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Tidal transport from coastal wetlands (“outwelling”), together with riverine fluxes, provide
the most important sources of terrigenous organic matter (OM) to the ocean. The flux of
dissolved organic carbon (DOC) from the mangrove swamps accounts for 10% of the
terrestrial DOC flux to the coastal water. This study examines the sources, distribution,
and export of dissolved OM at interannual, seasonal, and diurnal bases along the
estuaries located at the Sundarbans, the world’s largest deltaic mangrove and heritage
site. Sampling was carried out from the riverine (Hooghly) and mangrove-dominated
tidal estuaries (Saptamukhi, Thakuran, Matla), covering all three seasons (pre-monsoon,
monsoon, and post-monsoon) during 2012–2017. DOC varied at a broad range,
from 109 to 462 µM (n = 146), with higher concentration observed in the Hooghly
(383 ± 120 µM, n = 35) than the mangrove estuaries (246 ± 82 to 266 ± 120 µM,
n = 111). Non-conservative mixing of DOC along the salinity gradient attested to
mangrove input, particularly in the polyhaline waters. Upper and mid estuarine zones
of the mangrove estuaries showed slightly higher DOC concentration (270 ± 92 µM,
n = 84, salinity range 18–25) than in the mouth (250 ± 85 µM, n = 27, salinity range
26–27), because of the dilution with marine waters having low DOC concentration and
shorter water residence time downstream. Seasonally, higher DOC concentration during
the post-monsoon might be linked to higher litterfall, promoting leaching of organic
compounds to the water. In that connection, colored dissolved organic matter (CDOM)
could be a by-product of mangrove litter leaching, and its absorption coefficient (at
350 nm) exhibited non-conservative mixing pattern at wide ranges from 2.5 to 7.6 m−1

(n = 40). CDOM enrichment was observed in the surface water during the low tide when
outwelling maximized. Overall, the central and eastern parts of the Indian Sundarbans
showed enrichment of more terrigenous type CDOM (evident from optical proxies,
e.g., S275−295 and SUVA254) than the western part, probably due to greater mangrove
productivity in the eastern side. Flux estimates of DOM resulted in higher yield and export
of mangrove-derived DOC but lower export of CDOM to the Bay of Bengal as compared
to their riverine transport.
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INTRODUCTION

Dissolved organic carbon (DOC), holding >200 times the
carbon inventory of marine biomass (Hansell et al., 2009)
is the largest C reservoir in the marine environment, yet
is the least understood component of the global C cycle
(Hansell and Carlson, 2001). DOC, a major component of
dissolved organic matter (DOM) has many implications in
ecosystem functions, such as forming complexes with metals
(Midorikawa and Tanoue, 1998); absorbing ultraviolet (UV)
and visible light and acting as a “sunscreen” to the marine
microorganisms, thereby controlling primary production in the
upper water column (Arrigo and Brown, 1996); and reacting
with free radicals in the media as an antioxidant (Romera-
Castillo and Jaffé, 2015). However, the most vital role of
DOC is as a food supplement in the marine microbial loop,
supporting growth of the microorganisms (Zweifel et al.,
1995) and long-term C sequestration in the bottom ocean
(Hansell et al., 2009).

In global C cycle, the ocean inventory of DOC is comparable
to the mass of inorganic C in the atmosphere (IPCC, 2007).
Net oceanic uptake of CO2 is ∼1.9 Pg C yr−1 (1 Pg = 1015 g)
(Sarmiento and Gruber, 2006); therefore, small perturbation in
the processes regulating DOC production and removal in the
ocean could influence atmosphere CO2 balance and OC export
with consequences for the climate. It is seen that net oxidation
of only 1% of the seawater DOC pool within 1 year could
be sufficient to generate a CO2 flux of 7 Pg C yr−1, being
comparable to that produced annually by fossil fuel combustion
(Hedges, 2002). A large-scale oxidation of DOC could accelerate
temperature rise and deglaciation (Peltier et al., 2007).

Besides primary production in the ocean, DOC originates
from land-driven transport via rivers, inland waters, estuaries,
and wetlands. Globally, DOC comprises about 22% of the
riverine- and estuarine-derived C to the ocean (Bauer and
Bianchi, 2011). Another subset of DOM that absorbs UV
and visible light is referred to as chromophoric or colored
dissolved organic matter (CDOM). In subtropical and tropical
coastal waters, mangrove leaf litter (Scully et al., 2004; Maie
et al., 2008) is a potentially important source of CDOM,
which comprises >10% of the terrestrial organic matter
(OM) export to the global ocean (Jennerjahn and Ittekkot,
2002; Dittmar et al., 2006). CDOM is largely responsible
in controlling the optical properties of most natural waters.
Photochemical reactions involving DOC and CDOM can
affect the oxidizing capacity of OM, nutrient dynamics, trace
gas exchange, the color of surface waters, and biological
activity in the euphotic zone of the ocean (Pelizzetti and
Calza, 2002). Very high concentration of CDOM could reduce
sunlight penetration into the water, and thus, could limit
photosynthesis by inhibiting the growth of primary producers.
On other side, CDOM absorbs harmful UVA/B radiation,
protecting organisms from DNA damage. Upon UV exposure,
CDOM tends to “bleach,” producing low-molecular-weight
organic compounds, which may be utilized by the microbial
communities, releasing nutrients that may be used by the
phytoplankton communities as nutrient source, and generating

reactive oxygen species that may damage tissues and alter
bioavailability of limiting trace metals (Jaffe et al., 2008;
Ganju et al., 2014).

Optical measurements of absorbance and fluorescence have
been increasingly performed to characterize marine DOM
composition and to infer its sources and biogeochemistry
(Hansen et al., 2016). Only a subset of DOM has marine
waters, and about 50–70% is represented by the CDOM (Coble,
2007). The CDOM in the coastal and marine environments is
mainly terrestrially originated from the degradation of upland
vegetation via surface run-off and autochthonous physical and
biogeochemical processes (Coble, 2007; Shank et al., 2009; Chari
et al., 2019). The presence of a mixture of aromatic polymers
and proteins (Yamashita and Tanoue, 2009; Fichot et al., 2016),
mainly resulting from the decomposition of OM, is responsible
to produce humic substances, derived from the vascular and non-
vascular plants. CDOM optical descriptors, such as absorption
coefficient at 350 nm (acdom350), spectral slopes (S) of the
UV absorbance (spectra slope between 275 nm and 295 nm
as S275−295 and slope ratio in the ranges of 275 to 295 nm
and 350 to 400 nm as SR), and specific UV absorption at
254 nm (SUVA254), provide valuable insights into the various
characteristics of DOM (Blough and Del Vecchio, 2002; Fichot
and Benner, 2011; Lu et al., 2016). Slope has been used for
correcting remote sensing (bio-optic) data (Schwartz et al., 2002;
Vantrepotte et al., 2015) and monitoring CDOM degradative
processes (Helms et al., 2013). SUVA254 provides information
on the aromaticity and molecular weight of the bulk DOC pool
(Weishaar et al., 2003).

Despite recognition of the coastal ecosystems (including
estuaries, rivers, and tidal wetlands) as a component of oceanic
C cycle in the Fifth International Panel on Climate Change
(IPCC, AR5), efforts to elucidate the fate and cycling of DOM
in the coastal ocean and its export to the ocean have still been
very limited (Lønborg and Álvarez-Salgado, 2012; Raymond and
Spencer, 2013; Barrón and Duarte, 2015). The estimation of
DOC accumulation in mangrove dominated estuarine systems
is challenging due to confounding presence of terrigenous
DOC and mangrove-derived DOC, complexities associated with
hydrology (annual river discharge, rainfall, and evaporation),
tidal regime, topography, wetland productivity, and the inherent
molecular and structural complexities within the DOM pool.
Among tidal wetlands, mangroves that cover a large area of
the coastal margin of tropical and subtropical regions (13.78
million ha; Giri et al., 2014) are even more complex, due to
their ability to trap organic particles within the intricate root
systems, releasing DOC from pore water via tidal pumping
and litter leaching (Bergamaschi et al., 2012; Maher et al.,
2013). Mangroves are putatively known for exporting DOC
to the adjacent sea (de Rezende et al., 2007; Cawley et al.,
2013; Ho et al., 2017; Ray et al., 2018a,b). The contribution
of DOC from mangroves is equivalent to 10% of the total
global DOC export from rivers to the ocean (Dittmar et al.,
2006). About half of the net primary production in mangroves
is exported as OM to the ocean (Alongi, 2014). Recently,
mangroves have been recognized to contribute ∼ 60% of
global exchangeable DOC (EDOC) flux from the ocean to the
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atmosphere (Sippo et al., 2017). EDOC consists of volatile
and semi-volatile organic compounds, which are ubiquitous C
species that play a major role in global tropospheric chemistry
(Fuentes et al., 2000). Therefore, it is important to unveil
the dynamics of DOM in coastal environments dominated
by the mangroves.

BACKGROUND AND OBJECTIVES

The relationships between CDOM and DOC could depend
on many factors (Harvey et al., 2015). The role and inter-
relationships of DOC and CDOM in the mangrove-dominated
estuarine water of the Sundarbans and surrounding coastal
areas have not been studied till date. This study considers
the Sundarbans, the world’s largest deltaic mangroves, at
the lower Gangetic delta of the northeast Bay of Bengal
(BoB), for developing robust understanding of sources, mixing,
and export of DOM.

