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Preface

Coasts exhibit a unique interface of land and
seascapes and are characterized by multi-faceted
interactions and probabilities. Coasts host ports
and facilitate industrial and trade-related activi-
ties, and hence people migrate to coasts. In view of
such a scenario, the increase in human population
in coastal areas will be faster than in hinterland
areas. These anthropogenic activities are shaping
coastal landscapes and altering natural ecosystems.
These developmental activities are likely to be
adversely aAected due to impacts of climate change
such as sea-level rise, Cooding, acidiBcation, coastal
erosion, eutrophication, algal blooms, etc. Hence, it
is not only essential to carry out multi-disciplinary
research to address these complex uncertainties,
but also crucial to spread such knowledge in
neighbourhood. In this context, International
Symposium on ‘Advances in Coastal Research with
Special Reference to Indo-PaciBc (AdCoRe IP-
2019)’ was organized by the Earth System Science
Organisation – National Centre for Coastal
Research (ESSO-NCCR), Chennai in collaboration
with the Research and Information System for
Developing Countries (RIS), New Delhi. Discus-
sions were centered around how quality of life of
coastal populace can be improved by applying
knowledge of science and technology. The key focus
of the symposium was to provide a platform to
researchers from the Indo-PaciBc region, so that
they can exchange ideas and cooperate for
advancing the blue economy.
The papers presented during this Symposium

were peer-reviewed and Bnally 22 articles were
selected and published as a Special Issue on ‘Ad-
vances in Coastal Research’ in the Journal of Earth
System Science (JESS). These articles cover
advances in coastal processes, coastal zone man-
agement, climate change, coral reef, living resources
and pollution.

Coastal processes of erosion, deposition and
sediment transport aAect port and other develop-
mental activities along the coast. The observations
on coastal current are important for understanding
the movement of sediments. The indigenously
developed drifters based on the Global Navigation
Satellite System (GNSS) were used to measure rip-
currents along a beach on the east coast. The
accuracies in position and location were also
validated using dyes. The information that
rip-currents are strong during post-monsoon season
is very useful for ensuring the safety of beachgoers.
HF radar-derived observed current data are useful
for validating model simulations as well as assimi-
lation in numerical models. Coastal currents along
the East coast of India, simulated by the Nucleus
European Modelling of Oceans (NEMO), which
captured zonal currents better than meridional
current, were validated using HF radar data. The
assessment of the wave climate is essential for
assessment of coastal erosion processes. Numerical
simulations of wave transformation were carried
out using DELFT3DWave along the Kerala coast
(south-west coast of India) and validated using
Wave Rider Buoy data. This approach was utilized
to hindcast nearshore wave climate for last 40
years. The shoreline change and littoral drift were
computed along the Karnataka coast using
numerical LITPACK model. It was found that the
net transport is towards north and reaches maxi-
mum magnitude between June and August. Tidal
hydrodynamics was studied in the Gulf of
Khambhat using HF radar data as well as simu-
lated data. It was found that the Cood tide domi-
nates over ebb tide and the speed of tidal currents
increase from south to north. The concentration
and movement of suspended sediments provide
vital information on erosion and deposition.
Satellite data were used to derive suspended
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sediment patterns and correlate the same with
coastal erosion along the Kerala coast. The changes
in shoreline were computed using topographical
and satellite data on the Odisha coast. It was found
that construction of engineering structures and
cyclones are two major causes for changes on the
Odisha coast. Kavaratti, one of the islands of
Lakshadweep Islands, has been facing serious ero-
sion. Based on extensive analysis and model sim-
ulations, it was found that submerged-geo-tubes
would be the most eAective shore protection
measure.
Climate change and its impacts are of grave

concern. The increasing extreme rainfall and
resultant Coods, and coral bleaching are two
main issues that have been discussed. An App
has been developed to collect Beld data on
characteristics of Cood such as water level and
changes in water, duration having time, date,
and location along with receipt of warning advi-
sories, rescue, and relief measures, etc., to assess
impact of Cood in 2018 in Kerala. Such devel-
opments can help in mitigation eAorts. Coral
reefs are most susceptible to increase in temper-
ature of sea, one of the major aspects of climate
change. Octocoral communities in the Gulf of
Mannar were investigated by Beld methods and
scuba diving. It was observed that the corals did
bleach during 2016 and also showed signs of
resilience by 2018 and many corals had com-
pletely recovered. It was also observed in the
Gulf of Mannar that proliferation of sponges
occurred after 2016 bleaching event. It was also
noticed that many Bshes such as Scarpus spp.
have started feeding on sponges. This observation
is very important from the standpoint of adap-
tion of Bshes to climate change. The blue carbon
contribution by benthic fauna regarding climate
change is of great interest. In a study carried out
in the Arctic Kongsfjord, it was demonstrated
that nematodes have the capability to sequester
carbon.
Coastal and Marine Spatial Planning (CMSP)

has been advocated for conserving coastal and
marine ecosystems and to utilize living resources
sustainably. The utility of CMSP has been
demonstrated by developing a framework for the
Odisha state to meet necessity of strengthening the
institutional framework. In biologically rich rock
pools on the Goa coast, it was shown that tides
determine phytoplankton distribution, while loca-
tion of rock pools inCuence nature of phytoplank-
ton assemblage. The rock pools aAected by mid-

and low-tide have elongated shaped diatoms, while
high-tide dominated pools have spherical
dinoCagellates. Cage aquaculture has been
attracting a lot of attention recently. A case study
to identify suitable areas for cage culture in a
lagoon has been carried out on south-east coast.
The suitability varies according to season and
water depth was found to be major limiting factor
in deciding sites. In another study conducted in
open sea on south-east coast of India, it was found
that congregation, density, and diversity of aggre-
gated Bsh was much higher around sea cages than
in common Bshing ground. The investigations
related to biodiversity around artiBcial coastal
defense structures revealed that such structures
facilitate higher species richness and diversity of
epibenthos. The dimensions of such structures also
inCuence species composition.
Coastal pollution, an accurate reCection of

industrial and domestic discharges, have adverse
consequences on coastal environment due to their
accumulation, toxicity, and persistence. Remote
sensing techniques have been used to assess water
quality. The bulk inherent optical properties (IOP)
of seawater provide information on constituents of
water. The evaluation of Zhang’s model revealed
that this model retrieves IOPs with fewer errors
compared to other models. Toxicity bioassays
measure the direct impacts of contaminants on
aquatic environment. It was demonstrated that
sediment toxicity bioassay, Cuorescein diacetate
hydrolysis assay, using resident species of copepods
can provide reliable risk assessment. The growing
impact of metal toxicity illustrates the nutritional,
ecological and environmental impacts. Heavy
metal concentration in the Kochi estuary on the
south-west coast of India, was found to be within
limits and safe for human consumption. The pos-
sible impact of toxic metals on mangroves of the
Sunderbans was investigated. It was observed that
there is a correlation between photosynthetic pig-
ments, antioxidant response and stressed enzy-
matic activity with increasing metal concentration.
BioBlm formation is a strategy developed by
microbes to survive and adapt to adverse envi-
ronmental conditions. In a study in a Paradeep
port, it was found that Pseudomonas chengduensis,
bacterium can remove metals and can be utilized
for remediation of heavy metals in contaminated
environment.
I am sure that this special issue on ‘Advances in

Coastal Research’ will be quite useful to scientists
and coastal managers though there are still many
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challenges and issues yet to be addressed. I would
like to thank Dr M Rajeevan, then Secretary,
Ministry of Earth Sciences, Govt. of India for his
encouragement and guidance in conducting this
Symposium. I am grateful to Prof. N V Chalapathi
Rao, Chief Editor, for agreeing to publish selected
papers of the Symposium as a Special Issue in
JESS. The support in editing manuscripts provided
by Dr M Dileepkumar and Dr C Gnanaseelan,
Associate Editors, was very valuable. My sincere

thanks are due to Guest Editors, Dr M V Ramana
Murthy, Shri K Venkatarama Sharma, Dr M A
Atmanand, and Dr S R Marigoudar, guest
reviewers, and JESS Editorial ODce, for their
unstinted support in bringing out this volume.

