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Abstract

The ocean is one of the largest sinks of bioactive carbon on earth, storing as much as 700
petagrams (Pg) of carbon, and hence plays an important role in the carbon cycle and global
climate. The amount of dissolved organic carbon (DOC) in the aquatic environments is
comparable to the carbon reservoir in the atmosphere. Although colored dissolved organic
matter (CDOM) represents a small fraction of DOM, absorption of light in the aquatic
environment is controlled by the colored and particulate organic matter in water and hence
can have a profound impact on the marine environment. The rivers and estuaries form an
important conduit transporting organic carbon between the terrestrial and marine
ecosystems. Keeping this in mind, spatial and temporal variations of the optically
important fraction of carbon in the estuarine and coastal waters of Goa, on the west coast
of India are presented in this study. The estuarine waters of Goa have two -fold higher
CDOM absorption than the coastal waters of Goa, with the maximum absorption observed
during the south west monsoon (SWM) and spring inter-monsoon (SIM). Both the seasons
have contrasting hydrographic and biogeochemical variations, with CDOM originating
from the terrigenous origin with low spectral slopes and low Sg values indicating the
dominance of high molecular weight organic matter coinciding with low salinity, high
river runoff, and lower residence time during SWM. However, during SIM, the CDOM
origin is mostly autochthonous favored by the longer residence time of water, mangrove
inputs, and anthropogenic activities in the estuaries, as indicated by higher spectral slopes
and Sgr values. Principal component analysis was used to successfully differentiate the
sources of CDOM, with the samples during non-monsoon clustering together indicating
the dominant autochthonous source, while samples during monsoon clustered together
indicating the terrestrial nature of DOM. A prominent non-conservative mixing behavior
between the estuarine and coastal waters was observed with large additions of CDOM in
the mid-stream region of the estuaries, while removal of CDOM was observed in the
coastal waters by photobleaching during all the seasons and due to flocculation in the
estuaries at very low salinities during SWM. The Influence of CDOM was observed in the
modulation of the spectral quality of underwater light by shifting the underwater light
penetration to a longer wavelength (570 nm) in the estuaries as compared to the coastal

waters (540 nm).

Vi



In the marine environment, autochthonous production arising from phytoplankton is an
important source of organic matter. The coastal waters of Goa witness blooms of
phytoplankton, of which Trichodesmium has been reported in these waters since the 1970s.
In this study, the spectral and fluorescence characteristics of CDOM during
Trichodesmium blooms observed during SIM of 2014-2018 are presented. The CDOM
during Trichodesmium blooms was unique with distinct peaks in the UV and visible region
and deviated from the normal exponential behavior. The peaks in the UV region were
attributed to the mycosporine -like amino acids (MAA) and visible region due to
phycobiliproteins. Some characteristics of the CDOM spectra during the Trichodesmium
bloom, helped to differentiate the stages of bloom. The peaks in the visible region were
observed only during the senescence phase of the bloom due to the leaching of the
phycobiliprotein pigments which are water-soluble, while these were not observed during
the growing phase and only peaks due to MAA were present. Three FDOM components (2
humic-like and 1 protein-like fluorescence) were identified during Trichodesmium blooms
using PARAFAC. One of the humic-like components was linked to the degradation
product of tetrapyrroles and the other was similar to the marine humic-like component.
The protein-like component resembled tryptophan-like amino acid. Our field study proves
the production of humic-like organic matter by phytoplankton which was earlier thought to
arise only from terrestrial sources. In addition, in-situ experiments proved that bacteria

play an important role in the degradation of organic matter along with photodegradation.

The western continental shelf of India (WCSI) experiences upwelling during the SWM
which results in nutrient enrichment in the euphotic zone further driving high productivity
in the region. A strong stratification is observed due to the low saline water arising from
local precipitation and land-driven runoff above the high saline, low temperature upwelled
waters. Rapid microbial remineralization reduces the oxygen content in the water column
resulting in hypoxic to anoxic conditions in the subsurface layer during the late SWM. The
studies on CDOM absorption and characterization were carried out along the WCSI during
the upwelling and seasonal hypoxia. High CDOM absorption (ag412 m™) was observed in
the bottom waters, which coincided with hypoxic/suboxic conditions. During the seasonal
hypoxia, it is presumed that anoxic sediments would lead to the release of iron oxide -
bound organic matter to the overlying water column. This could be one of the reasons for
high CDOM absorption in the bottom waters. Spectral slope, Syso-600 also showed a

significant difference between the oxygen -rich and low oxygenated waters. Three

vii



fluorescent DOM components were identified from PARAFAC analysis. Component 1
(C1) and 2 (C2) were humic-like with emissions in the longer wavelength, while
component 3 (C3) was protein-like with excitation and emission in the UV region. CDOM
absorption (ag412) and humic-like fluorescent component (C1) showed a positive
correlation with apparent oxygen utilization (AOU), indicating the role of microbial
respiration for CDOM production. Laboratory experiments also shed light on the CDOM
production in low oxygenated waters when sufficient organic matter is available. This
study gives insight into understanding the cycling of DOM under varying oxygen

conditions prevailing in these waters.
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1. Introduction

1.1. General Overview

Oceans are one of the largest ecosystems, occupying about 70% of the surface on earth of
which, only about 7-10% is present as coastal oceans (Walsh, 1991; Borges et al., 2005;
Muller-Karger et al., 2005) and contribute substantially to the biogeochemical cycles. The
coastal oceans are unique having interconnection with multiple ecosystems forming a
conduit between the land and the oceans. Moreover, coastal waters are one of the most
productive marine ecosystems accounting for 13-33% of the oceanic production and 80%
of the organic matter (OM) burial (Gattuso et al., 1998), and offer great control on the

global climate, by maintaining the CO, balance in the atmosphere.

Typically, OM is operationally differentiated based on their retention on the filter (0.2 or
0.7 micron) as particulate OM (POM), and that which passes through the filter is termed as
dissolved OM (DOM). The major fraction of POM is the detrital matter with a small
portion of living biomass generally suspended in the water column which sinks to the
bottom sediments over time. While the dissolved fraction is majorly lifeless, though it
includes some prokaryotes and viruses (Hedges, 2002) and has a very long residence time
in water which contributes significantly to the carbon pool. DOM is one of the largest
available pools of organic carbon on earth, carrying a percentage of carbon equivalents to
that available in the atmosphere as CO, (Hedges, 1992), and hence play a vital role in the
global carbon cycle. DOM comprises organic compounds arising from the remains of
plants, animals, and their waste products having varied molecular weights. In the oceans, a
major fraction of DOM exists in the form of dissolved organic carbon (DOC) and accounts
for around 700 Pg of carbon in the ocean (Hansell et al., 2002). The fraction of DOM that
interacts with light is defined as colored DOM (CDOM). Initially, it was termed as
gelbstoff (A German term meaning “yellow substance”) by Kalle in 1966, gilvin (in Latin
meant pale yellow) by Kirk, (1976) since it imparts yellow color to the water. In
particular, CDOM absorbs light over a broad range of wavelengths with the strongest
absorption in the UV region (200-380 nm) and decreases exponentially to near-zero
absorption in the red region of visible light (700-850 nm). CDOM mostly constitutes
humic substances, which can further be classified into humic acids, fulvic acids, and
humins, and is responsible for around 70-90% of DOC in the coastal waters (Coble, 2007).

The fractions of organic matter are pictorially depicted in figure 1.1. CDOM can be easily
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characterized based on its optical characteristics of absorption and fluorescence (Stedmon
and Markager, 2003). These methods of characterization of CDOM are affordable, and
offers a non-destructive means for acquiring sensitive estimations of a diverse group of

organic compounds.

Total Organic Matter

Figure 1.1: The distribution of various fractions of organic carbon in the water.
1.2. Sources and Sink of CDOM

In the marine system, CDOM can originate either from autochthonous or allochthonous
sources. The autochthonous sources comprises plankton exudates arising from grazing and
excretion, extracellular release by algae, degradation and exudation of macrophytes, viral
lysis of bacteria and algae, and benthic fluxes (Kawasaki and Benner, 2006, Lonborg et al.,
2009; Fig. 1.2). While the allochthonous sources predominantly include the terrestrially
derived organic matter, augmented by groundwater, atmospheric inputs, and OM arising
from anthropogenic activities (Willey et al.,, 2000; Raymond and Spencer, 2015).
Specifically, terrestrial DOM comprises soil-derived humic substances and also
incorporates material leached from plants exported during rain events. Bacteria are not

only the consumers of DOM but also produce DOM during cell division and viral lysis
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(lturriaga and Zsolany, 1981; Ogawa et al., 2001; Kawasaki and Benner, 2006). In
addition, marine sediments are one of the dominant sites for OM degradation, hosting 1000
times more microbial density than found in the water column (Hewson et al., 2001). The
concentration of DOM in the sediments are also several magnitudes higher than that found
in the overlying water column (Burdige and Gardner, 1998), resulting in diffusive fluxes
and hence are a major DOC source (350 Tg C yr) equivalent to inputs received from

rivers (Burdige and Komada, 2015).

The important pathways which are responsible for the removal of CDOM from the water
column include abiotic degradation through photochemical reactions, flocculation into
micro-particles or sorption to particles, and biotic degradation by heterotrophic micro-
organisms. It is estimated that the combined effect of photobleaching and microbial
degradation is responsible for the removal of the major fraction of CDOM from the water
column (Carlson and Hansell, 2015; Fig. 1.2). The CDOM being coherent between the
chemical and biological world plays a vital role in the functioning of the ecosystem. It is
therefore utmost necessary to study the impact of global climate change on the cycling of
this fraction of DOC.
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Figure 1.2: The potential sources (indicated in yellow color) and sinks (indicated in orange

color) of CDOM in the water are depicted.
1.3. CDOM and environmental significance

CDOM greatly influences the aquatic light field as it absorbs highly in the UV and visible
region (Del Vecchio and Blough, 2002), and hence can pose positive and negative effects
on the environment. CDOM can thus provide photoprotection to phytoplankton and other
sensitive organisms from the damaging UV radiations (Del Vecchio and Blough, 2002;
Coble, 2007). It also regulates the penetration of photosynthetically available radiations
(PAR) which can influence the primary production (DeGrandpre et al., 1996; Vodacek et
al., 1997).

The estimation of phytoplankton from ocean color satellites has received widespread
application for various studies across the globe. CDOM can have a profound influence on
the remote estimation of chlorophyll from satellites. It is estimated that a CDOM

absorption signal of 0.005 m™ at 440 nm would result in the satellite signal equivalent to
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0.1 mgm™ concentration of chlorophyll-a (Carder et al., 1989). Hence precise estimates of
CDOM on regional scales are important for the necessary corrections to be done in the
remote estimation of chlorophyll-a. CDOM is photoreactive (Mopper and Kieber, 2002)
resulting in the loss of absorption (Del Vecchio and Blough, 2002; Vodacek et al., 1997)
and in turn production of biologically available low molecular weight compounds that can
propel the growth of micro-organisms. CDOM photodegradation can also result in the
production of several important trace gases such as CO, and CO, as well as the
photosensitized loss of gases such as dimethyl sulfide (Mopper and Kieber, 2002; Nelson
and Siegel, 2002). Therefore, net oxidation of only 1% of the total oceanic DOM pool
within one year would lead to a larger CO; flux to the atmosphere than that produced

annually by fossil fuel burning (Hedges et al., 2001).

CDOM comprises diverse functional groups like aromatics, phenols, quinines which can
provide binding sites for various organic, inorganic pollutants, metals and thus decrease
their bioavailability and toxicity (Wu et al., 2011; Zhang et al., 2019; Yuan et al., 2019).
CDOM acts as a carrier of nutrients either directly or via the microbial loop and hence

regulates the availability of nutrients in the water.
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1.4. CDOM and climate change

Climate change is real and various parameters of the ocean are changing, with dissolved
oxygen reducing, methane increasing by a factor of 2.5, nitrous oxide by a factor of 1.2,
and CO, being absorbed by the ocean resulting in acidification. Ocean color parameters,
which include CDOM are now part of the 54 Essential Climate Variables (ECV)
(Dutkiewicz et al., 2019; Bojinski et al., 2014). Since CDOM is already listed as ECV,
monitoring its variations and other studies of CDOM on regular basis will be required.

1.5. Ocean Warming

Light in the water is attenuated either by scattering or absorption by optically active
fractions in the water. The attenuation of light affects the near-surface vertical temperature
distribution (Zaneveld et al., 1981). An increase in atmospheric CO; in recent years due to
human activity has been observed (Boucher et al., 2013), resulting in the warming of
oceans (Levitus et al., 2000) and ocean acidification (Caldeira and Wickett, 2003). Among
the oceans, the Indian Ocean is one of the most rapidly warming oceanic basins
(Gnanaseelan et al., 2017; Beal et al., 2020). A rapid increase in sea surface temperature
(SST) has been observed with an average rise of 1°C during 1951-2015 in the tropical
Indian Ocean (Roxy et al., 2020). In the Arctic, biologically induced surface warming has
been observed (Pefanis et al., 2020). Due to global warming, India too has witnessed an
increase in the number of cyclones and catastrophic events in recent years. The increase in
precipitation and subsequent land-driven runoff will result in an increase of the optically
active fractions (CDOM + detritus), which may have a positive feedback on ocean
warming.

On the contrary, ocean warming would result in the highly stratified surface ocean and
strengthening of thermocline favoring CDOM photobleaching with the present and future
increase in Earths’ UV radiations (Herman, 2010; Watanabe et al., 2011; Lonborg et al.,

2020). As a result of which a net loss of carbon pool to the atmosphere is expected.

1.6. Ocean acidification

As a result of industrialization and an increase in the combustion of fossil fuels, 40% rise
in atmospheric CO; levels is observed as compared to the pre-industrial times (Gattuso et
al., 2015). It has been reported that about one-third of the anthropogenically emitted CO; is
sequestered in the oceans, resulting in ocean acidification, a condition wherein the pH of

6
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the water decreases (Sabine et al., 2004; Gruber et al., 2019). A 0.1 unit decrease in the pH
is currently observed in the global oceans. A few studies reported the impact of pH change
on the photochemical and microbial degradation of organic matter (Timko et al., 2015;
James et al., 2017). It is known that photochemical processes are mediated by pH and a
study conducted by Timko et al. (2015) has shown large changes in photochemical
degradation of OM at higher pH, whereas a decrease in degradation is expected at lower
pH. Some studies have pointed out the increase in extracellular enzyme activities as a
function of CO; suggesting increased microbial degradation (Teira et al., 2012; Piontek et
al., 2013; James et al., 2017).

1.7. Ocean deoxygenation

Over the past 50 years, the number of oxygen minimum zones (OMZ) are increasing in the
world ocean as a result of global warming (Keeling et al., 2010; Robinson, 2019), 15% of
which is due to the decrease in oxygen solubility, while 85% is due to intensified
stratification in the open ocean (Helm et al., 2011). Whereas, in the coastal waters the
deoxygenation is mostly related to the respiration of organic matter (Diaz et al., 2019).
Global models predicted a further decrease in dissolved oxygen by 1.5 to 4% by 2090
(Ciais et al., 2014). The effect of deoxygenation will be more amplified in the coastal
waters as it is predicted due to the increased nutrient loadings compared to the current
levels and hence enhanced respiration by microorganisms (Foley et al., 2005; Foley,
2017). This scenario will especially be important for Indian waters, which host the largest
OMZ in the open ocean, apart from the coastal waters along the western continental shelf
of India (WCSI) which experiences seasonal hypoxia during the late southwest monsoon
(SWM). With an increase in global warming and tropical cyclones in the recent years, the
effect of the organic matter loading on seasonal hypoxia will be important.

1.8. Background work in Indian waters

The pioneering work carried out on CDOM by Coble et al. (1998) in the western Arabian
Sea (AS) during the SWM of 1995 showed a negative correlation between surface CDOM
and temperature, reflecting that the upwelled waters are the source of CDOM. They also
identified 3 distinctive water masses based on the excitation-emission matrix (EEM)
fingerprints in the study region. Later, Del Castillo and Coble, (2000) studied the
absorption and fluorescence properties of CDOM during the northeast (NE) and southwest
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(SW) monsoon in the Arabian Sea of 1994-95 and found that the differences in the wind
regimes were responsible for the seasonal variability of CDOM and fluorescent DOM
(FDOM) in the study region.

There are several studies available on the CDOM and FDOM variation along the estuaries
from the east coast of India (Das et al., 2016; Sarma et al., 2018; Chari et al., 2019; Sanyal
et al., 2020; Chari et al., 2021), the coastal waters and along the shelf region in the Bay of
Bengal (Chiranjeevulu et al., 2014; Chari et al., 2013a, 2016; Das et al., 2017; Pandi et al.,
2021). In addition, experimental studies on the axenic cultures of phytoplankton were also
conducted for the CDOM and FDOM production (Chari et al., 2013b). Studies related to
the remote estimation of CDOM were also carried out along the east coast of India (Tiwari
and Shanmugam, 2011; Shanmugam et al., 2016). In comparison, the studies on the
CDOM variations along the west coast of India are quite limited. The estuarine and coastal
waters of Goa were first studied for the CDOM variations by Menon et al. (2005; 2006a,
b), and later Menon et al. (2011) reported the CDOM variability in the Mandovi and Zuari
estuaries using in-situ and satellite data. In addition, Dias et al. (2017) studied the CDOM
characteristics in the estuaries and the coastal waters of Goa but their study was limited to

the spring-inter monsoon (SIM) season.
1.9. Why this study was undertaken?

The coastal and estuarine waters of Goa are very complex affected by many natural
processes and anthropogenic influences. Several studies since long have been undertaken
in these waters on the physical (Das et al., 1972; Sankaranarayanan and Jayaraman, 1972;
Unnikrishnan et al., 1997; Shetye, 1999; Shetye et al., 2007; Unnikrishnan and Manoj,
2007; Manoj and Unnikrishnan, 2009), biogeochemical (Dehadrai, 1970; Dehadrai and
Bhargava, 1972; Singbal, 1973; Bhargava and Dwivedi, 1976; Qasim and Sen Gupta,
1981; Matondkar et al., 2007; Ram et al., 2007; Ramaiah et al., 2007; Maya et al., 2011a;
Parab et al., 2013; Kessarkar et al., 2013; Cowie et al., 2014; Bardhan et al., 2015;
Kessarkar et al., 2015; Shynu et al., 2015; Rao and Chakraborty, 2016; Araujo et al., 2018;
Pednekar et al., 2018, Fernandes et al., 2018) and bio-optical aspects (Sathyendranath and
Varadachari, 1982; Suresh et al., 1998; Desa et al., 2001; Suresh et al., 2006a, b;
Thayapurath et al., 2016; Menon et al., 2011; Tilstone et al., 2013; Talaulikar et al., 2015).
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The Mandovi and the Zuari are the two main monsoonal estuaries of Goa, which originate
from the Sahyadris. Goa receives heavy precipitation, land runoff from June to September,
which brings about large changes in temperature, salinity, flow pattern, dissolved oxygen,
and nutrients (Qasim and Sen gupta, 1981). The runoff is almost negligible during the
other seasons. During the dry season, tides become the major driving force transporting
and mixing the estuarine waters to the adjacent coastal waters (Shetye et al., 2007). There
are mangroves along the banks of the Mandovi and Zuari estuaries, which harbor
sediments rich in OM (Wafar, 1987). Many agricultural activities like rice cultivation,
horticulture are practiced along the fertile coastal plain in the catchments of the Mandovi
and Zuari estuaries. Khazan lands are also present along the estuaries. Goa is famous for
mining iron and manganese ore and these mining rejects end up in these estuaries (De
Souza, 1999). All these allochthonous inputs could be the probable sources of CDOM in
these estuaries. The estuaries also support autochthonous production in terms of
phytoplankton productivity, which varies with the season (Matondkar et al., 2007). The
coastal waters are affected by the seasonal reversing currents with strong temperature
inversions being observed due to the transport of low saline waters from the Bay of Bengal
during winter (Prasanna Kumar et al., 2004). There is an increase in the number of hypoxic
sites observed in the coastal waters of the world, and these ‘dead zones’ are spreading
worldwide (Breitburg et al., 2018). Oxygen deficient conditions are reported along the
western continental shelf of India (WCSI) with varying intensity (Naqvi et al., 2006),
which has a large impact on the demersal fisheries and leads to a decline in the fish catch.
These waters also experience phytoplankton bloom of varied species, which are seasonal
and also episodic (Naqvi et al., 1998; Krishnakumari et al., 2002; Desa et al., 2005; Gomes
et al., 2008; Pednekar, et al., 2012). Hence, the study of CDOM in these waters becomes

very important.

The estuarine waters are dynamic and are affected by the land-use changes, the
anthropogenic activities occurring in the estuaries and along its banks, the impact of
climate change and the natural adversity arising from it. A number of studies have been
carried out on the DOC and POC in these estuaries; however, the studies on CDOM are
limited. The first report on CDOM studies was by Menon et al. (2005), and thereafter
Menon et al. (2011) developed an algorithm for remote estimation of CDOM using the
data collected during 2003-2004. The estuaries have undergone a great deal of

transformation since 2005 with an increase in mining activities along its banks,
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transportation of ore to the loading sites across the estuaries, sand extraction, pleasure

cruises, Casinos, increase in urbanization, and industrialization along its banks, etc.

The proposed study will bridge the gap in understanding the spatial and temporal
variability, probable sources and sinks of CDOM in the estuarine and coastal waters of
Goa, and its characteristics during various phytoplankton blooms and hypoxic conditions.

In this study, a thorough investigation on the seasonality, over the years (2014-2018), has
been undertaken and CDOM optical measurements are done both in the UV and visible
region, along with the FDOM measurements which were missing in the previous studies

from this region.
Objectives

= Study the CDOM characteristics and their sources during all the seasons in the
estuaries and during non-monsoon seasons in the coastal waters.
= Characterization of CDOM at varying levels of oxygen.

The thesis is divided into 6 chapters as detailed below:

Chapter 1: Introduction

Chapter 2: Methodology

The characteristics of the study area, along with the sampling details are given in this
chapter. A detailed overview of the methodology employed for sample collection,
processing, and data analysis is given.

Chapter 3: Spatial and temporal variations of CDOM in the Mandovi and Zuari estuaries
and the coastal waters of Goa (Objective 1)

This chapter mainly focuses on the spatial and temporal variability of the CDOM in the
coastal and estuarine waters of Goa. The sources and sinks of CDOM based on the optical
properties are discussed.

Chapter 4: Optical properties of CDOM during blooms in the coastal waters of Goa
(Objective 1)

Cyanobacterial blooms of Trichodesmium are observed in the coastal waters of Goa during
the SIM. The characteristics of CDOM during the blooms are discussed; also an attempt
has been made to differentiate the stages of bloom based on the CDOM characteristics.

Experimental results carried out on the bloom samples are also presented.

10
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Chapter 5: Variations of CDOM during SWM and seasonal hypoxia along the western
continental shelf of India (Objective 2)

During the SWM, seasonal hypoxia is observed along the WCSI. The result of CDOM
variation during the early SWM is presented for the 4 transects of Kochi, Mangalore,
Karwar, and Goa, whereas the Goa transect is studied in detail for the variation of oxygen
and CDOM during the late SWM. Production of CDOM in the oxygen and OM controlled
systems with time is also presented in this chapter.

Chapter 6: Summary and conclusion.

An overall summary of the research findings is presented in this chapter. The limitations of
this research along with a brief overview of the future research openings (based on the

work carried out in this study) are presented in detail.
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2. Materials and Methods

2.1 Study Area

Goa is situated on the west coast of India, along the Konkan coast encompassing a coastal
stretch of 100 km between the Western Ghats and the Arabian Sea. Nine rivers rise in the
ghats and flows towards the Arabian Sea through Goa. Of these, the Mandovi and Zuari are
the most important rivers and occupy about 69% of the total geographical area of Goa. River
Mandovi originates in the Parwaghat of Sahyadri hills in Karnataka state and meets the
Arabian Sea after traversing a distance of 70 km through Aguada Bay near Panaji forming the
Mandovi Estuary. While the river Zuari lies in the Digi Ghats of Sahyadri hills in the
Karnataka state covering a distance of about 67 km and meeting the Arabian Sea through the
Marmugoa Harbor forming the Zuari Estuary. The mouth region of the Mandovi Estuary is
small and semi-circular with an area of ~4.36 km? and width of about 3.33 km, while the Zuari
Estuary is comparatively wide, and funnel shape with an area of ~46.7 km? and width of 5 km
(Rao et al., 2011). The Cumbarjua canal connects both the estuaries at a distance of ~15 km
from the mouth. The depth of the estuary varies considerably and has an average depth of
about 5m. Tides are mixed semidiurnal with a tidal range of ~2.3m during spring and 1.5m
during neap tide (Manoj & Unnikrishnan, 2009; Shetye et al., 2007). Several tributaries are
joining the Mandovi and Zuari estuaries of which the number joining the former is greater
than the latter. Southwest monsoon (SWM) brings heavy rainfall and subsequent river runoff
over this region; hence these estuaries are classified as “monsoonal estuaries” (Shetye et al.,
2007; Vijit et al., 2009). The river runoff measured at the head of the Mandovi Estuary during
SWM is ~258 m®s™, whereas during non-monsoon it is ~6 m3s™ (Vijith et al., 2009). There is a
dam in the upstream regions of the Zuari Estuary and the runoff measured at Sanguem and
Kushavati tributaries during the monsoon is ~147 m3™ while it decreases during the non-
monsoon season to 7.3 m3™. The catchment area of Mandovi and Zuari estuaries are 1150
km? and 550 km?, respectively which contribute to a large amount of land discharges
especially during the SWM (Qasim and Sen Gupta, 1981). The banks of these estuaries are
fringed with large patches of mangroves. Several open cast iron and manganese ore mines
operate in the drainage basins of these estuaries, wherein 37 ore loading points are located in

the Mandovi while 20 are in the Zuari Estuary. In recent years, these estuaries have been
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exploited for various anthropogenic activities (Shynu et al., 2012; Veerasingam et al., 2015).
Some of the anthropogenic activities along the bank and within the estuaries include the
pleasure cruises, floating casinos, shipbuilding/repair yards, sand mining, small and large
scale industries, fish processing units, fishing jetties, mine waste rejects, transportation of
mineral ores by barges, discharge of treated municipal sewage, domestic waste discharge from

the houses and commercial establishments, etc. (Shynu et al., 2015; Dias et al., 2017).

The coastal waters of Goa experience a seasonal reversal in wind patterns due to differential
solar heating of the Indian Ocean and Eurasian landmasses resulting in the northeast (NE) and
SW monsoon. Coastal upwelling is one of the prominent features observed along the west
coast of India during the SWM. Upwelling induced primary production lead to seasonal
hypoxia/anoxia along the west coast of India during the late SWM (Naqvi et al., 2000). Apart
from this, transport of low-salinity water from the Bay of Bengal has been reported during the
NEM (Prasanna Kumar et al., 2004). Various algal blooms reported in these waters (Nagvi et
al., 1998; Krishnakumari et al., 2002; Desa et al., 2005; Gomes et al., 2008; Pednekar et al.,

2012) are known to impact the biogeochemistry of the region.
2.2 Sampling

Water samples were collected at discrete depths at 6 stations in the Mandovi Estuary, 5
Stations in the Zuari Estuary, and 9 stations along the coastal waters (5 INCOIS and 4 CaTS)
during all the seasons from 2014 to 2018 using a fishing trawler. Data was also collected in
the Mandovi Estuary, Zuari Estuary, and Cumbarjua canal during the NEM of 2020-21.
Details of the sampling stations are provided in Table 2.1. The stations were selected keeping
in mind the various sources of CDOM in the Mandovi and Zuari estuaries from the mouth to
the upstream regions. The coastal waters were sampled along 2 transects, one transect being
the CaTS (Candolim time-series stations) while the INCOIS transect was from the mouth of
the Mandovi Estuary to a distance of ~8 km. The CaTS transect was chosen since it has long
been studied for various biogeochemical parameters since 1997, and present study would help
in better understanding of the CDOM cycling in the known biogeochemical settings. The
coastal waters of Goa are impacted by seasonal reversing currents, coastal hypoxia,
phytoplankton blooms, etc. Therefore considering these phenomenons, the stations were

selected. The observations in the study area were divided into 4 seasons; spring-inter monsoon
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(SIM), southwest monsoon (SWM), fall inter monsoon (FIM), and northeast monsoon (NEM).
The samples during 2014-2015 were collected monthly, while seasonal sampling was carried
out during the consecutive years. A total number of 795 samples were collected during this
study, out of which 146 samples were collected at the CaTS transect, 142 samples along the
INCOIS transect, 288 samples in the Mandovi Estuary, 202 samples in the Zuari Estuary, and
17 samples in the Cumbarjua canal. Apart from this, 117 samples were collected along the 4
transects (Kochi, Mangalore, Karwar, and Goa) during SSD 052 cruise (June-July 2018), and
27 samples along the Goa transect during the SSD 057 cruise (September 2018) of RV Sindhu
Sadhana.

