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Introduction

-1Marine primary production yields >90 billion kg yr  of food to the 
world economy (FAO, 1993) which stores 50-times more 
inorganic carbon than the earth's atmosphere, so marine primary 
production may play an important role in maintaining global 
climate (Machanzie et al., 1993). Factors regulating marine 
production therefore of broad societal interest especially 
understanding the role of nutrients in determining the growth of 
phytoplankton that regulates the primary production of the 
oceans. Among all the nutrients, nitrogen (N) is the most common 
element to limit the primary and secondary production in marine 
ecosystems (Howarth and Marino, 2006), phosphorus (P) 
occasionally replaces N as the first limiting nutrient in selected 
marine habitats (Tyrrel, 1999) however it largely depends on the 
composition of the primary producers. Changes in nutrient supply 
are often reflected in their ratios (Yin et al., 2001). Thus, elemental 
ratios (nitrate, phosphate and silicate) of water can sometimes be 

used as indicators of the status of nutrient loading or to predict 
primary productivity. The limiting nutrients can be measured using 
different methods, example by inorganic nitrogen to phosphorus 
ratios (Neill, 2005) enrichment experiments (Tang et al., 2009). 

Nutrient limitation on phytoplankton distribution has been 
reported extensively in different parts of global oceans (Gruber, 
2004). Nitrate or phosphate or both are primary nutrients 
controlling phytoplankton production. Nitrate is the most 
important nutrient in limiting phytoplankton growth in South 
Pacific subtropical region (Dufour et al., 1999), South China Sea 
(Chen et al., 2004), however, phosphorus limited growth occurs in 
the northwest Mediterranean (Thingstad et al., 1998) and East 
China Sea (Zou and Zhang, 2001). Nitrogen and phosphorus may 
limit phytoplankton production in Daya Bay (Wang et al., 2007), 
Taiwan Strait (Wang et al., 2008), and specific areas in the Yellow 
and East China Sea (Liu et al., 2004). Whereas in Bay of Bengal 
nitrogen and silicate ratio largely affects the phytoplankton 
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community structure (Paul et al., 2008). A wide range of variation 
in nutrient concentration such as nitrogen, phosphorus and 
silicate and micronutrients such as iron and zinc have been 
observed in Bay of Bengal. Although many perennial rivers drain 
into the Bay of Bengal, the nitrate depleted surface waters in the 
Bay of Bengal suggest that there is no significant riverine input of 
nitrate and thus, nitrate is considered to be limiting the primary 
production (Prasannakumar et al., 2002) of the region. In that 
sense, the southern Bay of Bengal also influenced by the 
seasonal riverine inputs, exhibit similar conditions. 

Chlorophyll a is a major photosynthetic pigment of marine 
phytoplankton that has been used as an indicator of biomass of 
phytoplankton or productivity in the oceans. Chlorophyll a is well 
accepted index for phytoplankton abundance and population of 
primary producers in an aquatic environment (Camdevy'ren et al., 
2005). Nutrient limitation in chlorophyll distribution is primarily 
identified from bioassays in which response of chlorophyll 
distribution to nitrate, silicate and phosphorus is measured by 
addition of these nutrients in micro/mesocosms or, inferred from 
elemental ratios (Havens, 2000). These ratios are, therefore, 
essential for predicting the chlorophyll distribution in an area 
where there is no external nutrient inputs. The ability to identify 
limiting nutrients thus becomes of considerable importance for 
understanding chlorophyll distribution. Estimation of elemental 
ratios in the water body and their effect on chlorophyll distribution 
can provide evidences for possible growth limitations (Paul et al., 
2008). Hence, in the present study nutrient ratio was applied to 
determine the limiting nutrient for the growth of phytoplankton 
along the southern Andhra Pradesh coast representing the 
central coast of Bay of Bengal. 