Shailesh Nayak
Director
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Rip currents are known as one of the most dangerous hazards on sandy beaches worldwide. Indian
beaches are least explored to study the variability of rip currents in space and time. The present study
is the Brst attempt made to understand its dynamics by utilizing indigenously developed GNSS
(Global Navigation Satellite System) drifters and Rhodamine-B dye experiments. The Rama Krishna
(RK) and Rushikonda Beaches of Visakhapatnam are chosen for this study, due to a recorded number
of rip current-related drowning cases observed during the past decade. Few experiments were con-
ducted during pre- and post-monsoon seasons of 2018. Drifters work on the Lagrangian principle,
where they measure the current velocities along their paths driven by the surface currents. Error
analysis of drifter measurements showed that they are capable of resolving surf zone motions very
accurately. Strong rip currents were observed in few locations in the study area, where at times
current velocities reached *1 ms�1. Also, Rhodamine-B dye was released into the rip current prone
zones along with the drifters and observed that the dye patches also followed the drifters. From these
experiments, it has been observed that the rip currents are relatively strong during the post-monsoon
season, which could be due to the change in the beach morphology. Similar experiments with more
number of drifters would help in understanding rip current dynamics and would help in reducing rip
current drowning in the beaches.

Keywords. Rip currents; GNSS; drifters; Rhodamine-B dye; RK Beach; Rushikonda Beach.

1. Introduction

Rip currents are shore-normal, narrow, jet-like
strong seaward-Cowing currents that generate
within the surf zone as a result of alongshore
variations in the wave-induced radiation stresses

and pressure (Bowen 1969; Haller et al. 2002).
These are primarily driven by the action of the
breaking waves (Bowen 1969). Rips can be identi-
Bed somewhat easily along the beaches by some
visual clues such as the line of foam or bubble
patches, seaweed, and debris moving out to the sea.
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Generally, there are two approaches by which the
motion of the Cuid may be described, Eulerian and
Lagrangian. In earlier days, surface Coats and
drogue drifters had been widely used by Shepard
et al. (1941), Shepard and Inman (1950) and Sonu
(1972) to examine the rip currents. Nowadays, the
usage of Lagrangian drifters/Coats has been widely
increased to study the Cuid dynamics of oceans
(Berti et al. 2011; Ohlmann et al. 2012; Poje et al.
2014), lakes (Stocker and Imberger 2003) and the
nearshore coastal regions (Schroeder et al. 2012).
Application of Surface Velocity Program (SVP)
drifters for the ocean and large water bodies can be
found in Lumpkin and Pazos (2007). However, the
increased improvement of accuracy in position by
the Global Positioning System (GPS) allowed the
development of many Lagrangian surf zone drifters
of different sizes and designs. They were used to
study a variety of small-scale, spatial and temporal
processes in the surf zone. Schmidt et al. (2003)
developed a differential GPS-tracked drifter to
study the surf zone motions. A non-differential
GPS-based, simple, low-cost drifter was devel-
oped by Johnson (2004), albeit with lesser accu-
racy. In MacMahan et al. (2009), handheld
GPS-built drifters were used to resolve the Cow
features of the order 3 m. A high-resolution
GNSS (Global Navigation Satellite System)
tracked drifter developed by Suara et al. (2015)
was used for studying the surface dispersion in
shallow waters.
These rip currents can be studied and monitored

mostly by the Lagrangian method than that of the
Eulerian technique due to its path followed infor-
mation of a Cuid concerning time rather than at a
single location. Presently, many are widely using
the Lagrangian drifters to study and improve their
understanding on most of the coastal phenomena
such as longshore currents, rip currents, oil spills,
pollutant dispersions in the shallow waters, etc. A
high-resolution Lagrangian device built with
Real-Time Kinematic (RTK) – Global Navigation
Satellite System (GNSS) permits eAective resolu-
tion of Cow features in the order of a few cen-
timeters and thus it could be used for studying
dispersion in the shallow waters and estuarine
systems. In this paper, a low-cost, GNSS based
drifter has been designed, developed and Beld-tes-
ted to collect the high frequency, accurate,
Lagrangian data in the surf zone. The use of GNSS
with Differential Global Positioning System
(DGPS) mode at high frequency (5–10 Hz) sam-
pling and Post-Processing Kinematic (PPK)

enable the drifters capable of estimating the posi-
tion with centimeter level accuracy. Sonu (1972)
and Brander (1999) used dye for the visualization
and measurements of current Cow. The dye method
is one of the cheapest methods based on visual
approach to observe the rip currents (Brown et al.
2010; Brander et al. 2014). Experiments with
Rhodamine-B dye in India are rare, the Brst
experiment was done by Murty et al. (1975) at
Calangute Beach in Goa. Recently Surisetty et al.
(2020) also identiBed rip current hot spots using
Rhodamine-B dye in few beaches of
Visakhapatnam.

2. Study area

The study area is located along the Visakhapatnam
coast, the east coast of India. The entire Visakha-
patnam coastal stretch is comprised of many sandy
beaches. Among them, Rama Krishna Beach
(widely known as RK Beach) and Rushikonda
Beach are some of the popular beaches along the
east coast of India and cover around 10 km coast-
line. In the earlier studies, a great number of
rip-induced drowning deaths were reported on
these beaches and these are well known for the
formation of bathymetry-controlled rip currents
(Surisetty and Prasad 2014). It has been observed
that the rip current fatalities are increasing since
last decade along this study region. This is not
only due to the increase in the number of
beachgoers with the tourism development but
also due to several changes in the natural pro-
cesses and increased man-made activities. These
combined activities might be responsible for the
generation and modulation of such dangerous rip
currents.

