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Picophytoplankton as tracers of environmental forcing in a tropical monsoonal bay
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Abstract In order to better understand the picophytoplankton (PP) dynamics in tropical monsoon influenced
coastal regions, samples were collected daily (June-September’08:monsoon, December’08:post-monsoon and
April’09:pre-monsoon) from a fixed station in Dona Paula Bay, India. Eight PP abundance peaks comprising
Prochlorococcus-like cells, picoeukaryotes and three groups of Synechococcus occurred. Lowering solar
radiation, salinity and water transparency as a consequence of precipitation, whereas stabilized waters during
precipitation breaks/non-monsoon periods influenced the chlorophyll biomass and PP abundance negatively
and positively, respectively. Responses to environmental conditions differed with PP groups wherein presence
of Synechococcus-PEI (phycoerythrin) throughout the year suggested its ability to tolerate salinity and
temperature variations and low light conditions. Synechococcus-PEII appearance towards monsoon end and
non-monsoon during high water transparency suggests its tidal advection from offshore waters. Dominance of
Synechococcus-PC (phycocyanin) at intermediate salinities under low water transparency during MON and
high salinities in PrM coinciding with high nitrate concentrations implies a greater influence of light quality or
nutrients. Cyanobacteria and not picoeukaryotes were the dominant picophytoplankton in terms of numbers as
well as biomass. This study suggests that PP could be used as tracers of environmental forcing driven by tides
and freshwater influx and also highlights the importance of high frequency samplings in dynamic coastal

regions through which transient responses can be captured.
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Introduction

Phytoplantkon dynamics are controlled by physical (e.g. light, temperature, water motion), chemical (e.g.
salinity, nutrients) and biological (e.g. predation, viral attack, eukaryotic parasites) factors [1, 2]. Variations of
these factors over different time frames i.e., diel, daily, fortnightly, monthly, seasonally, drives the temporal
variations of biomass and activity within the microbial food web [3]. The number and timing of peaks
detected in the time series of phytoplankton biomass largely depend on the sampling frequency employed [4,
5]. Sporadic blooms of plankton can be missed due to low frequency samplings leading to erroneous results
[6]. Although extensive plankton studies have been conducted in the temperate waters on various time scales
[7] these cannot be a representative for the comparatively less investigated tropical ecosystems [8] due to the

latitudinal differences in environmental forcing.

In the tropics, which are influenced by the South-West monsoon (June to September), the hydrography of
coastal regions such as bays and estuaries is controlled by the freshwater influx from the land drainage and the
flow from the upstream end of the estuary more than the tidal flow during monsoon. Conversely, during the
non-monsoon period, as the freshwater influx dies down, the hydrography is controlled by the tidal flow [9].
During the monsoon season, the precipitation exhibits variations in intensity as well as breaks in rainfall.
During this season, depending on the pattern of rainfall, the hydrographical features and environmental factors
also vary correspondingly [10]. This consequently influences the biological communities such as planktons
prevailing in these water bodies [11, 12]. In such a scenario, continuous observations on a daily basis at longer
time scales would be pertinent to capture the responses of phytoplankton to short-term hydrographic

variability which would otherwise be missed in low frequency samplings.

Picophytoplankton (PP) is the smallest size group (0.2 to 3 um) of phytoplankton which form the base of the
microbial food web. Few studies on PP community variations have been conducted on monthly and seasonal
scales in the Western Arabian Sea [8, 13, 14] and the coastal regions of the Eastern Arabian Sea [15, 16, 17].
In the present study, for the first time, we were able to discern the daily responses of PP to the changing
environmental conditions during MON and non-MON in a tropical bay of the Eastern Arabian Sea. Earlier
studies on PP have been conducted on a daily scale in the open ocean regions [1, 5, 18], coastal regions [2, 7]

and oligotrophic regions such as the coral lagoons [19] but not in monsoon influenced coastal ecosystems.

Our previous studies in a tropical estuary have shown temporal variations in PP community on monthly and
seasonal scales [17]. However, there is no information on their behavior on shorter time scales in tropical
coastal regions. In this study, we examined the PP community on daily time scales for three seasons from the
Dona Paula Bay. This is a semi-enclosed bay that opens into the Arabian Sea and located at the mouth of the
Zuari estuary with the periodic freshwater inflow during the monsoon controlling its hydrography [9]. Unlike

many other estuaries in the world, the Zuari estuary is unique in terms of the annual cycle of salinity



distribution associated with the south west monsoon [20]. The complex hydrodynamics of this area makes it

quite different from the other coastal areas where the water column is homogeneous most of the year.

We hypothesized that the intra-seasonal and inter-seasonal hydrographic conditions in the bay will be
reflected in the PP community structure. Our aim was to assess the temporal variations of PP community
structure in a tropical coastal ecosystem influenced by the SW monsoon and identify the environmental
factors that control the variability on daily and seasonal time scales. Contribution of PP to the total

phytoplankton biomass was also examined.
Material and Methods
Study area

Sampling was done in the Dona Paula Bay at a fixed location (15 27.5 N; 73" 48" E; average depth 3
m), Goa, along the west coast of India (Fig. 1). In the bay, this study site is situated at the head of the
monsoonal estuary and is influenced by high annual freshwater runoff as well as tides depending on
the seasons. These characteristics make the environment in the bay unique to address the plankton
responses to environmental perturbations driven by monsoons. This locality experiences three
seasons: the pre-monsoon (February-May; PrM), the South-West monsoon (June-September; MON)
and the post-monsoon (October-January; PM). The highest wind speed is experienced during the
monsoon season along with an increased suspended load in the overlying waters. The wind speed is
lowest in the PM season, and increases with the beginning of the pre-monsoon season. The tides are
semidiurnal with an average spring tide range of ~ 2.3 m [21] and neap tide range of ~ 0.7 m. The
wave heights are > 1.5 m during June to August [22]. Daily tidal amplitudes for the study period

were calculated from the tide table.