Materials and Methods

In-situ physico-chemical parameters were measured at 
seven sampling transects (Fig.1) along the central coast of Bay of 
Bengal during the organized cruises, using CRV Sagar Poorvi 
and Paschmi of NIOT, between June 2009 and October 2010. The 
transects were sampled off the coastal stations of Gangapattinam 
(GAP), Krishnapattinam (KRP), Kottapattinam (KOP), Pointpudi 
(POP), Sriharikota (SRK), Pulicat (PUC) and Thiruvotriyur (THV) 
which was stated as station 1, 2, 3, 4, 5, 6 and 7 with a distance up 
to 45 km away from coast, with a maximum depth ranging up to 
2000 m in few stations. The stations were fixed with the help of 
Global Positioning System (GPS) at 5 km from shore and at an 
interval of 10 km between sampling points i.e. 5, 15, 25, 35 and 45 
km from shore line so as to get wider spatial variability. Surface 
and sub surface (10m, 20m and 25m) water samples were 
collected by Niskin water sampler for the analysis of inorganic and 
organic nutrients. 

Surface water temperature was measured using digital 
multi-stem thermometer of 0.1º C accuracy. Salinity was 
measured using a hand held refractometer (Atago hand 

refractometer, Japan) and dissolved oxygen was estimated by 
the modified Winkler's method (Strickland and Parsons, 1972). 
Dissolved macronutrients such as nitrite, nitrate, ammonia, 
reactive silicate and inorganic phosphate were estimated by 
following standard methods described by Strickland and Parsons 
(1972), after filtering the water samples using a millipore filtering 
system through a 47mm GF/C filter paper and by using UV-VIS 
spectrophotometer (Shimadzu- UV 2450). Chlorophyll a 
concentration was measured following the method of UNESCO 
(1994) using fluorometer (Turner Designs, Triology) which was 
previously calibrated with standard chlorophyll a (Sigma – 
C6144) using 90% acetone.

Statistical analysis : Multivariate statistical approaches such as 
Principle Component Analysis (PCA) and multiple regression 
analysis were used to derive relationship between environmental 
variables and chlorophyll. PCA was used to analyze 
environmental parameters for fundamental trends among all the 
variables and reduce the number of variables in order to handle 
data more easily followed by multiple regression which was 
carried out to calculate the values of a dependent variable, given 
a set of predicted variables which was used to determine the 
extent to how the variables contributed to the chlorophyll 
concentration (Thangaradjou et al., 2012). These tests were 
performed by using SPSS ver. 11.5 statistical software. Nutrient 
ratio and physico-chemical parameters plots were done using the 
Golden software SURFER (ver. 8).

Results and Discussion

Spatial and temporal distribution of physico-chemical 
variables and chlorophyll a concentrations in the central coast of 
Bay of Bengal was found to be unique. Generally, chlorophyll a 

-3concentration was found to be low (<1 mgm ) in major portion of 
the Bay of Bengal (Dey and Singh, 2003). The nutrient limitation 
was most important cause of low chlorophyll concentration in the 
Bay of Bengal besides the more static condition of the surface 
water. Though, Bay of Bengal experiencing strong influence of 
tropical cyclones which bring large volume of fresh water through 
rainfall, chlorophyll concentration was found to be low due to lack 
of vertical mixing of saline water with freshwater and upwelling of 
nutrients (Prasannakumar et al., 2004). Variation in physico-
chemical parameters recorded in the present study is given in 
Table 1. 

Principal component analysis was performed on the 
normalized data set. Only the components with eigen values 
greater than one were considered for interpolation. Different 
physico-chemical variables and chlorophyll was subjected to 
PCA using Varimax rotation. During postmonsoon period five 
factors or PCs accounted for 78.52 % of total variance were 
extracted (Table 2). PC1 explains 27.104 % of total variance 
associated with positive loading of nitrate, chlorophyll and N:Si 
ratio. PC2 accounts 20.63 % of total variance with negative 
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loading of phosphate and positive loading of Si:P and N:P ratios. 
PC3 explains positive loading of ammonia with total variance of 
11.82 %. PC4 was positively loaded by SST and silicate and 
negatively loaded by DO with 10.22 % of total variance and PC5 
explains 8.75 % of total variance with positive loading of salinity 
and nitrite. 

