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Abstract. This is the first study carried-out to understand the phytoplankton genera in the low light (less
than 50 umol/m?/s of photosynthetically available radiation) for the estuarine and coastal waters of Goa,
India. There were 93 phytoplankton genera observed of which the most abundant were Skeletonema spp.,
Leptocylindrus spp., Thalassiosira spp., Cerataulina sp., and Fragilariopsis sp. The centric diatom
Skeletonema spp. was the most abundant phytoplankton genera observed during all the seasons. Similarly,
other abundant genera observed all through the year in low light in the coastal and estuarine waters were
Cerataulina sp., Chaetoceros spp., Coscinodiscus spp., Leptocylindrus spp., Navicula spp., Nitzschia
spp., Pleurosigma spp., Pseudo-nitzschia spp., and Thalassiosira spp. Phytoplankton observed only in
estuarine waters were Bacillaria sp., Planktoniella sp., Biddulphia sp., and Asterionellopsis spp., while
Enotia sp., Oxytoxum sp., were observed only in the coastal waters during the summer season.
Contributions of chlorophyll a and fucoxanthin were relatively higher in low light regions, while the
photoprotective pigment -carotene was lower than observed at the surface. The maximum spectral light
available at the low light region varied for water types, and was 537 to 581 nm in the coastal waters,
while it shifted to longer wavelengths 561 to 648 in the estuarine waters.
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Introduction

Light is the source of life on planet Earth. However, unlike the terrestrial
environment where there is no dearth of solar light required for photosynthesis, the
aquatic regions are not blessed to have sufficient light at all depths. Phytoplankton are
planktons or ‘wanderers’ and have to survive wherever they are taken and hence
phytoplankton have the abilities to survive at extreme light levels. The acclimation of
phytoplankton under extreme light conditions are labeled related to light adaptations
such as high light or sun or ‘heliophillic’ and adapted to low light or shade or
‘umbrophillic’ (Ryther and Menzel, 1959). Photoacclimation is their way of life
(Dubinsky et al., 2010). Though it has been shown in laboratory studies that the
minimum light level required by phytoplankton is about 2 pmol/m®/s (Overmann and
Garcia-Pichel, 2005), the actually observed light levels are reported to be even lower
(Raven and Cockell, 2006). They are very efficient at utilizing the energy and it has
been observed that at the very low light respiration rates are much lower. Most of the
microscopic O, evolving organism of cyanobacteria and eukaryotes can have
photolithotrophic growth, i.e. using photons as the sole energy to compensate irradiance
as low as about 0.35 pmol/m%/s (Raven et al., 2000).

The light is spectral in nature with varying levels of energy inversely proportional to
the wavelengths. Hence these phytoplankton in low light regions need to be studied for
their photoacclimation and ‘chromatic acclimation’. Though it has been argued that the
spectral light was inconsequential and was believed earlier that photosynthesis required
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light in the PAR region (Dring, 1981), which however proved wrong with recent
studies. Recent studies revealed that spectral light does play an important role in
photosynthesis (Gorai et al., 2014).

The light harvesting capabilities can be appreciated when it is observed that there are
extensive deep chlorophyll maxima observed just near the 1% of light levels (Moore et
al., 2006; Dubinsky, 2010). The global primary productivity estimations do consider
light levels only till 1% and it has been evident from various studies and observations
that there were plenty of phytoplankton even below this light levels whose contributions
were significant and cannot be ignored. There also seems to hold some relations with
regards to their light utilization for photosynthesis between the taxonomic groups of
phytoplankton and cell sizes observed in low light (Richardson et al., 1983; Geider et
al., 1986; Cullen and Macintyre, 1998; Finkel, 2001; Boyd et al., 2010).

One of the earliest studies on phytoplankton community in the coastal and estuarine
waters of Goa were from Devassy and Goes (1988) which provided information on the
seasonal variations of phytoplankton communities in the coastal and estuarine waters.
These drowned river valley type estuaries are known as ‘monsoonal estuaries’ and the
monsoon has an influence on the phytoplankton community (Patil and Anil, 2011).
Detailed studies of the phytoplankton in these estuaries exhibited the large diversities of
the phytoplankton communities, with blooms and harmful algae (Matondkar et al.,
2007; Patil and Anil, 2011; Pednekar et al., 2012, 2014).

