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Abstract

The coastal lake Veli-Akkulam is crucial to Thiruvananthapuram's urban
watershed, yet it is under threat from pollution caused by urbanization
and industrialization. Conserving freshwater resources is a key part
of Sustainable Development Goals, and the only way to protect the
lake is by consistently monitoring its water quality. This study aims at
evaluating the pollution level of the lake throughout the seasons (pre-
monsoon, monsoon, and post-monsoon) of 2022—-2023 using the Carlson
Trophic State and Water Quality indices. The statistical tools such as
Principal Component Analysis (PCA) and Pearson Correlation Matrix
were used for analysing how various factors influence water quality. The
impact of several factors on water quality was examined using Principal
Component Analysis and the Pearson Correlation Matrix. PCA analysis
revealed that high nutrient levels, suspended particles, and oxygen
depletion were identified as the main drivers of the decline in water
quality, and these factors were all linked to anthropogenic activity. The
study's findings clearly show the Veli-Akkulam lake is severely polluted.
The CTSI consistently classified the lacustrine system as eutrophic or
hypereutrophic across all seasons, with mean values of 66.74 (pre-
monsoon), 67.20 (monsoon), and 63.23 (post-monsoon). Similarly, the
WQI classified the water quality as "poor," "very poor," and "unsuitable,"
with particularly high "unsuitable" values (306.6 to 398.47) recorded at
multiple stations. The study concludes that human activity is the clear
cause of the lake's current polluted and deteriorating state.
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Introduction

Lacustrine systems are ecological markers for a
region; they maintain the microclimate of the entire
watershed, whether it is an urban catchment or not.’
The inhabitants of the catchment rely on surface
water for a variety of purposes including recreation,
irrigation, agriculture, aquaculture, industrial use
and even more. Human activities within a watershed
are the cause of various point source and nonpoint
source pollutants that enter and harm surface water
bodies like lakes. As a result, the water quality
becomes a major concern.??® Deterioration of lake
water quality raises alarming risks to the well-
being of whole societies globally and especially
in developing countries.* This concern led to the
Sustainable Development Goal 6 (SDG), which aims
to improve the water quality and conserve water
bodies.® Today the lakes in the whole world, particularly
the tropical and subtropical, are under threat due
to human activities.® India is facing water scarcity
even though it has plenty of freshwater resources
due to increased pollution.” The lake ecosystems are
depreciated due to the rapid increase in urbanization,
settlements, and other anthropogenic activities in
the catchment, increasing the draining of sewage
loads, industrial effluents, etc. into the lake.?® The
lake water qualities are affected by both natural
and manmade activities; therefore, the spatio-
temporal monitoring and assessment of water quality
parameters are required.®

Water quality can be determined by examining its
physico-chemical characteristics, which promotes
sustainability and beneficial uses of water. WQI
is a crucial metric for evaluating a lake's degree
of pollution and the factors contributing to the
significant pollution. The WQI is a single unit that
determines the quality state of a specific region at a
given time based on several water quality factors.?1°
This information can be utilized to create mitigation
strategies to protect lake ecology.® Eutrophication,
defined as nutrient enrichment (such as nitrogen
and phosphorus) resulting in increased algal blooms
and oxygen depletion, is a significant environmental
concern regarding lakes and causes aquatic
creatures to perish.''2 The index CTSI (Carlson
Trophic State Index)™ is employed for determining
trophic level of a lake. The three main factors:
Chlorophyll a, water's Secchi disk depth and total
phosphorus, are the used by this index.°
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Veli Akkulam Lake in a small urban coastal area,
is densely populated with residents relying heavily
on the lake for irrigation, recreation, and even for
their livelihoods. In addition, projects such as Veli
Tourist Village and Akkulam Tourist Village illustrate
the lake's increased tourism activity. The lake
located in the middle of Thiruvananthapuram city,
is surrounded by urban activities like commercial
centres, hospitals, factories, residential areas,
and agricultural activities, all of which contribute to
pollution. Certain studies have already conducted
on many aspects of environmental stressors that
explain the contamination and threats of Veli-
Akkulam lake.*2° The Veli Lake and Akkulam Lake
jointly forms the Veli-Akkulam Lake and a sandbar
that divides the whole lake from the Arabian Sea
gets breached after extreme precipitation or the
monsoon season. Seasonal fluctuations brought
on by the sandbar's breaking and the tidal action
both affect the lake's physicochemical properties. To
effectively manage and govern water environments,
it's essential to first assess their water quality. This
is accomplished through continuous monitoring
and timely evaluations, which allow agencies and
suppliers to identify pollution threats and create
suitable control plans.?' A research study is needed
because there are no recent monitoring or evaluation
studies to analyse the pollution stressors and lake
water quality in Veli-Akkulam Lake. Previous study®
evaluated the sediment characteristics that account
for the sources of nutrient contamination in the lake
and found that the main culprit is human activity.
The increased nutrient enrichment necessitates
evaluating the lake's eutrophication status. This
research work aims to assess water quality metrics
and statistically describe the correlation between
water quality parameters. Furthermore, indexes
such as CTSI and WQI will be used to analyse the
lake ecological state.

