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Abstract

Phytoplankton pigments were used to study the community structure and phytoplankton size class in Goa's estuaries.
The study revealed that fucoxanthin and chlorophyll a were the most dominant pigments. The correlation of diagnostic
pigments (DP) and chl a correlated positively in both estuaries (Mandovi: R? = 0.703, P <0.01; Zuari: R? = 0.892,
P <0.01), suggesting that DP can serve as a proxy to measure phytoplankton biomass. Results showed that with DP
and biomass proportion, phytoplankton size class (picoplankton, nanoplankton and microplankton) can be derived.
Picoplankton biomass was highest during pre-monsoon season, while microplankton biomass was high during monsoon
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season. The high abundance of microplankton may support planktivorous fishery productivity.
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1. Introduction

The estuary is a region where marine and riverine environ-
ments meet and a rapid exchange of materials including
nutrients between sediments and water takes place. An
estuary is one of the most productive zones in the ma-
rine ecosystem, which forms an excellent nursery ground
for a variety of commercially important fishes (Gameiro
et al,, 2004). Phytoplankton are the dominant primary
producer in the marine ecosystem and support organic
production (Bharathi et al., 2022). The characteristics of
the phytoplankton community reflect the quality of estu-
arine waters due to their adaptive response to changes in
environmental factors such as light availability, tempera-
ture, salinity, nutrients, and pH as well as biological factors
like grazing (Patil and Anil, 2011). Various other studies
have also shown that the strong relationship between the
abundance of phytoplankton in estuarine ecosystems and
the quality of estuarine waters is due to their ability to
respond rapidly to environmental changes (Hilligsoe et al.,
2011; Paerl and Justic, 2013; Tao et al., 2020; Chilton et al,,
2021).

Generally, phytoplankton groups are broadly classified
into different functional types based on their physiological
characteristic and ecological role (Le Quéré et al., 2005).
There are a number of techniques that have been used to
quantify the different size classes of phytoplankton (Nair

etal, 2008). Some of the common methods used to identify
the different size classes of phytoplankton are microscopic
analysis, flow cytometry, size-fractionated filtration, and
the analysis of phytoplankton pigments (Wollschlager et
al,, 2015; Chase et al., 2020). Of these, the most commonly
used technique to quantify the abundance and identify
the community structure of phytoplankton is microscopic
method (Soares et al., 2011).

However, the identification and enumeration of phyto-
plankton by microscopic method are laborious and require
a high degree of taxonomic knowledge (Roy et al., 2006).
Moreover, this method does not allow the identification or
counting of microscopic organisms, such as the picoplank-
ton group. Therefore, to overcome this limitation, the flow
cytometry technique is used to identify picoplankton (Ning
etal., 2021). However, with this method also there is a dis-
advantage as it is restricted to a specific size range (the
upper limit is typically 15-20 pm), making it difficult to
obtain data on the larger size class of phytoplankton (Van
Dijk et al., 2010). Some researchers have even used remote
sensing method to analyse phytoplankton size class, but
there are challenges and limitations, particularly in an es-
tuarine environment. One of the major challenge is the
complex and dynamic nature of the estuarine environment
which affects the accuracy and reliability of remote sensing
data (TwardowskKi et al., 2007; Kudela et al., 2015; Mouw
etal., 2017).
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The pigments possess unique characteristic which is
useful in studying the community structure of phytoplank-
ton due to their functional attributes. Studies showed that
the pigment composition in water sample reflects the tax-
onomic composition of the phytoplankton, while the pres-
ence or absence of certain marker pigments can be used
to describe the phytoplankton community composition
in the aquatic ecosystems (Jeffrey et al., 1999; Thrane et
al,, 2015). Alloxanthin, chlorophyll b, fucoxanthin, 19-hex-
fucoxanthin, and 19-but-fucoxanthin, peridinin and zeax-
anthin as some of the major diagnostic pigments (DP) for
Bacillariophyta, Cryptophyta, Chlorophyta, Haptophyta,
Dinophyta, and Cyanophyta (Paerl et al.,, 2003; Barlow
etal,, 2007). The distinct attributes of the pigments and
their association with a particular group of phytoplankton
have made them an ideal diagnostic tool in phytoplankton
studies (Roy et al., 2015). As a result, pigment analysis
is considered one of the best techniques for mapping the
phytoplankton community in terms of their abundance
and composition.

The Mandovi and Zuari estuaries are two major estuar-
ine systems located on India’s west coast in Goa that flow
into the Arabian Sea. These estuaries are highly dynamic
and ecologically rich, shaped by a pronounced monsoonal
cycle that drives significant seasonal variations in both hy-
drological and biological parameters. Salinity ranges from
0 to 5 psu during monsoon season and it goes up to 30
psu during dry/summer season, while temperature varies
between 24°C and 32°C, with cooler waters observed dur-
ing the monsoon due to rainfall and cloud cover, and peak
temperatures occurring in the dry season (Shetye et al.,
2007; Vijith et al., 2009; Pednekar et al., 2014; Anand et
al,, 2014). During the monsoon season, heavy freshwater
inflow causes drastic changes in salinity, nutrient distribu-
tion, and tidal currents, while the dry season brings seawa-
ter intrusion and more stable conditions. Dissolved oxygen
(DO) levels fluctuate seasonally, reaching up to 7 to 8 mg
L~! during the monsoon, when freshwater input is high,
while it decreases to 4 to 5 mg L™! during the pre-monsoon
season due to reduced mixing and increased respiration
rates (Verlecar et al., 2006).

Similarly, nutrients concentration also shows seasonal
variation. The study by Pednekar et al. (2014) showed
that during the monsoon, nutrients level increases due to
land runoff, with nitrate ranging from 5 to 15 uM, phos-
phate from 0.5 to 2 pM, and silicate between 10 and 30 uM,
while the nutrients level decreases during the dry season,
even though tidal mixing help sustain the productivity in
both estuaries throughout the year. According to studies,
these estuaries are dominated by diverse phytoplankton
groups, such as diatoms and dinoflagellates, whose distri-
bution and seasonal abundance are greatly affected by the
changes in physico-chemical factors (de Senerpont Domis
etal., 2013; Patil and Anil, 2015; Ramakrishnan and Veron-
ica, 2022). Studies also showed that phytoplankton blooms

2/17

frequently occur during both monsoon and non-monsoon
seasons, which is mainly nutrient-driven (Ramakrishnan
and Veronica, 2022; Patil and Sathish, 2023).
Considering the significance of phytoplankton in ma-
rine ecosystem functioning, understanding the characteris-
tic and the community structure of phytoplankton is impor-
tant. In view of this, we investigated the spatio-temporal
variation of phytoplankton pigments with respect to com-
munity structure in the estuarine waters of Goa, India. Dur-
ing this study, we evaluated the variation in the distribution
of phytoplankton pigments, the spatio-temporal variation
in the Mandovi and Zuari estuaries, and the pigments de-
rived phytoplankton size class from various locations.

2. Material and methods

2.1 Study sites and field sampling

The samplings were carried out from different locations of
the Mandovi (15.49°N to 15.50°N and 73.81°E to 73.92°E)
and Zuari (15.34°N to 15.40°N and 73.86°E to74.0°E) estu-
aries, central west coast of India, Goa (Figure 1). Monthly
sample collection was done from January-December 2021.
The sampling stations were designated as M1 (Upper Sec-
tion), M2 (Middle Section), and M3 (Lower Section/Mouth
of the estuary) in the Mandovi estuary, whereas Z1 (Up-
per Section), Z2 (Middle) and Z3 (Lower/Mouth of the
estuary) were the three sampling stations in the Zuari es-
tuary. A clean bucket was used to collect the surface water
samples. From each station, samples were collected in
triplicate along with other hydrological data.

2.2 Physical and chemical parameter
Physico-chemical parameters data such as temperature,
salinity, dissolved oxygen and inorganic nutrients were col-
lected from the surface water sample. Surface water tem-
perature and salinity were recorded by a digital thermome-
ter (TM 120) and a refractometer (Atago). Dissolved oxy-
gen (DO) was measured by Winkler’s method. Nutrients
were estimated with the help of an autoanalyzer (Skalar
San P! analyzer) as per standard protocol (Strickland and
Parsons, 1972).