Sampling strategy

Surface water samples were collected daily between 11:00 to 12:00 h with the help of a bucket from June 1,
2008 to September 30, 2008, to cover the MON season, followed by PM sampling from December 1 to 31,
2008 and PrM sampling from April 1 to 30. The time was fixed to avoid the complexity of diurnal changes in
the biogeochemical properties while comparing the data. Temperature and secchi disk depth for water
transparency were noted every day at the study site. Salinity measurements were done with an autosal.
Meteorological data of precipitation and solar radiation data for the study period was obtained from the Indian

Meteorological Department (IMD).

Water samples for nutrient analysis were collected once in two days. Nitrate (NOj3), nitrite (NOy"), phosphate
(PO4?), ammonium (NH,") and silicate (SiO4*) concentrations were determined spectrophotometrically

following standard procedures [23]. Water samples for size fractionated chlorophyll a (chl a) analysis were
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filtered through < 3 um millipore filter paper and in-vivo fluorometric measurement of chl a using Turner
fluorometer (Triology) from the unfiltered sample and from < 3 um fraction was done to estimate the relative
contribution of PP to total photosynthetic biomass. Total chl a concentration was also estimated through
spectrofluorometric method [23] by filtering 250 mL of seawater through Whatman GF/F glass-fiber filters

and measuring the concentration after extraction in 90% acetone for 24 h.
Flow cytometric analysis

Samples for PP analysis were collected in 2 mL cryovials and preserved in paraformaldehyde (0.2% final
concentration), flash frozen in liquid nitrogen and subsequently stored at -80'C until analysis. PP were
analyzed with a BD FACS Aria™ 11 flow cytometer equipped with a blue and red laser excited at 488 nm and
633 nm, respectively. The forward light scatter and right angle light scatter (RALS) signals were collected
along with the orange fluorescence from phycoerythrin, red fluorescence from chlorophyll and red
fluorescence from phycocyanin. The blue and red lasers are used to discriminate the red fluorescence
produced by chlorophyll and phycocyanin pigments, respectively. Fluorescent beads (2 pm for PP
“Fluoresbrite”, polysciences) were used as internal standards and for calibration of the above parameters.
Data obtained was processed with the BD FacsDiva (Version 6.2) software. PP groups were discriminated and

enumerated according to their specific autofluorescence properties and light scatter differences.

The PP community comprised four groups which were distinguished based on the autofluorescence from the
cellular pigments and the light scatter signals (Fig. 2). The group of cells with the smallest RALS and low red
fluorescence were identified as Prochlorococcus-like cells (PRO-like cells) and the group with the largest
RALS and high red fluorescence were considered as picoeukaryotes (PEUK). Two groups of Synechococcus
(SYN) were discriminated based on the orange and red fluorescence from the phycoerythrin and phycocyanin
pigments, respectively. The former was designated as SYN-PE and the latter as SYN-PC. The SYN-PE group
comprised two sub-groups based on the intensity of the orange fluorescence wherein one possessed lower
fluorescence (SYN-PEI) than the other (SYN-PEII).

Data analyses

Cross correlation analyses were performed in order to assess the influence of rainfall on salinity and solar
radiation and also the relationship of chl biomass and PP groups cell abundance with environmental
parameters such as salinity, temperature, water transparency and solar radiation. Cross correlation analyses
were performed at an interval of 1 d ranging from 7 d previous through 7 d forward in time with the Statistica
software. Linear regression was performed to assess the influence of nutrient concentrations on the chl

biomass and PP groups cell abundance.

The carbon biomass for the different PP groups was estimated by the calibration method of [24]. In short, the
RALS data of each PP group were converted to cell diameter which was later used to estimate the biovolume

using the equation, V ¥4 p/6 (d3), assuming the PP cells to be spherical. Biovolume to carbon conversion
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factors of 254 fg C pm, 240 fg C pm™ and 239 fg C um for Synechococcus [25], Prochlorococcus-like cells

and picoeukaryotes [24], respectively were used.
Results
Meteorology and hydrography

Solar radiation fluctuated from low (4.9 mw cm™) to high (67.3 mw cm™) levels during MON due to cloud
cover whereas during non-MON, it was stable (36 to 65 mw cm™; Fig. 3A). MON started from June 2 with the
highest rainfall of 137 mm on June 8 and the second highest of 130 mm on August 10. Higher rainfall was
recorded between June 7 to 13, July 17 to 18, August 6 to 13 and September 11 to 13. Precipitation was below

50 mm on most occasions (Fig. 3B).

During MON, water transparency was below 100 cm from June to August and thereafter it started increasing
and was highest towards the beginning of September (265 cm) when break in MON prevailed. During the
non-MON it was above 100 cm and ranged up to 257 cm in PM (Fig. 3C). During PM and PrM, water
transparency was comparatively higher. During MON, water temperature gradually declined from June to
mid-August subsequent to which it increased up to September end. Water temperature ranged from 25.8 to
30.5°C with the highest recorded in June and lowest in August (Fig. 3D). In December, water temperature was
30°C and in April the highest annual range was recorded (31 to 32.5°C). In June when the highest rainfall was
recorded, surface salinity of the bay was > 30 (Fig. 3E). This could be due to the delay in freshwater inflow
from the upstream end of the estuary. Salinity started to decline only after June 12. Thereafter oscillations
were observed in the salinity profile ranging from 2 to 35.4 with the lowest on August 19 and highest on
August 31. Salinity was below 5 and 10 on some occasions in August and September when peaks in
precipitation were recorded. In the beginning of PM, surface salinity was 28 which gradually increased to 35,