3. Surf zone drifter development

The basic process of surf zone drifter development
involves design, fabrication and error analysis of
the parameters measured. In the present study, the
primary information of design and the error anal-
ysis of drifter is given. Further detailed information
on this drifter is provided in Surisetty et al. (2020).
The primary aim of this drifter is low-cost and
should be easily fabricated with oA-the-shelf parts
and minimum electronics. The core of drifter
design is adapted from the earlier works of Schmidt
et al. (2003) and MacMahan et al. (2009). In
the present version, a Polyvinyl Chloride (PVC)
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cylinder of diameter 5 inches is used with an
unplasticized PVC (uPVC) pipe of 1� inch diam-
eter attached at the top (Bgure 1). The present
drifter is Btted with a circular aluminum disc at the
bottom to prevent vertical movement due to the
wave impact. A stainless-steel ballast was attached
beneath the disc to lower the center of gravity and
thereby to increase the stability of the drifter. Also,
the drifter is provided with four PVC Bns to
improve stability and increase the current drag.
Sensors such as the EMLID Reach� L1 GNSS
receiver is placed inside the PVC cylinder and the
Tallysman� GNSS antenna is placed at top of a
drifter in a waterproof enclosure to acquire the
position data, both connected through a cable
running through the uPVC pipe. A 15,000 MAh 5V
power bank battery via USB cable is used inside
the bigger cylinder to power up the equipment. A
provision for adding an extra stainless steel ballast
at the bottom is given, whenever it is needed. Extra
buoyancy can be achieved by attaching a Styro-
foam as a collar to the bigger cylinder. The design
of Schmidt et al. (2003) does not have Bns attached
to the cylinder, while MacMahan et al. (2009)
drifter has GPS and battery outside the PVC
cylinder in a small waterproof box. The present
design of the drifter is kept very simple in order to
reproduce it with minimum eAort and material. All

the parts used in manufacturing this drifter are
easy available in the market. The total cost of one
drifter is around Rs. 45,000 including EMLID
Reach� receiver, Tallysman� GNSS antenna, PVC
parts and labour charges. There is no commercial
drifter available as on today in the market with
such a low cost. If many such drifters are made,
then the cost of each drifter would be further
reduced drastically.

4. Testing and post-processing

Two drifters were designed and developed at Space
Applications Centre (SAC, ISRO), Ahmedabad.
They are conBgured to record the raw L1 GNSS
data in EMLID Reach� M+ receiver at 5 Hz
sampling frequency, primarily from GPS, GALI-
LEO, GLONASS, and SBAS constellation. On the
other hand, a base station was set up temporarily
nearby the Beld site using EMLID Reach� RS on
an ordinary survey-grade tripod stand. The raw
data were recorded in all the instruments simul-
taneously to get similar satellite constellation
coverage. Once the deployment is completed and
the drifters are retrieved, the raw data from both
base and drifters are downloaded and post-pro-
cessed in RTK Lib open source software licensed

Figure 1. Design (left) and photograph (right) of the low-cost GNSS drifter developed at SAC.
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under version 2.4.3 GNU License and saved the
processed data in *.pos format. The output data
includes time, latitude, longitude, height and
quality. Later, coming to testing, an experiment
was conducted by keeping EMLID Reach� RS as a
base and the concerned drifters with Reach M+
modules in stationary mode (kept under the open
sky without disturbing them) with 5 Hz conBgu-
ration and logged the data for *2–3 hrs. The
recorded data were downloaded and post-processed
as discussed earlier. Then, the post-processed
position data from the stationary mode drifters
were converted from longitude and latitude (de-
grees) to easting and northing (meters) of Univer-
sal Transverse Mercator (UTM) projection and
then velocity, u and v components were estimated.

5. Results

5.1 Error estimation

The relative error in both position and velocity from
stationary observations were calculated by de-
meaning the position, u and v velocity estimates.
The maximum northing and easting position errors
obtained were ±0.01 m (1 cm) with a standard
deviation of 0.003 and 0.002 m, respectively. Simi-
larly, the maximum velocity relative errors in nor-
thing and easting were±0.02 ms�1 (2 cm s�1) with a
standard deviation of 0.004 ms�1. The present
drifters are capable to measure the currents of an
order [ 0.02 ms�1 due to low relative errors in
position as well as in velocity (Surisetty et al. 2020).

Figure 2. FFT Spectral analysis of 30-min drifter data. Relative position error from (a) stationary observations, (b) Beld
observations and relative velocity error from (c) stationary observations and (d) Beld observations.
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The results from the stationary mode suggest
that the present conBguration of drifters is capable
to measure surf zone currents. Therefore, spectral
analysis was carried out on the processed data to
observe the ranges of magnitudes of velocity and
position that are measurable from the receivers.
For this, Fast Fourier Transform (FFT) was
applied to both the stationary and Beld observa-
tions. The position and velocity spectra were
computed as an average of eight overlapping sec-
tions of 4096 points from a single data Hanning
windowed at the 95% conBdence level. The position

spectra for stationary drifter were of the order of
10�4 to 10�2 m2s (Bgure 2a), similar in shape and
trend with those obtained by Johnson et al.
(2003, 2004) and MacMahan et al. (2009), while the
velocity spectra have magnitudes of 10�9 to 10�8

m2s (Bgure 2c), much lower than the previous GPS
drifters. The lower magnitudes generally indicate a
lower relative error in the present GNSS receiver
used. On the other hand, the position and velocity
spectra from Beld observations are also computed
and shown in Bgure 2(b and d), respectively. It is
clear that the spectra pattern from both the

Table 1. Deployment strategy of drifters at RK Beach on 15th May and 25th October 2018, respectively.

Date

Deployment

ID

Start time

(UTC)

End time

(UTC)

Tide

(m)

Rip current

behaviour

05/15/2018 A 5:46 6:07 0.85 Exit

B 5:57 6:07 0.79 Exit

C 5:37 5:47 0.90 Circulatory

D 6:14 6:26 0.69 Exit

E 6:19 6:31 0.67 Circulatory

F 6:29 6:46 0.61 Not a rip

G 6:35 6:46 0.58 Exit

10/25/2018 A 6:20 6:27 0.80 Not a rip

B 6:18 6:28 0.81 Not a rip

C 6:03 6:15 0.89 Circulatory

D 6:05 6:14 0.88 Circulatory

E 5:43 5:57 1.00 Not a rip

F 5:49 5:56 0.97 Not a rip

G 6:43 6:56 0.67 Not a rip

H 7:14 7:22 0.51 Circulatory

I 6:58 7:12 0.59 Circulatory

Note: Tide data is extracted from a nearby tidal station at Visakhapatnam Harbour and referenced
to Chart Datum. Source: WXTide32 version 4.7.

Table 2. Deployment strategy of drifters at Rushikonda Beach on 18th May and 24th October 2018,
respectively.

Date

Deployment

ID

Start time

(UTC)

End time

(UTC)

Tide

(m)

Rip current

behaviour

05/18/2018 A 6:52 7:01 1.18 Not a rip

B 7:06 7:14 1.12 Not a rip

C 7:14 7:47 1.08 Not a rip

D 7:22 7:27 1.04 Circulatory

E 7:28 7:45 1.01 Circulatory

F 7:46 8:10 0.91 Circulatory

G 8:01 8:14 0.83 Circulatory

10/24/2018 A 4:59 5:16 1.06 Not a rip

B 5:19 6:00 0.96 Not a rip

C 5:02 5:31 1.05 Circulatory

D 5:39 6:30 0.86 Circulatory

Note: Tide data is extracted from a nearby tidal station at Visakhapatnam Harbour and referenced
to Chart Datum. Source: WXTide32 version 4.7.
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observations is uncorrelated as expected. By using
spectral density values of relative position and
velocity error obtained from both stationary and
non-stationary observations, the Signal-to-Noise
ratio (SNR) for the position as well as for the
velocity was also calculated by using the formula
mentioned in Surisetty et al. (2020). From the
analysis of position and velocity, it is observed that
the SNR is above 100, which is quite high as
compared to the receivers used by MacMahan et al.
(2009) and Saura et al. (2015). This gives us con-
Bdence that the present receivers are capable to
measure even lower frequency motion in the surf
zone. There are certain limitations to this instru-
ment. (1) Although the instrument is capable to
measure surf zone currents, in rare cases, there is a
chance of loss of instrument when it is caught in the
rip current. (2) As this instrument does not have a
data transmission facility, in the event of loss,
whole data recorded in the device can be lost.
Therefore, a GSM/GPRS modem or a satellite
transmitter is necessary for the real-time trans-
mission of data and in the event of disappearance
from the view, it is possible to retrieve it back by
tracking with the help of location data. We are in
process of equipping transmission facility in the
next generation of this drifter.

