Indian Journal of Geo Marine Sciences
Vol. 49 (11), November 2020, pp. 1710-1720

Delineating CO2 and chlorophyll-a variability of an urban estuary with respect to
changes in available dissolved nutrients: A microcosm study
S Bhattacharyya*, A Chanda, S Hazra, S Das & I Das
School of Oceanographic Studies, Jadavpur University, 188 Raja S. C. Mullick Road, Kolkata – 700 032, India
*[E-mail: bsourav69@yahoo.com]
Received 23 October 2019; revised 09 December 2019
Changes in dynamics of nutrient with respect to partial pressure of dissolved CO2 [pCO2(water)] from tropical lotic
ecosystem, namely diamond harbor an end member of Hugli estuary, were analyzed by way of a microcosm experiment.
Though surface waters behaved as an extensive CO2 source under in-situ condition [in-situ pCO2(water) ranged from ~1000
to ~20,000 ppm], it was capable of becoming a sink in post-monsoon while pH as well as primary productivity was
significantly high (monitored in microcosm). In pre-monsoon and monsoon, internal generation of nutrients by means of remineralization was pre-dominant and the CO2 source character of the water was maintained for eight consecutive days (the
duration of the microcosm). Amongst the five nutrients, dissolved nitrate-nitrogen (NO3-N) followed by phosphatephoshorus (PO4-P) were the most utilized nutrients during higher photosynthetic activities and conditions conducive for
optimum photosynthesis can lower the magnitude of CO2 source character. Substantial nutrient utilization efficiency
especially during post-monsoon enabled photosynthetic CO2 utilization because of low turbidity and optimum light
availability. It infers that controlled freshwater discharge from the Farakka Barrage along with proper replenishment with
freshwater borne nutrients could minimize the re-mineralization process and lessen the CO2 source potential of this estuary.
[Keywords: Chlorophyll-a, Dissolved nutrients, Hugli Estuary, India, pCO2(water)]

Introduction
Estuaries and tropical lotic inland aquatic
compartments are considered as significant source of
carbon dioxide (CO2) having a global emission rate
of ~ 0.50 Pg C per yr and ~ 2.1 Pg C per yr,
respectively1,2. Coastal aquatic ecosystem and riverdominated estuary are regarded as potential source of
CO2 especially in tropical countries like India. The CO2
flux of these ecosystem compartments can be mainly
attributed to the discharge of freshwater and ground
water3. The CO2 flux can determine the metabolic status
of estuarine compartment. Dynamic parameters of
estuarine compartment like river discharge and salinity
can regulate CO2 flux and dissolved oxygen availability
and hence the water quality and metabolic status of lotic
estuarine ecosystem4. Often light limitation can in turn
limit autotrophic primary production and stimulate the
development of net-heterotrophy. Among several
biogeochemical processes, autotrophic productivity and
bentho-pelagic respiration together with the organic
re-mineralization to CO2 is considered crucial most
events that can modulate net biological pump of aquatic
compartment5. Phytoplankton, by the way, the smallest
component autotroph, is capable to fix dissolved CO2
responsible to increase pH in conjunction with the