Presently there is no information available of the phytoplankton composition in the
low light regions of the waters of Goa. The availability of light at the benthic regions of
the estuarine and coastal waters of Goa show spatial and temporal variations and there
were regions in the water column that were under very low light. This is the first study
that reports the phytoplankton genera at low light in these coastal and estuarine waters
of Goa and the variations of physical, biological and optical parameters at these low
light regions.

Materials and methods
Study area

The field measurements were carried out in the coastal and estuarine waters of Goa,
a site located between latitude 15.3° to 15.73°N and longitude 73.6 to 74.1°E at the
central west coast of India (Fig. 1). The study areas included coastal waters and the
two estuaries Mandovi and Zuari. One of the main factors that influence these waters
are the rains during the southwest monsoon in the months of June to September hence
they are often called as “monsoonal estuaries”. Tides are the sole driving force for
circulation and mixing in the estuaries during the non-monsoon season (Shetye et al.,
2007; Vijith et al., 2009). There are much fewer discharges during the non-monsoon
seasons and the waters are vertically well mixed. Monsoonal upwelling is the common
feature observed during the south-west monsoon in the coastal waters of Goa, which
plays an important role in the biogeochemistry of these waters. Seasonal hypoxia has
been observed in the sub-surface waters during the post-monsoon period of September
to October (Naqvi et al., 2000, 2006). The coastal waters have algal blooms of varied
species, some of which are seasonal such as Trichodesmium blooms which were often
observed during the summer season (Naqgvi et al., 1998; Desa et al., 2005; Parab et al.,
2006; Gomes et al., 2008). Temperature inversions were also reported in these waters
(Thadathil and Gosh, 1992). Large variations in the colored dissolved organic matter
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(CDOM) were observed in these waters with contrasting features in the estuarine and
coastal waters (Dias et al., 2017).

The depth of the stations in the coastal waters varied between 2.5 to 26 mand 2 to 8
m in the estuaries. The optical studies indicate that Secchi depth varies from 2.1 to 3.1
m in the coastal waters and 1.2 to 2.4 m in the estuaries.
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Figure 1. Study area showing water sample collections sites in the coastal and estuarine waters
of Goa, India

Environmental data and sample collection

There were two types of data used for the study, the one that was available from the
measurements using in-situ profiling instrument and the other available from the water
samples collected at the same stations as in-situ measurements. The measurements and
water samples were collected during field measurement campaigns on a boat in the
coastal and estuarine waters every month during fair weather conditions at pre-
identified stations (Fig. 1). No measurements were carried out in the coastal waters
during the monsoon period. The data include from the period 2013 to 2016 covering 50
stations of which 37 were in the estuaries and 13 in the coastal waters.

Most of the earlier studies related to low light and photoacclimation were restricted
in the lower region of PAR about 30 pmol/m?/s (Fisher et al., 1996; Anning et al., 2000;
Zastrow, 2001; Staehr et al., 2002; Rodriguez et al., 2006; Finkel et al., 2006; Dubinsky
and Stambler, 2009) the data used for this study included only data at depths with PAR
values less than 50 pmol/m?/s, which is equivalent to about 12.5 W/m® of solar
irradiance in PAR region (Suresh et al., 1996). Though the minimum value of PAR
measured was about 0.22 umol/m?/s this could be within small error considering the
detection limit of the radiometer. The mean of the spectral dark readings taken in the
laboratory was about 0.2 uW/cm?/nm and dark current readings were taken care during
processing. All optical, physical, biological and ancillary parameters were obtained at
the same depths of low light observations (Fig. 2).
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Figure 2. Solar irradiance at the surface of the water (straight line) and at low light region
(dashed line) for the two stations in the coastal waters of Goa (left) and Mandovi estuary
(right). Depth at low light is indicated in the top left corner of each diagram

The water samples were collected either by Niskin water sampler or automated water
sampler using silicon transparent pipe with the pump. The water samples were used for
analysis in the laboratory for phytoplankton taxonomy with light microscope (Olympus
BX 51) and scanning electron microscope (Hitachi TM3030), and the same water
sample were used for deriving chlorophyll using fluorometric method (Trilogy-Turner),
total suspended matter using the gravimetric method, CDOM using spectrophotometer
(Shimadzu UV-2600) and pigments using HPLC (Agilent 1100 series).