2.3 Taxonomy

In the laboratory, a sub-sample of water sample (~250
mL) was collected in amber-coloured plastic bottles and
preserved in 2 mL of Lugol’s iodine solution (Santhanam
et al, 1987). The samples were concentrated, up to 5-10
mL, by siphoning them through a glass tube with a 10 pm
mesh at one end. Phytoplankton cells were counted in the
Sedgewick-Rafter counting chamber and identified under
an inverted light microscope (Olympus IX73). The species
of phytoplankton were identified with the standard taxo-
nomic keys (Tomas, 1997). This data was used as a refer-
ence to study the correlation between marker pigments
and phytoplankton groups.
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Figure 1. Study area showing the sampling locations from the Mandovi and Zuari estuary, Goa.

2.4 Pigment analysis

To analyse the characteristic of phytoplankton pigments,
the other sub-sample of surface seawater (500-1000 mL)
was filtered through GF/F (Whatman) filter paper and
stored at —20°C until analysis. To identify and charac-
terise the phytoplankton pigments, high-performance liq-
uid chromatography (Shimadzu prominence i-series LC
2030) was used. The phytoplankton pigments were quan-
tified as per the Van Heukelem and Thomas (2001) method.
Pigments were extracted in three to five millilitres of ice-
cold 100% methanol (HPLC grade, Merck) overnight at
—20°C. The cellular debris was eliminated by filtering
through a Teflon syringe filter (0.2 pm). After 0.2 pm sy-
ringe filtration, the sample was mixed in a 9:1 ratio with
a buffer containing 28 mM aqueous tetrabutyl ammonium
acetate (TBAA; AR Grade, TCI) at pH 6.5 and methanol.

HPLC was calibrated with pigments standard from DHI
(Denmark). A methanol-based reversed-phase linear gra-
dient solvent system was utilized for the analysis, involving
abinary gradient elution where solvent A (70:30, methanol
and 28 mM TBAA at pH 6.5) and solvent B was 100%
methanol. The gradient increased from 5% to 95% sol-
vent B over 22 minutes, followed by a hold at 95% sol-
vent B until 29 minutes. The injection volume varied from
300 to 500 pL, with a solvent flow rate maintained at
1.1 mL min~!. Marker pigments concentration was de-
termined by analysing the peak areas of the standard. The
eluting pigments were detected at wavelengths of 450 and
665 nm. In all the analyses, HPLC-grade solvents (Merck)
were used. The HPLC system was equipped with a photodi-
ode array (PDA) detector and a Shim Pack GIST C8 column
(4.6 mm diameter, 3.0 um pore size). The time taken to
analyse one sample was approximately 40 minutes.

2.5 Biomass quantification of different phytoplankton
size classes

The different size class of phytoplankton was recorded
and the data reduction approach was used to ascertain the
contribution of each phytoplankton group (Vidussi et al.,
2001). Accordingly, the concentration of marker pigments
was converted to biomass proportion of the phytoplank-
ton size class with the help of diagnostic pigment. The
following formula was used to calculate the sum of all diag-
nostic pigment (£DP) and biomass proportion (BP) of dif-
ferent size classes of phytoplankton (picoplankton, < 2 pm;
nanoplankton, 2-20 pm; and microplankton 20-200 pm
(Roy et al., 2006; Chowdhury and Biswas, 2023).

XDP,, =1.41[fuco] + 1.1[peri] + 1.27[19 — hf]
+0.35[19 — bf] + 0.60[allo] + 1.01[chlb] (1)
+0.86[zea]

BPyicro = (1.41[fuco] + 1.1[peri])/ZDP,, (2)

BPyano =(0.60[allo] +1.27[19 — hf]

+0.35[19 — bf])/DP,, (3)

BPpico = (0.86[zea] + 1.01[chl b])/=DP,, (4)

The distribution pattern of accessory photosynthetic
pigments (APSP) (Peridinin (peri) + 19’ Butanoyloxyfu-
coxanthin (bf) + Fucoxanthin (fuco) + 19’ Hexanoyloxyfu-
coxanthin (hf) + Violaxanthin (viol) + Chlorophyll b (chl
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b) and accessory photoprotective pigment (APPP) (Diadi-
noxanthin (diad) + Alloxanthin (allo) + Diatoxanthin (diat)
+ Zeaxanthin (zea) + Total carotenes (a + [5)) was also de-
termined (Gibb et al., 2001).

2.6 Statistical analysis

The environmental data presented are mean values * stan-
dard deviation (SD). Dendrogram clustering was performed
in PRIMER software (ver. 7) to analyse the phytoplank-
ton size class based on the diagnostic pigments (DP). The
correlation between diagnostic marker pigments and the
distribution of phytoplankton community was carried out
in IBM SPSS statistical software (ver. 23). Pearson correla-
tion analysis was performed to understand the correlation
between different environmental parameters (Tempera-
ture, salinity, nitrate, nitrite, phosphate, and silicate) and
phytoplankton size group (Micro, nano and pico) (PAST
analytical software, Version 4.03). The ANOVA calculation
was performed in MS Excel 2016 to test the significant dif-
ference in pigment composition present in each sampling
station of the Mandovi and Zuari estuaries.

3. Results

3.1 Hydrography

The analysis of environmental parameters revealed that
sea surface temperatures in the Mandovi and Zuari estuar-
iesranged from 26 to 34°C. In the Mandovi estuary, the max-
imum temperature was recorded in May at 33.12+0.004°C
in the upper section, while the minimum was observed in
November at the middle section, measuring 26.43
+ 0.002°C. In contrast, the highest temperature in the
Zuari estuary was 33.67 + 0.115°C during April month at
the lower section, and the minimum temperature 26.73
+ 0.21°C was also noted in November (Figure 2a,b).

Salinity levels in both estuaries varied from 0 to 36 psu,
peaking in May (35.8 + 0.24 psu) in the lower section of
the Mandovi estuary, while in the Zuari estuary highest
salinity was observed in the middle section (33.96 + 0.058
psu). Notably, salinity was significantly lower in June in the
middle section (0.1 + 0.001 psu) of the Mandovi estuary,
while in the Zuari estuary, the lowest salinity was recorded
in the upper section (0.3 + 0.002 psu) (Figure 2c,d). The
results indicated that in both estuaries, salinity was low-
est during the monsoon month of June compared to the
months of April to May (summer).

Dissolved oxygen (DO) levels ranged from 3 to 7
mg L™ in both the estuaries. The highest concentration
was recorded in July at the upper sections (6.96 + 0.722
mg L™1) in the Mandovi and 6.53 + 0.056 mg L1 in the
Zuari estuary respectively. However, DO levels dropped
significantly in the month of September in the Mandovi
estuary in the upper section (4.05 + 0.527 mg L™1), while
it was in the middle section (3.64 + 0.125 mg L™1) during
the month of April in the Zuari estuary (Figure 2e,f).
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The concentration of inorganic nutrients increased sig-
nificantly in the upper sections of both the Mandovi and
Zuari estuaries compared to the middle and lower sec-
tions. During the southwest monsoon season, especially
in July, the Mandovi estuary showed a considerably higher
average concentration of nitrate (15.3 £+ 1.282 uM), nitrite
(1.04 £ 0.160 pM), and phosphate (1.92 £+ 0.060 pM) than
other months (Figure 3a,c,e,g). Similarly, in the Zuari estu-
ary, the average concentrations in July were elevated, with
nitrate at 16.29 + 0.59 pM, nitrite at 1.88 £+ 0.04 pM, and
phosphate at 1.86 + 0.05 uM (Figure 3b,d,fh). Such sub-
stantial increase in nutrients level during the southwest
monsoon can be attributed to tidal mixing, agricultural
runoff from nearby farmlands, and wastewater discharge,
etc. In contrast, the concentration of inorganic nutrients
was notably lower during the pre-monsoon season (Febru-
ary to May). The nutrients concentration was lowest in the
month of February at the lower section of both estuaries.
In Mandovi estuary, nitrate was 0.663 + 0.03 uM, nitrite
at 0.033 £ 0.007 uM, and phosphate at 0.042 £+ 0.004 uM,
Similarly, in Zuari estuary, nitrate was 1.28 + 0.19 uM, ni-
trite (0.116 + 0.03 uM), and phosphate (0.333 £+ 0.02 pM),
(Figure 3).