Materials and Methods

Study Area and Sampling Locations

The urban lake, Veli-Akkulam is located at the
centre of Thiruvananthapuram district of Kerala at
latitudes 8°31'14" and 8°31'52" north and longitudes
76°53'12" and 76°54'06" east. On its western side,
a sand bar divides this small coastal lacustrine
system from the Arabian Sea.?? The lake functions
as a single lacustrine ecosystem and is divided into
two parts: Akkulam Lake, which forms the upstream,
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and Veli Lake, which forms the downstream. The
lake is approximately 95.78 hectares in size,
stretches 3.2 km in and a mean depth 2.4 m. Lake
typically receives 1774 mm of precipitation and
26.6°C of temperature per year. Three streams—
Amayizhanchanthodu stream, Parvathy Puthanar
stream in the lake's eastern section, and Parvathy
Puthanar stream in its western section—feed the
Veli-Akkulam water body and these streams are
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responsible for the draining of urban wastes and
other organic matter in to the lake.'#?220 When the
lake's urban catchment is taken into account, the
zone of impact is 13900.09 hectars, with the main
area uses being 82.16% urban and rural settlements,
16.83% agricultural practices, 0.61% waterbodies,
0.28% industrial activities, and the least as 0.1%
of plantations.?32
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Fig.1: Map of sampling locations

Methodology for Surface Water Sampling and
Analysis.

Samples of surface water were taken from seven
sites, which is 250m apart each, chosen in
accordance with the sources of contamination and
sampling sites accessibility. The details describing
sampling sites and its locations are given table.1.
Due to severe siltation and water hyacinth growth
sampling beyond station 7 was not possible. The
sampling stations are marked in map (Fig. 1). The
station’s location data was recorded with Garmin
eTrex 30x, USA GPS tracker. Between 2022 and
2023, sampling for water quality was conducted
during three different seasons, during the months
May (pre-monsoon), September (monsoon), and
January (post-monsoon). The samples from lake
surface, taken early in the morning, between 6.30 and

8 am, using a clean bucket and collected samples
were transferred to clean screw-capped glass
bottles. The samples were carried to the laboratory
immediately after sampling and then filtered to
remove debris and floating contaminants, and stored
in the refrigerator at a temperature between 0 to 4°C
prior analysis. Standard procedures were used to
analyse the physico-chemical parameters including-
pH, Turbidity, Electrical Conductivity (EC), Total
Dissolved Solids (TDS), Total Hardness (TH), Total
Alkalinity (TA), Chloride (CI"), Nitrate (NO, "), Phosphate
(PO,*), Sulphate (SO,*), Dissolved Oxygen (DO), and
Biochemical Oxygen Demand (BOD).%:2

Water Quality Index Analysis (WQlI)
The WAQI is the rating method used for determining
the pollution status of a waterbody by merging



SURESH et al., Curr. World Environ., Vol. 20(3) 1201-1017 (2025)

different water quality parameters into a single unit.?’
The weighted arithmetic index technique was used
to calculate the WQ 1.2 In this study, 12 important
parameters (Table 2) were selected according to the
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influence each parameter had on determining the
quality of lake water. The classification of quality of
waterbody was based on the index value (Table 3).2%

Table 1: Description of Study Stations and its location

Station
Code Station Description Latitude Longitude
S1 Barmouth zone 8.508781 76.88664
S2 Floating restaurant zone 8.509667 76.8884
S3 Boat club Zone 8.510917 76.88961
S4 Parvathy Puthanar draining zone 8.512511 76.8895
S5 Middle lake zone 8.515956 76.89149
S6 Akkulam Lake (Parvathy Puthanar draining zone) 8.518464 76.89519
S7 Akkulam Lake (Amazhinjanthodu draining zone) 8.521881 76.89713
Table 2: Parameters selected for WQI calculation
Parameter Standard Relative
value (Sn) weight (Wr)

pH 8 0.062

Turbidity (NTU) 5 0.099

EC (uS/cm) 300 0.002

TDS (ppm) 500 0.001

Total Alkalinity (mg/L as CaCO,) 120 0.004

Total Hardness (mg/L as CaCO,) 300 0.002

Nitrates (mg/L) 45 0.011

Sulphates (mg/L) 200 0.002

Phosphates (mg/L) 0.8 0.618

Chlorides (mg/L) 250 0.002

DO (mg/L) 5 0.099

BOD (mg/L) 5 0.099

The WQI for water samples is calculated using the
equations 1, 2, 3, and 4 given below.

