elsewhere as 

indicators of eutrophic conditions (Thorsen and Dale, 1997; Dale et al., 1999; Matsuoka, 1999; Dale, 

2001, 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. 

Dinocysts can show different responses to nutrient enrichment and industrial pollution (Dale, 2001, 

2009). Based on some case studies (Saetre et al., 1997; Matsuoka, 2001; Dale, 2009), industrial 

pollution is associated with decrease in cyst abundance or change in the ratio between heterotrophic 

and phototrophic cysts. A case study in Sishili Bay –Yellow Sea, China, (Liu et al. 2012) supported 

the hypothesis that nutrient enrichment significantly increased the abundance of dinocysts, whereas 

industrial pollution decreased the cyst abundance. In this present study, most of heterotrophic 

Protoperidinium species exhibited characteristically higher relative abundances in the outer harbour 

stations that had possibly lesser influence of nutrients from the discharge point proximity, indicating 

a kind of sensitivity to industrial pollution in the inner harbour stations. Zonneveld et al. (2012) 

observed changes in dinocyst assemblage in the Po-River discharge plume area of the Northern 

Adriatic Sea, and linked it to changes in the water quality, enhanced by industrial and agricultural 

activity. The distribution of heterotrophic dinoflagellates is controlled, in part by availability of prey 

(diatoms and small flagellates) (Matsuoka, 1999), whereas the distribution of phototrophic species 

depends on the availability of light and dissolved nutrients (Dale, 2001). In coastal upwelling areas, 

an increase in relative abundance of Protoperidinoid heterotrophic cysts is interpreted as an increase 

in primary productivity and upwelling intensity (Marret and Zonneveld, 2003; Radi et al., 2007; 

Pospelova et al., 2008). The response of the dinocyst assemblages differs from one region to another, 

depending upon the exact form of eutrophication (Dale et al., 1999; Matsuoka, 2001). Lingulodinium 

polyedrum and Protoperidinium conicum were regarded as species responding to cultural 

eutrophication in estuarine areas of Norway (Dale et al., 1999; Dale, 2001). However, these species 

do not occur abundantly in Tokyo Bay, Japan, which is also a heavily eutrophied area (Matsuoka, 

1999, 2001; Matsuoka et al., 2003). In Visakhapatnam harbour, the cyst abundance of L. polyedrum 

ranged from 5 to 65 cysts g–1 dry sediment; maximum abundance recorded during PoM period 

(Table 2; Fig. 4a) in response to high nutrient concentrations of nitrate and nitrite (Fig. 5g, h). 

Blooms of L. polyedrum  as well as increased cyst concentration in fossil sediment can be related to 

high (anthropogenic) nutrient input, warm water conditions and a stratified water column (Marret 

and Zonneveld, 2003; and references therein). The concentration of P. conicum cysts is not 

remarkable in Visakhapatnam harbour. These changes in species response to environmental 

conditions may be due to differences in habitat preferences between geographically separated 
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populations of the same species and/or competition with a different set of taxa (Smayda and 

Reynolds, 2003). More detailed studies are needed to understand the influence of environmental 

changes on dinoflagellate ecology. 

The observed distribution patterns of dinocysts (phtotrophic and heterotrophic forms) in 

Visakhapatnam harbour does not indicate changes resulting from the preservation state of oxygen-

sensitive species. Studies have shown that some dinocyst species preserve differently in the 

sediment. According to Zonneveld et al. (1997), cysts produced by Protoperidinium species, 

especially Brigantedinium spp., appear to be sensitive to decay in relation to oxygen availability. 