The silicate concentration showed great variation be-
tween the months in both Mandovi and Zuari estuaries
(Figure 3g,h). The highest silicate concentration was 59.53
+ 1.21 pM in the Mandovi estuary at the upper section
during the month of June to July. Similarly, the highest con-
centration was 23.54 + 3.005 uM at the upper section of
the Zuari estuary during the month of August to September.
Conversely, the concentration of silicate was lowest during
the pre-monsoon season, particularly in April, in the lower
section of the Mandovi estuary (9.57 + 0.055 uM), whereas
it was 2.82 £+ 0.235 uM in the Zuari estuary.

3.2 Pigments

The results of HPLC analysis showed several key pigments
from both Mandovi and Zuari estuaries, in addition to the
predominant chlorophyll a and fucoxanthin pigments. The
pigments were peridinin (peri), 19’ hexanoyloxyfucoxan-
thin (19-hf), diadinoxanthin (diad), alloxanthin (allo), zeax-
anthin (zea), chlorophyll b (chl b), prasinoxanthin (prasi),
and S-carotene (f-car) (Figure 4). These pigments dis-
played distinct spatial variability in both estuaries. The
pigments concentration in both the estuary across the
months were statistically significant (P < 0.05; One-way
ANOVA).

In the upper section of the Mandovi estuary, the concen-
trations of peri (0.092 + 0.002 mgm~3),allo (0.173 + 0.021
mgm~3),zea (0.417 + 0.001 mgm™~3), chl b (0.958 + 0.107
mg m~3), and B-car (0.0974 4+ 0.001 mg m~3) were signifi-
cantly higher in the month of May (Figure 4a). However,
the highest concentration of peri (0.218 + 0.005 mg m™~3),
diad (0.256 + 0.002 mg m~3), allo (0.145 + 0.004 mg m~3),
zea (0.265 + 0.144 mg m~3), and chl b (0.803 + 0.281 mg
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m~3) was recorded during December in the upper section
of Zuari estuary (Figure 4d).

The concentration of pigments like diad (0.082 + 0.006
mg m~3) and zea (0.511 4+ 0.001 mg m~3) peaked during
May in the middle section of both estuaries (Figure 4b,e).
On the other hand, the concentration of peri was signifi-
cantly elevated in both Mandovi (0.002 + 0.0 mg m~3) and
Zuari (0.044 4+ 0.211 mg m™3) estuaries during October.
It was also observed that allo, chl b, and prasi concentra-
tions were considerably higher in May (0.090 + 0.004) mg
m~3), March (0.101 + 0 mg m~3), and May (0.607 + 0.007
mg m~3) in the middle section of Mandovi estuary (Fig-
ure 4b), while significant increase in these pigments - allo
(0.1340.001 mg m~3), chl b (0.382 4+ 0.08 mg m~3), and
B-car (0.131 + 0 mg m~3) was noted in the middle section
of the Zuari estuary during December (Figure 4e).

In the lower section, diad (0.188 + 0.11 mg m~3), allo
(0.462 4 0.001 mgm3),zea (0.511 4 0.114 mgm™3),chl b
(0.716 £ 0.299 mg m~3), and B-car (0.10340.006
mg m~3) were significantly high during the month of Novem-
ber in the Mandovi estuary (Figure 4c), while in the Zuari
estuary the concentration of allo (0.11 4+ 0.114 mg m™3),
zea (0.163 4+ 0.007 mg m~3), and S-car (0.172 + 1.004
mg m~3) was higher in the lower section during December
(Figure 4f). Furthermore, 19-hf (0.014 + 0.610 mg m~3)
and chl b (0.575 + 0.064 mg m~3) showed an increase dur-

ing March, and the highest concentration of peri (0.024 +
0.001 mg m™3) and diad (0.315+0.074 mg m~3) was
recorded during the month of May (Figure 4f).

The results showed that chlorophyll @ and fucoxanthin
are the predominant pigments and their distribution var-
ied significantly in both estuaries (Figure 5). Chlorophyll
a concentration was higher in the lower section of both
estuaries. In the Mandovi estuary, the highest concentra-
tion of chlorophyll a was recorded at the lower section
during the months of June (1.725 4+ 0.472 mg m~3) and
November (2.658 + 0.667 mg m™~3), whereas in the Zuari
estuary, it was in the month of December (3.35 + 0.002
mg m~3). Similarly, the concentration of fucoxanthin was
comparatively higher in the lower section during the month
of November (0.698 + 0.001 mg m~3) and in middle sec-
tion during the month of May (0.669 + 0.114 mg m~3) in
the Mandovi estuary (Figure 5), whereas in the Zuari estu-
ary, fucoxanthin was higher in the month of May at lower
region (1.447 + 0.001 mg m~3) and in the upper section
(0.812 + 0.264 mg m~3) during the month of December.
On the other hand, fucoxanthin concentration in the Zuari
estuary was comparably lower than chlorophyll a during
monsoon season, however, no such trend was observed in
the Mandovi estuary. Pearson correlation between fucox-
anthin and chlorophyll @ pigment showed a strong positive
correlation in both the Mandovi (0.604, P < 0.05) and Zuari
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(0.930, P < 0.01) estuaries. This indicates that major con-
tribution of phytoplankton biomass will be predominantly
from the diatom group because fucoxanthin is the marker
pigment of diatom.

The distribution of accessory photosynthetic pigments
(APSP) and accessory photoprotective pigments (APPP)
showed a variation between the two estuaries (P < 0.05).
The level of APSP and APPP was higher in the lower sec-
tion of the Mandovi estuary during November, while in the
Zuari estuary, they were significantly higher in the upper
section during December (Figure 6). Chlorophyll b, fucox-
anthin, and peridinin were the major pigments of APSP,
while diadinoxanthin, zeaxanthin, and diatoxanthin were
the major APPP pigments.

3.3 Phytoplankton size class

The quantification of biomass proportion of each size class
of phytoplankton from different locations of both the es-
tuaries showed that microplankton biomass was highest

in all the locations. According to the size class defined by
the diagnostic pigment analysis (DPA), the accessory pig-
ments contribution of different size classes of phytoplank-
ton were - picoplankton (0.2-2 um) (38%), nanoplankton
(2-20 um) (—5%), and microplankton (20-200 um) (57%)
in the Mandovi estuary. Similarly, in the Zuari estuary, the
distribution of picoplankton was 30%, nanoplankton was
2% and the largest contribution was from microplankton
(68%). Microplankton and picoplankton were the pre-
dominant size class of phytoplankton in both estuaries,
while the abundance of nanoplankton group in both estu-
aries was very low (2-5%). The overall contribution of
microplankton was between 57 and 68% in both estuar-
ies, compared to 30 and 38% of picoplankton (Figure 7).
The correlation analysis showed that diagnostic pigments
(DP) from the Mandovi and Zuari estuaries were positively
correlated with phytoplankton size class or total phyto-
plankton biomass (Mandovi: R? value = 0.703 and Zuari:
R? value = 0.892).
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(APPP) in the Mandovi (a-b) and Zuari (c-d) estuarine waters of Goa.

3.4 Phytoplankton community structure

The microscopic study of phytoplankton diversity and dis-
tribution showed a seasonal variation in both the estu-
ary. Bacillariophyta, Cyanophyta, Chlorophyta, Dinophyta,
and Chrysophyta were the major phytoplankton groups
observed during the study. The results showed that the
species diversity was high in the lower section of both the
estuary. Species like Cyclotella striata, Skeletonema costa-
tum, Thalassionema nitzschioides, Actinoptychus senarius,
Paralia sulcata, Striatella sp., Synedra spp., Synendropsis
spp., Dinophysis miles, Heterodinium milneri, Oxitoxum spp.,
Pyrodinium spp. were the predominant diatoms and di-
noflagellates species found during all the months in Zuari
estuary. On the other hand, Skeletonema costatum, Tha-
lassionema nitzschioides, Nitzschia longissima, and Pleu-
rosigma normanii, Asteromphalus spp., Detonula spp., Plank-
toniella sol, Amphora spp., and Pinnularia spp. were ob-
served in the Mandovi estuary.