During the summer season five PCs were extracted and it 
explained 80.48 % of total cumulative variance (Table 3). PC1 
accounted for 24.8 % of total variance with positive load of N: P 
and Si: P ratios and negative load of phosphate. PC2 explained 
20.73 % of total variance with strong positive loading of ammonia 
and nitrite and a strong negative loading of salinity and weak 
negative loading of SST. PC3 was positively loaded by nitrate and 
chlorophyll with total variance of 14.11 % while PC4 explained 
total variance of 12.40 % with positive loading of silicate and 
negative loading of N:Si ratio and PC5 had positive loading of DO 
with total variance of 8.4 %. 

During the premonsoon season, PCA of whole dataset 
yielded 4 components explaining 70% of total variance (Table 4). 
First factor (PC1) with 24.90% of total variance was positively 
loaded with nitrate, N:Si ratio and chlorophyll. Component 2 with 

469Nutrients influence on chlorophyll distribution 

Table 1 : Range of environmental variables recorded for four different seasons along central coast of Bay of Bengal

Environmental variables Postmonsoon Summer Premonsoon Monsoon

SST (°C) 25.4 – 26.8 28.2 – 32.1 27.3 – 30.7 28.8 – 30.5
-1DO (ml l ) 2.01 – 3.42 2.10 – 4.40 4.32 – 5.73 3.50 – 4.96

Salinity (psu) 30 - 35 33 - 35 20 - 33 20 – 34
Nitrite (µM) 0.32 – 0.90 0.37 – 1.00 0.28 – 1.05 0.38 – 0.99
Nitrate (µM) 1.07 – 3.96 1.09 – 3.93 1.03 – 4.82 1.03 – 3.78
Ammonia (µM) 0.11 – 2.23 0.10 – 0.89 1.12 – 0.99 0.11 – 1.09
IP (µM) 0.24 – 1.00 0.33 – 1.64 0.28 – 1.53 0.28 – 2.28
Silicate (µM) 9.63 – 26.59 5.41 – 24.93 10.81 – 29.26 20.36 – 45.85

-1Chlorophyll (µg l ) 0.03 – 1.16 0.12 – 1.81 0.04 – 1.95 0.09 – 1.71

Table 2 : Factor loadings of the observed variables along with eigen values and variance explained by the components during postmonsoon season

Factors PC1 PC2 PC3 PC4 PC5

Nitrate .935 .012 .135 .043 .001
Chlorophyll .902 -.058 -.073 -.003 .006
N:SI .713 -.231 .464 -.152 .240
Phosphate .143 -.921 .152 .015 .192
SI:P -.209 .886 -.102 .170 -.162
N:P .449 .780 .395 .008 -.026
Ammonia .131 -.031 .925 .062 .027
SST .013 .128 -.359 .756 -.179
DO .011 -.084 -.228 -.708 -.307
Silicate -.049 -.084 .238 .578 -.491
Salinity .048 -.095 .020 .118 .803
Nitrite .027 -.270 .103 -.134 .601
Eigen Value 3.253 2.475 1.418 1.227 1.050
Variability (%) 27.104 20.625 11.815 10.224 8.748
Cumulative (%) 27.104 47.730 59.545 69.769 78.516

Extraction Method: Principal Component Analysis.  Rotation Method: Varimax with Kaiser Normalization. Rotation converged in 6 iterations
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21.21% of total variance represented a positive loading of N:P 
ratio, Si:P ratio and nitrite and negative loading of phosphate 
while third component integrated negative loading of DO and 
positive loading of salinity and silicate with 14.60% of total 
variance. The fourth component (PC4) accounted for 8.90% of 
total variance with positive correlation with SST and ammonia. 