High cyst abundance of Protoperidinium species was recorded in oxygen minimum zone (OMZ) 

surface sediments of Northern Arabian Sea and a rapid decline in abundance was observed with 

increasing bottom water oxygen concentrations (Reichart and Brinkhuis, 2003). This suggests that 

bottom oxygen concentration is an important factor that can affect the dinocyst assemblages 

(Zonneveld et al., 2007, 2008). However, in the present study, a different situation was observed, the 

relative abundances of Protoperidinium species increased with oxygen availability (4–7 mg  L–1) in 

the outer stations of Visakhapatnam harbour and decreased at low oxygen concentrations (< 4 mg L–

1) in the inner harbour stations.  

From HAB perspective, the present study has contributed to knowledge of the composition and 

distribution of potentially harmful/toxic species in the benthic environment. Although, cysts of P. 

reticulatum and L. polyedrum, potential yessotoxin producers were reported in the benthic 

environment of Visakhapatnam harbour; their vegetative cells were absent from the water column. 

Simultaneous water column studies carried out in Visakhapatnam harbour have indicated bloom 

proportions of Peridinium quinquecorne (2.24 x 105 cells L–1) during PrM period (Naik, 2010); with 

their absence as cyst forms in the bottom sediments. Blooms of P. quinquecorne occur in eutrophic 

and polluted brackish environments, tolerating temperatures up to 30 °C (Horstmann, 1980). It is 

considered as harmful species as it may cause fish mortality by depleting DO (Shamsudin et al., 

1996). Presence of P. reticulatum and L. polyedrum cysts in Visakhapatnam harbour can play an 

important role in the development of pelagic seed banks of vegetative cells (Smayda, 2002), which 

can serve as inocula for bloom events elsewhere, on the onset of favourable conditions. Nutrient 

loadings have been directly linked to the occurrence of HABs (Hallegraeff, 1993; Anderson et al., 

2002). However, so far the most dominant HAB species responsible for frequent HAB outbreaks in 

Visakhapatnam harbour is Skeletonema spp. (diatom); thus reflects highly eutrophic conditions 

(Ganapati and Raman, 1979; Rao and Mohanchand, 1988; Naik, 2010). In enclosed sea areas, 



14 

 

pollution through organic sewage enriches the waters with nutrients, and when present in excessive 

amounts can result in the replacement of normal phytoplankton populations with harmful species, 

thus changing the entire biotic structure in the process known as cultural eutrophication (Ketchum, 

1973).  

The present study highlights the importance of P. reticulatum cysts as bio-indicator of eutrophic 

conditions in Visakhapatnam harbour; being the predominant species in the inner harbour stations. P. 

reticulatum is a cosmopolitan cyst species and has been distributed over a broader range of 

environmental variables than other cysts (Marret and Zonneveld, 2003). These cysts are spherical in 

shape and have colourless wall with densely ornamented processes that are slender in shape having 

capitate ends (Fig. 7). P. reticulatum is considered as a potential toxic dinoflagellate that blooms in 

low numbers (Boni et al., 2001; Aasen et al., 2005; Koike et al., 2006). It contains high levels of 

yessotoxins (Satake et al., 1997; Paz et al., 2007) which may be highly toxic and have long-term 

effect on shellfish population (Fernandez-Reiriz et al., 2008). High cyst banks of P. reticulatum were 

reported from several temperate regions (Wall et al., 1977; Nehring, 1997; Saetre et al., 1997). It was 

observed by Guerrini et al. (2007) that the highest growth rate and cell yield of P. reticulatum were 

obtained in cultures at low temperature (16 and 20 ⁰C) and salinity (22 psu) values. In 

Visakhapatnam harbour, vegetative cells of P. reticulatum were undetected in the water column 

(Naik, 2010) and therefore this species might have attained a high cyst production rate. High 

occurrence of cysts is not surprising, because P. reticulatum is suggested to have a high cyst 

production per motile cell (Dale, 1976). Maximum cyst abundance of P. reticulatum is of 

significance in Visakhapatnam harbour in relation to high nutrient concentrations in existence in the 

inner harbour stations due to the semi-enclosed nature of the harbour and limited tidal flushing.  