with the same trend in PrM.
Nutrient concentrations

During MON, NOs, NO;, NH,*, PO, and SiO,* concentrations varied between 0.07 to 22.5 uM, 0.02 to
0.97 uM, 0.1 to 24.6 pM, 0.39 to 3.96 uM and 20 to 80 uM, respectively (Fig. 4A-E). Nutrient concentrations
were high till mid-August. From August 22 to September 10, nutrient concentrations declined when surface
salinity increased from ~ 20 to 30 with low rainfall. Highest NO3z concentrations (22.51 uM) were recorded on
12 June when the salinity started to decline indicating the influence of freshwater influx. On this day, peak in
NO, (0.46 pM) was also observed. NO,™ concentrations were highest on 11 August (0.97 uM). Similarly,
NH," concentration was higher from June to mid-August with a peak on 11 August (24.6 uM). PO, was
highest on 9 June (3.96 uM). In PM and PrM, nutrient concentrations were comparatively lower. In PM, NO3',
NO, and PO,* concentrations varied between 0.78 to 4.76 uM, 0.01 to 0.09 uM and 0.15 to 1.19 pM,
respectively. In PrM, NO3, NO,, NH," and PO, concentrations varied between 0.13 to 9.13, 0.01 to 0.06,
0.27 to 8.83 and 0.32 to 1.12 pM, respectively. SiO,* concentration was below 20 uM during both seasons.



Chlorophyll a concentrations

Bulk chl a concentrations in the MON, PM and PrM ranged from 0.27 to 8.97, 0.44 to 2.14 and 0.64 to 2.67
ug L. Concentrations peaked from 25-27 June, 20-21 August and 2-4 September (Fig. 5A). These periods
followed the peaks in nutrient concentrations and coincided with breaks in MON. Linear regression analysis
between total chl a concentration and bulk chl a fluorescence (Fig. 5B) measured in vivo showed a significant
positive relation (r’ = 0.685, P < 0.001) which implies a reliable co-relation between the two methods of chl a
analysis. The < 3 um chl a fluorescence measured in vivo showed highest peak in the beginning of June (Fig.
5C). In MON, other peaks were observed at the end of June, July, August and September. During PM and
PrM, fluorescence values were higher than in MON. During MON, contribution of PP to the total chl a
biomass ranged from 0.4-33.0% with the highest contribution on September 25 (Fig. 5D). This contribution
ranged from 7-49% in PM and 6-40% in PrM.

Picophytoplankton abundance

During the study period, eight major peaks in PP cell abundance were observed in the Dona Paula Bay (Fig.
6A-F) with four during MON (between June 1 and June 3, July 9 and July 28, July 9 and July 28, September
17 and September 26) and two each during the PM (on December 5 and December 13) and PrM (between
April 9 and18, April 21 and 29). The first PP abundance peak was dominated by SYN-PC (10.2 x 10* cells mL’
1 76% of total PP abundance). This peak was reflected in the < 3 pm chl a concentration. The bulk
photosynthetic biomass was also high during this period. After June 3, with the onset of heavy precipitation,
PP cell abundance declined markedly. An increase in chl a concentration was observed between June 19 and
June 28. During this period only SYN-PEI abundance was higher (1.0 x10* cells mL™, 76% of total PP
abundance). The second peak in PP abundance was represented by SYN-PEI, SYN-PC, PRO-like cells and
PEUK. SYN-PEI (4.1 x10* cells mL™, 89% of total PP abundance) and PRO-like cells (2.5 x10* cells mL™,
39% of total PP abundance) dominated the PP community. During this period comparatively higher chl a
concentrations were observed. Subsequently, the PP cell abundance declined (< 1.5 x 10* cells mL™) up to
August 17. The third peak in PP abundance was represented by SYN-PEI (28%), PEUK (27%), SYN-PC (17%)
and PRO-like cells (26%) except SYN-PEII (0.25%). The bulk chl a biomass peaked first followed by that of <
3 um chl a peak and a second peak in bulk chl. Another peak in bulk chl a was observed on September 2.
Although no peak in < 3 um chl a was observed but SYN-PEI and PEUK were abundant during this period.
After this, from September 7 to September 16, the PP abundance declined (1.8 x10* cells mL™). The fourth PP
abundance peak was represented by all PP groups and dominated by PRO-like cells (4.8 x 10* cells mL™,
47%) followed by SYN-PEI (2.0 x 10* cells mL™, 25%) and SYN-PC (2.0 x 10* cells mL™, 21%). The fifth and
sixth peaks during PM were dominated by SYN-PEI (3.1 x 10* cells mL™, 66%; 4.3 x 10* cells mL™, 83%,
respectively). During the first half of December, peaks in contribution of < 3 um chl a to bulk chl a were

observed, which were higher than that in MON. The seventh and eight PP abundance peaks during the PrM



were dominated by SYN-PE (78% and 55%, respectively). Increased contribution of < 3 pm chl a which

coincided with increase in SYN-PC abundance (4.8 x 10* cells mL™, 64%) was observed during the last peak.
Relationship between environmental parameters

Cross correlation analysis showed that salinity was negatively correlated with rainfall at zero time lag through
7 d in forward time with the largest correlation after 5 d of rainfall (Fig. 7A). Solar radiation was negatively
correlated with rainfall from 7 d in reverse time through 4 d in forward time with highest correlation from 1 d
in reverse time and at zero time lag. Surface water temperature was negatively correlated from 3 d in reverse
time through 5 d in forward time with highest correlation at zero time lag (Fig. 7A). Water transparency was
positively correlated with salinity during MON at zero time lag through 5 d in forward time with the largest
correlation after 3 d (Fig. 7A). During non-MON water transparency and salinity did not show any significant
relationship (Fig. 8A and 9A). Amongst the nutrients, SiO,* concentrations negatively correlated with salinity
(r* = 0.5, P < 0.001) during MON whereas NO5 (r* = 0.57, P < 0.02) and SiO,* (r* = 0.46, P < 0.05)
negatively correlated with salinity during PrM.