The water samples (250 ml) were collected in amber colored plastic bottles and
preserved following the method described by Santhanam et al. (1987) using 2 ml of
Lugol’s iodine solution. For microscopic analysis, samples were concentrated to 5-10
ml by siphoning the top layer with a tube covered with a 10 pum nytex filter on one end.
Sample concentrates were transferred to a 1 ml capacity Sedgwick-Rafter and counted
using a light microscope (Olympus BX 50) at 20x and 40x magnification.
Phytoplankton cell identifications were based on standard taxonomic keys (Tomas,
1997). The results were expressed as numbers of cells L.

The water samples collected at discrete depths were preserved and analyzed in the
laboratory following the standard protocols. The biological parameter included colored
dissolved organic matter (CDOM), chlorophyll (Chl), total suspended matter (TSM).
The phytoplankton pigments were measured using HPLC. Apart from the biological
parameters derived from the water sample analysis, the depth profiles of parameters
such as CDOM, chlorophyll fluorescence were available from the optical sensors
available with the hyper-spectral radiometer.

The optical properties were measured in-situ using profiling optical instruments. The
apparent optical properties were derived from the measurements using a hyper-spectral
profiling radiometer Hyper-OCR (Satlantic, Canada), which provided profiles of
downwelling irradiance, upwelling radiance, diffuse attenuation coefficients, PAR
(photosynthetically available radiation (400-700 nm)) and surface solar irradiance in the
spectral range of 350-800 nm. The mean of the spectral dark readings taken in the
laboratory was about 0.2 pW/cm®/nm. This was considered as the detection limit. The
surface irradiance data were available from a reference sensor mounted at a clear site on
the boat. The inherent optical properties were measured using an AC-9 instrument (Wet
Labs) which provided profiles of absorption and beam attenuation coefficient (without
the contributions from pure water) at nine wavelengths. The instrument AC-9 was
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calibrated in the laboratory prior to every field measurement using optically clean water,
whereas hyperspectral radiometer was periodically factory calibrated. The optical data
were processed following the standard protocols (Mueller 2003, Mueller et al., 2003).
The radiometer data were processed using the latest software Prosoft provided by the
manufacturer of the radiometer.

The ancillary parameters such as temperature, salinity, and density were available
from the profiling radiometer. Secchi depth was also measured.

Results

There were 93 phytoplanktons genera observed in the low light regions of coastal
and estuarine waters of the study area and listed here are the 20 phytoplanktons genera
and their abundance (Table 1). The abundance of phytoplankton genera is given as the
percent of the total counts of all genera. Most of these genera listed here have also been
reported earlier to reside in low light conditions such as Asterionella sp. (Zastrow,
2001), Chaetoceros spp. (Finkel et al., 2006), Coscinodiscus spp. (Key et al., 2010),
Cyclotella sp. (Fisher et al., 1996), Ditylum sp. (Staehr et al., 2002), Fragilaria sp.
(Karst-Riddoch et al., 2009), Prorocentrum sp. (Rodriguez et al., 2006), Skeletonema
spp. (Anning et al., 2000), Synechococcus spp. (Barlow and Alberte, 1987), and
Thalassiosira sp. (Dubinsky and Stambler, 2009). Most of the genera observed here
were diatoms and diatoms can adapt to all light levels (Richardson et al., 1983).

