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Abstract Coastal lakes and estuaries are considered
economic drivers for coastal communities by deliver-
ing invaluable economic and ecosystem services. The
coastal ecosystems are facing recurrent hypoxia events
(dissolved oxygen; DO <2.0 mg L") and are emerging
as a major threat to ecosystem structure and function-
ing. The Ashtamudi Lake, (area=>56 km?), is one of the
Ramsar sites in the State of Kerala and located on the
SW coast of India. The waterways are extensively used

V.S. MK - S. Joseph (b<) - A. P.S

Department of Environmental Sciences, University
of Kerala, Thiruvananthapuram, Kerala, India 695581
e-mail: jsabu2000@ gmail.com

V.S.M.K
e-mail: vsagarmadathil @ gmail.com

A.PS
e-mail: arunpoovathunkal @ gmail.com

Sheela. A.M.

Kerala State Pollution Control Board,
Thiruvananthapuram, Kerala, India 695004
e-mail: sheelaamoses @ gmail.com

A. Ghermandi

Department of Natural Resources and Environmental
Management, University of Haifa, Haifa, Israel
e-mail: aghermand @univ.haifa.ac.il

A. Kumar

School of Hydrology and Water Resources, Nanjing
University of Information Science and Technology,
Nanjing 210044, China

e-mail: amitkdah @nuist.edu.cn

for backwater tourism and for fishery activities. This
paper discusses the spatio-temporal variation of water
quality attributes with emphasis on hypoxia during non-
monsoon and monsoon seasons. The extent of hypoxia
on fishery diversity was discussed. The Southern Zone,
adjacent to the urban area, shows the hypoxic condition
with higher concentration of BOD, NO5-N, and NH,-N.
The hypoxic condition is largely limited to the South-
ern Zone in both seasons. The occurrence of low DO in
the lake is highly related to salinity and organic load in
the lake system. The tracking of pollution sources in the
lake system was also done through identification of pol-
lution potential zones and found that catchments adja-
cent to Southern and Western Zones (urban regions) are
the major source of pollution. The study suggests that
hypoxia is chiefly attributed to anthropogenic interven-
tions in the form of discharge of wastes into the lake
causing overloading of nutrients and organic effluents,
decrease in the freshwater supply, the absence of proper
freshwater mixing or dilution, and effluent discharge
from nearby urban centers.

Keywords Ashtamudi Lake - Ramsar site - Water
quality - Hypoxia - Pollution potential zones
Introduction

In the modern era of urbanization, emerging low coastal

lands studded with lagoons and estuaries constitute a
significant proportion of coastal wetlands, providing
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essential goods and services to humankind as well as
sustainable habitat for innumerable species of organ-
isms (Chilton et al., 2021; NOAA, 2017a; Zapata et al.,
2018). Moreover, estuaries are often hubs of economic
activity for coastal communities and zones for interna-
tional commerce, recreation, and other cultural services
(Barbier, 2020; Bowd et al., 2012; NOAA, 2017b).
Above all, estuaries render important regulating ser-
vices such as water purification and carbon sequestra-
tion, while the associated salt marshes and mangrove
forests act as biological filters (NOAA, 2017a), i.e., salt
marshes and mangrove vegetations have a purification
capability of contaminated water and sediments pass-
ing through their habitat (Chen et al., 2020; NOAA,
2017b; USEPA, 1993; Xie et al., 2022). In general,
fall in dissolved oxygen (DO) in the coastal ocean and
coastal lagoons also called coastal hypoxia is mani-
fested in most (but not all) areas of the world (Diaz &
Rosenberg, 2008; Breitburg et al., 2018; Rabalais &
Turner, 2019) and has emerged as a major threat to
coastal ecosystems globally and especially of estuar-
ies (Friedrich et al., 2014; Jenny et al., 2016; Joshua
et al., 2022; Lee et al., 2018; Rabalais & Turner, 2019;
Tian, 2020; Rashid, 2021), where DO drops to <2.0 mg
L', and Nixon (2009), Diaz et al. (2010), Conley et al.
(2011), and Diaz (2016) designate a DO of <0.2 mg
L~! as anoxia. In aquatic organisms, hypoxia is meas-
ured as a primary limiting factor and temperature
which controls the key factor for aerobic and metabolic
capacity (Keeling et al., 2010; Portner & Lannig, 2009;
Roman et al., 2019; Xiong et al., 2022). The estuarine
and coastal lakes are currently facing severe ecologi-
cal damage along with habitat loss due to recurring
hypoxic condition by nutrient loading especially nitro-
gen compounds as a result of urbanization and absence
of proper pollution abatement systems (Du et al., 2018;
Howarth et al., 2011; Najjar et al., 2010). In aquatic
ecosystems, hypoxic condition is considered the most
severe due to eutrophication (DO <2.0 mg L") (Zillen
& Conley, 2010; HELCOM, 2013; Hale et al., 2016).
In poorly mixed bottom waters, the hypoxic and anoxic
conditions were developed as a result of eutrophication
along with high primary production, which also empha-
size eutrophication by enhancing recycling of both
nitrogen and phosphorus (Fennel & Testa, 2018; Zhu
etal., 2017).

In recent decades, rapid increase in global tem-
perature under rising carbon dioxide (CO,) increases
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the global and regional climate change (like El Nino
or Southern Oscillation); furthermore, anthropogenic
activities potently translate coastal and marine eco-
systems to hypoxic/anoxic states. Researchers attrib-
uted the escalation in occurrence, extent, and dread-
ful of hypoxia to extreme anthropogenic loading of
nutrients into aquatic systems—freshwater, brackish,
and marine water bodies (Du et al., 2018; Jenny et al.,
2016). Incidence of eutrophication due to increased
nutrients (particularly N & P) input from non-point
and point sources on aquatic systems steers to algal
and phytoplankton blooms, whose death subsequently
and consequently deplete the DO content in the
aquatic ecosystem (Jiang et al., 2014, 2015; Pitcher
& Probyn, 2011). Hypoxia drives loss and damage to
aquatic biodiversity and results in extensive mortal-
ity events (Thronson & Quigg, 2008; Vaquer-Sunyer
& Duarte, 2008; Rabalais et al., 2010; Rabalais &
Turner, 2019). The arising of “dead zones” originated
due to the process of eutrophication in coastal and
marine ecosystems were increased tremendously in
the last few years (Altieri & Gedan, 2014; Du et al.,
2018).

Kerala’s coastal zone in India is unique with the
presence of large number of backwaters (a.k.a kay-
als), exceptional with rich biological and genetic
diversity (Thomson, 2001). Ashtamudi Lake (ASL),
a coastal lagoon (wetland) in the SW coast of India,
and one of three Ramsar sites in Kerala, receives the
water and total load delivered by the Kallada River
(basin area=1699 km? and length=121 km) origi-
nating in the Western Ghats to the east and is char-
acterized by a high level faunal and floral diversity
(ENVIS, 2019; WRIS, 2016). The fishery resources
from Ashtamudi using the gear castanet consist of 21
species of fish belonging to 14 families, and it also
contains 2 species of crabs (Biju Kumar et al., 2012).
Furthermore, crustaceans comprise of nine species,
including eight of shrimp species and one species of
prawn that was also reported from ASL, and Etroplus
suratensis and Mugilidae support good fishery par-
ticularly in the central part of ASL (Vimal Raj et al.,
2014). The estuarine regions support on the species
Oxyurichthys tentacularis. The molluscan fishery
resources in Ashtamudi Lake are dominated by clams
and oysters, and Paphia malabarica (Ashtamudi
short-necked yellow clam) is a significant species of
the molluscan fauna in ASL (Mohamed et al., 2013).
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Understanding that organism-specific physiological
responses to environmental stressors, such as hypoxia,
provide a mechanistic link between environmental change
on the one hand and population-level effects on the other
is perhaps a key to predicting trends of ecological impair-
ments in the near future (Graham et al., 2004; O sterblom
et al., 2007; Chown, 2012; Seebacher & Franklin, 2012;
Cooke et al., 2013; Claireaux & Chabot, 2016; Almeida
etal., 2017; Abdel-Tawwab et al., 2019). Various morpho-
logical changes in the ASL, adversely affecting the biodi-
versity of clams and productivity of ASL, were reported
by Jim and Appukuttan (2016). Babu et al. (2010) pointed
out how the freshwater discharge from the Kallada River
plays a significant role in modulating the DO status and
overall nutrient dynamics in ASL. Rabalais et al. (1998)
highlighted the influence of freshwater inflow, nutri-
ent load, residence time, stratification, turbidity, nutrient
dilution, etc. in the ASL. The pollution potential zones of
Akkulam-Veli Lake basin were identified and classified
as very high or high pollution potential zones (say hypere-
utrophication zone) (Sheela et al., 2016). The contami-
nated water discharge drains originating from the very
high pollution potential zone are mainly responsible for
the hypereutrophic condition of lake. The factors respon-
sible for the very high pollution potential in Akkulam-Veli
Lake is high urban population density, extent of industrial
and commercial activity, and land use with mixed tree
crop, level, and gentle slope (Sheela et al., 2016).