During the monsoon season, the measured physico-
chemical variables explained 68.63% of cumulative variance 
(Table 5). In which PC1 accounts for 27.04% of total variance with 
positive loading of N:P and Si:P ratios and negative loading of 
phosphate. PC2 explains 17.48% of total variance associated 
with positive loading of nitrate, chlorophyll, N:Si ratio and 
ammonia whereas PC3 accounts for 15.02% of total variance with 
negative loading of DO and positive loading of salinity and SST, 
while PC4 is positively loaded by nitrite and silicate with 9.09% of 
total variance. 

A correlation matrix between physico-chemical variables 
and chlorophyll a using multiple regression modeling yielded 
good relationship between environmental variables and 
chlorophyll for four different seasons. The results of multiple 

2regression summary for summer season (R =0.561, N=84) 
explained that nitrate (0.368), nitrite (0.197), ammonia (0.054), 
SST (0.025) and Si:P (0.002) were positively correlated with 
chlorophyll a concentration and silicate (-0.003), N:Si (-0.011), 
salinity (-0.027), N:P (-0.067) and PO (-0.235) were negatively 4 

correlated with chlorophyll a concentration. During the 
2postmonsoon period, the regression summary (R =0.589, N=72) 

with N:Si (0.556), nitrate (0.331), DO (0.111), salinity (0.017), 
ammonia (0.015), SST (0.066) and Si:P (0.003) positively 
influenced chlorophyll a concentration while, silicate (-0.001), 
nitrite (-0.008), N:P (-0.030) and PO  (-0.061) the negatively 4

influenced chlorophyll concentration. During premonsoon 
season, DO (0.415), nitrate (0.412), N:Si (0.404), nitrite (0.314), 

ammonia (0.233), salinity (0.058), SST (0.017) and silicate 
(0.015) were positively correlated with chlorophyll concentration 
whereas Si:P (-0.006), N:P (-0.107) and PO (-1.042) were 4 

2negatively correlated (R =0.586, N=73) with chlorophyll. 
2Regression summary (R =0.487, N=112) for monsoon season 

showed positive influence of N:Si (4.293), nitrate (0.363), 
ammonia (0.146), DO (0.112) and Si:P (0.009) on chlorophyll a 
concentration while, negative influence of PO (-0.164), nitrite (-4 

0.149), N:P (-0.104), silicate (-0.028), SST (-0.011) and salinity (-
0.005) on chlorophyll concentration. 

Water temperature was recorded from surface upto 10 
and 25m depth at different coastal stations, the minimum 
(25.4°C) water temperature was observed during postmonsoon 
season at surface water of Kottapattinam and the maximum 
(32.1°C) temperature was registered during summer season at 
surface water of Pulicat. The maximum water temperature was 
registered during summer season due to high intensity of 
incoming solar radiation, while minimum temperature was 
observed during the postmonsoon period, could be attributed to 
the winter cooling of surface waters of the ocean (Satpathy et al., 
2009), in addition to larger input of fresh water from seasonal 
rivers. 

-1 DO concentration varied between 2.01 and 5.73 ml l for 
both surface and subsurface samples, registering minimum DO 
during postmonsoon season at subsurface sample (10 m) of 
Kottapattinam and maximum at surface waters of Sriharikota 
during premonsoon season. The increased DO content observed 
during premonsoon season might be due to fresh water input from 
rivers. Low DO level recorded during postmonsoon season at 
subsurface waters (10m depth) was mainly caused by reduction 
in primary productivity due to turbid waters. DO content is a 
measure of photosynthetic activity of the phytoplankton biomass, 
possibly the present observation of the high DO content during 

Table 3 : Factor loadings of the observed variables along with eigen values and variance explained by the components during summer season