WQI= _ (WnxQn) (1)
> Wn

‘Wn’ denotes the unit weight for n" variable and

calculated by following equation:

Wi = K (2)
Sn

Q, denotes quality rating for the nth variable, where
there are ‘n’ parameters. Qn is calculated using the
equation:

_ (Vr=vi)

e —— ..(3
Qn =gy, X 100 @)

Snis the Standard permissible limit for each selected
parameters set by WHO (2017) and BIS (2012).
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K represents proportionality constant, calculated by
the equation:
1

E(s_ln ...(4)

Vr represents recorded value for each variable

Vi represents ideal value of specific parameter (All
parameters were zero except for pH and Dissolved
Oxygen (DO), which were 7 and 14.6, respectively)

Table 3: Water Quality Categorization

wal Water Quality Status
<50 Excellent

50-100 Good

101-200 Poor

201-300 Very poor

> 300 Unsuitable

Carlson Trophic State Index Analysis

The CTSI, calculated with the formula given below. '
The Trophic state index (TSI) calculated with
three independent variables, Secchi depth- ‘SD’,
chlorophyll a- ‘Chl-a’, and total phosphorus- ‘TP’ in
water. Total TSl including TSI (Chl-a), TSI (SD), TSI
(TP), represents the CTSI of water body.

TSI (Chl-a) = 9.81 In chlorophyll a (ug/L) +30.6
TSI (SD) = 60-14.41 In SD (meters)

TSI (TP) =14.42 In TP (ug/L) +4.15

CTSI =[TSI (TP) + TSI (CA) + TSI (SD)/3]

From the values of TSI (TP), TSI (SD), TSI (Chl-a)
and CTSI, trophic state of the waterbody can be
categorized and the standard categorisation™ is
given in Table 4.

Table 4: Carlson Trophic State Index

CTSI Trophic Class
<30-40 Oligotrophic
40-50 Mesotrophic
50-70 Eutrophic
70-100+ Hypereutrophic

Interpolation of WQI and CTSI
The IDW method, (Inverse Distance Weighted) in the
software ArcGIS10.4 was used to spatially depict the
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WQI and CTSI data for each of the three seasons
for every station under study.

Multivariate Statistics

The analytical data set was statistically analyzed
with SPSS software (Statistical Programme for
Social Sciences, version 27). Variables including
pH, EC, TDS, TH, turbidity, chloride, TA, DO, BOD,
NO,, SO >, and PO,*> were analyzed using Pearson
Correlation and Principal Component Analysis (PCA)
for the three seasons.

Results

Dynamics of Water Quality Parameters

The average pH of Veli Akkulam Lake varied
between 6.9 and 7.9 during the three seasons
under consideration, indicating a neutral to slightly
alkaline character (Fig. 2.a). According to surface
water quality standards,®® inland surface water
should have a pH between 6.5 and 8.5. Regarding
temporal variation, the PRM had the greatest pH and
POM the lowest. The mean turbidity values of 9.63
NTU during PRM, 6.9 NTU in MON and 53.27 NTU
in MON exceeded the established acceptable limit
of 1-5 NTU. It was found that the PRM had the
lowest turbidity while the MON had the highest.
When taking into account the spatial variance,
station 1 (bar mouth) exhibited the maximum turbidity
during the monsoon, measuring 66.3 NTU, (Fig. 2.b).
Owing to the temporal shifts, the average EC
peaked during POM with a value of 622.26 yS/cm
and fell during MON (189.74 pS/cm). When taking
into account the spatial variance (Fig. 2. c), the EC
falls from station 1 with 979.2 yS/cm during POM
as the highest recorded value (bar mouth region)
to station 7 (Akkulam lake region) with 105.7 uS/
cm, 308.7 uS/cm, and 330.6 uS/cm as the lowest
during MON, POM, and PRM, respectively; this
pattern was observed during the entire season under
study. Similar to the EC concentration, the current
investigation reports the highest TDS concentration
during POM. The spatial distribution of TDS (Fig. 2.d)
shows a higher concentration in the downstream with
587.52 mg/L during the POM in station 1, and then
decreasing towards the upstream.

Total alkalinity peaked during the MON with average
concentration, 82.86 mg/L and least average
21.43 mg/L during the PRM. TA levels were high
in station 1 during MON and POM that is 110 mg/L
and 100 mg/L, respectively (Fig. 2.e), and then
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they continued to decline towards upstream. During
PRM, the upstream region had the highest alkalinity
of 40 mg/L. Based on the seasonal average of Total
hardness, the PRM (660 mg/L) has the highest
hardness, and the POM season (105.71 mg/L) has
the lowest. Every season shows a similar pattern
of geographical variation in hardness (Fig. 2.f),
with the lake’s downstream region, which is near
the sea, having harder water. The TH decreases
as it moves upstream, reaching its lowest value at
station 7 (Akkulam Lake) at 56 mg/L. The highest
hardness above the permissible concentration of
300 mg/L as CaCO,* was recorded in station 1
(Barmouth region) with concentration, 660 mg/L.
The CI concentration increased during the POM
and MON seasons. Taking regional variation into
account, the downstream stations (Veli Lake) had
the largest concentration of Cl- ions (Fig. 2.9).

