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Colored dissolved organic matter (CDOM) is one of the important fractions of dissolved
organic matter (DOM) that controls the availability of light in water and plays a crucial
role in the cycling of carbon. High CDOM absorption in the Mandovi Estuary (Goa)
during spring inter-monsoon (SIM) is largely driven by both in-situ production and
anthropogenic activities. Here we have presented the CDOM variation in the estuary
during SIM of 2014–2018 and compared it with that of 2020 when the COVID-19
outbreak imposed lockdown was implemented. During 2020, low CDOM absorption
was observed at the mid-stream of the estuary as compared to the previous years,
which could be attributed to low autochthonous production and less input from
anthropogenic activities. On the other hand, high CDOM observed at the mouth during
2020 is linked to autochthonous production, as seen from the high concentrations of
chlorophyll a. High CDOM in the upstream region could be due to both autochthonous
production and terrestrially derived organic matter. Sentinel-2 satellite data was also
used to look at the variations of CDOM in the study region which is consistent with
in-situ observations. Apart from this, the concentration of nutrients (NO3

−, NH4
+, and

SiO4
4−) in 2020 was also low compared to the previous reports. Hence, our study

clearly showed the impact of anthropogenic activities on CDOM build-up and nutrients,
as the COVID-19 imposed lockdown drastically controlled such activities in the estuary.

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

INTRODUCTION

Dissolved organic matter (DOM) is one of the key pools of organic carbon in natural waters
(Hedges, 1992), and colored DOM (CDOM) is that fraction of DOM that interacts with light
(Blough and Del Vecchio, 2002; Nelson and Siegel, 2002; Nelson et al., 2007). CDOM controls
the availability of light in water and plays an important role in regulating the chemical processes
in water (Mopper and Kieber, 2002; Coble, 2007). CDOM can be produced in-situ by biological
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production and microbial mediated remineralization of organic
matter (autochthonous) or transported from terrestrial sources
(allochthonous) and removed by photochemical degradation and
microbial consumption or be influenced by physical processes
such as circulation, upwelling, or mixing (Hansell et al., 2002;
D’Sa et al., 2006; Coble, 2007; Nelson and Siegel, 2013). Estuaries
form an important link in transporting terrestrial organic carbon
to the adjoining coastal waters. It is estimated that dissolved
organic carbon (DOC) in the oceans is 662 Pg C (Hansell et al.,
2009) compared to the terrestrial biota, which contains 600–1,000
Pg C (Falkowski et al., 2000).

The Mandovi and Zuari estuaries form the major riverine
channel in the state of Goa. The estuaries of Goa have
been studied extensively for various biogeochemical parameters
(Shetye et al., 2007; Anand et al., 2014; Shynu et al., 2015;
Araujo et al., 2018); however, studies on CDOM in these
estuaries are limited (Menon et al., 2011; Dias et al., 2017,
2020a). In recent years, these estuaries have been exploited for
various anthropogenic activities (Shynu et al., 2012; Veerasingam
et al., 2015), and their influence has also been observed on
the CDOM in the estuaries (Dias et al., 2020a). Some of the
anthropogenic activities observed along the bank and within
the estuaries include the pleasure cruises, floating casinos,
shipbuilding/repair yards, sand mining, small and large scale
industries, fish processing units, fishing jetties, mine waste rejects,
transportation of mineral ores by barges, discharge of treated
municipal sewage, domestic waste discharge from the houses and
commercial establishments, etc. (Shynu et al., 2015; Dias et al.,
2020a).

In late 2019, there was a breakdown of SARS-CoV-2 first
reported in China which began to spread over other countries
at a high pace by January 2020, and on 11th March 2020 World
Health Organization declared it as pandemic1. Novel Corona
Virus (COVID-19) is considered one of the most virulent diseases
in recent times. As a precautionary measure, the Government
of India announced a complete lockdown across the country
from midnight of 24th March 2020 for 21 days and again
thereafter in phases till 8th June 20202. The lockdown was the
first-ever opportunity to study the water column characteristics
of Mandovi Estuary when most of the anthropogenic activities
were either stopped or reduced drastically. There was a halt in
transportation activities in the estuary like pleasure cruises, ferry
services, ore transportation, etc. Also, the shipbuilding/repair
yards at the banks of the estuary, small and large scale industries,
sand mining, and commercial establishments were at a standstill
during this period.

