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Abstract

A pioneering study on phytoplankton marker pigments, by adopting the HPLC-CHEMTAX
analytical approach, was carried out in one of the major shellfish harvesting estuaries (Ashtamudi
estuary-AE) on the southwest coast of India and also its adjacent nearshore waters (<20 m depth) to
study the dynamics of phytoplankton functional groups (PFGs). The AE, in general, appeared to be
warm (>29°C) during the non-monsoon seasons, along with the prevalence of higher salinity (> 25)
and NHs-N (> 5uM) levels. However, during the summer monsoon (SM), the prevailing substantial
river influx converted the AE into a low salinity (<10) dominated system, provided with enhanced
levels of NO3-N (4.6-12.6 pM) and POs-P (0.2-1.4uM), specifically on its upper reaches. The
dissolved inorganic nitrogen (DIN) in the AE was mainly comprised of ammonium (NH4-N),
approximately up to ~81.8% of the DIN, regardless of seasons, which signifies the eutrophic state of
the estuary, the upstream sampling locations, in particular. Concerning the phytoplankton
community, a pronounced spatio-temporal variation in chlorophyll a biomass was discernible in the
AE, with an exceptional increase (6.4 - 12.1 mg m™®) during the SIM period. The prevalence of a
conspicuous increase in chlorophyll a (av. >5 mg m) along with enhanced zeaxanthin (av. >1.5 mg
m=3) recorded in the AE during the non-monsoon (specifically SIM period) season apprently
signified the characteristic governance of cyanobacterial community. During the SM period, the
estuary sustained more or less similar concentrations of certain marker pigments, i.e. alloxanthin,
zeaxanthin, fucoxanthin and chl b, which representing the co-occurrence of cryptophytes,
cyanobacteria, diatoms and chlorophytes, respectively. In contrast, the nearshore waters, wherein
enhanced nitrate (NO3-N) and phosphate (PO4-P) levels prevailed, irrespective of seasons, sustained
dominance of fucoxanthin over other marker pigments, which indicated the numerical supremacy of
diatoms. The CHEMTAX analysis, adopted for estimating the chlorophyll a equivalents of various
PFGs, corroborated the supremacy of cyanobacterial derived chlorophyll a in the estuary, and it was
conspicuous during the non-monsoonal seasonal periods. Even though the estuary has shown
remarkable spatio-temporal hydrographic inconsistencies, that variability was not much operative in
generating extreme changes in the nutrient components and subsequent phytoplankton community
compositions. From the conspicuous increase in N:P and Si:P ratios, resulting mainly from the low
levels of P, it can be concluded that the AE has been a P-limited system for phytoplankton growth
(especially for large-sized phytoplankton, e.g., diatoms and dinoflagellates), mainly during the non-
monsoonal seasonal periods. Perhaps, this P-limitation, along with the prevalence of warm water
column and enhanced NHs-N levels, could be the potential causes of the preponderance of
cyanobacterial populations in the AE.
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1. Introduction

Phytoplankton communities in tropical and sub-tropical coastal waters exhibit a remarkable
spatio-temporal variation in their biomass (chlorophyll a), productivity and community composition
because of the drastic environmental discrepancies (Paerl et al.2010; Cavalcanti et al.2020). These
regions are regarded as one of the most productive coastal ecosystems worldwide because of the
persistent enhanced nutrient supply (Cloern et al.2014). Normally, estuaries in these geographical
regimes are known for their pronounced seasonality in phytoplankton growth (mainly in diatoms)
because of the prevailing seasonally shifting nutrient-rich freshwaters and nutrient-poor marine
waters (Quinlan and Phlips, 2007; Cavalcanti et al.2020). Classically, phytoplankton community
compositional variations in aquatic systems are evaluated by microscopy involving identification,
enumeration of cells, measuring their cell size and converting volumes to carbon biomass
(Utermo™hl, 1958). Nevertheless, this method was considered time-consuming and also required
sound taxonomic knowledge to identify phytoplankton genus or species. Eventhough this
conventional method is regarded as accurate in identifying phytoplankton species, the precision is
low unless many cells are enumerated. Moreover, microscope-based species identification is often
experiencing great difficulty in identifying smaller phytoplankton (<2 pm), called picoautrotrophs
(Jeffrey, 1997), which form the principal primary producers in the oligotrophic open ocean (Agusti et
al.2019) as well as in the mesotrophic or eutrophic coastal waters (Gaulke et al.2010). To overcome
such analytical constraints, the high performance liquid chromatography (HPLC) technique was
implemented few decades ago worldwide which can estimate not only chlorophyll a concentrations
more efficiently than fluorometry but also the carotenoid pigments of taxonomic relevance, including
the fragile forms of phytoplankton (e.g., nano-pico sized phytoplankton such as cyanobacteria,
chlorophytes, cryptophytes, haptophytes, chrysophytes, etc.) that do not withstand common fixative
procedures (Mackey et al 1996; Roy et al.2015). Certain marker pigments, mainly fucoxanthin,
peridinin, zeaxanthin, alloxanthin, 19’hex-fucoxanthin, 19’but-fucoxanthin and chlorophyll b are
considered the biomarkers of major phytoplankton functional groups (PFGs), for example, diatoms,
dinoflagellates, cyanobacteria, cryptophytes, haptophytes, chrysophytes and chlorophytes,
respectively (Barlow et al.2008). These marker pigments, in general, are used to understand the
physiological status of the individual PFG affected by the prevailing environmental changes (Paerl et
al. 2003; Roy et al.2006). Furthermore, biomarker-based chemotaxonomic (CHEMTAX) analysis
elucidates the chlorophyll a contribution of each PFG to the total phytoplankton biomass, and it has
been widely used to characterise phytoplankton composition in different regions of the world ocean

(Mackey et al.1996; Wright et al.2010). However, as far as the tropical coastal waters, especially the



estuaries, are concerned, this application is limited by the lack of known pigment ratios (Wright et al.
1996).

The southwest coast of India is endowed with several dynamic estuaries, and most of them
are biologically highly productive (Qasim, 2003; Madhu et al.2007; Patil and Anil, 2015). Generally,
these estuaries are greatly influenced by the natural and anthropogenic pressures on a spatio-
temporal scale (Qasim, 2003). During the southwest monsoon (SWM) or summer monsoon (SM)
period, rivers associated with these estuaries carry a huge quantity of terrigenous materials (both
autochthonous and allochthonous origin) via the fluvial discharge and, consequently, enable the
estuaries into freshwater dominated systems (Qasim, 2003). Constant mixing of freshwaters with the
neritic waters because of tidal activity, the hydrographic properties of these estuaries are significantly
spatially variable (Sebin et al.2020). Indeed, the SWM-influenced torrential rainfall has a vital role in
the temporal variability of hydro-chemical properties of these estuaries (Qasim, 2003). The
Ashtamudi estuary (AE hereafter), the second-largest estuarine system on the Kerala coast (located
on the SW coast of India), is recognised as a Ramsar site (Ramsar convention of wetlands in 2002)
and a potential site for shellfish fishery resources (Babu et al.2010; Chinnadurai et al.2016).
Approximately 70 % of bivalve shellfish (molluscs, oysters and clams) harvesting sites on the Kerala
coast are reported to be confined to both Ashtamudi and Vembanad estuarine systems (CMFRI,
2016). Nevertheless, recent microbial studies in the AE have documented that this region is being
contaminated with faecal indicator bacteria (FIB) and pathogens, mainly associated with wastewater
discharges from domestic industrial and agricultural sources (Salahudeen et al.2017; Chinnadurai et
al.2020). The drastic escalation of anthropogenic pressures (e.g. land reclamation for urban,
industrial and harbour developments) along with ceaseless effluent discharges (both domestic and
industrial) have caused the overall water quality deterioration of the AE (Jennerjahn et al.2008; Babu
et al.2010). Since shellfishes are exclusively dependent on suspended organic particles in the water
column, predominantly on phytoplankton, the changes in phytoplankton community composition can

profoundly influence the growth and distribution of these filter-feeding benthic organisms.