The clustering of diagnostic marker pigments showed
a clearly delineating phytoplankton groups based on pig-
ment specificity (Figure 8). The clustering was similar in
both the estuaries. These observations were supported
by the correlation analysis (Table 1). The analysis showed
that specific diagnostic marker pigments positively corre-
lated with a specific group of phytoplankton in both es-
tuaries. The Bacillariophyta, Dinophyta, and Cyanophyta
exhibited a strong positive correlation with marker pig-
ment, such as fucoxanthin correlated to diatom (Mandovi:
R% =0.745, P<0.01; Zuari: R? =0.838, P<0.01), peri-
dinin with dinophyta (Mandovi: R2 =0.783,P < 0.01; Zuari:
R?=10.872, P <0.01), and zeaxanthin with cyanophyta
(Mandovi: R?=0.744, P<0.01; Zuari: R?=0.815, P
< 0.01). The strong and positive correlation between the
marker pigments and phytoplankton groups strongly sup-
ports the view that marker pigments such as fucoxanthin,
peridinin and zeaxanthin could be reliably used to deter-
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Figure 7. The overall biomass proportion of phytoplankton size class distribution in Mandovi estuary (a) and Zuari
estuary (b).
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Table 1. Correlations between the diagnostic marker pigments (Fuco: Fucoxanthin; Peri: Peridinin; Zea: Zeaxanthin;
and Lut: Lutin) and the phytoplankton groups (Bacillariophyta (Dia), Dinophyta (Dino), Cyanophyta (Cyano), and

Chlorophyta (Chloro).
MANDOVI
Parameter Dia Dino Cyano Chloro Fuco Peri Zea Lut Allo
Dia 1
Dino 0.276 1
Cyano 0.467 —0.105 1
Chloro —-0.270 0.052 —0.300 1
Chryso —0.596 —-0.509 -0.172 0.393
Fuco 0.745™ 0.221 0.033 -0.151 1
Peri 0.349 0.783** —-0.008 0.103 0.624* 1
Zea 0.316 —0.105 0.744™ —0.022 0.206 —0.002 1
Lut 0.491 0.004 0.266 -0.173 0.566" 0.773* 0.440 1
ZUARI
Parameter Dia Dino Cyano Chloro Fuco Peri Zea Lut Allo
Dia 1
Dino —0.183 1
Cyano 0.149 -0.278 1
Chloro 0.381 -0.029 —0.657* 1
Chryso 0.070 0.034 —-0.347 0.354
Fuco 0.838™ 0.121 —0.089 -0.327 1
Peri —0.342 0.872"" —-0.224 —0.412 0.808™" 1
Zea —-0.351 0.156 0.815™" —-0.436 0.917** 0.950*" 1
Lut 0.064 —0.260 -0.256 0.222 —0.188 —-0.168 —0.188 1

*Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level.

mine the specific group of the phytoplankton com-
munity.

3.5 Correlations between environmental parameters
and phytoplankton size community

The correlation between phytoplankton size community
and environmental parameters was analysed by Pearson
correlation analysis. The dissolved inorganic nutrients
showed a significant effect on the abundance of phyto-
plankton size class (P < 0.05). Microplankton size class in
the Mandovi and Zuary estuaries showed a positive cor-
relation with nitrate (Mandovi R? = 0.629, P < 0.05; Zuari
R2=10.727, P<0.01) and silicate (Mandovi R? = 0.364,
P < 0.05; Zuari R? = 0.672, P < 0.05) (Figure 9). Nanoplank-
ton size class also showed a positive correlation with the
inorganic nutrients such as nitrate (Mandovi R2 =0.800,
P < 0.01; Zuari R?2 = 0.423, P < 0.05), nitrite (Mandovi R?
=0.711, P<0.01), phosphate (Mandovi R?=0.742,
P < 0.01; Zuari R2=0.636, P < 0.05), and silicate (Man-
dovi R? = 0.603, P < 0.05; Zuari, R? = 0.541, P < 0.05) (Fig-
ure 9). The strong positive correlation by both microplank-
ton and nanoplankton showed their affinity for nutrient-
rich water, which normally occurs during monsoon and
post-monsoon season. The biomass growth corresponded
with the availability of inorganic nutrients particularly
with nitrate during these seasons.

Picoplankton, on the other hand, showed a strong neg-
ative correlation with all the dissolved inorganic nutrients
in both the estuaries, while showing a positive correla-

tion with surface water temperature and salinity (P < 0.05)
(Figure 9). The negative correlation between nutrients and
picoplankton indicated that picoplankton growth is not af-
fected much by the availability of nutrients because of their
small cell size. As a result, they can thrive better in olig-
otrophic condition. The correlation results further showed
that the biomass growth of picoplankton could be affected
by temperature and salinity. We observed higher biomass
growth of picoplankton under a warmer condition during
the pre-monsoon season.

4. Discussion

The pigments are useful chemotaxonomic proxies for de-
termining phytoplankton group (de Vargas et al,, 2015;
Kramer etal., 2019; Chandrasekhararao et al., 2022). Since
phytoplankton responds swiftly to environmental changes,
it can be a valuable tool for evaluating the alterations in
aquatic environments (Fietz et al., 2005). In the present
study, the chromatographic data provided a comprehen-
sive characterization of pigments, which have been used
as marker pigments to investigate the variation in phyto-
plankton community structure in the estuarine waters of
Goa, while we identified five predominant groups from the
microscopic studies. Out of these, Bacillariophyta (diatom)
were the most dominant group constituting 74% to 77%
of the total population.

The chromatographic data revealed that fucoxanthin,
peridinin, zeaxanthin, diadinoxanthin, and chlorophyll a
were the most dominant and frequently occurring phyto-
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Figure 10. Seasonal variation in the biomass proportion of phytoplankton size classes in Mandovi (a) and Zuari (b)
estuarine waters of Goa, during PrM (Pre-monsoon, February to May), MON (Monsoon, June to September), and POM

(Post-monsoon, October to January) seasons.

plankton pigments in both the estuaries. The predomi-
nance of diatoms and dinoflagellates was shown by a high
concentration of fucoxanthin and peridinin pigments in
both estuaries, while the presence of taxonomic signifi-
cance of cyanophytes and, chlorophytes was indicated by
the pigments like zeaxanthin, and chlorophyll b. A similar
observation has been reported by Roy et al. (2006), Chai
et al. (2016), and Paul et al. (2021). We also observed
that marker pigments such as fucoxanthin, peridinin and
zeaxanthin strongly correlated with phytoplankton like
diatom, dinoflagellates and cyanobacteria.

The high concentration of chlorophyll a (phytoplankton
biomass) during monsoon season corresponded with the
high abundance of diatom observed under the microscope
in both the Mandovi (1.1 x 10* cells L™1) and Zuari estuar-
ies (1.7 X 10* cells L™1). This observation is in accordance
with the study of Figueiras et al. (2014), wherein they
showed that the phytoplankton biomass (concentration
of chlorophyll a) is affected by the abundance of diatom.
During this study, a clear spatio-temporal variation of phy-
toplankton was found with the distribution of pigments,
which was supported by the microscopic study and corre-
lation analysis. The high concentration of chlorophyll a in
the Zuari estuary during December was possibly due to
the high abundance of microplankton, especially diatoms.

Furthermore, the correlation between chlorophyll a
and DP was strongly significant (R?> =0.912; P <0.01),
which indicates that DP can reliably estimate the biomass
of phytoplankton. With the help of DP, we could derive the
biomass proportion and determine the phytoplankton size
class. Earlier studies have also reported a similar observa-
tion of a strong correlation between DP and chlorophyll a,
wherein they showed that because of such correlation, DP
can be used as a proxy to measure phytoplankton biomass
(Vidussietal.,, 2001; Barlow et al., 2005). Therefore, the DP

come as a useful tool to estimate the biomass proportion
of each phytoplankton size classes.