Other than allochthonous sources, phytoplankton forms an
important source of DOM, especially during the non-monsoon
season (Dias et al., 2020a), when the terrestrial run-off to the
estuary is at the minimum and the residence time of water is
greater (Shetye et al., 2007). Nutrients are often a limiting factor
for phytoplankton growth. A recent study by Asmala et al. (2018)
has shown that nitrogen and phosphorus availability is mainly

1https://www.who.int/news-room/detail/27-04-2020-who-timeline---covid-19
2https://www.business-standard.com/article/current-affairs/here-s-a-timeline-
of-events-since-lockdown-was-imposed-in-india-120070201413_1.html

responsible for phytoplankton extracellular release of DOM and
its heterotrophic degradation by bacteria. Given the conditions of
lockdown, when anthropogenic activities were at the minimum,
in-situ production of DOM would be important drivers of DOM
variability in the estuary.

To understand the lockdown influence on the CDOM
absorption, we carried out sampling in the Mandovi Estuary
in early May 2020 during the phased lockdown opening. The
objective of this study was to compare the CDOM absorption in
the estuary during the spring inter-monsoon (SIM; March–May)
of 2014–2018 with that of 2020 when the anthropogenic activities
were minimum. To get more insight into the autochthonous
production, the variation of nutrients and phytoplankton marker
pigments were studied during our observation in 2020.

METHODOLOGY

Field Sampling and Laboratory
Measurements
Surface water samples were collected in the Mandovi Estuary
at 6 locations during the SIM of 2014–2020 (Figure 1).
The in-situ temperature and salinity were monitored using a
thermometer (precision 1◦C) and a refractometer(±1–2 psu),
respectively, during the recent study (2020). The salinity values
of the refractometer were later corrected with reference to
Autosal readings. During 2014–2018, the in-situ temperature
and salinity were measured using the CTD sensor mounted
on a profiling radiometer (Satlantic INC) and water samples
were collected using a Niskin sampler. In 2020, water samples
were collected using a bucket, and sub-sampled in bottles for
CDOM, phytoplankton pigments, and nutrients. These samples
were transported to the lab in ice and analyzed following standard
protocols. For CDOM analysis, water samples were filtered
through 0.2 micron nucleopore membrane filters and analyzed
using a 10 cm cell on a spectrophotometer, as detailed in Dias
et al. (2020a).

Absorption by CDOM ag(λ) m−1 is modeled as given in
equation 1 (Jerlov, 1976), where λ0 represents the reference
wavelength, and S (nm−1) is the spectral slope over the given
spectral range.

ag (λ) = ag(λ0)e−S(λ−λ0) (1)

We have chosen the reference wavelength as ag412 (m−1) for
the CDOM concentration since ag412 is employed to determine
DOC (Vantrepotte et al., 2015), being the shortest wavelength
accessible from the ocean color remote sensing satellites, and
also to compare with our previous data from the study area
(Dias et al., 2020a). We have used spectral slope in the narrow
wavelength range of 275–295 (S275−295 nm−1), which provides
the nature of DOM, and the Slope ratio, SR (ratio of slope
S275−295 to S350−400) since it gives information about the
molecular weight of DOM and has been widely used to study
the impact of photobleaching on DOM (Helms et al., 2008).
The spectral slopes are calculated using the linear fit of the log
linearized spectrum.
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FIGURE 1 | Sampling stations in the Mandovi Estuary. Stations 1 and 2 are
the mouth stations (close to Dona Paula Jetty and Kala Academy), Stations
3–5 represents the mid-stream region (close to the Mandovi Bridge, Ribander,
and Old Goa Jetty, respectively) and Station 6 represents the upstream region
(close to the Amona Bridge).