Concerning the AE, no coherent information on phytoplankton community dynamics is
available, except for random reports based on conventional microscopy measurements (Mathew and
Nair, 1980; Nair et al.1984; Jennerjahn et al.2008). These reports are, of course, insufficient to
understand the overall growth, distribution, and succession patterns of the phytoplankton community
in the AE in correspondence with the prevailing environmental (climate) changes. The majority of
estuaries (the largest Cochin estuary, in particular) along the southwest coast of India usually exhibit

the preponderance of diatoms almost throughout the year because of the persistent nutrient (mainly



NOs-N and POs-P) availability (Menon et al. 2000; Qasim, 2003; Meenu et al. 2021). However,
phytoplankton studies in the AE showed the explicit dominance of cyanobacteria (Mathew and Nair,
1980) and chlorophytes (Jennerjahn et al.2008), irrespective of seasons. These results, however, are
interpreted using the microscopy based phytoplankton compostion data that do not account any
qualitative information on small-sized PFGs (e.g., cyanobacteria, chlorophytes, haptophytes etc).
Apart from this, the hydrographic properties of the AE showed a distinctive spatio-temporal variation
similar to other estuaries in the southwest coast of India mainly because of southwest-induced
torrential rainfall and river runoff (Qasim, 2003) and also increasing anthropogenic activities
(Jennerjahn et al.2008). These environmental changes also affect the overall phytoplankton
community composition and primary productivity. Based on these facts, the present study attempted
for the first time to elucidate the spatio-temporal variation of PFGs in the AE and adjacent nearshore
waters using HPLC derived biomarkers. In addition, CHEMTAX calculations were implemented to
estimate the contribution of major PFGs to the chlorophyll a biomass and, subsequently, evaluated
the pattern of diversity and succession of major PFGs within various salinity regimes (euhaline,

mesohaline and oligohaline) of the study region.
2.0 Materials and Methods
2.1 Study area

The AE is located between 8°52°- 9°28°N and 76°32°-76°41°E, covering an area of 54 km?
with a total length of 16 km (Babu et al.2010). Because of the shallow depth (< 5 m) condition, this
microtidal semidiurnal estuary experiences a tidal range of ~1m. The AE is topographically
characterized by a palm-shaped extensive water body with eight prominent pockets/depressions and
hence the name ‘Ashtamudi’ (‘Ashta’ means eight and ‘mudi’ means head) (Nair et al.2010;
Varghese, 2015). The estuary is open to the Arabian Sea through a permanent narrow inlet (~200 m
width) at Neendakara. Major freshwater input to the estuary is from the Kallada River, formed by
three small tributaries (i.e. Kulathupuzha, Chendurni and Kalthuruthy), which originated in the
uplands of the Western Ghats (Jennerjahn et al.2008). During SWM (June - September), all
tributaries of the Kallada River transport an enormous quantity of freshwater into the AE, which is
subsequently flushed out to the AS through the Neendakara inlet. By contrast, during the non-
monsoon period, the intrusion of neritic waters took place via the Neendakara inlet and transformed
the whole estuary into a mesohaline zone (Babu et al.2010). The AE is recognized as one of the
major inland water bodies of Kerala, which supports a large-scale shellfish fishery (including
populations of oysters, clams and mussels) and commercially harvested to supply national and
international markets (CMFRI, 2016; Chinnadurai et al.2021). Recent studies in the AE revealed that
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this system has been experiencing severe environmental issues, including pollution from various
sources, especially during the non-monsoon seasonal periods when the estuary prevails poor flushing
due to the minimum discharge from the Kallada river and its tributaries (Jennerjahn et al.2008; Babu
et al.2010; Chinnadurai et al.2020).

2.2. Field sampling strategy

Field observations and samplings were carried out in the inner estuary and adjacent nearshore
waters (< 20 m depth) during 2018-2019 period in four different seasons, i.e., spring intermonsoon-
SIM (April), summer monsoon-SM (July), fall intermonsoon-FIM (November) and winter monsoon-
WM (February). The sampling stations were fixed in such a manner that two stations (1-2) in the
nearshore waters (15m and 10 m depth, respectively) and 5 stations (3-7) in the estuarine region,

extending from the inlet (station 3) to the river mouth (station 7), based on salinity gradients (Fig. 1).
2.3. Environmental data and sample analysis

The data (daily average) for the major meteorological parameters (wind speed, atmospheric

temperature and rainfall) were retrieved from the site, https://www.ecmwf.int and similarly, the river

discharge data of the AE was taken from the site https://indiawris.gov.in. The vertical profiles of
water temperature, salinity, turbidity and photosynthetically active Radiation (PAR) were recorded
using a Conductivity-Temperature-Depth profiler (CTD- SBE, Seabird Electronics, USA). Water
samples for chemical and biological (phytoplankton pigments) parameters were collected from the
near-surface (0.5 m) and near-bottom depths using a Niskin Sampler (5 L capacity). Collected
samples were subsequently transferred into clean polyethylene bottles and stored in cool dark
iceboxes until reach the laboratory. The major inorganic nutrients, i.e. ammonium (NH4-N), nitrite
(NO2-N), nitrate (NOs-N), phosphate (PO4-P) and silicate (SiOs-Si) were estimated using an
autoanalyzer (Skalar san++), following Grasshoff et al. (1983). Subsequent to the nutrient analysis,
the water samples (subsamples from the clean polyethylene bottles) were filtered through membrane
filters (dia 47 mm; nominal pore size 0.45 um) under low vacuum (pressure <500 mb) to eliminate
detrital particles. The dissolved inorganic nitrogen (DIN) was calculated as the sum of NH4-N, NO3-
N and NOz-N. The dissolved oxygen (DO) content in the water samples was estimated following
Winkler’s titration method using a Metrohm 865 Dosimat Plus.

The phytoplankton chlorophyll a concentrations and photo- (marker) pigments were
estimated using HPLC analytical method (Van Heukelem, 2002). One to two litres of the water
sample, collected from the near-surface and bottom waters, were filtered onto Whatman GF/F filters

(nominal pore size 0.7um; 25mm diameter) under low vacuum (<500 mb), and the filters were then
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kept in a deep freezer (-20°C) until the analysis. Before the commencement of analysis, the frozen
filters were disrupted for 30 seconds in 4 ml of 90% acetone using a sonicator (Model 100, Fischer
Scientific) and the content was later filtered through a syringe filter (25mm dia, nominal pore size
0.2 um) for removing unwanted debris. The pigment extracts (~ 400 uL) were injected into the
HPLC system (Agilent 1100) using a reverse-phase C8 column (150 x 4.6 mm, 3.5um particle size)
with a three-phase solvent gradient at a flow rate of 1.1uL/minutes (van Heukelem, 2002). The
absorption spectra of the pigments were measured at two wavelengths, i.e., 450 and 665 nm, using a
Diode Array Detector (DAD). The pigments were identified from the absorption spectra and
subsequently quantified based on their retention time against standard pigments obtained from DHI®
Institute for Water and Environment, Denmark. The abbreviations of phytoplankton marker pigments

and various pigment indices used for the present study are depicted in Table 1 (Gibb et al.2001).
2.4. CHEMTAX analysis

The contribution of each phytoplankton functional group (PFG) to the total biomass
(chlorophyll a; hereafter chl a) was estimated using the HPLC-derived pigments by the factorial
programm of CHEMTAX calculations (Mackey et al.1996; Wright et al.2010). For this purpose,
only the surface pigment data have been used as the phytoplankton community along different depths
may vary in their pigment to chl a ratios (Gibb et al.2001; Mackey et al.1996). The initial pigment
ratios for the major PFGs were taken from the literature (Table 2) (Gibb et al.2001; Parab et al.2013;
Roy et al.2015). Based on the marker pigments detected from the study, five PFGs (i.e., diatoms,
cyanobacteria, chlorophytes, cryptophytes, and dinoflagellates) were loaded to CHEMTAX for SIM
and WM seasonal periods. On the other hand, four PFGs (i.e., diatoms, cyanobacteria, chlorophytes,
cryptophytes) were considered for SM and FIM periods. Apart from chl a, marker pigments such as
fucoxanthin, zeaxanthin, lutein, chlorophyll b, peridinin and alloxanthin were taken for input values
for CHEMTAX calculations during SIM and WM periods; however, for SM and FIM periods,
peridinin was excluded from the rest of the pigments mentioned above (Table 3). The diagnostic
pigments (DP), which were either absent or observed in trace amounts and also the pigments which
have a complex taxonomic distribution (chlorophyll c2 and chlorophyll ¢3) were excluded from the
CHEMTAX analysis.