Important eco-biogeochemical processes such as nu-
trient cycling, light availability, mixing and stratification
influence the size structure of phytoplankton species in
the marine ecosystem and the proportion of biomass ob-
tained from pigments could indicate the phytoplankton’s
size structure (Turner et al., 2021; Vesna Flander et al,,
2021). In the present study, the microplankton size frac-
tion is composed mainly of diatom and dinoflagellates
species. Their biomass proportion (BPyjc,) was 57% in
the Mandovi, while it was 68% in the Zuari. The contri-
bution of microplankton was highest during the south
west monsoon season. This was positively correlated with
the prevailing environmental factors (Mandovi R? = 0.629,
P < 0.05; Zuari R?> =0.727, P < 0.01). During this period,
the characteristic of seawater in both estuaries underwent
a significant change, such as a decline in salinity due to
high precipitation and freshwater discharge, reduced light
intensity, and nutrient enrichment from land runoff and
resuspension of sediment (Shetye et al., 1995; Anand et
al,, 2014). The study of the interaction between physico-
chemical factors and the biotic components indicated that
microplankton were the most affected by the concentra-
tion of nutrients and their abundance is a key indicator of
nutrient-rich waters.

In this present study, the contribution of the nanoplank-
ton group in the overall phytoplankton community struc-
ture was found to be low, only 5% in the Mandovi estuary
and 2% in the Zuari estuary (Figure 7). They belonged
to chlorophyta and chrysophyta groups, and formed the
third size fraction of the phytoplankton community. Their
abundance during pre-monsoon season in both the Man-
dovi and Zuari estuaries was very low, which was probably
affected by salinity or the activity of the grazers. Previous
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studies also showed that the low abundance of nanoplank-
ton in the estuarine waters has been due to active graz-
ing by the ciliates and flagellates (Jyothibabu et al., 2006;
Madhu et al., 2008). Conversely, the biomass proportion
of the nanoplankton size class was higher during the mon-
soon and post-monsoon seasons. The high abundance of
nanoplankton during monsoon and post-monsoon indi-
cated that their abundance is associated with low salinity
and high nutrient conditions (Figure 10).

Conversely, the abundance of picoplankton was high
during pre-monsoon months in both the estuary (Figure
10). They constituted the second most dominant size frac-
tion of the phytoplankton community and comprised mainly
of unicellular prochlorophyta and cyanobacteria species.
The per cent contribution of biomass proportion of the pi-
cophytoplankton group was 38% and 30% in the Mandovi
and Zuari estuaries, respectively. During this season salin-
ity ranged from 27-31, and temperature from 31-32.5°C,
but the inorganic nutrient were quite low (NO3 - 1.3-3.2
UM; NO3 -0.23-1.2 uM; PO3™ - 0.4-0.51 uM; Si0F~ - 17-24
uM) in both the Mandovi and Zuari estuaries.

The results showed that the biomass proportion of pi-
coplankton was mainly affected by temperature rather
than by nutrients. This suggested that the nutrient re-
quirement of the cell is correlated to their cell size, and
thus, picoplankton thrive better in nutrient-poor condi-
tions than other phytoplankton-sizes class. Supporting
our observation, the study by Mourifio-Carballido et al.
(2016) showed highly productive picoplankton growth in
an oligotrophic condition, while Rajaneesh et al. (2018)
showed that the growth of picoplankton increases with
the increase in temperature and light level. The increase
in picoplankton biomass proportion coincided with the
increase in temperature as observed from February to May.
This positive correlation between picoplankton and tem-
perature was significant. Similar effects of environmental
factors such as nutrients, salinity and temperature have
been observed on other size class phytoplankton, like nano-
and microplankton, in earlier studies as well (Rekik et al.,
2015; Zhao et al,, 2016; Pulina et al,, 2017; Chowdhury
and Biswas, 2023). Furthermore, studies have showed
that changes in salinity can lead to shifts in species com-
position, while warmer waters tend to favour smaller phy-
toplankton size class such as picoplankton (Marafién et al.,
2012; Wang et al,, 2019; Gomez and Souissi, 2020). Similar
observations were reported from the estuaries of south
west coast as well by Roy et al. (2016) and Rajaneesh et al.
(2018).

The presence of large-sized phytoplankton such as di-
atom indicates nutrient-rich and productive water, which
supports the marine aquatic food chain and fisheries re-
sources (Smetacek et al.,, 1998; Huete-Ortega et al., 2010;
Shankar et al., 2019). A marine food web is greatly influ-
enced by phytoplankton size class, while the phytoplank-
ton community structure is largely affected by the vari-
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ation in salinity and nutrient concentration (Dutta et al.,
2016; Saifullah et al., 2016; Bharathi et al,, 2022). It is
apparent that the community structure and composition
of phytoplankton have a significant impact on the trophic
structure of a marine ecosystem. Studies have shown that
small-sized phytoplankton support longer food chain that
is characterised by carnivorous fishery, while shorter food
chain is supported by large-sized phytoplankton like di-
atoms (Albin et al., 2022; Chowdhury and Biswas, 2023).
Therefore, the high cell density of large sized microplank-
ton observed in these estuaries may have a positive impact
on fisheries recruitment and stock development. How-
ever, any change in phytoplankton biomass production as
a result of climate change event or other anthropogenic
activities may negatively impact the fishery resources.

5. Conclusion

The highly dynamic nature of an estuarine ecosystem is
often reflected by the variability in physicochemical prop-
erties such as light, temperature, salinity and nutrients, etc.
Such variations in the ecosystem might change the concen-
tration of pigments; yet, the current study demonstrated
that the use of diagnostic pigments in studying the dynam-
ics of phytoplankton community and their function in the
estuarine ecosystem can reliably estimate this community
structure and biomass in a relatively short time with a
discernibly reliable data. Although salinity gets affected
during monsoon due to the influx of freshwater, receiving
large amount of nutrients as a runoff from the adjacent ar-
eas seemingly support the productivity of microplankton.
Considering the high biomass production of microplank-
ton, the productivity of the planktivorous fishery could be
higher in these estuaries than the carnivorous fishery.

Acknowledgments

The authors are thankful to the Director, CSIR - National
Institute of Oceanography, Goa, India for his constant en-
couragement and to all the colleagues who have helped
during field measurements, and assistance in preparing
the manuscript. This is NIO contribution number is 7345.

Conflict of interest

None declared.

References

Albin, K., Jyothibabu, R., Alok, K.T., Santhikrishnan, S.,
Sarath, S., Sudheesh, V., Sherin, C.K,, Balachandran, K.
K., Asha Devi, C.R., Gupta, G.V.M., 2022. Distinctive phy-
toplankton size responses to the nutrient enrichment of
coastal upwelling and winter convection in the eastern
Arabian Sea. Prog. Oceanogr. 203, 102779.
https://doi.org/10.1016/j.pocean.2022.102779


https://doi.org/10.1016/j.pocean.2022.102779

Elucidating the variation of phytoplankton pigments in estuarine ecosystem ...

Anand, S. S., Sardessai, S., Muthukumar, C., Mangalaa, K.R,,
Sundar, D., Parab, S.G., Kumar, M.D., 2014. Intra-and
inter-seasonal variability of nutrients in a tropical mon-
soonal estuary (Zuari, India). Cont. Shelf. Res. 82,
9-30.
https://doi.org/10.1016/j.csr.2014.04.005

Barlow, R., Sessions, H., Balarin, M., Weeks, S., Whittle,
C., Hutchings, L., 2005. Seasonal variation in phyto-
plankton in the southern Benguela: pigment indices
and ocean colour. Afr. ]. Mar. Sci. 27(1), 275-287.
https://doi.org/10.2989/18142320509504086

Barlow, R, Stuart, V, Lutz, V, Sessions, H., Sathyendranath,
S., Platt, T, Kyewalyanga, M., Clementson, L., Fukasawa,
M., Watanabe, S., Devred, E., 2007. Seasonal pigment
patterns of surface phytoplankton in the subtropical
southern hemisphere. Deep-Sea. Res I. Oceanogr. Res.
Pap. 54(10), 1687-1703.
https://doi.org/10.1016/j.dsr.2007.06.010

