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Abstract

The response of phytoplankton community to the co-existing events of coastal upwelling and
mud banks in the nearshore waters of Alappuzha (15 m depth), located in the southwest coast of India
from April to November 2016, is described based on size-fractionated phytoplankton biomass
(chlorophyll &), primary production and community composition. The study region exhibited well-
distinct spatio-temporal hydrological changes because of the influence of wind-driven coastal
upwelling, prevalent during the southwest monsoon (SWM) period. However, the formation of mud
banks, in addition to coastal upwelling, was observed at station M2, which facilitated the substantial
increase of water column turbidity and inorganic nutrients (ammonium, phosphate, and silicate) during
and after the peak SWM period compared to the non-mud bank reference stations (M1 and M3). The
prevailing hydrological changes were complemented the corresponding phytoplankton productivity
patterns, in which profound domination of nanophytoplankton (2 - 20 um) chlorophyll a and primary
production was observed throughout the study region, irrespective of seasons. The SIMPER analysis,
based on phytoplankton (mostly >20 um) species composition data (microscopy), revealed the
formation of certain characterizing species, mainly comprised of diatoms and dinoflagellates. The
consistent predominance of the nanophytoplankton, established under variable hydrological scenarios,
showed that the inorganic nutrient (specifically ammonium) availability was instrumental in defining
the widespread growth of nanophytoplankton community compared to the prevailing light levels. The
present study thus revealed that even the small-sized phytoplankton community could survive in the
nutrient-enriched coastal waters, characterised by the co-existing upwelling and mud banks.
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1. Introduction

Phytoplankton community in the coastal marine ecosystems habitually experiences a large-
scale spatio-temporal variability in their biomass, productivity, species composition, abundance, and
community structure due to the dynamic nature of the prevailing environmental conditions
(Subrahmanyam, 1959; Sommer, 2012). Seasonally occurring natural (e.g., coastal upwelling,
terrestrial runoff and river discharges) and anthropogenic perturbations (e.g., domestic and industrials
waste disposal) lead to frequent nutrient-enrichments in the coastal waters and thus escalates
significant phytoplankton growth and biomass accumulations (Pauly & Christensen, 1995). The
coastal upwelling systems exhibit unique phytoplankton growth patterns and species successions
corresponding to the various stages of upwelling (Lips and Lips, 2010). Larger phytoplankton (mostly
>20 pm in size), mainly comprised of diatoms and dinoflagellates, seasonally flourish in the tropical
coastal marine waters in response to the wind-driven upwelling induced nutrient enrichments
(Wilkerson et al., 2000; Shangguan et al., 2017). Medium to large-sized phytoplankton prefer to grow
in nitrate enriched coastal marine waters; mostly diatoms and dinoflagellates are recognized as the
predominant phytoplankton taxa in this size category (Anabalon et al., 2007; Lips and Lips, 2010), and
the dominance of this large-sized phytoplankton in coastal waters eventually lead to the preponderance
of herbivorous trophic food web (Azam et al.,1983). On the other hand, small-sized phytoplankton
(<20 um), for example, small diatoms, dinoflagellates, cryptophytes, nano-eukaryotes, etc. and also
picophytoplankton (<2um, i.e., Synechococcus, Prochlorococcus and pico-eukaryotes) are reported to
grow in oligotrophic tropical and subtropical waters where the microbial food web predominates
(Azam et al., 1983; Calvo-Diaz et al., 2006; Agusti and Llabrés, 2007; Matsumoto et al., 2016).
However, in contrast with the general understanding, recent reports have revealed that even small-
sized phytoplankton can grow faster in the upwelled regions where ammonium dominates (Kuvaldina
et al., 2010; Lips and Lips, 2010).

The mud banks or Chakara is a unique coastal oceanographic phenomenon that occurs in the
nearshore waters of the southwest coast of India, particularly in the Kerala coast, in fragmented
stretches of calm turbid waters along with considerably higher suspended sediments (Bristow, 1938;
Silas 1984; Shynu et al., 2017). These mud banks, usually developed in the nearshore waters (<10 m
depth) during the southwest monsoon (SMW hereafter) period either at or near river mouths, holding
loads of terrigenous organic and inorganic materials in association with the torrential monsoonal
rainfall and runoff (Silas, 1984; Qasim, 2003). However, the mud banks that occur in the Alappuzha
coast (Figure 1a) are rather different from the usual mud banks of the Kerala coast because of the lack
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reported from the Alappuzha coast are unique in their physical appearance and biogeochemical
processes (Silas, 1984; Jyothibabu et al., 2018b). The Alappuzha mud banks (AMBs hereafter), in
general, appeared to be a semi-circular shaped shallow (~ 7 to 15 m depth) water body, extending up
to approximately 8 km offshore (from the coast) and 3 to 4 km alongshore (Tatavarthi and Narayana,
2006; Muraleedharan et al., 2017). The characteristic colloidal fluid mud accumulation in the bottom
layers of this specialized coastal ecosystem usually enables damping of high waves prevalent during
the SWM period (Shynu et al., 2017; Samiksha et al., 2017), and eventually, it creates a calm and
conducive environment for the smooth operation of fishing activities (Reghunathan et al., 1984; Silas,
1984). There are many reports delineating the physical (Silas 1984; Mallik et al., 1988; Balachandran,
2004; Tatavarthi and Narayana, 2006), chemical (Gireesh Kumar et al., 2017; Dayana et al., 2019) and
biological (Mathew et al., 1984; Damodaran et al., 1972 and 1973; Reghunathan et al., 1984; Karnan
et al., 2017; Jyothibabu et al., 2018a) properties of the AMBs for the last 3 to 4 decades. However, a
valid reason for the recurrent mud bank formation in the Alappuzha coast (during the SWM period) is
still unknown to the scientific world (Jyothibabu et al., 2018b). Even then, some of the reports have
claimed a significant role of coastal upwelling on mud bank formation in the Alappuzha coast
(Ramasastry and Myrland 1959; Philip et al., 2013; Muraleedharan et al., 2017). By assessing the
physical appearance, it was reported that the AMBs usually start developing in the nearshore waters
(~5 to 10 m depth) during the onset of SWM (June) (Muraleedharan et al., 2017). Subsequently, it
persists in the region until the end of SWM (September) (Silas, 1984; Muraleedharan et al., 2017).
Many of the recent studies have elucidated the upwelling induced physico-chemical (Muraleedharan
et al., 2017; Gireesh Kumar et al., 2017; Dayana et al., 2019) and biological (Jagadeesan et al., 2017,
Karnan et al., 2017; Jyothibabu et al. 2018a and 2018b) changes of AMBs using a comprehensive set
of time-series data collected during 2014.