5.2 Drifter deployments and dye experiments
in the surf zone

Rhodamine-B dye experiments were carried out
frequently (once a month) in the surf zones of both
RK and Rushikonda Beaches, Visakhapatnam.
While the drifter deployments were carried on 15th
and 18th May, 24th and 25th October 2018

covering pre- and post-monsoon seasons, respec-
tively (tables 1 and 2). The dates 15th May and
24th October fall on New moon and Full moon day,
respectively, where the tidal stage would be Spring
tide (highest high tide and lowest low tide)
(table 3). On these days, rip currents are known to
be modulated due to tides (Surisetty and Prasad
2014). 18th May falls three days after New moon
day and 25th October is the next day of the Full
moon. During these days both the GNSS drifters
were deployed and Rhodamine-B dye experiments
were conducted in the surf zone of RK Beach and
Rushikonda Beach from high tide time to low tide
time to record the observations. Trained Bshermen
were hired to release the two drifters in the mid-
surf zone one after another and at several places
alongshore in a particular beach stretch and mon-
itored the drifter motion. At RK Beach, a total of
seven (A–G) deployments were done on 15th May,
while on 25th October around nine deployments
(A–I) were done. Whereas at Rushikonda Beach,
seven deployments were carried out on 18th May
and four on 24th October.
If any of the drifters exits from the surf zone, a

Jet Ski was used to bring it back to the shore for
the next release. In most of the cases, the drifter
used to land on the beach after some time of the
release due to prevailing backwash. During the
entire experiment, the data was recorded continu-
ously inside the EMLID controller on-board and
later the sorties were separated according to the
deployments. On the other hand, rip current sig-
natures were visually interpreted by following the
dye pattern, and with the help of a measuring tape,
the velocity of the longshore current was measured
manually. Preliminary data on the prevailing wind,

Table 3. Littoral Environmental Observations (LEO) at two Beld sites. Tidal stages conBned to the deployment timings are given.

RK Beach Rushikonda Beach

05/15/2018 10/25/2018 05/18/2018 10/24/2018

Wind

Moderate breeze Light breeze Moderate breeze Light breeze

Sea state

Calm-moderate Moderate Calm-moderate Moderate

Tidal stage

High tide: 3:00 UTC (1.4 m) High tide: 3:07 UTC (1.5 m) High tide: 5:05 UTC (1.4 m) High tide: 2:35 UTC (1.5 m)

Low tide: 9:10 UTC (0.1 m) Low tide: 9:16 UTC (0.2 m) Low tide: 11:25 UTC (0.1 m) Low tide: 8:45 UTC (0.2 m)

New Moon Full Moon + 1 day New Moon+3 days Full Moon

Beach sand

Coarse Coarse Fine Fine

Rips observed/deployments

6/7 4/9 4/7 2/4
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sea state, tidal stage, beach characteristics, and rip
current prone regions were recorded on a Littoral
Environment Observations (LEO) sheet (table 3).
On 24–25 October, we conducted a depth

sounding using CEEDUCER Echo sounder instal-
led on a Jet Ski at Rushikonda and RK beaches.
The GNSS data recorded at 5 Hz sampling fre-
quency was converted into 1-min interval during
the post-processing to get smoother drifter tracks.
The 1-min averaged measured speeds from the
drifters in the surf zone were overlaid against the
measured bathymetry maps to spot rip current
regions along both RK and Rushikonda Beaches
(Bgures 3, 4).

6. Discussion

6.1 Current pattern at RK Beach

Two drifters were deployed repeatedly on 15th
May from right (A) to left (G) as shown in Bgure 3.
The drifters’ movement is observed to be conBned
within the surf zone and limited to the seaward

extent of *100 m. During this experiment, we
recorded 6 rip currents out of 7 deployments, in
which four showed exit behaviour and two showed
circulatory behaviour (table 3) as explained in
Castelle et al. (2016). In particular, the deployment
‘D’ is an exit rip, where the drifter was recovered
with the help of a Jet Ski and re-deployed at
position ‘E’. At many times, the drifters were
landed on the beach at a distance of 100–200 m
away from the deployment location. The mean
direction of the current Cow is upward (north-east
direction w.r.t. to true north) on this day. This
could be due to the prevailing wave direction from
the south-east as observed from a wave rider buoy
moored near Gangavaram Port (not shown here).
The time-series of current observations of rip
observed in deployment ‘D’ is shown in Bgure 5(a).
We can notice that the current velocity suddenly
increased to 0.65 ms�1 when the drifter was caught
in the neck of the rip current and soon after it got
exited, the velocity was dropped to\0.1 ms–1 and
then maintained the velocity of around 0.2–0.35
ms–1. This shows that the rip current can quickly
lose its energy once it gets exited out of the surf

Figure 3. Surf zone current velocities measured by GNSS drifters on (a) 15 May 2018 and (b) 25 October 2018 at RK Beach,
Visakhapatnam. The alphabets A, B, C, etc., in red colour are the deployment IDs, which also indicate the starting points of each
drifter measurement.
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zone. There are two circulatory types of rip current
observed on 15th May.
On 25th October, we deployed two drifters with

the same conBguration at nearly nine locations
(A–I) alongshore. We can notice that the current
pattern is entirely changed as compared to the pre-
monsoon experiment. This could be primarily due
to the change in the wave condition and the
underlying bathymetry. In general, the currents
are directed downward (south-west direction w.r.t.
true north). Out of nine deployments, we observed
only four rip currents of circulatory type at this
coast. In particular, the rip current at deployment
‘C’ is shown in Bgure 5(b). It can be observed that
the circulatory type of rip current is relatively
weaker having a peak velocity of 0.52 ms–1 at 6:08
hrs UTC. Sometimes, we Bnd instantaneous
velocity exceeding 1 ms–1. Unlike, the exit type rip
current, the circulatory rip current attains its peak
velocity gradually and then weakens. This kind of
rip current generally brings back the object (or a
human) to the beach without much eAort. The only

escape mechanism to be followed in this type of rip
is ‘Coatation’. The traditional swim parallel escape
strategy may sometimes result in swimming
against an alongshore-directed component of this
circulation cell (MacMahan et al. 2010) eventually
lead to getting trapped in the rip current again.
Mostly rip current regions depicted in Bgure 3

are exit and circulatory eddy-like structures with
high velocities as compared to the surrounding
regions. Rip currents sometimes could be very
strong, which can also be able to pull even an
Olympic swimmer (mean speed 2.3 ms–1) into oA-
shore, currents with such speeds were not recorded
during our experiments. More number of deploy-
ments are required to analyse the spatio-temporal
variability of rip currents.