Fluorescence spectra of CDOM were recorded using a
spectrofluorometer (Cary Eclipse, Varian) equipped with a xenon
lamp. The samples were scanned with an excitation range of
200–450 nm, and emissions were recorded from 250 to 600 nm
with a slit width of 5 nm each. The details of data acquisition
and corrections are detailed in Dias et al. (2020b). The corrected
fluorescence data was then used to calculate the fluorescence
indices. The two fluorescence indices used in this study are
the humification index (HIX), which is an indicator of the
content of humic substances (Zsolnay et al., 1999), and the
biological index (BIX), which is an index of autochthonous
contribution. HIX is the ratio of the area between emission
wavelengths of 435–480 nm to the area between 300 and
345 nm at an excitation wavelength of 254 nm. In contrast,
BIX is the ratio of the fluorescence intensity emitted at 380 nm
to that at 430 nm at an excitation wavelength of 310 nm
(Huguet et al., 2009).

Phytoplankton pigments were analyzed by filtering 1 L of
water onto GF/F filters (0.7 µm) under dark and cold conditions.
The samples were extracted in 3 mL methanol and analyzed
on a HPLC 1200 series (Agilent Technologies) as detailed in
Kurian et al. (2012). Chlorophyll a is usually used as a proxy for
phytoplankton biomass, while accessory pigments are specific to
phytoplankton groups and give information on the community
composition (Gieskes et al., 1988; Mackey et al., 1996; Jeffrey
et al., 1997; Prézelin et al., 2000). Here we used the pigment-
based size classification proposed by Uitz et al. (2006) to get
more insight into the phytoplankton size classes [micro- (>20
µm), nano- (20–2 µm), and pico-phytoplankton(<2 µm)]. The

fraction of each pigment-based size class with respect to the total
phytoplankton biomass is calculated as follows:

fmicro% = 100× (1.41[Fuco] + 1.41[Peri])/wDP

fnano% = 100× (1.27[Hex− fuco] + 0.35[But − fuco]

+ 0.60[Allo])/wDP

fpico% = 100× (1.01[TChlb] + 0.86[Zea])/wDP

where wDP is the weighted sum of the concentration of seven
diagnostic pigments:

wDP = 1.41[Fuco] + 1.41[Peri] + 1.27[Hex− fuco]

+ 0.35[But − fuco] + 0.60[Allo] + 1.01[TChlb] + 0.86[Zea]

Nutrient samples were frozen after collection and
analyzed shortly using Skalar Autoanalyser following the
standard colorimetric method (Grasshoff et al., 1999) with
precisions± 0.06,± 0.01,± 0.003,± 0.06 µM for NO3

−, NH4
+,

PO4
3−, and SiO4

4−, respectively.

Satellite Data Processing
In addition to in-situ data, we used the ocean color satellite
data from Sentinel-2 (launched by the European space agency
in the year 2015) to compare the CDOM in the Mandovi
Estuary during the COVID-19 imposed lockdown (May 2020)
with that in previous years (2017–2019). This satellite was
opted because it gives high spatial resolution (10–60 m) and
multiple spectral bands ranging from visible to short wave
infrared, having narrow bandwidth suitable for monitoring
our estuaries. Sentinel-2, Level-1C cloud-free satellite data
closest to the in-situ sampling dates were downloaded from
the publicly available Sentinel Scientific Data Hub3. Sentinel-2
toolbox within the sentinel application platform (SNAP) version
8 was used to process the image from L1C (top-of-atmosphere
reflectance) to L2A (bottom-of-atmosphere reflectance). The
L1C product was re-sampled to 10 m resolution using band
2 of Sentinel-2. Atmospheric correction was done using the
Case 2 Regional Coast Color (C2RCC) processor version 1.1
(Brockmann et al., 2016). The C2RCC processor uses the
radiative transfer simulations of water leaving radiances and
top-of-atmosphere radiances inverted by a neural network. To
ensure data quality we used the default flags in the C2RCC
processor for indicating a failure from atmospheric correction
(Rtosa_OOS and Rtosa_OOR) and IOP retrieval (Rhow_OOR
and IOP_OOR). The C2RCC processor gives CDOM at 443 nm,
whereas ag at 412 nm was used as the absorption coefficient for
CDOM in our study; hence a new algorithm was required to
derive ag at 412 nm.