The Ganges-Brahmaputra estuary is particularly vulnerable
to anthropogenic perturbations, due to high nutrient loads
from river discharges (Seitzinger et al., 2005; Mukhopadhyay
et al., 2006), in part as a result of economic growth in areas
reclaimed from mangrove forest. Previously, Indian Sundarbans
was recognized as a source of DOC exporting about 3.03 Tg
C/year (1 Tg = 1012 g, Ray et al., 2018a). However, in that
study, sampling stations were chosen only in the western
part of the mangroves, which is fed by fresh water from the
connecting channel of Hooghly estuary; but the central and
eastern regions, having limited freshwater supply, were not
considered for water sampling. Dutta et al. (2019) observed
higher CO2 emission from the anthropogenically perturbed
Hooghly estuary than the Indian Sundarbans. It is noteworthy
that the eastern part of the mangroves was recognized to
store more C in its above and below ground biomass (AGB
and BGB, respectively) than the western part (Ray et al.,
2011). Therefore, an extent of spatial coverage is essential
to better estimate DOM yield and associated export/import
flux. Furthermore, intensification of the southwest monsoon
as a result of global warming could drive future increases
of freshwater flux, OM, and nutrient input (Biswas et al.,
2010). Previously, DOC flux from the Sundarbans and Hooghly
estuary was estimated based on pre-monsoon and post-monsoon
observations (Ray et al., 2015, 2018a); but in our present
work, DOM flux is revisited, considering monsoonal changes
as well. Leaf litter leaching from vascular mangrove plants
could be a major source of CDOM to the coastal ocean
waters of the Indian Sundarbans, where some of highest
litter fall rates were recorded by Ray et al. (2011). We
hypothesize that the presence of dense mangroves alongside the
deltaic coastlines of the BoB would mainly control estuarine
DOM biogeochemistry.

Therefore, present research conducted in the Indian
Sundarbans aims (1) to resolve spatio-temporal variability of
the DOM distribution pattern along the estuarine transects,
(2) to characterize DOM sources and their transformation
during the transport, and (3) to examine the relationship

between DOC and CDOM loads and quantify their export
rates to the BoB.

MATERIALS AND METHODS

Study Area, Waterways, Soil, and Climate
The Indian Sundarbans ecosystem (∼9,600 km2) is situated at
the land–ocean boundary of the Ganges-Brahmaputra delta and
BoB (20◦32–20◦40 N, 88◦05–89◦ E). The Sundarbans, a world
heritage site and a highly bio-diversified ecoregion, is the largest
monsoonal, macro-tidal delta-front of the estuarine system in
India and Bangladesh. The Indian part of the Sundarbans covers
4,264 km2 as dense mangroves forest, and 1,781 km2 as aquatic
ecosystem (Ray et al., 2018a). The main artery of this ecosystem,
the river Ganges along with its several distributaries, meets in
the BoB, forming India’s largest estuarine complex. The lower
part of this estuarine system is a complex network of numerous
creeks, distributaries, and several marshy islands (Ray et al., 2011;
Chatterjee et al., 2013). Due to gentle slope of the coast and
large tidal amplitude, water penetrates at an average distance of
110 km inland from the shoreline, the effect of which could be
felt over 300 km inland. Most of the rivers in the Sundarbans
flow north to south and are influenced by the tides coming from
the BoB. The channels connecting these rivers generally flow
east or west. Silt-laden rivers, rivulets, and creeks are abundant
across the Sundarbans. The main estuaries from west to east are
Hooghly, Muriganga, Saptamukhi, Thakuran, Matla, Bidyadhari,
Gosaba, and Harinbahnaga. These estuaries, apart from the
Hooghly, have no connection with the Ganges. The Hooghly,
an approximately 260-km-long distributary of the Ganges river,
is the main artery of the Indian Sundarbans and is influenced
by freshwater discharge from Farrakka dam, located 285 km
upstream from the mouth of the estuary. The Hooghly estuary
bifurcates into the Hooghly main channel before its meeting with
the BoB, and the other part is connected to the Saptamukhi
estuary via Hatani-Duani channel as a source of freshwater to
the mangroves (Ray et al., 2015). The inner estuaries of the
Indian Sundarbans that also cover our water-sampling points are
smaller in length than the Hooghly (Saptamukhi west: 41 km,
Saptamukhi east: 64 km, Thakuran: 62 km, and Matla: 125 km;
Sanyal, 1983; Chatterjee et al., 2013), maintained by the semi-
diurnal tides at their mouths and limited freshwater received
as local runoff.

In the Sundarbans, the fine-grained muddy sediment with
moderate organic C (silty clay ∼ 90%, OC ∼ 0.65%; Ray
et al., 2011) and nutrient conditions (carbon-use efficiency of
0.86–1.0 for sediment with C:N ratios of 10–13; Ray et al.,
2017) favors the dominance of mangrove species like Avicennia
alba, Avicennia marina, Avicennia officinalis, Sonneratia apetala,
Ceriops decandra, Aegialitis rotundifolia, Bruguiera gynorrhiza,
Heriteira fomes, etc. Maximum mangrove litterfall was observed
in winter or in the post-monsoon (about 100–300 g dry weight
m−2 month−1, Ray et al., 2011).

The seasonal climate is generally categorized into pre-
monsoon (March to June), monsoon (July to October), and
post-monsoon (November to February). Progressive increase of
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temperature and rainfall occur during the pre-monsoon and
monsoon respectively, with temperatures ranging between 12◦C
and 34◦C and rainfall between 0 to 461 mm. In the monsoon
periods, maximum freshwater discharge from the Hooghly river
estuary was recorded by Rudra (2014), with annual ranges
between 1,113 and 6,416 m3 s−1.

Sampling Procedure and Chemical
Analysis
In total, 10 field campaigns were conducted during 2012–
2017. Collections of dissolved and suspended particulate samples
were performed from four major estuaries of the Hooghly
Sundarbans mangrove ecosystem [i.e., Hooghly (H), Saptamukhi
(S), Thakuran (T), and Matla (M)], covering all three seasons
(pre-monsoon, monsoon, and post-monsoon). Surface water and
bottom water were sampled from the longitudinal transects
of the estuaries, being classified as upper, middle, and lower
stretches (Hooghly upper, middle, and lower as HU, HM, and
HL, respectively; Saptamukhi upper, middle and lower: SU, SM,
and SL, respectively; Thakuran upper, middle, and lower: TU,
TM, and TL, respectively; and Matla upper, middle, and lower:
MU, MM, and ML, respectively). It was necessary to sample
both surface and bottom water for examining the water column
profile of DOM in the estuaries that are fed by river water from
the Hooghly upstream; thus, the existence of halocline could
be a probable phenomenon there. However, due to logistical
reasons, we could only collect bottom water samples occasionally.
Sampling was performed primarily based on the prominent
salinity gradient (ranging 0 to 28) in the Hooghly. For the
mangrove estuaries, such a distinct salinity gradient was absent;
instead, longitudinal sampling along the estuaries was conducted.
Among the DOM parameters, DOC was the main component
collected during all 10 expeditions, while surface water samples
for CDOM optical parameters were collected from 3 expeditions,
covering all three seasons for the S, T, and M series (post-
monsoon 2016, monsoon 2017, and pre-monsoon 2017), and one
season for the H series (post-monsoon 2016). Already-acquired
and published results on DOC and isotopic compositions
(δ13DOC) from the Hooghly and Saptamukhi estuary in 2014
were used for compilation (Ray et al., 2015, 2018a). Time series
observations of 20 h and 24 h were performed at SM in 2014
(December 28–31; published data by Ray et al., 2015) and 2017
(March 29–30; present work), respectively. However, in the
subsequent discussion, we will explain mainly the results of the
24-h time series observation. DOC was collected in both surveys
at hourly basis, while CDOM was collected at bi-hourly basis only
in 2017. The SM site was located close to a mangrove creek of
Lothian Island (38 km2), which is situated at confluence of the
Saptamukhi estuary and the BoB, meaning in the buffer zone
of the Sundarbans Biosphere Reserve (station 1, 21◦32′–21◦40′N
and 88◦05′–89◦E). The tectonic setting, geographic location, and
species richness made Lothian Island an ideal representative of
a more or less pristine mangrove forest within the Sundarbans
(Ray et al., 2015). Data on daily tidal amplitude from a gauge
station near Hooghly downstream (Sagar Island) were provided
by the Kolkata Port Trust, West Bengal. For more details on

water sampling performances and measured parameters, refer
to Table 1.

Discrete water samples were collected using Niskin water
sampler (5-L capacity; Oceantest Equipment Inc.) for both
surface and bottom water (refers to map in Figure 1). Water
temperature was recorded by thermometer. Salinity and dissolved
oxygen (DO) were measured on-board following Mohr-Knudsen
and Winkler titration, respectively (Grasshoff, 1983). Samples
for total suspended matter (TSM) and dissolved nutrients were
collected in 1-L acid-cleaned amber HDPE bottles and were
stored in a cool box before filtration of a known volume of
water on pre-weighed 47 mm/0.7 µm Whatman GF/F filters.
Filtrates were stored in a cool box on ice during transportation
to the laboratory. Residue was washed with MilliQ water, and
TSM content was determined by drying the filter paper at
60◦C to a constant weight. Simultaneously, for chlorophyll-a
(Chl-a), 1 L of water samples were collected in amber HDPE
bottles and filtered under a low-light condition through 47-mm
Whatman GF/F filters (pore size, 0.7 µm). Wet filters were kept
in cryovials and stored in liquid nitrogen till further analyses.
For bulk measurement of DOC and δ13DOC, water samples
were directly filtered using a glass syringe and pre-combusted
(overnight at 450oC) 25-mm Whatman GF/F filters (0.7 µm),
finally collected in 60-mL pre-combusted amber vials. Prior
acidification of the DOC samples with 0.2 M ortho-phosphoric
acid, samples were kept in the refrigerator. Immediately after
collection of CDOM samples, water was filtered through pre-
combusted (overnight at 450◦C) 25-mm Whatman GF/F filters
(0.7 µm) to remove the coarser particles, followed by 25-mm
Whatman nucleopore filters (0.2 µm) and stored in 30-mL pre-
combusted amber vials for on-board analyses. A multiparameter
water quality meter (WTW Multi 3500i) was used in 2014 for
water quality monitoring.