There is an urgent need to identify the source of
pollution and to provide abatement measures for
avoiding pollution in the inland water bodies. As
there is an emergent need for improved understanding
of the current state and trends, in the present paper,
we report the outcomes of a water quality monitor-
ing program especially on the state of dissolved oxy-
gen (DO) in the Ashtamudi Lake (ASL), one of the
Ramsar sites in the State of Kerala in the SW coast of
India. The classification of the lake based on promi-
nent factors has also been made. The lake is also
divided based on prominent factors. The assessment
of lake catchment was done by multi-thematic over-
lay analysis with different characteristics to recog-
nize various pollution potential zones using GIS. The
results will provide useful insights into the spatio-
temporal variability of changes and their drivers, as
well as threats these impose to the local coastal and
marine environment. Hopefully, the results would
help the managers and planners with sufficient
knowledge to sustainably utilize the ASL.

Study area

The Ashtamudi Lake (8°53’ to 9°02'N lat. and 76°31’
to 76°41'E long.), a shore-perpendicular (Joseph
& Thrivikramji, 2002), brackish water body (max.
length=12 km; width=2.5 km; area=56 kmz), is
the second largest estuary after Vembanad Lake in
Kerala, India. The name Ashtamudi is attributed to
the rough resemblance of the lake shoreline to an
eight-leaved clover in plan view (Fig. 1). The Ashta-
mudi Lake (ASL), connected to the Laccadive Sea
through an inlet at Neendakara and an important fish-
ing harbor, is one of the deepest among Kerala’s Kay-
als/estuaries (NCESS, 2017) and above all is a rich
source for many fish varieties. Kollam City, a fast-
growing urban area, is situated on the SW part of the
ASL (Fig. 1). During monsoon, the basin experiences
maximum rainfall from June to September.

Lake basin

The major river, River Kallada, is discharging into the
Ashtamudi Lake at Peringalam near Kollam. Kallada
River originates from the Western Ghats and dis-
charges to the Ashtamudi Lake after traversing about
121 km. During the course of travel of river, it is not
passing through any city, and the major portion of
river passes through the forest area. The basin regis-
ters a mean rainfall of 2800 mm and a mean stream-
flow of 3374.86 Mm’> annually (ENVIS, 2019). The
basin experiences moderate and uniform wind veloc-
ity throughout the year. Generally, it varies from 8.5
to 13.6 km/h (WRIS, 2016).

Freshwater inflow from the Kallada River enters
at the NE of ASL, and strong tidal influence from
the coastal sea at the west helps flush contaminants
out and dilute the pollution load. Kerry and Baba
(2001) divided the ASL into six subzones (Fig. 2),
viz., Southern (Zone 1), Estuarine (Zone II), Western
(Zone I1I), Central (Zone 1V), Riverine (Zone V), and
Eastern Zone (Zone VI). In this study, in respect of
DO levels and distribution, we follow the scheme of
Ekau et al. (2010).

Sample collection and analysis
In the field campaign, water samples were collected

from both surface and bottom from 58 locations (Fig. 1)
at low tide during the early hours of non-monsoon
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Fig. 1 Ashtamudi Lake and sampling locations

(NMN-month of May) and monsoon (MN, September)
seasons of 2017. The sampling stations have been iden-
tified based on previous research reports and publica-
tions (Babu et al., 2010; Kerry & Baba, 2001; Sujatha
et al., 2009). Samples of both surface and bottom waters
were collected (using a standard Niskin sampler—
General Oceanics, 5L capacity) from 58 locations in
ASL. Sampling spanned over 3 days onboard a mech-
anized boat in the early morning hours during the low
tide. The surface water samples were collected from
0.30 m below the water surface and bottom water sam-
ples from above 0.30-0.50 m from the lakebed and
subzones of Kerry and Baba (2001). Surface water was
sampled using a clean steel bucket, while bottom water
was collected using Niskin Water Sampler (capacity of
2L). The water transparency was measured on site by
Secchi disc. The samples for DO were fixed onboard and
brought to the laboratory for further analysis, and the
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remaining water samples were collected in acid cleaned
and pre-rinsed polythene bottles and carried to the labo-
ratory under refrigeration for subsequent analysis. Tem-
perature, pH, conductivity (Horiba: LAQUAact 100
Series), and transparency (with Sechi disc) (Strickland
& Parsons, 1972) were determined in the field itself.
DO after fixing in the collection site in the field was
determined by modified Winklers method (Strickland &
Parsons, 1972). Salinity was measured by Mohr-Knud-
sen titration method (Grasshoff et al., 1983). Nutri-
ents, viz., ammonia—nitrogen (NH,-N), nitrate-nitrogen
(NO;-N), nitrite-nitrogen (NO,-N), and inorganic phos-
phate phosphorus (PO,-P) were estimated by colorimet-
ric methods on filtered samples (0.45-pm Millipore)
using a double-beam spectrophotometer (Systronics,
Model AU-2701) after the standard method (Grasshoff
et al., 1983; Parson et al., 1984; Strickland & Parsons,
1972; Zhang & Fisher, 2006).
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Fig. 2 Ashtamudi Lake sampling locations and zone-based classification

Methodologies adopted
Criteria of classification

The classification of lake water is done based on the
scheme of Ekau et al. (2010). The class is “hypoxic”
when DO level is<or=2 mg L~!, anoxia or “no-
oxygen” is for DO <0.2 mg L™!, while DO between 2
and 4 mg L™! is “low oxygen” condition. In “oxygen-
ated” condition, DO is>4.0 mg L

Quality check and statistical analysis

The quality of obtained data is analyzed by deriving
relative difference percentage (RPD) from the data
set. All physical parameters estimated in the period
had a relative difference % ranges up to 0.5-5%. The
relative difference of % ranges of nutrient parameters
is 4.5-9.0. The general relationship and their degree

of relationship between variables, in the surface and
bottom water samples, were obtained through princi-
pal component analysis (PCA) with Varimax, Kaiser
normalization with rotated matrix and Pearson Corre-
lation analysis of data provided an insight into physic-
chemical anatomy of ASL waters during the study
period. The Euclidean distance method and Ward’s
method are used for the hierarchical cluster analysis
(HCA).