decline of dissolved inorganic carbon that can
consequently regulate carbonate system of water column
in favoring the climate as it is capable to facilitate CO2
absorption from the atmosphere6. On the other hand
in case of anthropogenically perturbed estuary, atmospheric
CO2 levels can affect bacterioplankton production and
abundance7.
Phytoplankton is the key mediator of biological
carbon pump and irradiance, temperature and nutrients
are environmental parameters that have major control
over stoichiometry as well as phytoplankton ecophysiology8. Hence in natural aquatic ecosystem,
dissolved nutrient is a crucial abiotic component
from the perspective of biological pump. Dissolved
inorganic nitrogen mainly as ammonium (NH4+) and
nitrate (NO3−) ion, dissolved inorganic phosphate
(PO43−) and dissolved silicate (SiO32−) along with
dissolved iron (Fe) incorporate crucial function
during photosynthetic activities of primary producers.
Allochthonous nutrients can often accountable to
turn system extremely productive and during such
phase the system might perform as net CO2 sink9. In
contrast, higher primary production is also often held
liable for net CO2 source character of an aquatic
column because of extensive organic mineralization10.
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On the other hand, allochthonous input of nutrients in
several estuaries can lead to cultural eutrophication11.
Extensive studies were conducted delineating efficiency
of biological C–pump, especially in open seawaters
owing to their CO2 sink potential. Though, direct
impacts of nutrient loading to carbon sink or source
functioning within estuarine environment are rarely
reported.
Accordingly, the study was conducted with estuarine
waters from Diamond Harbor (DH), end member
station of Hugli estuary that experiences tropical
climate. Since nutrient utilization can regulate the
partial pressure of CO2 in water [pCO2(water)], we
hypothesized that nutrient utilization to different
extent would give rise to variability in dissolved pCO2
response in surface waters. Secondly, since nutrient
dynamics can regulate aquatic photosynthetic potential,
chlorophyll-a (chl-a) response or primary productivity
can be regulated with relation to intrinsic nutrient
utilization. The prime objective of the study was to
scrutinize rate by which levels of pre-existing
nutrients are getting utilized with relation to altered
dissolved pCO2 for respective samples. Some in-situ
studies regarding dynamics of nutrient and dissolved
pCO2 of Hugli Estuary12 are reported earlier, but
microcosm approach is rarely illustrated13.
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Material and Methods
Study area

Hugli estuary is a well mixed meso-macrotidal
estuary flowing alongside the city Kolkata. It covers
long tributary of 260 km favoring navigability
towards Kolkata and upstream in addition to
providing extensive freshwater to the Indian
Sundarban mangroves. Perennial freshwater discharge
from barrage Farakka makes region to perform as
open estuary over the year14. In spite of the Barrage
construction (upstream of 300 km from mouth of
Hugli), estuary experiences extreme stress of huge
disposal of sewage, repeated dredging in addition to
port activities specifically in regions of Kolkata, and
Haldia metropolis. Presently samplings were done
from Diamond Harbour (Fig. 1). The tropical climate
of the compartment is characterized by pre-monsoon
(February – May), monsoon (June – September), and
post-monsoon (October – January).
Sampling strategy

The study was conducted over the seasons premonsoon, monsoon, and post-monsoon season.
Surface water sampling were done around 9:00 am
from DH, the end member station of Hugli estuary, on
the 15th January of 2017 in post-monsoon season,

Fig. 1 — The study area map showing the sampling location of Diamond Harbour (DH) situated in the Hugli estuary
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19th May of 2017 during pre-monsoon, and on 23th
July in monsoon season. Two 3000 l reservoirs made
up of opaque polyvinyl chloride (l × b × h = 200 cm ×
150 cm × 100 cm) were filled up with water and
left over the roof of laboratory of School of
Oceanographic Studies, Jadavpur University for
creating a near reality situation. 6-litre sealed and
transparent polycarbonate bottles (l × b × h = 22 cm ×
16 cm × 18 cm) without any headspace were used as
microcosm chambers. Eight such chambers were
filled up with in-situ DH samples during each
sampling date and brought back to the laboratory
within 3 hours of sampling. After reaching the
laboratory, the microcosm chambers were immediately
immersed in the water filled reservoirs and allowed to
float 0.25 m below surface of the respective reservoir
exposed under natural day-night cycle following
Biswas et al.15. A different bottle was kept as
a control poisoning in-situ sample by 105 μg per ml of
mercuric chloride (HgCl2)16. All the microbial
activities were successfully stopped by means of this
high load of poisoning and the parameters measured
showed negligible changes in magnitude during the
study. The microcosm set up was allowed to practice
similar climatic condition all through the study.
Battery driven automated rotor (120 rpm) was
employed in microcosms twice daily (10 am morning
followed by 8 pm evening for 5 minutes each) for
avoiding the bottom settlement because surface
waters were unable to achieve such conditions in
reality. The microcosms were sampled on a daily
basis for eight consecutive days for the floating
chambers. In each season even if the study was
carried out till 12 days, the 8 days were reported only
because nutrients were almost extinguished by the end
of the eighth day. The complete microcosm set-up and
the microcosms were kept over the roof from the next
day and left undisturbed to cope up with the
environment. The instantaneous readings were also
taken by deploying probes.
Analytical protocol