For the development of the CDOM algorithm, we used in-
situ data of remote sensing reflectance, Rrs (Sr−1) from 2014
to 2018 measured from these waters along with the NOMAD
dataset (Werdell and Bailey, 2005). Various band ratio algorithms

3https://scihub.copernicus.eu/dhus/#/home
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FIGURE 2 | Spatial variations of CDOM absorption ag412 (m−1) during 2014–2018 (blue) and 2020 (red) along the Mandovi Estuary.

previously used to derive CDOM from Sentinel-2 were evaluated
(Toming et al., 2016; Chen et al., 2017, 2020; Ruescas et al., 2018;
Xu et al., 2018; Zhao et al., 2018; Al-Kharusi et al., 2020; da
Silva et al., 2020; Soomets et al., 2020). The band ratio of remote
sensing reflectance (Rrs) at 490 and 665 was found to be the
optimum combination for our data set (R2 = 0.85) (manuscript
under preparation), and the CDOM was derived at 412 nm. The
ag derived from C2RCC and the new algorithm was evaluated
in which the new algorithm showed an improved correlation
(r = 0.723) over the CDOM from C2RCC (r = 0.558). The error
statistics using the measured and the satellite-derived ag indicate
that the new algorithm (RMSE = 0.17; error = −16.6 %) to
derive ag412 perform better than the C2RCC (RMSE = 0.49;
error =−49.2%) for our study region (Shanmugam, 2011).

RESULTS AND DISCUSSION

The surface temperature varied within a narrow range (30–
31◦C), while salinity varied from 22 to 35 at the sampling
locations during 2020, and the values were within the range
reported by Dias et al. (2020a). The surface temperature
increases while salinity decreases toward the upstream of the
estuary. CDOM absorption ag412 (m−1) during the SIM of
2020 was the highest in the upstream region (0.827 m−1)
of the Mandovi Estuary, while a decrease in absorption
was observed in the mid-stream region [0.263 m−1, except
at a station close to Old Goa Jetty (0.713 m−1)] followed
by an increase toward the mouth (0.455 m−1) (Figure 2).
On the other hand, CDOM absorption usually decreased

from the upstream toward the mouth during the previous
years (2014–2018) (Dias et al., 2020a). Statistics of CDOM
absorption (ag412 m−1) along with slope (S275−295 nm−1) and

TABLE 1 | Statistics of CDOM absorption (ag412 m−1), slope (S275−295 nm−1)
and slope ratio (SR) during 2014–2018 with a comparison to 2020 data (precision
is ± 0.00002 m−1).