Table 2.1: Details of the sampling stations from the study area.

Station no Latitude (°N) | Longitude Max depth Distance from
(°E) (m) the coast (km)

Coastal Waters

CaTS transect

Station 1 15.5198 73.7592 6 -0.56
Station 2 15.5203 73.7398 13 -2.54
Station 3 15.5197 73.71 15 -5.7
Station 4 15.5107 73.6494 28 -12.33
INCOIS transect
Station 1 15.48064 73.79406 6 2.47
Station 2 15.46946 73.77449 11 0.03
Station 3 15.45743 73.75633 15 -2.334
Station 4 15.44653 73.73364 17 -5.042
Station 5 15.43326 73.71198 19 -7.795
Mandovi Estuary
Station 1 15.49583 73.81563 6 5.341
Station 2 15.50273 73.83414 8 7.865
Station 3 15.5041 73.85956 4 10.556
Station 4 15.52013 73.9202 4 18.167
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Station 5 15.52858 73.96967 8 26.979
Station 6 15.52189 73.98385 5 28.797
Zuari Estuary

Station 1 15.42523 73.78745 10 1.142
Station 2 15.4162 73.85947 4 9.185
Station 3 15.41183 73.91065 6 14.65
Station 4 15.37475 73.95806 7 22.2
Station 5 15.34806 74.00473 9 28.414

Water samples were collected in 5L carboys which were previously rinsed with 10% HCI and
later washed several times with Milli Q water. The water samples were analyzed for
absorption by CDOM, detritus, phytoplankton, chlorophyll-a, and marker pigments (during a
few trips), and TSM. Inherent and apparent optical properties were also measured at the study
site using AC-9 meter and Radiometer, respectively.

2.3 Methodology

2.3.1 CDOM analysis

For CDOM analysis water samples were filtered immediately through a 0.2 micron
nucleopore membrane filter. The membrane filter was first rinsed with Milli Q water (18.2
mQ) followed by rinsing the filter paper with sample and then the sample was filtered and
collected in 60 ml amber glass bottles for analysis. The filtration bottles were rinsed 3 times
before sample collection; these samples were stored at 4°C and analyzed within 24 hrs of
collection.

CDOM absorption was measured using a spectrophotometer UV2600 (Shimadzu) in the
spectrum mode using 10 cm path length quartz cells and Milli Q water as a reference in the
spectral range of 200 to 850 nm. The spectrophotometer has a photometric precision of +

0.002 absorbance which is comparable to an absorption coefficient of 0.046 m™.

Before scanning, the samples were kept in a water bath at room temperature (for an hour) to

maintain the same temperature as the reference Milli Q water (Pegau et al., 1995). It is
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presumed that CDOM absorption is near zero at longer wavelengths (~680-800 nm); however,
this is not the case always. This could be due to the difference in temperature or salinity
between the reference Milli Q water and sample (Pegau et al., 1995). The other reasons which
could contribute to the absorption at a longer wavelength could be due to the scattering by
particles that pass through 0.2 micron filter or the colloids, microbubbles, particulate
contaminants from the air, lint on the optical window of the cuvettes, etc. (Mannino et al.,
2019). Samples were corrected to remove any of the effects listed above by subtracting the
values at wavelengths where absorbance tends to zero; in this case, it was 700 nm (Bricaud et
al., 1981; Green and Blough, 1994; Loiselle et al., 2009; Li and Minor, 2015). Average values
of 700 to 850 nm were subtracted from the entire spectrum. The raw absorbance values were

then converted to absorption using equation 1
aCDOM (m™) = 2.303* A/l -==-mmmmmmmmmmmv Equation (1)
where A is the absorbance value and | is the path length (0.1) in meters.

CDOM decreases exponentially with increasing wavelength and follows equation 2 (Bricaud
etal., 1981; Kirk, 1994)

ag(D) = ag(A,)e S e Equation (2)

where ag(Ao) is the CDOM absorption at a reference wavelength and S is the spectral slope
determining the steepness of the spectrum (Twardowski et al., 2004). The absorption
coefficients at the wavelengths of 320, 350, 375, 412, and 440 nm (ag320, ag350, ag375,
ag412, and ag440) were used in previous studies to represent the concentrations of CDOM
(Kowalczuk et al., 2005; Yamashita and Tanoue, 2009; Para et al., 2010; Vantrepotte et al.,
2015). The absorption by CDOM obtained at these wavelengths were significantly correlated
and varied similarly between seasons (Fig. 2.1). In this study, ag412 was used as the reference
wavelength to represent the CDOM concentration for various reasons. It is always better to
study CDOM at lower wavelengths in the UV region due to its high absorption and sensitivity
as used in many studies (Blough et al., 1993; Battin, 1998; Del Castillo et al., 1999; Stedmon
et al., 2000; Fichot and Benner, 2012). Since the present study could be of help in remote
sensing applications, there was a need to select the reference wavelength in the blue region.

The lowest available band in the ocean color satellites is 412 nm. However, many studies
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prefer to use az440 for remote sensing studies due to atmospheric correction procedures. It is
well known that there is a peak at 440 nm due to the absorption by accessory pigments in
phytoplankton. When the contribution by phytoplankton at 440 is higher than CDOM, there
will be an overestimation of CDOM derived from the satellite. Hence ag412 was used as the
reference wavelength in the present study. Also, recent studies (Vantepotre et al., 2015) have
shown that a;412 holds a very good correlation with DOC, and can be used to estimate DOC

remotely.

The spectral slope has been used to differentiate the sources of DOM and track the changes in
the composition of DOM (Carder et al., 1989; Blough and Green, 1995). Spectral slope
coefficients were estimated in long-wavelength range of Saso-g00 (NM™), and the narrow range
of Sy7s205 and Ssso400, respectively. Spectral slope in the long-range was calculated by
applying the non-linear regression following Twardowski et al. (2004), the R? for which was
mostly greater than 0.98. However, slopes in the narrow wavelength ranges were calculated
using a linear fit of the log-linearised spectrum. Helms et al. (2008) proposed the use of slope
in the narrow wavelength ranges as they were much above the detection limit of the
instrument and can be analyzed with high accuracy even in highly photobleached waters.
They have shown that slope in the narrow wavelength range and slope ratio Sg (S275-205/S3s0-
400) can be used as reliable proxies for average molecular weight and indicator of

photobleaching.
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Figure 2.1: Correlation between CDOM absorption aq (m™) at various reference wavelengths
of 320, 350, 375, and 440 nm with 412 nm (ag412).

2.3.2 FDOM analysis

CDOM fluorescence was determined using a spectrofluorometer (Cary Eclipse, Agilent). The
excitation scanning range was from 200 to 450 nm and the emissions were recorded at 250 to
600 nm. Spectral readings were collected at 5 nm for excitation and 2 nm for emission at a
scanning speed of 9600 nm min™ and integration time of 0.0125 seconds. Milli Q water was
taken as blank and the EEM of which was subtracted to eliminate Water Raman scatter peaks
(McKnight et al., 2001; Stedmon et al., 2003; Zhang et al., 2010, 2011). The fluorescence
estimations were corrected for excitation energy and emission detector response using the
manufacturer’s correction functions. Inner filter effect (IFE) poses a big issue in the

measurements of EEM as a result of re-absorption of emitted light by the sample (Mcknight et
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al., 2001). Larsson et al. (2007) showed that the sample fluorescence intensity can be reduced
by 5% due to IFE. This issue of IFE was taken care of by using the CDOM absorbance of the
sample, wherein the sample’s absorbance spectrum was used to calculate a matrix of
correction factors corresponding to the wavelength pair in the EEM. The instrument-measured
fluorescence intensities are given in arbitrary units and then converted to Raman units (RU).
This is done by taking the area under the Milli Q Raman Water peak which is then used to

normalize the fluorescence intensities in sample EEM.
2.3.3 Absorption by optically active components in water

Apart from CDOM, there are other fractions in the water which are optically active and
contribute to absorption in the water. For these analyses, water samples were filtered onto a
25mm, GF/F filter (0.7microns). The GF/F filter is an accepted material for particle collection
(dead and alive) and hence all the particles which are present in the water and absorb light will
be accounted for (Mitchell and Keifer, 1984). The volume of water filtered varied from 0.2 -
1L to maintain the optical density of samples between 0.05 and 0.4 that is ideal for path length
amplification corrections (Mitchell et al., 2002). The filter paper was stored at -20°C until
analysis on the spectrophotometer. The sample analyses were performed within 24 hrs after
collection. An Integration sphere attached to the UV2600 spectrophotometer (Shimadzu) was
used in the analysis of particulate absorption. The filter paper was thawed in the dark before
analysis followed by the spectral absorption of particulate matter (ap) in the wavelength range
of 250 to 850 nm at every 1 nm interval. After measurements, the same filter was subjected to
methanol extraction for 30 min to extract soluble pigments. This filter was then rinsed with
0.2 micron filtered seawater to remove any traces of methanol from the filter. The filter was
then scanned again for the determination of absorption by detritus (ag) or de-pigmented
particles. For blank determination, 0.2 micron filtered seawater was filtered onto a GF/F filter
paper and the absorbance was measured. Phytoplankton pigment absorption (apn) was
computed as the difference in particulate (ap) and detrital (ad) absorption after correcting for
filter path length amplification factor () (Mitchell et al., 2002) following equation (3)

23034
BVy

ap () = [(0D, (&) = 0Dy () = 0Dy ] —-reemeeems Equation (3)
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Where ODsy(2) is the measured optical density of the sample filter, ODy()) is the optical
density of a fully hydrated blank filter, and OD,y is a null wavelength residual correction

(750 - 850 nm). V¢ is the volume of water filtered and Ay is the clearance area of the filter.
2.3.4 Phytoplankton pigment analysis

For chlorophyll-a estimation, 0.5 to | L of water sample was filtered onto a 47mm GF/F
(0.7micron) filter. The filter paper was then extracted in 10 mL of 90% acetone overnight at

4°C and analyzed on the Turner fluorometer.

Phytoplankton pigments in the water samples were determined using High-performance liquid
chromatography (HPLC). Samples were filtered on GF/F filters and were frozen at —20°C
until analysis. The filters were extracted in 3 ml of 100% HPLC grade acetone (Merck) for 24
h at —20°C. The extract was then passed through a syringe filter (0.2 um) to remove any
cellular debris and later mixed with 0.5M ammonium acetate buffer (70:30 proportion). This
was then placed directly into a temperature-controlled (4 °C) autosampler tray for HPLC
analysis. The HPLC system was equipped with an Agilent 1100 pump together with an online
degasser and a diode array detector. The column used was the Eclipse XDB C8 column (4.6 x
150 mm) connected via the guard column (Agilent Technologies). The column temperature
was maintained at 60 °C. Elution was performed at a rate of 1.1 mL min™ using a gradient
program of 36 min with 5/95% and 95/5% of solvents B/A being the initial and final
compositions of the eluent, where solvent B was methanol and solvent A was (70:30)
methanol and 28 mM ammonium acetate (pH 7.2) (Roy et al., 2006). The eluting pigments
were detected at 450 and 665 nm by the diode array detector. Calibration was carried out
using standards procured from DHI, Denmark. All chemicals used were of HPLC grade
(Merck).

2.3.5 Total suspended matter (TSM)

TSM was analyzed after filtering 0.5-1L of water onto a 0.45um cellulose membrane filter
which was pre-weighed and dried at 105°C. After sample filtration, the filter membrane was
rinsed 3 times with Milli Q water to remove traces of sea salt and the filter paper was then

dried at 105°C for lhr. The filters were kept in desiccator to cool and then re-weighed. The
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difference between the initial and the final weight and the volume of water filtered was used

to quantify the TSM in the water.
TSM(mg/L)=Final weight of filter(mg)-Initial weight of filter(mg)/volume of water filtered(L)
2.3.6 Inherent and apparent optical measurements

The inherent in-situ spectral optical parameters of absorption and beam attenuation, was
measured using an AC-9 spectrophotometer (WetLabs, USA). The instrument was calibrated
before sampling using Milli Q water and the calibration coefficients were used to process the
data. The apparent optical parameters in the water column were measured in-situ using a free-
falling profiler and a hyperspectral radiometer (Satlantic Inc, Canada), which provides profiles
of the upwelling radiance (L), downwelling irradiance (Eq), and surface solar irradiance (Es)
in the spectral range of 350-800 nm. Apart from this, it had auxiliary sensors for the
measurements of conductivity, temperature, depth (CTD), fluorescence and backscatter
sensors. The other associated optical parameters like diffuse attenuation coefficients (Kq),
remote sensing reflectance (Rys) were derived after processing the radiometer data using the
software Prosoft. The penetration depth (Zgo), defined as the depth of penetration of light
above which 90% of the diffusely reflected irradiance originates (Zgo = 1/kq) was determined

using K.
2.4 Statistical Analysis

Non-parametric test like the one-way analysis of variance (ANOVA) test was conducted to
assess the differences in the mean values of the respective parameters at the sampling stations
during different seasons at a 95% confidence level (p<0.05). The Pearson’s correlation
coefficient (r) was computed for various parameters to assess the relationship between the

dependent and independent variables.
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2.4.1 Principal Component Analysis (PCA)

PCA was used in this study to assess the relationship between DOM quality parameters
between the estuaries and the coastal waters. PCA uses a mathematical algorithm to reduce the
dimensionality of the data while explaining the maximum variance. Before the PCA analysis,
DOM quality variables were normalized by calculating the log-linearized absolute values,
subtracting the individual means, and dividing by their standard deviations. All the statistical
analyses used in the study were performed in statistical package for the social sciences
(SPSS).

2.4.2 Parallel Factor Analysis

To identify the sources of CDOM in this study, the Parallel Factor Analysis (PARAFAC)
model was used on the EEMs. PARAFAC is a statistical model that uses the alternating least
square algorithm (ALS) to decompose the EEM into the most representative fluorescence

components from the complex DOM mixture. The model is generally written as follows:

f
Xijie = z bigcirdis *+Eiji
=1
i=1,....Lj=1,...5;k=1,....K

According to Stedmon et al. (2003), when applying the PARAFAC model to EEMs, X is the
intensity of fluorescence for the i"™ sample at emission wavelength j and excitation wavelength
k; bis is directly proportional to the concentration of the " component in sample i; Cjf IS
linearly related to the fluorescence quantum efficiency of the £ component at emission
wavelength j, dis is linearly proportional to the specific absorption coefficient at excitation
wavelength k; f defines the number of components in the model, and a residual E;jjk represents

the variability not accounted for by the model.

The analysis was performed in Matlab 2017 software using the DrEEM toolbox 0.20 (Murphy
et al., 2013). Due to the SNR (signal-to-noise ratio), the EEM datasets were restricted to the
excitation wavelength > 240 nm and emission wavelength <590 nm. Also, the Rayleigh

scatter was removed before the PARAFAC modeling because the values do not describe the
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DOM fluorophore in the area. To remove the Rayleigh scatter, the missing values (NaN-Not a
number) were inserted in the regions (Ex — 20 < Em < Ex+20 and 2Ex — 20 < Em < 2Ex+20;
unit: nm) which are majorly influenced by the first and second-order scattering from the
measured spectroscopic data (Hua et al., 2007; Stedmon and Bro, 2008). Samples with
extreme leverages were identified and excluded from the model. The model was run with non-
negativity constraints. Validation was performed by split-half analysis, analysis of residuals

and loadings.
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Chapter 3

Spatial and temporal variation of colored dissolved organic matter in the

coastal and estuarine waters of Goa

3.1. Introduction

Dissolved organic matter (DOM) is one of the pivotal components of the marine
ecosystem playing an important role in the cycling and availability of carbon in the aquatic
environment. Colored DOM (CDOM) is a small fraction of the DOM pool which is
optically active and hence can be detected using remote platforms. Apart from CDOM,
detritus, phytoplankton, and water itself are the other optically active fractions and hence
contribute to the absorption of light in water and influence the inherent and apparent

optical properties of water.

Rivers and estuaries are important sources of DOM during its transport from the terrestrial
ecosystem to the coastal seas. The coastal waters of Goa are affected by seasonal reversing
currents with strong temperature inversions due to the transport of low-salinity water from
the Bay of Bengal during the northeast monsoon (NEM) (Prasanna Kumar et al., 2004).
Upwelling and associated primary production lead to seasonal hypoxia/anoxia along the
west coast of India during the late SWM, which impacts demersal fisheries (Naqvi et al.,
2000). This natural oxygen deficiency has intensified within the past few decades, which
may be due to the enhanced nutrients loading and organic matter from land (Naqvi et al.,
2000, 2006). However, recent measurements show a lack of a secular trend (Naqvi et al.,
2009a). These waters also experience blooms of various algal species (diatoms,
dinoflagellates, cyanobacteria), which are seasonal and episodic (Naqvi et al., 1998;
Krishnakumari et al., 2002; Desa et al., 2005; Gomes et al., 2008; Pednekar et al., 2012),
and affect the biogeochemistry of the region. The microbial remineralization of organic

matter from the land would also lead to CDOM production.

The SWM causes high levels of allochthonous DOM transport from watersheds into
estuaries and adjoining coastal waters. The Mandovi and Zuari estuaries, located on the
west coast of India, are classified as monsoonal estuaries (Manoj and Unnikrishnan, 2009).
During the SWM, both estuaries receive high levels of freshwater discharge, leading to
stratification up to 12 km from the mouth. There is very little discharge from river runoff

during the non-monsoon season. Therefore, the estuaries become an extension of the sea
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and remain vertically well mixed (Shetye et al., 2007; Vijit et al., 2009). Thus, owing to
the influences of both rivers and the sea, these estuaries receive autochthonous and
allochthonous inputs from different sources, such as terrestrial, riverine discharge,

mangrove leachate, and anthropogenic activities (Gonsalves et al., 2009).
3.2 Aim of the study

Though CDOM plays an important role in the carbon cycle, very few studies have been
conducted in the estuaries and coastal waters of Goa. Menon et al. (2011) studied CDOM
in the Mandovi and Zuari estuaries using the absorption at a reference wavelength (a4440)
and slope coefficient (Sso0-550). They validated the in-situ derived CDOM using satellite
data by applying an algorithm developed for the site. Recently, Dias et al. (2017) reported
the CDOM characteristics in the Mandovi and Zuari estuaries and coastal waters of Goa;
however, their study was restricted to the SIM season. Therefore, the aim of this study is to
investigate the variability of the bio-optical properties of CDOM with changes in
environmental conditions and to identify the major sources and sinks controlling the
optical properties of these waters. The following hypotheses were tested: 1) the magnitude
of CDOM absorption varies both spatially and temporally in the two estuaries and coastal
waters of Goa and 2) with different sources and sinks of CDOM, the estuarine system

could exhibit non-conservative mixing behavior.
3.3 Data collection and analysis

The measurements were carried out from the coastal waters of Goa and both the Mandovi
and Zuari estuaries for four years (March 2014-December 2018) using fishing trawlers.
During 2014-15 the samples were collected monthly, while in the consecutive years
seasonal sampling at the study area was carried out (Fig. 3.1). Apart from the regular
samplings, the Estuary was also sampled during the NEM of 2020-21 right from the
upstream of both the estuaries covering the Cumbarjua canal which forms the conduit
between the Mandovi and Zuari Estuary (Appendix 1.1). The Mandovi Estuary was
sampled during the early NEM (November, 2020), while the Zuari estuary and the
Cumbarjua canal were sampled during late NEM (February, 2021). Sampling was carried
out at close interval with 24 stations in the Mandovi Estuary, 11 stations in the Zuari
Estuary, and 9 stations in the Cumbarjua canal.
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Figure 3.1: The study area indicating the regular sampling stations in the coastal waters of
Goa and in the Mandovi and Zuari estuaries. It also depicts the anthropogenic activities

occurring in the estuaries of Goa.

The water samples were collected in amber bottles, transported in ice, and were filtered
within a few hours of collection following the standard SeaWiFS protocol (Mueller et al.,
2003), and their CDOM and chlorophyll-a contents were analyzed. For CDOM analysis, a
0.2-um nucleopore polycarbonate membrane was first rinsed with 100 mL of Milli-Q
water followed by the sample. The filtered sample was then collected in amber glass
bottles. The water samples were stored at 4°C until spectrophotometric analysis was
conducted in the laboratory on the same day of collection. To analyze chlorophyll-a, 500
mL to 1 L of water was filtered through a 0.7-um GF/F filter, which was then extracted in
10 mL of 90% acetone and analyzed using a Turner fluorometer (Knap et al., 1996).
Particulate matter in water was concentrated on to a 25mm GF/F filter by filtering about
0.1 to 0.5 L water depending on the particle load for the estimation of absorption by
detritus and phytoplankton. Spectral absorption of the detrital and phytoplankton fraction
was then determined using an integrating sphere attached to Shimadzu UV2600

spectrophotometer. The details of analysis are provided in Chapter 2.
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To ascertain the contribution of CDOM in rainwater, rainwater was collected on an event
basis during 2015-16 into a glass flask using an HDPE funnel covered with a nylon mesh
to prevent the entry of large particles. The flask was kept at a height above the ground on
the terrace of CSIR-NIO to counter the contamination by droplet splashes. The entire
assembly was washed with 10% HCI and rinsed several times with Milli Q water before
collection to prevent contamination. This assembly was deployed for sampling as soon as
the rain began and retrieved soon after the rain stopped. Samples were analysed and
processed according to the methodology given, if the rainwater collected was above 50
mL. Daily average rainfall data for the Goa region was provided by the Indian

Metrological Department, Mumbai.

The inherent in-situ optical parameters of absorption and scattering were measured using
an AC-9 spectrophotometer (WetLabs, USA). The apparent optical parameters in the water
column were measured in-situ using a free-falling profiler and a hyperspectral radiometer

(Satlantic Inc, Canada).

The stability of the water column was determined for the coastal time series station (G5)
using the Brunt Vaisala frequency (N) using the following equation

_1y_ |Z9  dp
N (S )_’p*dz

Where g is the gravity, p is the density and z is the depth.
3.4 Statistical analysis

A one-way analysis of variance (ANOVA) was conducted to assess the differences in the
mean values of the respective parameters at the sampling stations during different seasons.
The correlation coefficient (r) was computed for ag412 vs. salinity and chlorophyll-a.
Principal component analysis (PCA) was also performed on the DOM parameters to
identify the sources of CDOM in these waters using the statistical package for the social
sciences (SPSS).
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3.5 Results

3.5.1 Physicochemical characteristics of the estuarine and coastal waters of Goa

The spatiotemporal variations in the physicochemical parameters were similar to those
observed for these waters in previous work (Prasanna Kumar et al., 2004; Shetye et al.,
2007; Maya et al., 2011b). The SWM plays an important role in the biological, physical,
and chemical variations of the studied estuaries. The temperature and salinity variations in
the coastal waters and the Mandovi and Zuari estuaries are presented in Table 3.1. The
temperature was observed to be the highest during SIM and lowest during NEM. The
temperature increased from the mouth to the upstream of both estuaries, while an inverse
trend was observed for salinity. During the SWM, estuarine waters exhibited stratification,
with cold, low-salinity water at the surface and warmer, more saline water at greater
depths. Temperature inversions were seen in the coastal waters during the NEM.
Chlorophyll-a was higher in the estuaries than that in the coastal waters (except during
algal blooms during the SIM). In the estuaries and coastal waters, the highest chlorophyll-a
concentration was observed during the SIM and NEM, respectively. Chlorophyll-a

concentrations in the estuaries and coastal waters were low during the FIM season.

Table 3.1: Seasonal variation of environmental and CDOM characteristics for the Mandovi

and Zuari estuaries and the coastal waters of Goa.

Para- Sea- | Mandovi Estuary Zuari Estuary Coastal waters

meters | son Mean | Min Max Mean | Min Max | Mean | Min Max

Temp SIM 30.54 28.34 33.22 31.79 29.55 |33.22 |3054 |2843 |3212

(°C) SWM | 27.83 23.52 33.15 27.66 26.38 |30.38 | 2587 |2181 |28.72
FIM 30.50 30.21 31.16 29.15 2594 | 3222 | 2726 |2142 | 3158
NEM | 28.50 26.73 30.04 28.62 26.32 |30.31 | 2848 |26.13 |29.96

Salinity | SIM 28.60 19.91 35.55 29.03 16.86 | 35.35 | 35.23 |34.21 | 3594
SWM | 1341 0.052 35.55 6.67 0.05 33.32 | 33.85 |28.02 |35.60
FIM 19.32 0.95 32.34 23.78 2.31 3495 |34.17 |32.03 |35.29
NEM | 23.02 4.08 34.77 27.25 8.23 3483 | 3456 |29.02 | 35.48

Chla SIM 5.28 0.18 16.14 5.24 0.71 1412 | 1.21 0.2 5.19
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(mgm?) [SWM [ 370 009 |1445 |622 [298 |13 No data
FIM | 197 |07 359 |481 |135 |1056 |1.84 |055 |6.03
NEM |401 |033 |971 |[325 |002 |913 |244 |027 |1467
an676 |SIM |0102 |0042 |0203 |0096 |0.020 |0.207 |0032 |0.009 |0.098
(m?Y) [ SWM [0.059 |0002 |0.198 |0063 |0.027 |0.136 | Nodata
FIM |0032 |0005 |0059 |0094 |0028 |0175 |0.032 |0.012 |0.085
NEM |0.067 |0025 |0.138 |0.0574 | 0018 |0.174 |0.044 |0.009 |0.136
a/Al2 |SIM |0478 |0.164 |0761 |0517 |0.069 |0908 |0.166 |0.038 | 1.455
(mY) [SwWM 0385 |0128 |0842 |0586 |0.182 | 1458 |1.074 |0.062 |6.627
FIM |0294 |0204 |0414 |0390 |0.177 |0.895 |0.166 |0.104 | 0.249
NEM | 0353 |0.175 |0.696 |0452 |0084 |1.527 |0.153 |0.049 |0.333
Sxo0e00 | SIM_ | 0.0176 | 0.0162 | 0.0194 | 0.0180 | 0.017 | 0.0213 | 0.0209 | 0.0169 | 0.0295
(nm™*) [SWM [0.0154 | 0.0107 | 0.0203 | 0.0145 | 0.0112 | 0.0174 | 0.0121 | 0.0044 | 0.020
FIM | 0.0169 |0.0148 | 0.0185 | 0.0161 | 0.0131 | 0.0187 | 0.0195 | 0.0168 | 0.022
NEM | 0.0171 |0.0156 | 0.0198 |0.0174 | 0.0135 | 0.0229 | 0.0203 | 0.017 | 0.027
Sys005 | SIM | 0.0205 | 0.0184 | 0.0235 | 0.0209 | 0.019 | 0.027 | 0.0277 | 0.0225 | 0.0367
(nm™)  [SWM [0.0158 | 0.0096 | 0.0245 | 0.0142 | 0.0098 | 0.0201 | 0.0242 | 0.0053 | 0.0360
FIM | 0.0188 | 0.0143 | 0.0223 | 0.0178 | 0.0141 | 0.024 | 0.0244 | 0.0202 | 0.0286
NEM | 0.0194 | 0.0161 | 0.0235 | 0.0109 | 0.0152 | 0.0272 | 0.0267 | 0.021 | 0.0352
Sk SIM | 121 |101 |160 |116 |08l |171 |1.72 |03l |287
SWM | 1.05 |057 |1.94 |091 |066 |1.27 |205 |098 |453
FIM | 112 |086 |141 |125 |085 |206 |1.81 |122 |3.07
NEM | 120 092 |1.63 |123 |094 |194 |1.75 |1.13 |255
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3.5.2 Optical properties of CDOM in the coastal and estuarine waters of Goa

3.5.2.1 Variability of az412, spectral slope and slope ratio in the Mandovi and Zuari

estuaries and the adjoining coastal waters

The ranges of the physicochemical and optical data measured in the two estuaries and
coastal waters between 2014 and 2018 are presented in Table 3.1. Seasonal variability in
CDOM absorption was observed in this study. As expected, ag412 was much higher (0.439
m™) for estuarine waters than that in coastal waters (0.177 m™) during all seasons (Fig.
3.2). Spectral profiles of CDOM variations in the coastal and estuarine waters on a
seasonal basis are given in Appendix 1.2. The magnitudes of the seasonal mean ag412
exhibited marked differences in the estuarine (one-way ANOVA: F = 5.777, p < 0.001)
and coastal waters (F = 5.40343, p < 0.001) during the four seasons. CDOM absorption
(m™) was highest in the Mandovi and Zuari estuaries during the SIM (0.478 and 0.517)
and SWM (0.385 and 0.586) seasons. Spatially, CDOM absorption increased from the
mouth to the upstream of both estuaries during all seasons, suggesting a significant DOM

source at the upstream of the estuaries (p < 0.05).
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Figure 3.2: Seasonal variation of optical parameters in the coastal waters (red), Mandovi
Estuary (blue) and the Zuari Estuary (green). a-d) ag412 (m™); e-h) Szso.600 ("M™); i-1) Sy7s.
»05 (NM™) and m-p) Sk.