6.2 Current pattern at Rushikonda Beach

In terms of morphology, Rushikonda is entirely a
different beach as compared to RK Beach. It is
partly sheltered with rocky outcrops (laid by the

Figure 4. Same as Bgure 3, but for the dates (a) 18 May 2018 and (b) 24 October 2018 at Rushikonda Beach, Visakhapatnam.
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local authorities to aid tourism and water sports
activities) at the southern end and an open beach
northward. This beach is recorded as the second
most unsafe beach (after RK Beach) due to rip
currents as per the studies done by Surisetty and
Prasad (2014). Till, now due to sparse studies at
this beach, the nearshore circulation structure is
not well known. With the help of GNSS drifters, we
could observe the current pattern for the Brst time.
Similar to the deployments at RK Beach, we had
deployed two GNSS drifters on 18th May and 24th
October at this beach. The current velocities as
recorded by the drifters can be seen in Bgure 4.
On 18th May, a strong alongshore coastal cur-

rent from the middle of Rushikonda Beach was
observed with velocities ranging from 0.01 to 0.7
ms–1 with a horizontal alongshore extent of nearly
about 700 m. This can be noticed in the drifter
trajectories in three deployments A, B, and C as
tracks parallel to the shoreline (Bgure 4a). No sig-
nificant rip current was observed along the entire
stretch of the beach rather than a few small
semi-circular kinds of trajectories observed at the
southern stretch. One such weak rip current is ‘F’
and its time-series velocity is shown in Bgure 5(c),
where the drifter landed on the beach within few

minutes after deployment. On the other hand, a
well-developed rip current in the form of a ‘surf
zone eddy’ was observed at ‘B’, which persisted for
more than 30 min along the northern portion of the
study site (Bgure 4b). The combination of weak
wave energy, coastal currents and rip current
strength might have resulted in the delayed land-
ing of the drifter at this location (Bgure 5d).
Although the rip current is not so strong, the
existence of a surf zone eddy could be life-threat-
ening as this could eventually take a longer time to
bring anyone back to the shore. Surprisingly, there
are no exit-type rip currents observed in Rushi-
konda Beach, which may be partially due to the
prevailing wave and current conditions.

6.3 Rhodamine-B dye experiments

During earlier days, rip currents experiments were
carried out using a non-toxic, biodegradable,
environment-friendly Rhodamine-B dye, due to its
relatively cheaper cost and ready availability. In
conjunction with the drifter deployments, a small
parcel of Rhodamine-B dye was released into the
surf zone. Due to its soluble nature, it gets quickly
dissolved in the water limited to the upper surface

Figure 5. Time-series of the velocity of rip currents measured at RK Beach (a, b) and Rushikonda Beach (c, d) for the
deployment IDs ‘C’ and ‘F’ on 25 October and 18 May, respectively.

J. Earth Syst. Sci.          (2021) 130:72 Page 9 of 12    72 



and a visual discolouration in pink colour was
observed. When the dye encounters a rip current, it
depicts the entire rip structure, which would
otherwise be very difBcult to observe with a naked
eye (Bgure 6). When the dye patch travels along-
shore with the longshore current, a measuring tape
was used to track the path on the beach until it
gets into the rip neck to calculate the feeder
(longshore) current velocity. Hence, experiments
with this low-cost eco-friendly dye should be con-
ducted to easily identify the rip current hotspots
and measure the longshore currents. In the recent
work by Surisetty et al. (2020), rip currents were
observed with the help of dye patterns at several
locations along RK Beach, which are well matching
with the present drifter observations.

7. Conclusions

One of the major highlights of this work is the
design and development of a low-cost drifter using
oA-the-shelf parts without compromising the
accuracies in position and velocity. Two such

GNSS based drifters have been fabricated and
Beld-tested to measure rip currents in the surf zone
at selected tourist beaches of Visakhapatnam, east
coast of India. Application of GNSS made the
drifter acquire high rate data sampling (5 Hz) and
Post Processing Kinematic (PPK) results in posi-
tion estimates with centimeter level accuracy.
Error analysis in terms of SNR, spectral analysis of
position and velocities showed that the drifters are
capable to resolve the surf zone motions more
accurately in the order of greater than 0.02 ms–1.
Rhodamine-B dye is also released along with the
drifters to trace the Cuid paths of rip currents and
other motions. A rip current deployments were
carried out at RK and Rushikonda Beach on 15–18
May and 24–25 October, 2018 representing pre-
and post-monsoon seasons, respectively. Drifters
deployed near the rip current regions often fol-
lowed eddy-like trajectories before being moved
seaward of the surf zone. Drifter trajectories and
velocities were overlaid against the measured
bathymetry, which exhibited the rip features
within the study region. The spatial patterns of rip
currents along both beaches are exhibited by the
drifters and observed that the intensity of rip
currents is relatively high on 24–25 October due to
high variations in beach morphology induced by
the monsoon. In order to study the seasonal vari-
ability of rip currents, more spatio-temporal data
would be required. The development of such
low-cost drifter emerges new studies in any marine
environment like rivers, lakes, estuaries, etc.,
without any change in the design. This proposed
inexpensive system has the ability to Bll in the
gaps between in-situ instruments, advancing our
understanding of the hydrodynamics of various
coastal processes.
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Simulating upper layer of Bay of Bengal through three-dimensional ocean circulation models is a
challenging task. In this study, the surface current from the Nucleus European Modelling of Ocean
(NEMO) based global ocean assimilation system is assessed against the high frequency (HF) radar data
along the Andhra Pradesh coast on a daily scale during southwest monsoon 2016. The temporal variation
of NEMO simulated surface current with HF radar data shows that the NEMO model captures the zonal
current better than the meridional current. Both NEMO and HF radar show that the mean surface
current average over latitude (15.8�–16.3�N) is westward for zonal surface current and southward for
meridional current with maximum at 40–60 km away from the coast. Further, the monthly mean HF
radar derived surface current indicates the strong south-westward Cow of surface current dominated
during July 2016 with speed more than 50 cm/s which is also well simulated by NEMO analysis. It also
captures the cold core eddy during 15–25 July 2016 with very small north-eastward shift with respect to
HF radar. The scatter plot of collocated surface zonal and meridional current average over the box
(81.5–82.5�E; 15.5–16.5�N) clearly shows that NEMO analysis has the correlation of more than 0.5 for
both zonal and meridional current.

Keywords. HF radar; NEMO; surface currents; southwest monsoon.

1. Introduction

The Bay of Bengal (BoB) is a highly dynamic semi-
enclosed tropical basin forced by the monsoon
winds which results in seasonal reversal of monsoon
current. It transports low saline water into Arabian
Sea (AS) via the East India Coastal Current
(EICC) and the Winter Monsoon Current (WMC),
and high saline water into the BoB via the Summer
Monsoon Current (SMC; Schott et al. 1994;
McCreary et al. 1996; Shetye et al. 1996; Han and
McCreary 2001; Jensen 2001; Vinayachandran

et al. 2013, 2018). This SMC current transports
warm salty water from AS into the BoB during
summer monsoon. Further, it converged with the
large amounts of fresh water from rainfall and river
runoA in northern BoB which varies the water
mass exchange through the stratiBcation and
air–sea interaction. Girishkumar et al. (2017) show
the eAect of local air–sea interaction, mixing layer
dynamics, and stratiBcation on the propagation of
boreal summer intraseasonal oscillation, and also
on the evaluation of active-break cycle in the BoB.
Samanta et al. (2018) focused on a warm coastal
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sea surface temperature (SST) front with sharp
gradients (0.5�C/100 km) along with a mixed layer
depth front and its impact on central Indian rain-
fall using the regional climate simulation. Further,
they suggested that the warm coastal SST front
helps to maintain deep and intense convection in
its vicinity and essential for the Central Indian
rainfall. Kay et al. (2018) discussed the role of
coastal current in BoB and its impact on produc-
tivity of biological production through alterations
in the supply of nutrients to photosynthesising
plankton. Further, they show that its pattern will
be largely aAected by the changes in coastal
circulation.
A research program on Ocean Mixing and