Laboratory measurements were generally performed within
1–2 months after the collection. DOC concentrations (µM) were
measured by High Temperature Combustion Oxidation (TOC-
L CPH, Shimadzu). 100-µL injections of every sample were
repeated (three to five times), until the coefficient of variation
(CV) of the measurements decreased below 2%. Calibration
curves were computed using potassium hydrogen phthalate
solution (KHP), ranging from 10 to 400 µM. Measurements
of DOC δ13C (δ13DOC) were carried out by wet chemical
oxidation (WCO) using a HPLC system coupled to a Delta+
XP IRMS through a LC IsoLink interface (Thermo Fisher
Scientific, Germany). This is a flow injection method without
using column. Linearity of the system was ascertained using
varying concentrations (5–40 mg C L−1) of citric acid (δ13C:
−18.58 hVPDB; Fluka, Germany) and pulses of CO2 reference gas
(δ13C: -38.16 hVPDB) were used for calibration of the LC-IRMS
system during every chromatographic run that lasted for 20 min
(more details on LC-IRMS and modifications included; refer to
Scheibe et al., 2012).

Colored dissolved organic matter absorption spectra were
measured on board following the NASA protocol (Mitchell et al.,
2003) every nanometer from 250 to 850 nm using a portable
single beam UV-VIS Spectrophotometer (Ocean Optics, JAZ-
COMBO) and 10 cm quartz cell. Spectral absorption coefficients
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TABLE 1 | Details of spatio-temporal sampling performances during 2012–2017.

Year Season Estuary Sampling strategy DOM parameters measured

2012 Monsoon H, S Salinity-wise DOC

Post-monsoon H, S, T Salinity-wise DOC, Chl-a, TSM

2013 Pre-monsoon S, T, M Salinity-wise DOC, Chl-a, TSM

Post-monsoon H, S, T, M Salinity-wise DOC, Chl-a, TSM

2014 Pre-monsoon H, S Salinity-wise DOC, δ13DOC, TSM

Post-monsoon H, S Time series at S DOC, DON, TSM

Salinity-wise at H DOC, DON, TSM

2015 Monsoon S, T, M Salinity-wise DOC, Chl-a, TSM

2016 Pre-monsoon H, S, T, M Salinity-wise DOC, DON, Chl-a, TSM

Post-monsoon H, S, T, M Salinity-wise DOC, DON, CDOM, Chl-a, TSM

2017 Pre-monsoon S, T, M Time series at S DOC, CDOM, Chl-a, TSM

Salinity-wise at T, M DOC, DON, CDOM, Chl-a, TSM

Monsoon S, T, M Salinity-wise DOC, DON, CDOM, Chl-a, TSM

Here, H, Hooghly; S, Saptamukhi; T, Thakuran; M, Matla.

FIGURE 1 | Map of the sampling locations. Latitudes and longitude of many samplings sites overlapped while sampling at the similar points in different surveys
(according to geographical positioning system), hence, they were not shown for clarity of the map. Upper (U), mid (M) and low (L) stretches of Hooghly (H),
Saptamukhi (S), Thakuran (T), and Matla (M) are presented in the map. Yellow and green circles cover eastern plus central and western part of the Indian
Sundarbans, respectively. Map was processed from the Google Earth image.

(m−1) are determined after subtracting the raw absorbance
(unitless) measurements with field filtration blanks of UV-
oxidized Milli-Q and a null point value an average of absorbance
for 695–700 nm. The method of Yamashita and Tanoue
(2009) was used to convert absorbance to Napierian absorption
coefficient [absorption coefficient acdom(λ) = 2.303 A(λ)/l, where
A is the measured absorbance at wavelength, λ; l, the cuvette
length in meters; and a, the resulting absorption coefficient, m−1].
A wavelength of 350 nm was chosen for consistency with other
studies in the coast (Lu et al., 2016). The uncertainty associated

with CDOM spectral absorption coefficients at an instrument
noise level <0.005 m−1 was on the order of 0.02 to 0.03 m−1.
The CDOM spectral slope coefficient (S, nm−1) was determined
by fitting a single-exponential non-linear curve to the measured
curve from 290–500 nm [a(λ) = a(λo)e−S(λ −λ o), where a(λ) and
a(λo) represent the absorption coefficients at wavelength λ and
reference wavelength λo] (Shank et al., 2010). The acdom at 250 nm
[a(250)] and 350 nm [a(350)], the spectral slope coefficients
between 275 and 295 nm (S275−295) and between 350 and 400 nm
(S350−400), and the slope ratio (SR) of S275−295/S350−400 were
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also considered in this study (Helms et al., 2008). Specific UV
absorbance (SUVA254; Weishaar et al., 2003) was calculated to
provide information on the aromaticity and molecular weight
of the bulk DOC pool (SUVA254 = acdom(λ)/DOC, unit in L
mg−1 m−1).

Chl-a was extracted under dark condition for approximately
20 h in 10 mL of 90% acetone at 4◦C and measured at 630,
645, and 665 nm by UV spectrophotometer (Shimadzu UV 1800)
(Strickland and Parsons, 1972). The spectrophotometric method
was used for measuring nutrients, mainly dissolved inorganic
nitrogen (DIN = nitrite-N + nitrate-N + ammonia-N) and total
dissolved nitrogen (TDN). Dissolved organic nitrogen (DON)
was calculated by subtracting DIN from TDN and was expressed
in µM. (Grasshoff, 1983).

Mixing of Water Masses and DOC
Because of very limited riverine end member input to the
Sundarbans estuarine network, in order to quantify the addition
or removal of DOC from the estuarine water DOM pool, we
applied a simple mixing model, considering mixing of saline
creek water and marine BoB water (i.e., water input from BoB).
We calculated how theoretically the channel water and the BoB
water would mix over a tidal cycle at SM site. Hence, we assumed
a box where minimum tidal height or the reference height (HR)
was 0.2 m (low tide at 05:00, March 30, 2017) and maximum
height was 3.3 m (high tide at 11:00, March 29, 2017). Based on
the changes in water level (i.e., 1H = Hobs - HR) we calculated the
contribution of channel water and BoB water to the total water
mass as per then below formulations:

1. Contribution of channel water: Wchannel (%) = 100
− (100×1H/Hobs)

2. Contribution of BoB water (%) = 100−Wchannel.

Now, due to the conservative mixing of channel water
(Wchannel) and BoB water (WBoB), expected DOC concentrations
in each tide were calculated, following mass based equation:

3. Cexp = Wchannel/100× Cchannel +WBoB
/100× CBoB;

where Cchannel denotes observed DOC in the channel water at
each tide, whereas CBoB means DOC concentration from the BoB
(CBoB = 88 µM; reported by Shah et al., 2018).

Therefore, the “added” or “subtracted” DOC in the mangrove
estuarine system was represented:

4. Cadd/sub = Cobs – Cexp.

We applied SRTM digital elevation model (ArcMap) to figure
out elevation data for the Lothain Island (i.e., SM in Figure 1)
where a 24-h time series survey was conducted. The assumption
that “mangrove” creek water and BoB water mixes conservatively
fitted for this study site quite well, because most of the pixels
having elevation of 3–5 m (refers to supplementary image of
SRTM, Supplementary Figure S1) was in line with the average
tidal height, confirming very little changes on water volume.
Furthermore, elevation data showed that there were hardly
any slopes, as most of the pixels had the same elevation. We
roughly estimated the slope based on arc (sin) and found it

FIGURE 2 | (A) Rainfall (RF, in mm) in 2012 and mean RF of 2016–2017 and,
(B) observed freshwater discharge (m3 s−1) of the Hooghly River in 2012 by
Rudra (2014) and projected mean discharge in 2016–2017. Meteorological
data for 2012, 2016, and 2017 were retrieved from NOAA, ARL database
(http://www.arl.noaa.gov/ready.html).

to be very small, suggesting not much important changes on
the water volume. Parvathy and Bhaskaran (2017) provided a
detailed review showing Sundarbans a low-wave energy coast
with gentle bottom slopes and gradual topography. It is therefore
reliable to assume symmetrical water column bathymetry at
least for the channel at SM site where time series observation
was conducted, allowing tidal height as main function of
water level changes.

Calculation of DOM Loading
Annual loading of DOC and seasonal loading of CDOM from the
Hooghly estuary were calculated from monthly river discharge
and respective concentration data. Since we only have direct
river discharge records available for 2011–2012 by Rudra (2014),
which did not correspond to our observation period, we applied
an indirect method to estimate river discharge in 2016–2017.
We drew a correlation between rainfall and water discharge
data, extrapolated using rainfall observed in 2016–2017, and
showed if the difference was statistically significant or not.
The linear significant correlation equation between observed
rainfall (RF, mm) and river discharge (m3 s−1) in 2011–2012
(river discharge = 10.73.RF + 1168; r2 = 0.82; Supplementary
Figure S2) was used to calculate discharge for 2016 and
2017 (here, RF is a known variable; data taken from http:
//www.arl.noaa.gov/ready.htm). Averaging monthly rainfall in
2016 and 2017, we calculated projected mean river discharge
(Figure 2A). Projected and observed discharge data reached
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best agreement with RMSE (square root of the mean of the
squared prediction error) at the minimum (800 m3 s−1), and
the difference between interannual river discharge data were
statistically insignificant (T-stat = 0.40, p = 0.85) because water
volume is large and any little difference in rainfall would not
give significant difference of water flow, as there is always certain
amount of major water discharge from the Farakka barrage
upstream of the Hooghly.