Statistical analysis

The statistical analyses were done by IBM SPSS-
V.20 and R studio software; spatial modeling (Arc-
GIS v. 10.8) of data provided an insight into physico-
chemical framework of ASL. The pollution potential
zones in the Ashtamudi Lake have been identified
based on the study conducted for Akkulam-Veli Lake
(Sheela et al., 2016).
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Results and discussion
Variation of water quality in the lake system

Water quality variability in the freshwater systems
depends on the various physico-chemical parame-
ters, sources of pollution, activities (microbial, deg-
radation process, nutrient cycling, etc.) going-on
inside the systems. Table 1 summarizes the phys-
ico-chemical data of MN and NMN water samples
of ASL. Box plots (Figs. 3 and 4) depict seasonality
of variations and averages of data for surface and
bottom samples. Water depth ranged between 1.0
and 10.5 m, and the average depth is 2.50+1.41 m
during NMN and is 4.18 +1.57 m during MN. The
minimum depths in NMN were reported from the
Southern Zone (Zone I: S13 and S33) and Cen-
tral Zone (Zone III: S35), while maximum depth
occurred in the Eastern Zone (Zone VI: S53) agree-
ing very closely with Kerry and Baba (2001), Babu
et al. (2000), and Babu et al., 2010. The shallow
nature in Southern Zone may be due to urban dis-
charge from Kollam City and that in Central Zone
may be due to intrusion of mud with tidal influx.
The habitat, diversity, and assemblage of phyto-
plankton community structure in aquatic systems
were controlled by the water transparency which
depends on the incoming river discharge, depth of
the water column, mixing and stratification, and also

resuspension mechanism of sediments (Savage et al.,
2010; Lehtinen & Laamanen, 2012). The average
water transparency was 0.57+0.21 m during NMN
and 0.57 £0.16 m during MN seasons. During NMN,
the minimum transparency (0.20 m) was observed in
the Southern Zone (Zone I), mirroring the free entry
of wastewater from the urban tracts of Kollam City.
The maximum value of 1.30 m occurred in the East-
ern Zone (Zone VI). But, in MN, the minimum value
was observed in the Riverine Zone (Zone V) adjacent
to the Kallada River mouth (S41). The observed low
transparency in the river discharge regions, which
shows a significant linear relationship between dis-
tance to the open water to the transparency of water
column due to the incoming river storm discharge,
was confirmed by Wu et al. (2015) and Fabricius
et al. (2016).

The pH of surface and bottom waters for both
seasons were in similar ranges, i.e., from neutral to
mildly alkaline. For example, during NMN, the aver-
age pH of surface water was 7.5+0.5, and in MN, it
was 7.3+0.45. A slight reduction in pH value was
observed during MN. In the present study, pH is
minimum in Riverine Zone and maximum in Estua-
rine Zone, and similar results were also reported by
Babu et al. (2000) in ASL. Comparatively lower pH
in Southern Zone is due to urban discharge from Kol-
lam City. The organic matter decomposition results
in the formation of biogenic carbon dioxide, and it

Table 1 The mean and range (in parenthesis) of major hydrochemical parameters in Ashtamudi Lake (ASL) during non-monsoon

(NMN) and monsoon (MN)

Parameters Non-monsoon (NMN) Monsoon (MN)
Surface Bottom Surface Bottom
Depth (m) 2.50+1.41 (1-10.5) - 4.18+1.57 (1-10.5) -

Transparency (m) 0.57+0.21 (0.20-1.30)

Temperature (°C)

EC (mS cm™")

TDS (mg L") 1334-3425 (2456 +52.0) 1353-3554 (2617 +48.8)
Salinity (PSU)

DO (mg L™ 1.63-5.76 (3.95+1.04) 0.80-3.29 (2.72+0.68)
BOD (mg L) 1.63-30.36 (8.60 +£6.82) 11.18-35.07 (15.98 +£5.12)
NO;-N(mg L™ 0.09-4.45 (1.15+£0.95) 0.12-6.3 (1.6+1.36)
NO,-N(mg L™ 0.01-0.27 (0.08 £0.06) 0.02-0.37 (0.14+0.08)
NH,-N(mg L™ 0.03-3.28 (0.86 £0.77) 0.06-3.56 (1.02+0.85)
PO,-P (mg L™} 0.02-0.34 (0.22+£0.10) 0.01-0.33 (0.19+0.09)

(26.6-29.6) 28.09+0.79 (22.4-29.1)26.32+1.6
pH 7.59-8.58 (7.53£0.40) 7.15-8.89 (7.90+0.49)
15.87-45.24 (29.91 +7.28) 19.84-48.40 (33.59+7.40) 16.28-42.84 (29.53 +6.69) 17.54-42.83 (29.92 +6.55)

- 0.57+0.16 (0.30-0.90) -
(27.4-31.9)29.77+1.11 (25.7-31.1) 28.83 +1.14
6.23-8.58 (7.35+0.45) 6.45-8.72 (7.55+0.54)

1265-3584 (2389 +£57.0) 1299-3497 (2428 +55.6)

12.6-32.4 (22.82+4.73) 13.30-32.80 (24.15+4.45) 11.80-31.20 (22.60+4.77) 12.9-32.5 (22.82+4.86)

1.89-5.85 (4.38+0.94) 1.05-3.84 (2.87+0.69)
1.03-22.76 (5.44 +4.50) 9.14-28.97 (14.46+3.89)
0.05-2.20 (0.70+0.49) 0.04-3.27 (1.03+0.71)
0.005-0.18 (0.045+0.041) 0.04-0.22 (0.09+0.04)
0.01-1.38 (0.42+0.29) 0.03-2.31 (0.72+0.53)
0.02-0.45 (0.25+0.10) 0.02-0.39 (0.21 +0.10)
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Fig. 3 Season variation of water quality parameters in surface and bottom waters of ASL in NMN and MN seasons

reduces the pH condition of aquatic system (LaRowe
et al., 2020). The bottom water showed an average pH
of 7.90+0.5 in NMN and 7.7+0.40 during MN. In
ASL, the bottom water shows higher pH than surface
water. Sujatha et al. (2009) reported similar condi-
tions in ASL, and the pH distribution pattern is in
agreement with an earlier study by Kerry and Baba
(2001). According to Babu et al. (2000), the incursion
of highly saline sea water through the bottom layer as
evidenced by the high salinity values in ASL.

The salinity fluctuated in surface waters in NMN
season from 12.6 to 32.4 PSU, and in MN season, it
fluctuated from 11.80 to 31.20 PSU. The salinity of
surface waters remains higher throughout the year
with a mean salinity of 22.82+4.73 PSU in NMN
and 22.60+4.77 PSU for MN season. During NMN,
average salinity concentration in surface water was
22.82+7.73 PSU, whereas, for bottom water, it was
24.15+4.5 PSU. However, during MN, average salin-
ity concentration for surface water was 22.60+4.77
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Fig. 4 Season variation of water quality parameters in surface and bottom waters of NMN and MN seasons of ASL

PSU and for bottom water was 22.82 +4.86 PSU. The
Southern, Estuarine, and Western Zones show higher
salinity compared to other zones. The riverine dis-
charge from Kallada River is the reason for the com-
paratively lower salinity in the Central, Riverine, and
Eastern Zones.

@ Springer

The Kallada River discharge plays a significant
role in the distribution of salinity in ASL in both sea-
sons. The river discharge into ASL showed a slight
increase from 42.68 (NMN) to 57. 83 m’/s (MN) dur-
ing 2017, yet did not make any significant dilution of
salinity. Later, Jennerjahn et al. (2008) observed that
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the riverine region of ASL remained brackish (i.e.,
18.0 PSU) in October 2003 with a mean monthly dis-
charge of 60.0 m%/s, while the estuarine region stayed
above 30 PSU, which is similar to our results. Simi-
lar observations of steady brackish water presence in
the lake throughout the year were recorded by Babu
et al. (2010) and Salahudeen et al. (2018). The depth of
lake also holds a significant role in the distribution of
salinity gradient of bottom waters, especially vouched
by the structural make up of biota in aquatic ecosys-
tems (Ysebaert et al., 2003; Basset et al., 2013; Cloern
et al., 2017; Cafiedo-Argiielles et al., 2018).

The freshwater zone could not be found even
in the MN. This is a serious condition to be looked
into. This may be due to the high rate of evaporation,
low freshwater input, and strong bottom currents in
the lake water. This is in line with the observation of
Divya (2015). According to Nair et al. (1983), there
were 97 species of fish, comprising 68 species of fin-
fish (24 marine, 9 freshwaters, 4 estuarine, transient
forms), crabs with 5 species, and also consists with
mollusks and prawns with 9 species. Salinity in the
lake could have an impact on the existence of fresh-
water fishes in ASL.