Monsoon (OMM) was conducted to enhance our
understanding of air–sea interaction, horizontal
and vertical mixing in the upper ocean over dif-
ferent temporal and spatial scales in the BoB
(Mahadevan et al. 2016). The international com-
ponent of OMM called Air–Sea Interactions
Regional Initiative (ASIRI; Wijesekera et al. 2016)
Beld experiment was carried out to improve our
understanding on the regional-scale air–sea inter-
actions, atmospheric boundary layer structure,
and spatio-temporal variability of currents over the
BoB. The BoB Boundary Layer Experiment
(BoBBLE) was mainly focused on the ocean–
atmosphere interaction and its impact on the
monsoon over the southern BoB (Vinayachandran
et al. 2018). However, these Beld experiments
provide limited ocean current measurements, both
special and temporal scale especially over the BoB
which further constraint the continuous monitor-
ing of coastal current and its variability.
Physical oceanography of the coastal ocean is a

complex process under different forcing mecha-
nisms. Its knowledge is useful for global heat
transport; marine transportation; ship transport;
recreation; weather and climate; and mineral
exploitation. With the advance in new instrumen-
tation technologies, the real-time monitoring sur-
face current is possible continuously over vast
stretches of coastal ocean using shore-based high-
frequency (HF) radar systems and is also consid-
ered as part of regional ocean observing system in
many parts of globe. Stewart and Joy (1974)
demonstrated HF radar-derived near-surface cur-
rents based on Bragg scattering of electromagnetic
radiation in 3- to 30-MHz range. However, the
spatial coverage of HF radar measurement varies
according to transmit frequency, and environmen-
tal conditions. Further, a number of calibration

and validation studies have been carried out to
understand the quality of remotely measured sur-
face currents. Initial comparison of HF radar with
in-situ current measurement including surface
drifters and subsurface current meters shows an
error of 15–27 cm/s (Stewart and Joy 1974; Barrick
et al. 1977; Frisch and Weber 1980). Paduan and
Rosenfeld (1996) used both ADCP and drifter data
and show that the root mean square of HF radar
with subsurface currents is from 10 to[20 cm/s.
Subsequently, Chapman et al. (1997) compared
in-situmeasurements from shipmounted and towed
ADCPs with HF radar measurements and showed
a difference of about 8–15 cm/s. Recently, the
comparison of HF radar and in-situ measurements
have shown that the errors are ranging from 7 to 19
cm/s (Kohut and Glenn 2003; Emery et al. 2004;
Ohlmann et al. 2006; Paduan et al. 2006). However,
the HF radar data is useful for continuous moni-
toring, assessment of ocean model, and assimilation
of surface current in the numerical model. Oke
et al. (2002) assimilated low-pass Bltered surface
velocity data into a primitive equation coastal
ocean model using a sequential optimal interpo-
lation scheme and showed significant improve-
ment in correlation of subsurface currents than
model-only experiment. Paduan and Shulman
(2004) utilized the HF radar into the numerical
circulation model over the Monterey Bay and
showed that the assimilation of HF radar surface
current leads to better estimation of model pre-
dictability. Wilkin et al. (2005) have shown the
improvement of mode forecast by assimilating
the HF radar surface current maps combined
with subsurface conductivity–temperature–den-
sity (CTD) data.
Very few works related to the evaluation of

assimilative model surface current over the BoB
are available in the literature. Mukherjee et al.
(2014) validated the satellite estimates surface
currents and global ocean analysis data with
acoustic Doppler current proBler (ADCPs) over
the BoB during 2009–2013 and shows that both
satellite estimates and global ocean analysis have
fairly poor surface currents due to its extremely
weak variability in this boundary current. Jithin
et al. (2017) compared the simulations from the
High-resolution Operational Ocean Forecast and
reanalysis System (HOOFS) with ADCPs for the
Bay of Bengal and showed that the simulations by
the HOOFS are superior in terms of their ability to
capture the features and variability at different
space and time scales.

   69 Page 2 of 11 J. Earth Syst. Sci.          (2021) 130:69 



In this study, we evaluated the coastal current
simulated by the Nucleus European Modelling of
Ocean (NEMO) based global ocean data assimila-
tion system with HF radar derived surface current
observations over the Andhra Pradesh coast during
the southwest monsoon. This study gives the
quantitative estimates of upper ocean circulation
from NEMO assimilation system and also indicates
how realistic the upper ocean condition from
NEMO assimilation system near the coastal region
with respect to HF radar. Further, NEMO analysis
is used to initialize the global coupled atmo-
sphere–ocean model at NCMRWF for studying the
air–sea interaction at different time scales. The
model and data are described in section 2 followed
by comparison of zonal and meridional currents
along the Andhra Pradesh coast in section 3.
Finally, the summary is described in section 4.

2. Model and data used

NEMO is a state-of-the-art modelling framework
developed by the NEMO European Consortium for
research activities, forecasting, and climate studies
applications (Madec and the NEMO team 2008). It
is widely accepted by the large research community
due to its different modelling components (Ocean
Physics, sea ice, Iceberg, biogeochemistry, and
data assimilation). The global NEMO model is
based on ORCA025 tripolar grid with �� (28 km)
horizontal resolution near the equator reducing to
7 km near the North Pole. The vertical coordinate
system is deBned by double-tanh function distri-
bution with 75 vertical levels. This coordinate
system increases the vertical levels near the surface
to better resolve shallow mixed layer specially for
capturing diurnal variability (Barnier et al. 2006).
The horizontal and tracer diffusion is performed
using a biLaplacian operator along geopotential
levels and Laplacian along isopycnals, respectively.
The horizontal tracer advection scheme is based
on total-variation-diminishing (TVD) scheme.
Vertical mixing parameterization is parameterized
using the turbulent kinetic energy (TKE)
scheme (Gaspar et al. 1990) with enhanced vertical
diffusion using convection parameterization. The
climatological river runoA is derived from Dai and
Trenberth (2002). The model is forced with
National Centre for Medium Range Weather
Forecasting (NCMRWF) UniBed Model (NCUM)
global numerical weather prediction model (Rakhi
et al. 2016) using the CORE bulk formulae

scheme of Large and Yeager (2004). These forcing
Belds include longwave radiation, shortwave radi-
ation, precipitation, snowfall rate, 10 m tempera-
ture and humidity Belds at 3-hr time interval and
10 m wind speed at 1-hr time interval.
National Centre for Medium Range Weather