Variation of pH in addition to temperature of
surface water was monitored using micro-pH meter
[Orion PerpHecT ROSS Electrode Combined with
data logger (Thermo Scientific, US)] having precision
0.001 and 0.1 °C, correspondingly. Glass electrodes
were standardized at the time of sampling on the NBS
scale by means of technical buffers of pH 4.01, 7.00
and 9.00 controlled at 25 °C. The salinity was
monitored using a probe Multikit (Multi 340 i Set;

Merck, Germany) attached with WTW Tetracon 325.
Underwater PAR (photosynthetically active radiation)
was monitored with std. sensors (UWQ 8247, Li-Cor
with precision of 0.1 µ mol m−2 s−1) with data sensor
(Li-250A, Li-Cor, US) and turbidity meter was used
to measure turbidity with precision of 0.1 NTU (TN100; Eutech). A digital DO meter was employed for
the purpose of Dissolved oxygen (DO) (FiveGo
Series, Mettler Toledo) measurement having precision
0.01 mg l−1. On the water surface, the incoming solar
radiation was monitored using Lux meter (LX-105,
Leutron). Alkalinity (TAlk) was measured using autotitrator (Titrando 905, Metrohm, Switzerland). All the
nutrients [namely dissolved ammonium-nitrogen
(NH4-N), phosphate-phosphorus (PO4-P), nitratenitrogen (NO3-N), silicate (SiO3), and iron (Fe)]
(precision of 0.01 µM), and chl-a (with precision of
0.01 mg m−3) were measured by the help of std.
spectrophotometric methods17. pCO2(water) was
estimated from both TAlk and pH by help of
application CO2SYS.EXE18. K1, K2 were used as
described in Peng et al.19 on NBS; KHSO4 and borate
correction were considered as stated by Khoo et al.20
and Lee et al.21, correspondingly.
Gross primary production (GPP), net primary
production (NPP), and community respiration (CR)
were estimated according to Parsons et al.17 at the
time of sampling all through the study periods. During
sampling, a light and a dark bottle were allowed to
float the mid of reservoirs filled with waters
withdrawn from a microcosm chamber for the
particular day. 24 hour incubation was allowed
around 9’o clock in morning. The trophic index of the
water was computed according to the formulae:

Where, Chl-a stand for concentration of
chlorophyll-a (in mg m−3) and D%O indicates
absolute deviation in saturation percent of dissolved
oxygen (DOsat), i.e., |100 – DOsat|. IN and IP stands
for inorganic nitrogen and phosphorus (in mg m−3),
respectively. Saturation of DO was computed
following formula stated by Benson & Krause22.
Results
Seasonal variability of in-situ condition of DH waters