Station no. Parameters 2014–2018 2020

Min Max Average SD

1 ag412 0.17905 0.20314 0.19109 0.01703 0.3602

Mouth S275−295 0.02334 0.02408 0.023668 0.000384 0.02135

SR 1.26847 1.48971 1.383101 0.122477 1.326

2 ag412 0.2722 0.44148 0.32942 0.06595 0.55504

Mouth S275−295 0.01924 0.02336 0.02102 0.001563 0.0202

SR 1.18972 1.55941 1.37900 0.155057 1.228

3 ag412 0.23929 0.56665 0.407868 0.149157 0.28069

Mid-stream S275−295 0.01914 0.02308 0.02125 0.001656 0.0222

SR 1.21985 1.42375 1.287512 0.083397 1.194

4 ag412 0.49788 0.74953 0.628748 0.097134 0.24746

Mid-stream S275−295 0.01908 0.02093 0.02026 0.000619 0.02192

SR 1.096551 1.30576 1.205558 0.074799 1.056

5 ag412 0.55367 0.6653 0.620984 0.051910 0.7125

Mid-stream S275−295 0.01944 0.02202 0.02043 0.00101 0.01582

SR 1.10698 1.24580 1.15349 0.05447 0.902

6 ag412 0.5485 0.64202 0.60764 0.046274 0.82798

Upstream S275−295 0.01993 0.02104 0.020345 0.000557 0.0202

SR 1.06246 1.30981 1.176908 0.093584 1.122
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FIGURE 3 | (A) Conservative mixing diagram of CDOM absorption ag412 (m−1) with salinity during 2014–2018 and 2020. (B) Percentage deviation of CDOM
absorption (ag412 m−1) from the conservative mixing line during 2014–2018 and 2020.

slope ratio (SR) during 2014–2018 and 2020 are provided in
Table 1.

The upstream region of the Mandovi Estuary showed
maximum CDOM absorption during 2020, whereas the spectral
slope (S275−295 = 0.0202 nm−1) and the slope ratio (SR = 1.12)
are comparable to the previous years. This region of the estuary
is mainly under the influence of terrestrial organic matter (Dias
et al., 2020a). Apart from this autochthonous production also
contribute to the CDOM as seen from the moderate chlorophyll
a values (Figure 4A). However, the HIX (4.45) and BIX (0.67)
values at this station were lower than those observed for

terrestrial organic matter indicate the photodegraded nature of
organic matter. The high solar radiation and longer residence
time in the estuary during SIM favors the photodegradation of
terrestrial DOM (Dias et al., 2020a).

To study the mixing behavior of CDOM in the estuary a
conservative mixing diagram is plotted by joining the high and
low salinity end-members (Figure 3A). The points falling above
the mixing line are attributed to sources, while those below the
mixing line are associated with sinks (Stedmon et al., 2003).
A prominent non-conservative mixing behavior was observed
during the SIM in the study area during the previous years
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FIGURE 4 | Spatial variation of (A) chlorophyll a (ng/L) and (B) phytoplankton
size fractions (%)in the Mandovi Estuary during 2020.

(Dias et al., 2017; 2020a). The maximum deviation from the
conservative mixing line (>50% with mostly additions) was
observed in the mid-stream region of the estuary during previous
years (Figure 3B) and was attributed to the anthropogenic
activities (Dias et al., 2020a). On the other hand, most of
the CDOM values fall very close to the conservative mixing
line and show a quasi-conservative mixing behavior in 2020.
However, two stations at the mid-stream region (stations 3
and 4) showed very low CDOM absorption with maximum
deviation (−40%) from the mixing line (Figure 3B). This
significant decrease of CDOM (Figures 2, 3) was observed when
the COVID-19 outbreak imposed lockdown was implemented.
One of the reasons for the decrease in CDOM absorption
at the mid-stream region in 2020 (which otherwise showed
additions during the previous years; Figure 3), could be due
to the closure of anthropogenic activities during the lockdown.
There was a complete standstill of operating pleasure cruises,
water transport systems like barges, shipbuilding activities, and
commercial establishments following the government-imposed
lockdown, which might have reduced the CDOM. The other
reason could be due to the low productivity at the mid-stream
region as seen from the lowest chlorophyll a concentration (136
ng/L), and hence low input from autochthonous production.
The spectral slope S275−295 (0.022 nm−1) was highest, and SR
(1.12) was lower during 2020 as compared to the previous
years (S275−295 = 0.020 nm−1 and SR = 1.27). The BIX was

observed to be maximum (>1), and the HIX was observed to
be minimum (<4) at these stations. The low CDOM absorption
and humification index (low molecular weight DOM) and high
spectral slopes, and BIX indicate an autochthonous source of
DOM by the microbial reworking of organic matter. This was
also observed from the CDOM values (ag412) falling below the
conservative mixing line indicating the removal of organic matter
(Figure 3). On the other hand, station 5 in the mid-stream
region showed an increase in CDOM absorption compared to the
previous years. The spectral slope (S275−295 = 0.0158 nm−1) and
the slope ratio (SR = 0.90) was lower at this station compared
to the previous years (S275−295 = 0.020 nm−1 and SR = 1.15)
indicating the terrestrial nature of DOM. The BIX (0.54) was the
lowest, and HIX (5.22) was the highest at this station compared to
the others. The Diwar Island is in close proximity to this station
harbored by ample of mangroves, and the terrestrial nature of
DOM at this location could be a result of the mangrove leachates.