Forecasting (NCMRWF) implemented the NEMO
based variational ocean data assimilation system in
collaboration with Met ODce, UK for operational
global ocean analysis which is based on Cow-depen-
dent vertical background error covariance for tem-
perature, salinity, and statistical background error
covariance for sea surface height (SSH) and sea ice
concentration (Waters et al. 2013, 2014). Both
NEMOmodel and ocean observations are combined
to extract the important information of the ocean
circulation and associated thermocline Belds. The
NEMO assimilation system assimilates satellite and
in-situ SST, in-situ observations of temperature and
salinity, altimeter derived sea level anomaly and
satellite estimates sea ice concentration using a
24-hr assimilation window to produce the global
ocean analysis. This analysis cycle is running daily
since June 2016. This global ocean analysis is further
used to initialize the stand-alone global ocean and
coupled model (Gupta et al. 2019; Momin et al.
2020). It is available at ORCA025 tripolar grid with
*1/4� horizontal resolution and 75 vertical levels
starting from 0.5 m. In this analysis, we have used
the surface current at 1.5 m.
National Institute of Ocean Technology (NIOT)

has established the Indian Coastal Ocean Radar
Network (ICORN) under the Tsunami Early
Warning Programme of Ministry of Earth Sciences
(MoES). The Coastal and Environmental Engi-
neering (CEE) Division of NIOT installed and
maintained the HF radar network along the Indian
coast. It is a part of the Indian Ocean Observation
Network (IOOS) project of MoES. The HF radar is
capable of measuring surface current as far as 200
km from the coast, with 6 km spatial resolution and
1-hr temporal resolution. The basic mechanism of
HF radar system is to analyze the back-scattered
radio wave which provides the information of
range, speed and bearing of target. The coastal
ocean dynamics applications radar (CODAR;
Barrick et al. 1977) based direction-Bnding algo-
rithm is used for mapping two-dimensional
current. The measurement uncertainties are asso-
ciated with the measurement error between scat-
tering patch and receiving measurement, antenna
calibration, and interferences in spectral data
which required frequent calibration and validation
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as part of quality assurance/quality control. Jena
et al. (2019) show the details of ICORN site
including its operating frequency, spatio-temporal
resolution, quality assessment/quality control
procedure of the data, its possible application, and
future development related to HF radar.

3. Results and discussions

The hourly HF radar data are used for analysis
purposes. For each hourly data, the zonal and
meridional current is remapped into 0.2-degree
resolution using the Laplace interpolation tech-
nique and then the daily mean surface current
is computed. For similar time period, the daily
NEMO simulated surface current is also extracted
and remapped at same resolution. The data cov-
erage for HF radar is computed in percentage at
each latitude–longitude grid points. Figure 1(a–d)
shows the temporal coverage of daily HF radar-
derived surface current data in percentage for July,
August, September, and average over July–
September (JAS) periods. The data coverage is
much higher near the coast and gradually decrea-
ses. For August and September months, wide-
spread data coverage (more than 60%) is observed.
This data coverage is not always regular, for many
reasons. Its spatial and temporal variability can be
due to several environmental and electromagnetic
causes such as lack of Bragg scattering ocean waves
or severe ocean wave conditions, low salinity
environments, the occurrence of radio interference
(Rubio et al. 2017). The box over the Andhra
Pradesh COast (APCO; 81.5–82.5�E; 15.5–16.5�N)
with data coverage more than 60% is considered
for the comparison of NEMO simulated surface
current with HF radar data.
The spatial distribution of zonal and meridional

currents for NEMO simulation and HF radar data
along the Andhra Pradesh average over the JAS-
2016 is shown in Bgure 2(a–b). Both NEMO anal-
ysis and HF radar show the strong south-westward
Cow of surface current during July-2016. Further,
NEMO analysis captures the seasonal mean zonal
and meridional current very well. The gradient of
surface current speed is also well captured. How-
ever, it underestimates the magnitude of zonal and
meridional current with respect to HF radar. Fur-
ther, the variation of surface current with distance
is also analyzed for both HF radar and NEMO
simulated current averaged over the July to
September (JAS) months. Figure 3(a–b) shows the

variation of surface zonal and meridional current
(cm/s) with respect to distance (km) average over
the latitude 15.8–16.3�N. Both NEMO simulation
and HF radar have westward surface zonal and
southward surface meridional current with maxi-
mum value at 40–60 km away from the coastal
region.
The temporal variation of daily NEMO surface

current with respect to HF radar average over the
APCO region is also analyzed during JAS 2016.
Figure 4(a–b) shows the time series of two-day
running mean daily NEMO surface zonal and
meridional current with HF radar for the period of
JAS-2016. It shows that the temporal variation of
NEMO simulated zonal current captures very well
than the meridional current with respect to HF
radar. Hyder et al. (2012) assess the global assim-
ilative model (NEMO) skill against observations at
46 global tropical moored buoy array sites and
showed that the model skill is reasonable for zonal
current than the meridional current. They also
showed that the zonal currents are less challenging
to model than meridional Cows due to their lower-
frequency variability. Both HF radar and NEMO
simulated daily mean surface current are south-
westward throughout July months. The HF radar
shows a sharp decrease in the zonal current during
mid-July. The mean zonal current average over the
APCO is –8.13 and –3.97 cm/s, while the merid-
ional current is –14.90 and –9.44 cm/s for HF radar
and NEMO analysis, respectively. Similarly, the
daily standard deviation of surface zonal current
average over the APCO is 17.09 and 16.63 cm/s,
while themeridional current is 14.44 and 15.03 cm/s
for HF radar and NEMO analysis, respectively,
which clearly shows that the model captures the
variability very well. Further, the spatial distri-
bution of surface current during the strong zonal
current period (15–25 July 2016) for NEMO anal-
ysis and HF radar is shown in Bgure 5(a–b). The
observed zonal current is strong westward, which is
relatively weak and slightly shifted north-eastward
in NEMO analysis. Similarly, the observed merid-
ional current represents the narrow southward Cow
of current which is much broader and also shifted
north-eastward from the coast. This current is
associated with cold core eddy with negative sea
level anomaly (Bgure not shown). The monthly
mean surface current (vector) and its speed (colour
shade) for HF radar and NEMO analysis is shown
in Bgure 6(a–b). During July 2016, the large scale
south-westward Cow of surface current is observed
in HF radar which is very well simulated by NEMO
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analysis (upper panel). However, the area coverage
of more than 50 cm/s surface current speed is
higher in observation than the NEMO analysis.
NEMO analysis has problem for simulating the

surface current very close to the coast with signif-
icant difference in September 2016. It may be
due to the coarser model resolution and complex
nonlinear processes in the coastal region.

Figure 1. (a–d) Data coverage (%) for July, August, September and mean JAS 2016 periods. Box over the Andhra Pradesh
Coast (APCO) is the region where the data coverage is more than 60%.

Figure 2. (a–b) Spatial distribution of mean surface zonal current (cm/s, upper panel) and meridional current (cm/s, lower
panel) for HF radar and NEMO analysis average over the July–September (JAS) 2016 months.
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To measure the accuracy of surface current
quantitatively, various statistics are computed.
First, the collocated points of surface zonal and
meridional current from the NEMO analysis and
HF radar are extracted for July, August, and
September, months over the APCO, then the dif-
ferent statistical parameters like mean, standard
deviation, and correlation coefBcient (r) are cal-
culated. Figure 7(a–c) shows the scatter plots of
surface zonal (upper panel) and meridional (lower
panel) currents for July, August, and September
respectively. The total number of points is 1360,
1613, and 2495 for July, August, and September
months. The mean zonal current is –25, –4.4, and
–0.6 cm/s for HF radar, while it is –10.5, –6.8, and
7.6 cm/s for NEMO during July–September 2016,
respectively. Similarly, HF radar-derived mean
meridional current is –26.2, –10.4, and –11.2 cm/s,
while NEMO simulated surface meridional current
is –22.8, 1.1 and –2.7 cm/s. The various statistics
such as mean, bias, root mean square error
(RMSE), and correlation of NEMO simulated
zonal and meridional currents with HF radar for
different months (July, August, and September)
are also seen in table 1. Overall, the correlation

coefBcient is 0.5–0.8 for zonal and meridional
currents during JAS-2016.