Even though a large number of studies have been carried out for the last few decades to
delineate the physico-chemical characteristics (Kurup, 1972; Silas 1984; Tatavarthi and Narayana,
2006; Muraleedharan et al., 2017; Dayana et al., 2019), an appropriate interpretation of phytoplankton
dynamics, specifically the size-structure based productivity pattern, was not made so far. Even then,
some of the recent studies have thoroughly elucidated various ecological aspects of the plankton
community using state-of-the-art analytical techniques and procedures (Jagadeesan et al., 2017;
Karnan et al., 2017; Jyothibabu et al. 2018a and 2018b). As far as the phytoplankton community is
concerned, its cell size has been recognized as a morphological parameter of prime physiological and
ecological significance (Malone, 1980; Raven, 1986). Therefore, the size-structure based productivity
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(Fenchel, 1988). The phytoplankton community has been typically categorized into pico- (<2 um),
nano- (2-20 um), and micro-phytoplankton (20-200 um) groups based on their cell size (Sieburth et
al., 1978). According to recent reports, the AMBs sustained significantly high phytoplankton biomass
in terms of chlorophyll a, derived mostly from large-sized (>20 um) phytoplankton, mainly comprised
of diatoms and dinoflagellates (Karnan et al., 2017; Jyothibabu et al., 2018a). Furthermore, the AMB
region has been recognized for the frequent formation of various algal blooms (Jyothibabu et al.,
2018b; Madhu et al., 2020) due to the upwelling induced seasonal nutrient enrichments (Gireesh
Kumar et al., 2018; Dayana et al., 2019). Considering all the aspects mentioned above, the present
study aims to elucidate (1) the overall phytoplankton productivity patterns of the Alappuzha nearshore
waters, including the mud bank region on a spatio-temporal scale, (2) the productivity (chlorophyll a
and primary productivity) contributions of various phytoplankton size-groups and (3) the community

composition and species successions.
2.Materials and Methods
2.1.Study area and sampling strategy

The present study was formulated on the basis of time-series (weekly/biweekly/monthly) field
observations carried out in three pre-fixed stations (M1, M2 and M3), in the nearshore waters (<15 m
depth) of Alappuzha, located in the southwest coast of India, including the mud bank region (Figure
1a). The field samplings were conducted from April 2016 to November 2016 using a mechanized
powerboat. A total of 16 observations were carried out in the study region during the whole study
period. The sampling station M1 was located ~7 km away northward from the mud bank region, at a
depth of ~ 6 m. The second station M2, was fixed inside the mud bank region (<6 m depth), wherein
a conspicuous mud accumulation was physically evident by the occurrence of calm sea surface
between mid-June and September end (Muraleedharan et al., 2017). The third station M3, was located
in the offshore boundary of the mud bank region, perpendicular to station M2 at a depth of 12 to 13 m.
During the Pr.SWM period, the AMB region (M2) was appeared to be warm with a clear atmosphere
and high waves (>1 m) (Figure 1b); cloudy sky (due to the monsoonal rainfall) with calm and turbid
waters during the SWM period (Figure 1c); warm sunny atmosphere along with a calm, less turbid
waters during the Pt.SWM period (Figure 1d).

2.2.Sampling and analytical methods

The major meteorological parameters such as wind speed and rainfall (daily basis) were
retrieved from the online site of Physical Sciences Division of Earth System Research Laboratory,
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Meteorological Department (IMD). A portable CTD (SBE, Seabird Electronics, USA) comprised of
appropriate sensors was used to retrieve the vertical profiles of the water column temperature, salinity,
turbidity and PAR (photosynthetically active radiation). The water samples for chemical and biological
parameters were collected from the near-surface (0.5 m), mid-depth, and near-bottom waters using an
acid cleaned 5-L PVC Niskin bottles equipped with Teflon-coated springs. The collected water
samples were immediately transferred to an acid cleaned polyethylene bottles, kept on ice boxes filled
with ice, and brought to the laboratory for further analysis. The concentration of dissolved oxygen
(DO) was estimated by Winkler’s method using an automatic titration system (Metrohm 865 Dosimat
plus), following Grasshoff et al, (1983). The major inorganic nutrients such as ammonium (NH4"),
nitrate (NOs’), phosphate (PO+*), and silicate (SiO4) were analyzed using a calibrated autoanalyzer
(Skalar San*™).