Table 1. The physical environmental parameter for low light phytoplankton genera observed
in coastal and estuarine waters of Goa

phl;&vp\)llggmon pellf\(/:I:r?gge Minimum Maximum) Minimum Maximum I\/:jlg:gtuym Mdag(r:;?tl;/m
o o o o
genera occurrence| €MP (°C)|temp (°C) | salinity | salinity (kg/m®) | (kg/m®)

Skeletonema spp. 13.03 25.038 32.39 0.14 35.42 4.66 22.61
Leptocylindrus spp. 7.65 25.038 32.09 0.14 35.42 4.66 22.76
Thalassiosira spp. 7.46 25.038 31.18 2.81 35.31 4.66 22.61

Cerataulina sp. 6.93 27.485 32.33 2.81 35.74 4.66 22.58
Fragilariopsis sp. 6.70 32.346 32.35 31.88 31.88 18.61 18.61
Chaetoceros spp. 5.56 25.038 32.33 0.39 35.74 4.66 22.61

Asterionellopsis spp. 5.38 25.038 29.33 11.05 35.31 4.66 22.61
Licmophora sp. 4.76 25.038 31.19 11.96 35.42 4.79 22.61
Navicula spp. 4.70 25.038 32.35 0.14 35.74 4.66 22.76
Oxytoxum sp. 4,70 32.284 32.28 26.67 26.67 14.75 14.75

Coscinodiscs spp. 4.19 25.038 32.33 11.05 35.74 4.66 22.61
Pseudo-nitzschia spp. 4.07 27.111 32.28 0.14 35.42 4.66 22.43

Nitzschia spp. 3.76 25.038 32.35 0.14 35.74 4.66 22.76
Heterocapsa sp. 3.50 32.284 32.28 26.67 26.67 14.75 14.75
Prorocentrum spp. 3.22 27.275 32.33 0.39 35.74 10.69 22.58
Cochlodinium sp. 3.20 27.275 32.33 11.05 35.09 4.66 22.52
Pleurosigma spp. 3.08 25.038 32.35 0.14 35.31 4.66 22.61
Bacillaria sp. 2.95 26.641 30.33 0.14 34.89 19.28 21.54
Cyclotellas pp. 2.89 25.038 32.35 11.05 35.74 4.66 22.61
Dactyliosolen sp. 2.53 25.038 32.09 0.39 34.81 4.66 22.61
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There were about 80 genera observed in the “very” low light regions (less than
5 umol/m?/s of PAR). The leading twenty phytoplankton in these very low light regions
as per their abundance were Skeletonema spp., Leptocylindrus spp., Thalassionema
spp., Chaetoceros spp., Cerataulina sp., Bacillaria sp., Navicula spp., Nitzschia spp.,
Pseudo-nitzschia spp., Proboscia sp., Coscinodiscus spp., Prorocentrum spp.,
Dactyliosolen sp., Cylindrotheca sp., Lauderia sp., Pleurosigma spp., Licmophora sp.,
Thalassiosira spp., Eucampia sp. and Cyclotella spp. The images of ten most occuring
low light phytoplankton are shown in Figure 3.

Figure 3. Microscopic images of A) Asterionellopsis sp., B) Navicula sp., C) Nitzschia sp., D)
Thalassiosira sp., E) Cerataulina sp., F) Pseudo-nitzschia sp., G) Cyclotella sp., and SEM
(Scanning electron microscope) images of H) Chaetoceros sp., 1) Coscinodiscus sp., and J)

Skeletonema sp.

Physical parameters

The measurements on physical characteristics of the waters were taken during all
seasons in estuarine and coastal (except monsoon) waters which showed large variations
in salinity, temperature, and density over the period of study which were consistent with
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the earlier observations by others for these waters. The range of physical environmental
parameters observed at the occurrences of these twenty genera in low light are given in
Table 1. The temperature varied between 25.0 and 32.9 °C, the salinity from 0.14 to
35.7 and density from 4.6 to 22.7(kg/m°).

Morphology

The shapes of phytoplankton genera observed in low light were mostly cylindrical,
rectangular box, a prism on parallelogram base and spherical.