Therefore, dinocysts accumulating in the sediments represent hidden flora, which may provide the 

source of appearance in the planktonic assemblages of new species, including toxic species. The 

finding of toxic bloom-forming cyst species highlights the need for monitoring of the coastal waters 

of Visakhapatnam; and could provide significant insights into dinoflagellate ecology. 

5. Conclusion 

This is the first study investigating dinocyst assemblages in relation to environmental 

characteristics of Visakhapatnam harbour. Distinct changes in cyst assemblages in response to 

environmental conditions were observed from inner to outer harbour stations respectively. The 

influence of high nutrient concentrations on cyst assemblages was reflected in the prevalence of a 

single dominant cyst species (P. reticulatum) irrespective of seasons. This study also provides 
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evidence, that the benthic component of planktonic propagules offers an opportunity for the detection 

of species which are rare in the water column or scarcely identifiable as vegetative cells.  
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Legends to Figures 

Fig. 1. Location of 24 sampling stations in Visakhapatnam harbour, east coast of India. 

Fig. 2. Spatial variation in (a–d) dinoflagellate cyst abundance and percentage contribution of (e–h) 
phototrophic and (i–l) heterotrophic dinoflagellate cysts in Visakhapatnam harbour, east coast of 
India. Nos 1–24 indicate the stations where sampling was carried out. The maximum bubble size 
corresponds to 100%. PoM: post–monsoon, NEM: north–east monsoon, PrM: pre–monsoon, SWM: 
south–west monsoon. 

Fig. 3. Seasonal variation in (a) dinoflagellate cyst abundance: N, (b) Shannon-Wiener’s diversity 
index: H', (c) Margalef’s species richness: d and (d) Pielou’s evenness: J ' at 13 inner and 11 outer 
stations in Visakhapatnam harbour, east coast of India. PoM: post–monsoon, NEM: north–east 
monsoon, PrM: pre–monsoon, SWM: south–west monsoon. 

Fig. 4. Percentage (%) contribution of dinoflagellate cyst species present in recent sediment from 24 
sampling stations in Visakhapatnam harbour, east coast of India. Station codes are given in Table 1 
and species codes are listed in Table 2. PoM: post–monsoon, NEM: north–east monsoon, PrM: pre–
monsoon, SWM: south–west monsoon.  

Fig. 5. Spatial variation in environmental variables of the water column in Visakhapatnam harbour, 
east coast of India. (a) temperature, (b) salinity, (c) pH, (d) dissolved oxygen (DO), (e) suspended 
particulate matter (SPM), (f) transparency, (g) nitrate, (h) nitrite, (i) ammonia, (j) phosphate, (k) 
silicate and (l) chlorophyll a. During PoM period, nutrient samples (nitrate, nitrite and ammonia) 
were analyzed for inner harbour stations. PoM: post–monsoon, NEM: north–east monsoon, PrM: 
pre–monsoon, SWM: south–west monsoon.  

Fig. 6.  Canonical correspondence analysis (CCA) for dinoflagellate cyst abundance in surface 
sediments, together with associated benthic and pelagic environmental variables in Visakhapatnam 
harbour, east coast of India. (a) Station biplot where different seasons are indicated by symbol. (b) 
Species biplot represented for 26 cyst taxa. Statistically significant (P < 0.05) environmental 
variables are shown with dashed arrows. (c) Lambda (I) is the eigenvalue explained by the 
environment variable. P-vlaues < 0.05 are statistically significant and are highlighted in bold. 

The environmental variables such as temperature (Temp), salinity (Sali), pH, dissolved oxygen 
(DO), suspended particulate matter (SPM), nitrate (NO3), nitrite (NO2), ammonia (NH4), phosphate 
(PO4), sediment texture (sand, silt and clay) and organic carbon (Corg) are indicated by arrows. 
Station numbers are listed in Table 1 and species codes are listed in Table 2. NEM: north–east 
monsoon, PrM: pre–monsoon, SWM: south–west monsoon.  