The estimation of size-fractionated phytoplankton biomass (chlorophyll a) was carried out by
the sequential filtering of 1 L water sample from desired depths, initially through 20 pm nylon sieve
and subsequently through 2 and 0.2 pm cellulose nitrate filters. The cells retained by the 20 um sieve
are designated as microphytoplankton (>20 um), which later concentrating on Whatman GF/F filters
(nominal pore size 0.7 um), whereas those retained by 2 and 0.2 um filters taken as the nano- (2 to 20
um) and pico- (<2 um) phytoplankton size category, respectively. After filtration, the filters containing
phytoplankton were extracted in 90% acetone after keeping in the dark (18 to 24 hours) at 4°C and
chlorophyll a was estimated fluorometrically (Fluorometer, Model-7200, Turner). Similarly, the size-
fractionated primary production was determined by running ‘simulated in-situ’ incubations with the
isotope C. Four 300-ml acid-washed biological oxygen demand glass bottles (three-light and one
dark bottle) were filled with water collected from various depths. Each bottle was inoculated with 1
ml 5 uCi NaH*CO; and incubated for 6 hr (12 pm - 6 pm). At the end of incubations, samples were
sequentially filtered through 20-um nylon mesh and 2- and 0.2 um polycarbonate filters. The
phytoplankton cells concentrated in the 20 pm mesh were washed with filtered (through 0.2
polycarbonate filters) seawater and again concentrated on GF/F filters (nominal pore size - 0.7 um).
After the treatment with concentrated hydrochloric acid fumes to remove inorganic carbon, the filters
were analyzed in the Liquid scintillation counter (Perkin Elmer-Liquid Scintillation Analyzer, Tri carb
2810 TR). The primary production rate was calculated according to the equation described in the
protocol (Parsons et al., 1984). For the qualitative and quantitative studies of phytoplankton, 1 L of
water sample was taken from the near-surface waters and fixed with acid Lugol’s iodine solution. After
the settling and siphoning procedure following Utermohl (1958), 1 ml of an aliquot of the sample was
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binocular microscope (Olympus CK30), following standard identification manuals (Tomas, 1997;
Subrahmaniam, 1959).

2.3. Data analysis

To understand the spatio-temporal variability in phytoplankton species assemblages, a
statistical software PRIMER version 6 (Clarke and Gorley, 2015) was adopted to calculate the species
diversity index (H"). The identification of characterizing species was accomplished using the similarity
percentage routine (SIMPER) analysis using the 4" root-transformed species abundance data described
in PRIMER version 6. The redundancy analysis (RDA) was performed to elucidate the inter-
relationships existing between the abiotic and biotic variables, especially the critical environmental
factors controlling the distribution of the phytoplankton community. For this, the abiotic variables
included were temperature, salinity, PAR, turbidity, and inorganic nutrients, while for the biotic
variables, the data on biomass (chlorophyll a) and primary productivity of various phytoplankton size-

groups (pico-, nano- and micro-) and also species abundance were included.
3. Results
3.1. Physico-chemical properties

Generally, the whole study region was experienced with relatively weak winds (<5 m s?)
during the Pr.SWM (April-May) and Pt.SWM (October-November) periods (Figure 2). Conversely,
slightly strong winds (6 - 7m s) were prevalent during the onset of SWM as a part of the prevailing
southwesterly (Smitha et al., 2014). The recorded rainfall over the study region was apparently high
(av. 7.7 £ 5.8 mm d!) during the SWM period, with a distinct peak observed in June (av. 15.1 + 5.8
mm dt) (Figure 2). The upper water column of the whole study region was prominently warm (>31°C)
and well mixed during the Pr.SWM period (Figures 3a-c). However, a gradual drop in surface water
temperature (~3°C) was evident from May end to mid-June. Later, a marked decrease (up to 25°C) in
water column temperature (even on the surface) was detected at all three sampling stations, along with
signatures of thermal stratification (Figure 3a-c). The lowest water column temperature (<25°C) was
perceived during the peak SWM (July to September beginning), more evidently at station M3 (Figures
3a-c). In the beginning of October (Pt.SWM), a drastic rise in water column temperature (26 - 30°C)
was detected in the study region and it sustained even warmer (>31°C) and well mixed till November.
The water column salinity also showed a distinct temporal scale variation, wherein relatively high
salinity (>34) was observed during the Pr.SWM and Pt.SWM periods (Figures 3d-f). An intermittent
salinity drop (<34 plumes) were detected during the peak SWM period over the whole study region,
particularly at M1 and M2.



The water column turbidity apparently showed a distinctive spatio-temporal variation over the
whole study region (Figures 3 g-i). The station M2 sustained high levels of water column turbidity
(12-20 NTU) compared to M1 and M3, especially during the SWM period (Figures 3 g-i). At station
M2, a gradual increase in water column turbidity (8 - 20 NTU) was detected since the beginning of
June, and it gets persisted at the subsurface layers until late July (~4 m depth). The PAR level, in
general, was consistently high (>200 g mol photon m d?) in the water column (above 4 m depth) of
station M3 (Figures 3 j-1). By contrast, high PAR (>200 p mol photon m d) was restricted only in
the surface layers (1-2 m depth) at stations M1 and M2.

The prevalence of moderate oxygenated (>150 uM) water column was evident over the study
region during the Pr.SWM period and this condition found sustain until the onset of SWM (Figures.
4a - ¢). Later, the whole study region exhibited pronounced hypoxic (< 65 pM) waters approximately
below 3 m depth. At station M3, this oxygen deficiency period extended a little longer (July to late
September), indicated the prevalence of comparatively stronger coastal upwelling than that
experienced at M1 and M2. The distribution of inorganic nutrients (e.g., NH4*, NO3", PO4s*> and SiOx)
exhibited a distinctive spatio-temporal variation (Figures 4d-0). Exceptionally higher levels of NH4",
PO+> and SiO4 recorded at all three stations (specifically at M2) during the complete span of SWM.
The dissolved inorganic nitrogen (DIN) was primarily constituted by NHs" (> 80 %) in all three
sampling stations, irrespective of seasons (Figures 4d - f). However, a noticeable increase in NH4*
(>10 pM) was detected during the SWM period (since June 3™ week), particularly at M2 (Table 1). A
noticeable increase in PO,> (>1 uM) and SiOz (>18 puM) were also perceived at all three stations
during the SWM period along with NH4* (Figures 4j-0). The station M2 sustained high levels PO4*
and SiOs till the end of the SWM period (September). By contrast, NOs™ in general, remained
apparently low (<1 pM) at all three stations during the pre-/post-phases of SWM (Figures 4 g-i).
However, a slight increase in NOs™ was observed throughout the study region during the SWM period
(since 14™ June). This NOs™ enrichment was specifically discernible at M3, wherein a progressive
increase in NOs™ was detected since June 1% week. The nutrient ratios, mainly N:P and N:Si, showed
high values because of the prevalence of consistently high DIN, which was primarily enabled by NH4*
(Table 1). During the Pr.SWM period, the whole study region was characterized by slightly high N:Si
ratios (>2) because of the prevalence of low silicate (<5 uM) in the water column. The pronounced
decrease in NO3™ to PO4* ratios (<3) apparent in the whole study region indicated NO3™ deficiency,

especially on the surface, regardless of seasons.