Relationship between chlorophyll biomass and environmental parameters
Bulk chlorophyll a

During MON, bulk chl a correlated positively with salinity (from 7 d in reverse time through 5 d in forward
time), temperature (from 3 d in reverse time and at zero time lag), water transparency (from 5 d in reverse
time through 5 d in forward time) and solar radiation (at zero time lag through 7 d in forward time) (Fig. 7B).
During PM, bulk chl a was negatively correlated with salinity (at zero day lag through 3 d in forward time),
temperature (from 4 to 5 d in forward time), water transparency (from 5 d in reverse time and 1 to 3 d in
forward time) (Fig. 8B). During PrM, bulk chl a was negatively correlated with water transparency (from 4 d
in reverse time and at zero time lag) (Fig. 9B). During MON total chl a was negatively correlated with NO3”
(r*=0.29, P <0.001), PO, (r* = 0.1, P < 0.01) and SiO,* (r* = 0.14, P < 0.02).

< 3 pum chlorophyll a

During MON, < 3 um chl a correlated positively (from 7 d in reverse time and at zero time lag), temperature
(from 3 d in reverse time through 5 d in forward time), water transparency (from 2 d in reverse time through 4
d in forward time) and solar radiation (from 2 d in reverse time through 4 d in forward time) (Fig. 7C). During
PM, < 3 um chl a was negatively correlated with salinity (at zero day lag through 1 d in forward time) and
positively correlated with temperature (from 2 d in forward time) (Fig. 8C). During PrM, < 3 um chl a did not
show any significant relation with any of these parameters (Fig. 9C). During MON (r? = 0.16, P < 0.02) and
PM (r* = 0.37, P < 0.05), the < 3 pm chl a was negatively correlated with PO,>. In the PrM, < 3 pm chl a
showed a positive correlation with NO;™ (r? = 0.8, P < 0.01) and SiO,* (r?=0.72, P < 0.01).

Relationship between abundance of picophytoplankton groups and environmental parameters



Synechococcus-PEI (SYN-PEI)

During MON, this PP group correlated positively with salinity (at zero time lag) and temperature (zero time
lag through 7 d in forward time), negatively with water transparency (from 3 d in reverse time through 1 d in
forward time) and no significant relation with solar radiation (Fig. 7D). During PM, SYN-PEI was not
significantly correlated with these environmental parameters (Fig. 8D). During PrM, this group was correlated
negatively with water transparency (from 1 to 2 d in reverse time from 2 d in forward time) and positively
with solar radiation (from 6 d in forward time) (Fig. 9D). SYN-PEI was negatively correlated with NH,* (r* =
0.12, P < 0.05).

Synechococcus-PEII (SYN-PEII)

During MON, this group correlated positively with salinity (from 4 d in reverse time through 2 d in forward
time), temperature (from 2 d in reverse time and at zero time lag),water transparency (5 d in reverse time
through 7 d in forward time) and solar radiation (from 2 to 7 d in forward time) (Fig. 7E). During PM, this
group was positively correlated (after 3 d in forward time) only with salinity (Fig. 8E). During PrM, this group
was positively correlated with temperature (after 7 d) and water transparency (at zero time lag) (Fig. 9E).
During MON, SYN-PEII was negatively correlated with NO3~ (r* = 0.12, P < 0.05) and PO, (r?=0.12, P <
0.05).

Synechococcus-PC (SYN-PC)

During MON, this group correlated positively with salinity in reverse time (from2 to 7 d) and negatively in
forward time (from 5 to 6 d), positively with temperature (from 6 d in reverse time through 4 d in forward
time) and solar radiation (at zero time lag through 2 d in forward time) and negatively with water transparency
(from 2 to 7 d in forward time) (Fig. 7F). During PM, this group was positively correlated with salinity (after
3 d in forward time) (Fig. 8F). During PrM, this group was positively correlated with solar radiation (from 2 d
in forward time) and negatively with water transparency (from 4 d in reverse time through 1 d in forward
time) (Fig. 9F). One occasion of higher nutrient concentration coincided with lower water transparency during
PrM. During this period, SYN-PC was positively correlated with NO3 (r? = 0.43, P < 0.05).

Prochlorococcus-like cells (PRO-like)

During MON this group correlated negatively with salinity (from 1 d in reverse time through 7 d in forward
time) and water transparency (from 5 to 7 d in forward time) (Fig. 7G). During PM, this group was positively
correlated (after 2 d in reverse time) only with salinity (Fig. 8G). During PrM, this group was negatively
correlated with water transparency (from 4 to 5 d in reverse time) and positively correlated (from 1 d in
reverse time) and negatively correlated (from 6 d in forward time) with solar radiation (Fig. 9G). PRO-like
cells negatively correlated with NH," during MON (r? = 0.24, P < 0.01).



Picoeukaryotes (PEUK)During MON this group correlated positively with salinity (from 4 to 5 d in forward
time) and water transparency (from 3 to 4 d in reverse time) and negatively (from 3 to 4 d in reverse time and
from 1d in forward time) with temperature (Fig. 7H). During PM, this group was positively correlated with
salinity (from 2 to 3 d in reverse time) (Fig. 8H). During PrM, this group was positively correlated with
temperature (from 3 to 4 d in forward time) and negatively correlated with solar radiation (from 1 d in reverse
time) (Fig. 9H). PEUK were negatively correlated with NH," during MON (r?=0.12, P < 0.05).