Fig. 7. Photomicrographs of Protoceratium reticulatum cyst recorded in recent sediments of 
Visakhapatnam harbour, east coast of India. (a) LM. Cyst showing slender capitate processes (b) 
SEM. Cysts showing slender capitate processes and (c) SEM. Details of capitate processes. 



Table 1  

Details of station location, water depth, sediment texture, Organic carbon (Corg), Total nitrogen (%), Organic carbon and nitrogen (C org:N) molar ratio  

and Nutrient index at  24  sampling stations (Stations 1–13 are inner harbour stations and 14–23 are outer harbour stations) in Visakhapatnam harbour, east 

coast of India. 

Station Station name Latitude Longitude Water depth Sediment Corg TN Corg:N Nutrient index

no. (N)  (E) (m) texture (% ) (%) molar ratio

1 West quay berth–1 17.695 83.284 10.8 Silt–sand 12.66 0.35 41.57 4.13

2 West quay berth–4 17.700 83.283 12.4 Sand–silt 47.60 0.64 40.94 5.74

3 East quay berth–9 17.707 83.285 11.9 Silt–sand 3.57 0.16 26.03 7.16

4 East quay berth–7 17.703 83.286 12.6 Silt 3.96 0.17 27.49 7.43

5 East quay berth–5 17.700 83.285 11.2 Sand–silt 11.18 0.49 35.16 4.76

6 East quay berth–1 17.693 83.285 11.7 Silt–sand 5.73 0.16 37.65 4.29

7 Turning basin 17.690 83.283 13.4 Sand–silt 1.72 0.05 37.81 4.24

8 Hindustan Shipyard–2 17.690 83.279 6.9 Silt–sand 10.34 0.56 20.13 3.95

9 Fertilizer wharf 17.692 83.274 11.2 Silt–sand 2.34 0.09 17.99 5.17

10 Oil refinery berth–2 17.692 83.277 12.1 – 1.60 0.06 23.20 3.82

11 Port dry dock 17.686 83.286 4.3 Sand–silt 7.52 0.22 39.88 3.74

12 Boat basin berth–3 17.686 83.289 10.2 Silt–sand 4.95 0.16 34.29 3.46

13 Deputy conservator jetty 17.686 83.292 6.9 Sand 1.78 0.04 52.50 3.82

14 Dredger berth 17.686 83.296 10.6 Sand 15.29 0.36 24.78 3.42

15 General cargo berth–south 17.687 83.298 15.4 Sand 1.93 0.05 45.03 3.15

16 General cargo berth–north 17.689 83.299 17.1 Sand 10.74 0.23 54.48 3.13

17 Ore berth–1 17.688 83.301 18.8 Sand 3.47 0.09 44.98 3.10

18 Ore berth–2 17.690 83.300 15.9 Sand–silt 1.42 0.04 39.34 3.07

19 Container berth–2 17.691 83.301 15.6 Silt–sand 3.86 0.15 30.02 3.01

20 Container berth–1 17.689 83.303 15.9 Silt 4.47 0.16 31.41 3.06

21 Turning circle 17.685 83.303 18.2 Sand 1.29 0.07 21.50 3.19

22 Oil berth 17.681 83.306 16.8 Sand–silt 2.07 0.12 20.25 3.00

23 Liquefied petroleum gas berth 17.684 83.298 17.2 Silt–sand 2.16 0.09 30.68 3.20

24 Fishery jetty 17.694 83.306 5.7 Sand–silt 1.49 0.10 17.94 3.17



Table 2

 Dinoflagellate cyst species recorded in the recent sediments of Visakhapatnam harbour, east coast of India. The values outside the bracket indicate the range of cyst abundance (cysts g–1dry sediment) and  values  

 inside the bracket indicate the frequency of occurrence at 13 inner and 11 outer harbour stations. PoM: post–monsoon, NEM: north–east monsoon, PrM: pre–monsoon, SWM: south–west monsoon.