Annual loading of DOC and post-monsoonal loading of
CDOM were determined from their freshwater end member
values as 290 ± 67 and 6.10 ± 1.0 m−1, respectively (averaging
data collected from four sampling sites upstream at seasonal
scale, salinity = 0.22) and projected freshwater discharge
data for 2016–2017 ranging from 1,302 to 6,546 m3 s−1

and averaging 2,786 m3 s−1 (Figure 2B). For CDOM
loading, only post-monsoonal river discharge (1,368 m3 s−1)
was considered. Loading values were normalized to the
estuarine area to allow comparison of yields of riverine
estuary and mangrove dominated estuaries. Catchment
area of the Hooghly estuary is 60,000 km2 (refers to
Mukhopadhyay et al., 2006).

Groundwater discharge/porewater exchange has been
suggested to influence carbon cycling in the mangrove and
estuarine environments (Santos et al., 2012; Sadat-Noori et al.,
2016). However, groundwater inputs to coastal waters may be
volumetrically small when compared to surface water inputs
in macro-tidal environment like the Sundarbans. This research
also lacked natural groundwater tracers (233Ra and 224Ra) and
pore water DOC samples for carrying out such analyses. Hence,
accepting this as a limitation of our study, we keep the current
flux for the surface water DOM only.

Data Analysis
Statistical analysis was performed using IBM SPSS 20 Statistics
(v 1.0.0.0). For the purpose of examining the differences
between two groups, we used the paired T-test. A one-way
analysis of variance (ANOVA) was employed to test variance
between the means of multiple stations. Simple regression
(relationships with salinity and between measured DOM
parameters, i.e., DOC and absorption properties and water
quality parameters such as salinity, DO, TSM, and Chl-
a) were applied to define the coefficient of determination
(r2) between variables. A principal component analysis
(PCA) was performed to examine DOM evolution during
its estuarine transport (XLSTAT, trial version 2019). Bulk DOC,
optical properties of CDOM (e.g., acdom350, S275−295, slope
ratio, SUVA254) and related water quality parameters, were
used as variables.

RESULTS

Spatio-Temporal Distribution of DOC
This study documented the variations of DOC concentrations
and other related physicochemical parameters in the mangrove
and riverine waters. A summary of the investigated DOM
and water quality parameters for four estuaries are given in

Table 2. Furthermore, a detailed description of the results
(including sampling sites and periods) can be retrieved from the
Supplementary Table S1.

Mean salinity in the Hooghly estuary and Sundarbans
estuaries (i.e., Saptamukhi, Thakuran, and Matla) ranged from
0.5 ± 0.2 to 15 ± 10 and 18 ± 8 to 26 ± 7, respectively.
Salinity gradient along the Hooghly estuary was very prominent,
unlike the mangrove estuaries, where salinity changes were
inconsistent along the estuarine transect. Little change in
DO concentration was observed in all four estuaries (ranging
5.6 ± 1.3 mg L−1 to 7.5 ± 1.4 mg L−1; n = 135). By contrast,
mean surface water Chl-a concentration varied significantly
among the estuaries (p = 0.05, F = 3.85, n = 92). The Chl-a
and DO concentration increased downstream of the Hooghly,
but such trend was not very apparent for the mangrove
estuaries. The Matla and Hooghly were relatively turbid than
the Saptamukhi and Thakuran as indicated by their higher
TSM content (n = 112). In most of the surveys, Secchi disc
transparencies were below 1 m.

Overall mean DOC concentrations were higher in the
Hooghly estuarine water than the mangrove waters (366–478 vs.
226–283 µM; n = 146). The same pattern was observed for the
DON concentrations as well (mean values: Hooghly, 12–132 µM;
Sundarbans, 6–70 µM; n = 82). DOC:DON ratio ranged from 1.8
to 139, and higher ratios were calculated for the three mangrove
estuaries (averaging 15.5) than the Hooghly river estuary (5.6).
The δ13DOC increased from−25.3 to−24.3h along the salinity
gradient of the Hooghly toward the BoB end (data used from Ray
et al., 2015).

Scatter plot of DOC and other water parameters showed their
interannual changes along the salinity gradient from 2012 to
2017 (Figure 3). Non-conservative trend of DOC was observed
all along the estuarine transect. Interannual variations of DOC
(p = 0.003), TSM (p = 0.005), and DO (p = 0.02) were statistically
significant, unlike Chl-a (p = 0.08). Maximum concentrations
of DOC and DO were recorded in 2016 (365 ± 104 and
6.4 ± 0.6 µM, respectively; n = 52) while minimum DOC was
measured in 2017 (188± 66 µM; n = 38) when TSM was highest
(493± 266 mg L−1).

Significant differences in water column profiles of salinity, DO,
and DOC pattern were observed for all four estuaries (Figure 4;
DO data not shown). Generally, DOC in the bottom water was
found to be 1- to 1.5-times higher than the surface water, while
DO showed a reverse trend. Maximum difference between the
surface and bottom water DOC was observed for the SM, SL, and
MU sites and for the ML site during the post-monsoon. Salinity
change along the water column was not always consistent; rather,
it depended on station locations and seasons.

During the 24-h time series observation, salinity varied
according to tidal height, except at 04:00 when an abrupt rise
in salinity was recorded during receding tide (Figure 5A). Tidal
pattern of DO and Chl-a were not very consistent (Figures 5B,C).
However, minimum DO was recorded at lowest tide (4.73 mg L−1

at 17:00) and maximum at nearly highest tide (6.75 mg L−1 at
21:00). No tidal variation was observed in Chl-a concentration
that ranged from 1.8 to 4.0 µgL−1 (n = 13). Tidal pattern
of DOC showed generally decreasing concentration during the

Frontiers in Earth Science | www.frontiersin.org 7 July 2020 | Volume 8 | Article 218

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-08-00218
July

9,2020
Tim

e:17:3
#

8

S
anyaletal.

D
O

M
D

ynam
ics

in
the

Indian
S

undarbans
M

angroves

TABLE 2 | Water physicochemical parameters, DOC and optical absorption properties along the longitudinal transects of four estuaries during the sampling period between 2012 and 2017 (mean ± SD).

Estuaries Salinity DO mg L−1 Chl-a µg L−1 TSM mg L−1 DOC µM DON µM DOC/ DON δ13C h acdom (350) m−1 S275−295 nm−1 S350−400 nm−1 SR SUVA254 L mg−1 m−1

Hooghly

Upper 0.5 ± 0.2 (9) 5.9 ± 0.5 (8) 4.5 ± 2 (8) 240 ± 110 (15) 305 ± 94 (15) 31 ± 23 (9) 9.8 −25.3 6.1 ± 1.8 (4) 0.006 0.013 0.48 5.2

Middle 6.5 ± 5 (8) 5.4 ± 0.6 (6) 4.0 ± 2 (6) 181 ± 124 (14) 478 ± 138 (13) 86 ± 44 (5) 5.5 −24.7 4.2 ± 1.5 (3) 0.007 0.014 0.45 2.5

Lower 15 ± 10 (6) 6.5 ± 0.3 (6) 7.0 ± 4 (4) 115 ± 45 (6) 366 ± 87 (7) 95 ± 43 (7) 3.8 −24.3 5.1 ± 1.2 (2) 0.006 0.012 0.48 3.2

Saptamukhi

Upper 18 ± 8 (10) 5.5 ± 0.7 (10) 5.6 ± 3 (9) 62 ± 30 (8) 259 ± 76 (8) 32 ± 14 (4) 8.0 −24.5 3.4 ± 1.2 (5) 0.004 0.015 0.28 2.5

Middle 21 ± 9 (36) 6.2 ± 0.5 (30) 4.0 ± 2 (17) 76 ± 37 (16) 226 ± 92 (39) 30 ± 11 (32) 7.5 −23.9 4.3 ± 1.1 (4) 0.005 0.014 0.29 2.4

Lower 27 ± 4 (9) 5.4 ± 0.7 (9) 4.4 ± 2 (8) 67 ± 47 (9) 249 ± 80 (8) 13 ± 7 (8) 19 n.d 2.8 ± 0.8 (2) 0.007 0.020 0.35 3.3

Thakuran

Upper 20 ± 9 (7) 5.7 ± 0.6 (7) 2.3 ± 2 (5) 82 ± 44 (7) 283 ± 103 (5) 26 ± 17 (3) 10.8 n.d 4.0 ± 1.4 (4) 0.003 0.016 0.20 3.8

Middle 25 ± 4 (7) 6.4 ± 0.3 (7) 2.6 ± 1 (6) 91 ± 57 (8) 264 ± 92 (11) 10 ± 8 (2) 26.4 n.d 3.0 ± 0.5 (3) 0.002 0.016 0.16 4.1

Lower 26 ± 9 (6) 6.5 ± 0.4 (6) 2.2 ± 2 (4) 73 ± 41 (9) 248 ± 116 (7) 18 ± 2 (2) 13.7 n.d 2.9 ± 0.3 (2) 0.005 0.021 0.22 5.5

Matla

Upper 22 ± 8 (8) 6.6 ± 0.8 (8) 3.8 ± 1 (7) 156 ± 146 (7) 286 ± 123 (12) 42 ± 21 (7) 6.8 n.d 3.6 ± 0.9 (4) 0.005 0.017 0.25 4.5

Middle 25 ± 5 (9) 7.9 ± 0.7 (8) 4.7 ± 1 (6) 132 ± 65 (10) 258 ± 107 (9) 22 ± 5 (5) 11.7 n.d 2.8 ± 0.2 (4) 0.003 0.017 0.18 4.3

Lower 26 ± 7 (16) 6.5 ± 0.5 (12) 2.2 ± 2 (4) 135 ± 80 (8) 254 ± 60 (12) 12 ± 2 (4) 21 n.d 3.4 ± 0.5 (4) 0.006 0.018 0.36 4.3

n = number of samples; these numbers varied among different parameters according to station locations and priorities in analytical measurements. The δ13DOC values were taken from Ray et al. (2015) (full data
available as Supplementary Table S1). n.d. = no data available.