The highest average NO,  concentration was
observed in MON (5.12 mg/L), followed by POM
(4.58mg/L) and PRM (2.56mg/L). The concentrations
were higher in the lake's western (Veli) side than in
its eastern (Akkulam) side, indicating a variation
in the spatial distribution (Fig. 2.h). The lowest
concentration, 1.63 mg/L during PRM, was recorded
at station 7 (Akkulam Lake), while the highest
concentration, 7.56 mg/L in the MON, was recorded
at station 2 (Floating Restaurant Region). While
the PO*, ions show more average concentration
of 0.34mg/L in the PRM, followed by POM and MON
with comparable concentrations, 0.24mg/L and 0.25
mg/L during assessment period. From 0.1 mg/L in 5th
site (Middle area) to 0.49 mg/L in 7th site (Akkulam
region), the geographical variance (Fig. 2.i) varied.
The SO, ions concentration in downstream regions
of Veli-Akkulam Lake were found to contain more
SO,"ions than the upstream. Station 3 recorded the
highest value during the investigation, 3.25 mg/L of
sulphates, during MON (Fig. 2.j). The POM exhibited
a higher average concentration of SO, ions (1.85
mg/L) than the other two seasons.

Dissolved oxygen shows less seasonal variation,
ranging from 2.97 mg/L during MON to 3.15 mg/L
in POM. Regarding the regional shifts (Fig. 2. k),
the DO at station 1 (bar mouth) is 4.68 mg/L during
POM and 4.1 mg/L during monsoon. The minimal
DO content, 2.15 mg/L was measured in station 7
during PRM. Considering the BOD, PRM had the
most significant average BOD (53.16 mg/L), which
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was followed by MON (52.22 mg/L) and POM (51.60
mg/L). With values of 40.1 mg/L, 32.73 mg/L, 3.4
mg/L during PRM, MON, POM respectively, Station
1 (bar mouth) has the lowest BOD throughout all
seasons examined when taking into account the
geographical variance (Fig. 2.1). The Akkulam Lake
region as well as stations 2 (Floating Restaurant)
and 3 (Boat Club), have greater BOD levels in all
three seasons.

Water Quality Index (WQI)

Veli Akkulam Lake's water quality fluctuates across
time and space space (Figs. 3.3, 3.b, and 3.c). There
is observable spatial variation during MON and PRM.
‘Unsuitable’ Water quality has been shown by station
3 (306.6) and 5 (398.47) during PRM and station 7
(312.38) during MON. During MON, the majority of
the stations show ‘very poor’ water quality except
for stations 1 and 4 with ‘poor’ WQ; these stations
show similar quality during PRM and POM also.
In PRM station 7, only ‘very poor’ water quality is
shown. POM season doesn’t show spatial variation;
all stations have ‘poor’ water quality.

Eutrophication Status of the Lake

Trophic State Index Variables

TSI values of Chlorophyll-a, Total phosphorous, and
Secchi depth for the seasons studied are given in
table.6. The Veli Akkulam lake has mean TSI (SD)
values of 47.24 (PRM), 45.71 (MON), and 52.50
(POM). The Secchi depth (Fig. 4.a) was discovered to
be high during MON and POM. The mean chlorophyll
a-based TSI for PRM, MON, and POM is 64.85,
58.64, and 43.43, respectively. In comparison to the
other two seasons the PRM season had the highest
levels of TSI (Chl-a) and chlorophyll a (Fig. 4.b).
The spatio-temporal changes in TSI (TP) have
average values of 88.14, 97.25, and 93.75 for PRM,
MON, and POM, respectively. The MON season
has a greater mean concentration of TP (Fig. 4.c)
and TSI (TP), with station-wise distribution shows
stations 2 and 5 have lower TSI (TP) than all other
stations. Also, during POM, stations 5 and 6 exhibit
increased TSI (TP).

Carlson’s Trophic State Index (CTSI)

The mean CTSI value indicate that the whole lake
will be placed in a eutrophic state during all the
seasons studied (Figs. 6.a, 6.b, and 6.c). The mean
CTSI showed a higher value for MON (67.20),
followed by PRM (66.74) and POM (63.23). During
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PRM and POM, station 7 shows a hypereutrophic
state; this is the Akkulam region.