Contribution of each group to total picophytoplankton carbon biomass

Cyanobacteria (SYN and PRO-like cells) were the dominant PP in terms of numbers (on an average 90% in
MON and > 95% in non-MON period) as well as biomass (on an average 87%, 96% and 95% of the total PP
biomass in the MON, PM, PrM, respectively). The remaining PP biomass was accounted for by PEUK. The
total PP biomass during MON ranged from 0.3 to 24 pg C L™ whereas in the non-MON period ranged from
28 to 570 pg C L™ in December and 42 to 914 pg C L™ in April. On an average, SYN-PC was the major
contributor to the total PP biomass in MON (37%) followed by SYN-PE-1 (25%), PRO-like cells (23%) and
PEUK (14%). In December, 66% was contributed by SYN-PEI whereas SYN-PC contributed 17% followed by
PRO-like cells (6%) and PEUK (4%). In April, 47% was contributed by SYN-PC followed by SYN-PEI (31%),
PRO-like cells (13%) and PEUK (5%). SYN-PEII was the least contributor throughout the sampling period.

Discussion

Temporal and spatial variation of the plankton community in coastal waters is governed by a variety of
physical, chemical and biological processes such as advection, establishment of weather fronts, stratification,
vertical mixing, water temperature, light, nutrient supply, and predation pressure [26] which are in turn driven
by daily changes in air temperature, solar radiation, wind and rainfall associated with passage of
meteorological fronts [27]. In the tropics, precipitation during MON is a characteristic meteorological feature
which governs the seasonal hydrography and environmental cycle [10]. Depending on the location, the type of
environmental forcing varies. In the Western Arabian Sea, the main environmental forcing is upwelling and
convective mixing responsible for delivering nutrients to the surface waters [13]. In the present study area in
the eastern Arabian Sea, a tropical bay along the west coast of India, the main environmental forcing during
the SW-MON is the influx of freshwater from the upstream end of the Zuari estuary due to precipitation,
which brings about salinity variations in the bay seasonally and also fertilizes the bay waters [10] whereas

during the non-MON seasons it is replaced by the tidal influence.
Picophytoplankton groups

At a coastal station off Oman in the western Arabian Sea, SYN abundance ranged up to 5.0 x 10* cells mL™
during the SW-MON [14] which was similar to that observed in this study, although environmental forcing
are different. In the former case upwelling prevails whereas in this study it was the influx of freshwater. Along

with abundance, the sub-groups observed at the two sites were also comparable. In the North-Western Arabian
9



Sea, two different types of SYN were reported which were defined by the ratios of their phycoerythrin
chromophore composition i.e., phycourobilin (PUB) and phycoerythrobilin (PEB) and distinguished based on
their fluorescence signatures through flow cytometry [13]. They reported increased abundances of “bright”
SYN subpopulation offshore, whereas a “dim” subpopulation tended to be higher at coastal stations. So in the
present study, SYN-PEI with a lower phycoerythrin fluorescence and SYN-PEII with a higher fluorescence
observed during all the seasons and only during the non-MON seasons, respectively, suggests that the former
could be the “dim” and latter the “bright” SYN subpopulation. During SW-MON, the dominant form of PE
was the low PUB:PEB pigment type in coastal regions and high PUB:PEB pigment type offshore with
mixtures of pigment types during NE-MON and fall intermonsoon [13] which corroborated with our findings.
High PUB/PEB cyanobacteria are often present in oligotrophic open-ocean ecosystems, while the low
PUB/PEB clones are mainly encountered in nutrient-rich environments [28]. Part of the PUB/PEB changes
could be ascribed to environmental changes particularly light intensity since some SYN clones are capable of
changing their phycoerythrin spectral properties in accordance with light conditions [29]. PUB rich SYN
appear to be dominant across the open ocean because of their enhanced ability to absorb blue light [28]. This
could also be a reason for their absence during the MON and presence during non-MON in the bay which is

supported by the cross correlation analysis wherein high water transparency favours this group.

SYN-PC group was not reported from the earlier studies in the coastal stations of the North-Western
Arabian Sea. Studies in the oceanic systems have reported the presence of only PE-containing SYN [30]. In the
coastal and estuarine systems there are some studies that have reported both, the PC and PE containing SYN
wherein the PE-rich SYN use phycoerythrin and PC-rich ones phycocyanin as major light-harvesting pigments
[31, 32]. The average PC:PE ratio of 1.11, 0.83 and 1.10 during the MON, PM and PrM (Fig. 10) highlights
the importance of PC cyanobacteria in coastal systems. A detailed comparison of such studies in estuarine
systems by [33] shows that some studies have either used blue light excitation only, in which case total
cyanobacterial numbers are likely to be underestimated, or have used both green and blue excitation light but
do not distinguish between PE and PC cyanobacteria types.In this study this differentiation between the two
groups of SYN depending on their pigment types was made possible through the use of blue and red lasers of

flow cytometry.

Although, Prochlorococcus is a group that is known to occur in high abundance in the oceanic regions, this
group is reported from the coastal waters of the Western Arabian Sea during the SW-MON [8, 13, 14, 34]
with cell concentrations (5 x 10* cells mL™) similar to that recorded for the PRO-like cells in the present
study. In the present study, the highest abundance of this group was recorded between a salinity range of 5 to
20. Their presence in coastal waters which are being reported in the recent years is still speculative whether it

is brought from the open oceans or they are actually growing in these waters [35].

Environmental forcing on chlorophyll a
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At the beginning of sampling during the MON, due to low precipitation, solar radiation was high and the
water column was stable with high water temperature, salinity and water transparency. Earlier reports have
shown that PP thrives in such conditions in coastal regions [16,17,36]. Similarly, during the present study,
peak in PP abundance was observed. These observations were corroborated by the substantially high

contribution of < 3 um chl a to the bulk chl a biomass, which also peaked during this period.