2.5 Statistical analysis

The Karl Pearson correlation analyses were performed to find out the linear relationship of
salinity and nutrients to the chl a and various marker pigments (Table 5; Figure 9). Similarly,
student's t-test (two-tailed) was done to find out the statistical difference in the means of major



environmental variables and phytoplankton pigments between the seasons (Table 6). In addition,
redundancy analysis (RDA) was carried out using the statistical program CANOCO 4.5, to
understand the interrelationships between the abiotic and biotic variables. The abiotic variables
included were temperature, salinity, turbidity, PAR, pH, DO, and inorganic nutrients (NHs-N NOs-
N, PO4-P and SiOs-Si) and the biotic variables were chl a, marker pigments and PFGs (derived from
CHEMTAX calculations). Prior to the analysis, de-trended correspondence analysis (DCA) was
carried out to select the most suitable ordination techniques for the present data set. The DCA result
showed that the axis gradient length was less than 2 and therefore, the linear multivariate method of
RDA was considered the most appropriate for the present data. Biological variables were log-
transformed prior to the analysis, and the results of the RDA analysis were presented as a triplot (Fig.
10).

3. Results
3.1. Environmental variables

Generally, the atmosphere over the study region was noticeably warmer during the non-
monsoon months (>28.5 °C) compared to the monsoon months (< 27 °C) (Fig. 2a). The wind speed
was strikingly higher (> 7 ms™) during the SM and SIM periods and slightly lower (< 5.7 m s*)
during the FIM and WM periods (Fig. 2b). Maximum rainfall was recorded during the SM (av. 16.6
+ 34.0 mm/day), followed by FIM (7.6 £ 18.0 mm/day), whereas the SIM and WM periods were
characterized by the occurrence of minimum rainfall (Fig. 2c). Maximum river discharge in the AE
was recorded during the SM period (av. 153 - 307 m%/s), and the minimum was during the SIM
period (<12 m¥s).

The water column of the whole study region showed a distinctive spatio-temproral variation
in the major physico-chemical variables. The water column appeared to be warm (>30 °C) and well-
mixed, especially in the estuary, during the non-monsoon months (except the SM) (3a - 3d). A
characteristic horizontal gradient (low to high) in water column temperature was discernible from the
near shore to estuarine upper reaches, regardless of seasons. During the SM, comparatively cooler
(24.5 - 27 °C) and well-stratified water column was obvious, particularly in the near shore region
(Fig. 3b). Concerning water column salinity, a more or less similar distribution pattern was evident in
the whole study region during both SIM and WM periods with the prevalence of higher salinity (34).
By contrast, a sharp salinity drop, especially between stations 3 (34) and 7 (5), was evident during
the SM. The nearshore waters (stations 1 and 2), on the other hand, constantly sustained high salinity
(>34), regardless of seasons (Fig. 3e-3h). The water column turbidity was quite distinctive during the



SM period with enhanced levels, especially in the mixing zones, from stations 3 to 5 (>15 NTU)
(Fig. 3i-3l). However, the whole study region remained less turbid (<7 NTU) during the non-
monsoon periods, and it was more pronounced in the nearshore waters. The availability of water
column PAR was relatively higher (~ 100-2000 HE m™2 s™1) during the non-monsoon periods,

especially in the nearshore waters during FM and WM periods, compared to the estuary (Fig. 3).

During most sampling seasons, a well-oxygenated (>4 mg L) water column was observed in
the whole study region. However, a pronounced hypoxic (<1.5 mg L) condition, especially at the
nearshore stations (1 and 2), was observed during the SM (Figs. 4a). As far as the nutrients are
concerned, a marked increase (av. 18.6 = 4.2 uM) in dissolved inorganic nitrogen (DIN) was
recorded in the whole study region, especially during the SM period. The NHas-N, the chief
component of DIN, constituted the major N fraction (64-81%) in the estuary, irrespective of seasons,
and it was more distinct during the WM period, both in the surface and bottom waters (Figs. 4b).
However, NO3z-N formed the major fraction (>80 %) of DIN during the SM period in all the
sampling stations (Figs. 4c). Generally, the AE was characterized by low levels of POs-P (<0.5 uM)
with minimum spatio-temporal variability (Fig. 4d). The nearshore waters and adjacent estuarine
stations sustained slightly higher POs-P (>1.5 pM), especially during the SM (Fig. 4d). The
dissolved SiO,-Si was consistently higher (>30 uM) in the estuary compared to the nearshore waters;
nevertheless, a remarkable increase in SiO2-Si (>40 uM) was detected at stations 5 to 7, located near
the river mouth, regardless of seasons (Fig. 5e). The nutrient stoichiometry (N:P, Si:N and Si:P
ratios) generally found complement with the prevailing nutrient levels (Fig. 5a-5¢). The N:P ratio
remained well above the normal Redfield ratio (16:1) during the non-monsoon months, particularly
inside the estuary (Fig. 5a). However, the Si:N ratio was apparently higher (av. >3) throughout the
study region than the normal Redfield ratio and it was prominently discernible in the estuary, except
during the WM (av. 2.1 £ 1) period (Fig 5b). The Si:P ratio was constantly higher (17 - 334) in the
whole study region than the normal Redfield ratio (16:1) because of the over saturation of SiOz-Si
regardless of seasons (Fig.5c¢). Similar to Si:P, overall Si:N ratio remained consistently higher both in

the near shore waters (1-4) and estuary (1-12).
3.2. Phytoplankton biomass (chl a), biomarkers, pigment indices and functional groups

The AE, in general, sustained noticeably higher phytoplankton chl a concentrations (av. > 5
mg m~) almost throughout the sampling periods both in the surface and bottom waters (Fig. 6).
However, stations close to the inlet (3 and 4) showed a distinguishing temporal variation in chl a,
probably because of the greater influence of neritic waters with variable tidal influence. The

nearshore waters, on the other hand, exhibited consistently low levels of chl a (<1.5 mg m™),
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regardless of seasons (Fig. 6). During the SIM period, an exceptional increase in chl a was recorded
in the estuary both in the surface (av. 10.17 + 1.84 mg m) and bottom (av. 9.93 + 2.42 mg m?)
waters, specifically at stations 4 to 7, located somewhat interior estuary from the inlet. On a seasonal
scale, the whole sampling stations sustained noticeably low levels of chl a both in the surface (av. 4.6
+0.70 mg m) and bottom (av. 5.52 + 1.68 mg m™) waters. Apart from this, an obvious increase in

chl a (> 5 mg m™) was apparent at stations near the river mouth region (5-7), irrespective of seasons.