Discussion

The pH of Veli Akkulam Lake recorded a neutral
to slightly alkaline value and the highest pH during
PRM compared to other seasons could be due to the
increasing input of sewage and other wastes from
the urban watershed to the lake.'® Higher turbidity
is a sign of increased lake pollution.?' The increased
turbidity in bar mouth zone is due to increased flow
from the watershed and turbulence. Summer lake
stratification and an increase in lake productivity
during dry seasons are two instances that shows
seasonal fluctuations affecting turbidity in lakes.3?
The infiltration of marine water into the lake is the
cause of the elevated EC in the bar mouth area.
However, this high salinity is reduced significantly
during the monsoon season when a large volume
of freshwater from rain and runoff flows into the
lake, diluting the salts and resulting in the lowest
EC concentration.?® Similar spatial fluctuations are
observed in previous studies of Veli Akkulam Lake."”
The reports by certain studies’® in Veli Akkulam
Lake support the present study results, and the
reasons for this were suggested as the proximity
of the sea in the downstream and the discharge of
effluents from industries and the organic pollution
in the lake. Also, the drainage from the catchment
carrying agricultural and sewage wastes influences
the TDS concentration.* The post-monsoon increase
in surface runoff contributes to a rise in turbidity
and TDS.%

Higher alkalinity in the downstream region is due
to the saline water incursion, which results in the
interaction between salt and CaCO,, causes this
elevated level.®® Also, the increased alkalinity in
upstream is because of the catchments' increased
organic matter dissolving and draining into the lake.*”
The breakdown of organic wastes, the increasing
intake of alkaline effluents from sewage and industry,
and other factors all affect the spatiotemporal
variance in alkalinity.? According to the alkalinity
range, lakes are categorized as hard (> 90 mg/L),
medium (40-90 mg/L), and soft (< 40 mg/L).*® This
classification places Veli-Akkulam waterbody in soft
lake category in the PRM and under the hard to
medium lake category during the other two seasons
under study. The similar pattern in spatial variation
of hardness in all seasons with bar mouth zone
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having higher TH is due its proximity towards sea as
well as intrusion of industrial effluents.’® Higher
chloride concentration in PRM points to the
increased salinity during the season, similar results
was noted in some other studies.?3*4% In the majority
of stations studied, the amount of Cl- exceeds
250 mg/L, which is higher than what is allowed by
international standards.?#!

Elevated concentration of NO,” could be due
to the increased influx of water during MON
from watersheds carrying all urban wastes,
industrial effluents, and agricultural runoff.4237:3
The concentration gradient, with higher values
downstream, suggests a unidirectional flow of water
from Akkulam to Veli Lake, as well as the region's
growing tourism activity and restaurants in the
lower zones. Previous studies in the Veli Akkulam
lake report similar shifts.'*'® The observed levels
of nitrates in surface water fell below the permissible
limit of 45 mg/L.*° The decreased nitrate levels within
the aquatic environment could be a result of the
rapid growth and increased uptake of nutrients by
vegetation. The increased uptake and swift growth
of aquatic vegetation in the lake may be the cause
of the decreased nitrate levels. The enhanced
emissions of phosphates from sediments into the
overlying water as a result of the lake's sluggish
environment is assumed to be the cause of the
seasonal increase in PO,* during PRM. Similar
spatio-temporal changes for PO,* ions in the Veli
Akkulam lake was reported by earlier studies.'s
It was also stated that PO,* concentration above
0.03 mg/L is enough for eutrophication.*® In this
study majority of stations during the study period
shows concentration above this limit, indicating the
eutrophication status. The sources of phosphates
in lacustrine environments are from anthropogenic
sources such as sewage, detergents, cattle dung,
etc.*% The tidal effect and close proximity to sea
causes the elevated concentrations of SO, ions
in Veli lake part. Also, the boat club zone showing
significant seasonal variation during monsoon will
be because the lake water is more turbulent in that
zone and the barrier that separates the lake from
the sea has broken. however, the sulphate levels in
this research are below the 200 mg/L BIS criteria.
Previous study on the Veli Akkulam Lake found a
similar spatial fluctuation, with a larger concentration
in the lake's downstream portion.®
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The major pollution indicator, the dissolved oxygen
was found to be below 4 mg/L in all station except
bar mouth region indicating severe pollution as
allowable limit of DO is 4 mg/L.*° The temperature
increase may have caused improved production at
station 7, evident by the lowest DO content during
PRM.# On the other hand, higher the BOD greater
the pollution and in this study greater BOD levels
in all three seasons, indicates more pollution. The
watercourses that drain into the lake bring a lot of
urban trash to the upstream section of the lake.
Higher BOD values are typically found in lake areas
with high tourist activity or where streams deposit
organic waste.*® Earlier study revealed increased
BOD levels exceeding 6 mg/L in the Veli Akkulam
lake,®which supports the findings in this study. Also,
it can be noted that Veli Akkulam Lake has greater
BOD than other lakes, such as Lake Maninjau,
Indonesia“® and Vatadahosahalli Lake in India.’
According to a recent study the Veli-Akkulam lake
is facing a significant pollution problem, with 72%
of its area falling into high-potential pollution zones.
The research determined that organic pollutants,
such as BOD and ammonia-nitrogen, are the main
drivers of this severe contamination.*”