Subsequently, with the onset of rainfall accompanied by strong, westerly to south-westerly winds with a speed
of 4-7 m s [10], which tend to strengthen the currents towards the estuary head, the stability of the water
column was disturbed along with a change in meteorological and environmental conditions. Cross correlation
analysis showed that solar radiation, temperature and salinity started declining on the day of rainfall with
maximum reduction of first two parameters on the same day and surface water salinity after 5 d of rainfall
suggesting a lag in entry of freshwater from upstream. The environmental changes occurring on the day the
rainfall started could be attributed to freshwater addition directly from precipitation and surrounding land
runoff. The high freshwater runoff due to rainfall resulted in high concentrations of nutrients in the bay similar
to that reported in other studies [10, 37]. However, the decline in chlorophyll biomass during this period
implied that more than nutrients, the other unfavourable environmental conditions had an overriding effect on
the phytoplankton growth. This decline in biomass persisted till the environmental conditions started

improving.

The SW-MON season is characterized by transient periods of absence or lowered precipitation when the
freshwater runoff subsides temporarily and the meteorological and hydrographical conditions return back to
normal thereby increasing the stability of the water column [10]. The increased surface salinity during this
period also implies a temporary shift in the environmental forcing from freshwater influx to tidal flow in
regulating the bay hydrography which may also facilitate entry of cells into the bay from coastal waters.
During this period, the nutrient concentrations were high as a result of the accumulation from the freshwater
runoff and non-utilisation by the phytoplankton. This along with the increased water transparency,
temperature, salinity and solar radiation triggered an increase in phytoplankton biomassas seen from the
positive correlation. Water transparency was positively correlated with salinity. Bulk and < 3 um chl a were
maximum on the day of salinity increase up to 5 d and 3 d, respectively and decreased 7 d later. During this
period, the decreasing trend of nutrient concentrations corresponding with increasing bulk chl a
concentrationsas seen from the negative correlation between the two suggests nutrient consumption by the
nano and microphytoplankton [11,38,39]. The subsequent fall in bulk chl a biomass followed by a peak in < 3
pm chl a biomass although at lower levels to that of bulk chl a as seen from the negative correlation with
phosphate suggests that PP succeeds the higher phytoplankton community. This is in agreement with the
previous studies which show that PP are at an advantage under low nutrient concentrations [40]. The
following second peak of bulk chl a suggests that higher phytoplankton representing groups that can sustain at

low nutrient concentrations dominate during this period. This also included PP groups such as SYN-PEI and
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PEUK. Cross correlation analysis shows that < 3 um chl a and bulk chl a concentrations increased at zero
time lag in water transparency and solar radiation and continued for 4 d and 5 d later, respectively. During this
period a species succession was occurring depending on the nutrient availability/requirement wherein the
phytoplankton diversity was represented by different size groups (Patil and Anil, unpublished data). Previous
studies in this bay have reported a change in the microphytoplankton composition from a Skeletonema and
Fragilariopsis dominated bloom during precipitation period to a mixed species bloom of large diatoms and

dinoflagellates [11] which are adapted to high saline and nutrient limited conditions during MON breaks.

During PM and PrM, when precipitation was nil and hence no freshwater influx, the bay hydrography is
governed by tides and the water column is comparatively stable with higher solar radiation, water temperature,
transparency and salinity [10] and lower nutrient concentrations. This is reflected in the comparatively lower
bulk chl a biomass. However, the < 3 um chl a biomass was almost similar to that observed in the MON with
higher intermittent peaks leading to a comparatively higher contribution to the bulk chl a biomass. This
suggests that the environmental factors leading to a stable water column exert a greater positive influence on
the growth of PP than the nutrient concentrations as compared to the higher phytoplankton which require high
nutrient concentrations for their growth [39]. This is substantiated by the negative correlation of PP with PO,
during PM which suggests that < 3 um chl a biomass increases when the PO, concentrations are substantially
low. i.e., when the larger phytoplankton are not capable of growing due to low nutrient concentrations. This
was also observed during MON. In other words, larger phytoplankton were PO, limited. During non-MON
due to lack of freshwater influx the source of nutrients is limited to benthic resuspension due to vertical
mixing [37]. In the PrM, one occasion of higher nutrient concentration coincided with lower water
temperature, salinity and transparency which could probably be due to benthic resuspension. This was
substantiated by a negative correlation of NOs; and SiO,* with salinity. Although the relation with
transparency was negative it was not significant. Corresponding increase in bulk chl a biomass and a higher
contribution by < 3 um chl a suggests a response from phytoplankton species that were limited by these
nutrients [11].

Influence of environmental forcing on the PP groups

During the MON season the freshwater influx can reach to the extent of flushing out most of the saline water
from the bay [9] as was observed in August when the surface salinity was lowered to 2. The impact of such
physical forcing was reflected in the lowered PP cell abundance and may be ascribed to the dilution effect of
seawater by freshwater or, equally the elimination of some marine species by osmotic stress or growth
disturbance due to the negative influence of meteorological and hydrographical conditions. Such physical
forcing can also bring some groups from the upstream end of the estuary into the bay. Similar to earlier
reports, increase in rainfall resulted in higher concentrations of SiO,* and NH," in the bay waters as reported
earlier [37]. PP are known to be abundant in nutrient poor waters but also respond to nutrient enrichment in

stable water conditions [40]. In the present study, high nutrient concentrations did not have a positive
12



influence on the growth of PP which suggests an overriding negative effect of the other prevailing

unfavourable conditions.