Frontiers
in

E
arth

S
cience

|w
w

w
.frontiersin.org

8
July

2020
|Volum

e
8

|A
rticle

218

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-08-00218 July 9, 2020 Time: 17:3 # 9

Sanyal et al. DOM Dynamics in the Indian Sundarbans Mangroves

FIGURE 3 | Distribution of (A) DOC (µM), (B) DO (mg L−1), (C) TSM (mg L−1), and (D) Chl-a (µg L−1) as a function of salinity and year (2012–2017).

high tide (excepting at 21:00 and 22:00 h) and increasing
concentration during the low tide. At an hourly basis, DOC
ranged between 109 and 286 µM in a full tidal cycle (n = 24).
Observed DOC was always higher than its expected conservative
mixing values (ranging 90−172 µM), resulting in all positive
“added C” or 1C (ranging 20−122 µM). The mixing pattern
of channel water and BoB water showed clear variation with
increasing contribution (%) of channel water (and decreasing
BoB water) during the low tide and vice versa for the high
tide (Figure 5D).

Spatio-Temporal Distribution of CDOM
Absorption Properties
Similar to DOC distribution pattern, CDOM absorption
coefficient at 350 nm or acdom(350) was quite higher at the
Hooghly estuarine sites (mean ranging 4.2 to 6.1 m−1; n = 9) than
at the mangrove estuarine sites (mean ranging 2.8 to 4.3 m−1;
n = 32) (Table 2). Scattered plot showed negative correlation of
acdom(350) with salinity down the Hooghly estuary (r2 = 0.45,
Figure 6A) that was opposite to the trend of mangrove estuaries
(r2 = 0.30), indicating dynamic biogeochemical occurrences
within the CDOM distribution pattern (Figure 6A). Polynomial
fit of slope at 275–295 nm (S275−295) showed significant negative
deviation toward the lower stretch of the Hooghly (r2 = 0.66)
ranging from 0.004 to 0.006 nm−1, but such a correlation

was never observed for the mangrove estuaries, where S275−295
widely ranged from 0.001 to 0.009 nm−1 (Figure 6B). Slope
ratio (SR) at 275–295 nm and 350–400 nm differed among
the estuaries and followed similar trend like S275−295; however,
the values were twofold higher for the Hooghly river estuary
than the mangrove estuaries (Figure 6C). Calculated high CV
(%) in S275−295 (61%) and SR ratios (57%) indicated wide
distribution of DOM sources. SUVA254 mirrored the changes of
acdom(350) with a negative slope along the Hooghly estuarine
gradient (r2 = 0.46) and a positive slope along the mangrove
estuaries (r2 = 0.71) (Figure 6D). Observed mean SUVA254 in
the Thakuran and Matla estuary were relatively higher than
the Saptamukhi estuary. Here we have also calculated the
spectral slope coefficients of CDOM at 290–500 nm, that varied
along the Hooghly and mangrove dominated estuaries from
the river end (salinity = 0.0; S290−500 = 0.014 nm−1) to the
sea end (salinity = 31; S290−500 = 0.022 nm−1). Seasonally for
the mangrove dominated estuaries, the highest acdom(350) and
corresponding lowest S290−500 nm were observed in the monsoon
(3.91± 0.89 m−1 and 0.016± 0.002 nm−1, respectively), followed
by post-monsoon (2.66± 0.17m−1 and 0.017± 0.002nm−1) and
pre-monsoon (3.4 ± 0.62 and 0.019 ± 0.002 nm−1) (S290−500
data are not shown).

CDOM optical properties varied slightly according to tide.
The acdom(350) was relatively high at low tide (5.9 ± 2.3
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FIGURE 4 | Water column variability of DOC (µM) and salinity in panels (A) post-monsoon and (B) pre-monsoon.

m−1, 14–18:00 and 02–8:00 h) than high tide (4.9 ± 0.9
m−1, 10–0:00 and 08–12:00 h) (n = 11, Figure 7A). Temporal
evolution of S275−295 was not always consistent, although slightly
lower values were achieved during the low tide conditions
(0.004), compared to the high tide (0.005) (Figure 7B). The
slope ratio mirrored the changes of S275−295 (Figure 7C).
SUVA254 was nearly comparable in both tides, only little
higher at low tide (5.5 ± 1.9 L mg−1 m−1) than high tide
(5.3± 1.7 L mg−1 m−1) (Figure 7D).

PCA Result
The first two principal components (F1 and F2) accounted for
55.5% of the total variance (39 observations for each variable)
(Figure 8). Along the first PC (F1), DOC, Chl-a, and all optical
properties are distributed as positive loadings at second PC (F2),
salinity, TSM and slope properties, SUVA254, and Chl-a are
dispersed as negative loadings. Maximum loadings were observed
for F1 with highest contributions from acdom(350), slope ratio,
and DOC (28%, 27%, and 10%, respectively). Correlations among
the variable and factors revealed significant positive relationships
between DOC and CDOM. The distribution of sampling stations
was highly heterogeneous, as evident from the Strahler order and
score plot (figure not shown).

DISCUSSION

Hydrographic Trend and Water Quality
Climatological conditions (air temperature, rainfall, and
humidity) along the northeast coast of BoB are largely driven by
the annual movement of the Inter-Tropical Convergence Zone
(ITCZ). The Hooghly Sundarbans estuarine wetland experienced
maximum rainfall during the monsoon periods of 2012, 2016,
and 2017 (150–540 mm, Figure 2A) when riverine discharge
from the Hooghly upstream was at peak (3,496–6,416 m3 s−1,
recorded at HL sites in 2012 by Rudra, 2014, and projected
data 3,809–6,546 m3 s−1, Figure 2B). The other two seasons
were relatively dry with minimal rainfall and river discharge.
Subsequently, water quality parameters like salinity, water
temperature, dissolved oxygen, suspended matter, Secchi depth,
pigment content, and nutrients would largely alter upon seasonal
changes. Significant monsoonal influence on water quality and
primary productivity of the Hooghly river and the Sundarbans
mangrove estuaries has been amply documented in previous
studies (works of Biswas et al., 2004; Mukhopadhyay et al., 2006;
Choudhury and Pal, 2010; De et al., 2011; Roshith et al., 2018). In
the subsequent discussion, we will discuss temporal evolutions of
DOC and optical properties driven by the hydrology, catchment
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FIGURE 5 | Hourly distribution of (A) salinity and tidal height (m), (B) DO
(mg L−1), Chl-a (µg L−1), and (C) DOC (µM) during the 24-hr observation in
the Saptamukhi estuary (point SM). (D) Tidal contribution (%) of channel water
and water from Bay of Bengal (BoB) were shown.

characteristics, and biogeochemical processes occurring within
the dynamic estuarine regions of the Sundarbans.

Spatio-Temporal Dynamics of DOC and
CDOM
Unlike DOC, CDOM data collected from the Hooghly
Sundarbans estuarine system are limited for the present
study. Interannual variability of CDOM could not be achieved
for either of the systems, whereas for seasonality, only post-
monsoonal pattern for Hooghly and complete seasonal data
for the Sundarbans were available. Therefore, it is unlikely

to predict any discernable changes in CDOM during the
observation tenure due to increasing or decreasing DOC level,
or other biogeochemical and/or hydrological features, thus
creating gaps in identifying the sources and transformation
of C along the mixing zones of the estuaries. Accepting
this as a limitation of our current research and further
recommending covering all essential DOM parameters (i.e.,
DOC, δ13DOC, and CDOM) during sampling along the Hooghly
Sundarbans estuaries, we have progressed our discussions in the
subsequent paragraphs.

DOM in the mangrove surrounded estuarine region of the
Sundarbans has been suggested to be derived from a diverse
array of both allochthonous (litter leaching) and autochthonous
(marine algae) sources (2018a). In our previous pre-monsoonal
observation, the relationship between δ13C of particulate
OM versus (C:N)atomic ratio confirmed similarity of DOM
composition of the mangroves with that from Hooghly riverine
transport (Ray et al., 2015). However, because our previous study
suffered from large-scale spatio-temporal data of DOC, water
quality parameters, and CDOM measurement, we anticipated
variability in DOM sources and distribution over a wide section
of the ecosystem. Therefore, to achieve a more comprehensive
understanding on estuarine DOM biogeochemistry, we included
our previously published results of DOC and its isotope, collected
from the Hooghly and Saptamukhi estuary in 2014 during the
pre-monsoon and post-monsoon periods.