Temperature of surface DH water was highest in
pre-monsoon season (37.0 °C) followed by monsoon
(28.2 °C), and post-monsoon (23.1 °C). During
monsoon salinity observed was less than one (0.1),
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however, during pre-monsoon (1.2) followed by postmonsoon (3.4) salinity was comparatively higher. DO
concentration during pre-monsoon and post-monsoon
was ~ 4.2 mg l−1; however, value was somewhat
higher during monsoon (5.73 mg l−1). Turbidity was
high to a large extent during monsoon with respect
to other two (see Table 1). The order of in-situ pH
was pre-monsoon > post-monsoon > monsoon with
extremely low value during the monsoon season
(6.86) and consequently dissolved in-situ pCO2 got
reversed. Highest TAlk was monitored in postmonsoon season (3224 µmol kg−1) whereas minimum
in monsoon (18667 µmol kg−1). Estimated DIC also
computed in trend similar like TAlk. Highest in-situ
chl-a as monitored in post-monsoon season was 3.4
mg m−3 whereas 3.1 mg m−3 in monsoon season and
0.25 mg m−3 was observed during pre-monsoon
season. Mirroring chl-a concentration TRIX exhibited
similar pattern post-monsoon > monsoon > premonsoon. NH4-N, NO3-N, and Fe were observed to
have highest concentration during post-monsoon
season and in an order of post-monsoon > monsoon >
Table 1 — Initial physico-chemical conditions before the
beginning of the microcosm experiment in the DH in all the
seasons
Parameters
PreMonsoon
PostMonsoon
Monsoon
Water
37.0
28.2
23.1
temperature
(°C)
Salinity
1.2
0.1
3.4
Dissolved
4.2
5.73
4.25
Oxygen (mg
l−1)
Solar intensity
78
54
33.1
(k lux)
Turbidity
71.5
151
61.2
(NTU)
pH
8.2
6.86
8.082
Total Alkalinity
2917
1867
3224
(µmol kg−1)
Dissolved
2656
2626
3161
inorganic
carbon (µmol
kg−1)
pCO2 (water)
1225
19388
1683
(µatm)
Fe (µM)
5.19
28.83
77.2
PO4-P (µM)
2.84
15.79
15.5
NO3-N (µM)
6.45
11.29
5.6
NH4-N (µM)
21.11
22.78
44.4
SiO3 (µM)
58.74
70.04
49.1
Chl-a (mg m−3)
0.25
3.1
3.4
TRIX
6.38
8.5
8.96
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pre-monsoon. PO4-P and SiO3 were found maximum
during monsoon whereas the lowest during premonsoon and post-monsoon, respectively.
Temporal variation of physico-chemical conditions
respective seasons during 8 days’ microcosm study

in

Microcosm for eight consecutive days was
conducted in ambient natural temperature as well as
solar intensity all over the seasons. DO exhibited
steady increasing trend in post‐ monsoon season,
whereas, an initial increase till day 2 with a steady
decrease in between day 2 and day 4 was monitored
both in monsoon and pre-monsoon season (Fig. 2).
Between day 4 and day 8, a steady enhancement of
monsoon DO was observed in contrast to gradual
decrease of DO observed during the 4th to 8th day
in pre-monsoon season. Net increment of DO was
substantially high in monsoon from initial maximum
5.73 mg l−1 to 10.0 mg l−1. Exhibited trend of pH was
overall rising in monsoon and post-monsoon seasons;
still in monsoon sharp rise of pH was monitored in
between day 6 and day 8. In pre-monsoon season, pH
showed overall decreasing pattern and the reduction
was very sharp between day 1 and day 2. The net
increment of pH was highest during the pre-monsoon
season (8.570 of day 0 to 9.488 in day 8). The curves
of TAlk and DIC obtained were more or less identical
all through seasons. Pattern of TAlk and DIC were
overall decreasing both in monsoon as well as postmonsoon season. In the pre-monsoon, DIC and TAlk
trends were overall rising but the variation occurred
within a narrow range (TAlk varied between 2917 and
3050 µmol kg−1 and DIC varied between 2656 and
3004 µmol kg−1). The curves of TAlk as well as DIC
were more or less identical all through the seasons
(only TAlk graph is shown in Fig. 2). In monsoon, the
TAlk and DIC depleted from day 5 to day 8; whereas
in post-monsoon the depletion was prevalent
throughout the study (TAlk depleted from 3224 to
2161 µmol kg−1 whereas DIC lowered from 3161 to
1852 µmol kg−1).
Temporal variation of pCO2(water), chlorophyll content,
TRIX vis-à-vis change in nutrient concentration throughout
the microcosm