3.2. Size-fractionated phytoplankton chlorophyll a

Corresponding to the conspicuous seasonal heterogeneity in the distribution of hydro-
physical/chemical properties, the phytoplankton chlorophyll a (chl a hereafter) also showed a
remarkable spatio-temporal variation both in the surface (Figures 5a-c) and water column (Figures 7a-
c). The intense blooming of an autotrophic small-sized (<25 pm) dinoflagellate species causes an
exceptionally high chl a at the surface (22.84 mg m) and water column (108.6 mg m) of station M2
during the peak SWM period, specifically on 7 September (Figure 5b). The size-fractionated biomass
estimations have shown the significant contribution of chl a (70-90 %) from the nanophytoplankton
community, irrespective of seasons. During the Pr.SWM period, although stations M1 and M2
sustained relatively high chl a (>4 mg m™), derived from nanophytoplankton, station M3 remained
low levels of chl a (< 1 mg m™®) (Figure 5). However, during the onset of SWM, relatively low levels
of chl a (<1 mg m=) was evident at M1 and M2, indicating the prevalence of oligotrophic condition
(Figure 5). At station M3, a subsurface chl a peak was discernible (16.16 mg m) during this period,
indicated the combined contribution of both nanophytoplankton (11.39 mg m?) and
microphytoplankton (4.68 mg m=) communities. A consistently low levels of chl a (<0.2 mg m) from
picophytoplankton (<2 pm) community was obvious in the whole study region, irrespective of seasons,

which signifies the prevalence of exceptionally low abundance of picophytoplankton (Figures 5j-1).
3.3. Size-fractionated primary production

The results of primary production (PP hereafter) estimations using simulated in-situ (deck
incubation) **C method showed more or less similar distribution patterns of chl a (Figures 6a-c). The
total PP in the surface waters was relatively high at stations M1 and M2, whereas as the column PP
was obviously high at M3 (because of deeper photic depth), especially during the SWM period
(Figures. 8 d-f). Clear-cut domination of nanophytoplankton PP was evident in the whole study region
compared to the production rates of pico- and microphytoplankton communities (Figures 7d-1). On a
seasonal scale, station M2 sustained high surface PP (> 250 mg C m=d™) during the SWM period.
During the peak SWM, a substantial increase in PP both in surface (2438 mg C md™) and water
column (8453 mg C m2d?) of station M2 was recorded, which was found to be complemented the chl
a increase enabled by the dinoflagellate bloom (Figure 5b). Generally, microphytoplankton PP rates
also greatly varied spatio-temporally similar to nanophytoplankton. Station M3 exhibited relatively
high PP rates from microphytoplankton community compared to M1 and M2. The picophytoplankton
PP showed a widespread decrease (<10 mg C m=3d) across the study region throughout the sampling
period similar to chl a levels; however, a small-scale increase (>15 mg C m=d?) was evident at M2
during the SWM period (Figure 5 & 6).



3.4. Phytoplankton abundance, composition and diversity

The microscopy-based phytoplankton species composition (mostly >20 pum size) and
numerical abundance in the surface waters showed an apparent spatio-temporal variation in the study
region owing to the proliferation of certain diatoms and dinoflagellates (Figure 8). The total
phytoplankton abundance was seemingly high at M1 and M2 compared to M3, and the overall
community was mostly comprised of diatoms. However, an intermittent dominance of certain
dinoflagellate species (even as blooms) was also detected during the SWM period, especially at station
M2. The overall phytoplankton abundance varied between 0.1 x 10° cells L™ and 14679.25 x 10° cells
L all through the sampling period. The proliferation of a centric diatom, Trieres mobiliensis (138.6 x
108 cells L), was detected at M1 during the Pr.SWM period (4™ April). Similarly, an intense bloom
(brownish discolouration) of a small-sized (<25 pm) autotrophic dinoflagellate, Prorocentrum
shikokuense Hada (14664 x 10° cells L) was also detected at M2 during the peak SWM period (7™
September 2016). The seasonal scale phytoplankton species diversity index (H’) was slightly high at
M1 (av.3.99 £ 0.58) and M2 (av.3.85 + 0.59) compared to M3 (av.3.65 + 0.51). The results of SIMPER
analysis have brought out ample information on characterizing species for each station with a wide
temporal scale similarity (22.86 - 43.49%), which was mainly comprised of relatively larger (>20 pum)
diatoms and dinoflagellates (Figure 9). The characterizing species also showed a distinctive spatio-
temporal variation in their occurrence and relative abundance. Majority of the characterizing species
for each station was formed of both diatoms (e.g., Cosciodiscus sp., Trieres mobiliensis, Pleurosigma
sp., Thalassiosira sp., Chaetoceros sp., Rhizosolenia hebetata, Pseudo-nitzschia sp., Navicula sp.) and
dinoflagellates (e.g., Tripos furca, Dinophysis caudata, Prorocentrum micans, Tripos muelleri,
Protoperidinium sp., Diplosalis sp.). Tripos furca and Coscinodiscus sp. invariably performed as the
predominant characterizing species to all three stations, during the Pr.SWM and SWM periods.
Similarly, Trieres mobiliensis and Dinophysis caudata were identified as the major characterizing