The temperature of coastal lake waters is strongly
influenced by variations in river water input and tidal
exchange, annual precipitation rate, solar radiation
flux, and atmospheric pressure (Govindasamy, 2000;
Senthilkumar et al., 2002; Sukumaran et al., 2013;
Balakrishnan et al., 2017). During MN and NMN
seasons, surface water temperature stood higher than
that of bottom water. For example, in NMN, the aver-
age surface water temperature was 28.10+0.79 °C,
while that of bottom water was 27.20+1.25 °C. Dur-
ing MN, temperatures of surface and bottom waters
were 29.8+1.11 °C and 28.8 +1.14 °C, respectively.
Temperature trend in the ASL is in agreement with
earlier studies of Sujatha et al. (2009), Babu et al.
(2010), and Antony and Ignatius (2015). The low bot-
tom water temperature in Ashtamudi Lake is most
probably due to the intrusion of dense and compara-
tively cooler sea water through bottom layers and
the high salinity values of bottom water (Babu et al.,
2000, 2010). The high surface water temperature in
lake may be due to lower riverine discharge. This is in
line with the finding of Krishnan et al. (2021) regard-
ing the rise in sea surface temperature in Arabian Sea.

The average concentration of nitrate-nitrogen
(NO;-N) in the surface water samples fluctuated from

0.09 to 4.45 mg L™! (av. 1.15+0.97 mg L™!) and 0.03
to 2.49 mg L™! (av. 0.63 +0.50 mg L™!) in NMN and
MN seasons, respectively. The NO;-N concentration
in the bottom waters spans from 0.12 to 6.12 mg L~
(av. 1.60+1.40 mg L") and 0.06 to 3.69 mg L
(av. 1.01+0.78 mg L™") in NMN and MN, respec-
tively. Nitrite-nitrogen (NO,-N) concentration in
NMN had an average value of 0.08+0.06 mg L~!
and 0.18+0.1 mg L™! in surface and bottom waters,
respectively. In MN, it averaged 0.04+0.04 mg L™
and 0.11+0.04 mg L™! in surface and bottom water
samples, respectively.

The dissolved inorganic ammoniacal nitrogen
(NH4-N) concentration highly fluctuated between the
surface and bottom water regions in both seasons.
NH,-N concentration in the surface water and bot-
tom water samples had an average of 1.85+1.06 and
1.00+£0.67 mg L' in NMN and MN, respectively.
The concentrations in bottom water samples had a
higher average value of 3.01 +1.70 and 1.71 +1.28 mg
L~ in NMN and MN, respectively.

The biological oxygen demand (BOD) in the sur-
face water samples ranged from 1.63 to 30.36 mg L'
(av.8.60+6.82 mg L") in NMN and in it varied from
1.03 to 22.76 mg L™! (av. 5.44 +4.50 mg L™!) during
MN. In bottom waters, the average concentration of
BOD was average 15.92+5.12 mg L™ during NMN
and was 14.46 +3.89 mg L™! in MN.

Organic matter (BOD) concentration was higher in
location S1 (30.36 and 35.06 mg L") in the Southern
Zone. The content of organic matter (BOD) nitrate,
nitrite, and ammoniacal nitrogen was also observed
to be maximum in the Southern Zone. Comparatively
higher concentrations were also observed in Estuarine
and Western Zones, followed by Central Zone. Still
higher concentrations were observed in the bottom
water. This research brings to light the overload of
inorganic nutrients such as nitrate-nitrogen, nitrite-
nitrogen, and ammonia—nitrogen in the NMN, both
in surface and bottom waters of ASL and especially
in the southern region due to its adjacency to Kollam
urban tract in that samples from this southern region
reported higher levels of all the aforesaid nutrients
in surface and bottom water during NMN and MN,
respectively.

The concentration of inorganic phosphate phos-
phorus (PO,-P) in NMN had an average of 0.32+0.09
and 0.38+0.10 mg L~! in both surface and bottom
water samples. The phosphate concentrations in MN
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had an average of 0.17 +0.07 and 0.21 +0.09 mg L
in surface and bottom waters, respectively. The loca-
tions with minimum phosphate concentrations in the
surface waters for both seasons were observed at the
Estuarine Zone, and the maximum concentrations
were observed at the Riverine Zone. Comparatively
higher concentrations were observed in Riverine and
Eastern Zones.

Table 2 is the correlation matrix of estimated
parameters of surface and bottom waters of ASL
in NMN and MN seasons. Salinity shows signifi-
cant strong positive correlation of surface waters in
both seasons with EC (r=0.976, r=0.984) and TDS

(r=0.987, r=0.987) and significant positive correla-
tion with pH (r=0.579, r=0.388). Dissolved oxygen
shows negative correlation with EC (—0.445,—0.419),
TDS (—0.443,—0.389), and salinity (—0.425,—0.362)
in surface waters due to the consumption during oxi-
dation of organic matter and stratification by salinity.
DO of water declines with increase in salt level, and
for a given temperature and pressure conditions, DO
holding capacity of freshwater is about 20% higher
than that of saline (Sherwood et al., 1991; Palmer
et al., 2008; Cafiedo-Argiielles et al., 2018; Anifowose
et al., 2020). The growth rate of certain microbial
communities in the aquatic ecosystem was controlled

Table 2 Correlation matrix of environmental variables of a surface water-NMN, b bottom water-NMN, ¢ surface water-MN, and

d bottom water-MN
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by physicochemical gradients of numerous parameters
such as pH, salinity, and DO arose due to the mixing
between freshwater and saline water (Goiii-Urriza
et al., 2007; Spiteri et al., 2008; Basil George et al.,
2012; Spietz et al., 2015).

In NMN season, DO shows strong significant nega-
tive correlation with BOD (r= —0.849,—-0.848), NO;-N
(r=-0.825,-0.838), and NH,-N (r=-0.844,-0.871)
(p=0.001) with surface and bottom waters (Table 2). In
MN season, DO also shows strong significant negative
correlation with BOD (r=-0.867,—0.961), NO;-N
(r=-0.840,—-0.838), and NH,-N (v-0.839,—0.900)
(p=0.001) with surface and bottom waters. NH,-N
shows significant positive correlation with BOD
(r=0.912, 0.863), NOs-N (r=0.980, 0.944), and NO,-N
(r=0.912, 0.874) in surface waters of both NMN and
MN seasons. The present study reveals that the DO con-
centration in the surface and bottom water significantly
shows strong negative correlation with NO5-N, NO,-N,
and NH,-N (DIN) in both NMN and MN seasons, indi-
cating strong DIN loading in the ASL throughout the
year.

Status of dissolved oxygen condition in the lake water

Dissolved oxygen (DO) plays a significant role in the
metabolism of aquatic organisms in wetland ecosys-
tems (Antony & Ignatius, 2015). The distribution,
abundance, assemblage, and structure of phytoplank-
ton species are related to water quality especially
DO concentration (Bhateria & Jain, 2016; Gammal
et al., 2017; Sisodia & Chaturbhuj, 2006). Dissolved
oxygen level ranges between 1.63 and 5.76 mg L~}
(av. 4.13+0.88 mg L7!) in surface water and 0.81
to 3.38 mg L™! (av. 2.78+0.60 mg L™!) in bottom
waters, respectively, during NMN. But a small rise
in DO content was observed during MN. DO ranges
from 1.86 to 5.9 mg L™! (av. 4.40+0.80 mg L™}
and 0.99 to 4.63 mg L™! (av. 3.13+0.63 mg L™!) in
surface and bottom samples, respectively. The surge
in mixing and water flow in aquatic systems due to
rainfall increases oxygenation and DO fluctuations in
the water column in tropical lake systems (Richards,
2008; Singh et al., 2019; Liu et al., 2020). When the
saturation of oxygen becomes <40% (i.e., DO <4 mg
L7, it also intensifies concentration of CO, in the
water up to 10 mg L™!.