Spatial and temporal variations

To study the temporal pattern the seasons were labeled as summer (March-May),
monsoon (June-September), post-monsoon (October-November) and winter (December-
February) season. The phytoplankton genera were selective in their adaptations to the
seasons and water types. There were distinct patterns of adaption of phytoplankton
genera observed with those noticed only on coastal waters or estuaries and during a
particular season and while others inhabiting in all waters at all times.

Skeletonema spp., is a type of cylindrical, non-flagellated centric diatom group with
cosmopolitan distribution and was the most frequently and abundantly observed genera
in these waters during all season (Matondkar et al., 2007; Patil and Anil, 2011;
Pednekar et al., 2014). Similarly, other genera observed all through the year in the
coastal and estuarine waters were Cerataulina spp., Chaetoceros spp., Coscinodiscus
spp., Leptocylindrus spp., Navicula spp., Nitzschia spp., Pleurosigma spp., Pseudo-
nitzschia spp., and Thalassiosira spp.

Bacillaria sp., Planktoniella sp., Biddulphia sp., Isthmia sp., and Asterionellopsis
spp., were only observed in estuarine waters (Matondkar et al., 2007). Enotia sp. and
Oxytoxum sp., were observed only in the coastal waters during the summer season.

Optical parameters

There were two types of optical parameters, one that provided information on the
amount of light available and the second that described the optical properties of water.

The optical parameters observed at these low light regions that quantified the amount
of light available were photosynthetically available radiation (PAR) 400-700 nm, the
percentage of PAR (%PAR) and downwelling spectral solar irradiance (Ed) which were
observed at depth and the spectral solar irradiance measured above the surface of the
water.

There were also optical properties of water that described the light in these water.
These included apparent and inherent optical properties. The inherent optical properties
were absorption, beam attenuation, and backscattering coefficients. These parameters
characterized the light conditions and suggested the reasons for the low light conditions.
The apparent optical properties included the downwelling irradiance (Ed), PAR and
diffuse attenuation coefficient (Kd). The optical parameters that were indicators of the
penetration of light were the transparency of water (Secchi depth) and first optical depth
Z90.

The statistics of the observed optical parameters are listed in Table 2, and these
parameters were observed at the water column depths where the PAR values were less
than 50 pmol/m?/s, which is equivalent to about 12.5 W/m? (Suresh et al., 1996). The
%PAR were less than 10 in these waters.
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Table 2. Optical parameter observed during low light environmental condition at coastal
and estuarine waters off Goa

Parameters Minimum |Maximum|Mean| SD
PAR (pumol/m?%/s) 0.21 50.86 |13.45|15.79
%PAR 0.01 8.21 1.33 | 1.70
Wavelength of maximum solar irradiance at low light depth (nm) 534 648 577 (21.90
Maximum spectral irradiance of light at low light depth (uW/cm?) 0.14 9.26 2.90 | 2.88
Wavelength of maximum surface solar irradiance (hm) 460 551 494 | 30
Maximum of surface spectral irradiance (tW/cm?) 23.18 178.97 | 102 | 38.3
Absorption at 412 nm (m™) (without water) 0.29 12.74 2.33 | 2.46
Absorption at 676 nm (m™) (without water) 0.03 0.65 0.16 | 0.11
Beam attenuation at 412 nm (m™) (without water) 2.40 126.17 |13.29] 19.7
Beam attenuation at 676 nm (m™) (without water) 1.66 141.61 |10.44)| 20.6
Back scattering coefficient at 676 nm 0.02 0.90 0.16 | 0.18
Diffuse attenuation coefficient at 490 nm 0.009 4.26 1.1 |10.88
Wavelength at maximum Zgo (nm) 481 582 561 | 24
Maximum Zg (M) 0.55 8.15 2.38 | 2.0

Biological parameters

The pigment data from HPLC analysis were available only for few stations in the
low light region are reported here. From these limited data of phytoplankton pigments,
apart from chlorophyll, the most abundant pigments were fucoxanthin, zeaxanthin, and
B-carotene (Fig. 4). The contribution of the individual pigment to the total pigment was
derived by normalizing the pigment values with the total pigments. Contributions of
chlorophyll a and fucoxanthin were relatively higher in low light regions, while B-
carotene was lower than observed at the surface. One of the noteworthy observations
was the contribution of chlorophyll a to be above 60% at the low light region, while at
the surface it was about 50%.