The phytoplankton marker pigments, in general, showed a specific spatio-temporal variation,
especially in its diversity and corresponding concentrations, in the study region (Fig. 7). A
distinguishing domination of zeaxanthin (av. 1.04 mg m=) was evident in the estuary over other
marker pigments during the non-monsoon seasonal periods (i.e. SIM, FIM and WM), which was
followed by chlorophyll b (av. 0.47 mg m=). However, a nominal increase in fucoxanthin was
detected at the estuarine stations (3 and 4), located near the inlet region, especially during the WM
(av. 0.4 mg m®) and SM (av. 0.2 mg m®) periods (Figs. 7b and 7d). Likewise, a moderate increase in
alloxanthin (0.5-1.6 mg m) was recorded at certain stations (5-7) in the estuary during the SM, both
in the surface and bottom waters (Figs. 7g - 7h). Other marker pigments such as lutein (<0.2 mg m=),
diadinoxanthin (< 0. 4 mg m), chlorophyll c2 (<0.5 mg m), carotenoids (<0.1 mg m), peridinin
(<0.1 mg m3®), chlorophyll ¢3 (<0.05 mg m?), 19'-hexanoyloxyfucoxanthin (<0.02 mg m™),
diatoxanthin (< 0.07 mg m™), etc. were also detected nominally in the study region, regardless of
seasons. The nearshore waters, on the other hand, sustained low levels of marker pigments compared
to the estuary (Figs. 7). The quality and quantity of these marker pigments were quite dissimilar in
the near shore waters on a temporal scale compared to the estuary and fucoxanthin was the
predominant biomarker at this region, regardless of seasons (Fig. 7). Among the photopigment
indices, the concentrations of photoprotective carotenoids (PPCs) were apparently higher in the AE
compared to the the photosynthetic carotenoids (PSCs), almost throughout the sampling seasons
(Table 4). The estuary remained a distinguishing dominance of PPCs during the SIM period, both on
the surface (av. 3.29 + 0.58 mg m) and bottom waters (av. 2.97 + 0.94 mg m=). The nearshore
waters, however, persisted a marked dominance of PSCs over PPCs, irrespective of seasons (Table
4). The PPC:PSC ratio was distinctly higher in the estuary throughout the sampling period, and
prominently higher during the SIM period, especially in the surface waters (Table 4). The seasonal
mean of photosynthetic pigments (PSP) and diagnostic pigments (DP) were also conspicuously

higher in the estuary, irrespective of seasons, compared to the nearshore waters (Table 4).

The phytoplankton functional group (PFG) dynamics, elucidated based on chl a

concentrations derived from the CHEMTAX analysis, have revealed the occurrence of six major



PFGs (i.e., cyanophyta, dinophyta, cryptophyta, chlorophyta, bacillariophyta and haptophyta) in the
whole study region (Fig. 8). The chl a contributions from each PFG showed a clear-cut spatio-
temporal variation, wherein a cyanobacterial contribution of chl a (~50-80 % of total chl a) was
highly prominent in the estuary, regardless of seasons, specifically for non-monsoon periods (Figs.
8a,c and d). Besides this, diatoms and chlorophytes appeared to contribute moderate amounts of chl a
in the estuary. On the other hand, this scenario was quite different during the SM period, wherein the
whole sampling stations in the estuary apparently showed the involvement of multiple PFGs towards
the contribution of chl a (Fig. 8d). Cryptophytes, cyanophytes, bacillariophytes and chlorophytes
were those multiple PFGs formed the major chl a contributors in the estuary during this season.
Moreover, the estuarine stations (specifically 5-7), located in the vicinity of the river mouth region,
showed slightly higher chl a contributions (~30-50%) found to be derived from mainly cryptophytes
(Fig. 8d). The nearshore waters (stations 1 and 2), on the other hand, evident for the significant
contribution of chl a exclusively from diatoms (45-60%), regardless of seasons, which appeared to
be low concentrations as compared to the estuary. Dinoflagellate derived chl a was discernible at
stations 2 to 6 during the WM period and at the nearshore stations (1 and 2) during the SIM period
(Figs. 8a and 8d).

3.3. Interrelationships between environmental variables and PFGs

Linear regression analysis, adopted for examining the correlation of salinity and inorganic
nutrients (NHs-N, NOz-N, PO4-P and SiOs-Si) with phytoplankton photopigments and major PFGs
showed variable relationship patterns (Table 5). Salinity (n = 56) in the whole study region showed a
significant positive linear correlation with chl a (p <0.01), alloxanthin (p <0.01) and chl c2 (p <0.05),
irrespective of seasons. Inorganic nutrients also established significant positive correlations with chl
a, certain marker pigments and PFGs (Table 5). Likewise, the regression plots between the nutrient
ratios (N:P, Si:zN and Si:P) and chl a clearly demonstrated the non-existence of significant linear
correlation (p>0.05) both in the estuary as well as in the nearshore waters (Fig.9). Student’s t-test
(two-tailed) was performed to find out the significance of statistical variation (seasonal scale)
between the seasonal means of environmental variables and phytoplankton pigments (Table 6). The
seasonal mean of major environmental parameters (e.g., temperature, turbidity, pH, nutrients and
nutrient ratios) exhibited significant statistical variation (p<0.05) between each season (Table 6).
Similarly, phytoplankton chl a and certain marker pigments (e.g.,zeaxnthin, peridinine, carotenoids,

lutein and chl b) were also found to be significantly variable seasonally (Table 6).

The RDA plot has shown unique interrelationship patterns between the environmental

variables and major biomarkers and their corresponding PFGs (Fig.10). Cyanobacteria, cryptophytes

10



and chlorophytes exhibited a significant positive correlation with SiOz-Si, temperature and nutrient
ratios (i.e. N:P, Si:N and Si:P), especially at the estuarine stations (mainly 5-7) during SIM, SM and
FM periods. During the WM period, on the other hand, multiple environmental variables such as
PAR, pH, NH4-N, temperature and SiO3-Si showed a significant positive correlation with
dinoflagellates and certain marker pigments (peridinin, diadinoxanthin and diatoxanthin), mainly at
stations 4-7, located away from the inlet. The diatoms and haptophytes, and also the corresponding
biomarkers, showed a positive correlation with a suite of environmental variables (i.e. NO3-N, POs-
P, NO2-N, DO, salinity and turbidity) and this particular scenario was evident at stations 1 and 2 in

the nearshore waters, irrespective of seasons (Fig. 10).
4. Discussion

The AE, one of the potential sites for the commercially important shellfishes (mussels,
oysters, clams) on the southwest coast of India, is reported to contribute ~ 70% of the total shellfish
resources in Kerala state, along with the Vembanad lake system (CMFRI, 2016). Nevertheless, as per
recent reports, the AE has been on the verge of faster water quality deterioration, including
overgrowth of pathogenic bacterial populations, as a result of the intensifying anthropogenic
pressures, mainly because of the incessant discharge of wastewater from domestic industrial sources
and also runoff from agricultural areas (Babu et al.2010; Salahudeen et al.2018; Chinnadurai et al.
2020).The present study, mainly concerning phytoplankton marker pigment dynamics of the AE and
adjacent nearshore waters, has unfolded various anomalies of phytoplankton communities in
association with the seasonally driven environmental hydrographic changes, mainly by the tide-
induced seawater incursion and river influx. Besides, the study has elucidated the spatial variability
of pigment compositions and associated PFGs in the various salinity regimes (i.e. euhaline,

mesohaline and oligohaline) of the study region.

Normally, the southwest coast of India experiences maximum solar irradiance and
concomitant high evaporation rates during the non-monsoon seasonal periods, SIM (March-mid
May), in particular (Qasim, 2003). Consequently, the nearshore waters of the SW coast of India,
including estuaries, experience characteristic warm and high salinity conditions. The present study
also evidenced such environmental scenarios in the AE with the presence of warm (>29.5° C) and
high salinity (20-35) waters, especially during the non-monsoon seasonal periods. The gradients in
salinity (high to low) noticeable in the study region (nearshore to the estuary) during these seasons
indicate the prevalence of large-scale incursion of neritic waters into the estuary (Fig.3). This
condition was more prevalent during the SIM and WIM periods as the obvious salinity rise (28) in

the upper regions (station 7) of the estuary apparently pointed towards the occurrence of minimum
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river discharge. By contrast, hydrological features of the AE were quite dissimilar during the SM
period, especially at stations 5 to 7, located in the vicinity of river mouth (Fig.3f). The drastic drop in
salinity (<10) was found to be mainly driven by the prevailing torrential monsoonal rainfall and
concomitant terrestrial runoff as reported earlier in the estuaries along the SW coast of India (Menon
et al., 2000; Qasim, 2003; Madhu et al.2007). In fact, this salinity drop in the upper reaches of the
AE was primarily facilitated by the huge influx from the Kallada River and its tributaries. In
nearshore waters, on the other hand, a sharp temperature drop (25°C) was clearly discernible during
this season compared to the estuary (Fig. 3b). This temperature drop in the surface layers of stations
1 and 2 was found to be associated with the influence of seasonally occurring coastal upwelling
phenomena as reported earlier (Madhupratap et al.1990; Muraleedharan et al., 2018). The presence
of cool (<25°C), less oxygenated (<2 mg L) and nutrient-rich (NO3-N>7.5 uM and POs-P>1 uM)
waters detected in the nearshore stations categorically uphold the influence of coastal upwelling
phenomenon, a recognized recurrent coastal oceanographic phenomenon, in the southwest coast of
India during the SM period. In addition to this, the conspicuous turbidity maxima (>20 NTU)
confined at the estuarine stations (mainly between 3 and 4), specifically during this season, indicated
the influence of the profound mixing of two hydrographically different waters (neritic waters and

freshwaters) (Fig. 3j).