Inner Outer Inner Outer Inner Outer Inner Outer

Phototrophic

Alexandrium affine (Inoue et Fukuyo) Balecha Ale.aff 8(1) 9(1)

Alexandrium minutum Halima Ale.min 7(1) 13(1) 5(1) 18(1)

Cochlodinium sp. Coc.sp 5(1) 7(1) 6(1) 3–9(4)

Gonyaulax digitalis (Pouchet) Kofoid Gon.dig 8(1) 8(1)

Gonyaulax scrippsae Kofoid Gon.scri 5–19(3) 6–23(7) 5–7(3) 4–11(4) 10(1) 3–7(3) 3–35(4) 7–8(2)

Gonyaulax spinifera complex (Claparède et Lachmann)a Gon.spi 6–7(3) 5–22(6) 4–8(2) 4–9(3) 26(1) 7–26(2) 12(1) 5–14(3)

Gonyaulax sp. Gon.sp 9(1)

Gyrodinium impudicum Fraga et Bravo Gyr.imp 5(1) 7–13(2)

Lingulodinium polyedrum (Stein) Dodgea Lin.poly 5–65(5) 5–17(6) 18(1) 3–5(2) 8–9(2)

Pentapharsodinium dalei Indelicato et Loeblich Pen.dal 0–15(2) 3(1) 5(1)

Protoceratium reticulatum (Claparède et Lachmann)  Bütschlia Pro.ret 12–193(12) 5–21(7) 7–185(12) 3–18(6) 12–76(9) 9–259(6) 13–241(10) 5–23(6)

Pyropahcus steinii (Schiller) Wall et Dale Pyr.ste 10–11(2) 5–8(2) 7–18(3) 94(1) 4–11(2)

Scrippsiella trochoidea (Stein) Loeblich IIIa Scr.tro 7–8(2) 4–13(2) 14(1) 4–9(4) 5–10(3) 4–71(7) 7–13(4) 10(1)

Scrippsiella sp. Scr.sp 4(1)

Heterotrophic

Diplopelta parva (Abé) Matsuoka Dip.par 7(1) 8(1) 12(1)

Protoperidinium claudicans Paulsen Prot.cla 4–5(2) 5(1) 10(1) 8(1)

Protoperidinium compressum (Abé) Balech Prot.com 7(1) 6(1) 8–9(2)

Protoperidinium conicum  (Gran) Balech Prot.con 4–10(3) 3–48(6) 13(1) 5–9(4) 8(1) 6(1) 6–18(5) 8–9(3)

Protoperidinium denticulatum (Gran et Braarud) Prot.den 15(1) 4–18(2) 7(1) 5(1) 5–71(4) 9(1)

Protoperidinium latissimum (Kofoid) Balech Prot.lat 4(1) 5(1) 8–10(3) 9–143(2) 8–9(2)

Protoperidinium leonis (Pavillard) Balech Prot.leo 7–13(2) 6–41(8) 4–14(3) 6–16(8) 8–22(3) 7–143(7) 7–32(2) 6–23(8)

Protoperidinium oblongum (Aurivillius) Balech Prot.obl 5–21(6) 5–25(8) 9–13(2) 4–20(6) 5–8(2) 7–71(6) 6–18(5) 5–25(6)

Protoperidinium cf. pentagonum Gran Prot.cf.pen 3–42(9) 4–7(2) 7(1) 11–35(2) 3–19(5) 7–12(2) 11–14(4)

Protoperidinium subinerme (Paulsen) Loeblich III Prot.sub 6(1) 4–14(5) 4(1) 4–40(2) 3–12(3)

Protoperidinium sp.1 (Peridinium cf. stellatum) Prot.sp1 5–8(3) 8–12(3) 19(1) 5–9(4)