On the other hand, an increase in the CDOM absorption
toward the mouth could be due to high productivity, as seen
from high chlorophyll a concentrations (3,868 ng/L) near the
mouth. Interestingly, the slope of CDOM (S275−295) was also
found to be lower (0.02077 nm−1) toward the mouth stations
in comparison to the previous years (0.0233 nm−1). The slope
ratio values were also lower (SR = 1.27) than those observed
during previous years (1.39) as given in Table 1. The HIX
was also observed to be low (<4), indicating the biological
origin of DOM. At the same time, the BIX showed intermediate
values (0.6–0.8) at the mouth stations, which point to an
autochthonous source of DOM. The high values of slope and
slope ratio observed during the previous years were due to
efficient photobleaching of DOM during its transport in the
estuary (Dias et al., 2020a).

To get more insight into the autochthonous production, we
analyzed photosynthetic pigments during recent observation in
2020. The concentration of chlorophyll a was very high near
the mouth (3,868 ng/L) followed by upstream (362.9 ng/L),
whereas its concentration was low (139 ng/L) at the mid-
stream region (Figure 4A). Hence, high CDOM absorption at
the upstream and toward the mouth could be attributed to
increased productivity, while low CDOM in the mid-stream
region could be due to low autochthonous production along
with less input from anthropogenic activities. Phytoplankton size
classification based on Uitz et al. (2006) showed dominance (50–
90%) of microplankton (fmicro) in the estuary followed by the
picoplankton (fpico; 1.7–47 %), while the fraction of nanoplankton
(fnano) was negligible during 2020 observation (Figure 4B).
fmicro% was maximum (>90%) at the upstream and at station
3 in the mid-stream region, whereas both micro- and pico-
plankton contributed to the phytoplankton composition at the
other stations. Green Noctiluca was visible in the surface waters
near the mouth during our sampling. A very good positive
correlation (r = 0.95) was found between chlorophyll a and
CDOM absorption for mouth and mid-stream region, suggesting
autochthonous production as the main source of CDOM at these
stations (1–4). Whereas, the relationship becomes very poor
(r = 0.01) when stations 5 and 6 are included in the correlation,
which indicates that apart from autochthonous production other
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FIGURE 5 | Spatial variation of CDOM (ag412 m−1) observed from Sentinel-2 during (A) 2017, (B) 2018, (C) 2019, and (D) 2020 along the Mandovi Estuary.

sources such as mangrove leachate and terrestrial input might
have contributed to the CDOM toward the upstream region.

The CDOM, ag412 derived from the Sentinel-2 using a
new algorithm (Figure 5) showed similar spatial and temporal
variations as that of in-situ data. However, at the upstream
(station 6, 28 km from the mouth), the ag412 from Sentinel-
2 was underestimated, probably due to the adjacency effect
as the estuary becomes very narrow toward the upstream.

CDOM absorption was higher in the mid-stream region
during 2017–2019, while low CDOM absorption was observed
during the imposed lockdown of 2020 (Figure 5). This is
consistent with our in-situ measurements (Figure 2), which
suggest the influence of anthropogenic activities on CDOM
absorption in the mid-stream region of the Mandovi Estuary,
and the effect was observed to be minimal during the
lockdown of 2020.
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FIGURE 6 | Spatial variation of nutrients (A) NO3
−, (B) NH4

+, (C) PO4
3−, and (D) SiO4

4− (µM) in the Mandovi Estuary during 2020 with a comparison with the
previous measurements during SIM of 2015, 2012 (Pradhan et al., 2015) and 1981 (De Sousa, 1983).