Water Quality Index (WQI)

To assess quality of lake water, WQI has been
utilized. The various physiochemical components
are simplified into one figure that serves as a
representation of the lake's water quality.! In this
research study none of the stations show either
‘Excellent’ or ‘Good’ water quality, indicating
the heavy pollution load of the lake. Spatio-
temporal changes in the lake can depend on the
influx of domestic sewage, other anthropogenic
contaminants, the degradation of aquatic organic
matter, the flow rate, etc. Evaluating the seasonal
change, it can be noted that POM shows improved
water quality compared to PRM and MON; a similar
seasonal change was reported in Lake Phewa,
Nepal, Pokhara, and it was suggested that after
MON, the water quality improves.*®

Eutrophication Status

Trophic State Index (TSI) Variables

Increased precipitation and watershed runoff,
caused seasonal changes in TSI(SD) with higher
value during MON and POM. Similar to TSI (Chl-a),
TSI(SD) did not exhibit substantial variation.
Increased algal blooms, suspended solids, turbidity,
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and other meteorological factors—like precipitation—
all have an impact on and are essential to Secchi disk
depth.*®4 Veli Akkulam Lake was determined to be
hypereutrophic in a prior study' based on TSI (SD).
According to TSI (Chl-a),™ previous studies found
Veli-Akkulam Lake to be oligotrophic. The disparity
with previous studies may be due to the growing
fertilizer input and algae bloom in the Lake.™
Increased fertilizer input and the growth of water
hyacinth, which is evident in Veli Akkulam Lake, are
two of the many variables that lead to the higher
prevalence of Chl-a in lake water. The findings
of this investigation were corroborated by similar
findings revealed in the research conducted in
Lake Tana, Ethiopia.* Static water, temperature,
light penetration, increased algal bloom, and other
elements are the causes of the seasonal shiftin TSI
(Chl.-a).* Also, the current findings were supported
by the discovery that a hypereutrophic state in
the Veli Akkulam lake™ was correlated with higher
TSI (TP) during MON. Changes in turbulence and
increased runoff from the watershed, which carries
agricultural, industrial, and residential wastes and
raises the nitrogen content in lakes,*® are responsible
for the seasonal and regional difference.

Carlson’s Trophic State Index (CTSI)
Veli-Akkulam lake is classified as eutrophic based
on its mean CTSI. The municipal wastes that
contain both organic and inorganic nutrients that
are dumped into the lake by the streams are the
primary source of the hypereutrophic condition in
the Akkulam region. A eutrophic state is displayed
by every other station. A eutrophic state is evident
at all of the sites under study during the monsoon,
the flow of water is consistent along with the breach
in the bund, allows nutrients to move from upstream
to downstream. It demonstrates that the lacustrine
system is extremely rich in macrophytes, algae,
and nutrients under eutrophic and hypereutrophic
conditions, which causes oxygen to be depleted and
other aquatic species to perish.>

Multivariate Statistical Interpretations

Pearson Correlation Matrix

The research study employed Pearson correlation
analysis for identifying the interrelationship between
the water quality parameters (Tables 5.1, 5.2, and
5.3) of PRM, MON, and POM seasons. The matrix
reveals a strong correlation between EC and TDS
(p>0.01, r=1) and chloride (p>0.01, r=0.9) across all
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studied seasons. This correlation can be attributed
to the increased electric conductivity caused by the
higher dissolved solids, as well as the indication of
increased salinity due to the presence of chloride
ions.5! The link between DO and BOD is significantly
inverse(p>0.01, r=0.9). DO and BOD are usually
inversely correlated; increased organic matter in
a lake induces organisms to break it down, which
raises BOD.52 Sulphate ions show a strong increasing
correlation with the parameter’s chloride, EC, and
TDS during PRM and POM, while they show only a
moderately increasing correlation with pH (p>0.05,
r=0.78) and TA (p>0.05, r=0.8). The influence of SO *
with TDS proposes that the dissolved SO42-anion
causes the increased TDS in water and thereby
the EC.*® The relationship between SOSO,* and
CI- ions indicates that both anions originate from
comparable sources, which may include seawater
incursion and the lake's stagnant water during both
seasons. The pH and PO,* levels showed a strong
inverse relationship (p>0.01, r= -0.98) during the
post-monsoon (POM) season and a moderately
negative relation with EC (p>0.05, r= -0.76), TDS
(p>0.05, r=-0.76), SO42- (p>0.05, r=-0.76), and CI-
(p>0.05, r=-0.78). Phosphate release and absorption
in the lake water are highly dependent on pH.%
Nitrate shows a significantly strong interlink with EC
(p>0.01,r=0.92), TDS (p>0.01,r=0.92), TH (p>0.01,
r=0.94), and CI (p>0.01, r=0.93) in the MON season.
This can be due to the increased influx of nitrate-rich
organic pollutants carried from urban catchments
to the lake by runoff." During POM, NO," (p > 0.05,
r = 0.79) shows moderate positive association with
chloride ions. The pH of the Veli Akkulam lake was
lowest during the POM in the current study, and it
shows a positive correlation with variables such
as EC (p>0.05, r= 0.76), TDS (p>0.05, r= 0.76),
S0O,* (p>0.05, r= 0.78), and CI- (p>0.05, r= 0.79).
In the MON season, another moderate correlation
in decreasing order was shown by turbidity with CI-
(p>0.05,r=0.76), TH (p > 0.05, r = 0.76), TDS (p
> 0.05, r=0.8), and EC (p > 0.05, r = 0.8), similar
results were reported in Lake Tana, Ethiopia.%
According to the association between the variables,
the primary cause of the temporal change in the lake
under study is the sand bar that separates the lake
from the sea breaking during the MON season. The
flow rate, turbulence, and every other parameter are
affected by this breakage.™
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Principal Component Analysis (PCA)