Amongst the PP, group wise differences in responses to environmental conditions were observed. The
presence of SYN-PEI throughout the sampling period albeit at lower numbers during precipitation and higher
numbers during breaks in precipitation and non-MON suggests that this group is a native of the bay. This
conjecture is supported by its positive correlation with temperature and salinity which implies a positive
influence of water stability during MON. Also, the negative relation with water transparency along with
absence of significant correlation with solar radiation suggests that this group is able to survive even under
low light conditions. Its ability to grow under low water transparency was also observed during the non-MON
which coincided with an increase in nutrient concentrations in the surface waters. These abilities probably

were responsible for its presence throughout the year.

In comparison to SYN-PEI, SYN-PEII appeared only towards the end of the MON season and persisted
throughout the non-MON season. Cross correlation analysis showed that SYN-PEII group was positively
controlled by water transparency wherein during MON its abundance was most significantly influenced within
1 d. Its presence at the beginning of sampling when the precipitation was low and solar radiation, temperature
and salinity were high, followed by its disappearance and sudden appearance at the end of MON when the
precipitation was reducing with a consequent change in the environmental forcing from fresh water runoff to
tides, suggests that probably the original source of these cells is the offshore waters from where they are
brought into the bay during the high tide (Fig.11). In coastal regions, tides are also known to influence the
phytoplankton abundance [41]. Appearance of this group in the bay waters can be a marker of the initiation of
the entry of offshore waters into the bay which is reflected in the increased salinity. This conjecture is
supported by the positive correlation with temperature, salinity and solar radiation in opposition to the
negative relation of SYN-PEI with water transparency. Also, the decline in cell abundance corresponding to a
decrease in water transparency during PrM shows the importance of water transparency for this group which
is supported by the positive correlation of SYN-PEII with water transparency from 2 d in reverse time and at

zero time lag.

SYN-PC was observed throughout the study period in low saline as well as in high saline waters. Studies
carried out in the same estuary as well as others have shown that this group is dominant in the upper estuary
characterized by lower salinities [16,17,33]. It is currently unclear what drives this apparent salinity pattern
but may be a physiological adaptation to lower salinity, or other variables expected to covary with salinity in
estuarine environments such as nutrients and light [42]. Transient abundance peaks during the break in
precipitation periods in MON is supported by the positive correlation with temperature and solar radiation and
no relation with nutrients. However, cross correlation results showed that this group is negatively related with
salinity in forward time and positively related in reverse time which suggests its dominance at intermediate

salinities. This is also supported by the negative relation with water transparency. Earlier observations along
13



this estuary has shown the dominance of this group in intermediate saline waters [17]. However, an abundance
peak of this group during PrM, when the salinity is high, suggests that salinity may not be the only factor
controlling the distribution of this group. A negative correlation with water transparency suggests that this
group can grow in waters with low transparency as shown in earlier studies that this group is known to prefer
red wavelengths of the light spectrum [43]. This peak also corresponsed with a peak in nitrate concentration
and this positive response to an ephemeral nitrate peak suggests that SYN-PC growth is positively influenced
by NO;™ availability which was probably introduced into the surface waters by benthic resuspension as there
was corresponding decrease in water transparency. This was supported by a positive relation of < 3 um chl a
with NO;s". SYN-PC abundance decreased 2 d after increase in water transparency and increased at zero time
lag. This could imply that SYN-PC distribution is governed by the light spectrum which is controlled by the
turbidity i.e., if turbidity is high, red light dominates and also nutrients are available due to resuspension or
influx from freshwater. These transient increases are usually missed in monthly samplings which portray a

different picture of the distribution of this group. Existence of salinity specific strains is also a possibility [44].

PRO-like cells were higher in waters with lower salinities and lower transparency during MON. During the
PrM, PRO-like cells were higher when the water transparency was low along with lower solar radiation. This
coincided with the period of increased nutrient concentration. However it did not show any significant
relationship with nutrients like SYN-PC which suggests that the increase in abundance was not so high. PEUK
cell abundance ranged up to 1.0 x 10* cells mL™ which was slightly lower than that reported in the coastal
surface waters of Western Arabian Sea (1.7 x 10* cells mL™) [14] where even during intense monsoonal
forcing, picoeukaryotic algae appeared to account for a large portion of primary production. Similarly in the
present study, comparatively higher abundance was observed during MON. Positive correlation with salinity
and water transparency along with a negative correlation with NH," could imply its utilisation by PEUK. This
could also explain its lower abudance during the PM and PrM when the environmental conditions were stable
but nutrient concentrations were low. Although a significant relation was not observed between PEUK and
nutrients, abundance peaks in PEUK followed peaks in NH," concentrations which could signify a lagged

response.
Contribution of picophytoplankton to total photosynthetic biomass

Comparison of data from the Atlantic, Pacific and Indian Oceans showed that the contribution by PP to total
carbon production was considerably higher in oligotrophic open oceans (50-80%) than in meso and eutrophic
coastal marine waters (2-25%) [45]. In the western Arabian Sea, PP comprised up to 35% in the diatom
dominated coastal zone [14]. In waters between 5 and 23 salinity of a sub-tropical estuary, phytoplankton
biomass was primarily (50%) composed of < 5 um cells and results from this study supported the idea that a
microbial food web characterizes mass and energy flow through the planktonic food web in estuaries [46] . In
the Dona Paula Bay, PP contribution to total photosynthetic biomass was substantial (up to 49%) throughout

the year.
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Observations in other estuarine and coastal waters have shown a significant contribution of eukaryotes to PP
biomass [47]. In the Western Arabian Sea, PEUK were particularly abundant and disproportionately
productive in coastal marine systems, even during intense monsoonal forcing [14]. These observations are not
in par with the results obtained from the Dona Paula Bay. This disparity could be because of the presence of
PRO-like cells and SYN-PC groups in our observation which were not encountered or overlooked in the earlier
observations. This aspect needs to be considered in future studies since it can underestimate the importance of

PP in coastal ecosystems.