species of stations M1 and M2 during the Pr.SWM period.
3.5. Redundancy analysis

The influence of prevailing environmental factors on the size-structure based phytoplankton
productivity (chl a and PP) was explored using the redundancy analysis (RDA). The overall
phytoplankton productivity, in particular, nanophytoplankton chl a and PP, was found to be influenced
by NH4*, PO4* and SiOs, specifically for station M2 because of the significant positive correlation
(Figure 10a). By contrast, sea surface temperature and salinity were the major influencing factors of
phytoplankton productivity for stations M3 (throughout) and M1 (mostly during the pre-/post SWM
periods). The RDA plot, depicting the interrelationships between the environmental parameters and
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phytoplankton characterizing species (derived by SIMPER analysis), revealed the significant
influence of turbidity and temperature towards certain diatoms (e.g.,Trieres mobiliensis and
Chaetoceros sp.) and dinoflagellates (e.g.,Tripos furca, Prorocentrum micans, Protoperidinium sp.,
and Gonyaulax sp.) of larger size (>20 um), evident mostly during the pre-and post SWM periods
regardless of stations. On the other hand, during the SWM period, the most of the characterizing
species (e.g., Thalassiosira subtilis, Coscinodiscus sp., Rhizosolenia hebetate, Odontella sp.,
Pleurosigma sp., Navicula sp., Pseudo-nitzschia seriata., Dinophysis caudata and Diplosalis sp.) were
found to be influenced by a suite of environmental parameters (Salinity, DO,PAR, POs*, SiOs and
NOs3) shown in figure 10b.

4. Discussion

The coastal marine waters in and around the AMB region usually sustain high inorganic
nutrients during the SWM period (Silas, 1984; Gireesh kumar et al., 2017; Dayana et al., 2019), which
was reported to be brought by the wind-driven coastal upwelling prevalent in the nearshore waters of
southeastern Arabian Sea (SEAS) (Hareesh Kumar et al., 2009; Muraleedharan et al., 2017). The
upward transport of nutrient-rich bottom waters eventually activates phytoplankton growth in surface
waters, leading to large-scale biomass (chl a) accumulation (Banse, 1959; Habeebrehman et al., 2008;
Jyothibabu et al., 2010). The overall biogeochemical manifestations established in the nearshore waters
of SEAS, in connection with the coastal upwelling and monsoon-driven freshwater influx, found to be
persisted between June and September months, or sometimes it may be extended to late October
(Banse, 1959; Habeebrehman et al., 2008). During this period, the whole nearshore waters of SEAS
experiences various biogeochemical anomalies, including formation of hypoxia (Nagvi et al., 1994;
Gireesh kumar et al., 2017), algal blooms (Subrahmaniam, 1959; Sahayak et al., 2005; Padmakumar
etal., 2010a; Karnan et al., 2017; Jyothibabu et al., 2018b; Madhu et al., 2020), zooplankton swarming
(Nair et al., 1992; Jagadeesan et al., 2017), high fish abundance (Banse 1959; Reghunathan et al.,
1984), etc. Usually, widespread dominance of diverse diatom species occurs in this region during the
SWM period (Subrahmanyam 1959; Banse, 1959). However, this diatom preponderance was
sometimes replaced by certain dinoflagellates belonging to both autotrophic (e.g.,Prorocentrum
shikokuense, Karenia mikimotoi) and heterotrophic (e.g., Noctiluca scintillans) species as blooms (red
tide), mainly during the waning phase of SWM (September) (Subrahmanyam, 1959, Nair et al., 1992;
Sahayak et al., 2005; Padmakumar et al., 2010a; Madhu et al., 2011). Usually, the upwelling zones are
characterized by the abundance of larger phytoplankton (mainly diatoms) because of their effective
utilization capacity of the surplus inorganic nutrients, especially NOs", in the water column (Stolte et

al., 1994; Lassiter et al., 2006; Anabalon et al., 2007). Such scenarios were documented in the
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nearshore waters of SEAS as well during the SWM period (Subrahmanyam, 1959; Nair et al., 1992;
Karnan et al., 2017). However, reports from temperate upwelling waters showed a faster growth
response of smaller phytoplankton (<20 pum) in the upwelled region enriched with NH4* (Kuvaldina et
al.,2010; Lips and Lips 2010).

The progressive changes in hydrological properties evident all along the Alappuzha nearshore
waters during the present study was found to be mainly governed by the coastal upwelling and related
environmental perturbations (Silas 1984; Muraleedharan et al., 2017; Gireesh kumar et al., 2018). The
apparent warm (>31 °C), oxygenated (>200 uM), and nutrient-depleted (specifically NOs™ and PO4*)
waters prevalent during the Pr.SWM period indicated the typical oligotrophic condition of the SEAS
(Bhattathiri et al., 1998; Madhu, 2005; Jyothibabu et al., 2010). However, a noticeable increase in
NH4" (<5 uM) and SiOs (<3 uM) observed across the shallow stations (M1 and M2) in April/May
months showed the terrestrial influence because of its proximity (Figure 4). Similarly, the occurrence
of subsurface cold water (<29°C) detected all along the coast during the onset of SWM (June) indicates
the early signatures of coastal upwelling. Subsequently, by the end of June, the whole study region
gets transformed into a typical cold (<27°C) water dominated zone as a result of the advection of
upwelled waters by the influence of prevailing coastal currents (Muraleedharan et al., 2017). However,
the presence of prominent cold waters (25°C) observed in the surface layers of station M3 by the end
of June implied that the upwelling process might have initiated at this station a little early because of
its deeper depth (Hareesh Kumar et al., 2009; Smitha et al., 2014; Muraleedharan et al., 2017). A
noticeable increase in water column turbidity observed exclusively at M2 obviously showed the
formation of mud banks during the SWM monsoon period (specifically between 8" June and 8™
August); substantiated by the prevalence of calm sea surface devoid of waves (Shynu et al., 2017;
Muraleedharan et al., 2017). The inorganic nutrients, particularly NH4*, POs% and SiO4 were relatively
high in all three stations during the SWM period (Figure 4). However, NOs™ levels (< 2 uM) were
apparently low throughout the study region, especially at stations M1 and M2 (Figure. 4). According
to previous reports, the AMB region sustained high levels of NOz™ (>7uM) during the SWM period
owing to the influence of intense coastal upwelling (Gireeshkumar et al., 2017; Dayana et al., 2019).
By contrast, the prevalence of low NOs™ levels at stations M1 and M2 signifies week upwelling
compared to the upwelling that occurred at station M3. Recently, Dayana et al, (2019) have reported a
significant role of fluid mud in the AMB region in supplementing some of the major inorganic nutrients
(i.e., NHs*, POs* and SiO4) in the water column during the peak SWM period.