During the 2020-21 NEM sampling, the highest CDOM absorption was detected in the
Cumbarjua canal (0.803 m™), followed by the Zuari Estuary (0.639 m™) and the least was
observed in the Mandovi Estuary (0.323 m™). The CDOM absorption was 2 times lower in
the Mandovi as compared to the Zuari Estuary (Fig. 3.3). Lower CDOM absorption was

observed at the upstream of both the estuaries, while it increased towards the mid-stream
region.

31



Chapter 3

Mandovi Estuary

0.019
(a) (b)
o 0.018
12 0.017 /.
1 0016. e O/.
0.5 1 T
- . \/
‘e 3 L] -9
£ —60.015- ._.._.
T 04 g e
0.014
< N[ ®ee o o|2 e
NN A, 4l \
e o o 0.013 /
0.3 ¢ @ /\ Y Y
No” N\ & e @ ] o o /.\.,o
L 0.012 N @ o
0.2 | -
S X [ [
0.024
] 1.5 (d)
(c) 1'e
0.022 4 ° 14
| / 1 ®
0.020 o 1.3 4 °.
® ®
- ®-9 ./ e \./
A 1.2
E 0.018 - \/ |
7] ] ® ".\. ® 1.1
& “e-g @]
Eu.rma. \'\ 0] -0
n 1 .\ /. 1 R \./.\
0.014 - e \ /0\.,0\._' 0.9 4 A o ey
] -0 \ 1 ® o @
L e®|  0s / -@
0.012 4 ] ®
T TV I rrrrrrrr-iu T LI T 1T T I T T 0.7 Trrrrrrrrrrrrrrrrrrrrrrrrrrrrr~rrrrrerrr+ft T
bl ool ] (el - - OrrNMOFTHWON~NONO = - oM = [} [Tl - - -] OrrNMOMTOVO~NODNO ™
§§§E§E§EEEE 55555555558 % §§§E§E§EEEE 55555555558 %
Stations Stations
Mouth Upstream Mouth Upstream

Figure 3.3a: Spatial variation of optical parameters of CDOM during the NEM (November
2020) in the Mandovi Estuary.
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Figure 3.3c: Spatial variation of optical parameters of CDOM during the NEM (February,
2021) in the Cumbarjua canal.

In the coastal waters, the highest CDOM absorption was observed during the SWM
followed by SIM and FIM (Fig. 3.2). The value of ag412 decreased with increasing
salinity, and higher values were observed close to the coast than the offshore waters.
Extensive patches of Trichodesmium blooms were observed in the coastal waters during
the SIM. The CDOM absorption spectra of these samples deviated from the normal
exponential behavior and exhibited distinct peaks in the UV and blue regions, details of

which are provided in chapter 4.

Significant seasonal variations in Szso-s00, S275-205, and the slope ratio Sk were observed in
the coastal (p < 0.05) and estuarine waters (p < 0.001). In the coastal waters, Sso-s00 Was
found to be high during the SIM, and low during the SWM season (Fig. 3.2; Table 3.1).
S275-205 Was highest in the coastal waters during the SIM season, followed by NEM, and

was lowest during the SWM and FIM seasons (Fig. 3.2). High values of Sg were observed
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in the coastal waters and it increased towards the offshore. Large variability in spectral
slopes was observed during SIM and NEM in the coastal waters (Fig. 3.2). Values of az412
were higher during March compared to April and May, whereas S values were lower
during March compared to the other two months. A similar pattern of variation was
observed during the NEM with lower values of a;412 and higher S during November as

compared to other months of NEM.

In both the estuaries, the lowest values of Sjso-s00 and Sz7s.295 Were observed during the
SWM with the increase in runoff from the catchments of the estuaries, while higher values
were observed during the SIM period (Fig. 3.2). Seasonal variations in Sj7s.295 Were
marginal in the Mandovi Estuary, while large variations were observed in the Zuari
Estuary (Table 3.1). Sg was highest during the SIM season and lowest during the SWM in
both estuaries (Fig. 3.2). Sy75.295 and Sg (indicators of molecular weight) increased towards
the mouth of both estuaries from the upstream. Low-molecular-weight DOM was abundant
near the mouths of the estuaries, while high-molecular-weight DOM was dominant in the
upstream region, indicating the transformation and dilution of riverine DOM during its
passage to the adjoining coastal waters (Figs 3.4 and 3.5). CDOM (ag412) and Sy75-295
showed a very good inverse relationship during SIM, NEM and FIM (Fig. 3.6), while the

presence of multiple sources was evident during the SWM (Fig. 3.6).
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Mandovi and the continuous line for Zuari Estuary.
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The spectral slope Sz75.295 and Sg in the Mandovi Estuary during November, 2020 (NEM)
was the lowest at the upstream (Sz75.295 = 0.0135 nm?: Sg = 0.92) and increased towards
the mouth (Sz75-205 = 0.0198 nm?; Sg = 1.33). Zuari Estuary also showed similar trend in
February 2021 with slope values increased from the upstream (Sz7s.205 = 0.0168 nm™; Sg =
1) towards the mouth (Sa7s.205 = 0.0195 nm™; Sg = 1.16). The Cumbarjua canal showed
spectral slope characteristic of the mid-stream region of the estuary (Sa7s.26s = 0.0191 nm™;
Sg = 1.16) (Fig. 3.3).
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3.5.2.2 Variation of ag412, spectral slopes, S;75.295, and Sg with salinity

The mixing curves of az412 for Mandovi and Zuari estuaries along with the adjoining
coastal waters indicated a distinct non-conservative behavior of CDOM (except during
FIM) (Fig. 3.7). A mixing diagram was constructed by joining the high and low-salinity
end members, and the values above and below the theoretical dilution line are attributed to
sources and sinks, respectively (Stedmon et al. 2003). In this study in general, the ag412
values were below the mixing line at very low (< 2) salinities during the SWM, and at high
(> 33) salinities during SIM and NEM in both the estuaries and coastal waters (Fig. 3.7).
However, additions were observed at salinities between 3 and 32, as indicated by the
values above the mixing line. During the FIM, conservative mixing of CDOM was
observed in the Zuari Estuary while a quasi-conservative mixing was observed in the
Mandovi Estuary (Fig. 3.7).

The spectral slopes and slope ratio (Szso-600, S275-205, and Sg) exhibited a characteristic
pattern with salinity, with an almost constant value (S27s.205 = 0.019 nm™, Sg = 1.14) within
a salinity range of 3 — 32, while a decrease in S and Sg (Sz75.20s = 0.0098 — 0.016 nm™ and
Sr = 0.5 — 1) was observed at the upstream of the estuaries (salinity range; 0 — 3) during
the SWM. However, at high salinities (>32), S and Sg exhibited a large variability (S275-205
=0.0142 — 0.036 nm™ and Sg = 1 — 4.5) (Figs 3.4 and 3.5). This suggests that there were
variations in the quality of CDOM in both the estuaries and the coastal waters (p < 0.001).
In general Sy75.095 and Sg increased with salinity due to the mixing of terrestrial and marine
DOM.
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Figure 3.7: The conservative mixing diagram showing the variations of az412 (m™) with
salinity in the Mandovi and Zuari estuaries, and the adjoining coastal waters. The Magenta
continuous line represents the theoretical dilution line (joins the lowest and highest salinity
end members) for Zuari and the dotted line for the Mandovi Estuary. The black continuous

line represents the linear fit for Zuari and the dotted line represents the Mandovi Estuary.

3.5.2.3 Variations of the optically active fractions, CDOM, detritus, and phytoplankton

in the coastal and estuarine waters of Goa

The contribution of CDOM to the total absorption (in the blue region) was found to be
dominant during all the seasons (SWM sampling was not done for absorption by
phytoplankton and detritus) in the coastal waters. CDOM contribution was highest during
the SIM followed by FIM and NEM seasons (Fig. 3.8a). Among the phytoplankton and
detrital absorption, they have equal contribution during the NEM, but the latter dominates
during the FIM.
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Figure 3.8a: Contribution of the optically active fractions to the total absorption in the

coastal waters in the blue region.

In the estuaries, the detrital fraction was dominant during the SWM and FIM seasons.
During the SIM, CDOM and detritus contribute equally to the total absorption towards the
upstream of the estuary while towards the mouth the detrital fraction dominates (Fig. 3.8b
and c). On the other hand, CDOM and detritus contribute equally towards the mouth while

at the upstream stations the detrital fraction dominates during the NEM (Figs 3.8b and c).
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Figure 3.8c: Contribution of the optically active fractions to the total absorption in the

Zuari Estuary in the blue region.
3.5.3 Variations of in-situ inherent and apparent optical properties

The optical complexity of the water could be observed from the R(X), with its typical
shape in the coastal and estuarine waters (Fig. 3.9a). The Ry(A) spectra of the coastal
waters had a peak at around 550 nm, whereas a shift to a longer wavelength (580 nm) was
observed for the estuarine waters. Very low values in the blue and the red region of the
Ris(A) spectra indicated the attenuation of light due to absorption in water. During the
SWM the Rs(A) was observed to be the highest in the estuarine waters due to the scattering
effect (Fig. 3.9a).
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The surface solar irradiance, Es at the sampling stations was the highest during the SIM
and lowest during the SWM (Fig. 3.9b). The average value of Es (at noon) over the
spectral range of 350-800 nm during SIM was 511.67 Wm™ whereas the lowest value
(317.72 Wm'®) was observed during the SWM.

The diffuse attenuation coefficient, Kq (m™) was the lowest and the penetration of light,
Zgo (M) was the highest during the SIM and vice versa during the NEM in the coastal
waters. In the estuaries, maximum light penetration occurred during the FIM (1.82 m) and
NEM (1.76 m) while, lowest during the SWM (1.14 m) and SIM (1.25 m) (Figs 3.9c and
3.9d). A shift in the spectral light quality was observed with blue-green (500 nm)
penetrating the deepest in the coastal waters during SIM to greenish-red (570 nm) in the
estuarine waters (Fig. 3.9¢).

The absorption and scattering measured from AC-9 were observed to be the highest in the
estuarine waters and lowest in the coastal waters during all the seasons. In the coastal
waters, the highest absorption was observed during the FIM (Fig. 3.9e). The total
absorption was highest during the SWM followed by SIM in the estuarine waters (Fig.
3.9e). A very good correlation was observed between the measured CDOM absorption
(ag412) and in-situ a412 (r = 0.72). The average particulate backscattering coefficient at
700 nm, by, 700 (m™) in the estuaries during the SWM was 0.344 m™ compared to 0.112,
0.095 and, 0.165 m™ during SIM, FIM, and NEM, respectively. The bpp 700 was observed
to be the highest in both the estuaries during the SWM than the non-monsoon season (Fig.
3.9f).
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Figure 3.9: Seasonal variation of in-situ optical parameters in the coastal and estuarine

waters. Since Mandovi and Zuari estuaries showed similar variations, the mean value is

plotted in figures a — e. The dotted line represents the estuary while the continuous line
represents the coastal waters. a) Spectral (350 — 750 nm) variation of Rrs (sr™); b) Spectral

variation of surface solar irradiance, Es (MWcm?nm™); c) Spectral variation of light

penetration depth, Zgo (m); d) Spectral variation of light attenuation in water, kq (m™); €)

Variation of total absorption in water obtained at 9 wavelengths (412, 440, 488, 510, 555,
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650, 676 and 715 nm) from the profiles of AC9; f) The vertical profile at a mid-stream
station showing the scattering in water indicated by the particulate backscatter at 700 nm
(bpp700) during the SWM and non-monsoon seasons in the Mandovi and Zuari estuaries.
Please note that there is a break in the X-axis for figure f. The figure clearly shows that the
scattering is much higher in the Zuari as compared to the Mandovi Estuary.

3.6. Discussion

High CDOM absorption (ag412) was observed during the SIM and SWM seasons in both
the Mandovi and Zuari estuaries and the coastal waters. However, these two seasons
exhibited contrasting characteristics with basically dry weather, high solar irradiance, and
no discharge in the former, whereas heavy rainfall, high discharge, and low solar

irradiance in the latter.

3.6.1 Variations of CDOM optical properties in the Mandovi and Zuari estuaries during

the non-monsoon (SIM and NEM) seasons

During the SIM, sea surface temperature and salinity were found to be the highest and
tides are the sole driving force for mixing and circulation in the estuaries during the non-
monsoon season (Shetye et al., 2007; Manoj and Unnikrishnan, 2009). In addition, river
discharge in the estuaries is the lowest during this season (Shetye et al., 2007; Manoj and
Unnikrishnan, 2009). Hence, the contribution of CDOM in the estuaries from riverine
inputs would be insignificant in comparison to that during the SWM and FIM seasons,
when river discharges were higher. Phytoplankton is a major source of CDOM in coastal
and estuarine waters; however, their contributions to the total CDOM may vary on a
regional basis. During the SIM, high CDOM absorption in these estuaries could be
attributed to in-situ production and the degradation of phytoplankton (Zhang et al., 2009;
Loginova et al., 2016), as indicated by the good correlation between CDOM absorption
and chlorophyll-a (Mandovi Estuary r = 0.95; Zuari Estuary r = 0.93; Fig. 3.10). This was
also substantiated by a good correlation between absorption by phytoplankton (a,n676) and
ag412 (r = 0.84). The longer residence time of water (~50 days) during non-monsoon
season (Shetye et al., 2007) would have favored the accumulation of phytoplankton. The
inverse relationship observed between CDOM absorption and Sj7s.295 in the coastal and

estuarine waters also supports the autochthonous production (Fig. 3.6) and accumulation of
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marine organics in the estuaries. Mangroves are another potential source of CDOM in

these estuaries, and they cover a relatively smaller area in the Zuari Estuary (735 ha) than

in the Mandovi Estuary (1107 ha) (Shynu et al., 2015). The leachate from mangrove leaves

and stems is a significant source of CDOM (Shank et al., 2010). Anthropogenic activities

peak during the SIM, which significantly contributes to the CDOM. The petroleum

hydrocarbons from river transport systems, such as barges, ferryboats, and trawlers, could

also form another source of CDOM (Coble, 2007; Chiranjeevulu et al., 2014). Sand mining

activities in the Mandovi Estuary during non-monsoon season disturb the benthic layers,

resulting in the release of organic matter, leading to CDOM production. Domestic and

treated municipality sewage is discharged into these estuaries, which could also serve as a
source of CDOM (Baker, 2001; Coble, 2007; Guo et al., 2010).
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Figure 3.10: Correlation between CDOM absorption (ag412) and chlorophyll-a during the
SIM, SWM, FIM and NEM in the Mandovi (blue) and Zuari (red) estuaries.
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The slopes (Szs0-600 and Sz75.205) and slope ratio (Sg) were highest during the SIM in both
estuaries (Fig. 3.2), indicating that CDOM was modified by photochemical transformation
(DelVecchio and Blough, 2002; Helms et al., 2008; Yamashita et al., 2013). The residence
or flushing times of the Mandovi and Zuari estuaries were found to be approximately 50
days during the non-monsoon season (Shetye et al., 2007). A longer residence time of
water will cause favorable condition for prolonged microbial and photochemical
degradation of organic matter and the generation of CDOM (Mari et al., 2007; Peierls et
al., 2012). Overall, during the SIM season, CDOM s largely driven by in-situ production
and anthropogenic processes in both the estuaries of Goa.

During the NEM, the temperature decreases while the salinity gradually increases.
Circulation is largely influenced by tides, which is manifested in the distribution patterns
of CDOM (Johnson et al., 2001; Kowalczuk et al., 2003). During the NEM, CDOM was
probably contributed by autochthonous production in both the estuaries, as indicated by the
good correlation between CDOM and chlorophyll-a (Mandovi Estuary r = 0.96, Zuari
Estuary r = 0.93; Fig. 3.10), and apn676 (r = 0.81). This was also observed from the inverse
relationship of CDOM with S (Fig. 3.6). Contribution from other sources was also evident
during this season as seen from the additions observed during the mixing behavior (Fig.
3.7d) and also from the lower slopes (0.017 nm™) of CDOM absorption (ag412; between
0.2 and 0.4 m™) in the Mandovi Estuary (Fig. 3.6). The sources of CDOM during the SIM
and NEM were presumed to be similar. However, the autochthonous CDOM in both
estuaries seem to undergo rapid photochemical and microbial degradation, as indicated by

the high Szs0-600, S275-295, and Sg values.

Our observations in the Mandovi and Zuari estuaries and, the Cumbarjua canal during the
NEM of 2020-21 showed maximum CDOM absorption in the Cumbarjua canal especially
at the stations CC6 and CC7 with distinguishably lower spectral slopes (Fig. 3.3c). This
indicates an additional source of organic matter at these locations. There are Khazan lands
(which are low-lying areas that are fringed with mangroves and are designed as topo-
hydro-engineered agro-aqua cultural ecosystems) in the proximity of these stations and
also a water treatment plant of the Agrochemical Industry is situated close to CC7. The
seeping of water from the treatment plant or inputs from the Khazan lands must be

contributing to the observed high CDOM in this region. Moreover, the slope ratio was
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higher at the CC7 station, which indicates low molecular weight organic matter, probably
coming from the Agrochemical Industry (Fig. 3.3c). Apart from this, the Mandovi Estuary
exhibited lower absorption than the Zuari Estuary (Figs 3.3a and 3.3b), although the values
were within the range observed during the previous years of NEM. The reason behind this
could be sampling time as the observations in Mandovi were carried out during November,
whereas Zuari was sampled in February. A gradual decrease in CDOM absorption was
observed from the upstream of the Mandovi Estuary (Ganjem) up to the station M12
followed by a gradual increase in absorption in the mid-stream region. Several point
sources such as floating platforms and fish processing units seem to be present at the banks
of the estuary leading to an increase in CDOM absorption at certain stations. The station
M6 in the mid-stream region is situated at the confluence of the Mandovi Estuary and
Cumbarjua canal also showed high absorption of CDOM. A gradual increase in spectral
slope and slope ratio is observed from the head of the estuary to the mouth region, which
shows the transformation of organic matter during its passage through the estuary (Fig.
3.3a). The spectral slopes and slope ratio (<0.8) are very low towards the upstream which

points to the terrestrial nature of DOM at the upstream (Fig. 3.3a).

CDOM absorption was high in the Zuari Estuary for the upstream stations (from Z16) to
Z10 in the mid-stream region while lower values were recorded at the upstream stations
Z18 and Z20 (Fig. 3.3b). The sharp increase in CDOM absorption at the upstream region is
observed at the proximity of the mouth of Kushavati River, a major tributary to the Zuari
Estuary. Further, the recent reports by the River Rejuvenation Committee, (2019) showed
that the stretch of the Zuari Estuary between Curchorem and Marcaim Jetty is polluted
with high values of Fecal Coliform and attributed these to the discharge of domestic
sewage directly into the river or the storm river drains to the estuary. Stations Z16 to Z1
fall within this stretch of polluted river where high values of CDOM were reported in the

recent observation.

3.6.2. Variations of CDOM optical properties in the Mandovi and Zuari estuaries during

the monsoon season

CDOM was also higher during the SWM in both the estuaries. Mandovi and Zuari are
monsoonal estuaries, as their biogeochemistry is mostly controlled by the freshwater influx

received during the SWM (Vijith et al., 2009; Vijith and Shetye, 2012). During the SWM,
49



Chapter 3

strong south-westerly winds bring about heavy rainfall and subsequent river discharge in
these estuaries from June to September. The runoff in the Mandovi Estuary (258 m*s™) is
much higher than that of the Zuari Estuary (147 m®s™) (Rao et al., 2015). The discharge
rates in the Mandovi and Zuari estuaries during the SWM were 175 and 125 m®s*
respectively. The large influx of freshwater from the rivers joining these estuaries
decreases the temperature and salinity of estuarine water (Shetye et al., 2007). The rainfall
over the Goa region during the SWM is substantial at approximately ~2200 mm. There is
also considerable daily variability in the rainfall patterns, and runoff would be particularly
high during the active phase of the SWM. Hence, the high CDOM during the SWM would
largely be controlled by rainfall (freshwater dilution) and subsequent river runoff from the
watersheds of the two estuaries (Table 3.1). A high CDOM during the high inflow of water
into the estuaries has also been reported in previous studies (Medeiros et al., 2015 and
Aull6-Maestro et al., 2017). Szs0-600, S275-205, and Sg were lowest during the SWM season
(Fig. 3.2), indicating that the high terrestrial inputs and soil organic matter from the
watershed are sources of CDOM (Green and Blough, 1994; DelVecchio and
Subramaniam, 2004).

The watersheds of these estuaries contain mines, agricultural land, and Khazan lands.
However, the contribution from mangrove leaf litter would be the lowest during this
season because of a period of new growth due to the increased supply of nutrients by
freshwater inflow (Wafar et al., 1997). Agricultural inputs would be high due to the
cultivation of crops and the use of fertilizers (Nikolaou et al., 2008; Fellman et al., 2010;
Heinz et al., 2015).

The detrital fraction was high during monsoon and contributed to CDOM production, as
indicated by the good correlation between a4440 and ag412 (r = 0.86). However, the in-situ
contribution of phytoplankton appear to be insignificant, as indicated by the poor
correlation of CDOM with chlorophyll-a (Mandovi Estuary r = 0.25; Zuari Estuary r = -
0.29; Fig. 3.10). Despite the increased nutrients in the estuary from land runoff, increased
discharge rates and faster flushing time do not allow the accumulation of phytoplankton
during the SWM (Rennella and Quiros, 2006; Peierls et al., 2012). The presence of
multiple sources of CDOM in the estuaries was also evident from the wide variation of

S275-205 With CDOM absorption (Fig. 3.6b). Absorption was slightly higher in the Zuari
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Estuary than that in the Mandovi Estuary during the SWM (Fig. 3.2). This could be due to
the higher runoff, faster flushing, and greater dilution by the larger number of tributaries in
the Mandovi Estuary when compared to that of the Zuari. The drainage basin of Zuari
Estuary is largely located in coastal plains whereas the catchment of Mandovi Estuary is in
elevated and mountainous regions with narrow coastal plain downstream. As the Zuari
Estuary flows through the coastal plains, CDOM is dominated by highly aromatic soil
organic matter. This was indicated by the lower values of S;75.295 and Sg in the Zuari than
those in the Mandovi Estuary, indicating the predominance of DOM with higher molecular
weight in the former. Shynu et al. (2015) reported lower particulate organic carbon to
particulate nitrogen ratios (8.7 — 10.1) in the Zuari Estuary than those in the Mandovi
Estuary (12.2 — 14.6) due to the predominance of soil organic matter during the SWM. In
addition, the detrital fraction was also higher in Zuari Estuary than in Mandovi during the
SWM.

During the SWM, the cloudy sky during most of the day and the high turbidity of the water
column would lower the UV-photic zone (Kowalczuk et al., 2003). The Sy75.295 Was low
during this season indicating a low level of photochemical transformation. The high inputs
of DOM, lower residence time, and lower solar irradiance would have hindered
photobleaching. Hence, photobleaching is not a major CDOM-removal process during this
season. Microbial degradation would be one of the sinks of CDOM as observed by high
ag412 and lower spectral slope, Szs0-600, and Sy75-295. Contrary to the widely accepted notion
that terrestrial CDOM is largely resistant to microbial degradation, recent studies have
proved the microbial degradation of terrestrial CDOM and potential CO, outgassing
(Fasching et al., 2014). The ag412 and Sy75.205 Values deviated from the conservative
mixing line in the upstream regions with low salinity (Figs. 3.6 and 3.7). The flocculation
or sorption of CDOM would have occurred due to the high particle load (Shynu et al.,
2012) indicated by the particulate backscatter b,,700 and lower salinities during the SWM.
Hence, the hydrodynamic conditions in the estuaries determine the sources of DOM during
the SWM.

The FIM season is characterized by a steady increase in temperature, a decrease in the
level of freshwater, and a corresponding increase in salinity. The upstream regions are still

influenced by freshwater, and some rainfall was observed during this period. The
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absorption of CDOM during this period was lowest in the Mandovi Estuary, while higher
CDOM was observed in the Zuari Estuary (Fig. 3.2). A plausible reason for the low
CDOM in the former could be due to the low primary production as indicated by low
chlorophyll-a, and poor correlation with CDOM (r = 0.35). The high absorption by CDOM
in the Zuari Estuary is likely due to autochthonous sources indicated by the good
correlation between CDOM and chlorophyll-a (r = 0.85) and higher abundance of
zooplankton. Studies conducted by other researchers in the Zuari Estuary observed a peak
in zooplankton biomass during this season (Gauns et al., 2015; Bardhan et al., 2015).
Based on an experimental study, Steinberg et al. (2004) concluded that the fecal pellets
and excretion of metabolites by zooplankton or the exudation of mucus and other
extracellular secretions result in CDOM production. High solar irradiance, clear skies, and
longer residence times during the FIM season might favor photobleaching or the
degradation of CDOM, resulting in higher losses. The rapid degradation of photo-labile
and terrestrially derived allochthonous carbon could be another reason for the low CDOM;
this was also corroborated by the higher values of Sjso.600 and Sp7s.295 in the Mandovi
Estuary than those in the Zuari Estuary (Fig. 3.2). S,7s.205 increased towards the mouth of
the Mandovi Estuary, suggesting a transformation of DOM and the influences of marine
organic matter (Fig. 3.4). The bacterial population was also found to be higher in the
Mandovi Estuary than in the Zuari Estuary (Rodrigues et al., 2011). The respiration and
remineralization of organic matter would have resulted in decreased CDOM. All these
factors indicate the rapid degradation of allochthonous carbon at a faster pace in the
Mandovi Estuary than in the Zuari Estuary. Towards the upstream of the Mandovi Estuary,
the slope values were still lower, indicating that the CDOM was of terrestrial origin. The
Zuari Estuary exhibited low and constant Sysog00 Values with salinity, indicating the
influence of fresh CDOM, which is also indicated by the lower Sy75.295 and Sg values that
reflect the predominance of high-molecular-weight DOM (Figs 3.4 and 3.5).