In the warmer tropical systems a strong interactive network of producers and consumers is maintained
throughout the year [48]. Protistan grazers in pelagic food webs are almost always capable of preventing the
formation of high biomass blooms of PP [49]. Increased loss rates through grazing could be responsible for
the lowered contribution of PP in warm productive waters whereas their dominance in warm, oligotrophic
waters is attributable to differential capacity to acquire nutrients [40]. The high frequency sampling in the
present study showed that PP abundance are short lived which could be due to high grazing pressure as a
result of which the PP community abundance remains stable as reported from the samplings conducted at low
frequency [16,17]. This aspect needs to be taken into consideration in future studies with high frequency
samplings which will improve our understanding of the role of PP dynamics in the microbial food web of

different ecosystems.
Conclusions

High resolution sampling showed that the PP community structure at Dona Paula Bay is shaped by the direct
effects of physical processes (freshwater influx, rainfall intensity, breaks in MON, tides) as well as their
indirect effects on salinity, water transparency, solar radiation and nutrient availability. Through this time
series observations, growth responses driven by natural enrichment transients during the temporal expressions
of complex processes could be captured. This study showed that the coastal PP community in a MON
influenced tropical estuary responded in par with rest of the autotrophic community during favorable
transients thus supporting the “rising tide” hypothesis proposed for the oligotrophic open-oceanic regions. The
< 3 um chl a biomass during non-MON was almost similar to that observed during the MON precipitation
breaks which suggests that the environmental factors leading to a stable water column exert a greater positive
influence on the growth of PP than the nutrient concentrations as compared to the higher phytoplankton which
require high nutrient concentrations for their growth PP. PP, especially SYN containing PC and PE could be
useful tracers of the coastal hydrography such as freshwater influx during monsoon and tidal influence during
the non-monsoon, respectively. Their contribution to the total photosynthetic biomass was also significant.
These observations suggest that the microbial food web is active throughout the year and can play an

important role in the food web dynamics of coastal regions.
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LEGEND FOR FIGURES
Fig. 1. Location of study area
Fig. 2. Dot plot of flow cytometric analysis showing picophytoplankton populations.

Fig. 3. Daily variations in the solar radiation (A), rainfall (B), secchi disk depth (C), temperature (D) and
salinity (E) at the Dona Paula Bay

Fig. 4. Temporal variations in the nitrate (NOs-N; A), nitrite (NO,-N; B), ammonia (NH4-N; C), phosphate
(PO,4-P; D) and silicate (SiOy; E) at the Dona Paula Bay

Fig. 5. Daily variations in total chlorophyll concentration (A), total chlorophyll fluorescence (B), < 3 pum
chlorophyll fluorescence (C) and contribution of < 3 um fraction to total chlorophyll fluorescence (D) at the
Dona Paula Bay

Fig. 6. Daily variations in the picophytoplankton abundance. Synechococcus-PEI (A), Synechococcus-PEII
(B), Synechococcus-PC (C), Prochlorococcus-like cells (D), picoeukaryotes (E) and total picophytoplankton
(F) at the Dona Paula Bay

Fig. 7. Cross-correlation function between (A) environmental variables (rainfall versus solar radiation,
temperature and salinity and salinity versus secchi disk depth) and between biological and environmental
variables (water temperature, salinity, secchi disk depth and solar radiation) for monsoon. Biological variables
used were total chlorophyll fluorescence (B), < 3um chlorophyll (C), Synechococcus-PEI (D),
Synechococcus-PEII (E), Synechococcus-PC (F), Prochlorococcus-like cells (G) and picoeukaryotes (H). In
all the plots a 7 d forward and reverse time lag is shown along the x-axis with day 0 being the present (no time
lag). Along the y-axis the correlation coefficient at each time lag is shown with 95% CI for correlations
(shown as shaded region). The data points outside the shaded region were significant.

Fig. 8. Cross-correlation function between (A) environmental variables (salinity versus secchi disk depth) and
between biological and environmental variables (water temperature, salinity, secchi disk depth and solar
radiation) for post-monsoon i.e. December 2008. Biological variables used were total chlorophyll fluorescence
(B), < 3 um chlorophyll (C), Synechococcus-PEI (D), Synechococcus-PEII (E), Synechococcus-PC (F),
Prochlorococcus-like cells (G) and picoeukaryotes (H). In all the plots a 7 d forward and reverse time lag is
shown along the x-axis with day 0 being the present (no time lag). Along the y-axis the correlation coefficient
at each time lag is shown with 95% CI for correlations (shown as shaded region). The data points outside the
shaded region were significant.

Fig. 9. Cross-correlation function between (A) environmental variables (salinity versus secchi disk depth) as
well as between biological and environmental variables (water temperature, salinity, secchi disk depth and
solar radiation) for pre-monsoon i.e. April 20009. Biological variables used were total chlorophyll
fluorescence (B), < 3 um chlorophyll (C), Synechococcus-PEI (D), Synechococcus-PEII (E), Synechococcus-
PC (F), Prochlorococcus-like (G) and Picoeukaryotes (H). In all the plots a 7 d forward and reverse time lag is
shown along the x-axis with day 0 being the present (no time lag). Along the y-axis the correlation coefficient
at each time lag is shown with 95% CI for correlations (shown as shaded region). The data points outside the
shaded region were significant.

Fig. 10. Tidal amplitude and Synechococcus-PEII abundance in the Dona Paula Bay during the study period

Fig. 11. Ratio of Synechococcus-PC and Synechococcus-PE abundance in the Dona Paula Bay during the
study period
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Cross-correlation function
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