Table 3 and Figs. 5 and 6 demonstrate the zonal
and temporal variation of DO and BOD in surface

and bottom waters of ASL. DO was maximum in Riv-
erine Zone (Zone V) and minimum in Southern Zone
in both NMN and MN seasons. The Southern Zone
(Zone 1) in particular shows the minimum DO in both
surface (av. 3.31+0.68 and 3.50+0.69 mg L") and
bottom waters (av. 2.32+0.84 and av. 2.54+0.64 mg
L") during NMN and MN seasons, respectively. The
Southern Zone closer to Kollam urban tract registered
a lower DO corresponding to acute hypoxic state in
both seasons. Bottom waters in both seasons showed
low DO (viz., 2-4 mg L™!) which is close to hypoxia,
especially for the bottom feeders in that part of ASL.
According to Nair et al. (1984), the southern portion
of the lake is affected by waste disposal from urban
wastes from Kollam City including from hospitals,
boat building yards, and oil spillages. In Estuarine
(Zone II) and Western Zones (Zone III), DO was
comparatively lower in surface and bottom waters
of NMN season. According to Rabalais and Turner
(2019), such DO levels may negatively affect habitat
of a host of bottom dwellers (viz., fish and benthic
organisms) and pelagic fishery diversity, furthering
mortality, predation, reduced food resources, altered
trophic energy transfer, modified bioenergetics (i.e.,
physiological, development, growth, and reproductive
norms) and migration patterns.

Specifically, during NMN season, the Estuarine
Zone (Zone 1II) has a trend of low oxygen in the sur-
face (av. 3.71+0.20 mg L") as well as bottom (av.
3.04+0.27 mg L™') waters, while during the MN, the
surface water recorded a rise in DO (av. 4.12+0.27 mg
L™"). In contrast, still the bottom water in the Estuarine
Zone in MN (av. 2.62+0.38 mg L") exhibited low DO
conditions in the Estuarine Zone. Again, the Western
Zone (Zone III) also has a similar DO trend as that of
Estuarine Zone. The Southern, Estuarine, and Western
Zones are on the seaward part of the ASL, and the Estu-
arine Zone especially is the passage way directly linked
to the sea. The decline in the DO level on the seaward
side is similar to the observations done by Sherwood
et al. (1991) that DO of water declines with an increase
in salt level, and for a given pressure and temperature
conditions, saltwater holds about 20% less DO than
freshwater. Moreover, the mean seasonal DO of surface
waters in the Central (Zone 1V; 4.47+0.67 mg L' and
4.89+0.49 mg LY, Riverine (Zone V; 5.24+0.43 mg
L' and 5.51+0.45 mg L_l), and Eastern Zones (Zone
VI; 4.67+0.47 mg L™! and 5.00+0.50 mg L) were
not in low DO state (24 mg L) during NMN and
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Table 3 Seasonal Zone-based average variations of DO (mg/L) and BOD (mg/L) in Ashtamudi Lake system

Non-monsoon (NMN) Monsoon (MN)
Surface Bottom Surface Bottom
DO (mg/L) BOD (mg/L) DO (mg/L) BOD (mg/L) DO (mg/L) BOD (mg/L) DO (mg/L) BOD (mg/L)

Southern 1.62-3.84 8.46-30.00 0.79-3.12 13.88-35.06 1.89-4.05 4.30-19.65 1.05-2.78 13.65-28.97
zone (2.66+0.81) (16.23 £8.33) (1.93+£0.78) (21.33+£7.53) (3.26+£0.77) (10.41+£4.75) (2.11£0.55) (18.70+£4.27)
(Zone I)

Estuarine 3.38-4.06 3.04-10.84. 2.53-3.25 12.19-17.28 3.65-4.49 2.44-8.3 1.83-3.26 12.54-18.54
zone (3.71+£0.20) (9.85+£2.41) (3.04+0.27) (15.10+1.43) (4.12+0.27) (4.96+2.08) (2.62+0.38) (15.57 £ 1.66)
(Zone II)

Western 3.65-4.87 3.04-10.84 2.43-3.28 14.56-14.57 3.65-5.20 2.92-8.56 2.36-3.84 10.87-16.27
zone (4.06+£0.47) (8.39+3.50) (3.04+0.37) (14.56+0.01) (4.50+0.60) (5.16+2.29) (3.06+0.55) (13.33£2.16)
(Zone
1II)

Central 3.79-5.42 1.62-10.16 2.71-3.38 11.17-12.87 4.60-5.62 2.11-8.56 2.36-3.81 9.25-15.47
zone (4.47+0.67) (4.00+2.81) (3.01+£0.34) (12.63+0.64) (4.89+0.49) (3.29+2.33) (3.26+0.62) (11.92+£2.56)
(Zone
V)

Riverine 4.35-5.42 4.06-4.40 2.43-3.38 11.17-15.58 4.60-5.85 2.46-2.80 2.36-3.78 10.25-15.11
zone (5.24+£043) (4.12+0.13) (2.98+0.51) (13.77 £2.06) (5.51+0.45) (2.52+0.13) (3.24+£0.46) (12.84 £ 1.66)
(Zone V)

Eastern 4.06-5.75 1.62-4.74 2.43-3.38 11.17-14.56 4.26-5.75 1.02-3.14 3.06-3.78 9.14-13.68
zone (4.67+0.47) (3.4+0.76) (2.96+0.35) (12.22+1.10) (5.00+0.50) (2.32+0.56) (3.45+0.24) (11.45+1.61)
(Zone
VI)

MN seasons. However, the bottom waters in these
zones were in deficient of DO state similar to the other
zones. The MN season improves the DO of bottom
waters in Central, Eastern, and Riverine Zones.

The low DO concentration in ASL water associ-
ated with the turbid conditions even in the MN sea-
sons diminishes the nitrification process, and it leads
to the higher concentration of ammonium ions in both
surface and bottom waters, especially in the bottom
water. Unionized ammonia may cause toxicity to bac-
terium such as Nitrosomonas sp. and Nitrobacter sp.
hindering the nitrification process (Grommen et al.,
2002). The increase in water temperature and pH
intensifies toxicity of unionized ammonia (NH;) as
exponentially to aquatic organisms, especially
fishes (Hargreaves & Tucker, 2004; EPA, 2013; Yan
et al., 2019). The central nervous system of fishes
is affected by the acute toxicity of ammonia (Kim
et al., 2019; Xu et al., 2021). The dissolved ammo-
nia concentration causes mass mortality of fishes and
species like Oreochromis mossambicus in the aquatic
system when its concentration raised up to 7.40 mg
L' (Benli & Koksal, 2005).
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Extent of hypoxic, low oxygen and oxygenated
condition in the lake

Figure 5 shows the areal classification of DO in the
lake during MN and NMN seasons. The hypoxic con-
dition exists in 2% (1.13 km?), and low oxygen con-
dition exists in 39.04% (21.50 km?) and oxygenated
condition to the tune of 58.96% (33.54 km?) area in
the lake during NMN. During MN, hypoxic condi-
tion decreases to 0.19% (0.11 km?), low oxygen area
in 16.21% (8.92 km?), and oxygenated condition in
83.60% (46.05 km?). In ASL during MN season, the
surface waters show an enhancement in water quality.
The stress in fish population can be observed during
NMN season because of the existence of low oxygen
conditions in the lake. The Southern Zone, Estuarine
Zone, and Western Zone are affected areas. Further,
in the bottom waters, the extent of hypoxic condi-
tions is 9.46% (5.39 km?) in NMN and low oxygen
90.54% (50.61 km?). During MN, the hypoxic state
covered is 7.25% (4.06 km?), low oxygen condition is
92.75% (51.94 km?), and oxygenated condition stood
at 0.98% (0.54 km?).
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Fig. 5 Spatio-temporal variation and classification (Ekau
et al., 2010) of dissolved oxygen (DO) in the water samples of
Ashtamudi Lake in a surface water of NMN season, b Bottom