As in any other estuaries along the southwest coast of India, inorganic nutrient levels in the
AE were also recorded to be consistently higher (Qasim 2003; Madhu et al.2007, Martin et al.2008).
Nevertheless, the present study has shown a distinguishable spatio-temporal variation in the
distribution of inorganic nutrients as well as its stoichiometric ratios in the AE (Figs. 4 and 5).
Previous observations also documented the prevalence of large-scale spatio-temporal variations in
inorganic nutrients in the AE, as a result of the intense influence of environmental changes in the
prevailing hydrology, geology and land use (Jennerhahn et al. 2008, Babu et al., 2010). Concerning
the DIN levels, the AE sustained a major fraction of NH4-N (~ >70 %) all over during the non-
monsoon periods (WM in particular) and it was reported due to the supersaturation of NHs-N
because of the persistent inputs from either anthropogenic sources (sewage wastewater and
agricultural runoff) or sediment ammonification process (Jennerjahn et al.2008; Salahudeen et
al.2018). As per the report, the sediments in shallow estuaries habitually synthesize NH4-N ions from
negatively charged particles by the saltwater effect and also ion-pairing effect (Seitzinger et al.1991).
The governance of high salinity waters in the AE during the non-monsoon seasonal periods explicitly
reveals the prevalence of poor flushing from the Kallada River. Perhaps, this particular hydrographic

scenario might have amplified the process of ammonification in the surficial sediments of the estuary
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and subsequent rise of NHs-N levels in the water column (Fig. 3). A recent study by Salahudeen et al
(2018) documented the enhancement of water column NHs-N in the AE as a result of prevailing
ammonification process in surficial sediments and this condition was prevalent in the estuary during
the non-monsoon period, when the system sustained high salinity waters. In the present study, this
NHas-N enriched condition in the water column of the whole study region (both AE and nearshore
waters) was so evident during the WM period. Similarly, the conspicuous decrease in NH4-N (<3
M) detected in the estuary, particularly at stations near the river mouth (5-7) during the SM period,
can be linked to the prevailing salinity drop due to the enhanced river discharge. In fact, the process
of ion-pairing and seawater cation effects could be the fundamental cause of the incessant NH4-N
release from the surficial sediments in estuaries and coastal waters, especially when these systems

experience high salinity fluctuations (Seitzinger et al.1991).

The pronounced spatio-temporal variations evidenced in the physico-chemical properties of
the whole study region apparently reflected in its phytoplankton characteristics as well. In fact, even
though both sampling regimes (estuary and nearshore waters) remain greatly varied in
phytoplankton properties spatio-temporally, such variability was highly discernible only in the
estuary because of its extreme hydrographic inconsistencies (Fig. 3). The remarkable increase in chl
a (av. > 5 mg m™) observed in the AE, compared to the nearshore waters (av. <1.5 mgm=), has
pointed out towards the prevalence of conducive environmental conditions (mainly high nutrient
levels) for enhanced phytoplankton growth. However, during the SM, the influence of seasonally
driven turbidity maximum (>20 NTU), evident particularly at station 4, appeared to cause a drastic
decrease in phytoplankton chl a (<2 mg m™). The observed plumes of subsurface turbidity maximum
at these stations (3 to 6) obviously signify the prevalence of strong vertical mixing of both seawater
and river water (Fig. 3j). However, the enhanced chl a concentrations recorded at these stations
(except station 4) revealed that the prevailing turbidity maximum was not sufficient enough to limit
attenuation of PAR as well as phytoplankton growth in the water column even during the SM period
(Figs. 3n and 6). Although the hydrochemical properties, mainly the distribution of inorganic nutrient
compositions, showed a distinct spatio-temporal variation in the AE, that variability was not
translated into making the distinguishable changes in phytoplankton chlorophyll a biomass in the
estuary, especially during the non-monsoon seasons compared to the nearshore waters (Fig.6).
However, unlike other major estuaries along the west coast of India wherein diatoms usually
dominates (Roy et al.2006; Meenu et al. 2021), the AE sustained a widespread increase in zeaxanthin
which apparently signifies the preponderance of cyanobacterial populations during most of the

sampling periods. According to previous studies, cyanobacteria usually exhibit wide compositional
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variability in coastal waters worldwide, including the estuaries and adjacent inland waters, because
of the prevailing hydrological discrepancies (Mur et al.1999; Paerl et al.2020). The Cochin estuary,
for example, exhibits the numerical dominance of diatoms almost throughout the year due to the
surplus availability of inorganic nutrients, especially NO3-N and POs-P (Menon et al. 2000; Madhu
et al. 2007). Recent HPLC-based biomarker studies categorically evidenced the super-saturation of
fucoxanthin in the Cochin estuary, irrespective of seasons, which apparently substantiated the
preponderance of diatoms (Meenu et al, 2021). However, the nutrient status of the present study has
shown that NH4-N was the predominant inorganic N component in the AE, particularly during the
non-monsoon seasons, along with the occurrence of apparent P limitation as evidenced from the N:P
and Si:P ratios (Fig.4 and 5). Therefore, the constant increase in NHa-N can be considered one of the
major triggering factors of the consistently enhanced growth of cyanobacterial populations in the AE
during the non-monsoon periods. In marine ecosystems, cyanobacteria populations constitute the
most dominant prokaryotic fraction of the phytoplankton community, specifically belonging to two
major genera Prochlorococcus or Synechococcus (Partensky et al.1999). Usually, these prokaryotic
autotrophic communities prefer to grow in warm coastal marine waters, especially when nutrient-
depleted (mainly NO3-N and POs-P) condition prevails (Wang et al.2011; EI-Shehawy et al.2012).
The present study, however, has documented the preponderance of the cyanobacterial community in
the AE based on the recorded concentrations of its biomarker, zeaxanthin. Nevertheless, since the
AE apparently lacks information on cyanobacterial predominance (especially flowcytometry data), it
was rather difficult to characterize the prevailing cyanobacterial taxa (genus or species). Recent
reports on flow cytometry-derived picophytoplankton composition data generated from the estuaries
of the southwest coast of India have documented a distinctive numerical abundance of
synechococcus compared to other cyanobacterial communities (Mohan et al.,2016; Rajaneesh et
al.,2020). Concerning synechococcus community, two major strains have been identified yet based
on the type of pigment in cells, for example, phycocyanin (PC) rich synechococcus (PC-SYN) and
phycoerythrin (PE) rich synechococcus (PE-SYN) (Paerl et al. 2020). The PC-SYN often
numerically dominate in relatively low salinity waters (<25), whereas the PE-SYN tend to proliferate
in high salinity (>25) waters (Wang et al.2011). On the basis of these facts, it can be inferred that the
remarkable increase in zeaxanthin in the AE, almost throughout the sampling periods, may have
originated from synechococcus, as tropical estuaries are reported to sustain a high abundance of this
cyanobacterial taxa, especially during the warm periods (EI-Shehawy et al.2012; Mohan et al.2016;
Rajaneesh et al.,2020). Furthermore, the pervasiveness of high salinity conditions in the AE along
with the dominance of zeaxanthin over other marker pigments, especially during the non-monsoon

months, categorically unveils that the cyanobacterial populations in the estuary might be PE-SYN
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rich strains as this particular synechococcus strain prefer to grow in high salinity waters (Wang et
al.2011; Mohan et al.2016). The occurrence of high salinity waters in the AE, along with high chl a
contribution derived from the cyanobacterial community, infers that PE-SYN could be the major
synechococcus strain in the AE, especially during non-monsoon seasons.