Bharathi, M.D., Venkataramana, V., Sarma, V.V.S.S., 2022.
Phytoplankton community structure is governed by
salinity gradient and nutrient composition in the tropi-
cal estuarine system. Cont. Shelf. Res. 234 (1), 104643.
https://doi.org/10.1016/j.csr.2021.104643

Chowdhury, M., Biswas, H., 2023. A coherent status of sum-
mer monsoon phytoplankton communities (2017-2018)
along the Western Indian continental shelf: Implica-
tions for fisheries. Sci. Total. Environ. 878, 162963.
https://doi.org/10.1016/j.scitotenv.2023.162963

Chai, C, Jiang, T, Cen, ], Ge, W,, Lu, S., 2016. Phytoplankton
pigments and functional community structure in rela-
tion to environmental factors in the Pearl River Estuary.
Oceanologia. 58 (3), 201-211.
https://doi.org/10.1016/j.0cean0.2016.03.001

Chase, A.P, Kramer, S.J., Haéntjens, N., Boss, E.S., Karp-Boss,
L., Edmondson, M., Graff, ].R., 2020. Evaluation of diag-
nostic pigments to estimate phytoplankton size classes.
Limnol. Oceanogr. Meth. 18 (10), 570-584.
https://doi.org/10.1002/lom3.10385

Chandrasekhararao, A.V,, Kurian, S., Vidya, PJ., Gauns, M.,
2022. Seasonal and inter-annual variability of chemo-
taxonomic marker pigments in the north-eastern Ara-
bian Sea. Deep-Sea. Res. Pt. 1. 179 (1), 103679.
https://doi.org/10.1016/j.dsr.2021.103679

Chilton, D., Hamilton, D.P, Nagelkerken, 1., Cook, P, Hipsey,
M.R,, Reid, R, Brookes, ., 2021. Environmental flow re-
quirements of estuaries: providing resilience to current
and future climate and direct anthropogenic changes.
Front. Environ. Sc. 9, 764218.
https://doi.org/10.3389/fenvs.2021.764218

De Vargas, C., Audic, S., Henry, N., Decelle, ]., Mahé, F, Loga-
res, R., 2015. Eukaryotic plankton diversity in the sunlit
ocean. Science. 348 (6237), 1-11.
https://doi.org/10.1126/science.1261605

de Senerpont Domis, L.N.,, Elser, ].J., Gsell, A.S., Huszar, V.L.,
Ibelings, B.W., Jeppesen, E., Liirling, M., 2013. Plankton

14/17

dynamics under different climatic conditions in space
and time. Freshwater Biol. 58(3), 463-482.
https://doi.org/10.1111/fwb.12053.

Dutta, S., Chanda, A., Akhand, A., Hazra, S., 2016. Correla-
tion of phytoplankton biomass (Chlorophyll-a) and nu-
trients with the catch per unit effort in the PFZ forecast
areas of Northern Bay of Bengal during simultaneous
validation of winter fishing season. Turk. ]. Fish. Aquat.
Sc. 16 (4),767-777.
https://doi.org/10.4194/1303-2712-v16_4_03.

Figueiras, EG., Espinoza-Gonzalez, O., Arbones, B., Garrido,
J.L., Teixeira, I.G., Castro, C.G., 2014. Estimating phyto-
plankton size-fractionated primary production in the
northwestern Iberian upwelling: Is mixotrophy rele-
vant in pigmented nanoplankton. Prog. Oceanog. 128,
88-97.
https://doi.org/10.1016/j.pocean.2014.08.011

Fietz, S., Kobanova, G., Izmest’eva, L., Nicklisch, A., 2005.
Regional, vertical and seasonal distribution of phyto-
plankton and photosynthetic pigments in Lake Baikal.
J. Plankton. Res. 27 (8), 793-810.
https://doi.org/10.1093 /plankt/fbi054.

Flander-Putrle, V,, Francé, ]., Mozeti¢, P, 2021. Phytoplank-
ton pigments reveal size structure and interannual vari-
ability of the coastal phytoplankton community (Adri-
atic Sea). Water 14 (1), 23.
https://doi.org/10.3390/w14010023

Gameiro, C., Cartaxana, P, Cabrita, M.T, Brotas, V., 2004.
Variability in chlorophyll and phytoplankton composi-
tion in an estuarine system. Hydrobiologia 525, 113
-124.
https://doi.org/10.1023/B:HYDR.0000038858.2916
4.3

Gibb, S.W,, Cummings, D.G. Irigoien, X., Barlow, R.G., Fauzi,
R., Mantoura, C., 2001. Phytoplankton pigment chemo-
taxonomy of northeastern Atlantic. Deep-Sea. Res. Pt.
11, 48 (4-5), 795-823.
https://doi.org/10.1016/S0967-0645(00)00098-9

Gomez, F, Souissi, S., 2020. The role of salinity in phy-
toplankton growth dynamics and the implications for
harmful algal blooms in coastal ecosystems. Mar. Envi-
ron. Res. 162, 105149.

Hilligsge, K.M., Richardson, K., Bendtsen, ], Sgrensen, L.L.,
Nielsen, T.G., Lyngsgaard, M.M., 2011. Linking phyto-
plankton community size composition with tempera-
ture, plankton food web structure and sea-air CO; flux.
Deep-Sea. Res Pt. 1 58 (8), 826-838.
https://doi.org/10.1016/j.dsr.2011.06.004

Huete-Ortega, M., Marafion, E., Varela, M., Bode, A., 2010.
General patterns in the size scaling of phytoplankton
abundance in coastal waters during a 10-year time se-
ries. ].Plankton. Res. 32 (1), 1-14.
https://doi.org/10.1093 /plankt/fbp104.

Jeffrey, S.W., Wright, S.W,, Zapata, M., 1999. Recent ad-
vances in HPLC pigment analysis of phytoplankton. Mar.


https://doi.org/10.1016/j.csr.2014.04.005
https://doi.org/10.2989/18142320509504086
https://doi.org/10.1016/j.dsr.2007.06.010
https://doi.org/10.1016/j.csr.2021.104643
https://doi.org/10.1016/j.scitotenv.2023.162963
https://doi.org/10.1016/j.oceano.2016.03.001
https://doi.org/10.1002/lom3.10385
https://doi.org/10.1016/j.dsr.2021.103679
https://doi.org/10.3389/fenvs.2021.764218
https://doi.org/10.1126/science.1261605
https://doi.org/10.1111/fwb.12053
https://doi.org/10.4194/1303-2712-v16_4_03
https://doi.org/10.1016/j.pocean.2014.08.011
https://doi.org/10.1093/plankt/fbi054
https://doi.org/10.3390/w14010023
https://doi.org/10.1023/B:HYDR.0000038858.29164.3
https://doi.org/10.1023/B:HYDR.0000038858.29164.3
https://doi.org/10.1016/S0967-0645(00)00098-9
https://doi.org/10.1016/j.dsr.2011.06.004
https://doi.org/10.1093/plankt/fbp104

Elucidating the variation of phytoplankton pigments in estuarine ecosystem ...

Freshw. Res. 50 (8), 879-896.
https://doi.org/10.1071/MF99109

Jyothibabu, R., Madhu, N.V,, Jayalakshmi, K.V., Balachan-
dran, K.K,, Shiyas, C.A., Martin, G.D., 2006. Impact of
fresh water influx on microzooplankton mediated food
web in a tropical estuary (Cochin backwaters-India).
Estuar. Coast. Mar. Sci. 69 (3-4), 505-518.
https://doi.org/10.1016/j.ecss.2006.05.013

Kramer, S.J,, Siegel, D.A., 2019. How can phytoplankton pig-
ments be best used to characterize surface ocean phyto-
plankton groups for ocean color remote sensing algo-
rithms?. ]. Geophys. Res. Oceans, 124 (11), 7557-7574.
https://doi.org/10.1029/2019JC015604

Kudela, R.M,, Palacios, S.L., Austerberry, D.C., Accorsi, E.K,,
Guild, L.S., Torres-Perez, J., 2015. Application of hy-
perspectral remote sensing to cyanobacterial blooms in
inland waters. Remote. Sens. Environ. 167, 196-205.
https://doi.org/10.1016/j.rse.2015.01.025