Overall, CDOM exhibited significant seasonal variations in the Mandovi Estuary, with a
four-fold decrease in the FIM and NEM seasons from its level in the SIM and SWM
seasons, but such inter-seasonal variations were not observed in the Zuari Estuary.
Biogeochemical processes control the variability of CDOM in the estuaries during the non-
monsoon season, whereas physical processes are responsible for the observed variations in

CDOM during the monsoon season.
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3.6.3 Contribution of CDOM from rainfall over the Goa region

Rainwater would be another source of CDOM during the SWM, though its contributions
could be marginal in the estuaries. Globally, rainwater deposits 90 and 340 Tg of DOC per
year to the sea and land respectively (Willey et al., 2000), which is an important source of
organic carbon to the marine and terrestrial environments. Considering this, an attempt
was made to study the CDOM in rainwater for this region during the SWM. Rain affects
the CDOM of these waters either directly or indirectly. The mean value of rainwater
CDOM (0.113 m™) was 5 times lower than the CDOM absorption in the estuaries (0.570
m™) during the SWM. The spectral variations of CDOM in rainwater (measured for the
first time over this region) are given in Appendix 1.2h. CDOM absorption in the rainwater
exhibited an increase after a break, which could be attributed to the buildup of aerosols in
the atmosphere during this period. The S,75.295 Value of rainwater increased drastically
towards the end of the SWM season. The levels of aerosols (atmospheric fallout of fly
ashes with polyaromatic hydrocarbons from ore processing, industrial activities, and motor
vehicle exhausts) were found to be high over the Goa region during the SIM season
(Suresh et al., 1996; Satheesh and Srinivasan, 2002), and rainfall likely transports these
aerosols into the estuaries during the SWM. Detailed fluorescence analysis clearly showed
the presence of humic- and protein-like substances in the rainwater samples (Keiber et al.,
2006; Fu et al., 2015; Chen et al., 2016; Bao et al., 2018). In addition, Fu et al. (2015)
reported that biomass-burning, fossil fuel combustion, and primary biological aerosols
were the main sources of fluorescent organics in the Arctic region. Goa has a large area
covering agricultural activities and the biomass is generally burnt to prepare the fields for
cultivation before the rains. It has also been shown that the mineral dust from the Middle-
East finds its way to the Goa region during storms (Ramaswamy et al., 2017). We

speculate that all these factors plausibly contribute to the CDOM in rainwater.

Apart from the small contributions of CDOM directly from the rainwater to the estuaries,
monsoons indirectly enhance the CDOM of these waters. A significant positive correlation
(r = 0.813) was observed between daily average rainfall over the Goa region and CDOM
absorption in the study region (Mandovi and Zuari estuaries) (Appendix 1.3). The
increased rainfall will result in a greater runoff from the catchments into the estuaries and

coastal waters that flush terrestrial CDOM, resulting in an increase in CDOM absorption.
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However, this will significantly influence the availability of light in the water column. The

effect of dilution of CDOM by the increase in rainfall was not significant in this study.

3.6.4. Variations of CDOM optical properties in the coastal waters during the monsoon
seasons
Maximum CDOM absorption was observed during the SWM season in the coastal waters,
owing to the high land driven runoff received during the monsoon (Fig. 3.2). This has also
been supported by the low spectral slope values, high CDOM absorption, low Sg and
salinity values in the coastal waters which further circumstantiate the terrestrial nature of
DOM (Fig. 3.2). The stability of the water column was observed to be the maximum
during the SWM and FIM at the coastal station G5 (Appendix 1.4a). The high stability
favours the accumulation of DOM from the terrestrial origin with low spectral slopes in
the stratified layer (Appendix 1.4b). A detailed discussion of CDOM during the SWM s

provided in chapter 5.

During the FIM season, the temperature in the coastal waters was remarkably high. The
influence of freshwater on the coastal waters was still evident during the FIM season
owing to the low salinity (Table 3.1). In addition to the Mandovi and Zuari estuaries, other
small rivers flow into the Arabian Sea. The high CDOM absorption during the FIM season
was due to the export of terrigenous organic matter from the catchment areas of the rivers
and estuaries to the adjoining coastal waters during SWM. The terrestrial origin of CDOM
was indicated by its optical properties, with low S;75.295 and Sg values (Fig. 3.2), indicating
the predominance of high-molecular-weight DOM. Detritus absorption (a4440) and ag412
exhibited a good correlation (r = 0.64), which further supported the contribution of
terrigenous DOM to CDOM production during this season. However, the in-situ
production of CDOM by phytoplankton was insignificant, as indicated by the poor
correlation between CDOM and chlorophyll-a (r = 0.37; Fig. 3.11). The removal of
CDOM by photodegradation was also insignificant, as indicated by the low values of Sy7s.
295 and Sgr (Fig. 3.2), despite the availability of sunlight. The terrestrial pool of CDOM
from the estuaries was conservatively diluted during its mixing with the adjoining coastal
waters (Fig. 3.7).
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Figure 3.11: Correlation between CDOM absorption (ag412) and chlorophyll-a during the
SIM, FIM and NEM in the coastal waters. Please note that the chlorophyll-a concentration
during Trichodesmium bloom was very high and hence these points were not considered

here.
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3.6.5. Variations of CDOM optical properties in the coastal waters during the non-
monsoon seasons

High CDOM absorption was also observed during the SIM season. Solar irradiance,
temperature, and salinity were also high during this period. One of the prominent sources
of CDOM in the coastal waters was the large Trichodesmium bloom observed in the study
area; the senescence of the bloom would increase the CDOM pool. The CDOM during the
Trichodesmium bloom is discussed in chapter 4. Autochthonous production could be the
primary source of CDOM, as indicated by the good correlation between CDOM and
chlorophyll-a (r = 0.89; Fig. 3.11), and a,n676 (r = 0.82). However, the chlorophyll-a
concentration during the bloom was very high and hence these points were not considered
in Fig. 3.11. The ag412 and Syrs95 relationship (Fig. 3.6) also points out to the
autochthonous source. The high Sjy75.295 and Sg values corresponding to low CDOM
absorption support in-situ production (Fig. 3.6). The observed large variability in the
spectral slopes (Szs0-600 and S275-295) could be explained by the intra seasonal variations in
ag412 and salinity. High ag412 and low slope during March could be due to the
autochthonous production followed by photo-degradation and bacterial utilization of
CDOM (Nelson et al., 2004; Fichot and Benner, 2012; Yamashita et al., 2013). The
increase in Sy7s.205 Was observed during the latter months of April - May (except bloom)
indicating efficient photobleaching. Sg values were highest in the coastal waters during
SIM, demonstrating the predominance of low-molecular-weight CDOM (Fig. 3.2). CDOM
removal by photobleaching and microbial degradation exceeded the high level of
autochthonous production in the coastal waters during the SIM period. Despite high
photobleaching during SIM, absorption of light in the coastal waters was dominated
mostly by CDOM (50%) followed by detritus (29%) and least by phytoplankton in the
blue region.

CDOM absorption was the lowest during the NEM, when there was no external input of
freshwater to the coastal region, and it decreased offshore. The contribution of CDOM
from the estuaries was low during this season. In general, during the NEM, in-situ
production of CDOM by the degradation of phytoplankton was a major source of CDOM,
as indicated by the good correlation between CDOM and chlorophyll-a (r = 0.85; Fig.
3.11) and aph676 (r = 0.69). This was also observed from the agd412 and S;7s.295 relationship
(Fig. 3.6). The transformation of DOM by photochemical degradation was indicated by the
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high values of Sj75.295 and Sg with salinity (Figs 3.4 and 3.5). Large variability in S
observed during the NEM was due to low ag412 and high S values observed during
November which could be attributed to the photochemical degradation of terrestrial DOM
(Vodacek et al., 1997; Moran et al., 2000) received during the SWM.

3.6.6. Characterization of waters based on the optical properties of CDOM

Principal component analysis has been used to characterize the estuarine and coastal
waters based on the optical properties of DOM (ag412, S;75.295, S250-600, S350-400, @Nd Sg). A
two component model explained 69% of the variability in the data, of which component 1
explained 42% variability. Sy75205 (0.9), Sg (0.86) were positively related while ag412 (-
0.64) was negatively related to component 1. Component 2 was explained equally (0.79)
by the spectral slope Szs0-600 and Szs0-400 and accounted for 27% of the variability in the
data (Fig. 3.12). Since Sg and Sy75.295 are indicators of molecular weight of DOM and
photobleaching, component 1 describes the variability of DOM in terms of its molecular
weight, while component 2 can be attributed to the source of DOM. It was observed that
the coastal waters had positive PC1 and PC2 scores, while the estuarine waters had
negative PC1 and PC2 scores. Further, the samples during the SIM and NEM were
clustered together indicating a common source, which can be attributed to autochthonous
based on the explanation given in section 2.2 (Fig. 3.12). While the samples during
monsoon (SWM and FIM) clustered together in the coastal and estuarine waters indicating
the terrestrial nature of DOM during this season (Fig. 3.12). Thus, PCA successfully
helped in differentiating the coastal and estuarine waters of Goa based on the DOM indices

and has the potential of identifying and characterizing the sources of DOM.
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Figure 3.12 (a): The component plot of the CDOM variables used in the PCA analysis and,
(b) the individual sample scores. The coastal waters are represented with circles, while the

estuarine waters are depicted with stars.
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3.6.7. Influence of the optically active substances on the modulation of underwater

light in the coastal and estuarine waters of Goa

In the estuaries maximum underwater light penetration occurred towards a relatively
longer wavelength of 570 nm as compared to the coastal waters (Fig. 3.9¢). The absorption
by detritus (50%) and CDOM (40%) was high in these estuaries during the non-monsoon
seasons, while detritus (70%) dominated the absorption during SWM (Fig. 3.8b and c).
Hence the contribution of colored detrital matter (CDM = CDOM+ detritus) will shift the
penetration of light towards a longer wavelength. Also, the dominance in the detritus was
observed in the estuary from upstream to mouth during the NEM and SIM. This
dominance by detritus could be attributed to the estuarine turbidity maxima (ETM)
observed at the mouth of the estuary during SIM and in the upstream during NEM
(Kessarkar et al., 2009). The absorption by CDOM and detritus contributes significantly to
the total light absorption in the coastal and estuarine waters of Goa. CDM also influences
the shape of Ris(A) spectra. Since Ri(A) is a function of the ratio of by(A) and a(A), the
dominance of by(A) or a(L) controls the shape of the Ris(A). Contribution from a(L) was
much higher than bp(A) in the estuaries during non-monsoon seasons, however, by(1)
dominates during SWM. Hence the R;s peak was also observed around the wavelength of
maximum light penetration (580 nm; Fig. 3.9a and c). The highest Rys(A) during the SWM

in the estuaries was due to the dominance of by(A) over a(A) (Fig. 3.9a).

Underwater light penetration showed a shift towards 540 nm in the coastal waters due to
the combined effect of CDOM (~43 %), and detritus (~32 %) during the FIM and NEM.
The effect of by(A) is low as compared to a(A) in the coastal waters, and hence the peak in
Rrs(A) was observed at around 550 nm (Fig. 3.9a).

The observed results and statistical analyses support our hypothesis that the magnitude of
CDOM absorption varies both spatially and temporally in the two estuaries and coastal

waters of Goa.
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3.6.8. CDOM mixing behavior

The mixing patterns of the Mandovi and Zuari estuaries varied seasonally, with a
prominent non-conservative mixing behavior. A land-to-sea decreasing trend of CDOM
was observed during all the seasons indicating a definite terrestrial influence. An apparent
loss of CDOM was observed during the period of high freshwater inflow (majorly
terrestrially derived) in the Zuari Estuary at very low salinity (Fig. 3.7b). The terrigenous
and highly aromatic nature of DOM in this low salinity region was also supported by its
typical optical properties with very low Sy75.295 and Sg values (Figs. 3.4b and 3.5b). The
scattering of particles given by the backscatter by, 700(m™) was higher during the SWM,
indicating higher amounts of suspended sediments than those during the non-monsoon
seasons. Hence, the loss of CDOM could be attributed to the adsorptive removal by
suspended sediments and flocculation when the aromatic content and molecular weight of
CDOM (Sgr) was high (Fig. 3.5b) (Uher et al., 2001; Asmala et al., 2014). Wachenfeldt and
Tranvik (2008) reported that allochthonous DOM (with the humic matter as a major
constituent) is a precursor for flocculation in the water column of a Swedish boreal lake.
The photobleaching of DOM might be insignificant during the SWM, as solar radiation
was lowest due to the high cloud cover and high turbidity of the water column. In contrast,
the Mandovi Estuary exhibited apparent additions of CDOM, even during the high-inflow
period of the SWM (Fig. 3.7b). A higher number of tributaries join the Mandovi Estuary,
and more CDOM could be exported from these tributaries and their watersheds. Different
pools of CDOM were also evident from the ag412 and Sj75.295 relationship (Fig. 3.6b). In
the Mandovi Estuary, removal due to flocculation seems to be insignificant in comparison
to the additions of CDOM. During the FIM season, conservative behavior of CDOM was
observed in the Zuari Estuary with a very good correlation with salinity (r = -0.90), while
the Mandovi Estuary exhibited quasi-conservative mixing behavior with additions in the
mid-stream region (Fig. 3.7c). This indicates that the terrigenous source of CDOM in the

upstream is significantly diluted during its passage through the estuary during the FIM.

Apparent additions of CDOM were observed in both estuaries during the SIM and NEM
seasons (Figs 3.7a and 3.7d), when freshwater inflow was insignificant. Similar results
were found in previous studies of other estuarine and coastal waters (Doering et al., 1994;
Rochelle-Newall and Fisher, 2002; Chen et al., 2015). This indicates that there are sources
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of CDOM other than the inputs received upstream of the estuary. CDOM input from the
watersheds was almost negligible during these seasons. In-situ production could be a
source of CDOM, as indicated by the good correlation of CDOM and chlorophyll-a (r >
0.9) during the SIM and NEM seasons. The inverse relationship between ag412 and Sj7s.295
observed in this study shows the influence of marine sources in the estuary (Figs 3.6a and
3.6d). The maximum deviation from the theoretical mixing line occurs in the mid-salinity
areas, close to the urbanized regions. This region also contains large patches of mangroves
and is prone to anthropogenic activities, such as pleasure cruises, shipbuilding, treated
sewage discharge, and so on. The deviation from the mixing line is greater in the Mandovi
Estuary than that in the Zuari. Furthermore, more anthropogenic activities occur in the
Mandovi Estuary. Hence, our study clearly indicates the presence of a continuous source
of CDOM in the mid-stream region of Mandovi Estuary, which was also evident from the
values deviating from the aj412 and Sy7s.095 relationship. This was more pronounced
during the NEM in the Mandovi Estuary (Fig. 3.6d). In the coastal waters, most of the
ag412 values fell below the mixing line (Fig. 3.7), indicating the removal of CDOM, which
can be attributed to photobleaching. This was also observed from the Sy75.295 and Sg values
which increased drastically in the coastal waters indicating the transformation of DOM by
the process of photobleaching (Figs 3.4 and 3.5). The results obtained support our

hypothesis of non-conservative mixing behavior in the estuarine waters.

3.7. Conclusion

In this study, the spatio-temporal variability of CDOM in the estuaries and adjoining
coastal waters of Goa was explored. High CDOM was observed in the Mandovi and Zuari
estuaries during the SIM and SWM seasons. In-situ production and inputs from mangroves
and anthropogenic activities contributed to the high CDOM during the SIM season.
Meanwhile, a high influx of terrestrial organic matter from the watersheds of the estuaries
resulted in high CDOM during the SWM. The environmental forcing of the SWM plays an
important role in regulating CDOM by controlling the inflow from the watersheds and the
flushing rate in the estuaries. However, tidal circulation significantly controls the spatial
distribution of CDOM during the non-monsoon seasons.

In the coastal waters, high CDOM was observed during the SWM followed by SIM and

FIM seasons. Terrestrial organic matter from the riverine runoff is the major allochthonous
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source during the SWM, while Trichodesmium bloom acts as a major autochthonous
source of CDOM in the coastal waters during the SIM season. Photobleaching was found
to be the dominant sink of CDOM during the non-monsoon season, resulting in deeper
penetration of UV light in the coastal waters.

The photochemical transformation of DOM was also evident in the estuaries during the
SIM season, which was enhanced by the longer residence time of water. However, CDOM
removal by flocculation and adsorption at low salinities was observed in the estuaries
during the SWM. The Szs0-600, S275-205, and Sg in these waters indicated the transformation
of DOM during its passage from the upstream of the estuaries (high molecular weight with
greater aromatic content) to the adjoining coastal waters (low molecular weight and low in
aromatic content). Non-conservative mixing behavior of CDOM was observed in the
waters of Goa during all seasons, with large additions in the mid-stream regions and
removal by flocculation and adsorption at low salinities in the estuaries and by
photobleaching in the coastal waters. SWM plays an important role in the CDOM bio-
optical properties in these waters. Our results clearly showed the influence of rainfall and
allochthonous input (through anthropogenic activities) in controlling the CDOM variability
in the estuaries. The influence of CDOM in modulating the spectral quality of underwater
light was also observed in the coastal and estuarine waters of Goa. The present study is
important to understand the biogeochemical processes in these waters in addition to ocean

color remote sensing applications.
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Optical properties of CDOM during phytoplankton blooms in the coastal

waters of Goa

4.1. Introduction

Phytoplankton blooms are an important driver in maintaining the marine food web by
supplying copious amounts of organic matter, thus playing a key role in the
biogeochemical cycling of elements (Behrenfeld and Boss, 2014; Baetge et al., 2021).
Autochthonous production arising from phytoplankton exudation, cell lysis, passive
leakage, and sloppy feeding by grazers, etc. (Nagata, 2000; VVan den Meersche et al., 2004)
are the major contributors to the DOM pool in coastal waters. The accumulation of DOM
during phytoplankton bloom has been reported in both field and laboratory experiments
(Suksomijit et al., 2009; Zhang et al., 2009; Romera-Castillo et al., 2010).

Bloom-forming phytoplankton have been reported in the coastal waters of Goa (D’silva et
al., 2012) among which Trichodesmium, a marine diazotrophic cyanobacteria prevalent
during sping-inter monsoon (SIM), is repeatedly observed (Devassy et al., 1978; Desa et
al., 2005; Parab et al., 2006, 2012; Basu et al., 2011; Ahmed et al., 2017). Trichodesmium
bloom is known for its sporadic appearance in warm surface waters as yellow-brown
slicks, commonly known as sea sawdust (Qasim, 1972; Capone et al., 1997). These blooms
fix large amounts of atmospheric nitrogen into the photic zone and hence play a substantial
role in the nitrogen cycle (Carpenter and Capone, 1992; Capone et al., 1997; Gandbhi et al.,
2011). Trichodesmium is also known to produce microcystin, a hepatotoxin (Klisch and
Hader, 2008; Sivonen and Borner, 2008). In the SIM season the bloom of green Noctiluca
was found to coincide with the Trichodesmium bloom in the coastal waters off Goa. Green
Noctiluca are not known to produce organic toxins, but are still categorized as
harmful due to their association with massive fish mortalities attributed to toxic

levels of ammonia (Okaichi, 1976).

Extensive work on Trichodesmium had begun as early as the 1970s along the west coast of
India. Devassy et al. (1978) studied Trichodesmium’s occurrence in the coastal waters of
Goa and the Arabian Sea (AS) along with other phytoplankton and nutrients. Apart from
in-situ observations, detection of Trichodesmium blooms using ocean color sensors has
also been undertaken in the AS by Desa et al. (2005). The relationship between

halocarbons and phytoplankton pigments during a Trichodesmium bloom has been studied
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earlier by Roy et al. (2011). Besides, the rates of primary productivity and nitrogen
fixation during Trichodesmium blooms were estimated in the AS (Parab et al., 2012;
Ahmed et al., 2017). However, these studies did not focus on the CDOM characteristics
during the Trichodesmium bloom.

The Trichodesmium bloom builds up large pools of organic carbon and nitrogen in the
coastal waters (Bar-Zeev et al.,, 2013). Monitoring these blooms will improve our
understanding on the fate of biogeochemically important elements. Several bio-optical
algorithms have been developed to detect Trichodesmium blooms from satellite sensors
(Mckinna, 2015 and references therein). In-situ observations and monitoring will help
fine-tune these algorithms for improvement and provide a platform for validating ocean
color-derived variables. Ocean color is one of the crucial components of essential
biodiversity variables under, class ‘Species traits’, to observe seasonal and inter-annual

changes, including bloom timing and duration (Groom et al., 2019).
4.2. Aim of the study

Phytoplankton blooms account for a notable fraction of annual production in many marine
and freshwater systems, and contribute to benthic and pelagic production, in turn
regulating the biogeochemical cycles. Many studies point to the significant production of
DOC during the phytoplankton bloom (Norrman et al., 1995; Wetz and Wheeler, 2007;
Spilling et al., 2014). Many phytoplankton blooms have been reported along the west coast
of India (D’Silva et al., 2012), of which Trichodesmium has often been reported since
1970. However, in recent years, green Noctiluca have also been observed in the waters of
Goa. Trichodesmium plays a crucial role in global biogeochemical cycles by actively
fixing atmospheric nitrogen (Capone et al., 1997). Trichodesmium has been distinguished
as an important contributor of new nitrogen in tropical and sub-tropical waters (Karl et al.,
1997; Capone et al., 2005). The occurrence of green Noctiluca blooms in Indian waters has
also been reported following the enhanced phytoplankton production due to upwelling or
winter convective mixing (Sahayak et al., 2005; Padmakumar et al., 2010). Green
Noctiluca, a bioluminescent heterotrophic dinoflagellate bloom, harbors a photosynthetic
symbiont — Protoeuglena noctilucae (Wang et al., 2016). Generally Noctiluca is
heterotrophic, whereas the green Noctiluca from the Arabian Sea is reported to be a
mixotroph (Goes and Gomes, 2016) since it can sustain itself either through carbon

fixation by its green autotrophic endosymbiont (Protoeuglena noctilucae) or via ingestion
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of exogenous prey (heterotrophic). To understand the CDOM production during
phytoplankton blooms in the coastal waters of Goa, the following specific objectives were

proposed in this study:

e Demonstrate the spectral and fluorescent characteristics of CDOM during
Trichodesmium blooms along the coastal waters of Goa
e Understand the CDOM production/ degradation based on experiments using bloom

samples collected from the coastal AS.
4.3. Methodology

4.3.1. Water column sampling

The coastal waters of Goa were monitored at regular stations during 2014 to 2018, but the
focus of this study was to understand the CDOM characteristics during Trichodesmium
blooms, which are usually observed in these waters during SIM. Measurements were
carried out during April - May in the coastal waters of Goa (Fig. 4.1) with the help of a
fishing trawler. Trichodesmium blooms under favorable environmental conditions form
surface mats, which is visible to the naked eye (Fig. 4.2). The occurrence of the surface
bloom was sporadic, and the presence of surface mats was designated as bloom stations,
while the stations where such aggregations were absent are referred to as non-bloom
stations. Table 4.1 provides the details of sampling along with the stages of bloom. A
bloom sample from the sea surface was collected using a bucket. Seawater samples were
collected using Niskin sampler (at discrete depths) and were filtered and analyzed for

CDOM, phytoplankton pigments, and absorption by phytoplankton.
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Figure 4.1: The Sentinel-2 satellite image of the study area indicating the sampling stations
during the SIM of 2014-2018,where Trichodesmium blooms were observed in the coastal

waters of Goa.
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Figure 4.2: An image of the Trichodesmium bloom observed in the coastal waters during

the sampling.
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Table 4.1: Biological and chemical parameters observed at the bloom and reference

stations during 2014-2018. Only surface samples are presented in the table.

Date Lat °N/ | Stat | Tricho- | Chla | Pheopi | Zeaxa | Peaks ag412 | Probable
ion | desmium gment | nthin | identified 4. | stage  of
Long °E (Hal) _ (m™)
counts S (ug/l) | in CDOM bloom
(trichom
(ng/l)

es/l)
25™ 15.43187/ | A 111840 70.499 |10.734 | - 497,542, 5.772 | Senescence
April 73.76219 UV region phase
2014
25" 15.43083/ | B 80000 1935 1188.2 | - 495,547,614 | 8.180 | Senescence
April 73.76558 , UV region phase
2014
25" 15.42662/ | C 87840 3359 10138 | - 497,545,614 | 30.93 | Senescence
April 73.76407 ,UV region |9 phase
2014
25" 15.42043/ | D 176000 3089 214.2 - 497, 545, 8.891 | Senescence
April 73.75071 614, UV phase
2014 region
25" 15.42896/ | E - 0.711 0.415 - 326, 360 0.175 | Non-bloom
April 73.74368 station
2014
30" 15.51970/ | 3 88000 24719 | 99.546 | - 330,364 1.354 | Growth
April 73.70972 7 phase
2014
30" 15.50991/ | 4 4400 0.308 | 0.0534 | - No peaks 0.092 | Non-bloom
April 73.65008 station
2014
18™ 15.44653/ | 4 148 2.63 - 0.072 | 314 0.145 | Growth
May 73.73358 phase
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2015
18" 15.42807/ 892361 3533 374.22 | 677.7 | 265,329,366 | 6.381 | Senescence
May 73.72401 ,495 547, phase
2015

614
18" 15.47918/ - 3.9 - - No peaks 0.193 | Non-bloom
May 73.79319 station
2015
31" 15.43245/ 1710000 |596.52 | - 17.19 | 314,362,498 | 22.98 | Senescence
May 73.72644 8 ,548,618 3 phase
2016
31" 15.45422/ - 2.26 0.706 | 324 0.092 | Growth
May 73.7007 phase
2016
o 15.47453/ - 3.87 - - 330, 360 1.466 | Growth
May 73.67883 phase
2017
oM May | 15.45409/ - 39.64 - - 330,364,497 | 7.648 | Senescence
2017 73.66177 phase
9" May | 15.45968/ - 0.17 - - No peaks 0.169 | Non-bloom
2017 73.71832 station
gt 15.46994/ - 4443 | - - 329,363 4.328 | Growth
May 73.73687 phase
2018
8" May | 15.409016 19,200 29.58 | - - 360 9.087 | Growth
2018 /73.75335 phase
8" May | 15.37909/ - 0.27 - - No peaks 0.124 | Non-bloom
2018 73.76486 station

69




Chapter4

4.3.2. Spectral CDOM absorption

For CDOM analysis, the water sample was filtered through a 0.2um nucleopore membrane
filter and stored in an amber color glass bottle at 4°C until analysis in the laboratory
(Mitchell et al., 2000; Tilestone et al., 2002). Absorbance measurements were carried out
after bringing the refrigerated samples to room temperature (Zaneveld and Pegau, 1993),
and all samples were analyzed on the same day of collection. Spectral characteristics of
CDOM were determined on a dual beam UV2600 spectrophotometer (Shimadzu) using a
cuvette of 10 cm path length. The bloom samples which showed saturation during analysis
using a 10 cm cuvette were reanalysed using 1cm cuvettes. The spectral CDOM absorption
ag(A) (m™) was estimated using the following equation from the corrected absorbance data.

2.303%A(4)

ag = ]

Where A(1) is the absorbance at a specific wavelength and | is the pathlength of cuvette

(m).

4.3.3. Fluorescence measurements of CDOM

The excitation emission matrix of CDOM was measured using a spectrofluorometer (Cary
Elipse, Varian) with a xenon lamp. The scanning range used for excitation was 200 to 450
nm, whereas 250 to 600 nm was used for emission with a slit width of 5 nm each.
Readings were taken at 5 nm intervals for excitation and 2 nm intervals for emission, using
a scanning speed of 9600 nm min™. The EEMs of a Milli Q water (blank) was subtracted
to eliminate the Raman scatter peaks of water (McKnight et al., 2001; Stedmon et al.,
2003; Zhang et al., 2010, 2011). The fluorescence estimations were corrected for excitation
energy and emission detector response using the manufacturer’s correction functions. The
bloom samples were highly concentrated and hence the samples were diluted using Milli Q
water. The absorbance spectrum of samples was used to calculate a matrix of correction
factors corresponding to each wavelength pair in the EEM to correct for inner filter effect
correction. Finally, the area under the Milli Q water Raman peak (Aex = 350 nm, Aem = 365
to 450 nm) was used to normalize the fluorescence intensities in all sample EEMs
(Lawaetz and Stedmon, 2009).