In any aquatic system, an estuary in particular, the inorganic nutrient levels and
corresponding stoichiometric element ratios play a vital role in determining the growth and diversity
of phytoplankton communities (Justic et al.1995; Gardner et al.2009). The formation of harmful algal
blooms (HABSs) and the concurrent eutrophication processes in estuaries are normally regarded as
manifestations of nutrient enrichment (Cloern et al.2014). Most estuaries on the southwest coastline
of India exhibit a distinct seasonality in the nutrient stoichiometry, and phytoplankton growth in
these estuaries are identified to be mostly N-limited, mainly NO3z-N (Table.7). The prevailing
seasonality in the river discharge has a profound influence on nutrient distributions in these estuaries,
especially during the monsoon season when all the rivers in southwestern India carry enormous
quantities of freshwater together with huge amounts of suspended sediments and both organic and
inorganic materials (Qasim 2003; Madhu et al.2007; Jennerjahn et al. 2008). As far as the AE is
concerned, the present study has shown the establishment of high N:P and Si:P ratios, especially
during the warm seasonal periods. These anaomalies in the nutrient ratios ultimately signified P
limitation for phytoplankton growth, particularly for diatoms (Fig. 6a and 6c¢). Normally, nutrient
preferences of phytoplankton are reported to be group specific; diatoms usually prefer growing in
NOz-N rich waters, whereas chlorophytes and cyanobacteria tend to grow in NHas-rich environments
(Justic et al.1995; Gardner et al.2006). The preference for NHs-N by cyanobacteria is fundamentally
associated with the low energy requirement for their assimilation compared to the NO3z-N. The
conspicuous increase of NHs-N detected in the AE, exclusively during the non-monsoon periods, can
be considered as one of the potential causes of the overall preponderance of cyanobacterial
populations in the estuary. At the same time, although the exact source of NH4-N in the AE is
unknown, based on the previous reports, it can be assumed that high ammonification rates in the
sediments (Giblin et al.2010) as well as the tremendous increase in sewage wastewater and
agricultural runoff (Salahudeen et al.2018), could be the possible sources of NHs-N in the AE. The
hydrographic profiles, especially the salinity, observed during the non-monsoon seasonal periods,
clearly indicated the pervasiveness of high salinity (> 25) waters all along the study region, and
ultimately, this high salinity waters may have accelerated the ammonification rates in the sediments
as reported earlier (Salahudeen et al., 2018).
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In the nearshore waters, the vertical profiles of hydro-chemical properties appeared to be
quite similar almost throughout all the sampling periods, except during the SM, wherein a slight
difference in hydro-chemical properties was discernible because of the influence of coastal upwelling
process (Fig.3b and 3f). This marginal seasonal variation of hydro-chemical properties observed in
the nearshore waters was reflected in the phytoplankton chl a concentrations as well. The occurrence
of consistently low levels of chl a (< 1.5 mg m?) in this region, regardless of seasons, pointed
towards the diminished growth of phytoplankton. Simultaneously, the quality and quantity of marker
pigment concentrations were relatively low in the nearshore waters compared to the AE, irrespective
of seasons. However, unlike the AE, the nearshore waters sustained a distinctive dominance of
fucoxanthin (>0.1 mg m™) over other marker pigments throughout the sampling periods, which
apparently signified the numerical dominance of diatoms. The results of CHEMTAX data also
substantiated the dominance of fucoxanthin in contributing chl a to (>80%) the total chl a pool (Fig.
8). Indeed, the preponderance of diatoms all along the nearshore waters (<30 m) of the southwest
coast of India, almost throughout the year, was a piece of established information (Patil and Anil,
2015; Minu et al.2014; Madhu et al.2021). Concerning the pigment indices, the obvious dominance
of higher PPCs over PSCs all over the AE, signifies the prevalence of environmental stress
conditions during the non-monsoon seasonal periods, which are apparently not conducive to the
growth of diatoms (Barlow et al. 2007). The consistent availability of enhanced nutrient levels,
particularly NO3z-N and PO4-P (major precursors of diatom growth), were the crucial precursors for
the persistent dominance of diatoms in the nearshore waters of southwestern India (Qasim et al.,
2003; Madhu et al., 2017). Recent studies on phytoplankton marker pigments by HPLC technique
have already substantiated the preponderance of diatoms in these regions by detecting high
concentrations of fucoxanthin (Roy et al.2006; Parab et al.2013; Madhu et al.2020). Nevertheless,
apart from diatoms, the occurrence of sporadic blooms of certain dinoflagellates (e.g. Noctiluca
scintillans, Prorocentrum shikokuense, Karenia mikimotoi) and prymensiophytes (e.g. Phaeocystis
globosa) indicated the influence of climate-induced environmental changes on potential PFGs
(Sahayak et al.2005; Padmakumar et al.2010; Madhu et al., 2020).

Even though the AE exhibited a noticeable dominance of zeaxanthin over other biomarkers,
especially during the non-monsoon months, this scenario was not discernible during the SM period.
Instead, the estuarine stations, specifically stations 5 to 7, showed the dominance of alloxanthin
along with moderate amounts of fucoxanthin, zeaxanthin and chl b (Fig.7). The CHEMTAX results
subsequently revealed the co-occurrence of multiple PFGs (e.g., cryptophytes, diatoms,

cyanobacteria and chlorophytes, respectively) in these stations, corresponding to their biomarkers in
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terms of chl a contributions (Fig. 8). The substantial increase in river influx evident in the AE by the
presence of low salinity waters (<7), in connection with the torrential monsoonal rainfall and runoff,
have caused the decline in cyanobacterial populations during this season. The obvious sharp salinity
drop evident in the estuary (especially at stations 5 to 7), along with noticeable rise in NO3-N and
PO4-P may have led to the growth of multiple PFGs of freshwater preference in the AE during the
SM period. All the above-mentioned PFGs usually prefer to grow in NO3z-N and PO4-P rich waters
rather than NHs-N. On the other hand, the clear-cut dominance of cyanobacteria in the AE (mainly
the upper reaches), which occurred during the non-monsoon seasonal periods, was found to be
associated with the enhanced tide induced seawater incurson, as shown in the salinity profiles (Fig.
3). The seasonal trends in inorganic nutrients, especially the consistent increase in NHs-N could be
identified as one of the significant triggering factors for the cyanobacterial growth in the AE. As
mentioned in the previous sections, diatoms constituted the predominant PFG in most of the estuaries
on the southwest coast of India (for example, Cochin estuary and Zuari-Mandovi estuaries) almost
throughout the year as a result of the constant availability of inorganic nutrients, mainly NO3z-N and
PO4-P (Madhu et al., 2010; Patil et al., 2015; Meenu et al., 2021). However, in the AE, the present
study has evidenced the substantial decrease in POs-P and also NOs-N (to some extent), except
during the SM period (Fig.4). Moreover, the obvious enhancement of N:P and Si:P ratios in the
estuary, especially during the non-monsoon seasonal periods, revealed the prevalence of significant P
limitation in the water column (Fig. 5) and perhaps, this P limitation could be one of the major
causes of limited growth of diatoms in the AE, especially during the non-monsoon seasonal periods.