Percentage decline of dissolved pCO2, nutrients,
and chl-a during 8 days’ microcosm are given in
Table 2. pCO2(water) steadily depleted during
monsoon in addition to post-monsoon, whereas,
steady increase was observed between day 4 and day
8 during pre-monsoon (Fig. 2c). In pre-monsoon, an
increment of pCO2 was also observed at day 2 as well
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Fig. 2 — The variation of: (a) total alkalinity, (b) pH, (c) pCO2(water), (d) chlorophyll-a, (e) dissolved oxygen, and (f) TRIX; during the
eight day microcosm experiment conducted in the pre-monsoon, monsoon and post-monsoon season (subplots b and f have different y
axis origin)
Table 2 — The percentage reduction of pCO2(water) and nutrients in DH microcosm setups during various intervals of the eight day
long experiments in all the seasons
0TH – 2ND
2ND – 5TH
Day
Day
ΔpCO2
-360.1
21.1
ΔFe
-34.5
-202.6
ΔPO43- -P
22.2
-138.1
ΔNO3- -N
75.0
0.0
ΔNH4+ -N
10.5
-67.7
ΔSiO3-0.5
3.6
ΔpCO2
28.7
45.2
ΔFe
42.9
18.5
ΔPO43- -P
58.0
20.6
ΔNO3- -N
88.6
75.0
ΔNH4+ -N
-2.4
21.4
ΔSiO310.9
10.1
ΔpCO2
17.7
81.0
ΔFe
81.4
17.5
ΔPO43- -P
59.9
6.8
ΔNO3- -N
90.4
20.0
ΔNH4+ -N
73.8
-66.7
ΔSiO3-0.5
16.3
*positive values indicates reduction and negative values indicates increase
Post-monsoon

Monsoon

Pre-monsoon

% Reduction

as a net increment of 197.5 % till the end (Table 2).
In post-monsoon and monsoon season pCO2
(water) depleted steadily with net reduction of
90.1 % and 99.3 %, respectively. Chl-a concentration
in pre-monsoon season increased till day 3 followed
by depletion in day 4 and thereafter dropped to ~0.12
mg m−3 till the end. In post-monsoon season, chl-a
density declined faintly by day 1 with increase till day

5TH – 8TH
Day
18.1
-28.8
-64.0
-250.0
24.6
-6.5
1.0
81.3
90.0
100.0
87.5
61.1
36.8
47.0
76.4
83.3
62.9
-12.4

0TH – 8TH
Day
-197.5
-424.1
-203.7
12.5
-0.1
-3.1
99.3
91.3
96.7
100.0
89.9
68.9
90.1
91.9
91.2
98.7
83.8
5.4

6 followed by drop of ~10 mg m−3 by day 7. Chl-a
concentration raised from 3.4 mg m−3 (initial
concentration) to around 12.7 mg m−3 by the end of
day 8. In monsoon season, chl-a concentration
increased to 23 mg m−3 by day 2 and diminished by
day 4 followed by a steep rise in day 5. In monsoon,
chl-a density raised from initial value of 3.1 mg m−3
to final value of 13.7 mg m−3. Magnitudes of TRIX in
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the pre-monsoon season increased till day 3 to 8.29,
followed by depletion on day 4 and raised steeply to
8.82 on day 5. After day 5, the TRIX dropped to 6.69.
Monsoon TRIX dropped on day 4 to 7.08 followed by
an increase on the day 5. Between day 5 and day 8 the
magnitudes of monsoon TRIX steadily dropped to
6.49. The magnitudes of post-monsoon TRIX steadily
increased to 8.27 till day 6 followed by a steady
depletion to 7.15 till the end of the study.
Concentration of NO3-N was monitored to undergo
steady depletion in respective seasons except premonsoon, while a concentration rise was monitored
by day 3 followed by a steady depletion with an
increase from day 6 till the end of the study (Fig. 3).
NO3-N was almost totally utilized in monsoon as well
as post-monsoon seasons; yet, in pre-monsoon only
12.5 % was utilized by the end of day 8 (Table 2). Net
decline in NH4-N monitored during monsoon and
post-monsoon was 89.9 % and 83.8 %, respectively
by day 8, whereas, in the pre-monsoon season it
almost remained unutilized (– 0.1 %). Net reduction
in PO4-P concentration was highest in monsoon
followed by post-monsoon (96.7 % and 91.2 %,
respectively by day 8), whereas, instead of reduction
PO4-P concentration was observed to increase during
pre-monsoon microcosm (Table 2). Net percentage
reduction of dissolved Fe monitored was comparable
in monsoon and post-monsoon (91.3 % to 91.9 %,
respectively by day 8), whereas, like PO4-P net
increase of dissolved Fe was observed by the end of
day 8 in pre-monsoon season. Compared to nutrients
above mentioned, uptake percentage of SiO3
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concentration was observed to be least in all the
three seasons (68.9 %, 5.4 % and – 3.1 % in
monsoon, post-monsoon and pre-monsoon season,
correspondingly).
Relationship between pCO2(water), chl-a and respective
nutrient concentrations