Riverine inputs, autochthonous production from algal and
vascular plants, benthic fluxes, groundwater inputs, and exchange
with adjacent coastal systems are generally said to be the
major sources of DOM in estuaries (Bianchi, 2006). Riverine
and anthropogenic inputs (i.e., allochthonous origin) from
the populated catchments mainly govern OM supply into the
Hooghly waters throughout the year. Elevated anthropogenic
sources, such as untreated or semi-treated industrial sewage,
municipal loads, and phosphate fertilizers, have been previously
documented for the in the Hooghly estuarine waters (De et al.,
2010; Sarkar et al., 2017). Clearly and consistently, ∼1.5-times-
higher DOC could be observed along the Hooghly riverine
stretches, compared to the nearest Saptamukhi estuary. The
estuarine gradient of DOC was not very prominent for the
Hooghly because of non-conservative mixing of the river water
and BoB water, although slightly negative concentration gradient
could be achieved along the mangrove estuarine transect due
to mixing of low concentration marine DOC present in the
BoB water. Temporal variability of DOC concentration in
the surface water was quite high, because of seasonal effects.
DOC concentration for the Hooghly estuary and three other
estuaries of the Sundarbans were averaged separately according
to monsoon, pre-monsoon, and post-monsoon. DOC differed
significantly between monsoon and non-monsoon periods
(student’s T-test, Tstat = 2.30; p = 0.05), being highest during the
post-monsoon in the mangrove estuaries (316± 84 µM), whereas
monsoonal collections resulted in lowest DOC concentration
for the Hooghly estuary (249 ± 31 µM) (Figure 9). Reasons
for such temporal variations of DOC mainly include seasonal
discharge fluctuations, particularly during the peak flow in
monsoon (June–September). Reduction of DOC concentration
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FIGURE 6 | Distribution of (A) acdom(350) m−1, (B) slope at 275 and 295 nm, (C) slope ratio (SR) between 275–295 and 250–400 nm, and (D) SUVA254 (L mg−1

m−1). CV: coefficient of variance, HMW: high molecular weight, LMW: low molecular weight, tDOM: terrigenous DOM, SUVA254: specific UV absorption at 254 nm.

in monsoon could be due to a dilution effect by increased water
flux from the Farakka barrage (located 285 km upstream from
the mouth of the Hooghly) and rainfall, the latter likely being
more important for the Sundarbans estuaries. Changes in DOM
due to heavy rainwater was documented for the subtropical
Fukido mangroves in Japan by Kida et al. (2019). Shortest water
residence time during monsoon (4.7 days, and 18.6–24.5 days
for non-monsoonal period for Hooghly estuary; Mukhopadhyay
et al., 2006) could explain the faster removal of C from the
water column to the BoB. Surface salinity data confirmed strong
seasonal and interannual variability of surface water masses
during the pre-monsoon and monsoon. On other hand, DOC
enrichment during post-monsoon in the mangrove waters could
be primarily linked to higher litter leaching, as maximum litter
input was recorded at the similar study sites and periods in our
previous observations (Ray et al., 2011).

Optical properties of CDOM allow qualitative and
quantitative assessment of DOC composition and sources
(Vantrepotte et al., 2015). The optical properties of CDOM
exhibited considerable spatial variation of spectral slope
coefficients, likely due to the presence of Sundarbans
mangrove habitat and the extent of exportation and leaching
of mangrove detritus. As the CDOM slope values at the

river endmember was quite different than the mangrove
estuaries, it is reasonable to assume that the mangrove derived
CDOM might be characteristically different from its land
leaching counterpart. Shank et al. (2010) examined CDOM
production from mangrove leaf litter (Rhizophora mangle)
collected from the Florida Keys, and obtained S290−500,

ranging between 0.008 and 0.012 nm−1, in line with our
observed values (0.016 to 0.019 nm−1). The same authors,
under higher laboratory incubation temperatures (32◦C),
recorded a greater rate of CDOM production (m−1 g−1 h−1)
and corresponding lower slopes (S290−500 nm−1) upon
senescence stages of leaves, i.e., from orange and yellow
(0.35–1.14 and 0.008–0.010, respectively) to brown leaves
(0.12–0.15 and 0.014, respectively), suggesting alterations in
leaf chemistry in undergoing substantial senescing (Benner
et al., 1990; Hernes et al., 2001; Maie et al., 2008). According
to our findings, such alterations in mangrove leaf chemistry
could be enhanced during the monsoon period (recorded
highest acdom350 and lowest S290−500; optimum water
temperature 29.2 ± 2◦C), when major portion of the islands
remained inundated, setting ideal conditions for the microbial
decomposition of litter components (lignin components),
resulting in the loss of structural integrity and promoting
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FIGURE 7 | Bi-hourly distribution of (A) acdom(350) m−1, (B) slope at 275 and 295 nm, (C) slope ratio (SR) between 275–295 and 250–400 nm, and (D) SUVA254

(L mg−1 m−1) during the 24-hr observation in the Saptamukhi estuary (point SM).

leaching of terrigenous CDOM loads (Vähätalo et al., 1998;
Forest et al., 2004).

Furthermore, the value of S275−295 was used as an index for
the contribution of terrigenous DOM (tDOM, Helms et al., 2008)
and the degree of photodegradation (Yamashita et al., 2013) in the
Hooghly and Sundarbans estuaries. A smaller value of S275−295
indicated a greater contribution of tDOM or a lower degree of
photodegradation and vice versa (Fichot et al., 2013). Notable
variations observed for acdom(350) over the Hooghly river and
the Sundarbans estuaries (2.5 to 7.6 m−1) were within the ranges
observed for other tropical estuaries, such as in Taiwan (0.07–
12.5 m−1; Yang et al., 2013), the subequatorial mangrove estuary
in French Guiana (0.5–4.5 m−1acdom at 412 nm; Ray et al.,
2018b; our result, at 412 nm = 0.8–2.9 m−1), the temperate
Ria de Averio estuary in Portugal (4.9–25 m−1; Santos et al.,
2016), 30 United States rivers (∼2–12 m−1; Spencer et al., 2012),
the Yellow and East China Seas (0.18–0.37 m−1; Zhang et al.,
2019), and global ranges for the coastal systems (∼15 m−1;
Blough and Del Vecchio, 2002). Such variations resulted from
the heterogenous water bodies influenced by anthropogenic input
in the optically dense, turbid Hooghly river to the clearer water
in the Sundarbans (mean TSM in Hooghly was twice that of
Saptamukhi and Thakuran). Slope ratios (0.15–0.53) were slightly
lower than the 30 United States rivers (0.7–0.9; Spencer et al.,
2012), six major Arctic rivers (0.7–1.1; Stedmon et al., 2011), the
Congo river (0.79–1.04; Spencer et al., 2010), and the Taiwan
estuary (0.5–4.8; Yang et al., 2013), reflecting enrichment of

terrigenous DOM input into the Hooghly Sundarbans system
(Helms et al., 2008). Low S could be the result of consistent
small values of S275−295 derived from CDOM absorption spectra.
Mean S275−295 is ∼0.005, which is about twofold lower than
other mangroves and rivers (see works of Helms et al., 2008;
Lu et al., 2016; Ray et al., 2018b). Typically, shallower S
indicates DOM with a higher aromatic content and higher
molecular weight, which could be obvious in our organic-rich
sampling sites influenced by the presence of largest mangrove
and drained by the large rivers (like the Ganges). Furthermore,
such inconsistency in S might occur from photo-reactivity of
CDOM, and such response of S to photodegradation has been
attributed to the spectral quality of irradiation (Tzortziou et al.,
2007), methodological differences in wavelength ranges used to
derive the S parameter in various studies, and also different
fitting routines (Spencer et al., 2009). For instance, we observed
a shoulder consistently at around 300 nm in the spectrum, which
is not very usual for the marine or humic substances, but might
be the result of contamination from plastic or phenolics from
the mangroves (e.g., tannin leaching from litter). When these
methodological differences are accounted for, the response of
terrigenous CDOM to irradiation might appear to be consistent.
This study had beyond scope to conduct photodegradation
experiment or proposing new index in replace of S275−295 but
could be realized in future.

CDOM absorptions at 440 nm measured by Das et al. (2017)
over the continental shore of the northern BoB were lower than
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FIGURE 8 | Graphical representation of PCA results for the input variables.