In this study, various statistical analyses (linear regression, Student’s t-test and RDA) have
been adopted to delineate the existing interrelationships between the environmental variables and
phytoplankton pigment properties (Tables 5 and 6; Figs. 9 and 10). All these statistical analyses,
however, were unable to interpret the proper establishment of significant relationships between the
environmental variables and phytoplankton properties in the whole study region. Probably, the
characteristic geomorphological asymmetry as well as the dynamic hydrographic properties of the
AE could be the possible reasons for the lack of significant correlations between the physico-
chemical parameters and phytoplankton properties. However, the results of the RDA analysis have
shown a significant positive correlation of cyanobacteria (also chlorophytes and cryptophytes) with
temperature, silicate and nutrient ratios, especially at stations located in the proximity of the river
mouth during the non-monsoon seasonal periods (Fig 10). Even the results of linear correlation
analysis between the nutrient ratios and chl a concentrations, did not show any significant correlation

(p>0.05) patterns in the study region (Fig. 9). However, the results of Student’s t-test revealed the
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prevalence of significant seasonal variation of certain environmental parameters (e.g., temperature,
turbidity, pH, nutrients and nutrient ratios) with phytoplankton marker pigments (Table 6). Since the
AE is known as one of the major potential shellfish fishery resoucres in the Kerala state (CMFRI,
2016; Chinnadurai et al.2021), the information on phytoplankton community dynamics, especially on
its functional composition and succession patterns with respect to the prevailing environmental
changes, even if based on HPLC derived marker pigments, will be highly beneficial to understand
the current status of the estuary in terms of phytoplankton productivity. Concerning AE, such
measurements on phytoplankton community dynamics are first of its kind and hence, the information
brought out from this study has its own significance, especially for understanding the prevailing

biogeochemical processes and the estuarine pollution.
5. Conclusion

The present study on phytoplankton marker pigments has evidenced a characteristic
preponderance of cyanobacterial communities in the AE, particularly during the non-monsoon
seasonal periods, based on the chl a contribution from each PFG estimated by the CHEMTAX
analysis. The pervasiveness of warm (>29 °C) waters (as a result of shallow depth), along with
enhanced inorganic NH4-N, may have prompted the preponderance cyanobacterial community in the
AE, especially during the SIM, FIM and WM seasonal periods when high salinity (>25) conditions
prevailed. The obvious P limitation in the AE, evidenced by the nutrient ratios (N:P and Si:P),
appeared to have a significant role in the limited growth of conventional larger phytoplankton taxa,
for example, diatoms and dinoflagellates in the estuary. However, the consistent dominance of
fucoxanthin observed in the nearshore waters (although lower concentrations compared to the
estuary), regardless of seasons, indicated the preponderance of diatoms, wherein NOs-N was
recorded to be the leading inorganic nutrient. On the basis of the present study, it can be
categorically stated that HPLC-CHEMTAX data was highly useful for understanding phytoplankton
community dynamics in the study region. Also, it could provide information not only on the chl a
contribution of each PFG but also on the small-sized or fragile groups of taxonomic importance more
precisely than any other analysis available. Since the AE was designated as a Ramsar site and an
ideal ground for economically important shellfish resources, periodical monitoring of water quality,
even by implementing HPLC-based pigment studies, should be promoted to resolve the possible
local environmental management problems that affect the natural growth of phytoplankton

communities.
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Figure 1. Details of the study region and sampling locations.
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Figure 2. Major climatological parameters (air temperature, wind speed and precipitation) and river

discharge during February 2018 to February 2019 from the study region (daily average).
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Figure 3. Vertical distribution (seasonal) of temperature (a-d), salinity (e-h), turbidity (i-I) and PAR
(m-p) in the Ashtamudi estuary and adjacent coastal waters.
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Figure 4. Seasonal distribution of dissolved oxygen and major inorganic nutrients in the Ashtamudi

estuary and adjacent coastal waters.
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Figure 5. Seasonal nutrient ratios in the surface and bottom waters of Ashtamudi estuary and

adjacent coastal waters.
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Figure 6. Seasonal distribution of phytoplankton chlorophyll a (surface and bottom) in the
Ashtamudi estuary and adjacent coastal waters.

16

ESIM ®=mSM ©=FIM WM

12+

Chlorophyll @ (mg m-?)

1S 1B 28 2B 38 3B 48 4B 58 5B 68 6B 78 7B
Stations

31



Figure 7. Seasonal distribution of major phytoplankton marker pigments in the Ashtamudi estuary

and adjacent coastal waters.
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Figure 8. Percentage (%) contribution of chlorophyll a (CHEMTAX derived) from major
phytoplankton functional groups (PFGs) in the Ashtamudi estuary and adjacent coastal waters.
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Figure 9. Linear correlation of inorganic nutrient ratios (N:P, Si:N and Si:P) with chlorophyll a in the

Ashtamudi estuary and adjacent coastal waters.
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Figure 10. RDA triplot showing the interrelationships between the physico-chemical variables and
major biomarkers, and associated phytoplankton functional groups (PFGs) in the Ashtamudi estuary

and adjacent coastal waters.
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Table 1. Abbreviations, names and formulae for the pigments used for this study (*Gibb et al.2001)

Abbreviation Name Formulae

Allo Alloxanthin

Chla Chlorophyll a

Chlb Chlorophyll b

Chl c2 Chlorophyll c2

Chl c3 Chlorophyll ¢3

Diad Diadinoxanthin

Diat Diatoxanthin

Fuco Fucoxanthin

19-BF 19'-Butanoyloxyfucoxanthin

19-HF 19'-Hexanoyloxyfucoxanthin

Lut Lutein

Neo Neoxanthin

Per Peridinin

Viol Violaxanthin

Zea Zeaxanthin

Caro [3-carotene

PPC* Photoprotective Carotenoids Allo + Diad + Diat + Lut +Neo + Viol + Zea + Caro
PSC* Photosynthetic carotenoids Fuco + 19-BF + 19-HF + Peri
DP* Total Diagnostic Pigments PSC + Allo + Zea + Chl b
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Table 2. Input marker pigments to chlorophyll a ratios used for the CHEMTAX calculations (‘-

Not considered).

Class/Pigment Peri Fuco Allo Lut Zea Chlb But Hex Chla

Initial Ratio Matrix

Spring Intermonsoon

Dinoflagellates 2 0 0 0 0 0 0 0 1
Cryptophytes 0 0 0.23 0 0 0 0 0 1
Chlorophytes 0 0 0 0.10 0.01 0.15 0 0 1
Cyanobacteria 0 0 0 0 0.19 0 0 0 1
Diatoms 0 0.17 0 0 0 0 0 0 1
Haptophytes 0 0.08 0 0 0 0 0.1 0.15 1
Summer monsoon

Cryptophytes - 0 0.19 0 0 0 - - 1
Chlorophytes - 0 0 0.10 0.01 0.15 - - 1
Cyanobacteria - 0 0 0 0.16 0 - - 1
Diatoms - 0.17 0 0 0.00 0 - - 1
Fall Intermonsoon

Cryptophytes - 0 0.20 0 0 0 - - 1
Chlorophytes - 0 0 0.10 0.02 0.15 - - 1
Cyanobacteria - 0 0 0 0.18 0 - - 1
Diatoms - 0.27 0 0 0 0 - - 1
Winter monsoon

Dinoflagellates 1 0 0 0 0 0 - - 1
Cryptophytes 0 0 0.23 0 0 0 - - 1
Chlorophytes 0 0 0.00 0.05 002 0.20 - - 1
Cyanobacteria 0 0 0 0 0.10 0 - - 1
Diatoms 0 0.17 0 0 0 0 - - 1
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Table 3. Output ratios were estimated with the CHEMTAX programme.