Fraction of total pigment

0.7 - | Surface

{ /I Low light
0.6 -
0.5 1
0.4
0.3 -
0.2 4

0.1

0.0 -

Figure 4. Phytoplankton pigments at the surface and low light region
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Apart from the information on the phytoplankton pigments, the other parameters
available from waters samples analysis were chlorophyll, CDOM, and total suspended
matter and supporting biological parameters measured with optical sensors available on
profiling radiometer were CDOM and chlorophyll fluorescence. pH was determined
with a hand held pH meter (Table 3). The values of chlorophyll, CDOM, and TSM were
appreciable to the mean value of these parameters observed in the water column.

The presence of optically active substances that attenuate light and create low light
conditions were evident from the high values of the optical properties such as
absorption due to CDOM, absorption in the blue region at 412 nm, beam attenuation
coefficients (attenuation and scattering), high backscattering coefficient and diffuse
attenuation coefficient. The biological parameters like CDOM and TSM were also
found to be higher at the bottom. CDOM absorb light particularly in the blue and green
region, leaving less light in the PAR region, while particles scatter and attenuate light.
The high TSM could be due to the river transport and resuspension from the bottom.

Table 3. Biological parameters observed during low light environmental condition at coastal
and estuarine waters of Goa

Parameter Minimum | Maximum Mean SD
Chlorophyll a (mg/m?) 0.4 12.83 3.9 2.9
Total suspended matter (TSM) (g/m®) 3.06 110 20.74 21.45
CDOM absorption at 412 nm, a4 (412) (m™) 0.08 0.86 0.34 0.22
CDOM fluorescence 0.02 15.91 2.38 2.43
Fluorescence 0.3 3.74 1.32 0.83
pH 7.12 8.18 7.63 0.31
Discussion

The low light regions are close to the bottom and the phytoplankton will require an
adequate supply of nutrients for their sustenance. There is no dearth of nutrients in these
estuaries (Verlencar, 1987). Mandovi and Zuari estuaries are also sources of nutrients to
the coastal waters, though their concentrations are comparatively lower than estuaries.
These help in the sustenance of the efficient light harvesting umbrophillic
phytoplankton and seem to be the reason for the relatively higher chlorophyll found in
these low light waters.

Photoacclimation by phytoplankton to extreme levels of light affects pigment ratios
of these phytoplankton. Our observations on the distributions of pigments at high and
low light show that chlorophyll and fucoxanthin were higher at low light levels, which
agree with earlier studies that show light-harvesting pigments increase under low light
and particularly chlorophylls, phycobilins, fucoxanthin and peridinin under low light
(Dubinsky and Stambler, 2009; Pinchasov-Grinblat et al., 2011). p-carotene help in
photoprotective mechanism under high light conditions and in low light conditions they
are inconsequential so 3-carotene were relatively lower (Krinsky, 1989; Fan et al., 1995;
Choudhury and Behera, 2001; Wang et al., 2003; Schagerl and Muller, 2006).
Fucoxanthin is associated with diatoms and used to indicate its abundance and its level
was higher at low light regions than the surface. Most of the species observed here were
diatoms and they can adapt to all light conditions (Richardson et al., 1983).
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Most of these species listed here have also been reported earlier by others reside in
low light conditions such as Asterionella sp. (Zastrow, 2001), Chaetoceros spp. (Finkel
et al., 2006), Coscinodiscus spp. (Key et al., 2010), Cyclotella sp. (Fisher et al., 1996),
Ditylum sp. (Staehr et al., 2002), Fragilaria sp. (Karst-Riddoch et al., 2009),
Prorocentrum sp. (Rodriguez et al., 2006), Skeletonema spp. (Anning et al., 2000),
Synechococcus spp. (Barlow and Alberte, 1987), and Thalassiosira sp. (Dubinsky and
Stambler, 2009).