The tropical coastal marine environments, in general, are expected to be highly productive

(specifically phytoplankton growth), regardless of seasons, as a result of the high nutrient inputs from
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various sources (Estrada et al., 2016). However, the nearshore waters of SEAS usually exhibit a distinct
seasonality in phytoplankton growth (Bhattathiri et al., 1996; Madhu, 2005; Habeebrehman et al.,
2008) because of the prevailing spatio-temporal variation in inorganic nutrients (Jyothibabu et al.,
2010; Vijay et al., 2014). The SEAS, in general, found to be warm and nutrient-depleted during the
Pr.SWM period, which, in turn, leads to the prevalence of low phytoplankton productivity (Jyothibabu
et al., 2010; Madhu et al.,, 2017). The recurrent blooming of Trichodesmium erythraeum
(Cyanobacteria) in SEAS during March to May months showed the biological indication of
oligotrophy (Padmakumar et al., 2010b; Martin et al., 2013). However, the present study has shown
enhanced column chl a (>10 mg m) and PP (>1200 mg C m?d), especially at stations M1 and M2
until the beginning of June (Figure 5-7). More than 80% of the total chl a and PP recorded at these
stations were found to be derived from nanophytoplankton (Figure 7). By contrast, low levels column
chl a (<10 mg m2) and PP (<1000 mg C md™) recorded at M3 characteristically complemented the
oligotrophic condition of SEAS (Bhattathiri et al., 1996; Jyothibabu et al., 2010). The spatial
distribution of phytoplankton characterizing species (mostly >20 pm) during this season exhibited a
noticeable predominance of diatoms and dinoflagellates, despite the low abundance (Figures 8 and 9).
The occurrence of similar characterizing species, comprised mainly dinoflagellates (Tripos furca and
Dinophysis caudata) at M1 and M2 showed the biological indication of nutrient depletion.
Dinoflagellates mostly prefer to grow in nutrient-depleted coastal waters because of the high
competition of diatoms in nutrient-rich waters (Menzel et al., 1963; Cushing, 1989). The drastic
decline in picophytoplankton chl a and PP evident during this period signifies its less competency with
larger size groups in utilizing inorganic nutrients (Calvo-Diaz et al., 2006). In temperate regions,
nanophytoplankton community grows actively in NH4* rich coastal waters, as they are capable of faster
assimilation of NH4" than NO3™ and NO> (Kuvaldina et al., 2010; Lips and Lips, 2010). The HPLC
derived pigment data (unpublished) of the present study apparently revealed the predominance of
fucoxanthin and peridinin (biomarkers of diatoms and dinoflagellates, respectively) over other marker
pigments during this period. Therefore, the substantial increase in nanophytoplankton chl a and PP
recorded at M1 and M2 during the Pr.SWM period could be derived from the small-sized diatoms and
dinoflagellates, which were unable to identify microscopically because of their small cell size.

The noticeable increase in phytoplankton chl a and PP observed during the peak SWM period
(August to September) can be linked to the influence of coastal upwelling (Silas, 1984; Jyothibabu et
al., 2018a). However, the observed chl a and PP from the study region, especially during the onset
(June) and peak SWM (July/August) months, did not complement the corresponding nutrient levels or

vice versa because of the time lag in the stabilization and relaxation phases of upwelling process (Lips
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and Lips, 2010). Previous studies have documented an exceptionally high phytoplankton chl a all along
the nearshore waters of SEAS (Habeebrehman et al., 2008; Jyothibabu et al., 2010), including the
Alappuzha mud bank region (Silas, 1984; Karnan et al., 2017; Jyothibabu et al., 2018a) during the
SWM period as a result of the upwelling induced nutrient enrichments (Bhattathiri et al., 1996;
Gireeshkumar et al., 2017). Karnan et al, (2017) have reported a tremendous increase in chl a in the
AMB region found to be derived from large diatoms (>100 pm), such as Fragilaria sp. and
Coscinodiscus sp. However, such results were not perceived in the present study because of the
prevalence of exceptionally high nanophytoplankton growth.

During the Pt.SWM period, the prevalence of drastic decrease in chl a and PP (both surface
and column) evident at all three stations, complemented the prevailing warm nutrient-depleted waters
(Figures 5 and 6). The relative increase in nanophytoplankton chl a and PP (low levels as compared to
SWM) further reveals that this region is still favouring the growth of this particular phytoplankton
community. The occurrence of nutrient-depleted waters, particularly NO3z™ (<1uM) and PO4 (<0.5 uM)
as a result of the overutilization of the preceding large-scale phytoplankton growth, maybe the potential
cause for the decreased growth of large phytoplankton. In the meantime, the substantial decrease in
picophytoplankton chl a (<0.1 mg m=) and PP (<10 mg C m™ d!) evident during this period indicates
the incompetency in nutrient utilization of this particular phytoplankton community than the
nanophytoplankton. These results thus contradict the prevailing understanding of picophytoplankton
community in the tropical and subtropical coastal waters, wherein they have been recognized as the
predominant contributors of marine primary productivity during the oligotrophic periods (Agusti and
Llabrés, 2007; Matsumoto et al., 2016).