Le Quéré, C., Harrison, S.P, Prentice, C.I,, Buitenhuis, E.T,,
Aumont, 0., Bopp, L., Claustre, H., 2005. Ecosystem
dynamics based on plankton functional types for global
ocean biogeochemistry models. Global. Change. Biol.
11 (11), 2016-2040.
https://doi.org/10.1111/j.1365-2486.2005.1004.x

Madhu, N.V,, Jyothibabu, R., Balachandran, K.K., 2010. Mon-
soon-induced changes in the size-fractionated phyto-
plankton biomass and production rate in the estuarine
and coastal waters of southwest coast of India. Environ.
Monit. Assess. 166 (1), 521-528.
https://doi.org/10.1007/s10661-009-1020-8

Mararion, E., Cermeno, P, Latasa, M., Tadonléké, R.D., 2012.
Temperature, resources, and phytoplankton size struc-

turein the ocean. Limnol. Oceanogr. 57 (5),1266-1278.

https://doi.org/10.4319/10.2012.57.5.1266

Mourifio-Carballido, B., Hojas, E., Cermefio, P, Choucifio, P,
Fernandez-Castro, B., Latasa, M., Vidal, M., 2016. Nutri-
ent supply controls picoplankton community structure
during three contrasting seasons in the northwestern
Mediterranean Sea. Mar. Ecol. Prog. Ser. 543, 1-19.
https://doi.org/10.3354/meps11558

Mouw, C.B., Hardman-Mountford, N.]., Alvain, S., Bracher,
A, Brewin, RJ., Bricaud, A., Uitz, ., 2017. A consumer’s
guide to satellite remote sensing of multiple phytoplank-
ton groups in the global ocean. Front. Mar. Sci. 4, 41.
https://doi.org/10.3389/fmars.2017.00041

Nair, A, Sathyendranath, S., Platt, T, Morales, ]., Stuart, V.,
Forget, M.H., Devred, E., Bouman, H., 2008. Remote
sensing of phytoplankton functional types. Remote.
Sens. Environ. 112 (8), 3366-3375.
https://doi.org/10.1016/j.rse.2008.01.021

Ning, M., Li, H., Xu, Z,, Chen, L. He, Y, 2021. Picophy-
toplankton identification by flow cytometry and high-
throughput sequencing in a clean reservoir. Ecotox.
Environ. Safe. 216, 112216.
https://doi.org/10.1016/j.ecoenv.2021.112216

15/17

Patil, ].S., Anil, A.C.,, 2011. Variations in phytoplankton com-
munity in a monsoon-influenced tropical estuary. Envi-
ron. Monit. Assess. 182, 291-300.
https://doi.org/10.1007/s10661-011-1876-2

Patil, ].S., Anil, A.C., 2015. Effect of monsoonal perturbations
on the occurrence of phytoplankton blooms in a tropical
bay. Mar. Ecol. Prog. Ser. 530, 77-92.
https://doi.org/10.3354 /meps11289

Patil, ].S., Sathish, K., 2023. Responses of Phytoplankton
Benthic Propagules to Macronutrient Enrichment and
Varying Light Intensities: Elucidation from Monsoon-
Influenced Mandovi and Zuari Riverine System: Respons-
es of Phytoplankton Benthic Propagules to Macronutri-
ent Enrichment and Varying Light Intensities: Eluci-
dation from Monsoon-Influenced Mandovi and Zuari
Riverine System. Microb. Ecol. 85 (4), 1367-1381.
https://doi.org/10.1007/s00248-022-02021-9

Paerl, H.W,, Valdes, L.M., Pinckney, ].L., Piehler, M.F, Dyble,
J., Moisander, P.H., 2003. Phytoplankton photopigments
as indicators of estuarine and coastal eutrophication.
Bio. Science. 53 (10), 953-964.
https://doi.org/10.1641/0006-3568(2003)053[09
53:PPAIOE]2.0.CO;2

Paerl, H.W, Justic, D., 2013. Estuarine phytoplankton. Estu-
arine. Ecol., 85-110.
https://doi.org/10.1002/9781118412787

Paul, M., Velappan, M.N., Nanappan, U., Gopinath, V., Vel-
loth, R.T,, Rajendran, A., Peariya, A., 2021. Characteri-
zation of phytoplankton size-structure based productiv-
ity, pigment complexes (HPLC/CHEMTAX) and species
composition in the Cochin estuary (southwest coast of
India): special emphasis on diatoms. Oceanologia 63
(4), 463-481.
https://doi.org/10.1016/j.0ceano.2021.05.004

Pednekar, S.M., Kerkar, V., Matondkar, S.G.P, 2014. Spa-
tiotemporal distribution in phytoplankton community
with distinct salinity regimes along the Mandovi estu-
ary, Goa, India. Turk. ]. Bot. 38 (4), 800-818.
https://doi.org/10.3906 /bot-1309-29

Pulina, S., Satta, C.T., Padedda, B.M., Bazzoni, A.M., Sechi,
N., Luglie, A., 2017. Picophytoplankton seasonal dy-
namics and interactions with environmental variables
in three Mediterranean coastal lagoons. Estuar. Coast.
40, 469-478.
https://doi.org/10.1007/s12237-016-0154-5

Rajaneesh, K.M., Mitbavkar, S., Anil, A.C., 2018. Dynamics
of size-fractionated phytoplankton biomass in a mon-
soonal estuary: Patterns and drivers for seasonal and
spatial variability. Estuar. Coast. Shelf. S. 207, 325
-337.
https://doi.org/10.1016/j.ecss.2018.04.026

Ramakrishnan, R, Fernandes, V., 2022. Spatio-Temporal
Dynamics of Phytoplankton in the Mandovi Estuary, on
the Central West Coast of India During Post Monsoon.
Thalassas. 38(2), 1025-1040.


https://doi.org/10.1071/MF99109
https://doi.org/10.1016/j.ecss.2006.05.013
https://doi.org/10.1029/2019JC015604
https://doi.org/10.1016/j.rse.2015.01.025
https://doi.org/10.1111/j.1365-2486.2005.1004.x
https://doi.org/10.1007/s10661-009-1020-8
https://doi.org/10.4319/lo.2012.57.5.1266
https://doi.org/10.3354/meps11558
https://doi.org/10.3389/fmars.2017.00041
https://doi.org/10.1016/j.rse.2008.01.021
https://doi.org/10.1016/j.ecoenv.2021.112216
https://doi.org/10.1007/s10661-011-1876-2
https://doi.org/10.3354/meps11289
https://doi.org/10.1007/s00248-022-02021-9
https://doi.org/10.1641/0006-3568(2003)053[0953:PPAIOE]2.0.CO;2
https://doi.org/10.1641/0006-3568(2003)053[0953:PPAIOE]2.0.CO;2
https://doi.org/10.1002/9781118412787
https://doi.org/10.1016/j.oceano.2021.05.004
https://doi.org/10.3906/bot-1309-29
https://doi.org/10.1007/s12237-016-0154-5
https://doi.org/10.1016/j.ecss.2018.04.026

Elucidating the variation of phytoplankton pigments in estuarine ecosystem ...

https://doi.org/10.1007/s41208-022-00449-x

Roy, R., Pratihary, A, Mangesh, G., Naqvi, SW.A., 2006.
Spatial variation of phytoplankton pigments along the
southwest coast of India. Estuar. Coast. Shelf. S. 69
(1-2),189-195.
https://doi.org/10.1016/j.ecss.2006.04.006

Roy, R, Chitari, R., Kulkarni, V,, Krishna, M.S., Sarma, V.VS.S,,
Anil, A.C,, 2015. CHEMTAX-derived phytoplankton com-
munity structure associated with temperature fronts
in the northeastern Arabian Sea. ]. Marine Syst. 144,
81-91.
https://doi.org/10.1016/j.jmarsys.2014.11.009

Rekik, A., Denis, M., Maalej, S., Ayadi, H., 2015. Spatial
and seasonal variability of pico-, nano-and microphyto-
plankton at the bottom seawater in the north coast of
Sfax, Eastern Mediterranean Sea. Environ. Sci. Pollut.
R.22,15961-15975.
https://doi.org/10.1007/s11356-015-4811-1

Saifullah, A.S.M., Kamal, A.H.M,, Idris, M.H., Rajaee, A.H.,,
Bhuiyan, M.K.A.,, 2016. Phytoplankton in tropical man-
grove estuaries: role and interdependency. Forest Sci.
Technol. 12 (2), 104-113.
https://doi.org/10.1080/21580103.2015.1077479

Santhanam, R., Ramanathan, N., Venkataramanuja, K.V,
Jegatheesan, G., 1987. Phytoplankton of the Indian Seas:
An Aspect of Marine Botany. Daya Publication House,
127 pp.