Apart from the metabolic rate (growth, photosynthesis, respiration) light utilization
by phytoplankton is also influenced by their size and shape (Raven, 1984; Kirk, 1994;
Finkel, 2001). Morphometric and allometric parameters of phytoplankton are important
indicators of the phytoplankton ecology and are related to the nutrient uptake, light
utilization for photosynthesis (Vadrucci et al., 2013). Phytoplankton such as
Thalassiosira spp., and Skeletonema spp., are filamentous types. The filamentous shape
has better light antennae and therefore can photosynthesize with high capacity at low
ambient light (Reynolds, 1997). Phytoplankton genera have been categorized according
to their shapes (Sun and Liu, 2003) and the phytoplankton shapes observed here in low
light were mostly cylindrical, rectangular box, a prism on parallelogram base and
spherical, suggesting these shapes could be of advantage in efficient light harvesting.

The maximum solar light available was within the spectral range of 537 to 648 nm
and the range varied for water types, and was 537 to 581 nm in the coastal waters, while
it shifted to longer wavelengths 561 to 648 in the estuarine waters. The chromatic
requirements can also be justified from the light absorbing properties by pigments in
phytoplankton. The ubiquitous pigment present in all the phytoplankton is the
chlorophyll a with major absorption occurring around 440 nm. The absorptions of other
pigments chlorophyll b (Chlb), chlorophyll ¢ (Chlc), fucoxanthin (Fuco), B-carotene (j3-
caro), and peridinin (Peri), have absorption peaks in the blue-green regions. Thus, it is
evident that for photosynthesis blue-green light is essential. The phytoplankton
surviving at low lights have a high efficient mechanism of light harvesting and utilizing
every photon available (Stambler and Dubinsky, 2007; Dubinsky and Stambler, 2009;
Halsey and Jones, 2015). The spectral light availability could change in future due to
anthropogenic activities and climate change affecting the river run-off that will affect
the optically active parameters such as the concentrations of CDOM, particle load (algal
and non-algal), which could alter the underwater light field and spectral light in water.
Hence, there is a need to understand the chromatic acclimation of these phytoplankton
species observed in the low light.

Most of the primary production evaluated through models and measurements were
limited to a lower limit of 1% light levels (Dubinsky, 2010) however it is noticed there
were considerable amount of umbrophillic phytoplanktons below this 1% light levels
and hence neglecting the contribution of these phytoplankton could underestimate the
primary production and carbon related budgeting.

Monsoon plays an important role in the variations of turbidity and nutrient levels in
these waters.

Conclusion

The study focused on the phytoplankton species of the estuaries and coastal waters of
Goa in low light regions, which has been attempted for the first time for these waters.
The results of the studies, even with this limited data, provided sufficient evidence of
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the various phytoplankton species, pigment variations, spectral light and the
environmental conditions in the low light regions.

Though this study has been limited and preliminary in only reporting the
phytoplankton communities and bio-optical conditions at low light levels, this could lay
a foundation for the further studies related to phytoplankton acclimation in these waters.
There are lots to understand of phytoplankton in the extreme light levels (Dubinsky,
2009). The light levels and nutrients in these estuaries and coastal waters could be
affected by anthropogenic influence, monsoon and climatic changes and hence a
continuous monitoring of the umbrophillic species of phytoplankton with regards to
changes in these parameters will need to be studied to understand the phytoplankton
acclimations in low light levels. There is also a gap in the present study without the
information on the nutrients and this could have supplemented to understand the role of
nutrients in the photoacclimation and light utilization efficiencies of these
phytoplankton listed in the low light (Dubinsky and Schofield, 2010). Hence there is a
scope to study the nutrient availability and the phytoplankton growth and related topics
such as the limiting nutrient levels for the survival of various species of phytoplankton
in low light depending on their size and characteristics, role of micro and macro
nutrients, since the watershed of the estuaries of Goa include iron ore and manganese
mines, the role micronutrients such as iron (Fe) need to be studied.
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