PARAFAC was applied to a dataset of 85 EEMs using MATLAB software (2017),
including the DrEEM toolbox 0.20 (Murphy et al., 2013). The model was restricted to the

excitation wavelength >240 nm and emission wavelength < 590 nm to avoid noise. The
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model was run with non-negativity constraints. Validation was performed by split-half
analysis and analysis of residuals and loadings. Two samples with high leverages were
excluded from the model.

4.3.4. Analyses of chlorophyll-a, phytoplankton pigments and phytoplankton

absorption

For chlorophyll-a estimation, 0.05 to 1 L of seawater was filtered on a GF/F (0.7 um) filter
depending on the bloom density. The filter was later extracted in 90 % acetone overnight
at 4°C and chlorophyll-a concentration was measured on a fluorometer (Turner Trilogy).
Pheopigments were estimated by measuring the extract’s fluorescence before and after
acidification with 1.2M HCI following the JGOFs protocol (Knap et al., 1996). High
performance liquid chromatography (HPLC) was used to determine the phytoplankton
pigments in the water samples. Water samples were filtered on GF/F filters and were
frozen at -20°C until analysis. The filters were extracted in 3 ml of 100% HPLC grade
acetone (Merck) for 24 hrs at -20°C. Water samples were also analysed for phytoplankton
pigment absorption by quantitative filter technique using an integrating sphere attached to
a Shimadzu UV2600 spectrophotometer. Water samples preserved with 1% lugol’s iodine
solution were used for phytoplankton enumeration and identified using the standard
taxonomic key (Tomas and Haste, 1997). The details of methodology used is provided in

chapter 2.
4.3.5. CDOM photodegradation- Experimental setup

In order to understand the production/degradation of CDOM during Trichodesmium
bloom, two photodegradation experiments were performed under natural sunlight, one
with Trichodesmium cells and on another occasion with 0.7 micron (GF/F) filtered
samples. In the first experiment, surface water from the Trichodesmium bloom site was
directly incubated (without filtration) in a glass flask, kept in a water bath under natural
solar radiation, on the terrace of the CSIR-National Institute of Oceanography (N10), Goa.
During the night, samples were stored in the dark at room temperature. This experiment
was carried out for a period of 11 days, and the sample was withdrawn for CDOM analysis
at regular intervals. The same water sample, incubated in the dark in a glass flask and

covered with multiple layers of aluminium foil, was considered as the ‘control’.

In the second experiment, the surface sample of Trichodesmium bloom was filtered

through GF/F filter, and the filtrate was immediately transferred into a number of 40 ml
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glass tubes without headspace. These glass tubes were then placed in a shallow plastic tray
containing water and were incubated on the terrace of CSIR-NIO, Goa. The daily average
exposure to solar radiation was ~10 hours, and the samples were incubated for 12 days
(one tube was analyzed on a daily basis). Since the cell density of Trichodesmium was
high, it was difficult to filter a large volume of water through a 0.2 micron membrane
filter. Hence we used GF/F (0.7 micron) filtered water for the degradation experiment
(Reche et al., 1999; Gueguen et al., 2014). Since the filtration was done through 0.7um,
the filtrate might contain picoplankton and bacteria. To compare the difference between
CDOM absorption on a GF/F and 0.2 micron (nucleopore polycarbonate membrane)
filtered samples, we used both as ‘controls’. This would also help to understand the
influence of bacteria on the modification of DOM. The ‘controls’ were wrapped with
multiple layers of aluminium foil and incubated in the same water bath until the end of the
experiment. The samples were monitored for changes in CDOM absorption and
fluorescence on a daily basis. Since the glass tube was used for incubation, it would allow
only UV A and PAR light (Reche et al., 1998) and might result in some under-estimation.
However, these experiments will help to understand the influence of solar light on CDOM

production and degradation during blooms.
4.4. Results

4.4.1. Environmental conditions during the Trichodesmium bloom

Trichodesmium blooms were observed as extensive surface patches of discolored water
during April and May (2014-2018) in the coastal waters of Goa (Fig. 4.1 and 4.2). The sea
surface temperature (SST) ranged between 30.8 and 31.8°C, and the salinity varied from
35 - 36. The light penetration in the water column was found to be high, with a secchi
depth of ~ 6 m. The chlorophyll-a at the surface was found to be very high (30 - 3533 pg/l)
at the bloom stations, while it was very low (0.168 — 3.9 ug/l) at the non-bloom stations.
The concentration of pheopigments was also found to be very high (10.73 — 1188.2 mgm™)
at the bloom stations during 2014-15 (Table 4.1); however, these were not measured in the
successive years. Bloom samples during 2015-16 were analyzed by HPLC to determine the
phytoplankton pigment concentration. Phytoplankton pigments are known as diagnostic
markers of various groups. The presence of zeaxanthin pigment is indicative of
Trichodesmium (cyanobacteria), while fucoxanthin generally represents the diatoms. A

very high concentration of zeaxanthin, total carotene and chlorophyll-a were observed for
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the bloom samples, whereas fucoxanthin was the dominant pigment at the non-bloom
stations. Zeaxanthin concentration was found to be very high (17 - 677.7 ug/l) at the
bloom stations, while its concentration was very low (0.2 - 0.8 ug/l) at the non-bloom
stations.

4.4.2. Spectral characteristics of the absorption during the Trichodesmium blooms

The surface water collected during the bloom had a natural light pink color. CDOM
absorption at a reference wavelength (ag412) was found to be very high (1.35 - 32.23 m™)
during the Trichodesmium blooms compared to the samples from non-bloom stations (0.1 -
0.2 m™). Unlike the usual exponential decreasing behavior of CDOM, distinct features
were observed in the absorption spectra (both in the UV and visible range) for the bloom
samples. The peaks in the visible range were more prominent while using a 10 cm path
length cuvette for measurements (Fig. 4.3a). The spectra of CDOM absorption during
bloom were decomposed, assuming Gaussian distribution (Table 4.1). A very dominant
peak was also noticed in the UV range, which was saturated when analyzed using 10 cm
path length cuvette. When analyzed on a 1 cm cuvette, the same sample showed the peak
in the UV range at 330 nm with a shoulder at 360 nm (Fig. 4.3b) due to mycosporine-like
amino acids (MAA). The peaks in the visible wavelength range due to phycobiliprotein
pigments were 495 - 497 nm, 542 - 547 nm, and 614 - 618 nm corresponding to absorption
by phycourobilin (PUB), phycoerythrobilin (PEB) and, phycocyanin (PC) respectively
(Fig. 4.3a). During our field measurements in 2018, a mixed bloom of Noctiluca (10,504
cells/l) and Trichodesmium (19,200 trichomes/l) was observed at one of the stations
(station B). The spectral CDOM absorption of this mixed bloom differed from the
Trichodesmium absorption. The notable difference during 2018 when Trichodesmium was
dominant showed a peak at ~330 nm with a shoulder at ~360 nm and a peak at ~495 nm.
In contrast, in the case of a mixed bloom of Trichodesmium and Noctiluca, the absorption
peak in the UV range was at 360 nm, and the peak at 495 nm was absent. In 2016 during
the Trichodesmium bloom, the UV range peak was observed at 314 nm and shoulder at
362 nm (Table 4.1). The phytoplankton absorption spectra during the Trichodesmium
blooms also showed peaks at similar wavelengths (330, 360, 490, 565 nm) as in the
CDOM absorption, in addition to the usual peaks in the phytoplankton absorption spectra
(440, 676 nm) but were of lower magnitude as compared to the CDOM spectra (Fig. 4.4).
Here we attempted to differentiate the stages of bloom into the growth and senescence

phase. During the growth phase the CDOM absorption is low, there is no leaching of

73



Chapter4

phycobiliprotein pigments into the water, and the corresponding chlorophyll-a is also low.
On the other hand, the senescence phase is marked by very high CDOM absorption,
leaching of phycobiliprotein pigments, and high chlorophyll-a. CDOM production (ag412)
during the bloom was observed to be the highest during 2014 (30.939 m™) and in 2016
(22.983 m?), followed by other years during the study. Absorption due to
phycobiliproteins (ag547) in the CDOM spectra was also high during 2014 (74.816 m™)
and 2016 (17.381 m™). It also coincided with high chlorophyll-a (>500 pg/l) and
pheopigments during these years (Table 4.1). This suggests that the bloom was in the
senescence phase. Comparatively low CDOM (< 9 m™) and chlorophyll-a (< 45 mgm™)
were observed during 2017 (station A) and 2018 at the bloom sites. CDOM absorption
peaks due to phycobiliproteins were not observed during these years. This suggests that the
bloom was in the growing stage. However, the peaks due to MAA were prominent in the
CDOM absorption of bloom samples during all the years. The CDOM spectra at the non-
bloom stations and at the subsurface waters of bloom stations had no peaks and decreased

exponentially as expected (Fig. 4.3c).
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Figure 4.3: Spectral absorption by CDOM (a4 m™) during Trichodesmium blooms (2014 —
2018). (a) CDOM absorption measured using a 10 cm cell (b) using 1cm cell (c)
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CDOM absorption at non-bloom stations and sub-surface depths (d) CDOM absorption
during initial stages of growth during Trichodesmium bloom (please note that there is a

break in the Y-axis).
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Figure 4.4: Spectral phytoplankton pigment absorption (apn m™) during Trichodesmium

blooms (top), and at non-bloom stations (Reference station; bottom).
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4.4.3. Fluorescence characteristics of Trichodesmium blooms

In all the surface samples collected during the bloom EEMs had fluorescence peaks, 1 in
the protein-like and 2 in the humic-like regions, as previously identified using the
traditional peak picking method (Coble, 1996). In the protein-like region, peak 1 (T)
corresponds to tryptophan (Ex/Em: 270 - 280/ 320 - 340 nm) whereas in the humic-like
region peak 2 (A) corresponds to Ex/Em of 250 - 260/ 440 - 480 nm and peak 3 (C1)
corresponds to 360 - 370/460 nm (Fig. 4.5).

31052016

550

350
300

250
240 260 280 300 320 340 360 380 400 420 440

Ex. (nm)

Figure 4.5: CDOM fluorescence EEM and peaks identified using peak picking during
Trichodesmium bloom on 31% May 2016 at station A.

The PARAFAC model identified three components in the samples during Trichodesmium
bloom and also in Trichodesmium degradation experiments (Fig. 4.6). Table 4.2 shows the
fluorescence properties, potential source of each component, and comparison with
previous studies. The component 1 (C1l) had two excitations and one emission peak
(Ex/Em: 260, 360/460), and corresponds to a humic-like fluorophore, peak C (Coble,
1996; Yamashita et al., 2010; Stedmon et al., 2011). A recent study by Zhao et al. (2017),
showed that picocyanobacteria produce a fluorescent component spectrally similar to C1 in
our study, and attributed it to the degradation product of tetrapyrroles. The component 2
(C2) resembled protein-like amino acid, tryptophan, (Ex/Em: 275/315) reflecting recent
biological production; whereas component 3 (C3) was humic-like (Ex/Em: 305/420) with a

resemblance to the terrestrial origin.
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Figure 4.6: Components of CDOM fluorescence (Raman units) identified using
PARAFAC.
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Table 4.2: CDOM spectral fluorescence characteristics of excitation and emission maxima

identified by PARAFAC and their comparison with previous studies.

Component EXmax/EMmax Comparison with | Possible source

previous studies

Component 1 260 (360)/460 255(360)/450*" Humic-like, Peak C

(C1) .
degradation product of

tetrapyrrole

Component 2 275/315 275/306(338)° Protein-like

(C2) Tryptophan

270-280/320-350¢

Component 3 <250(305)/420 | 290-310/370-420%" | Marine humic-like
(C3) substance (biological
degradation)

Peak M

& Stedmon et al., (2011).

®Zhao et al., (2017).

¢ Stedmon and Markager, (2005)
¢ 'Yamashita and Tanoue, (2003)
¢ Coble, (1996)

Coble et al., (1998)
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4.4.4. Degradation of Trichodesmium blooms

To understand the production/degradation of phytoplankton-derived autochthonous
CDOM, surface samples of Trichodesmium bloom were exposed to natural solar radiation
without filtration. The absorption of CDOM was documented at three wavelengths (330,
412 and 547 nm) (Fig. 4.7). In addition to 412 nm (the reference wavelength normally
used to study the CDOM absorption), the absorption at 330 and 547 nm were chosen as
peaks were observed at these wavelengths during the bloom period. The highest absorption
in CDOM was observed due to MAA, which has increased almost two fold (781.04m™)
from the initial reading (345.54 m™) during the first 2 days of the experiment. Continued
exposure to solar radiation resulted in a decrease in CDOM absorption in the UV region
from the initial value, with a shift in An.x to 300 nm and a shoulder at 350 nm during the
seventh day of the experiment (Fig. 4.7a). The peaks due to phycobiliproteins in CDOM
spectra disappeared within two days of solar light exposure (Fig. 4.7b). CDOM absorption
in the visible region of 400 - 500 nm showed a decrease in absorption during the initial two
days, followed by a gradual increase from the 4™ to the 11" day (Fig. 4.7d). The absorption
beyond 500 nm showed a gradual decline throughout the experiment. The peak
corresponding to MAA was present until the end of the experiment, while the peaks in the

visible range disappeared immediately.
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Figure 4.7: CDOM absorption during the photodegradation experiment carried out in 2016
(1-10 June). (a) Changes in CDOM spectra over a period of 10 days in the UV range; (b)
in the visible range; (c) Changes in CDOM absorption at the reference wavelength a;330
(m™) and a,360 (m™); (d) at the reference wavelength a;412 (m™) and ag547 (m™).

The ‘control’, which had the same bloom sample but which was incubated in the dark,
exhibited a decrease in CDOM absorption (a;330 decreased from the initial 345.54 to
305.57 m™) and a shift in the peak due to MAA (Ama to ~300 nm) after one day of
incubation (Fig. 4.8). The shoulder due to MAA (Amax to ~360 nm) was intact but showed
an increase in absorption from 267.2 m™ (initial) to 368.6 m™ on the second day of the
experiment (Fig. 4.8). The dissociated peak due to MAA (300 nm) disappeared after 7
days of dark incubation, while the shoulder still persisted till the end of the experiment. A
small decrease in absorption (360 nm, 228 m™) at the shoulder region from the initial was
observed at the end of the experiment on the 11" day. CDOM absorption decreased in the

visible region from the initial value till the end of the experiment. The peaks due to
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phycobiliproteins were evident in the ‘control’ for a longer period, as compared to the

flask exposed to light, and disappeared towards the end of the experiment.
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Figure 4.8: CDOM absorption in the ‘control’ (incubated in the dark) during the
photodegradation experiment carried out in 2016 (1-10 June). (a) Changes in CDOM
spectra over a period of 10 days in the UV range; (b) in the visible range; (c) Changes in
CDOM absorption at the reference wavelength a;330 (m™) and ag360 (m™); (d) at the
reference wavelength ag412 (m™) and a,547 (m™).

Another experiment was carried out in 2018 to understand the fate of CDOM produced
during blooms. Surface water samples from the Trichodesmium bloom station were
filtered through 0.7um, and the filtrate was exposed to natural solar radiation. The CDOM
produced during the Trichodesmium bloom decreased gradually over 13 days (Fig. 4.9).
The peak due to MAA (Amax 330) disappeared, while the shoulder (Amax 360) was still
evident after a day of solar light exposure (Fig. 4.9b). Subsequently, the CDOM absorption
in the UV region decreased exponentially over time, whereas a rapid and faster decrease

was observed in the 400 - 500 nm region (ag412). A steady decline was observed in the
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visible region of 500 - 600 nm (ay547) (Fig. 4.9c and 4.9d). Although the 0.7 micron
filtered ‘control’ showed higher absorption than the 0.2 micron filtered ‘control’, the
spectral shape was comparable (Fig. 4.9a). Both these controls did not show much change
in the visible region of CDOM absorption. The peak due to MAA (at 330 nm) had
disappeared in both the controls, whereas the peak at 360 nm was intact, however with a

small decrease from the initial value towards the end of the experiment (Fig. 4.9a).
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Figure 4.9: CDOM absorption (0.7 micron filtered) during the photodegradation
experiment carried out in 2018 (9 - 21 May). (a) Spectral profile of CDOM absorption for
0.2 and 0.7 micron filtered ‘controls’; (b) Changes in CDOM spectra over a period of 12
days; (c) Changes in CDOM absorption at the reference wavelength a4330 (m™); (d) at the
reference wavelength ag412 (m™) and a,547 (m™); (e) Comparison of a;412 (m™) and
Flmna (PARAFAC); (f) Comparison of a;412 (m™) and F2n:x (PARAFAC).
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4.5. Discussion

Trichodesmium blooms occur in the coastal waters of Goa during SIM when the solar
insolation is the highest (average PAR ~528.46 Wm™) over this region (Suresh et al.,
1996). The coastal waters of Goa showed oligotrophic conditions during this time, which
also experience high SST and salinity. The chlorophyll-a concentrations at the bloom sites
were found to be very high, however, with a large inter-annual variability based on the
intensity of the bloom. Such high concentrations of chlorophyll-a in these waters during
Trichodesmium blooms were earleir reported by Parab and Matondkar, (2012). These
blooms have been reported in the northern Indian Ocean since the 1970s and were
attributed to the highly stratified waters with nitrogen limitation, and calm water
conditions favoring the formation of surface mats during the SIM and early SWM (Qasim,
1972, Devassy, 1978, Capone et al., 1997; Subramaniam et al., 1999; Jyothibabu et al.,
2003, Parab et al., 2006; D’Silva et al., 2012). A recent study by Jyothibabu et al. (2017)
showed that warm core eddies favor the formation of Trichodesmium blooms. It has been
ascertained that phosphorus and iron are responsible for restricting the growth and N,
fixation of most of the marine nitrogen-fixers (Deutsch et al., 2001, 2007; Webb et al.,
2001; Kustka et al., 2003; Shi et al., 2007; Whittaker et al., 2011). Various mechanisms of
nutrient scavenging by Trichodesmium are detailed in Bergman et al. (2013). The Asian
continent, with major deserts in the Middle East, and Central and East Asia, is the world’s
second largest dust source. The mineral dust rich in iron seems to be transported to the
west coast of India following the dust storms in the Middle East and Sahara during spring
and summer seasons (Mahowald et al., 2005 and the references therein; Tanaka and Chiba,
2006). Recently, a study by Basu et al. (2019) has shown that Trichodesmium and
associated bacteria have mutualistic interactions for the utilization of iron from dust, where
bacteria promote dust dissolution by producing Fe-complexing molecules (siderophores)
and hence provide physical settings for dissolution and uptake. This could be another

reason for the occurrence of Trichodesmium blooms during the SIM in the Arabian Sea.
4.5.1. Optical properties of CDOM under bloom conditions

Trichodesmium blooms were observed as surface mats in the present study. This stage of
bloom has been previously reported as collapsing/decaying phase of the bloom, and
therefore consists of only a few viable trichomes (Chen et al., 1996; Bell et al., 2005;

Jyothibabu et al., 2017). The data presented here is collected when surface mats of
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Trichodesmium were observed. The absorption by CDOM during the bloom was found to
be characteristically different, and the spectrum deviated from normal exponential
behavior in both the UV and visible regions (Figs 4.3a and 4.3c). The extremely high
CDOM absorption observed in the present study may be due to the collection of water
samples using a bucket, which led to the aggregation of Trichodesmium cells. A prominent
absorption in the UV region of the spectra peaked at 330 nm with a shoulder at 360 nm
(8330 ~ 600 m™) could be due to MAAs, asterina 330 (ALmax at 330 nm) and palythene
(Amax at 360 nm) (Dupouy et al., 2008, Coble, 2007). MAA is water-soluble and is
produced by the phytoplankton to provide protection from the harmful, damaging UV light
in the water. The most significant capacity of MAAs is photoprotection (Rastogi and
Sinha, 2009; Richa et al., 2011), and they are commonly depicted as ‘“microbial
sunscreens”. These compounds secure the cell because of their capacity to scatter harmful
UVR into the surrounding environment without forming reactive photoproducts (Conde et
al., 2004; Oren and Gunde-Cimerman, 2007). Trichodesmium has gas vesicles to regulate
buoyancy (Van Baalen and Brown, 1969) and help form surface slicks. Since
Trichodesmium needs to survive at the surface under intense solar radiation (particularly
the UV light), it has evolved a self-defense mechanism by producing the MAAs that serve
as sunscreens. The presence of MAAs in CDOM was observed during all the years when
Trichodesmium surface mats were present. Though the peak of MAA shifted between
years (314 - 330 nm), the shoulder due to palythene (~ 360 nm) was always observed
(Table 4.1). Apart from the UV region, peaks were also present in the visible region of the
spectra. Trichodesmium are known to produce phycobiliproteins, brilliant colored water-
soluble pigments covalently joined by open chain tetrapyrroles (Neveux et al., 2006).
These are intracellular compounds, akin to sheath pigments commonly found in
cyanobacteria (Subramaniam et al., 1999). The breakage of the cell wall of Trichodesmium
releases these compounds into the water, giving it a pinkish tinge, as observed in the

present study.

Being water soluble, the phycobiliproteins contribute to the CDOM absorption. The
absorption peaks due to these pigments were observed in the CDOM spectra during the
senescence stage of the bloom, and showed inter-annual variation depending on the
intensity of the bloom. CDOM spectra of samples collected at four stations on 25" April
2014, showed high absorption by phycobiliproteins and high concentrations of
chlorophyll-a and pheopigments (Fig. 4.3). This indicates that Trichodesmium was in the
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senescence stage and hence phycobilins were leached into the water, as also observed by
the pink color of the water at the bloom site. A surface sample collected from another
location on the same day (Station E, non-bloom station) had a peak in the UV region in the
CDOM spectra. CDOM, chlorophyll-a and pheopigments were low at this station (Table
4.1). Since MAA is not photosensitive, the strong signals of MAA from the bloom vicinity
area may not be diluted quickly and hence were detected. Such features were also observed
by Steinberg et al. (2004) in their study. The sub-surface waters (13.4 m) of bloom station
B had a considerably high count of Trichodesmium cells along with high chlorophyll-a (10
pa/l); yet the CDOM spectra did not show any signature of either MAA or
phyobiliproteins (Table 4.1). This indicates that the Trichodesmium was in a growing
phase and produced MAA only during the formation of surface mats to combat high solar
irradiance (Fig. 3d). During our subsequent sampling on 30" April 2014, the surface
bloom was observed at another station in the coastal waters (Table 4.1). CDOM spectra
showed absorption due to MAA but peaks due to phycobiliproteins were absent in the
samples. The chlorophyll-a concentration and Trichodesmium counts were low at this
station, indicating that the bloom was still in the growing phase. However, blooms
observed in the consecutive years (2015 and 2016) showed leaching of phycobiliproteins
and MAA in the CDOM spectra, indicating the bloom’s senescing phase. During 2017
(station A) and 2018, the CDOM spectra had absorption peaks due to MAA only. The
chlorophyll-a was comparatively low during these vyears, which indicates that

Trichodesmium was in the growth phase at the time of sampling.

Our study indicates that MAAs are released into the water only during surface blooms and
are absent in the sub-surface waters even if Trichodesmium is abundant. Another
noteworthy observation was the presence of phycobiliproteins in the CDOM only during
the senescence phase of the bloom. Hence absorption by phycobiliproteins in CDOM can
help in understanding the stages of the Trichodesmium bloom. Attempts could be made
from such observations, for use in remote sensing, to identify the bloom stages from ocean
color satellites. Our study clearly shows that the CDOM concentration increases many fold
during Trichodesmium bloom. These peaks were observed only during bloom conditions
and were absent when Trichodesmium cells were in low abundance. With recent advances
in ocean color remote sensing, efforts are made to include bands in the UV region on the
satellite sensors (Groom et al., 2019). Since MAA absorbs very strongly in the UV region,

especially the absorption due to palythene (Amax 360 nm), this can be used in the remote
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sensing of phytoplankton-like Trichodesmium blooms with greater accuracy. MAA adds a
considerable amount to CDOM during bloom, and could also improve the quantification of

DOC using remote methods.

Trichodesmium bloom samples showed significant CDOM fluorescence peaks at ~
275/320-340 (Ex/Em), which are due to a protein-like material corresponding to
Tryptophan (Peak T; Fig. 4.5) (Coble et al., 1998; Yamashita and Tanoue, 2003; Suksomjit
et al., 2009). Romera-Castillo et al. (2010) also reported a similar peak in phytoplankton
cultures of Chaetoceros, Skeletonema, Prorocentrum, and Micromonas. Phytoplankton is
known to discharge extracellular nitrogenous compounds such as proteins, peptides, amino
acids, and carbohydrates such as polysaccharides (Myklestad, 1995). A portion of these
substances with proteinaceous aromatic structures was most likely identified as peak T.
Tryptophan-like fluorescence is frequently used as the characteristic of the state (free or
combined amino acids) or degree of amino acid degradation. DOM with increased
tryptophan-like fluorescence has been ascribed to intact proteins or less degraded peptide
material (Mayer et al., 1999; Yamashita and Tanoue, 2004). Peaks observed at 250 -
260/440 - 460 nm (Ex/Em) (peak A) and 360 - 370/460 nm (Ex/Em) (peak C1) were in the
humic-like fluorescence region (Fig. 4.5) (Coble, 2007). During pre-monsoon, there is no
influence of terrestrial runoff to the coastal waters, and the CDOM coming from the
estuaries undergo photobleaching due to longer residence time (Dias et al., 2020a). The
humic-like fluorescence observed during bloom could be directly linked to the
autochthonous production and microbial transformation. Our field study highlights that
phytoplankton does produce humic-like fluorescence, which was previously known to
originate from the terrestrial environment. Other studies also reported humic-like DOM

fluorescence in axenic culture experiments (Fukuzaki et al., 2014; Kinsey et al., 2018).

The PARAFAC model provided a more robust understanding of the CDOM
production/degradation during the bloom and identified three components (Fig. 4.6). The
C1 seems to arise from the degradation of the tetrapyrrole structure, arising from either
phycobilins or chlorophyll pigment. This component had identical fluorescent
characteristics to C1 reported by Zhao et al. (2017), which was attributed to the
degradation product of tetrapyrrole from picocyanobacteria. Trichodesmium produces
phycobilins (which are highly water-soluble) and chlorophyll pigment, both of which have
a tetrapyrrole structure. Pure phycocyanobilin produces this component on exposure to

solar irradiation, and the presence of pyrrolic ring was confirmed by ultrahigh resolution
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mass spectrometry and nuclear magnetic resonance spectrometry (Zhao et al., 2017).
Owing to the high water solubility of phycocyanobilins, it is more likely that cyanobacteria
produce this C1 fluorescence on the degradation of the tetrapyrrole structure from
phycocyanobilins. The other source of tetrapyrrole could be chlorophyll pigments.
Degradation of chlorophyll produces intermediate fluorescent chlorophyll catabolites
(FCCs), which shows fluorescence in the blue region peaking at 450 nm (Dartnell et al.,
2011). Blue shifting in the emission maxima from the active chlorophyll-a (680 nm) to
FCCs (450 nm) is probably due to the changes in the molecular structure (loss of aromatic
rings or reduction in conjugated bonds) (Coble, 1996). Even though the EX/Em peaks of
FCCs correspond well with our C1, it is unlikely that chlorophyll-a would contribute to
this fluorescence, since they are not readily water-soluble and FCCs are not very stable.
Though phycocyanobilins could be the significant source of this component, detailed study

is required to confirm the exact origin.