Protoperidinium sp.2 (Lejunecysta concreta) Prot.sp2 7–20(4) 8–11(2) 8–9(2) 8–21(3) 6–26(4) 8–14(4)

Protoperidinium sp.3 (Brigantedinium sp.) Prot.sp3 4–11(3) 7–40(7) 4–36(7) 3–69(8) 6–40(8) 13–293(10) 6–66(9) 7–77(11)

Zygabikodinium lenticulatum (Paulsen) Loeblich et Loeblich Zyg.len 6–11(3) 5–23(5) 10(1) 13–20(4) 5–21(4) 8–71(3) 11–12(2) 6–22(6)

Total cyst abundance (cysts g–1  dry sediment) 18–264 13–246 13–233 11–154 15–148 15–1218 20–281 23–200

PrM SWM
Cyst type Species code

PoM NEM

a
Potential harmful species 



Table 3

 Univariate indices of Shannon-Wiener's diversity index (H' ), Margalef's species richness (d ) and Pielou's evenness  (J') of  

dinoflagellate cysts at 24 stations in Visakhapatnam harbour, east coast of India. PoM: post–monsoon, NEM: north–east 

monsoon, PrM: pre–monsoon, SWM: south–west monsoon.

Station

no. PoM NEM PrM SWM PoM NEM PrM SWM PoM NEM PrM SWM

1 1.07 0.90 1.00 0.85 0.92 0.46 0.46 0.46 0.66 0.82 0.91 0.77

2 0.66 0.83 0.34 0.97 0.23 1.10 0.23 0.74 0.95 0.43 0.49 0.70

3 0.59 1.79 1.99 0.44 0.48 1.47 1.77 0.24 0.54 0.92 0.90 0.63

4 0.57 – 1.11 0.55 0.44 – 0.64 0.53 0.52 – 0.80 0.40

5 1.00 0.17 0.55 0.38 0.90 0.19 0.27 0.24 0.56 0.24 0.79 0.56

6 1.27 1.18 0.54 1.17 1.14 1.06 0.25 0.63 0.65 0.66 0.78 0.84

7 1.46 1.48 1.31 1.20 1.08 0.90 0.66 0.73 0.82 0.92 0.94 0.86

8 0.69 – 1.37 1.33 0.27 – 0.80 0.87 1.00 – 0.85 0.83

9 0.55 0.92 1.30 0.64 0.28 0.50 0.67 0.33 0.80 0.84 0.94 0.92

10 – – – 0.90 – – – 0.40 – – – 0.82

11 1.58 1.72 – 1.05 1.09 1.17 0.00 0.54 0.88 0.96 – 0.96

12 1.02 0.69 2.12 1.52 0.53 0.39 1.74 0.99 0.93 1.00 0.96 0.85

13 0.64 1.71 0.68 1.33 0.35 1.19 0.37 0.88 0.92 0.95 0.99 0.96

14 1.04 – 2.04 0.65 0.78 – 1.13 0.32 0.95 – 0.93 0.93

15 2.03 1.76 – 1.85 1.60 1.29 – 1.34 0.92 0.98 – 0.95

16 2.18 1.06 1.25 1.38 1.91 0.58 0.71 0.91 0.95 0.96 0.90 0.86

17 2.23 2.03 2.03 1.52 2.00 1.64 1.47 1.11 0.90 0.92 0.98 0.85

18 2.04 1.54 1.98 1.71 1.62 0.97 1.69 1.24 0.98 0.96 0.90 0.96

19 2.39 2.10 1.73 1.76 2.47 2.04 1.60 1.38 0.90 0.95 0.79 0.90

20 2.42 2.00 1.92 1.58 2.58 2.00 2.13 1.05 0.92 0.87 0.80 0.98

21 1.56 1.39 1.25 1.04 1.10 0.96 0.82 0.66 0.97 1.00 0.78 0.75

22 2.20 1.73 1.96 1.97 1.88 1.39 1.54 2.11 1.00 0.83 0.94 0.79

23 1.76 1.32 1.35 1.94 1.32 0.75 0.66 1.70 0.90 0.95 0.98 0.84

24 1.10 1.39 – 1.52 0.62 0.83 – 1.09 1.00 1.00 – 0.85

H' d J'