FIGURE 9 | Seasonal variation of mean DOC concentration (µM) for both the
Hooghly and Sundarbans estuaries.

our estimates (BoB = 0.1 to 0.6 m−1; this study = 0.4–2.26 m−1,
CDOM computed to 440 nm) due to more marine DOM input
offshore. A goodness of relationship observed between DOC
and CDOM absorptions (DOC = 36.35x + 125.72; r2 = 0.44;
n = 31; Supplementary Figure S3) agreed with many other
rivers, estuaries, and coastal seas (Blough and Del Vecchio, 2002;
Stedmon et al., 2011; Spencer et al., 2012; Yang et al., 2013;
Vantrepotte et al., 2015). PCA factor loading also suggested
association of DOC with CDOM optical properties (Figure 8).
The slope of the regression equation (36.35 mol m−2) was within
those ranges of 30 United States rivers (23.3–65.1 mol m−2;
Spencer et al., 2012) and comparable with other estuarine results
(45.5 mol m−2 in Taiwan; Yang et al., 2013). We observed positive
intercepts between CDOM and DOC for all four estuaries clearly,
suggesting that not all DOC is chromophoric. Furthermore, DOC
versus CDOM linear regression lines typically become steeper
(i.e., increased absorption per unit DOC, in m−2 mol−1) in the

Matla estuary (0.021), compared to other mangrove estuaries
(0.009) and Hooghly (0.001), indicating greater mangrove-
derived CDOM input to the eastern part of the Sundarbans.
That could be further attested by higher SUVA254 (4.4 L
mg−1 m−1), which is known to be positively correlated to the
percentage of aromaticity of DOM pool (Weishaar et al., 2003).
More tDOM input in the Matla estuary could be evidenced
from other DOM properties, such as low Chl-a content (lesser
marine algal source) and lower S275−295 (more terrigenous
signature) (Table 3). The possible reason of greater abundance
of CDOM in the Matla estuary might be linked to enhanced
production of OC/tree (i.e., above-ground and below-ground
biomass or AGB and BGB) that ultimately enriched DOM
concentration in the adjacent estuary, due to the contribution
of plant-derived humic substances leaching from forest sediment
and enhanced litter fall (Cai et al., 2017). Earlier we found
greater mangrove production in the eastern part of the Indian
Sundarbans (AGB + BGB = 65 ± 10 Mg C ha−1; Table 3)
drained by the Matla compared to the western and central
parts (37 ± 3 Mg C ha−1), dominated by the Saptamukhi and
Thakuran estuaries.

Transport and Fate of DOM
Hydrological influence on CDOM dynamics is a common
observation for the river estuaries (Battin, 1998; Chen et al.,
2004; Osburn et al., 2009; Maie et al., 2012; Santos et al.,
2016; Kida et al., 2019). Generally, rivers with higher annual
discharge exhibit greater CDOM absorption than those with
limited freshwater input (observed for United States rivers by
Spencer et al., 2013). This trend also applied to our potential
sites where acdom(350) in Hooghly during post-monsoon was an
order of magnitude higher than the seasonal data of Saptamukhi,
Thakuran, and Matla. Such high CDOM values, specially from
the Hooghly upstream sampling locations, resulted in its greater
riverine export, contrast to mangrove-derived export (discussed
in the next segment). We would expect even higher CDOM in
monsoon from the Hooghly stretches due to more terrestrial run
off promoted by high discharge. Furthermore, the magnitude of
absorption and river flow dependence of CDOM concentration
increased with increased distance from the river mouth,
indicating greater delivery of DOM via anthropogenic and river
input from the Hooghly upstream. Along the salinity gradient of
Hooghly estuary, a general decreasing distribution of acdom(350)
and other optical descriptors of DOM molecularity (e.g., S275−295
and SUVA254, Figure 6) revealed removal of tDOM during the
transport to BoB. Multiple processes could account for such
DOM removal in estuary, such as endmember mixing (De Souza
Sierra et al., 1997), DOM photooxidation in stable water of low
turbidity (Vodacek et al.,1997), flocculation/precipitation within
oligohaline zone (Burton, 1976) or bacterial utilization of DOM
(Thurman, 1985; Ogawa et al., 2001).Various laboratory analysis
indicated aggregation of humic acid and high molecular DOM
onto POM pool (Sholkovitz, 1976) and that also occur best within
salinity range between 2 and 4 (Artemyev and Romankevich,
1988). Such a process seems unlikely to dominate as one type
of DOM removal mechanism in the Hooghly estuarine water
with strong salinity gradient. Furthermore, weak association of

Frontiers in Earth Science | www.frontiersin.org 14 July 2020 | Volume 8 | Article 218

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-08-00218 July 9, 2020 Time: 17:3 # 15

Sanyal et al. DOM Dynamics in the Indian Sundarbans Mangroves

TA
B

LE
3

|D
iff

er
en

ce
s

of
D

O
C

an
d

op
tic

al
pr

op
er

tie
s

be
tw

ee
n

riv
er

an
d

m
an

gr
ov

e
do

m
in

at
ed

es
tu

ar
ie

s
(A

G
B

,a
bo

ve
−

gr
ou

nd
bi

om
as

s;
B

G
B

,b
el

ow
−

gr
ou

nd
bi

om
as

s;
1

M
g

=
10

6
g)

.

E
st

ua
ri

ne
en

vi
ro

nm
en

t
D

O
C

µ
M

δ
13

D
O

C
h

a c
d

om
(3

50
m

−
1
)

S
27

5
−

29
5

nm
−

1
S

lo
p

e
ra

ti
o

S
U

VA
25

4
L

m
g

−
1

m
−

1
T

S
M

m
g

L−
1

C
hl

-a
µ

g
L−

1
A

G
B

M
g

C
ha

−
1

B
G

B
M

g
C

ha
−

1

R
iv

er
-d

om
in

at
ed

35
8
±

11
6

−
25
±

0.
3

5.
3
±

1.
7

0.
00

6
0.

46
±

0.
04

3.
66
±

1.
35

17
8
±

30
5.

2
±

1.
3

−
−

M
an

gr
ov

e-
do

m
in

at
ed

E
as

te
rn

21
6
±

41
−

3.
3
±

0.
6

0.
00

2
0.

26
±

0.
13

4.
36
±

1.
09

11
1
±

72
3.

1
±

0.
9

51
±

13
14
±

18

W
es

te
rn
+

ce
nt

ra
l

22
2
±

45
−

24
±

0.
5

3.
5
±

1.
0

0.
00

3
0.

25
±

0.
16

3.
38
±

1.
74

68
±

38
4.

6
±

0.
6

29
±

4
8
±

1

R
es

ul
ts

ar
e

in
m

ea
n
±

S
D

.

TSM and CDOM optical properties was evident from the PCA
factor loadings. Other possible process is the photodegradation
of high molecular weight DOM compounds upon UV exposure.
However, in turbid estuary like Hooghly where Secchi disc
level was consistently low, below 1 m, photobleaching might
be unfavorable which is in line with short water residence time
of even less than a week during the monsoon, whereas photo-
oxidized decrease in CDOM is observed to be about a month
by Vodacek et al. (1997).

Bacterial utilization is an important sink for DOM in estuaries.
The Hooghly estuary is putatively heterotrophic in nature,
favoring particulate OM decomposition over in situ production
(Mukhopadhyay et al., 2006; Samanta et al., 2015; Akhand
et al., 2016). However, in the case of DOM, it appears that
bacterial decomposition may be less significant as a “removal”
mechanism. To explain more, we discuss the apparent oxygen
utilization (AOU = O2equilibrium – O2measured) concept, which is
a proxy for DOM decomposition. Various studies have shown
a significant negative relationship between DOC and AOU for
the oceanic water (Kumar et al., 1990; Doval and Hansell,
2000; Shah et al., 2018). From multiple observations at the
sampling sites, oxygen undersaturation was very prominent (75–
95%) resulting in positive AOU values (35.25−37.20 µM), but
contrary to expectations, showing significant positive correlation
with DOC (AOU = 0.009 × DOC + 33.7; r2 = 0.45). Even
limited data from the water column suggested no meaningful
relationship between DOC increment and DO decrease at the
bottom (even few points showed DO increase at depth). While
estimating DOC:AOU molar ratio to be –0.13 for the oceanic
water of the BoB, Shah et al. (2018) concluded 18% AOU
utilization for DOC decomposition. However, such biological
remineralization of labile or semi-labile DOM may not hold
the same for the upper coastal waters of BoB where our
sampling sites are present. In fact, nutrient limitation in those
sites could resist bacterial degradation of DOM, but mangrove
surrounded estuarine waters are quite nutrient rich as evident
from several past works (DIN = 10−20 µM, DIP = 0.5–1.0 µM;
Mukhopadhyay et al., 2006; De et al., 2011; Ray et al., 2014;
Nandi et al., 2018). Hence, bacterial consumption of estuarine
DOM was limited by the refractory nature of DOM, rather
than nutrient limitation of the bacterial communities. Another
perspective of such positive relationship (DOC × AOU) might
be the occurrence of wastewater discharge and anthropogenic
stress that might increase both DOC and AOU, particularly
in the Hooghly estuary where maximum DOC concentration
coincided with maximum AOU. When more DOC enters into
the streams via sewage, more ions associated with it are carried
and more O2 is consumed (i.e., AOU increased) to decompose
this extra input of OM.

Hence, the deviation from conservative mixing of CDOM
along the Hooghly estuary might be connected to mild stratified
layers observed within the water column profile of the Hooghly
estuary and the mangrove estuaries in the pre- and post-monsoon
periods (Figure 4). The stratified layer in the Hooghly water
column was also traced by Mukhopadhyay et al. (2006), but that
was during the monsoon. The consistent evolution of bottom
water DOC (averaging 30 µM higher than surface) across the

Frontiers in Earth Science | www.frontiersin.org 15 July 2020 | Volume 8 | Article 218

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-08-00218 July 9, 2020 Time: 17:3 # 16

Sanyal et al. DOM Dynamics in the Indian Sundarbans Mangroves

sampling stations has verified the existence of two DOM pools
that have had a distinct composition and optical properties
compared to other water mass sources. It is possible that there
might exist an old water mass, relative to river water inflow
and DOM removal along the estuarine transect, that might be
the result of mixing and biogeochemical alteration of sources
of the DOM pool. Applying oxygen isotopes in river water, sea
water, and groundwater along the Hooghly transect, Samanta
et al. (2018) identified an existence of a recirculated seawater
component of the submarine groundwater discharge (SGD)
to the Hooghly river estuary. That being said, we observed
more terrigenous high molecular weight DOM compounds
(evidenced by low S275−295 and SR) in the lower stretch of
Hooghly to be replaced by less terrigenous low-molecular weight
DOM at the freshwater end member where, contrary to the
trend, less colored content DOM could be identified (higher
SUVA254). The tDOM along the mouth of the estuary might
be derived from vascular plants like mangroves at Chemaguri
(a station near the river mouth), soil leaching, and SGD, and
upon extensive mixing with BoB water, it losses a fraction of
colored content before exporting to the BoB, in line with the
lowering of CDOM absorption over BoB offshore (Das et al.,
2017). However, at present, we cannot define the range of
this water mass, nor track exactly where it is coming from
based solely on available data. All these need to be further
investigated by applying radiocarbon dating of DOC specific to
water masses along the depth and from distinct freshwater to
marine endmember.