Almost in all the seasons the correlation between
chl-a and the nutrients were negative although it was
not statistically significant in most of the cases
(Fig. 4). NO3-N concentration exhibited significant
moderately negative correlation with chl-a during
post-monsoon (R2 = 0.239) as well as pre-monsoon
season (R2 = 0.201); still, in pre-monsoon the
relationship was not significant (p > 0.05). NH4-N
and PO4-P exhibited no significant correlation with
chl-a throughout the seasons, except PO4-P in the
monsoon season. SiO3 also exhibited non-significant
relationship with density of chl-a during pre-monsoon
and monsoon; however a weak positive correlation
was monitored in pre-monsoon. Negative correlation
between chl-a and dissolved Fe concentration was
significant only during post-monsoon (R2 = 0.338).
Unlike chl-a, dissolved pCO2 showed a correlation
positive with nutrient concentration in many of the
cases (Fig. 5). NO3-N had correlation moderately
positive with dissolved pCO2 except during premonsoon season (non-significant), with the highest R2
values monitored in monsoon (R2 = 0.624) and
subsequently in post-monsoon (R2 = 0.456). PO4-P
and dissolved Fe concentrations showed significant
correlation with pCO2(water) in monsoon (R2 = 0.773
and 0.634, respectively) and in post-monsoon (R2 =

Fig. 3 — The variation of: (a) NO3-N concentration, (b) NH4-N concentration, (c) PO4-P concentration, (d) N/P ratio, (e) SiO3
concentration, and (f) Fe concentration; during the eight day microcosm experiment conducted in the pre-monsoon, monsoon and
post-monsoon season
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Fig. 4 — The relationship (linear) between chlorophyll-a and (a) PO4-P concentration, (b) NH4-N concentration, (c) NO3-N
concentration, (d) SiO3 concentration, and (e) Fe concentration; observed during the eight day microcosm experiment conducted in the
pre-monsoon, monsoon and post-monsoon season (the scale of x axis is different for different subplots)

Fig. 5 — The relationship (linear) between pCO2(water) and (a) NO3-N concentration, (b) NH4-N concentration, (c) PO4-P concentration,
(d) SiO3 concentration, and (e) Fe concentration; observed during the eight day microcosm experiment conducted in the pre-monsoon,
monsoon and post-monsoon season (the scale of x and primary as well as secondary y-axis is different for different plots)

0.519 and 0.548, respectively), while very weak
correlation was observed in pre-monsoon season.
NH4-N and SiO3 concentration exhibited significant
correlation with pCO2(water) only during monsoon
season (R2 = 0.533 and 0.620, respectively), while in
the rest of the seasons the correlation was not
significant.