Factors PC1 PC2 PC3 PC4 PC5

N:P ratio .916 .223 .226 -.123 -.058
Phosphate -.881 .051 .397 .061 .039
SI:P .815 .009 -.150 .499 -.087
Ammonia .000 .862 .001 -.070 -.115
Nitrite .008 .805 .045 -.080 .000
Salinity -.060 -.740 -.028 .025 -.180
SST -.171 -.521 .196 -.110 .335
Nitrate -.047 -.026 .942 -.077 -.015
Chlorophyll -.090 -.005 .883 -.052 -.018
Silicate -.024 -.005 .125 .910 -.013
N:SI -.076 .139 .394 -.834 .040
DO -.074 -.001 -.061 -.025 .962
Eigen value 2.981 2.487 1.693 1.489 1.008
Variability (%) 24.841 20.725 14.110 12.408 8.396
Cumulative (%) 24.841 45.566 59.676 72.085 80.481

Extraction Method: Principal Component Analysis.  Rotation Method: Varimax with Kaiser Normalization. a  Rotation converged in 5 iterations

T. Thangaradjou et al.
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premonsoon season might be constituting high amount of 
chlorophyll concentration as a representative of phytoplankton 
biomass in the southern Bay of Bengal. The regression analysis 
predicts such positive relationship between chlorophyll and DO 
concentration during this season. Interestingly, low salinity and 
SST recorded during this period might have also influenced the 
DO level in the southern Bay of Bengal by favouring higher 
oxygen dissolution. 

The observed salinity values ranged between 20 and 35 
psu, with high salinity (35 psu) during summer and postmonsoon 
seasons and did not vary dramatically over different stations. The 
minimum salinity values (20 psu) were registered during 
premonsoon and monsoon seasons at Gangapattinam, 
Krishnapattinam and Pointpudi stations. High salinity observed 
during summer could be attributed to low fresh water influx and it 
remain almost constant during summer showing typical oceanic 
salinity until the arrival of southwest monsoon (Govindasamy et 
al., 2000), whereas low salinity observed during premonsoon and 
monsoon seasons was due to addition of large amount of 
freshwater drained from perennial rivers of the Bay of Bengal due 
to high rain fall during this season, especially from the northern 
part of Bay of Bengal. Satpathy et al. (2009) clearly indicated the 
role of low saline water  from the northern part of Bay of 
Bengal decreased the salinity of the entire Bay of Bengal region. 
In PCA analysis, salinity and surface water temperature was 
negatively loaded in the PC2 component during summer season 
alone due to high intensity of solar radiation which lead to high 
salinity of this season.

Distribution of nitrogenous nutrients showed significant 
variation at spatial and temporal scales between different depths. 
The nitrite concentration varied from 0.32 to 1.05 µM. The 
increased nitrite concentration coincided with the onset of 
southwest monsoon (premonsoon) which brought land derived 

entering 

nitrogenous nutrients into the Bay of Bengal through riverine run-
off and also intensified the mixing of water column by means of 
strong seasonal winds (southwest monsoon winds) which 
brought bottom bound nitrogenous nutrients to the subsurface 
waters of the Bay of Bengal. Nitrite in the ocean is mainly derived 
from the oxidation of ammonia and reduction of nitrate, is thus 
considered as one of the most unstable form of inorganic nitrogen 
species (Satpathy et al., 2010). 

The nitrate concentration was maximum during 
premonsoon season (10m) at Kottapattinam (4.82 µM) while 
minimum (1.07 µM) was registered during postmonsoon season 
at the surface waters of Krishnapattinam. Spatial and temporal 
variation of nitrate and its reduced organic compounds were 
predominantly influenced by the biological activity like utilization 
of phytoplankton and increased bacterial degradation besides 
other factors like nitrogen fixation and seasonal external inputs. 
Zepp (1997) opined that, quick assimilation by phytoplankton and 
enhancement by surface run-off results in large scale spatio-
temporal variations of nitrate in marine environment. Increased 
nitrate concentration at subsurface regions is a clear indication of 
coastal upwelling processes happening in the Bay of Bengal that 
were not strong enough as that of Arabian Sea, to bring the 
bottom bound nutrients to the surface of water column. A 
significant positive relationship of nitrite and nitrate with 
chlorophyll a concentration in the premonsoon season indicates 
their influence on chlorophyll a distribution. 