C2, resembled Tryptophan fluorescence (Fig. 4.6) which is an indicator of recent
biological production, as evident from high concentrations of CDOM, chlorophyll-a, and
dominant pigment zeaxanthin during the Trichodesmium bloom. C3 (with a peak at 250
(305)/420), identified as a humic-like component, was found to shift towards the longer
Ex/Em wavelengths (Fig. 4.6). This component was found to be similar to peak M
designated by Coble, (1996) as marine humic-like. Romera-Castillo et al. (2010) detected
peak M in culture filtrates of four algal species. In addition, Fukuzaki et al. (2014) reported
peak M in FDOM produced by Heterocapsa cicularisquama. Peak M is mainly produced
by microbial reprocessing of the plankton-derived organic matter. Additionally, bacteria
are known to be associated with Trichodesmium blooms (Sellnar, 1992; Steinberg et al.,
2004; Basu et al., 2011). Though bacterial counts were not available in the present study,
we can ascertain that the microbial reworking on the Trichodesmium colonies would lead

to this marine humic-like component.

Fluorescence index (FI1), the proportion of emission at 470 and 520 nm at excitation of 370
nm, has been utilized to recognize DOM derived from terrestrial sources (degraded plant
and soil organic matter; lower values) versus microbial sources (extracellular release and
leachate from bacteria and algae; higher values) (McKnight et al., 2001; Cory et al., 2007,
2010). FI values normally range between 1.2 and 1.8 in marine waters (Jaffe et al., 2008;
Cory et al., 2010; Carpenter et al., 2013; Helms et al., 2013; Fleck et al., 2014). During

Trichodesmium bloom, the FI value was found to be higher (~ 3) than the values observed
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for marine waters. Such high FI values were also observed by Korak et al. (2015) in
leachates of intracellular organic matter of cyanobacteria (> 2). As suggested by Hansen et
al. (2016), higher FI values can be used as an indicator of DOM derived from

phytoplankton production in the water column, as also seen in the present study.
4.5.2. Photodegradation of CDOM

In the first experiment, when the unfiltered bloom sample (including DOM, trichomes, and
bacteria) was exposed to natural sunlight, a significant increase in MAA (Amax~314 nm;
almost two fold) was seen during the initial 2 days of the experiment (Fig. 4.7a and 4.7c).
This increase could be attributed to the production of MAA by Trichodesmium to combat
the high intensity of solar radiation. After two days, a gradual decrease in MAA was
observed, which could be due to the mortality of Trichodesmium cells and the degradation
of available MAA in the medium. The degradation of MAA occurred at a faster pace, and
the formation of its photo-products was evident from a shift in the Amax to 300 nm, while
the MAA palythene (Amax 360 nm) underwent degradation at a much slower pace. The
presence of photosensitizers in natural seawater aids in the photodegradation of MAA
(Whitehead and Hedges, 2005).

CDOM absorption in the visible region (400 - 500 nm) showed a decrease in absorption
during the initial two days, followed by a gradual increase, clearly seen in the values of
reference wavelength ag412 (Figs 4.7b and 4.7d). This initial decrease in absorption was
also evident in the ‘control’. The decrease in absorption is likely due to the combined
effect of photo- and biodegradation of the labile DOM. Trichodesmium must have
undergone genetically controlled programmed cell death (PCD) due to the stress of light
and nutrient limitation (Berman-Frank et al., 2007; Bar-Zeev et al., 2013). Bar-Zeev et al.
(2013) observed that the mortality of Trichodesmium through PCD is morphologically and
physiologically distinct from necrotic death and triggers a quick sinking of biomass. The
sinking of Trichodesmium in the flasks was observed in the present study. Sinking is
either because of accompanying interior cell debasement, vacuole loss, or because of
excess release of transparent exopolymeric particles (TEP) (Berman-Frank et al., 2007;
Bar-Zeev et al., 2013). The release of TEP and intra-cellular degradation, followed by
bacterial remineralization of labile DOM, would have contributed to an increase in CDOM
(ag412) from the 4" to 11™ day of the experiment. However, nearly constant ag412 from

the 9" to 11" day of the experiment suggests the production of recalcitrant DOM (Fig.
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4.7d). The CDOM in the wavelength range of 500 - 700 nm showed a steady decrease
from the initial value throughout the experiment. The peak at a;547 observed in the
CDOM spectra due to phycoerythrin decreases throughout the experiment, and the loss of
pink color of the water indicates that phycoerythrin is highly photoreactive and undergoes
bleaching (Fig. 4.7d). The changes seen in the ‘control’ in the first experiment will be
totally autochthonous (microbially derived) and will not be mediated by photodegradation.
It is clear from the shift in the peak position and decrease in MAA peak that it is
microbially labile and degrades, hence a shift in the peak position of MAA is observed,
which is also seen in the experimental flask (Fig. 4.8). The shoulder due to MAA
palythene seems to be stable to photo- and microbial degradation. The presence of
phycobiliproteins in the ‘control’ for a longer time as compared to the experimental flask
indicates that they are highly photosensitive and degrade at a faster pace in the presence of
sunlight than the bacteria. An increase in CDOM absorption in both the ‘experimental” and
‘control’ flasks over the initial value shows that CDOM is produced by both bacterial and
photodegrdation. The higher CDOM absorption in the visible range in the ‘control’, rather
than the experimental sample, shows that the bacterial degradation of photobleached DOM
occurs at a faster pace. Similar observations were also observed by Moran et al. (2000) in

their study.

In the second experiment, wherein CDOM from Trichodesmium bloom was exposed to
natural solar radiations, a;330 decreased drastically (Fig. 4.9b and 4.9¢c). The aj412
showed a gradual decrease until the 10" day of the experiment (Fig. 4.9d). Since
phytoplankton cells were removed by filtration, the labile CDOM present in the filtrate
undergoes degradation under solar radiation. On the 11" day, an increase in ag412 was
observed which could be attributed to the rise in the tryptophan (Fig. 4.9f). The ag412 was
found to correlate with C1 and C2 fluorescent components identified from the PARAFAC
(Figs 4.9e and 4.9f). This clearly indicates that the degradation product of tetrapyrrole and
tryptophan are responsible for the increase in ag412 observed in the present study. The 0.2
and 0.7 micron filtered ‘controls’ showed nearly similar spectra, which indicate that the
bacteria had minimal effect, and the changes recorded in the experiment are mainly due to
photodegradation. The disappearance of the peak at 330 nm in the ‘control’ indicates that
asterina is labile and undergoes degradation while the peak at 360 nm due to palythene is
more stable. Similar results were also observed by Coba et al. (2019) when different

MAAs were exposed to a range of temperatures and pH values. Our experiments clearly

89



Chapter4

indicate that the MAAs are photoprotective and undergo slow degradation, whereas the
CDOM in the visible region undergoes degradation at a much faster pace. Hence MAA,
especially palythene, can be used as an index for remote sensing of bloom forming
phytoplankton like Trichodesmium, due to high absorption and photo stability as seen from

the experimental results.

Both the experiments clearly show that the CDOM decreases initially, followed by an
increase as a result of photodegradation. In the first experiment (unfiltered), the rise in
CDOM is observed within seven days and may attributed to the combined effect of photo-
and biodegradation. In the second experiment, wherein the filtered samples were exposed
to photodegradation, an increase in CDOM was observed towards the end of the
experiment (12 days). This shows that biodegradation was limited, and we assume that the
bacteria were mostly eliminated during filtration, though 0.7 micron filters were used. It is
well documented that bacteria are attached to the trichomes (Borstad, 1978; Paerly et al.,
1989) and are easily removed during filtration. This is also supported by the fact that 0.2
and 0.7 micron filtered ‘controls’ didn’t show much change in the visible region until the
end of the experiment. Hence, based on both experiments (filtered and unfiltered), it is
concluded that bacteria play an important role in the degradation of organic matter along

with photodegradation.
4.6. Conclusion

Based on field data during bloom and degradation experiments, this study presents the
spectral and fluorescence characteristics of CDOM produced during Trichodesmium
blooms in the coastal waters of Goa. Trichodesmium has a unique CDOM absorption with
peaks due to MAA in the UV region and phycobiliproteins in the visible region.
Trichodesmium was found to produce one protein-like (tryptophan) and two humic-like
fluorescence. The field study highlights that phytoplankton do produce humic-like
fluorescence, which was previously known to originate from the terrestrial environment.
The FI values observed in the present study were found to be much higher (~ 3) than the
typical values noted for natural waters (1.2 - 1.8). Phycobiliproteins produced by
Trichodesmium seem to be highly photosensitive and undergo immediate degradation on
exposure to solar radiation, as seen by the disappearance of pink color within one day of
photo exposure. However, the decrease in CDOM absorption on exposure to solar

radiation was followed by an increase towards the end of the experiment. This increase in

90



Chapter4

CDOM absorption was found to be correlated with the tryptophan-like protein component,
as traced from PARAFAC. The experimental study proves that bacteria play an important
role in the degradation of organic matter along with photodegradation. It is concluded that
Trichodesmium blooms build up large pools of CDOM and play an important role in the

DOM cycling of coastal waters.
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Chapter 5

Variations of CDOM during the southwest monsoon and seasonal

hypoxia along the western continental shelf of India

5.1. Introduction

The Indian summer monsoon or southwest monsoon (SWM) is a typical feature of the
tropics and prevails over India from June to September anually. This occurs due to the
differential heating between the land and the ocean (Halley, 1686; Webster et al., 1998)
and accounts for 70- 90% of the yearly precipitation over India (Shukla and Haung, 2016).
The seasonal reversal of winds blowing along the shores of the Indian Ocean brings heavy
rainfall to the Indian subcontinent, feeding the numerous small and medium rivers that
flow through the coastal plain and join the Arabian Sea (AS). Large spatial and temporal

variability has been observed in the Indian summer monsoon rainfall (Hrudya et al., 2021).

The south-westerly winds blowing over the Indian subcontinent drives offshore Ekman
transport, which successively brings about upwelling along the western and the eastern
AS, thus making the AS a unique basin of study. The coastal upwelling brings high-
salinity, high-nutrient, and low-oxygen waters to the surface, which supports primary
production and hence organic carbon production (Prasanna Kumar et al., 2001). Narvekar
et al. (2021) has shown that the upwelling in the eastern AS is affected by the strength of

stratification as a result of freshwater flux received from the runoff and precipitation.

The nothern AS is well known for being the most prominent and intense perennial oxygen
minimum zone (OMZ) in the world, wherein oxygen concentrations less than 2uM are
reported at a mid-water depth of 100 to 1,000 m in the water column (Sen Gupta and
Naqvi, 1984; Naqvi et al., 2006). In addition to this, the western continental shelf of India
(WCSI) is also known to host the world's largest natural seasonal hypoxic zone covering
an area of 1,80,000 km? (Naqvi et al., 2000). Variability in terms of duration and intensity
of the seasonal oxygen deficiency has been reported earlier (Naqvi et al., 2009a). Even
though it possesses less than 2% of the world’s ocean area, the AS is liable for up to 40%
of global water column denitrification, a cycle that diminishes the oceanic inventory of
bioavailable nitrogen (essential for phytoplankton growth) and releases N,O a major
greenhouse gas (Codispoti et al., 2001; Bange et al., 2005; Naqvi et al., 2006). It is well
established that OMZs influence marine biogeochemical cycles such as the global carbon

and nutrient cycles (Bange et al., 2005; Naqvi et al., 2006).
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Carbon dynamics is closely associated with dissolved oxygen (DO) and therefore the
advancement of hypoxia (Bianchi et al., 2010), as DO is being consumed both in the
surface and bottom waters due to photochemical and heterotrophic oxidation of DOM
(Green et al., 2006; Diaz and Rosenberg, 2008). Moreover, DOM assumes a significant
role in the fate and transport of numerous organic contaminants and heavy metals
(McCarthy and Zachara, 1989; Santschi et al., 1998). Along these lines, information
regarding sources, abundance, chemical composition, and cycling pathways of DOM is
imperative for a better understanding of ecosystem health in aquatic environments.

5.2. Aim of the study

The WCSI is one of the unique basins which is affected by seasonal reversing currents,
leading to coastal upwelling. This region also receives a large terrestrial influx from the
perennial rivers along the west coast. Moreover, this region hosts the world’s largest
hypoxic zones in recent times. The influx of freshwater received during the SWM leads to
a strong stratification of the water column. The coastal upwelled waters being low in
oxygen would deteriorate further due to nutrient-fuelled primary production and very low
mixing. Episodic seasonal anoxia along the coastal waters of Goa has also been reported
during the late SWM (Nagvi et al., 2006).

The study of CDOM variability is the first of its kind along the WCSI during the SWM.
Earlier the study on the optical properties of CDOM was conducted by Coble et al. (1998)
during the SWM along the Gulf of Oman and central AS (56 — 66°E). A negative
correlation for surface CDOM samples was observed with temperature suggesting
upwelling as a source of CDOM. Also, three water masses with distinct fluorescence were
identified in their study. Del Castillo and Coble (2000) studied the seasonal variability of
CDOM during the NEM and SWM in the AS (56 — 66°E) and attributed the differences in
the wind regimes between the monsoons for the distribution of CDOM. Recently, a study
carried out by Minu et al. (2020) along the coastal waters of Kochi reported the terrigenous
nature of CDOM during the SWM, in-situ production during the pre-monsoon, and
autochthonous-allochthonous origin during the post-monsoon. Thus this region becomes
an ideal place to study the variations of CDOM under the given biogeochemical settings.
Keeping the importance of the region in mind, it was decided to study the behavior of
CDOM during hypoxic conditions observed along the WCSI. Hence the following specific

objectives were proposed:

93



Chapter 5

e Study the spatial variability of CDOM and FDOM during the SWM along the
WCSI.
e Characterize the CDOM at varying levels of oxygen.
e Study the influence of seasonal hypoxia on the CDOM in the coastal waters of
Goa.
e Estimate the production of CDOM under varying levels of oxygen and organic
matter based on lab experiments.
5.3. Methodology
Sampling was done along the WCSI at four transects (Kochi, Mangalore, Karwar, and
Goa) during the early SWM (June — July) of 2018 onboard RV Sindhu Sadhana (SSD 052
cruise). In addition, sampling was also carried out during the late SWM (September) along
the Goa transect in 2018 (SSD 057). Previously the Goa transect was sampled during the
late SWM (September to October) in 2016 when the coastal waters experienced seasonal
hypoxia. The sampling details are given in Table 5.1 and the station locations are shown in

Figure 5.1.

{1 Mangalore

* 15.55°N

G3
G5 G4

6|

15.5°N G7

15.45°N
P

15.4°N

Ocean Data

73.4°E 73.5°E 73.6°E 73.7°E 73.8°E

Figure 5.1: Study area showing the four transects (left) along the WCSI, where sampling
was carried out during June-July 2018 (SSD 052 cruise), and the Goa transect (right),
where sampling was done during September 2018 (SSD 057 cruise). The Goa transect was

also sampled between September and October 2016.
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Table 5.1: Details of sampling carried out during 2016-2018

Transects Cruise/boat Sampling dates Stations covered
sampled
Goa Mechanized boat 1% September 2016 2 (G5, G6)
Goa SSD 026 8™ October 2016 1(G5)
Goa SSK 093 31% October-1* November | 4 (G3- G6)

2016
Kochi SSD 052 29" June 2018 3 (KOTS2- KOTS6)
Mangalore 01% July 2018 6 (M1 - M12)
Karwar 02-03" July 2018 6 (K2 - K13)
Goa 04 -05 July 2018 7 (G3-G14)
Goa SSD 057 20™ September 2018 6 (G3 - G8)

5.3.1. Experimental setup

Apart from the in-situ study, an experiment was also conducted to understand the behavior
of DOM under varying levels of oxygen and organic matter in the laboratory. For this, the
bottom water from the CaTS (G5) location was collected on 31% July 2018 onboard RV
Sindhu Sadhana. For the experimental setup, we used amber-colored glass bottles (4
bottles of 4 L capacity and labeled as A, B, C, and D.) to curtail the effect of light on DOM
alteration. Two bottles (A & B) were filled with 0.2 micron filtered water keeping little
headspace, whereas the remaining two bottles (C & D) were enriched with organic matter.
The residue collected on the 0.2 micron filters was resuspended in the water before filling
the bottles C and D. One bottle of each set (A & C) was kept in a closed system using an
airtight cap connected with a tube having a Luer lock. The headspace of these bottles was
purged with N, gas to remove any traces of oxygen. The other two bottles (B & D) were
kept saturated with oxygen by using an aerator. The experimental setup is depicted in
Figure 5.2. All four bottles were monitored for changes in DO and CDOM for 30 days.
Every day, an aliquot of 50 mL was withdrawn from these bottles with glass syringes
attached to Luer locks. Before sampling, the glass syringes were flushed with N, gas to
eliminate contamination by atmospheric oxygen. The headspace in the bottles was

replaced with N gas by connecting nitrogen bags to the bottles during sample collection.
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Bottle A: 0.2 micron filtered water, oxygen-limited
Bottle B: 0.2 micron filtered water, aerated

Bottle C: Sample enriched with organic matter, oxygen-limited

Bottle D: Sample enriched with organic matter, aerated

Figure 5.2: Experimental setup used in the laboratory, two bottles were oxygen-limited
by purging of N, gas in the headspace (left), and two bottles were aerated using an

aerator (right).

5.3.2. CDOM analysis

The water samples were collected and filtered onboard for CDOM absorption and
fluorescence using a 0.2 micron nucleopore membrane filter following standard protocols
and stored in an amber colored glass bottle at 4°C until analysis (Mitchell et al., 2002;
Tilstone et al., 2002). The details of analysis are given in chapter 2. The FDOM data (148
EEMSs) were further subjected to PARAFAC analysis using MATLAB software (2017),
including the DrEEM toolbox 0.20 (Murphy et al., 2013). PARAFAC modeling was
restricted to the excitation wavelength >240 nm and emission wavelength < 590 nm to
avoid the noise. The model was run with non-negativity constraints. Validation was

performed by split-half analysis and analysis of residuals and loadings.
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5.3.3. Dissolved oxygen analysis

Samples for dissolved oxygen were fixed immediately upon collection and analyzed
following Winkler’s titration method (Grasshoff, 1983) for the field samples. During the
laboratory experiment, the sample for DO analysis was collected in 10 mL glass syringes
and fixed using Winkler reagents, followed by analysis using a spectrophotometer at 456
nm as detailed in Pratihary et al. (2014). Dissolved oxygen (M) is calculated using the

following the equation

DO = (AbS455 - Blank456)*476

5.4. Results

5.4.1. Spatial variation of physicochemical parameters along the WCSI during the early
SWM of 2018

The surface inshore waters along the WCSI were characterized by low temperatures
(28°C), low salinity (32), and higher oxygen concentration (4.5 mL/L) as compared to the
offshore waters (Fig. 5.3). The sea surface temperature (SST) and salinity increased, while
the dissolved oxygen decreased from the coast to the offshore along the four transects.
Signatures of upwelled waters with low temperature, high salinity, and low DO were
observed on the southwest coast of India (10°N). A prominent decrease in sea surface
salinity (SSS) and increase in DO was observed towards the north (15°N) along the coast.
Along the Kochi transect, the SST increased from the coast (28°C) to the offshore
(28.22°C), while SSS also showed a similar trend, with values ranging from 33 to 33.7
from the coast to the offshore. A cap of high saline waters (35) was restricted at the depth
of 20 to 40 m in the water column. The surface waters along the transect were oxic while
the sub-surface waters were hypoxic. The low oxygenated waters (1.8 mL/L) were seen
close to the coast (KOTS 2) and the DO in the sub-surface waters decreased offshore (Fig.
5.4).

The SST and SSS increased from the coast to the offshore varying from 27.7°C to 28.7°C
and 30.7 to 33.9, respectively, at the Mangalore transect. The presence of high saline
(35.3) water mass at the sub-surface (30-60 m depth) was also seen at this transect. The
surface waters were oxic while hypoxic conditions were seen in the bottom waters from
the coast to the offshore (Fig. 5.5).

The station close to the coast of the Karwar transect had an SST of 27.8°C which increased

offshore to about 28.8°C, while SSS showed large spatial variations varying from 29.1
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close to the coast to 34.1 towards the offshore. The bottom inshore waters were hypoxic
while the waters experienced suboxic conditions offshore (Fig. 5.6).

The Goa transect recorded the highest temperatures (28.15°C) and lowest salinity (28) in
the surface waters near the coast which increased towards offshore (29°C and 34.8,
respectively). The near-shore waters were oxic while hypoxic-suboxic conditions were
seen in the sub-surface depths towards offshore (Fig. 5.7).
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Figure 5.3: Spatial variation of physicochemical parameters and CDOM characteristics in
the surface waters of WCSI (Kochi, Mangalore, Karwar, and Goa) during the SWM (June-

July) of 2018.
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5.4.2. Spatial variation of CDOM characteristics along the WCSI during the early SWM
of 2018

The CDOM absorption (ag412) at the surface waters varied from 0.0035 to 0.953 m*, and
the values increased towards the north (15°N; Fig. 5.3). All transects showed very high
CDOM absorption (m™) near the coast and decreased offshore. Spatially there was a
significant difference in CDOM absorption with p < 0.01. The spectral slopes Szs0-600 and
So75-295 Were low near the coast, while these increased offshore (Fig. 5.3). Based on
PARAFAC, three fluorescent DOM components were identified along the WCSI
(Appendix 1.5). Components 1 (C1) and 2 (C2) were humic-like with emissions in the
longer wavelength, while component 3 (C3) was protein-like with excitation and emission
in the UV region. These components were matched with the previously reported
components in the Openfluor database (Murphy et al., 2014). C2 and C3 were matched
with more than 21 components with a Tucker’s coefficient of 0.95, while component 1
matched with only two components at a Tucker’s coefficient of 0.9. C1 and C2 had two
excitation and one emission maxima, <250 (420)/480 nm, <250 (320)/410 nm,
respectively. C1 was a mixture of traditional humic-like A+C (Coble, 1996), while C2 has
been identified as humics produced in the marine environment (Stedmon et al., 2011). C3
was protein-like and was associated with productivity, consisting of free and protein-
bound amino acids, and was linked to autochthonous production of CDOM. The
distribution of all the three FDOM components was high along the Goa transect as
compared to other transects (Fig. 5.3).

In general, CDOM absorption increased with depth and was high at the nearshore stations
during the SWM season. High CDOM absorption was seen at the coastal station off Kochi,
which increases towards the bottom with low spectral slope values (Fig. 5.4). C1 was high
in the surface waters at the nearshore station while it increased in the sub-surface waters at
the offshore stations. C2 was high near the shore, while C3 showed a maximum in the
offshore bottom waters along the Kochi transect (Fig. 5.4).
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Figure 5.4: Spatial variation of physicochemical parameters and CDOM absorption (ag412,
m™), spectral slopes (Sz7s.20s Nm™), and FDOM (C1, C2, and C3) along the Kochi transect

during the SWM (June 2018).

Along the Mangalore transect, CDOM increases with depth in the coastal waters except for

station 3. Trichodesmium bloom was noticed at this station, which is characterized by high

CDOM absorption and peaks in the UV region of CDOM spectra in the surface waters. In

the offshore waters, CDOM absorption was high at the sub-surface depths (Fig. 5.5).

FDOM components C1, C2, and C3 increase with depth with maxima in the bottom waters

near the shore, while an increase was observed

region.
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Figure 5.5: Spatial variation of physicochemical parameters and CDOM absorption (ag412,
m™), spectral slopes (Sz75.205 NM™), and FDOM (C1, C2, and C3) along the Mangalore
transect during the SWM (July 2018).

At the Karwar transect, an increase in CDOM absorption with depth was observed along
the coastal and shelf region. High CDOM absorption (2.7589 m™) was observed in the
bottom waters of the nearshore station, which decreased offshore (0.1543 m™; Fig. 5.6).
The spectral slopes Szs0-600 and Sz75.205 Were high at the surface and decreased with depth.
Lower spectral slope values were observed close to the coast, and it increased offshore
(Fig. 5.6). DO decreased with depth with hypoxic waters at the bottom near the coast,
whereas suboxic waters were seen offshore (Fig. 5.6). The FDOM components C1 and C2

were high at the inshore stations and decreased offshore, as expected.

101



Chapter 5

Temperature [C]

I.’m

Depth [m]
Depth [m]

0

Depth [m]
Depth [m]

150 50

1
Sec‘t)l%n Distance [km]

Depth [m]
Depth [m]

1
Secl!’l%n Distance [km] &0

K8

Depth [m]
Depth [m]

1 1 50
Sec%n Distance [km] Sec?l%n Distance [km]

Figure 5.6: Spatial variation of physicochemical parameters, CDOM absorption (ag412, m’
1, spectral slopes (Sa7s5.20s Nm™), and FDOM (C1, C2, and C3) along the Karwar transect
during the SWM (July 2018).

During the SWM of 2018, CDOM absorption increased with depth with the highest values
recorded in the bottom waters of nearshore stations, and the maximum was observed along
the Goa transect (5.3285 m™) (Fig. 5.7). The nearshore coastal waters were oxic (> 3
mL/L), characterized by high CDOM absorption, low spectral slope during the onset of
SWM. The slope Szs0-600 and S75.205 decreased with depth, with the lowest slopes observed
in the bottom waters (Fig. 5.7). CDOM absorption was high at the surface and also at the
oxycline (100 - 200 m) at the offshore station G14. The spectral slope was low at this
depth, which increases towards greater depth. Fluorescence maxima (1.94 RU) of
component C1 (humic-like) was observed in the sub-surface waters close to the

102



Chapter 5

thermocline and oxycline along the shelf off Goa. Low fluorescence of C1 was observed in
the inshore waters. In the offshore waters, C2 was high in the sub-surface waters, with the
maxima observed in the OMZ region. C3 was moderately high in the surface waters along
the coast, while maxima were observed in the sub-surface waters along the shelf and the

open ocean (Fig. 5.7).
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Figure 5.7: Spatial variation of physicochemical parameters, CDOM absorption (ag412, m’
1y, spectral slopes (Sa7s.20s NM™), and FDOM (C1, C2, and C3) along the Goa transect
during the SWM (July 2018).

103



Chapter 5

5.4.3. Variation of CDOM during seasonal hypoxia

5.4.3.1. Spatial variation of physical parameters across the Goa transect during the late
SWM of 2018

Off Goa transect (stations G3 to G8) was again sampled in September (late SWM) 2018
for various biogeochemical parameters. The surface waters were warmer during the late
SWM as compared to July, and temperature increased offshore. Large temperature
variation was observed from the surface to the bottom, ranging from 24.99°C to 22.74°C at
the nearshore station (G3), while temperature varied from 28.15°C at the surface to
20.29°C in the bottom waters at station G8. Low saline waters were present at the surface
(35.48 — 34.69). A cap of high saline water (35.75) was present in the sub-surface (20 — 40
m) waters at the offshore stations (G6 to G8). The surface waters were well-oxygenated,
and the DO at the surface increased offshore (3.06 to 5.23 mL/L). A sharp decline in DO
was observed with depth from oxic to hypoxic waters at the sub-surface throughout the
transect. Signatures of coastal upwelling were observed during this period with low
temperatures, high salinity, and low DO in the sub-surface waters (Fig. 5.8).
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Figure 5.8: Spatial variation of physicochemical parameters, CDOM absorption (ag412, m’
1), spectral slopes (Sz7s.205 Nm™), and FDOM (C1, C2, and C3) along the Goa transect
during the late SWM (September 2018).