Class/Pigment Peri Fuco Allo Lut Zea Chlb But Hex Chla

Final Ratio Matrix
Spring Intermonsoon
Dinoflagellates 0.22 0 0 0 0 0 0 0 1
Cryptophytes 0 0 0.19 0 0 0 0 0 1
Chlorophytes 0 0 0 0.05 001 015 0 0 1
Cyanobacteria 0 0 0 0 0.22 0 0 0 1
Diatoms 0 0.18 0 0 0 0 0 0 1
Haptophytes 0 0.05 0 0 0 0 0.05 0.10 1
Summer monsoon
Cryptophytes - 0 0.18 0 0 0 - - 1
Chlorophytes - 0 0 0.05 0.01 0.17 - - 1
Cyanobacteria - 0 0 0 0.21 0 - - 1
Diatoms - 0.22 0 0 0 0 - - 1
Fall Intermonsoon
Cryptophytes - 0 0.25 0 0 0 - - 1
Chlorophytes - 0 0 0.05 0.02 0.13 - - 1
Cyanobacteria - 0 0 0 0.23 0 - - 1
Diatoms - 0.15 0 0 0 0 - - 1
Winter monsoon
Dinoflagellates 0.20 0 0 0 0 0 - - 1
Cryptophytes 0 0 0.23 0 0 0 - - 1
Chlorophytes 0 0 0 006 0.02 0.14 - - 1
Cyanobacteria 0 0 0 0 0.14 0 - - 1
Diatoms 0 0.22 0 0 0 0 - - 1
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Table 4 Mean concentrations (mg m=) of photosynthetic carotenoids (PSC), photoprotective

carotenoids (PPC), photosynthetic pigments (PSP) and total diagnostic pigments (DP) in the study

region.
Season Site PPC PSC PPC/PSC PSP DP

Coastal.S 0.16 + 0.09 0.21 +0.02 0.75 + 0.36 1.50+0.55  0.35+0.09

SIM B 0.09 + 0.05 0.21+0.08 0.41+0.08 1.25+0.53  0.31+0.10
Estuary.S 3.29+0.58 0.12 +0.04 30.65 + 14.91 10.30+1.82  3.46+0.62

B 2.97 +0.94 0.17 +0.05 19.24 +10.21 10.10+2.41 3.19+0.88

Coastal.S 0.20+0.11 0.18 +£0.01 1.10+0.58 1.29+0.05 0.29+0.08

SM B 0.20+0.11 0.15+0.01 1.34+0.74 1.19+0.04 0.27+0.08
Estuary.S 1.25+1.22 0.23+0.18 8.41+9.53 550+4.65 1.36+1.11

B 1.44+1.18 0.19 + 0.06 9.00 + 8.68 6.48+493 154+1.12

Coastal.S 0.15+0.08 0.11 +0.07 1.44+0.16 1.16+0.64 0.30+0.16

FIM B 0.09 + 0.06 0.09 + 0.07 1.09+0.18 1.06+0.65 0.23+0.15
Estuary.S 1.81+1.34 0.16 +0.16 16.12 +9.03 550+3.11 1.97+1.23

B 1.64+1.42 0.13+0.11 14.42 +7.89 534+322 178+1.36

Coastal.S 0.26 +0.14 0.49 +0.29 0.55 + 0.05 228+133 0.62+043

WM B 0.09 +0.01 0.34 +0.00 0.27 + 0.04 1.55+0.04 0.42+0.05
Estuary.S 1.54 +0.41 0.34+0.16 5.82 +3.74 493+0.62 2.06+041

B 1.08 +0.40 0.52 +0.53 3.66 + 3.19 6.05+210 1.74+054
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Table 5. Regression coefficient of major environmental parameters and various phytoplankton

marker pigments and PFGs (‘*’ significant at 0.05; “** significant at 0.01).

Parameters Salinity NHs-N  NO3-N  PO4-P  SiO4-Si
Chla 0.001** 0.856 0.340  0.037* 0.001**
Chl c3 0.222 0.215 0.765  0.850 0.051
Chl c2 0.016* 0.081 0.834  0.866 0.022*
Peri 0.284 0.001** 0.206  0.532 0.386
Fuco 0.440 0.031* 0.718 0.434 0.460
Diad 0.084 0.010* 0.466  0.948 0.005**
Allo 0.001** 0.030* 0.052  0.542 0.001**
Diat 0.126 0.625 0.640  0.808 0.001**
Zea 0.143 0.614 0.134  0.008** 0.015*
Lut 0.489 0.045* 0.622 0.212 0.430
Chlb 0.182 0.320 0.334  0.002** 0.011*
Caro 0.097 0.918 0.562  0.021* 0.006**
Dinophytes 0.279 0.001** 0.210  0.538 0.440

Cryptophytes 0.001** 0.028* 0.032* 0.510 0.001**
Chlorophytes 0.005** 0.019* 0.246  0.024* 0.015*
Cyanophytes 0.167 0.286 0.231  0.011* 0.013*
Bacillariophytes 0.582 0.136 0.378  0.733 0.245
Haptophytes 0.385 0.662 0.520  0.727 0.126
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Table 6. p-value of Student’s t-test results of the mean of major environmental variables and

phytoplankton pigments in the study region (‘*’ significant at 0.05; ‘**’ significant at 0.01).

Paired t test (two-tailed) results - p value (between season)

Parameters SIMvs.SM  SMvs.FIM  FIMvs. WM SIMvs. WM SMvs. WM  SIM vs. FIM
Temp 0.001** 0.001** 0.001** 0.001** 0.001** 0.001**
Sal 0.020* 0.128 0.001** 0.115 0.017* 0.001**
PAR 0.926 0.204 0.289 0.062 0.037* 0.166
Tur 0.003** 0.001** 0.204 0.030** 0.001** 0.008**
pH 0.001** 0.154 0.001** 0.001** 0.001** 0.001**
DO 0.810 0.004** 0.569 0.001** 0.001** 0.001**
Nitrate 0.002** 0.001** 0.031 0.170 0.001** 0.020*
Nitrite 0.533 0.374 0.014* 0.251 0.081 0.750
Ammonium 0.003** 0.001** 0.001** 0.001** 0.001** 0.574
Phosphate  0.001** 0.001** 0.001** 0.022* 0.002** 0.008**
Silicate 0.009** 0.176 0.554 0.012* 0.375 0.086
N/P 0.003** 0.001** 0.527 0.207 0.000** 0.311
Si/N 0.313 0.355 0.002** 0.099 0.009** 0.601
Si/P 0.385 0.003** 0.001** 0.806 0.701 0.001**
Chla 0.027* 0.689 0.980 0.001** 0.706 0.002**
Chl c3 0.512 0.459 0.156 0.609 0.416 0.139
Chl c2 0.023 0.005** 0.002** 0.001** 0.072 0.759
Peri 0.110 - 0.002** 0.014* 0.002** 0.110
Fuco 0.192 0.230 0.021* 0.016* 0.046* 0.536
Diad 0.043* 0.095 0.001** 0.001** 0.001** 0.516
Allo 0.026* 0.029* 0.094 0.444 0.027* 0.061
Diat 0.200 0.008** 0.009** 0.121 0.566 0.042*
Zea 0.001** 0.072 0.274 0.001** 0.044 0.048*
Lut 0.009** 0.732 0.008** 0.001** 0.002** 0.002**
Chlb 0.001** 0.002** 0.049* 0.007** 0.001** 0.003**
Caro 0.003** 0.469 0.916 0.001** 0.096 0.005**
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Table 7. Nutrient stoichiometry (mainly N:P) of major estuaries along the Indian coast

Study Area Study period N:P Reference
Gautami-Godavari
Estuary SWM 6 Tripathy et al.2005
Cochin estuary Southwest monsoon 39.8 £28.2 Madhu et al.2007
Post monsoon 57.9+33.6 “
Pre-monsoon 159+ 10.1 “
September 2007 1.62 - 86
Godavari estuary November 2008 20.3+ 14.3 Sarma et al.2009
Cochin estuary Post monsoon 6.8 - 262 Madhu et al.2010
Pre-monsoon 4.8 -101 “
Kodungallur-
Azhikode Estuary Southwest monsoon 27.9+14.2 Bijoy et al.2014
Post monsoon 74+34 “
Pre-monsoon 4.2+3.6 “
Cochin estuary Pre-monsoon 6.5-46.4 Bhavya et al.2016
Southwest monsoon 2.3-24.8 «
Post monsoon 7.08 - 27.5 «
Kundalika Estuary Pre monsoon <60 Chowdhuri et al.2017
Southwest monsoon <20 “
Post monsoon <25 “
Haldia Estuary Southwest monsoon 0.6 Bharathi and Sarma 2018
Mahanadi Estuary 1.9 «
Rushikulya Estuary 8.7 «“
Krishna Estuary 1.0 “
Ponnayaar Estuary 97.2 “
Zuari Estuary 2.3 «
Mandovi Estuary 0.5 «“
Tapti Estuary 0.2 “
Narmada Estuary 23.2 «“
Cochin Estuary Post monsoon 5£3 Jabir et al.2020
Southwest monsoon 37+15 “
Pre monsoon 19+9 “
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