 Ammonia (NH ) concentration ranged between 0.10 and 4

2.23 µM. High ammonia values in the surface layers were mainly 
derived from terrestrial runoff and drainage from agricultural area 
being discharged (Senthilkumar et al., 2008) and also death and 
subsequent decomposition of phytoplankton. The decreased 
concentration of ammonia observed during summer season 
might be due to quick utilization of ammonia by the phytoplankton 

471Nutrients influence on chlorophyll distribution 

Table 4 : Factor loadings of the observed variables along with eigen values and variance explained by the components during premonsoon season

Factors PC1 PC2 PC3 PC4

Nitrate .899 -.071 .150 -.007
N:Si .807 -.055 -.218 .280
Chlorophyll .781 -.012 .221 .073
N:P .462 .808 .115 .101
Phosphate .357 -.804 -.056 -.044
Si:P -.360 .750 .361 -.144
Nitrite .241 .452 -.233 -.362
DO .174 .074 -.781 .029
Salinity .149 .127 .756 .007
Silicate .333 .174 .680 .033
SST .179 -.247 .140 .727
Ammonia .115 .319 -.228 .666
Eigen value 2.988 2.545 1.751 1.067
Variability (%) 24.896 21.212 14.596 8.895
Cumulative (%) 24.896 46.108 60.704 69.599

Extraction Method: Principal Component Analysis.  Rotation Method: Varimax with Kaiser Normalization.a  Rotation converged in 7 iterations
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Fig. 2 : Vertical distribution of N:P and N:Si ratio during all four seasons
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Fig. 3 : Vertical distribution of Si:P ratio and chlorophyll a during all four seasons
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(Dugdale et al., 2007), It is well known that ammonia is also a 
nutrient preferred by phytoplankton community at certain 
environmental conditions than nitrate (Lipschultz, 1995). This can 
be better evidenced by significant positive relationship of 
ammonia with chlorophyll a concentration and positive loading of 
PCA in all the seasons is a direct indicator of role of ammonia in 
plankton biomass. Ammonia fluctuation in the marine 
environment can also be attributed to its oxidation and reduction 
ability so as to convert into other forms of nitrogen in the region. 
Thus, NO -N is consumed only when ammonia is exhausted (Tao 3

et al., 2008). Similar conditions might have prevailed in Bay of 
Bengal waters. In PCA analysis, nitrogenous nutrients (nitrite, 
nitrate and ammonia) are positively loaded in all the seasons and 
regression analysis predicts positive influence of nitrate and 
ammonia with chlorophyll a which are better evidence of 
nitrogenous nutrients limiting phytoplankton growth in the Bay of 
Bengal region.

Inorganic phosphate concentration varied between 0.24 
and 2.28 µM. Increased concentration of phosphate was 
recorded during monsoon at 10m depth and might be due to land 
derived riverine inputs during monsoon. Incidentally, during this 
season intense agricultural activity takes place along the coast 
that largely utilizes phosphate-phosphorous fertilizer. Phosphate 
concentration in coastal water depend upon its concentration in 
freshwater that mixed with the seawater within the land-sea 
interaction zone, phytoplankton uptake, addition through 
localized upwelling and replenishment as a result of microbial 
decomposition of organic matter (Satpathy et al., 2009). 

The reactive silicate concentration was quite high 
throughout the study period when compared to other nutrients 
tested, ranged from 5.41 to 45.85 µM. Both low and high silicate 
concentration was largely influenced by the external inputs which 
brings land derived silicate materials into the ocean through rain/ 

riverine inputs. This might be the reason for low concentration of 
silicate during summer season evidenced by negative correlation 
with chlorophyll a.