Table 4

 Two-way ANOVA to evaluate the spatio-temporal variation  

in dinoflagellate cyst abundance (N ), Shannon-Wiener's diversity index (H'), 

Margalef's species richness (d ) and Pielou's evenness (J' ) in Visakhapatnam

harbour, east coast of India. Values in bold indicate significant variation.

Factor df SS MS F p-value

N

Stations 21 273896 13043 0.67 0.85

Seasons 3 42643 14214 0.73 0.54

Error 63 1234084 19589

Total 87 1550623

H'

Stations 21 18 0.87 3.58 0.00005

Seasons 3 0 0.16 0.66 0.58

Error 63 15 0.24

Total 87 34

d

Stations 21 19 0.91 4.44 0.000002

Seasons 3 1 0.27 1.32 0.27

Error 63 13 0.20

Total 87 33

J'

Stations 21 2 0.08 1.47 0.12

Seasons 3 0 0.05 0.94 0.43

Error 63 3 0.06

Total 87 5



Table 5

Eigenvalues for CCA axes, results related to species-environment correlations, 

variation and cumulative % of species data and species-environment relation.

Axis 1 Axis 2 Total inertia

Eigenvalues                       0.198 0.136 2.802

Species-environment correlations  0.850 0.844

Cumulative percent variance 

        of species data 7.100 11.900

       of species-environment relation 23.300 39.300



Table 6

Intersect correlations of environmental  

Variable Axis 1  Axis 2

Temp     0.133 -0.341

pH       -0.354 0.148

Sali     -0.288 -0.385

DO       -0.396 -0.262

NO2      0.271 0.196

NO3      0.476 0.138

PO4      0.567 -0.012

NH4      0.366 0.156

SPM      0.456 -0.254

OC       0.138 0.292

Sand     -0.045 0.030

Silt     -0.084 -0.114

Clay     0.212 0.150

variables with axes.

Table(s)



Table 7

Cumulative fit per dinoflagellate cyst morphotype as 

a fraction of variance in relation to axes 1and 2, and total 

percentage fit by all the environmental variables.

Cyst taxa Axis 1 Axis 2 % EXPL

 Ale.aff  0.017 0.038 23.73

 Ale.min  0.069 0.203 47.97

 Coc.sp   0.014 0.059 21.83

 Gon.dig  0.030 0.039 14.90

 Gon.scri 0.025 0.238 37.80

 Gon.spi  0.048 0.065 23.99

 Lin.poly 0.004 0.084 22.03

 Pen.dal  0.114 0.123 32.23

 Pro.ret 0.292 0.358 49.07

 Pyr.ste  0.434 0.436 61.47

 Scr.tro  0.049 0.134 32.57

 Scr.sp   0.063 0.099 37.97

 Dip.par  0.025 0.038 12.99

 Prot.cla 0.004 0.040 31.28

 Prot.com 0.017 0.038 23.73

 Prot.con 0.029 0.029 33.20

 Prot.den 0.013 0.015 24.90

 Prot.lat 0.069 0.122 43.57

 Prot.leo 0.109 0.135 31.01

 Prot.obl 0.043 0.092 24.46

 Prot.cf.pen 0.064 0.073 28.14

 Prot.sub 0.069 0.162 42.63

 Prot.sp1 0.012 0.040 21.93

 Prot.sp2 0.020 0.074 19.69

 Prot.sp3  0.001 0.021 8.14

 Zyg.len  0.000 0.049 18.75

% EXPL is the percentage fit by all environmental 

variables together.

Table(s)
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