Relationship between pCO2(water) and physico-chemical
variables

Among a variety of physico-chemical constraints
dissolved pCO2 was statistically significant and was
negatively correlated with pH; whereas positively with
TAlk over the study periods of the year, except TAlk of
monsoon (Fig. 6). However, DO as well as chl-a
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Fig. 6 — The relationship (linear) between pCO2(water) and (a) total alkalinity, (b) pH, (c) chlorophyll-a, and (d) dissolved oxygen;
observed during the eight day microcosm experiment conducted in the pre-monsoon, monsoon and post-monsoon season (the scale of x
and primary as well as secondary y-axis is different for different plots)

individually showed correlation strongly negative with
dissolved pCO2 only during post-monsoon, while, in
pre-monsoon and monsoon seasons the relationship was
not statistically significant.
Discussion
The surface water of DH under in-situ condition
was substantially supersaturated with CO2 in all the
seasons and this super-saturation was found to persist
throughout the microcosm study. Hence, DH waters
can be considered to be a substantial source of CO2,
as recently observed by Akhand et al.14. However,
new aspect come from the approach of the study was
that post-monsoon DH were capable to perform as
CO2 sink from day 4 onwards and till day 8 performed
as the same. Our analysis revealed that during premonsoon season by the end of 8th day an additional
2418 µatm of pCO2(water) was produced within the
system, which could be attributed mostly to the high
temperature induced mineralization of organic carbon
present within the system. However, during monsoon
and post-monsoon season 19354 µatm and 1516 µatm

of pCO2(water) was consumed respectively by the end
of 8th day. In-situ chl-a density was moderate in the
post- and pre-monsoon; however, observed GPP was
consistently lower than community respiration despite
having substantial amount of nutrient concentration.
Throughout the study chl-a was expected to be geared
up in parallel way when pCO2(water) decreased,
however, it did not take place in pre-monsoon and
monsoon and could be characterized by substantial
load of suspended matter12. During post-monsoon,
steady rise in chl-a was observed which was also
accompanied by steady decline in pCO2(water)
values. The light availability was higher during this
season and the suspended matter was also low
compared to other seasons. Hence in monsoon in spite
of higher photosynthetic potential, chl-a increased till
day 2 followed by gradual fluctuation; whereas pCO2
steadily depleted throughout the study. However, it is
worth mentioning that since in the microcosm, inflow
of industrial effluent or sewage generally practiced
throughout Hugli estuary was absent additional
turbulence formed by rotator was the least; the
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observed in-situ productivity during post-monsoon
could be improved throughout the study. In premonsoon season, two phenomena took place side by
side – mineralization of organic matters into inorganic
nutrients in absence of inflow of sewage and
the lesser chl-a persistence due to higher surface
temperature and light penetration. Though higher chla response observed till day 3 could be responsible to
restrict the increase of dissolved pCO2(water), the net
increment in dissolved pCO2(water) in the latter half
of the study could be attributed due to elevated rate
of organic degradation. Hence, pre-monsoon DIC
formation in addition to reduction rate of intrinsic
nutrient removal was predominant and autochthonous
production process was prevalent that was supported
by higher pH level at higher temperature. Moreover,
the variation of pH from acidic to alkaline values
specifically in monsoon can be characterized by
dissolution of carbonates leading to enhanced TAlk
and it was evident as DIC values also followed the
same trend hand in hand with pH. After day 2,
mineralization was gradually predominant with
decrease of intrinsic nutrient removal efficiency
leading to net increase of pre-monsoon pCO2(water).
The observed high in-situ monsoonal DO was
attributed by the fact of heavy rainfall and the
resultant freshwater mixing23. In post-monsoon DH,
the surface waters were dominated by diatoms than
the chlorophytes24 that was responsible for the
development of higher photosynthetic carbon uptake
potential25. A steady deployment of DIC in postmonsoon was accompanied by almost 92 % utilization
of dissolved iron and 90 % removal of pCO2(water)
throughout the study. Dissolved NO3-N followed by
NH4-N was monitored as utilized most out of the
5 nutrients which in turn triggered N-limiting
situation in estuarine ecosystem26. Compared to NO3N, a lower utilization of PO4-P was monitored as a
consequence of freely diffusible as well as fast
soluble cellular matters with low-molecular-density
released at the higher pH levels27. In monsoon,
in-situ pCO2(water) was substantially higher due to
excessive surface run-off and the surface waters were
dominated by dominant groups of marine diatoms like
Bacteriastrum delicatulum, Cyclotella meneghiniana,
Leptocylindrus danicus and Thalassionema frauenfeldii
along with several others eukaryotic microalgae
followed by Cyanophyceae like Merismopedia
minima, Spirulina platensis, etc.24. As the monsoon
productivity grew up, the affinity towards dissolved