Phytoplankton biomass as chlorophyll a concentration in 
-1 the Bay of Bengal ranged from 0.03 to 1.95 µgl (Figs.3e-h). 

Chlorophyll mostly exhibited high concentration during 
-1premonsoon followed by summer season (1.81 µgl ) and the 

minimum concentration was found in postmonsoon season. 
Chlorophyll a was the principal photosynthetic pigment in marine 
phytoplankton responsible for primary production in the oceanic 
environment. High chlorophyll a concentration reflected high 
plankton biomass resulting in higher primary productivity. The 
minimum chlorophyll concentration observed during the 
postmonsoon might be due to lack of nutrient availability in the 
upper layers arising from strong stratification and weaker winds, 
which limits vertical mixing (Prasannakumar et al., 2002). The 
highest chlorophyll concentration observed during premonsoon 
period was mainly influenced by wind driven mixing of water 
column which brought bottom bounded nitrogenous nutrients to 
the surface and subsurface water for the fluorishment of 
phytoplankton in the Bay of Bengal due to onset of southwest 
monsoon during this period. This was evidenced by a significant 
positive relationship established between chlorophyll a with 
nitrate and ammonia concentration during most of the seasons. 

Nutrient ratios : N:P ratio (Figs. 2a-d) in top 20 m of all transects 
was >4.5 with no spatial variation during all the seasons except 
monsoon season. During monsoon season, N:P ratio was > 5.8 
up to 20 m depth of water column. In general, the N:P ratio was 
lower than the classical red field ratio of 16:1 throughout the 
sampling period at all depths. During this season, the N:P ratio 
showed a positive relation with chlorophyll concentration of 
surface water. During premonsoon and postmonsoon season, 
higher N:P ratios (> 6.5) at intermediate depths (10-20m) were 
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Table 5: Factor loadings of the observed variables along with eigen values and variance explained by the components during monsoon season

FACTORS PC1 PC2 PC3 PC4

N:P ratio .929 .266 .036 .055
Phosphate -.906 .196 .037 -.018
SI:P .895 -.280 .077 .122
Nitrate -.090 .866 .103 .039
N:SI -.312 .819 -.074 -.111
Chlorophyll .013 .787 -.103 -.137
Ammonia .045 .480 -.083 -.002
DO .148 .020 -.834 .022
Salinity .064 -.121 .806 -.015
SST .163 -.025 .627 .286
Nitrite -.007 -.106 -.047 .783
Silicate .129 -.015 .191 .724
Eigen value 3.245 2.097 1.802 1.091
Variability (%) 27.039 17.476 15.020 9.092
Cumulative (%) 27.039 44.514 59.535 68.627

Extraction Method: Principal Component Analysis.  Rotation Method: Varimax with Kaiser Normalization. a  Rotation converged in 5 iterations
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observed in the Pointpudi region, however more chlorophyll 
concentration was recorded in the surface of water column. 
During summer, the N:P ratios decreased rapidly with depth 
coinciding with chlorophyll concentration. 

Among the essential nutrients, nitrogen and phosphorus 
played a vital role in the primary productivity. The N:P ratio was 
lower than the classical red field ratio of 16:1 throughout the 
sampling depth. In all the seasons, N:P ratio showed negative 
correlation with chlorophyll a concentration which suggests that 
these nutrients limited the phytoplankton growth. At the same time 
phosphorus did not show any significant relation with chlorophyll 
concentration, which was confirmed by regression and PCA 
analysis in the present study, in which the regression showed 
negative correlation of phosphorus with chlorophyll a 
concentration and also negative loading of phosphorus in PCA 
during all seasons. Although, N and P present in inorganic, 
organic and particulate forms, much of marine nutrient 
stoichiometry was based only upon the relative amount of 
dissolved inorganic N and P found in marine ecosystems. 
Ecosystem with N:P molar ratio less than the average required 
cellular ratio of 16:1 was generally N-limited and those with ratios 
> 16:1 was P limited (Koerselman and Meuleman, 1996; Bott et 
al., 2008). Surfer graphs showed that N:P ratio was less than 16:1 
in all the seasons subsequently that the Bay of Bengal region was 
nitrate limited. This is in confirmation with the results of PCA which 
represented the positive loading of N:P ratio during all seasons. 
Nitrogen was probably rare principal element limiting 
phytoplankton in the open oceans as its supply appeared to be 
ample relative to phosphorus (Downing, 1997). 