5.4.2.2. CDOM variation across the Goa transect during the late SWM of 2018

The CDOM in the surface waters decreased, while Sy7s.05 increased from July to
September 2018 (Figs. 5.7 and 5.8). The surface CDOM absorption decreased from 0.953
m™ during July to 0.291 m™ during September at the nearshore station (G3), while at the
offshore station (G8) it decreased from 0.230 m™ to 0.064 m™. A similar significant
decrease in CDOM at the bottom waters was also observed from July to September. The
spectral slope S,7s.205 was low (0.0247 nm™) at the nearshore stations and increased

offshore (0.0339 nm™). The Spectral slope Sy7s.205 increased with depth at the near-shore
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stations, while it decreased with depth at the offshore station. The spectral slope Szso-600
was high at the surface and decreased with depth along this transect. S;s0-600 did not show
any drastic variations from July to September at the surface waters of the Goa transect.
The spectral slope Szs0-600 did not show any variation with depth at the near-shore station,
while itincreased in the bottom waters from July to September. The fluorescent DOM, C1
was high in the nearshore waters and was present within 20m in the offshore waters (Fig.
5.8). C2 and C3 were also high in the nearshore bottom waters, while very low FDOM
was observed in the surface offshore waters. Build-up of C3 was observed in the sub-

surface waters at the offshore region.
5.4.2.3. CDOM variation at the coastal time series station G5

Monthly sampling of biogeochemical parameters is being carried out at the CaTS station
G-5 (off Goa) since 1997 (Naqvi et al., 2000). CDOM absorption was the highest during
the SWM as compared to other seasons (Dias et al., 2020a) at this station. Observations
during 2016 at G-5 indicate that the surface waters were well oxygenated during late SWM
(Figs. 5.9 and 5.10). Temperature decreased from 27.15°C (September) to 25.46°C
(October), while a reverse trend was observed for salinity (Fig. 5.10). Another notable
observation was the progressive increase in CDOM absorption (ag412) from September to
October in the surface (0.0975 to 0.2217 m™) and bottom waters (0.0852 to 0.2435 m™)
(Fig. 5.10). The spectral slope Szso-600 did not show any significant change in the surface
and bottom waters (0.0215 - 0.0213 nm™), during September 2016. However, a significant
decrease in spectral slope was observed during October both at the surface (0.0195 nm™)
and bottom (0.0171 nm™). On the other hand, an increase in Szso.600 Was observed during
the end of October in the bottom waters (0.0204 nm™), while no such change was observed
in the surface waters (0.0198 nm'l). The S,y75.095 Was low in the bottom waters and
decreased from September (0.0250 nm™) to October (0.0246 nm™).
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Figure 5.9: Spatial variation of physicochemical parameters, CDOM absorption, and

spectral slope along the Goa transect during the late SWM (October 2016).

CDOM absorption was higher at the nearshore station, while it decreased offshore. A

gradual decrease of DO was also seen from hypoxic during September (0.109 mL/L) to

anoxic by the end of October (Fig. 5.10). An increase of CDOM in the bottom waters was
seen during September of 2016 and 2018 (Figs 5.8, 5.9, and 5.10). In most of the cases, the

bottom CDOM values were higher than the surface suggesting a linkage between low

oxygen conditions and higher CDOM absorption. High CDOM in the bottom waters was

associated with hypoxic, suboxic, or anoxic conditions. A weak positive correlation was
observed with a;412 and apparent oxygen utilization (AOU) (R?=0.55) (Fig. 5.11a). Also,
C1 showed a good positive correlation with AOU (R? = 0.64) (Fig. 5.11b).
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Figure 5.10: Vertical profiles of temperature, salinity, DO, and CDOM absorption (ag412

m™) at the coastal time-series station (G5) during the seasonal hypoxia (September-

October) 2016.
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Figure 5.11b: Correlation between AOU and C1 (humic-like) FDOM.
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5.4.4 Characterization of CDOM during the SWM and seasonal hypoxia: Statistical

approach

Principal component analysis (PCA) was used to classify waters at varying levels of
oxygen during the SWM. PCA was performed on 10 variables (temperature, salinity, DO,
AOQU, as412, spectral slopes at varying ranges (Szso-600, S275-205, S350-400, S280-400) and Sgr)
collected during the SWM. This analysis extracted three components, which explained
76.5% of the variability in the data set (PC1 - 33.4%, PC2 - 25.4%, and PC3 - 17.7%). The
results are presented in terms of component plots and sample score plots in Figure 5.12.
Temperature (-0.84 component score), DO (-0.83) and ag412 (-0.57) were negatively
correlated, while AOU (0.85), salinity (0.71) and Sgo-400 (0.51) were positively correlated
to PC1. PC2 was explained by the ag412 which was negatively correlated (-0.7), while the
spectral slopes Szs0-600 (0.65), Sz75-205 (0.58), and DO (0.5) were positively correlated. PC3
was positively related to the slope ratio Sg (0.92) and negatively t0 Sssg-400 (-0.77). The
low oxygenated samples were clustered together with a positive PC1 score and negative
PC2 score, while the oxygenated samples were with negative PC1 score and positive PC2
score (Fig. 5.12b).

The samples were also separated on the basis of oxygen into five groups, anoxic (0 mL/l),
suboxic (<0.1 >0 mL/L), hypoxic (<1.4 >0.1 mL/L), oxic (< 3.5 >1.4 mL/L) and oxic
(>3.5mL/L). Two data points were not considered in this analysis from the oxic category
due to the high CDOM absorption from the nearshore stations probably arising from the
bottom resuspension. Very high CDOM absorption is evident in the low oxygenated
waters with low spectral slopes in this study (Fig. 5.13). One-way ANOVA was also
performed on the grouped samples and each group was significantly different from the
other based on the CDOM absorption and spectral slopes (p<0.05). The statistical details
are provided in Table 5.2.
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Table 5.2: Statistics of the optical parameters of CDOM at varying levels of oxygen along
the Goa transect in 2016 and 2018.

Oxygen  concentration | Mean ag412 Mean Szs0-600 Mean Sy75.295
(mL/L) (m™) (nm™) (nm™)
Anoxic, 0 0.262 0.0184 0.0174
Suboxic, <0.1>0 0.167 0.0197 0.0242
Hypoxic ,<1.4>0.1 0.119 0.0168 0.0284
Oxic,<3.5>1.4 0.131 0.0181 0.0262

Oxic, >3.5 0.183 0.0200 0.0278

F value 2.564 2.640 3.624

P value 0.044 0.039 0.009

Component Plot
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Figure 5.12: (a) The correlation plot of components used in the PCA analysis
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Figure 5.13: Variation of CDOM absorption at different oxygen levels.
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5.4.5. Experimental set up under controlled conditions

To understand the CDOM production at varying oxygen levels, an experiment was
conducted in amber-colored glass bottles with and without additional organic matter.
Bottle A, which had only dissolved organic matter (0.2u filtered water), did not show
much variation in DO concentration (Fig. 5.14). The trend was a decrease in CDOM
concentration initially for 21 days (from 0.2608 to 0.1360 m™) followed by a gradual
increase in the latter part of the experiment (up to 0.2221 m™) though not very significant.
The aerated bottle B (0.2um filtered water) showed an initial CDOM absorption of 0.2608
m™ and did not show much variation throughout the experiment (Fig. 5.14). The bottle C,
which was enriched in organic matter and maintained under low oxygen condition,
experienced a gradual decrease in DO over time (3.9 to 0.8 mL/L), while the CDOM was
nearly constant initially (to = 0.1431 m™) and increased after 20 days (tsina =0.2805 m™)
when the DO was low. The bottle D, which was enriched in organic matter and kept in
aerated condition, showed an increase in CDOM absorption over time (to= 0.1431m™ and
trina = 0.29688 m™) (Fig. 5.14).
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5.5. Discussion

5.5.1 Spatial variability of CDOM along the WCSI during the early SWM

The onset of SWM results in open ocean upwelling beginning from the southern tip of the
west coast of India, propagating northwards with time (Madhuprathap et al., 2001; Smitha
et al., 2008). During our sampling, signatures of upwelling were observed along the
southwest coast of India (10°N) with low temperature, and low DO in the bottom waters
along with high saline waters at the surface (Fig. 5.3). These waters were associated with
high CDOM absorption. The moisture-laden strong southwesterly winds blowing over the
Indian sub-continent result in heavy precipitation in this region from June to September.
Most of the rainfall over the AS occurs during SWM, exceeding 300 cm y™* (Naqvi et al.,
2009b). As a result, the AS receives maximum runoff during this period from the
perennial rivers and estuaries along the west coast of India. Maximum rainfall and river
discharge is reported along the southern coast of India during the SWM months of June
and July (Narvekar et al., 2021). This is manifested by the observed low values of salinity
at the nearshore stations in our study and was more prominent towards the Karwar and
Goa transects (Fig. 5.3). The temperature and salinity were found to increase offshore. The
surface DO concentration increased from the south (off Kochi) to the north (off Goa; Fig.
5.3), and the low DO along the Kochi transect could be due to the coastal upwelling.

The CDOM absorption showed a fairly strong negative correlation with salinity (r = 0.78,
p <0.01), and temperature (r = 0.5, p<0.05) in the surface waters along the WCSI during
July 2018. A negative correlation was also observed between C2 and salinity (r= 0.62,
p<0.01); however C1 and C3 didn’t show any relation. The negative correlation between
salinity and CDOM indicates the conservative mixing of CDOM in the surface waters.
Also, based on the sea level anomaly a cold core eddy was located in the study area
(between 8° and 15°N) close to the coast during this time. The negative correlation
between temperature and CDOM also points that this cold core eddy could be a probable
source in the distribution of surface CDOM in the study region. A negative correlation
between FDOM and temperature was observed by Coble et al. (1998) in their study in the
AS and attributed it to the upwelling observed during the SWM. Such a correlation
between FDOM and temperature was not seen in our study.

In general, high CDOM absorption with low spectral slopes indicates the terrestrial nature
of organic matter along the WCSI. This is due to the high runoff received from the

perennial rivers along the coast, which is also observed from the low salinity along the
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coast. The signatures of humic-like FDOM, arising from the land runoff (terrestrial origin),
was also high along the WCSI with the maximum along the coast of Goa (Fig. 5.3) which
coincided with higher precipitation and lowest salinity observed during our sampling. A
prominent increase in CDOM was observed in the bottom waters of coastal station at all
transects, with the maximum at the Goa transect (Figs 5.4 to 5.7). A decreasing trend of
the spectral slopes S2s0-600 and Sp75.295 Was observed in the bottom waters (Figs 5.4 to 5.7).
Resuspension of sediments has been considered an important source of DOM to the
bottom waters (Boss et al., 2001; Lubben et al., 2009). The burrowing activities of benthos
in the oxic bottom waters lead to the resuspension of sediments and hence, the observed
high CDOM absorption. The surface offshore waters showed lower CDOM absorption
with high spectral slopes at all four transects. The effect of land runoff was not observed at
the offshore stations during the early SWM and hence, this could be attributed to the
photodegradation of DOM which results in a decrease in CDOM absorption and an

increase in spectral slopes in the offshore waters (Figs 5.4 t0 5.7).

During the early SWM, signatures of upwelling were seen at the Kochi transect during our
sampling. Upwelling-driven high primary productivity and phytoplankton blooms in the
Arabian Sea have been reported during the SWM (Prasanna Kumar et al., 2001; Wiggert et
al., 2005). An increase in the protein-like fluorescence (C3) in the sub-surface offshore
waters of the Kochi transect could be attributed to upwelling-induced autochthonous
production. The satellite images obtained for the sampling day also showed high
chlorophyll-a along the southern tip of India (8-10°N; Fig. 5.15a) suggesting C3 to an

autochthonous source.
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Figure 5.15a; Satellite derived chlorophyll-a during sampling period (29" June — 5™ July
2018) along the WCSI.

The surface bloom of Trichodesmium spp was also observed during our sampling at the
M3 station of the Mangalore transect. Blooms of Trichodesmium have been reported
during the SIM along the west coast of India (Dsilva e al., 2012; Ahmed et al., 2017; Dias
et al., 2020b). The CDOM spectra collected from the bloom site had unique absorption
with peaks in the UV region due to mycosporine-like amino acids. The CDOM absorption
during Trichodesmium blooms are detailed in chapter 4. Previous studies on
Trichodesmium blooms have shown the accumulation of DOM. The increase in the FDOM
components with depth at the nearshore stations could be attributed to the production of
protein-like and humic-like components reported during Trichodesmium blooms. The
microbial remineralization of sinking dead cells during the bloom might have resulted in
the observed maxima of humic-like components in the sub-surface waters along the
transect. The high protein-like fluorescence in the surface and sub-surface waters is

probably due to the autochthonous production of DOM.

High surface and bottom CDOM absorption was observed at the nearshore stations of the
Karwar transect. Apart from this, high surface (K8) and sub-surface (K13) CDOM
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observed in the offshore waters were associated with high humic-like FDOM (C1 and C2)
and spectral slopes (Fig. 5.6). This humic-like fluorescence is associated with marine
DOM. Very low recent autochthonous production was seen from the low C3 FDOM
values along this transect.

The highest values of CDOM and FDOM were recorded along the Goa transect (Fig. 5.7)
especially at the nearshore stations with low spectral slopes indicating the high aromaticity
of the organic matter. The Goa coast received heavy rainfall during the sampling period,
and the resultant land runoff could be one of the reasons for high CDOM and FDOM along
this transect. Hypoxic- suboxic waters were seen in the sub-surface depths along the shelf
off Goa. CDOM absorption was high at the surface and also at the oxycline (100 - 200 m)
at the offshore station G14. The spectral slope was low at this depth which increased

towards greater depth.

Humic-like C1 fluorescence showed the maxima in the low oxygenated waters (coinciding
with the thermocline and oxycline (Fig. 5.7) suggesting that C1 is produced as a result of
aerobic microbial remineralization of particulate organic matter (Hayase and Shinozuka,
1995; Yamashita et al., 2007; Yamashita and Tanoue, 2008; Swan et al., 2009; Nelson et
al., 2010; Jagrgensen et al., 2011; Tanaka et al., 2014; Catala et al., 2015; Kim and Kim,
2015). Statistical correlation between humic-like DOM and apparent oxygen utilization
(AOU) was used to account for the microbial production (production of FDOM H) in the
Pacific and the Indian Ocean (Hayase and Shinozuka, 1995; Yamashita and Tanoue, 2008;
Swan et al., 2009; Nelson et al., 2010; Jgrgensen et al., 2011; Kim and Kim, 2015). A
positive correlation has been observed between C1 and AOU (which is the measure of
oxygen utilization by microbes) in the present study (Fig. 5.11a), indicating microbial
remineralization as the source of humic-like DOM in the deep waters. Yamashita and
Tanoue, (2008) reported that in-situ humic-like FDOM production in the deep Pacific
Ocean is much larger than the riverine flux. Coble et al. (1998) also observed FDOM
maxima in the midwater samples associated with low oxygen, and concluded that AS
midwaters have elevated FDOM compared to other areas of the ocean (away from river
inflow). The increase in marine humic-like C2 with depth observed in the waters off Goa
could be a result of photodegradation at the surface and in-situ production by microbial
metabolism at deeper waters (Nelson and Siegel, 2013). Similar results have also been
observed by Fujita et al. (2010) and Takata et al. (2005) in the East Sea. An increase of
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humic-like FDOM components with depth has previously been reported for open ocean

waters (Catala et al., 2015 and references therein).
5.5.2. CDOM variation across the Goa transect during the late SWM of 2018

Upwelling was observed along the Goa coast during the late SWM sampling (September)
with low temperature, high salinity and low DO waters at the sub-surface. The up-sloping
of 24°C isotherm (an indicator of upwelling; Narvekar et al., 2021) was observed in the
present study at the nearshore station, which depicts the presence of upwelled waters along
the transect. A cap of low saline waters from the runoff and heavy precipitation during this
season prevents the upwelled water from reaching the surface. A high amount of terrestrial
CDOM received from the freshwater flux during the SWM is photolabile and undergoes
rapid degradation in the presence of sunlight (Omori et al., 2010, 2011), hence low CDOM
absorption with high spectral slopes was observed at the surface. Photobleaching of DOM
results in an increase in the spectral slopes (Helms et al., 2008), which was observed in the
present study along the offshore waters (Fig. 5.8). The negative correlation of temperature
with CDOM absorption and FDOM (C1) for the surface waters clearly shows the influence
of upwelled waters in the distribution of CDOM and humic-like FDOM. We also
hypothesize that one of the reasons for high humic-like component C1 at the nearshore
stations is from the advection of humic rich upwelled sub-surface waters (Siegel et al.,
2002). C1, C2, and C3 were high at the nearshore stations and decreased offshore (Fig.
5.8). High C3 could be due to high primary productivity due to the presence of nutrient-
rich upwelled waters near the coast. This is also observed from the high chlorophyll-a

during the study period from the satellite image (Fig. 5.15b).
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Figure 5.15b: Satellite derived chlorophyll-a along the WCSI during the sampling period
(20" September 2018).

High CDOM absorption in the bottom waters of station G-6 is probably from the benthic
flux. The strong thermocline prevents the exchange of dissolved oxygen, and microbial
respiration further reduces the oxygen level in the sub-surface waters, as seen in our study.
Few studies reported the release of iron-bound organic matter due to reductive dissolution
of Fe(l11) to Fe(Il) from the sediments to the water column under anoxic conditions (Skoog
et al., 1996; Skoog and Arias-Esquivel, 2009; Peter et al., 2016). During the seasonal
hypoxia/suboxia, the anoxic sediments would lead to the release of iron oxide-bound and
phosphorous-bound organic matter to the overlying water column (Maloney et al., 2005,
Scholz et al., 2014; Watson et al., 2018). The iron content in the waters and the sediments
off Goa were reported to be high (Naik et al., 2017). This could be another plausible
reason for high CDOM absorption in the bottom waters during this period.
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5.5.3. CDOM variation at the coastal time series station G5, off Goa

The strong halocline during the late SWM from the freshwater inputs prevents the mixing
of the sub-surface upwelled water, which already has low oxygen. Due to biological
respiration and microbial remineralization, the oxygen level in the water column
deteriorates further. This progressive decrease in DO is observed in our study from
September to October (Fig. 5.10). High autochthonous production might have led to high
CDOM absorption in the surface waters, which was also supported by a high protein-like
component in the surface waters. The upwelled waters from the sub-surface seem to be
enriched with humic-like DOM, and the progressive increase of CDOM during October is
probably from the benthic flux. In our study, high CDOM absorption was associated with
low values of Syso600, indicating high molecular weight DOM in the bottom waters.
Mining of iron and manganese ores is an important industry in Goa, and the ore is being
transported to various destinations via waterways. High concentrations of iron in
sediments have been reported in the Goan estuaries (Kamat and Sankaranarayanan, 1975;
Naik et al., 2017). During the SWM, there are chances of this iron being transported from
the banks of the estuaries to the adjoining coastal waters. Earlier, Kritzberg et al. (2014)
has shown that iron can be transported to open waters by its association with DOM. Co-
precipitation of DOM and iron oxides is a well-perceived fact (Skoog et al., 1996; Lalonde
et al., 2012; Riedel et al., 2013). Lalonde et al. (2012) observed that iron oxides and DOM
precipitates biologically available fractions, especially protein-like DOM, more preferably.

Trichodesmium and Noctiluca blooms have been observed during the SIM along the
coastal waters of Goa (Dias et al., 2020b). The degradation of blooms supplies a copious
amount of organic matter to the sediments. This sedimented organic matter is probably
released back to the bottom waters during seasonal hypoxia. Hence, the build-up of
CDOM was observed when the bottom waters experienced low oxygen condition (Figs
5.7,5.8,and 5.9).

5.5.4 Relationship between biogeochemical variables and optical parameters

A significant but weak positive relationship between salinity and spectral slopes Saso-600 (
=0.37, p<0.01) and Sy75-295 (r = 0.39, p<0.01) was observed in the oxygenated waters (DO
>1.4 mL/L), whereas such a relationship was not observed in the low oxygenated waters
(DO <1.4 mL/L). It is evident from figure 5.16 that at very high salinity and with increase
in distance from the coast (> 60 km), the spectral slope values are very high indicating the
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transformed DOM by the process of photobleaching as reported earlier (Vodacek et al.,
1997; Del Castillo et al., 1999). However, the values of spectral slope are lower even at
high salinity but close to the coast (<60 km), indicating the terrestrial nature of DOM (Fig.
5.16). A significant weak positive relationship between temperature and CDOM
absorption (r = 0.26, p<0.05) is also noticed in the low oxygenated waters, implying high

CDOM in the upwelled waters.
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Figure 5.16: The relationship between salinity and spectral slopes S2s0-600 and Sz75-205 in the

oxygenated waters. The z axis signifies the distance from the coast.

A significant negative correlation was observed between CDOM absorption (ag412) and

spectral slopes Szso-600 (I = -0.57 oxygen rich and r = -0.543 in oxygen poor waters,

123



Chapter 5

p<0.01; Fig. 5.17a), Sz75.205 (r = -0.552 oxygen rich and r = -0.582 oxygen poor, p<0.01,
Fig. 5.17b) and Szsp-400 (r = -0.42 oxygen rich and r = 0.36 oxygen poor, p<0.01, Fig.
5.17c), wherein spectral slope decreases with increase in CDOM absorption. A notable
observation in the present study is a significant difference in the relation between spectral
slope and ag412 specifically in the broad spectral range Szso-s00 for oxygenated (>1.4 mL/L,
r = -0.57) and low oxygen (<1.4 mL/L, r = -0.54) waters (Fig. 5.17a). A similar
relationship is also observed between Sj7s.095 and agd12 (Fig. 5.17b). Experimental studies
carried out by Moran et al. (2000) and Helms et al. (2008) revealed that microbial
activities result in a decrease in spectral slope, while the vice-versa is observed for the
effect of photobleaching. Also, a significant negative correlation was observed between
AOU and spectral slope Szso-600 (r = -0.40, p<0.01) along the WCSI (Fig. 5.17d) in the
present study, indicating the new production of CDOM via microbial remineralisation
processes, which results in decrease in spectral slope. Similar results were also reported by
Swan et al. (2009) in the Pacific below 300m. A significant difference in the spectral slope
Sas0-600 1S Observed between the anoxic, suboxic, hypoxic and oxygenated waters
(ANOVA, F=6.846, p<0.01). This result indicate that the source of CDOM in oxygenated
waters and that in low oxygenated waters is different and Spsp00 Can be used to
differentiate the origin of DOM. A good correlation is also observed between S;s0.600 and
Sa75-205 Specifically in the oxygenated waters (r= 0.7) while this relationship is weak and
poor in low oxygenated waters (r = 0.3). This indicates that S,75.295 IS a very good tracer
for terrestrial signatures (lignin), as reported earlier by Fichot and Benner, (2012).
Previous studies reported that terrestrial material absorption is dominated by lignin, which
absorbs below 300 nm (Mcknight and Aiken, 1998; Spencer et al., 2008).
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Figure 5.17: The relationship between aj412 (m™) and spectral slopes a) Ss0-600, b) S275-205
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represent varying levels of oxygen.

5.5.5. Characterization of CDOM

The principal component analysis was used to investigate the link between the CDOM
variables and the physicochemial parameters. Figure 5.12 clearly shows the distribution of
samples based on the CDOM variables and DO. The samples with low oxygen
concentration are having positive PC1 values and negative PC2 values, while vice versa is
observed for the oxygenated samples. Since PC2 is described by the CDOM absorption
and spectral slopes of CDOM, component 2 can be used to characterize the source of
CDOM, while PC1 separates the samples based on the physical parameters. Figure 5.13
clearly shows that maximum CDOM absorption occurs in low oxygenated (anoxic and
suboxic) waters as compared to well oxygenated waters. The statistical details of these are
given in table 5.2. Two values of CDOM absorption were not considered in the analysis as
the values were very high. These were from the bottom waters of G3 and G5 (off Goa

transect during July 2018) when the oxygen level was <3.5mL/L. The high CDOM
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absorption may be attributed to the bottom resuspension. The oxic waters showed a
moderately lower spectral slope Szso.s00 (0.018 nm™) characteristic of a terrestrial source of
OM, while the hypoxic waters had the least spectral slopes (0.016 nm™) which can be
attributed to the release of soil organic matter. The suboxic and anoxic waters had the
highest Sjso-600 indicating the transformation of the OM due to microbial respiration,
wherein the oxygen is utilized for the degradation, thereby leading to a decrease of oxygen
in the water. This can be ascertained from the good correlation between CDOM and AOU
(Fig. 5.11). The Sj75.295 also seems to be the lowest in the suboxic and anoxic waters,
suggesting the dominance of low molecular weight DOM, brought about by microbial

transformations.
5.5.6. Insights from the laboratory experiments

The experiment carried out in the laboratory sheds some light on the CDOM production in
low oxygenated waters. Nearly constant DO values in bottle A suggest no utilization of
oxygen as the water was filtered (0.2um) and organic matter was limited (Fig. 5.14). In
general, a gradual decrease in CDOM absorption is evident with time from the linear
regression model (r = - 0.5) in bottle A. While bottle B under aerated condition didn’t
show much variation, and a slight decrease in CDOM absorption was observed towards the
end of the experiment, the change in CDOM over time was marginal with a very poor
correlation (r = 0.02; Fig. 5.14). Chin et al. (1998) determined that transparent
exopolymeric particles (TEP) are formed from filtered precursors (<0.2um) under
laboratory conditions and can cause aggregation of DOM and is a probable sink of CDOM.
We hypothesize that the decrease in CDOM observed in bottle A in the closed
environment is probably due to the flocculation of CDOM by TEP. This removal is not
observed in bottle B throughout the experiment and may be due to the continuous aeration
of the bottle, which would have kept the DOM in suspension. On the other hand, a
decrease in DO in bottle C from day 1 indicated that microbial respiration consumes the
DO and probably the labile organic matter for metabolism, and hence no change in the
CDOM absorption was detected during the initial phase of the experiment. As the DO
started decreasing, there was an increase in CDOM absorption, which indicates that
CDOM starts building up when there is sufficient organic matter and DO is low. This
increase in CDOM absorption is very marginal with a very weak positive linear relation
over time (r = 0.17) with a very small slope value of the linear regression line (8.23 x 10™)

indicating a small change over time. The bottles being amber-colored and kept in the dark,
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the effect of photodegradation would have been negligible. Microbes seem to be the major
player for CDOM production in this condition. Our experiment shows that there is a link
between CDOM production by microbes during low oxygen conditions, as also seen in the
coastal waters of Goa during our sampling. Bottle D showed a moderate increase in
CDOM till the end of the experiment, as also observed from the linear regression line (r =
0.73). This increase was probably due to the presence of additional organic matter along
with microorganisms and sufficient oxygen in the system. This experiment clearly shows
that organic matter is required for the production of CDOM, and the production will occur

at a faster pace in the presence of oxygen (Fig. 5.14).
5.6. Conclusions

In the present study, the CDOM variation along the WCSI during the SWM and seasonal
hypoxia was examined. High CDOM absorption with low spectral slopes and high humic-
like fluorescence (C1) was observed at the nearshore stations during the SWM, which
could be attributed to the riverine flux of terrestrial organic matter. The sub-surface waters
were hypoxic- suboxic at most of the transects. Humic-like fluorescence C1 was found to
be maximum near the coast (terrestrial origin) and also at the offshore stations at deeper
depths may be due to microbial action. C1 fluorescence was also high in the low
oxygenated waters off Goa during July, possibly due to microbial origin. A good
correlation was observed between C1 and AOU and between CDOM and AOU, which
shows that CDOM is mainly produced during microbial remineralization. Accumulation of
CDOM in the bottom waters during the seasonal hypoxia along the Goa transect is
probably due to the benthic flux (release of iron-oxides bound organic matter to the
overlying water column). A significant difference in the composition of CDOM
(specifically, Szs0-600) Was observed between the oxygen-rich and low oxygenated waters,
and hence it can be used to differentiate the source of CDOM. Based on CDOM and
oxygen characteristics, the waters were classified using PCA. Our laboratory experiment
also shed light on CDOM production and utilization of oxygen when there is enough
organic matter in the system; the production occurs in both oxygenated and O, limited

environments, but it occurs at a much slower pace in the latter.
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Chapter 6

Summary, Future Work, and Recommendations

6.1. Summary

The coastal waters are interlinked to several ecosystems like the estuaries, rivers, wetlands,
etc., and hence form an important conduit for the transport of terrestrial organic carbon to
the ocean. Additionally, the estuaries and the coastal waters are the storehouses for the
largest reservoir of carbon on earth arising from either terrestrial or marine inputs. In this
study, the seasonal variations of CDOM, an optically active fraction of DOM were studied
for the coastal and estuarine waters of Goa. Spatial and temporal variations in CDOM
absorption were evident with changing environmental conditions, and the highest CDOM
absorption was recorded during the SWM and SIM in the estuarine and coastal waters. A
significant difference in the quality and quantity of CDOM (absorption and spectral slope)
were also observed seasonally and spatially (p<0.05) for these waters with the estuarine
waters showing two-fold higher CDOM absorption than the coastal waters. Terrigenous
DOM contributed to high CDOM during the SWM when the freshwater inflow from the
watersheds of the estuaries was high, while autochthonous sources, inputs from
mangroves, and anthropogenic activities contributed to high CDOM during the SIM. The
longer residence time of water during the non-monsoon season favors the accumulation of
phytoplankton in the estuary, contributing significantly as a source of CDOM. Physical
processes in the estuaries control the CDOM variations during the monsoon, while
biogeochemical processes are responsible for the observed CDOM variability during the
non-monsoon season. The PCA analysis helped in differentiating the sources of DOM
based on the CDOM absorption and the spectral slopes for the coastal and estuarine
waters. The coastal waters had positive PC1 and PC2 scores, while the estuarine waters
had negative PC1 and PC2 scores. The samples during non-monsoon clustered together
indicating the dominant autochthonous source, while samples during monsoon clustered
together indicating the terrestrial nature of DOM. A prominent non-conservative mixing
behavior of CDOM was observed in the coastal and estuarine waters of Goa with a land to
sea decreasing trend indicating a definite terrestrial influence. Large additions of CDOM
were observed in the mid-salinity regions of the estuary, which showed the maximum
deviations from the theoretical mixing line. These regions lie very close to the most
urbanized regions and have large patches of mangroves and are prone to anthropogenic

activities such as pleasure cruises, shipbuilding, treated sewage discharge, fish processing
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units, etc. During FIM conservative mixing was observed in the estuaries. The apparent
loss of CDOM was observed at very low salinities in the estuaries and very high salinities
in the coastal waters during the SWM and non-monsoon seasons, respectively. The loss of
CDOM at low salinities is attributed to the adsorptive removal by sediments and
flocculation owing to the high aromatic content of DOM. The removal in the coastal
waters at very high salinities during the non-monsoon season is attributed to
photobleaching, which was the utmost during the SIM with high spectral slope (S275-295)
values and Sg, resulting in the penetration of UV light to greater depths which were
evident from the Kg350 values. It is observed from the present study that CDOM
modulates the spectral quality of underwater light, with the maximum light penetration
occurring at 570 nm in the estuaries which are dominated by CDOM and detritus, while
the maximum light penetration occurs at 540 nm in the coastal waters dominated by
CDOM. In short, the coastal and estuarine waters are dynamic having a distinct seasonality
in CDOM variations with the environmental forcing playing an important role in driving
its composition.