Shankar, D., Remya, R., Anil, A. C., Vijith, V., 2019. Role
of physical processes in determining the nature of fish-
eries in the eastern Arabian Sea. Prog. Oceanogr. 172,
124-158.
https://doi.org/10.1016/j.pocean.2018.11.006

Shetye, S.R., Gouveia, A.D,, Singbal, S.Y,, Naik, C.G., Sundar,
D., Michael, G.S., Nampoothiri, G., 1995. Propagation
of tides in the Mandovi-Zuari estuarine network. Proc.
Indian. Natl. Sci. 104, 667-682.
https://doi.org/10.1007/BF02839302

Shetye, S.R., Shankar, D., Neetu, S., Suprit, K., Michael, G.S,,
Chandramohan, P, 2007. The environment that condi-
tions the Mandovi and Zuari estuaries. National Insti-
tute of Oceanography, India, 3-27.
http://drs.nio.org/drs/handle/2264/624

Smetacek, V., 1998. Diatoms and the silicate factor. Na-
ture. 391 (66694), 224-225.
https://doi.org/10.1038/34528

Soares, M.C.S., Lobdo, M.L., Vidal, L.0., Noyma, N.P, Barros,
N.O., Cardoso, S.J., Roland F,, 2011. Light Microscopy
in Aquatic Ecology: Methods for Plankton Communities
Studies. [In:] Chiarini-Garcia, H., Melo, R. (eds.), Light
Microscopy. Methods in Molecular Biology, Vol. 689,
Humana Press, Totowa, NJ.
https://doi.org/10.1007/978-1-60761-950-5_13

Strickland, ].D., Holm-Hansen, O., Eppley, R.W,, Linn, R,
1969. The use of a deep tank in plankton ecology-Studies
of the growth and composition of phytoplankton crops

16/17

at low nutrient levels. Limnol. Oceanogr 14 (1), 23-34.
https://doi.org/10.4319/10.1969.14.1.0023

Tao, W, Niy, L., Liu, F, Cai, H., Ou, S., Zeng, D., Yang, Q., 2020.
Influence of river-tide dynamics on phytoplankton vari-
ability and their ecological implications in two Chinese
tropical estuaries. Ecol. Indic. 115, 106458.
https://doi.org/10.1016/j.ecolind.2020.106458

Thrane, J.E., Kyle, M,, Striebel, M., Haande, S., Grung, M.,
Rohrlack, T, Andersen, T,, 2015. Spectrophotometric
analysis of pigments: a critical assessment of a high-
throughput method for analysis of algal pigment mix-
tures by spectral deconvolution. PloS One, 10 (9),
e0137645.
https://doi.org/10.1371/journal.pone.0137645

Tomas, C.R, 1997. Identifying Marine Phytoplankton. Acad.
Press, Elsevier, Amsterdam, 858 pp.

Turner, K.J., Mouw, C.B,, Hyde, KJ., Morse, R,, Ciochetto, A.B.,
2021. Optimization and assessment of phytoplankton
size class algorithms for ocean color data on the North-
east US continental shelf. Remote. Sens. Environ. 267,
112729.
https://doi.org/10.1016/j.rse.2021.112729

Twardowski, M.S., Claustre, H., Freeman, S.A., Stramski,
D., Huot, Y, 2007. Optical backscattering properties
of the clearest natural waters. Biogeosciences 4 (6),
1041-1058.
https://doi.org/10.5194 /bg-4-1041-2007

Van Dijk, M.A.,, Gregori, G., Hoogveld, H.L., Rijkeboer, M,
Denis, M., Malkassian, A., Gons, H.]., 2010. Optimizing
the setup of a flow cytometric cell sorter for efficient
quantitative sorting of long filamentous Cyanobacteria.
Cytometry, 77 (10),911-924.
https://doi.org/10.1002/cyto.a.20946

Van Heukelem, L., Thomas, C.S., 2001. Computer-assisted
high-performance liquid chromatography method de-
velopment with applications to the isolation and analy-
sis of phytoplankton pigments. ]J. Chromatogr. A, 910
(1), 31-49.
https://doi.org/10.1016/S0378-4347(00)00603-4

Verlecar, X.N., Desai, S.R,, Sarkar, A, Dalal, S.G., 2006. Biolog-
ical indicators in relation to coastal pollution along Kar-
nataka coast, India. Water. Res. 40 (17), 3304-3312.
https://doi.org/10.1016/j.watres.2006.06.022

Vidussi, F, Clustre, H., Manca, B.B., Luchetta, A., Marty, J.C.,
2001. Phytoplankton pigment distribution in relation
to upper thermocline circulation in the eastern Mediter-
ranean Sea during winter. ]. Geophys. Res. 106 (C9),
19939-19956.
https://doi.org/10.1029/1999JC000308

Vijith, V,, Sundar, D., Shetye, S.R., 2009. Time-dependence of
salinity in monsoonal estuaries. Estuary. Coast. Shelf.
S.85 (4), 601-608.
https://doi.org/10.1016/j.ecss.2009.10.003

Wang, |, Jiang, H., Sun, X., 2019. Responses of phytoplank-
ton growth and sinking rate to changes in salinity and


https://doi.org/10.1007/s41208-022-00449-x
https://doi.org/10.1016/j.ecss.2006.04.006
https://doi.org/10.1016/j.jmarsys.2014.11.009
https://doi.org/10.1007/s11356-015-4811-1
https://doi.org/10.1080/21580103.2015.1077479
https://doi.org/10.1016/j.pocean.2018.11.006
https://doi.org/10.1007/BF02839302
http://drs.nio.org/drs/handle/2264/624
https://doi.org/10.1038/34528
https://doi.org/10.1007/978-1-60761-950-5_13
https://doi.org/10.4319/lo.1969.14.1.0023
https://doi.org/10.1016/j.ecolind.2020.106458
https://doi.org/10.1371/journal.pone.0137645
https://doi.org/10.1016/j.rse.2021.112729
https://doi.org/10.5194/bg-4-1041-2007
https://doi.org/10.1002/cyto.a.20946
https://doi.org/10.1016/S0378-4347(00)00603-4
https://doi.org/10.1016/j.watres.2006.06.022
https://doi.org/10.1029/1999JC000308
https://doi.org/10.1016/j.ecss.2009.10.003

Elucidating the variation of phytoplankton pigments in estuarine ecosystem ... 17/17

temperature in the Changjiang River estuary. Estuar. https://doi.org/10.1016/j.seares.2015.02.005

Coast. Shelf. S.222,183-191.

https://doi.org/10.2139/ssrn.4932301 Zhao, L., Zhao, Y., Xu, ]., Zhang, W,, Huang, L., Jiang, Z,,
Wollschlager, ]., Wiltshire, K.H., Petersen, W., Metfies, K, Xiao, T, 2016. Distribution and seasonal variation of

2015. Analysis of phytoplankton distribution and com- picoplankton in Sanggou Bay, China. Aquacult. Env.

munity structure in the German Bight with respect to Interac. 8, 261-271.

the different size classes. ]. Sea. Res. 99, 83-96. https://doi.org/10.3354/aei00168


https://doi.org/10.2139/ssrn.4932301
https://doi.org/10.1016/j.seares.2015.02.005
https://doi.org/10.3354/aei00168

	Introduction
	Material and methods
	Study sites and field sampling
	Physical and chemical parameter
	Taxonomy
	Pigment analysis
	Biomass quantification of different phytoplankton size classes
	Statistical analysis

	Results
	Hydrography
	Pigments
	Phytoplankton size class
	Phytoplankton community structure
	Correlations between environmental parameters and phytoplankton size community

	Discussion
	Conclusion