Unlike Hooghly, the salinity-versus-CDOM scatter plot for
the Sundarbans estuaries showed a positive regression trend;
but, we suggest that deviation to be produced from temporal
variability, rather than mixing, meaning water salinity in
post-monsoon was consistently lower (between 12–16) than
other sampling periods (salinity ranging 27–30). Highly non-
conservative mixing of CDOM observed in the polyhaline
zone of the Saptamukhi, Thakuran, and Matla largely reflected
addition of DOM than its removal from the estuarine water. As
clearly indicated by the CDOM optical descriptors, prevalence
of high molecular weight colored tDOM, most likely being
derived from mangrove litter leaching, would enrich DOM pool.
However, other sources, such as DOM release via phytoplankton
exudation or cell lysis, could also contribute to the CDOM pool
(i.e., autochthonous origin). Phytoplankton were reported to
contribute 20–26% to the DOC pool (Ray and Shahraki, 2016),
while river input was suggested to contribute at large (Ray et al.,
2015), but those would be vital sources for the Saptamukhi
estuary; but for the Thakuran and Matla, DOM input would most
likely be driven by the mangrove vegetation.

DOM Input to the Mangrove Estuary
Statistically significant positive correlation was observed between
DOC and CDOM during the 24-h time series observation
(DOC = 17.16 × acdom350 + 81.84; r2 = 0.45). During
ebbing tide, surface water DOC and CDOM level increased
proportionally with channel water contributions (15 to 70%),
probably as a result of enhanced litter leaching via tidal pumping.

Few high-DOC values observed at the onset of high tide
(such as 187–220 µM against 2.7–3.2 m tidal height) might
be indicative of the remainders of high DOC leached from
mangroves during ebbing period. Optical analyses revealed that
in addition to be a source of DOC for the estuary, mangroves
are also very important source of CDOM compounds. Higher
SUVA254, and simultaneous lower slope ratio and S275−295,
documented greater delivery of high molecular weight CDOM
input to the mangrove estuary. We tested few additional
samples of porewater CDOM retrieved from pristine islands in
Saptamukhi estuary and manifold higher values of porewater
acdom(350) than the tidal water (at SM: 18.5–26.5 m−1; at
SL: 12.7–25.7 m−1; n = 5, our unpublished data) confirmed
the benthic pool as one of the major contributors to the
estuarine CDOM. In line with this, Ray et al. (2015) described
litter leaching and pore water seepage as major pathways
of DOM input to the Sundarbans. DON was the major
constituent of N in mangrove estuary (∼70% of the TDN)
with ∼10- to 15-times higher concentration than the particulate
N (2.8–4 µM), implying litter leaching as most significant N
loss in mangroves.

Nevertheless, such a general trend of tidally driven DOC
input matches with most of other mangrove estuaries as well
(Florida, Twilley, 1985; Brazil, Dittmar et al., 2001; Bouillon
et al., 2007; de Rezende et al., 2007; and Australia, Maher
et al., 2013). End member mixing model between channel water
and BoB water produced all positive values of “added DOC”
(1C) suggesting the Sundarbans estuary to act as a source of
DOC. Interestingly, 1C were even higher when water level
was around 2 m (i.e., onset of high tide) and channel water
contribution was <15%, that was not very ideal period for
mangrove outwelling. Such ambiguity might be attributed to
allochthonous input as evidenced by the sudden fall of S275−95
and SR between 20:00 to 22:00 (Figure 7). Because a large
fraction of DOC is optically active, observed mangrove tidal
discharges would have a large influence, not only on estuarine C
cycling, but also on the optical properties and CDOM dynamics
in the estuary. In addition, mangrove spatial heterogeneity,
which has been noticed from varying degree of elevation levels
among sites (SRTM image, Supplementary Figure S1), should
be carefully considered for estimating better resolution DOM
fluxes. In doing so, we recommend carrying out time series
observations and data collections at multiple locations around the
Indian Sundarbans.

Annual DOM Loading From Estuary to
Sea
We calculated annual discharge of DOC (1011 g C yr−1)
and post-monsoonal CDOM (1010 m2 post-monsoon−1) from
the Hooghly river to the BoB to be 3.05 ± 0.11 and
8.65 ± 1.42, respectively and area weighted loading or yield
to be 5.09 ± 1.17 g C m−2 yr−1 and 1.41 ± 0.23.acdom(350)
post-monsoon−1, respectively (Table 4). As the results of
CDOM loading are restricted to post-monsoonal period only,
annual extrapolation might be problematic, especially given
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TABLE 4 | Annual yield and export of CDOM and DOC from the studied river and mangroves.

DOM production and export Hooghly River Sundarbans mangrove

CDOM yield, acdom(350) month−1 1.41 ± 0.23* 1.77 ± 1.22

CDOM export, 1010 m2 month−1 8.65 ± 1.42* 0.75 ± 0.52

DOC yield, g C m−2 year−1 5.09 ± 1.17 (2.38−11.97) 710**

DOC export, 1011g C year−1 3.05 ± 0.11 (1.42−7.18) 30.3**

Results are in mean ± SD (ranges, where applicable). *For Hooghly, CDOM values are given per post-monsoon (i.e., sum of 4 months); **refers to data from Ray et al.
(2018a).

the high river discharge during the monsoon. However, we
still compared at a monthly basis, dividing the results by
4 in post-monsoon, and determined CDOM discharge to be
2.16 × 1010 m2 month−1,and yield as 0.35acdom(350) month−1.
From web search, there is no available literature data of
CDOM discharge from tropical rivers/estuaries; however, our
estimates compared well with those reported for the 15 US
rivers (discharge ranging 0.04–30 × 1010 m2 month−1; mean
yield, 0.42 acdom(350) month−1; Spencer et al., 2013), boreal
rivers (discharge 0.02–0.35 × 1010 m2 month−1, yield ranging
0.13–0.95 acdom(375) month−1; Asmala et al., 2012), but two- to
four-times as high as the highest values of Arctic and Danish
rivers presented by Stedmon et al. (2011).

Previously we applied isotope mixing model and quantified
mangroves contribution to the total estuarine DOC pool
to be 170 ± 42 µM (Ray et al., 2018a). Further using
a statistically robust linear relationship between DOC and
acdom(350) observed from the 24-h survey (refers to previous
subsection), we calculated mangrove-derived acdom(350) to be
5.18 ± 3.46 m−1. Multiplying this CDOM value with the
net amount of water exchanged between the Sundarbans and
BoB in one tidal cycle (i.e., 48 × 109 L day−1 from Ray
et al., 2018a), we estimated monthly mangrove-derived CDOM
discharge to be 0.75 ± 0.52 (× 1010) m2 month−1 and
CDOM yield as 1.77 ± 1.22acdom(350) month−1 (Table 4).
The difference between the CDOM export from the riverine
and mangrove estuary to the BoB might be attributed to the
higher mean CDOM absorption from the Hooghly upstream
compared to the mangrove estuaries [refer to mean acdom(350)
in Table 2]. Such difference might be even large during the
monsoon, when river discharge is maximally favoring more
export of the optically active DOMs via terrestrial run-off.
Brandão et al. (2018) showed small input of allochthonous
OM (applies to riverine transect here) could have large
effect on the spectral line absorption, compared to the large
production of autochthonous production of OM (applies to the
Sundarbans waters).

In brief, despite monthly riverine CDOM discharge exceeding
mangrove-derived estuarine export to the BoB by a factor of
2.8, CDOM yield is greater in the mangrove estuaries than the
riverine estuary, which is in line with higher DOC outwelling
rate reported for these mangroves (710 g C m−2 yr−1, Ray
et al., 2018a) compare to its riverine export, higher water
exchanged between Sundarbans estuaries and BoB than between
the Hooghly and BoB, and also high mangrove productivity
delivering more terrigenous type DOM into the creek or
estuarine waters.

CONCLUSION

As a recap, both catchment characteristics (mangrove coverage,
river input) and estuarine biogeochemical processes contributed
to the variations of DOC and CDOM concentrations and
compositions in the estuarine environments. Mangrove-
derived OM input and forest productivity were among the
key controls governing DOM distributions in the Indian
Sundarbans, while these were mainly governed by estuarine
mixing, fluvial discharge, and anthropogenic stresses from
the Hooghly upstream. Optical measurements identified
spatially and temporally variant DOM composition covering
an extensive sampling stations and periods along the Hooghly
river estuary and mangrove dominated estuaries in the Indian
Sundarbans. Colored content (SUVA254) in DOM pool was
higher in mangrove waters than the river waters due to more
terrigenous matter input from the former. These optical
characteristics are indicative of complex organic compounds
such as high-molecular-weight, aromatic-rich DOM. Flux
estimates showed greater yield and export of mangrove-derived
DOC, but lower export of CDOM to the BoB, as compared to
their riverine transport.
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