The DO, essential for all aquatic living organisms,
in that fishes are the most sensitive to hypoxia, among
aquatic organisms and fishery populations causes
severe loss and damage due to hypoxic events (Bernard
et al., 2014; Chamberlain et al., 2020; Hrycik et al,,
2017; Roman et al., 2019). The species existing as ben-
thic organisms required a minimum concentration of
DO (1-6 mg L™Y); while there is a much higher DO
(4-15 mg LY, concentration is required for shallow
water fish species (Tomasetti et al., 2018). Later, Vaquer-
Sunyer and Duarte (2008) reported that thresholds of
hypoxia span over a broad range between DO of 0.29 to
4 mg L™, but on average, when DO level drops below
2.61 mg L', sub-lethal effects on marine benthic macro-
organisms occur while lethal conditions dawn at 2.05 mg
L~!, yet many taxa of crustaceans and fish demonstrate
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negative impacts of hypoxia near 4 mg L. Piontkovski
et al. (2012) reported DO of <2.0 mg L™! leads to an
incidence of fish kill, and while DO plunges to <3.0 mg
L~!, fish population is stressed. In an aquatic ecosystem
that has eutrophic and hypereutrophic status experiences,
most severe cases of hypoxia and anoxia associated with
fish kill incidents to both invertebrates and vertebrates
species (Misra & Chadurvedi, 2016; Lu et al., 2018;
Budnik et al., 2021). The formation of different reduced
compound species like H,S and ammonia—nitrogen due
to a decline in DO concentration results in added adverse
effects on aquatic fauna (Wetzel, 2001; Breitburg, 2002;
Pajares & Ramos, 2019).

The fishery catch of ASL is dominated by Etro-
plus, and shrimp species from the Central, Estuarine,
and some part of Southern Zones were reported by

@ Springer



45 Page 14 of 28

Environ Monit Assess (2023) 195:45

BOD (mglL)

. High - 20.99

15.81

. Low:1.63

wsen

BOD (mg/L)
S-hgvﬂ :)19.84

10.33

. Low:1.03

wse0n

s00N

50N

00N

Te330E oo

soon

esen

BOD (mglL)
igh  35.06

17.31

. Low: 11.18

e

Fssn

o~
o

N’
) 2
oo

BOD (mglL)

. High : 28.95

14.79

. Low :9.144

wsearn

T6UwWE TewrE

Fig. 6 Spatio-temporal variation of biological oxygen demand (BOD) in the water samples of Ashtamudi Lake in a surface water of
NMN season, b bottom water of NMN season, ¢ surface water of MN season, and d bottom water of MN seasons

Sinclair et al. (2021). The brackish water shrimps and
crab species had a threshold level DO concentration
of 3-3.5 mg L' (Allison et al., 2018; Dean &
Richardson, 1999). Below the threshold level, high
mortality to the shrimp species will occur especially
for juvenile species, and in hypoxic conditions between
1 and 2 mg L™}, 80% mortality of adult shrimps will
occur (Dean & Richardson, 1999; Mugnier & Soyez,
2005; Mugnier et al., 2008). In the present study, the
surface and bottom waters from Southern, Estua-
rine, Western, and Central Zones in both NMN and
MN seasons were below 3.5 mg L~!, and some of
the locations in Southern Zone completely fall under
hypoxic conditions. The bottom water in ASL shows
a severe decline of DO especially in the Southern Zone
which may affect the diversity and abundance of crab
and benthic species in ASL. The Riverine and Eastern
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Zones show comparatively higher DO concentrations
between 4 and 5 mg L™!. The carb species are mostly
associated along with the mangrove vegetation which
is located in the Estuarine and Southern Zones of ASL.
Vimal Raj et al. (2014) observed a decline of fishery
diversity of ASL especially crabs and shrimps from
2 species of crabs and 9 species of shrimps from 8§
species of crabs and 15 species of shrimps in 1981.
There was a decline in the fishery diversity among
the marine, estuarine, and freshwater finfish, crabs, and
shrimps of ASL from 1980 to 2018 (Suseelan & Kathirvel,
1982; Nair et al., 1983; Biju Kumar et al., 2012; Raju,
2011; Vimal Raj et al., 2014; Venkatesan et al., 2015).
The hypoxic condition along with steady low oxygen
condition in the surface and bottom waters especially the
Southern Zone directly affects the fishery diversity and its
abundance in ASL along with the nutrient pollution.
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Spatial distribution of water quality assessment using
cluster analysis

The dendrogram prepared with HCA for the surface
waters of NMN and MN season on the basis of water
quality sampling sites is presented in Fig. 7. The loca-
tions consisting of surface waters are grouped into
four major clusters (I-IV). The first cluster of both
NMN and MN (Fig. 7a, c) consists of locations in the
Riverine, Eastern, and a few locations in Central Zone
adjacent to Riverine Zone (S38-S58). The first cluster
consists of a wide area of lake with maximum depth
with comparatively low salinity, NO;-N, NO,-N,
NH,-N, and BOD. It is also observed that regions are
sufficient with DO concentration. The freshwater river
discharge to the lake is the reason for the sufficient
dilution of salinity and DIN concentration in these
regions. The river water discharge plays a significant
role in DO concentration in ASL. The freshwater dis-
charge from Kallada River plays a significant role in
modulating the DO status and overall nutrient dynam-
ics in ASL (Babu et al., 2010). According to this anal-
ysis, Riverine Zone and some part of Central Zone are
having low saline and organic influential areas and
can be considered oxygenated areas.

The second cluster of both NMN and MN (Fig. 7a,
c) seasons consists of locations belonging to the
highly urbanized Southern Zone (S1-4, S11) and the
water way towards the regions of Estuarine Zone; it
belongs to the narrow portion of ASL, with low water
depth. The higher concentrations of NO5-N, NO,-N,
NH,-N, and BOD were observed in this cluster with
low DO concentration. The high NO,;-N indicates
the oxidation of NH,-N to NO;-N and high loading
of nutrients and organic matter which causes the high
concentration of BOD and low DO by the microbial
respiration due to the organic matter decomposition.
Southern Zone is organic polluted area. This cluster
can be termed as urban region cluster.

Cluster III of NMN and MN seasons consists of
locations that belong to the Estuarine Zone (S16-S24,
S33) having high salinity, which are dominated by the
strong tidal influx from sea. Estuarine Zone can be
considered high saline area. The cluster IV consists of
the location that belongs to the different zones (Zones
I, 11, II1I, and IV) having intermediate salinity and DO
concentration with sufficient nutrient concentrations.
A similar classification was observed for bottom
waters also (Fig. 7b, d).