A statistical technique used for compressing the data
dimensions of multivariate matrix is PCA.4% The
PC shows significance with an eigenvalue > 1 in all
three seasons studied. PC analysis results provided
3 components for each season studied, and they
are given in Fig. 4.a, 4.b and 4.c. Considering the
PRM, it has a total extracted variance of 89. 65%
from PCA. The PC1 showing the highest variance
among the three components has a total variance
of 45.294 %. It carries strong loadings on EC, TDS,
TH, SO,?, and CI.. This shows the significant impact
of inorganic and organic pollutants from allochthonous
sources.®® Also, it shows moderate negative loading
for pH, showing the effect of reduced pH for other
variables positive correlation. Component 2 shows
strong negative loading for DO and strong positive
loading for BOD; as the DO increases, it reduces the
demand for oxygen by organic decomposers. While
PC3 shows strong loading for TA and moderate
loading of PO,* and turbidity, this illustrates the
increased deposition of inorganic pollutants and the
increased alkalinity. During MON, PCA contributed a
total extracted variance of 92.9%, and its PC 1 had
a percentage variance of 52.02 with strong loadings
for EC, TDS, TA, TH, NO,, and CI.. This expresses
the component with anthropogenic sources of
pollutants.’" In PC2, pH shows moderate loading,
and in PC3, PO,* exhibits moderate loading; this
factor expresses the inorganic pollutant load. PC2
exhibits strong positive loading for DO and strong
negative loading for BOD; these factors are always
inversely correlated. POM also exhibits similar
loading in PC2. The other season, POM, with a
total variance of 92.67%, has more factor loadings
in PC1 with a total variance of 55.39%, including
the factor loadings for EC, TDS, TA, TH, NO_, Cl-,
80,%, and PO,* with moderate negative loading.
This shows the increased influx of organic and
inorganic pollutants with a negative correlation with
the PO,* ions. The increased urban sewage causes
more pollution load in Veli Akkulam Lake. In PC3,
strong loading was exhibited by turbidity along with
moderate negative loading for PO,*. The component
loading correlation points to the fact that the factors
expressing the organic and inorganic pollutants
from anthropogenic sources contribute to the Vel
Akkulam lake pollution.
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Table 5.1: Pearson's Correlation Analysis of Water Quality Parameters -Premonsoon season
pH Turbi EC TDS T.Alkal T. Hard Nitrate Sulp Phos Chloride DO BOD
-dity -inity  -ness -hate -phate
pH 1 0.120 -0.439 -0.438 -0.362 -0.678 0.267 -0.460 -0.089 -0.447 -0.034 -0.073
TURBIDITY 1 -0.538 -0.535 0.612 -0.502 -0.657 -0.504 .835* -0.616 -.778* 0.715
EC 1 1.000** 0.137  .944** 0.525 .957** -0.366 .992**  0.301 -0.422
TDS 1 0.146  .944** 0.518 .960** -0.364 .991**  0.302 -0.425
T.Alkalinity 1 0.179 -0.591 0.288 0.489 0.072 -0.337 0.219
T. Hardness 1 0.310 .912** -0.226 .935** 0.268 -0.338
Nitrate 1 0.354 -0.670 0.570 0.339 -0.374
Sulphate 1 -0.397 .947**  0.339 -0.462
Phosphate 1 -0.456  -0.639 0.557
Chloride 1 0.389 -0.481
DO 1 -.952*
BOD 1
*. Correlation is significant at the 0.05 level (2-tailed).
**_Correlation is significant at the 0.01 level (2-tailed).
Table 5.2: Pearson's Correlation Analysis of Water Quality Parameters -Monsoon
pH Turbi EC TDS T.Alkal T. Hard Nitrate Sulp Phos Chloride DO BOD
-dity -inity  -ness -hate -phate
pH 1 -0.4010.541 0.541 0.194 0.558 0.327 0.231 -0.058 0.582 0.538 -0.612
TURBIDITY 1 -.800* -.800* -0.356 -.768* -0.705 -0.670 0.419 -755* -0.443 0.595
EC 1 1.000** .772*  .991** .923** 0.375 0.081 .980** 0.332 -0.408
TDS 1 J72% 991 .923** 0.375 0.081 .980**  0.332 -0.408
T.Alkalinity 1 0.735 0.722 -0.168 0.581 .776* 0.136 -0.082
T. Hardness 1 .939** 0.429 0.091 .969** 0.252 -0.342
Nitrate 1 0.464 0.178 .927**  -0.008 -0.070
Sulphate 1 -0.420 0.353 -0.172 -0.078
Phosphate 1 0.179 -0.463 0.562
Chloride 1 0.285 -0.349
DO 1 -.965**
BOD 1