The nutrient concentration in the Mandovi Estuary during
May 2020 was compared with earlier measurements (May
2015, De Sousa, 1983; Pradhan et al., 2015, during SIM;
Figure 6). NH4

+and SiO4
4− didn’t show much variation, while

PO4
3− values were slightly higher in 2020, whereas NO3

−

concentrations were remarkably lower, especially toward the
upstream. During May 2020, the concentrations of NO3

−

and SiO4
4− showed an increasing trend from the mouth

toward the upstream, whereas NH4
+and PO4

3− did not show
any trend. This increasing trend of NO3

− and SiO4
4− were

similar to our observation in May 2015 and by De Sousa
(1983) and Pradhan et al. (2015) during SIM. Although during
SIM the variation of PO4

3− and SiO4
4− from mouth to

upstream show a regular trend reflecting their conservative
mixing behavior (De Sousa, 1983; Upadhyay and Gupta, 1995),
the same is not true for NO3

− which shows a prominent
mid-stream maximum reaching up to 6.5–11 µM (De Sousa,
1983; Pradhan et al., 2015; Figure 6A). During SIM, NO3

−

increases non-linearly (with salinity) just after station 4, with
maximum concentration in the mid-stream-upstream region,
and then decreases further upstream (De Sousa, 1983). Such
disproportionate NO3

− increase has been attributed to the run-
off from mining industries (De Sousa, 1999) mainly located in

the mid-stream-upstream regions of the Mandovi River and to
the use of NH4NO3 as an explosive. However, unlike NO3

−,
NH4

+ did not show any mid-stream maximum (Figure 6B),
which could be due to the high nitrification rate in the estuary
(Pratihary et al., unpublished data). The NO3

− concentration
during 2020 (especially toward the upstream, 2.5µM) was lower
compared to earlier observations of May 2015, SIM of 2012
(Pradhan et al., 2015), SIM of 1981 (De Sousa, 1983), and this
decrease was statistically significant (p < 0.05). We attribute this
low NO3

− concentration to the reduced run-off from mining
industries during the lockdown period. On the other hand,
we observed relatively higher PO4

3− (Figure 6C) during May
2020 compared to previous observations, which could be due
to relatively lower PO4

3− uptake by phytoplankton owing to
lower availability of NO3

− in the estuarine water, and hence
PO4

3− remained in the system. This is supported by the lower
chlorophyll a values in the mid-stream and upstream region
during May 2020 (Figure 4) as compared to earlier reports
(Krishnakumari et al., 2002; Madondkar et al., 2007). Thus, the
observed low CDOM and nutrient concentrations in the estuary
during the lockdown period compared to earlier observations
could be due to the abrupt cessation of anthropogenic activities
in the state of Goa.
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CONCLUSION

CDOM showed a spatial variation in the Mandovi Estuary during
the SIM of 2020 with high absorption in the upstream region
and toward the mouth, and low absorption in the mid-stream
region, contrasting with the previous results. A comparison
to previous years showed that the low CDOM absorption
at the mid-stream is due to low autochthonous production
along with less input from anthropogenic activities during
the COVID-19 imposed lockdown. Phytoplankton productivity
contributed to high CDOM absorption near the mouth,
whereas autochthonous production along with terrestrial organic
matter contributed to the CDOM in the upstream region.
The Sentinel-2 satellite data also showed similar variations
of CDOM absorption with low values in the mid-stream
region during 2020. The nutrient concentrations were also
low during 2020 as compared to the previous reports. This
study is the first of its kind to report the impact of
imposed lockdown on anthropogenic activities and its influence
on CDOM and nutrient concentrations in the Mandovi
Estuary. Also, it provided an opportunity to get the CDOM
concentrations in the estuary when the anthropogenic activities
were at a standstill.
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