Assessment of water quality using factor analysis

In NMN season, factor 1 shows strong positive loading
of BOD (0.948), NO;-N (0.968), NO,-N (0.953), and
NH,-N (0.973) along with strong negative loading
of DO (—0.863) (Tables 4 and 5). In NMN season,
bottom waters show strong positive loading of DIN
(NO5s-N, NO,-N, and NH,-N) along with the strong
negative loading of DO. Almost the same trend exists
during MN. The study reveals that factor 1 can be
termed as the urban waste factor which occurred due
to the discharge of urban wastes including solid and
liquid wastes from the city area in the catchment of
the lake on the Southern Zone (Zone 1). The strong
positive loading with BOD, NO;-N, NO,-N, and
NH,-N indicates the discharge of organic matter and
DIN in this part of the lake. The eutrophication and
DO depletion in aquatic bodies were driven by nutrient
loads and BOD concentration (Alam et al., 2020; Bargu
et al., 2019). Figure 8 shows the spatial distribution
of urban waste factors in the surface water samples
of NMN season. Urban waste factor dominates in the
Southern Zone with an area of 8.86 km* and 8.1 km? in
surface waters during both seasons respectively, which
is more than 90% of the area that belongs to Southern
Zone (area=9.75 km?). During NMN, the spreading
of urban waste factor in the Estuarine Zone (Zone 2)
can be observed for an area of 0.78 sq. km. The higher
concentrations of NOs;-N, NO,-N, and NH,-N were
observed at the Southern Zone in both surface and
bottom samples and in the two seasons. The DIN with
higher numerical values compared to previous studies
(e.g., Sujatha et al., 2009; Babu et al., 2010; Venkatesan
et al., 2015, Santu et al., 2016) have been observed, and
similar behavior at par with Salahudeen et al. (2018)
has also been observed. In the past decades, DIN
higher values in Coastal Zone chiefly by anthropogenic
actions led to the deterioration of water quality and
ecosystem degradation. The ASL data analysis reveals
that Southern Zone (Zone I), skirted by the urban tract
of Kollam City, has an overload of organic matter from
various anthropogenic sources (Aswathy et al., 2021;
Babu et al., 2010; Reshmi et al., 2015; Sujatha et al.,
2009). In coastal, marine, and estuarine ecosystems
organic matter accumulation from different sources
such as in the form of municipal sewage, industrial
and agricultural effluents are the factors contributing
NO;-N (Babu et al., 2010; Chen et al., 2012; Philips
et al., 2002; Razumov & Tyutyunova, 2001).
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Fig. 7 Hierarchical cluster analysis (HCA) dendrogram for a surface water of NMN season, b bottom water of NMN season, ¢ sur-

face water of MN season, and d bottom water of MN seasons

The bottom DO has a significant negative loading
along with the positive loading of DIN but not with
the DIP. This indicates the increased mineralization
of organic detritus. The various non-point and point
sources of organic matter rich discharge from differ-
ent sources such as municipal solid wastes, surface
runoff from agricultural lands, livestock operations,

@ Springer

septage, and sewage effluents are the major sources
of origin of BOD. The high concentration of BOD
associated with depleted DO concentration also
induces high productivity of phytoplankton species
due to the enrichment of nutrients like DIN (Granéli
& Turner, 2006; Bricker et al., 2008; Heisler et al.,
2008; Wu et al., 2016; Zhao et al., 2020). The intense
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Table 4 Principal

X Variables NMN surface water NMN bottom water
component analysis (PCA),
non-monsoon (NMN) in Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3
At Temperature —0.131 0.144 0.916 -0.113 0.089 0.981
pH 0.087 0.663 —0.449 0.901 0.176 —0.089
EC 0.159 0.968 0.026 0.943 0.21 -0.113
TDS 0.176 0.962 0.055 0.973 0.102 0.019
Salinity 0.129 0.979 0.056 0.972 0.066 0.043
DO —0.863 —0.331 0.105 0.056 —-0.918 -0.162
BOD 0.948 0.121 —0.042 -0.011 0.931 0.089
NO;-N 0.968 0.087 —0.038 0.197 0.949 0.031
Extraction method: NO,-N 0.953 0.057 —0.054 0.257 0.878 —0.158
Principal component NH,-N 0.973 0.076 —0.081 0.16 0.967 0.017
analysis PO,-P —0.067 -0.934 -0.17 —-0.952 0.034 0.137
Rotation method: Varimax Total 4.536 4.296 1.101 4.643 4416 1.065
with Kaiser normalization. % of variance 41.239 39.055 10.006 4221 40.149 9.686
Rotation converged in 4 Cumulative % 41.239 80.294 90.301 4221 82.36 92.046

iterations

anthropogenic activities adjacent to the coastal lakes
and wetlands such as urbanization and aquaculture attrib-
ute DIN loads in water especially ammonium (Antony &
Edward, 2019; Hao et al., 2021; Li et al., 2014).

This research brings to light the overload of inor-
ganic nutrients such as NO;-N, NO,-N, NH,-N, and
PO,-P in the NMN, both in surface and bottom waters
of ASL and especially in the Southern Zone I due
to its adjacency to Kollam urban tract in that sam-
ples from this Southern Zone reported higher levels
of all the aforesaid nutrients in surface and bottom

water during NMN and MN, respectively. The study
reveals that Factor 2 shows strong positive loading
with EC (0.968, 0.984), TDS (0.962, 0.970), and
salinity (0.979,0.982) and a negative loading with DO
(—0.331,-0.247) and PO,-P (—0.934,—-0.962) with
a variance of 39% and 37%. This factor is termed as
Sea Saline factor. Figure 8 shows its spatial distribu-
tion in the surface water samples during both seasons.
Sea Saline factor covers the locations belonging to
the Estuarine Zone (Zone II) completely (area=4.75
km?) in NMN and MN seasons. Sea saline factor

Table 5 Principal

. Variable MN surface water MN bottom water
component analysis (PCA),
monsoon season (MN) in Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3
At Temperature —0.006 —0.208 0.881 0.162 0.024 0.854
pH 0.245 0.374 0.71 0.132 0.285 0.779
EC 0.089 0.984 0.007 0.1 0.982 0.102
TDS 0.171 0.97 0.053 0.155 0.967 0.145
Salinity 0.137 0.982 0.018 0.161 0.975 0.124
DO —0.885 —0.247 -0.197 -0.916 —0.188 -0.167
BOD 0.947 -0.014 0.054 0.937 0.094 0.128
NO3-N 0.938 0.183 0.005 0.949 0.075 0.063
Extraction method: NO2-N 0.951 0.002 0.087 0.909 0.117 0.06
Principal component NH4-N 0.944 0.191 0.013 0.935 0.178 0.171
analysis PO4-P -0.078 —0.962 0.017 —0.138 -0.976 —0.089
Rotation method: Varimax Total 4.477 4.114 1.333 4.441 3.979 1.472
with Kaiser normalization. % of Variance 40.7 37.402 12.12 40.374 36.175 13.382
Rotation converged in 4 Cumulative % 40.7 78.102 90.222 40.374 76.549 89.931

iterations
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covers an area of 10.63 km? and 10.14 km? Central
Zone (Zone IV) in both seasons. An area of 3 km? in
Southern Zone (Zone 1) is also affected by Sea Saline
factor in both seasons.

The bivariate loading plots of F1 vs F2 reveals
two major groups, viz., anthropogenic sources
from the urban stretches and saline water of ASL,
which controls the hydrochemistry of ASL. Among
these, saline water interaction is the dominant factor
which derives from the adjacent sea and Estuarine
Zone (Zone II) but having comparatively higher DO
than the Southern Zone (Zone I) with polyhaline
condition during study period and high discharge
of freshwater and sewage to the ASL which hinders
the exchange of dissolved oxygen between surface
and bottom regions due to the salinity stratifica-
tion (Janout et al., 2020; Kuo & Nielson, 1987; Pein
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et al., 2021). The thin surface water layer will flow
as a coherent layer, exhibiting little mixing with
the denser bottom water layer due to stratification.
The little mixing with bottom water layers, the dis-
solved oxygen in surface layers of water remains
unchanged. The Riverine (Zone V) and Eastern
Zones (zone VI) show strong negative values in fac-
tor analysis in Urban waste factor and Sea saline
factor. The freshwater discharge from the Kallada
River plays a significant role in the DO concentra-
tion in these regions.

The increase in nutrient concentrations in South-
ern Zone (Zone I) compared to other parts of the
lake reveals that the enrichment of nutrients is due
to the input from TS canal (Trivandrum Shornur
Canal)—a shore parallel canal carrying effluents and
various forms of discharges from urbanized regions
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of Southern Kerala. The higher concentrations of
NO;-N, NO,-N, and NH,-N were observed at the sta-
tion “TS canal joining region (S2)” in both surface
and bottom samples and in the two seasons.