One of the important sources of CDOM s the autochthonous production resulting from
phytoplankton exudation, cell lysis, passive leakage, and sloppy feeding (Nagata, 2000;
Van den Meersche et al., 2004) during the non-monsoon season in the waters of Goa. A
thorough study from 2014 - 2018 has been undertaken on the CDOM produced during the
phytoplankton blooms, especially Trichodesmium which was observed seasonally during
the SIM in the coastal waters. CDOM absorption follows the exponential decreasing model
without any peaks due to the presence of a complex mixture of compounds in CDOM with
superimposed absorption spectra. Unlike the usually known fact, CDOM produced during
the Trichodesmium bloom had distinct absorption peaks in the UV (330 nm and shoulder
at 360 nm) due to Mycosporine-like amino acids, and in the visible regions due to
phycobiliproteins  (495-497 phycourobilin;  542-547  phycoerythrobilin; 614-618
phycocyanin). Mycosporine-like amino acids are produced by Trichodesmium and released
in the water to protect themselves from the harmful UV radiations, while phycobiliproteins
are water-soluble diagnostic pigments present in cyanobacteria. The surface bloom regions
were characterized with high CDOM absorption as compared to the non-bloom station. In
this study, an attempt has been made to differentiate the stages of bloom into growth and
senescence phases. CDOM absorption was low and there was no leaching of
phycobiliprotein pigments in water during the growth phase, while the senescence phase

was marked with high CDOM absorption and leaching of phycobiliproteins in the water.
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From earlier studies, it is clear that the growth of the Trichodesmium takes place in the
sub-surface waters and a thick surface mat is formed mostly during the declining phase
(Capone et al., 1998; Bell et al., 2005; Mohanty et al., 2010; Jyothibabu et al., 2017).
FDOM studies revealed the presence of 2 humic-like, and 1 protein-like, fluorescence in
the bloom samples. The presence of humic-like substances in DOM produced by
phytoplankton is also evident in this study which was previously assumed to originate
from terrestrial source. This further corroborates that humic-like fluorescence observed
during bloom could be directly linked to autochthonous production and microbial
transformation. The humic-like component (C1) observed in this study was linked to the
degradation product of tetrapyrroles, and the other (C2) was similar to the marine humic-
like component. The protein-like component resembled tryptophan-like amino acid and is
an indicator of recent autochthonous production. The fluorescence index (FI) which is an
indicator of freshly produced DOM was very high (~ 3) at the Trichodesmium bloom
stations compared with the typical range of 1.2 — 1.8 observed for the non-bloom region.
Experimental studies were conducted on the bloom water samples to understand the
CDOM degradation over time when exposed to solar radiation. The results of the
experimental studies shed light on the important role of photo- and bacterial- degradation
for the decomposition of organic matter. The present study showed that Trichodesmium
blooms build up large pools of organic carbon and play an important role in the DOM

cycling of the coastal waters.

The Arabian Sea is known to host one of the world’s largest and most intense perennial
OMZ in the world. In addition, the WCSI experience natural oxygen deficiency following
the seasonal upwelling during the late SWM. Though seasonal hypoxia of varying
intensity is observed in the coastal waters of Goa and along the WCSI, there are no reports
on the CDOM variation and its composition during this season. Hence, the WCSI was
sampled during the beginning of upwelling in July 2018, and the coastal waters along the
Goa transect were monitored during the late SWM of 2016 and 2018. During the early
SWM high CDOM with low spectral slopes was observed at the nearshore stations along
the WCSI indicating the terrestrial nature of DOM from the land runoff. An increase in
CDOM was observed towards the bottom and coincided with hypoxic or sub-oxic
conditions. Three FDOM components were identified, and two of which were humic-like
with long wavelength emissions, while the third one was protein-like. The humic-like (C1)

component had maximum fluorescence in the sub-surface low oxygenated waters off Goa,
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suggesting that C1 is produced as a result of aerobic microbial remineralization of
particulate organic matter. Also, a positive correlation between C1 and apparent oxygen
utilization (AOU) was observed in the sub-surface waters along the WCSI, indicating the
role of microbial respiration for CDOM production. A good correlation was also observed
between CDOM and AQU, indicating the in-situ production of CDOM.

Seasonal upwelling was evident along the Goa transect as seen from the 24°C isotherm
during the late SWM (September) and the sub-surface upwelled waters were hypoxic and
rich in humic-like DOM. The CaTS time-series station, G5 witnessed a gradual decrease in
oxygen concentration (from hypoxic to anoxic) along with an increase in CDOM until
October. During suboxic and especially anoxic condition, high CDOM absorption with
low spectral slopes was observed and the difference was statistically significant (p<0.05)
from the oxygenated waters. The increase in CDOM in the bottom low oxygenated waters
is attributed to the benthic flux, and release of phosphorus and iron bound organic matter
from the sediments to the overlying water column. PCA classified the waters based on the
physico-chemical and CDOM characteristics, with oxygenated waters having negative
PC1 and positive PC2 scores, and vice versa for low oxygenated samples. In addition, an
experiment was also conducted to study the CDOM at varying levels of oxygen and
organic matter. Laboratory experiments conducted shed light on the production of CDOM
in low oxygenated waters with sufficient organic matter. This study gives insight into the

cycling of DOM under varying oxygen conditions prevailing in these waters.

The present study generated the baseline data of CDOM for the coastal and estuarine
waters of Goa, and hence the impact of any natural and anthropogenic effects on the
CDOM variation in this region can be assessed. In a recent study carried out by Dias et al.
(2021) in the Mandovi Estuary, a decrease in CDOM absorption was reported in the mid-
stream regions of the estuary during the COVID-19 imposed lockdown. The observation
during May 2020 in the estuary was compared with the previous data and the decrease in
CDOM was attributed to the reduction in the anthropogenic activities during the lockdown.

6.2. Limitations
Some of the limitations of the present study are listed below.

The sampling undertaken during present study was coarse with regards to time, space and

depth. A better understanding of the CDOM could have been possible if the measurements
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were carried out more often with more stations and at fine depth intervals. The sampling
stations were selected based on the results of the earlier studies carried out in these waters.
With the availability of high resolution (10 m) Sentinel -2 satellite data in the estuaries,
various micro features such as pockets of very high CDOM are evident. The satellite

images will help in a better understanding of the CDOM in these estuaries.

Measuring in-situ depth profiles of CDOM spectra at fine depth intervals will provide a lot
more information which can be achieved using filters on the in-situ absorption measuring
instruments with reflecting tube methods such as AC-9 and ACS (WeTLabs) (Dall’Olmo
et al., 2017) and  Point Source Integrating Cavity Absorption Meters (PSICAM)
(Rottgers and Doerffer, 2007). Presently, the method adopted for the measurements of
EEM spectra is based on the analysis of water samples using spectrofluorometers in the
laboratory. Storage and handling of water samples are critical issues. Recently, instruments
like the Underwater mass spectrometry (UMS) have been developed to measure EEM
spectra in-situ in their natural environments (Carstea et al., 2020; Zielinski et al., 2018)
with better capabilities and measuring more parameters including dissolved atmospheric
gases, hydrocarbons, and organic compounds (Chua et al., 2016). However, the in-situ
instruments need to improve on the limit of detection, sensitivity, signal-to-noise ratio
(SNR), calibrations, minimizing various errors from external environmental factors such as

biofouling, particles, bubbles, temperature, pH, and others.
6.3. Future work

It is proposed to use multiple methods including traditional techniques using a
spectrophotometer and spectral fluorometer, and the recent methods using stable isotopes,
ultra high resolution mass spectrometry, Fourier transform ion cyclotron resonance mass
spectrometry (FT ICR-MS), nuclear magnetic resonance (NMR) to extract more accurate
information on the abundance, chemical structure, composition, and sources of CDOM
(Zhang et al., 2021).

It is hypothesized in the present study that the benthic flux and release of iron and
phosphorous bound organic matter during anoxic condition are the probable sources of
CDOM in the low oxygenated waters, which needs to be addressed in detail.

In recent years Earth system models are used for climate projections studies, which mostly
rely on the chlorophyll a concentration as the dominant absorption in water (Morel et al.,

1989; Manizza et al., 2005). From the present study carried out on the contribution of
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optically active substances to the total absorption, it is evident that CDOM and colored
detrital matter (CDM) dominate the absorption of light in the coastal and estuarine waters,
respectively; and hence both need to be incorporated in the models for better predictions,
especially in the coastal and estuarine waters.

European space agency satellite, Sentinel-2 gives very good resolution up to 10m and is
very useful in mapping the estuarine waters. NASA’s PACE (Plankton Aerosol Cloud and
Ocean Ecosystem) satellite which is supposed to be launched in 2023 will have bands
ranging from UV to visible. This will be the first ocean color sensor with bands in the UV
range to study the CDOM. With the advancement in ocean color satellites, there is a need
for refinement of existing ocean color algorithms to derive various ocean color products
with great accuracy. There is a need for a robust algorithm to derive the spectral absorption
of CDOM for all the water types.

A very good relationship between CDOM and DOC are reported in the coastal waters
(Vodacek et al., 1997; Ferrari, 2000; Fichot and Bernner, 2011 and 2012; Brezonik et al.,
2015; Massicotte et al., 2017; Song et al., 2017; Griffin et al., 2018; Cao et al., 2018),
however this needs to be investigated for the study region. Though CDOM has been used
to derive DOC and TOC at a regional level, a universal algorithm for all water types needs
to be developed (Li and Hur, 2017).

Studies on linkages of CDOM with different physical (radiant heating, upwelling),
biological (grazing, phytoplankton functional type, phytoplankton size class), and
chemical (chemical composition of CDOM, interaction with metals) settings need to be

carried out.
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Appendix 1.1: (a) The sampling locations in the Mandovi (magenta), Zuari estuaries (red),
and the Cumbarjua canal (black) during the NEM of 2020-21, (b) represents the enlarged
view of the sampling locations in the Mandovi Estuary, (c) represents the enlarged view of
the sampling locations in the Cumbarjua Canal, and (d) represents the enlarged view of the

sampling locations in the Zuari Estuary.
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Appendix 1.2: Spectral profiles of CDOM variations in the coastal (a - ¢) and estuarine
waters (d - g) on a seasonal basis. Spectral profiles of rain water samples collected during
2015-16 are shown in h. The thick red line for the coastal and rainwater spectra indicates
the average of all the values. The Mandovi Estuary is represented in green, while the Zuari
Estuary in blue and the average of the spectra are shown in magenta and red colour

respectively. Please note that the Y-axis for coastal and estaurine samples are different.
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Appendix 1.3: Relationship between daily average rainfall (mm) over the Goa region and

CDOM absorption ag412 (m™) in the Mandovi and Zuari estuaries.
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Appendix 1.4: Temporal variation of Brunt Vaisala frequency N (s™) at the coastal station,
G5 overlaid with (a) CDOM absorption (ag412 m™) and (b) (Szs0.600 NM™). The X-axis

represents Julian days.
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Appendix 1.5: Components of CDOM fluorescence (Raman units) identified using
PARAFAC during the SWM along the WCSI.
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Keywords:
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In recent years the number of hypoxic zones in the world is rising, which has been attributed to the increase in
nutrients and organic matter due to anthropogenic activities. Here we present results on the variations in ab-
sorption and fluorescent characteristics of colored dissolved organic matter (CDOM) along the western conti-

Hypoxia nental shelf of India (WCSI) during the southwest monsoon (SWM). WCSI hosts the world’s largest, natural,
Southwest monsoon . . 2 .
Autochthonots seasonal hypoxic zone covering 180,000 km~. Water samples were collected along 4 transects off Kochi, Man-

galore, Karwar, and Goa during SWM (June—July 2018) for CDOM and other hydrographic parameters. Also, the
Goa transect was sampled during late SWM (September—November 2016 and September 2018) when the bottom
waters experienced low oxygen conditions. The onset of upwelling was observed in the hydrographical pa-
rameters with low temperature and dissolved oxygen (DO) in the sub-surface waters along the Kochi transect. DO
decreased with depth and was hypoxic to suboxic in the bottom waters at most of the stations. The Highest
CDOM absorption was observed at the nearshore stations of the Goa transect during July 2018. The waters along
the Goa transect were highly stratified during the late SWM (September 2018) with low saline waters at the
surface (due to heavy rainfall), with the development of hypoxia in the bottom waters. High CDOM absorption
(ag412 m') was observed in the bottom waters, which coincided with hypoxic/suboxic conditions. Spectral slope
S250-600 also showed a significant difference between the oxygen rich and low oxygenated waters. Three fluo-
rescent DOM components were identified from PARAFAC analysis. Component 1 (C1) and 2 (C2) were humic-
like with emissions in the longer wavelength, while component 3 (C3) was protein-like with excitation and
emission in the UV region. CDOM absorption (ag412) and humic-like fluorescent component (C1) showed a
positive correlation with apparent oxygen utilization (AOU), indicating the role of microbial respiration for
CDOM production. Laboratory experiments also shed light on the CDOM production in low oxygenated waters
when sufficient organic matter is available. This study gives insight into understanding dissolved organic mat-
ter’s cycling under varying oxygen conditions prevailing in these waters.

1. Introduction

Dissolved organic matter (DOM) is a complex mixture of reduced
carbon (Hansell and Carlson, 2014) comprising the largest pool of
organic carbon on the earth (Hedges and Keil, 1995). It plays an
important role in the biogeochemical cycling of C, N, and P globally
(Hansell et al., 2002). DOM present in the aquatic system can be either
autochthonous (algal exudation, viral lysis, grazing) or allochthonous
(riverine discharge, fluvial inputs) with varied composition depending
on the source and its exposure to degradation processes (Hansell et al.,
2002; Bauer and Bianchi, 2011). Colored DOM (CDOM) is an optically
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active fraction of the DOM pool that absorbs light in the visible and UV
range (Rochelle-Newall and Fisher, 2002; Coble, 2007; Zhang et al.,
2009). CDOM plays an important role in regulating the penetration of
photosynthetically active radiation (PAR), thereby influencing the pri-
mary productivity, protecting organisms from damaging UV radiation,
and contributing to the carbon cycle due to its photoreactivity (Wil-
liamson et al., 1999; Belzile et al., 2002). A fraction of CDOM emits
fluorescence when excited with UV light (fluorescent-DOM, FDOM).
FDOM study has received increasing interest due to its usefulness as a
proxy for the bulk DOC pool (Stedmon et al., 2003; Zhou et al., 2016).
Fluorescence excitation-emission matrices (EEMS) together with
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Variations of Colored Dissolved
Organic Matter in the Mandovi
Estuary, Goa, During Spring
Inter-Monsoon: A Comparison With
COVID-19 Outbreak Imposed
Lockdown Period

Albertina Dias’?, Siby Kurian'*, Suresh Thayapurath’ and Anil K. Pratihary’

" CSIR-National Institute of Oceanography, Panaji, India, 2 School of Earth, Ocean, and Atmospheric Sciences, Goa
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Colored dissolved organic matter (CDOM) is one of the important fractions of dissolved
organic matter (DOM) that controls the availability of light in water and plays a crucial
role in the cycling of carbon. High CDOM absorption in the Mandovi Estuary (Goa)
during spring inter-monsoon (SIM) is largely driven by both in-situ production and
anthropogenic activities. Here we have presented the CDOM variation in the estuary
during SIM of 2014-2018 and compared it with that of 2020 when the COVID-19
outbreak imposed lockdown was implemented. During 2020, low CDOM absorption
was observed at the mid-stream of the estuary as compared to the previous years,
which could be attributed to low autochthonous production and less input from
anthropogenic activities. On the other hand, high CDOM observed at the mouth during
2020 is linked to autochthonous production, as seen from the high concentrations of
chlorophyll a. High CDOM in the upstream region could be due to both autochthonous
production and terrestrially derived organic matter. Sentinel-2 satellite data was also
used to look at the variations of CDOM in the study region which is consistent with
in-situ observations. Apart from this, the concentration of nutrients (NO3~, NH4+, and
Si04*) in 2020 was also low compared to the previous reports. Hence, our study
clearly showed the impact of anthropogenic activities on CDOM build-up and nutrients,
as the COVID-19 imposed lockdown drastically controlled such activities in the estuary.

Keywords: CDOM, Mandovi Estuary, COVID-19 lockdown, Sentinel-2, anthropogenic activities

INTRODUCTION

Dissolved organic matter (DOM) is one of the key pools of organic carbon in natural waters
(Hedges, 1992), and colored DOM (CDOM) is that fraction of DOM that interacts with light
(Blough and Del Vecchio, 2002; Nelson and Siegel, 2002; Nelson et al., 2007). CDOM controls
the availability of light in water and plays an important role in regulating the chemical processes
in water (Mopper and Kieber, 2002; Coble, 2007). CDOM can be produced in-situ by biological
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Abstract Trichodesmium, a marine cyanobacterium,
plays a significant role in the global nitrogen cycle due
to its nitrogen fixing ability. Large patches of
Trichodesmium blooms were observed in the coastal
waters, off Goa during spring intermonsoon (SIM) of
2014-2018. Zeaxanthin was the dominant pigment in
the bloom region. Here, we present the spectral absorp-
tion and fluorescence characteristics of colored dis-
solved organic matter (CDOM) during these blooms.
CDOM concentration was much higher in the bloom
patches as compared with nonbloom regions. During the
bloom spectral CDOM absorption had distinct peaks in
the UV region due to the presence of UV-absorbing/
screening compounds, mycosporine-like amino acids
(MAAs) and in the visible region due to
phycobiliproteins (PBPs). The spectral fluorescence sig-
natures by the traditional peak picking method exhibited
three peaks, one was protein-like, and the other two
were humic-like. Apart from these, Trichodesmium ex-
hibited strong protein-like fluorescence with 370/460
nm (Ex/Em), which is a signature of cyanobacteria. A
parallel factor analysis (PARAFAC) on the fluorescence
excitation-emission matrix (EEM) of Trichodesmium
dataset fitted a 3-component model of which one was
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protein-like, and two were humic-like. The fluorescence
index (FI) values during Trichodesmium bloom was
very high (~ 3) compared with the typical range of
1.2—1.8 observed for the natural waters. Bloom degra-
dation experiments proved that increase in tryptophan
fluorescence enhances the CDOM absorption. Our
study indicates that Trichodesmium blooms provide a
rich source of organic matter in the coastal waters and
long-term monitoring of these blooms is essential for
understanding the health of ecosystem.

Keywords Dissolved organic matter -
Photodegradation - Mycosporine-like amino acids -
Phycobiliproteins - PARAFAC

Introduction

Dissolved organic matter (DOM) is perhaps the largest
repository of organic carbon in the ocean and most
inland waters (Thurman 1985). It is composed of het-
erogeneous mixture of organic compounds originating
either from allochthonous (terrestrial origin), autochtho-
nous (algal or phytoplankton origin), or anthropogenic
sources with a wide range of molecular weights ranging
from less than 100 to over 300,000 Daltons (Hayase and
Tsubota 1985; Ma and Ali 2009). DOM, being the most
mobile and active cycling fraction of organic matter,
influences a spectrum of biogeochemical processes. As
it plays an important role in global biogeochemical
cycles, studies on the sources of DOM, its chemical
characteristics, and cycling in the aquatic environment

@ Springer
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ARTICLE INFO ABSTRACT

Keywords: Dissolved organic matter (DOM) is an important source of carbon in aquatic ecosystems, and colored DOM
Colored dissolved organic matter (CDOM), which is smaller than 0.2 ym and interacts with ultraviolet (UV) and visible light, affects the spectral
Photobleachin'g . quality and quantity of light in water. In this study, the spatial and temporal variations of CDOM with changes in
iﬁ?{;iﬁfﬁgi‘;ﬁve fmixing environmental conditions were investigated from March 2014 to May 2017 in the coastal waters and two es-
Allochthonous tuaries (Zuari and Mandovi) of Goa, western India, and the major sources and sinks controlling the optical

properties of these waters were identified. The CDOM absorption in the estuaries was two times higher than that
of the coastal waters. It was also determined that the CDOM absorption at 412 nm (ag412) in the coastal and
estuarine waters significantly varied between seasons. The ag412 was found to be higher in the coastal waters
during the spring inter-monsoon (SIM) and fall inter-monsoon (FIM) than during the northeast monsoon (NEM).
The high absorption during the SIM was of autochthonous origin, while terrigenous DOM was the primary
contributor mainly during the FIM. The photobleaching of CDOM was highest during the SIM, resulting in the
predominance of low-molecular-weight DOM in the coastal waters. This photobleaching of DOM also resulted in
deeper UV light penetration, as indicated by the diffuse attenuation coefficient K4 at 350 nm. In the Mandovi and
Zuari estuaries, higher levels of CDOM were observed during the southwest monsoon (SWM) and SIM than the
FIM and NEM. The terrigenous DOM contribution was higher in the estuaries during the SWM, while phyto-
plankton contributed to a higher level of CDOM during the SIM. CDOM exhibited non-conservative mixing
behavior in the study region, as it decreased in estuaries with lower salinities and increased at salinities between
20 and 31. Considering the importance of CDOM in the carbon cycle, this study highlights the various sources
and sinks of CDOM controlling the optical properties and biogeochemical processes of coastal and estuarine
waters.

1. Introduction

Dissolved organic matter (DOM) is one of the largest sources of
biologically available organic carbon in aquatic ecosystems, and its
dynamics affect carbon cycling at local to global scales (Battin et al.,
2009). Colored DOM (CDOM) is a complex DOM pool originating from
terrestrially derived materials due to plant degradation and riverine
runoff (allochthonous), and from in-situ production by phytoplankton,
microbial remineralization, excretion, and grazing within the water
body (autochthonous) (Zhang et al., 2009; Loiselle et al., 2012). CDOM
is operationally defined as the optically active component of DOM
present in the water that is smaller than 0.2 pm and interacts with
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ultraviolet (UV) and visible light. CDOM plays a major role in the
spectral quality and quantity of available light in water and can have a
positive or negative impact on the ecosystem. Low levels of CDOM result
in deeper penetration of UV light in the water, affecting marine biota,
whereas high levels of CDOM will limit penetration of visible light,
hampering primary productivity (Del Vecchio and Blough, 2002).
CDOM can also interfere with satellite measurements of phytoplankton
biomass, which affects ecosystem models (Carder et al., 1991; Vodacek
et al., 1994; Nelson and Siegel, 2013). It is also an essential climate
variable (ECV) that influences ocean color (Groom et al., 2019).
Rivers and estuaries are important sources of DOM during its trans-
port from the terrestrial ecosystem to the coastal ocean. The coastal
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The colored dissolved organic matter (CDOM) was investigated during the summer for the coastal and estuarine waters of Goa
using the spectral absorption characteristics of CDOM. Accessions of CDOM were seen all along the estuary through multiple
sources of CDOM with relatively insignificant sink, while in the coastal waters there was a sink due to photo bleaching. Measure
of CDOM indicated by the absorption at reference wavelength ay(412) varied with a mean value of 0.470 m™ in the Mandovi,
0.420 m™ in Zuari and 0.176 m™ in the coastal waters. Slope of CDOM S.s0.600 Was found to vary from 0.080-0.017 nm™ in
coastal waters and 0.017-0.020 nm™ in the estuaries. High values of Sy75.,95 Observed in the coastal waters were indicative of
photobleaching. Point of inflection was observed at a distance of about 8 km from the mouth of the estuary at a salinity of about

34 psu.

[Key words: CDOM, Dissolved organic matter, Estuaries, Coastal waters, optical properties, resuspension, Goa]

Introduction

Dissolved organic matter (DOM) stores a large
amount of organic carbon in the marine
environment®. Colored dissolved organic matter
(CDOM) which is often known as gilvin,
gelbstoff, yellow substances, is defined as that
component of DOM that passes through 0.2
micron filter and interacts with UV and visible
light of the solar spectrum. The contribution by
CDOM to dissolved organic carbon (DOC) is
estimated to be the highest in the coastal and
estuarine  waters>. CDOM regulates the
penetration of UV light in the water column and
hence it can have a positive or negative impact on
the aquatic system®®. Rivers and estuaries form
an important source transporting DOM from the
terrestrial ecosystem to the coastal ocean.
Transformations of CDOM are expected to have a
significant impact on carbon cycling dynamics® 2,
The coastal waters off Goa are net consumers of
organic matter, rather than producers®. Seasonal
algal blooms of which Trichodesmium are
observed during summer, Noctiluca during winter
and other varied species, which are episodic, have
been reported in these waters' *°. These blooms
have an impact on the coastal waters affecting the

biogeochemical cycles. These waters are affected
by seasonal reversing currents, with strong
temperature inversions being observed due to the
transport of low salinity waters from the Bay of
Bengal during winter'®. Hypoxia is also observed
in these coastal waters', which is of
biogeochemical and environmental importance.
The Mandovi and Zuari estuaries on the west
coast of India are the two estuaries of Goa, which
are classified as monsoonal estuaries™. There is
very less discharge from river runoff during the
summer because of which the estuaries become
an extension of the sea and remain vertically well
mixed"™® . During the summer, there is very less
precipitation and the driving force in the estuary
for mixing and circulations are solely controlled
by the tides?® #*. Although adjacent to each other
the Mandovi and Zuari estuaries are influenced by
different factors thus, each estuarine environment
exhibits a wide variation in its physical and
chemical features®. The estuarine waters during
summer are found to be highly productive® ** %,
There are mangroves present all along the banks
of the estuaries that form a major reservoir of
organic matters. These estuaries receives
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