The RDA analysis indicates the significant influence of NH4* and SiO4 on the substantial
growth of nanophytoplankton throughout the study region, irrespective of seasons (Figure 10a). The
widespread increase in NHs™ and SiOa4 levels detected in the surface waters substantiates the RDA
analytical results (Figure 4). As mentioned in the previous sections, small-sized phytoplankton (<20
um) usually exhibit faster growth response to the upwelled waters enriched with NHs* (Kuvaldina et
al., 2010; Lips and Lips, 2010). Therefore, the present study also reinforces the influence of NH4" on
nanophytoplankton growth in coastal waters. Furthermore, distinctively low NO3:POj ratios (<3)
prevalent in the overall surface waters of the study region indicated the NO3™ depleted condition (Table
1). Perhaps, this NOs™ deficiency in the surface waters could be one of the potential causes of low
microphytoplankton growth, even though the water column was enriched with other macronutrients
(Figure 4). The substantial contribution of NH4" to the total DIN pool (>80 %), particularly evident in
shallow stations (M1 and M2), confirms the profound influence of NH4" on the exceptional growth
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and biomass accumulation of nanophytoplankton community. However, according to previous reports,
the near shore waters of Alappuzha sustained high NOs™ levels, particularly during the SWM period
(2014) as a result of the intense upwelling, instead of NH4™ (Gireesh kumar et al., 2017; Dayana et al.,
2019).

Although the present study has revealed larger phytoplankton (diatoms and dinoflagellates) as
the major characterizing species (SIMPER analysis), its numerical abundance was consistently low in
surface waters compared to the corresponding chl a levels (Figure 9). Therefore, the observed positive
correlation between the characterizing species and environmental parameters (NH4*, PO4%, SiO4, NO3”
, PAR, salinity and DO) did not have much relevance (Figure 10a). Regarding PAR, the whole study
region remained invariably high levels (>200 p mole photon m2 d) in surface layers, in spite of a
marked decrease (<200 g mole photon m2 d*) noticed during the onset of SWM (June). Normally,
pico-and nanophytoplankton photosynthesis saturates at ~20 g mole photon m2s™-in coastal waters,
whereas the microphytoplankton requires 100 to 150 p mole photon m2s™ for photosynthesis
saturation (Anderson et al., 1994; Paczkowska et al., 2020). The PAR in the study region thus indicates
the supersaturation levels, even in the mud bank region, irrespective of seasons, and hence, optimum
growth of all phytoplankton size groups could be possible in the study region without having any light

limitation.
5. Conclusion

In conclusion, this study shows that phytoplankton size structure and allied chl a biomass and
primary production in the Alappuzha near shore waters (including mud bank region) were governed
mainly by inorganic nutrients. The remarkable increase in water column NH4* and moderate SiO4 and
POs* levels prevailed in the study region might have caused a considerable increase in
nanophytoplankton growth regardless of seasons. Even though the mud bank region (M2) sustained
relatively high water column turbidity during the peak SWM period (July-August), that turbidity level
was insufficient to limit the water column PAR required for the phytoplankton growth. Exceptionally
high chl a and PP recorded at M2 during the upwelling relaxation phase (late SWM period) was
apparently associated with the prevailing nutrient enrichments, enabled by the co-existing coastal
upwelling and mud bank formation. By contrast, a profound decrease in chl a and PP observed at M1
and M2 (during the onset of SWM) and at M3 (during Pr.SWM) indicated the prevalence of
oligotrophic condition as a result of the NOs™ deficiency. The present study, therefore, infers that
inorganic nutrient levels were the critical influencing factors of the overall phytoplankton growth in
the Alappuzha near shore waters regardless of seasons. Still, further high-resolution measurements on

nanophytoplankton community composition (specifically flowcytometry based) are needed to prove
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the consistent predominance of this small-sized phytoplankton community in the Alappuzha near shore

waters.
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Figure Captions:-

Figure 1 - a) Map of the study area and sampling locations in the Alappuzha near shore waters (red
dots represents sampling stations and brick red shaded zone represents mud bank area); Photographs
of the Alappuzha mud bank region during (b) Pr.SWM, (c) SWM and (d) Pt.SWM periods.

Figure 2- Representation (daily average) of wind speed (m s%) and rainfall (mm d1) in the Alappuzha

coastal region.

Figure 3 - Vertical distribution of temperature (°C), salinity, turbidity (NTU) and PAR (i1 mole photon
m2 d?) in the Alappuzha near shore waters.

Figure 4 - Vertical distribution of dissolved oxygen (uM), ammonium (1M), nitrate (UM), phosphate
(UM), silicate (uM) in the Alappuzha near shore waters.

Figure 5 - Vertical distribution of biomass (chlorophyll a - mg m) of various phytoplankton size-
groups (micro-, nano- and pico-) in the Alappuzha near shore waters.

Figure 6 - Vertical distribution of primary production rates (mgC m=d) of various phytoplankton

size-groups (micro-, nano- and pico-) in the Alappuzha near shore waters.

Figure 7 - Integrated water column chlorophyll a (mg m=) and primary production rates (mg C m=2d-
1y of various phytoplankton size-groups (micro-, nano- and pico-) in the Alappuzha near shore waters.

Figure 8 - Distribution of phytoplankton abundance (total, diatoms and dinoflagellates) in the

Alappuzha near shore (surface) waters.

Figure 9 - Mean seasonal abundance phytoplankton characterizing species (SIMPER based) in the
Alappuzha near shore (surface) waters.

Figure 10-RDA correlation triplots showing relationships of major environmental parameters with (a)
size-fractionated chlorophyll a biomass and primary production, and (b) major characterising species
in the Alappuzha near shore waters (TS-Thalassiosira subtilis, CO-Coscinodiscus sp., RH-
Rhizosolenia hebetata, CH-Chaetoceros sp., OD-Odontella sp., TM-Trieres mobiliensis, PL-
Pleurosigma sp.,NA-Navicula sp., PN-Pseudo-nitzschia seriata, PM-Prorocentrum micans, DC-

Dinophysis caudata, TF-Tripos furca, GO-Gonyaulax sp.,DI-Diplosalis sp.,PR-Protoperidinium sp.)
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Figure 3
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Figure 7
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Figure 8
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Figure 9

Mean abundance (No. x 10° cells L)
12345 50012345'“ 50
|

12345 500
=3 | | 1 | % | | ! | ! ! H | | | 1 1 1
Protoperidiniumsp-{ | | M1 , I M3
Diplosalis sp.
Gonyaulax sp.