The effluent discharge enriched with organic mat-
ter from different pathways accumulates in the south-
ern and south-western regions of ASL. The hypoxic
(<2.0 mg L~!) condition is evolved, when organic
matter oxidation is occurred by using dissolved oxy-
gen in ASL, especially during NMN season (Dutton
et al., 2018; Jessen et al., 2017; Ra. et al., 2014). In
the south-west regions (Southern and Estuarine Zone)
of ASL, there are a large number of point and non-
point municipal solid waste and sewage discharge
sources. The population status of Kollam Corpo-
ration, which was 0.32 million during 2001, has
increased to 0.39 million (2011) in the last 10 years,
and the waste generation is also raised from 74 tons
per day to 104 tons per day without sufficient waste
collection, treatment facilities, and solid waste man-
agement plants (Census of India, 2011; KSPCB,
2020; Sitaram, 2014). The coastal, estuarine, and
marine ecosystems facing the ecological and ecosys-
tem damages due to the widespread hypoxic events
arise from anthropogenic activities, especially nutri-
ent loading in the absence of sustainable pollution,
waste monitoring management (Howarth et al., 2011;
Malone & Alice, 2020; Kelly et al., 2021).

Anthropogenic pressures led to manifest reduction
or shrinkage of the water spread area due to reclama-
tion, hike in supply of fertilizer residue (nutrient) load
due to intensive farming in the Kallada basin, exten-
sive in-stream sand mining, and increased fishery
activity. This is in agreement with the findings that
dumping of industrial and municipal wastewaters of
Kollam City and other settlements of the hinterland
has caused the environmental degradation of the lake
(Aswathy et al., 2021; Sinclair et al., 2021; Sreedevi
et al., 2016). The goal of improvement in ecosystem
health and services is achieved only through manag-
ing and reducing the hypoxic conditions with reduc-
ing nutrient load in the aquatic ecosystem (Conley
et al., 2009; Angela et al., 2015). The factor analysis
also reveals that the locations in the southern, estua-
rine, riverine, and eastern regions show similar phys-
ico-chemical characteristics which are agreeing with
the geographical divisions done by the present study
followed by Kerry and Baba (2001).

Tracking of pollution in Ashtamudi lake system

In Ashtamudi Lake basin, the pollution potential
zones were derived from the basin characteristics
such as lithology, geomorphology, soil type, land use,
and population density of different sub-basins. The
zones were identified with the help of multi-thematic
overlay analysis using GIS, and the pollution poten-
tial zones were classified into various classes such
as very high, high, medium, and low (Sheela et al.,
2016).

Lake basin characteristics

Geomorphology: The lake basin consists of plateau,
pediplain, floodplain, and coastal plain (Fig. 9a). The
area covered by plateau is maximum with an extent
of 180.82 km?, followed by coastal plain 82.074 km?,
then pediplain 39.611 km?, and floodplain 0.039 km?.
Water body covers about 58.73 km?.

Soil: The soil in the lake basin consists of gravelly
clay, clay, and sand. Gravelly covers an area of 208.3
sq. km, followed by clay 41.8 km? and sand covers
0.74 km? (Fig. 9b).

Lithology: Lithology of basin consists of sand-
stone and clay with lignite, sand and silt, charnock-
ite, and khondalite rock. Sandstone and clay with
lignite cover an area of 135.4 km?, followed by sand
and silt (Fig. 9c).

Slope: A majority of the basin falls in the slope
of 0-10%, especially near coastal area. Figure 9d is
the slope map of the basin. Low slope is located in
the land area close to the shore. This includes Kol-
lam City areas surrounding the Southern Zone, the
land areas covering Western Zone, and land areas
surrounding Riverine zone. The stagnation of water
flow can be observed in these land areas.

Land use: The study revealed that the land use
is mainly built up and agriculture (Fig. 10a). Built
up area is maximum for Kollam Corporation (24.22
km?), which is in the Southern Zone catchment, fol-
lowed by Western Zone catchment (5.88 km?) and
minimum in Riverine Zone catchment (2.07 km?).

Population: The population is maximum in
Kollam Corporation region surrounded by South-
ern Zone, followed by catchment of Western Zone
and Estuarine Zone. The minimum population was
observed in the catchment of Riverine Zone.
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Identification of pollution potential zones

Pollution potential area of the lake basin has been
identified using GIS-enabled, multi-thematic overlay
analysis (Fig. 10b). The study revealed that 42.91% of
lake basin falls in the category of very high pollution
potential region (near to Southern Zone), followed
by 22.7% of high (near to Western Zone) and 21%
moderate pollution potential area. Kollam Corpora-
tion, having 0.40 million population with a popula-
tion density of 6250/km? and 0.14 million households
and a built up area of 25 km?, lies in the catchment
area of Southern Zone facing very high pollution
potential. The TS canal is passing through the densely
populated land area of Southern Zone. The munici-
pal waste water consisting of sewage, sullage, and
garbage is mainly responsible for high BOD in the
lake water and having low DO in the lake and thereby
causing stress to the aquatic organisms. Thus, urbani-
zation is mainly responsible for the degradation of
lake water quality. The Western Zone region observed
as high level pollution potential zone analysis has a
built up area of 2.5 km? with a population of 42,655.

The activities in this region include boat manufactur-
ing and repairing, fishing processing units. The East-
ern and Riverine Zones show medium to low levels
of pollution due to low population and low built-up
area. The study revealed that the improper waste
management in the catchment area near to Southern
Zone and Western Zone, especially Kollam Corpora-
tion and local bodies lying on the southern catchment,
is mainly responsible for water quality degradation.
Urgent attention is to be given to the implementation
of pollution control measures in the high-value pollu-
tion potential zones.

Conclusions

The study has been carried out to assess the water
quality and hypoxia status of Ashtamudi Lake
(ASL) and also the tracking of pollution in the lake
system. The lake is divided into six zones (I-VI),
viz., Southern, Estuarine, Western, Central, Riv-
erine, and Eastern Zone. The shallow nature is
observed in the Southern and Central Zones of the
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lake. The maximum depth exists in the Eastern
Zone, but lower transparency exists in the Riverine
Zone due to incoming runoff. The high content of
BOD, nitrate, and ammoniacal nitrogen has been
observed in the Southern Zone, whereas salinity is
high in the Estuarine and Western Zones. The high
content of ammoniacal nitrogen was also observed
in the Southern, Central, Estuarine, and Western
Zones. DO is maximum in the Riverine and East-
ern Zones. Hypoxic condition (0.2-2%) exists over
a smaller area (< 1%) and a comparatively low oxy-
gen region (2-4%) exists in 69% of lake area dur-
ing non-monsoon season. On the other hand, in
the bottom water, the hypoxic condition prevailed
over a smaller area (2.8%) and low oxygen region
in a larger area (97%). But some improvement has
occurred during the monsoon season. Oxygenated
condition in the lake rises to 83.64% during mon-
soon in surface water. The hypoxic condition is
largely limited to the Southern Zone in both sea-
sons. Low oxygen state (2-4 mg L™!) in the South-
ern and Westerns Zones of ASL and also approxi-
mately in one-half of the Central Zone may affect
the fishery resources (fishes, crabs, and molluscs)
including marine, estuarine, and freshwater organ-
isms. The study suggests that hypoxia is chiefly
attributed to anthropogenic interventions causing
discharge of wastes into the lake causing overload-
ing of organic matter and nutrients, decrease in the
freshwater supply, the absence of proper freshwater
mixing or dilution, effluent discharge from nearby
urban centers, etc.

The rise in the spread of salinity is posing a
threat to freshwater species in the lake system. The
occurrence of low DO in the lake is highly related to
salinity and organic load in the lake system. Urban
waste factor, sea saline factor, and natural factor have
been identified as the quality controlling factors in
the lake. Urban waste factor predominates in the
Southern Zone. Sea Saline factor predominates in
the Western and Central Zone. The current status, as
experimentally observed in this study, may ultimately
lead to impairment of ecosystem, as well as reduction
of fish diversity and productivity, impacting the
socio-economic status of folks, directly and indirectly,
depending on ASL and its environmental sustenance.
The tracking of pollution in the lake system was also
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done and found that catchments adjacent to Southern
and Western Zones (covering Kollam Corporation
and adjacent panchayaths) are the major source of
pollution. The study calls for urgent solid and liquid
pollution mitigatory measures for eco-restoration and
sustainable management of the lake.
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