N:Si ratio showed a gradual decrease with depth (Fig. 2e-
h), in monsoon it was minimum compared to other three seasons 
due to higher silicate concentration relative to nitrate during 
monsoon. This N:Si ratio was maximum on the surface water 
coinciding with chlorophyll distribution. During the premonsoon 
season, N:Si ratio did not show a significant variation from surface 
to 20m depth (> 0.2). The PCA analysis showed that N:Si ratio and 
nitrate showed a significant positive relationship with chlorophyll a 
concentration except during summer and also the spatial graphs 
denoted higher N:Si ratio during summer season along all 
transects indicating less silicate value in this season. 

N:Si ratio and nitrate concentration showed a significant 
positive relation with chlorophyll, which obtained maximum 
distribution on surface and 20 m depth. Among different ratios, 
N:Si ratio in particular appeared to affect the phytoplankton 
community structure of the Bay of Bengal as reported by Paul et 
al. (2008). Silicate showed a similar pattern of distribution to that 
of nitrate in the Bay of Bengal and the surface silicate 
concentrations increased from 0.5 µM in the south to 2 µM in the 
north as major rivers are located in the northern Bay of Bengal 
region (Prasannakumar et al., 2007). Even N:Si ratio recorded an 
above 0.1 level irrespective season indicating their role in nutrient 

chemistry in the Bay of Bengal. As both the nutrients are essential 
for development and growth of diatom population, N:Si ratio >0.1 
suggested Si enriched nutrient regime in the study area (Paul et 
al., 2008). This ratio was positively correlated with chlorophyll 
concentration during all the seasons except summer when there 
was no external inputs and less vertical mix up was taking place.

Si:P ratio showed a progressive increase with depth (Fig. 
3a-d). During summer season, the minimum concentration of 
silicate to phosphate ratio was observed in the Pulicat region. The 
highest Si:P ratio close to 70 was observed during monsoon 
season in almost all the transects. There were large scale 
variations in the surface water and the Si:P ratio was > 19 
throughout the water column. Si:P ratio showed a positive relation 
with chlorophyll distribution during the premonsoon and monsoon 
but the negative relation with postmonsoon and summer 
indicated a strong deficiency of P relative to Si during these 
seasons.

Silicate to phosphate ratio was negatively correlated with 
chlorophyll concentration during the premonsoon season and 
showed a positive correlation during other seasons. PCA analysis 
also showed positive loading of Si:P ratio during all the seasons. 
High abundance of diatoms (>90 %) vis-à-vis dinoflagellates 
could be attributed to high Si:P or low N:Si ratios. Such realms are 
reported to support diatom dominated systems (Bethoux et al., 
2002; Paul et al., 2008) as observed in the present study. The 
spatial analysis showed that high Si:P ratio was observed during 
the monsoon season and low during summer compared to other 
seasons, this was due to high surface silica derived from land 
runoff during the monsoon and low riverine input during summer. 
Si:P ratio graphs showed a higher than 16:1 ratio during all 
seasons, indicating a strong deficiency of phosphorus relative to 
silicate in the Bay of Bengal.

Hence, in the present study, highest chlorophyll 
concentration found during the premonsoon season associated 
with high nitrate and silicate content suggesting that nitrate and 
silicate were primary limiting nutrient in the central coast of Bay of 
Bengal. Results of elemental ratio of nutrients N:P<10 and 
N:Si>0.1 indicated potential nitrate and silicate limitation over the 
coastal waters of central Bay of Bengal.
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