T. furca
D.caudata
P. micans |
P.seriata
Naviculasp.
Pleurosigma sp.
T.mobiliensis
Odontellasp.
Chaetoceros sp
R.hebetata
Coscinodiscus sp.
T.subtilis

[ Pr. SWM
[l SWM

[JPt. SWM

31



1.0

-0.6

Figure 10

= 3
115-Oct 14 5 @

1-Apr 04 a
2-Apr20

3-May 11
4-May 26

3-Jun 01

6-Jun 08

7-Jun 14

1 8-Jun 24

9-Jul 07
10-Jul 27
11-Aug 08
12-Aug 26
13-Sep 07
14-Sep 23 ®

16-Nov 18 o

oMl
oM2
- o3

14 Phosphate

Micro-PP
Micro-Chla

Nano-PP
Nano-Chl a

Silicate

Ammonium

Pico-Chla

Turbidity @ ¢

0.8

-0.6

Temperature

Turbidity 6

OM1
oM2
oNM3

Phosphate
Silicate

1.0

32

-1.0

1.0




Table captions:-

Table 1 - Seasonal mean of major physico-chemical and phytoplankton parameters in the nearshore (surface) waters of Alappuzha

Parameters Pr.SWM SWM Pt.SWM

M1 M2 M3 M1 M2 M3 M1 M2 M3
Temperature (°C) 31.3+0.7 32+14 314+1.1 26.7+1.2 26.8+1.9 26.3+2.2 30.4+0.2 30.3+0.1 30.2+1
Salinity 34.4+0.1 34.4 +0.6 349+0.6 34.1+0.9 34+0.8 34.2+0.9 346+0.1 34.7+0.01 34.7+0.3
Turbidity (NTU) 8.4+25 59+4.1 19+13 41+45 7+72 27121 1.3+0.1 56+6 26+23
PAR (i mole photon m2d-) 4425+ 1945 3922+393.2 7835+467.3 311.1+2329 646.2+4547 501.1+517.2 3451+27.7 3857+179.8 411.8+296.3
DO (uM) 186.6 + 29 186.7 + 28.2 196 +£9.7 191.3+68.2 185.6 + 93.9 172.6 £55.1 187 £ 11.7 186.5+8.2 183.5+1.3
DIN (uM) 43+14 10.3+2.8 8321 8.7+3 15.3+6.4 11.3+27 85+1.7 6.7+2.2 8+21
Ammonium (LM) 4+1.2 8725 8+21 7.3+25 13 +£5.89 93+1.2 7925 6.3+2.2 762
Nitrite (UM) 0.1+0.1 08+14 0.1+0.2 03+04 0506 0.30.2 0.1+0.01 0.2 0.4+ 0.02
Nitrate (UM) 0.2+0.1 1+1.6 0.2+0.1 11+£1.2 1.8+19 1.7+£23 0.6+0.8 0.2+0.1 0.2+0.2
Phosphate (uM) 0.2+0.1 0.3+0.1 0.2+0.1 0.8+0.7 1.1+0.8 0.8+0.6 0.4+0.2 0.3+0.1 0.2+0.1
Silicate (UM) 2+1.2 6.4+5.1 49+21 13.2+8.6 19.7+11.9 12.9+6.3 58+1.1 8.9+£0.2 44+15
N:P 38.6 +25.4 355+8.1 51+30.8 20.2+15.6 22.3+13.2 33.4+379 265+7.7 23+3.7 37.6+12.6
N:Si 26+1.1 23+1.1 1.9+05 16+24 1+06 1.1+£0.7 1.5+0.02 0.8+0.3 2+11
Si:P 148+7.6 18.8 £ 8.6 18.2+55 19.9+13 22610 31.8+6.1 26.3+9.3 248+125 245+ 20.2
Total Chl a (mg m) 5.2+54 3.2+38 0.9+0.7 27+22 5.8+6.8 19+1.2 28+1.2 2101 1.7+0.1
Micro-Chl a (mg m) 1.9+29 11+14 0.2+0.3 0.8+1.3 1.2+£1.0 05+04 0.8+0.2 0.7+04 0.3+0.3
Nano-Chl a (mg m) 33+25 21+£25 0.6+0.5 18+1.6 45+59 1+0.8 21+1 1.2+0.3 1.4+0.2
Pico-Chl a (mg m) 0.1+0.1 0.1+0.1 0.02+0.01 0.03 +0.02 0.1+0.2 0.04 +0.01 0.03+0.02 0.1+£0.01 0.03+0.01
Total PP (mgC m3d?) 408.2 £ 358.8 355.8 +304.2 109.4 £ 86.3 273.2+1756 580.3+699.5 237.6+190.8 286.3£0.7 231.5+£82.6 196.6 £ 23.8
Micro-PP (mgC m3d?) 161.8 + 234.5 131 + 157 26.8 + 31 80.9+95.8 131.3+108.2 51.0+40.8 50.3+51 774+171 25.3+14.1
Nano-PP (mgC m3d?) 2441 +153 217.7+1405 80.5+57.7 186.6 +117.9 4375+623.3 182.9+163.8 2334+524 146.4 + 93.3 159.4 + 38.1
Pico-PP (mgC m3d?) 24+13 7.1+8.3 2.2+0.9 5.7+5.8 11.6+10.1 36+29 27121 7.8+6.4 2+0.2
Phytoplankton (No.x10° cells L) 62.6 £ 62.2 24.3 +£22.6 4+24 34.4+37.7 88 +145.8 12+15.1 158 +215.9 48.4 +42.7 105+0.7
Diatom (No.x10% cells L) 49.8 +65.9 20.7+24.9 232 11.3+9.3 33.3+38.1 10.7+15.4 53+3.1 47.1+43.2 75+3.2
Dinoflagellate (No.x10° cells L™?) 12.8+18.2 3.6+34 0.7+0.2 23.1+41.3 54.3 +148.5 1.3+1.9 152.7 + 212.7 1.4+05 3+25

33