CO2 uptake as well as the utilization of HCO3−
increased among eukaryotic microalgae28,29. Side by
side, the regeneration of DIC from the mineralization
of organic matters and phytoplankton decomposition
geared up the DIC level. Since monsoon SiO3 was
mostly utilized after the day 4, the utilization of DIC
by the time might be associated with its utilization by
short-lived diatom species30. On the whole, the non
variation of Si in these waters showed that the marine
primary producers did not play the major role. Instead
of marine producers, bacteria and other algae growth
were the principal primary producers in this region.
Magnitude of TRIX decreased from severe
(classification of Penna et al.31) to better states along
the course involved in microcosm study. The TRIX is
varying from 0 to 10 that cover oligotrophy to
eutrophy in wide scale 32; yet, can be illustrated like
high (2 – 4), good (4 – 5), and bad (5 – 6) as well as
poor (6 – 8) state according to Penna et al.31.
Magnitude of TRIX in all the seasons dropped as soon
as photosynthetic activities dropped drastically and
increased in the presence of significantly ample
amounts of dissolved inorganic nitrogen and
phosphorus. But no notable variation of TRIX
index was observed with respect to wide range of
varying N/P ratio in pre-monsoon. Hence, temporal
fluctuation of N/P ratio though might be responsible
to alter the phytoplankton population33, have no
potential impact on estuarine water quality.
Since photosynthetic activities involve utilization
of the essential dissolved nutrients, both the dissolved
pCO2 and nutrient dynamics exhibited effective
correlation. From the microcosm study, it is clear that
though in monsoon and even in post-monsoon, system
performed as net source, surface waters are capable
to regulate source potential to reduce in-situ
pCO2(water) below atmospheric CO2 level. Under the
situation of less disturbed environment and optimum
light availability, a promising value of nutrient
reduction efficiency could be achieved under the
condition of controlled sewage and industrial effluent
input which would enable the chl-a concentration to
increase and activate the biological pump in favor
of the climate. The nutrient dynamics of the latter
half of the microcosm experiment in all the seasons
were mostly controlled by autochthonous input.
Replenishment of silicate ions and dissolved iron
probably stimulated the growth of short-lived diatoms
that are most efficient assimilating silicate ions to
dissimilar extent with differing life span34. Under this
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situation, more freshwater input could minimize the
rate of mineralization and enhance pCO2 level as
well as the utilization of dissolved inorganic nitrogen.
It is true the microcosm like conditions cannot be
artificially developed all through the Estuary. Yet, this
study definitely indicates that controlled discharge of
freshwater from the Barrage Farakka and minimization
of sewage disposal can enhance productivity of the
water column.
Conclusion
Though surface water of DH was a substantial
source of CO2, the sink potential of CO2 could be
enhanced by the increase of photosynthetic activities.
In pre-monsoon, source potential of surface waters
pCO2 was substantially higher even in microcosm
mostly due to re-mineralization of organic matter
produced and internal generation of nutrients by
means of mineralization. But promising value of
nutrient reduction efficiency was observed with the
rise of photosynthetic potential in post-monsoon when
estuary experiences comparatively reduced sewage
input and minimal turbulence. Among five nutrients
studied dissolved NO3-N followed by dissolved
PO4-P were the most utilized nutrients during higher
photosynthetic activities. The study revealed that the
optimization of photosynthetic activities can regulate
CO2 source character along with water quality index
of the organic material rich waters of Hugli estuary.
The study infers significant reduction efficiency of
nutrients could be achieved under the condition of
controlled sewage input, minimized turbulence and
controlled discharge of freshwater from Barrage
Farakka as well as through replenishment with more
and more freshwater borne nutrients could minimize
mineralization and degradation of water quality in
inner stations of Hugli estuary.
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