*. Correlation is significant at the 0.05 level (2-tailed).
**. Correlation is significant at the 0.01 level (2-tailed).
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Table 5.3: Pearson's Correlation Analysis of Water Quality Parameters - Post monsoon season

pH Turbi EC TDS T.Alkal T.Hard Nitrate Sulp Phos Chloride DO BOD
-dity -inity  -ness -hate -phate

pH 1 0668 .757* .757* 0.598 0.633 0.613 .777* -.981* .780* 0.728 -0.649
TURBIDITY 1 0.242 0.242 0.001 -0.020 0.242 0.308 -0.600 0.265 0.610 -0.512
EC 1 1.000** .846* 0.753 0.751 .996** -760* .989** 0.319 -0.300
TDS 1 .846* 0.753 0.751 .996** -760* .989** 0.319 -0.300
T.Alkalinity 1 0.521 0.596 .840* -0.563 .843* 0.197 -0.093
T. Hardness 1 0.667 0.703 -0.731 .762* 0.301 -0.391
Nitrate 1 0.720 -0.692 .793* -0.073 0.101
Sulphate 1 -764* .984**  0.365 -0.335
Phosphate 1 -781*  -0.642 0.586
Chloride 1 0.326 -0.308
DO 1 -.967**
BOD 1

*. Correlation is significant at the 0.05 level (2-tailed).
**_ Correlation is significant at the 0.01 level (2-tailed).
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Fig. 3. a to c: Principal component analysis showing loading of various water quality variables-
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Table 6: Trophic state Index value of Total Phosphorous, Chlorophyll a and Secchi depth

Station TSI (TP) TSI (Chl a) TSI(SD)
PRM MON POM PRM MON POM PRM MON POM
S1 92.87 97.10 94.87 68.24 66.59 50.17 43.47 46.23 52.35
S2 57.34 91.25 92.87 68.66 63.29 45.26 48.97 46.80 53.23
S3 97.32 9942 86.87 64.35 55.83 26.82 34.18 33.48 41.95
S4 95.40 97.32 91.59 60.08 55.23 26.36 3543 45.69 54 .16
S5 90.55 95.90 97.10 60.34 60.28 53.81 49.31 50.01 49.31
S6 88.62 99.61 97.55 64.51 53.02 39.27 54 .16 51.53 52.35
S7 94 .87 100.18 95.40 67.79 56.21 62.33 65.14 46.23 64.15

| c

Fig. 5: Spatial distribution map of Water Quality Index (WQI) for (a) Pre-Monsoon, (b) Monsoon (c)
Post monsoon

¥

-
-
=

-

Fig. 6: Spatial distribution map of Carlson Trophic State Index (CTSI) for (a) Pre-Monsoon,
(b) Monsoon (c) Post monsoon

Conclusion

Veli Akkulam Lake's water quality metrics exhibit
significant regional and seasonal variation, as per
the results of the current study. Variables fluctuate
due to the collapse of the lake's sandbar and
variations in runoff from urban catchments. The lake
has significant turbidity, EC, TDS, and BOD levels,
as well as a decreased DO level, indicating pollution
stress. The principal component analysis over three
seasons demonstrated pollution stress induced by
anthropogenic sources in this lake. The nutrient
concentration and chlorophyll a level demonstrated

the lake's enhanced productivity and eutrophication.
All index calculations indicate that the lake is in
imminent risk of degradation with a hypereutrophic
state and poor water quality. The Akkulam lake
region is identified as a hotspot of pollution with
more nutrient concentration and low DO compared
to the Veli lake region. The stressors in the lake were
recognized as urban sewage, industrial effluents,
tourism activities, poor waste management, and
so on. This report documents the assessment
and monitoring of the lake's pollution status, as well
as evidence of major risks to the lake. Lake
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conservation should be achieved through proper
mitigation measures such as aquatic weed removal,
dredging, sewage treatment at the source, the
application of laws and regulations for waste disposal
and management, environmentally conscious tourism,
the adoption of sustainable farming methods,
and so on.
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