4. Summary and conclusions

The Nucleus European Modelling of Ocean
(NEMO) simulated surface current is evaluated
with high frequency (HF) radar observations
over the Andhra Pradesh coastal region in the
Bay of Bengal (BoB) during southwest monsoon
2016. First, HF radar data are remapped to 0.2-
degree resolution using the Laplacian Interpola-
tion method at each hourly time period, then
the data are averaged over the time to produce
the daily surface currents. The data density in
percentage showed that the higher data density
is noted nearer to the coast. For August and
September, we observed a similar type of data
spread with data coverage of 60% and 90%,
respectively.
The large scale feature from the NEMO simu-

lated surface zonal and meridional current are
compared with the HF radar-derived surface cur-
rent for JAS 2016. Both HF radar and NEMO

Figure 3. (a–b) Variation of surface zonal and meridional current with distance (km) average over the latitude 15.8–16.3�N for
July–September (JAS-2016).
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Figure 4. (a–b) Two-day running mean surface zonal current (cm/s, upper panel) and meridional current (cm/s, lower panel)
average over the APCO for HF radar and NEMO analysis.

Figure 5. (a–b) Spatial distribution of surface zonal current (cm/s, upper panel) and meridional current (cm/s, lower panel) for
HF radar and NEMO analysis during 15–25 July, 2016.
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simulated surface current showed the strong south-
westward Cow of surface current. NEMO simulated
surface zonal and meridional current captures the
spatial distribution very well with underestimation
of magnitude of surface current compared to
observed HF radar-derived values. This may be
due to the small scale features and complex coastal
processes in the coastal region, which needs a Bne
resolution model to resolve the eddies well. The
two daily running mean surface zonal and merid-
ional current averaged over the Andhra Pradesh
COast (APCO; 81.5–82.5�E; 15.6–16.3�N) indi-
cates that the NEMO captures the temporal vari-
ability of surface zonal current better than the
meridional current. Further, the monthly mean
surface current from HF radar showed the strong
south-westward Cow of surface current dominated

throughout July 2016 month with current speed
more than 50 cm/s. However, NEMO simulated
surface current also indicates the similar strong
current pattern with slight underestimation of
current speed. The scatter diagram for monthly
collocated surface zonal and meridional current
average over the APCO showed that NEMO sim-
ulated surface current captures the mean and
variability very well with correlation more than
0.65 for July month. For July, the mean zonal and
meridional current for HF radar is –25 and –28 cm/
s, while it is –15.3 and –25.4 cm/s for NEMO
simulated current, respectively. The HF radar-
derived observed surface current will be of great
value for validating high-resolution model simula-
tions. These observed surface currents have the
potential to be assimilated into numerical models

Figure 6. (a–b) Monthly mean surface current and its speed (cm/s) for HF radar and NEMO analysis for July (upper panel),
August (middle panel), and September (lower panel) 2016.
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to improve the initial state of the ocean. Finally,
this study shows how the upper ocean simulation
from the global ocean data assimilation system and
it will be useful for real-time monitoring of large
scale features of coastal current.
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A major portion of the coastline of Kerala is under erosion, primarily due to the action of wind-generated
waves. Accurate assessment of the nearshore wave climate is essential for detailed apprehension of the
sediment processes that lead to coastal erosion. Numerical wave transformation models set up incorpo-
rating high-resolution nearshore bathymetry and nearshore wind data, prove to be sufBcient for the
purpose. But, running these models for decadal time scales incur huge computational cost. Thus, a Feed
Forward Back Propagation ANN is developed to estimate the wave parameters nearshore with training
datasets obtained from minimal set of numerical simulations of wave transformation using DELFT3D-
WAVE. The numerical model results are validated using Wave Rider Buoy data available for the loca-
tion. This hybrid methodology is utilized to hindcast nearshore wave climate of a location in north Kerala
for a period of 40 years with the ANN model trained with 1-yr data. The model shows good generalization
ability when compared to the results of numerical simulation for a period of 10 years. This paper illus-
trates the data and methodology adopted for the development of the numerical model and the proposed
ANN model along with the statistical comparisons of the results obtained.

Keywords. Wave transformation; wave climate; DELFT3D-WAVE; ANN; Kerala coast.

1. Introduction

The coast of Kerala, located in southwest India, is
a medium to high energy coast with considerable
shoreline erosion. About 60–70% of this coastline is
eroding, and a major portion of this is protected
from erosion with artiBcial structures (Kumar et al.
2006; Sachin et al. 2014; Noujas et al. 2017). Noujas
and Thomas (2015) have reported 30 erosion hot-
spots along Kerala coast. The primary cause for the
erosion process is the wind-generated surface
gravity waves originating from multiple regions of
the Indian Ocean. This shoreline is exposed to the
open ocean throughout its length. Precise

estimation of the long-term nearshore wave climate
is essential for an exhaustive comprehension of the
sediment processes that lead to coastal erosion.
The present study thus develops an eDcient
methodology to hindcast long-term wave climate
for a speciBc location.
Nearshore wave climate along Kerala coast has

been studied by researchers in the past using
nearshore observations and numerical wave trans-
formation models. Though there are studies based
on systematic visual observations before 1980s,
instrumental measurements were Brst conducted
by Centre for Earth Science Studies (CESS),
Thiruvananthapuram, Kerala (Noujas et al. 2019).
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Black et al. (2008) conducted hydrodynamic
measurement campaigns in the surf zone oA Chavara
coast in south Kerala. Kurian et al. (2009) inves-
tigated the sediment processes in the beach, surf-
zone and the inner shelf of south-central coast
of Kerala using Beld measurements as well as
numerical modelling. Sediment transport regime of
south, central and north Kerala coast were studied
by Noujas et al. (2016, 2017) and Noujas and
Thomas (2018). Though the studies mentioned
above provide significant insight into the nearshore
wave climate and coastal processes, most of them
use short-term measured wave data or numerically
simulated nearshore data, using oAshore wave data
collected at locations as far as Kavarati Island.
Establishing an eDcient methodology to transform
long-term reanalysis wave data to nearshore loca-
tions would enable studies on long-term variations
of coastal processes.
The nearshore wave transformation processes

include shoaling, refraction, reCection, diAraction,
frequency interactions, set-up and breaking. A
well-established methodology for calculating the
nearshore wave parameters is that of solving the
governing partial differential equation for wave
transformation in a spectral domain using a com-
putational algorithm. These models consider a
spectral sea state as boundary condition and com-
pute the evolution of corresponding wave action
density spectrum over a spatial domain represent-
ing the nearshore bathymetry under the action of
surface winds. The spectral wave model
DELFT3D-WAVE used in the present study
employs the SWAN computation engine (Deltares
2014). SWAN (Booij et al. 1999) is a third-gener-
ation spectral wave model that uses Discrete
Interaction Approximation (DIA) by Hasselmann
et al. (1985) for the calculation of non-linear
quadruplet interactions. It also computes triad
wave–wave interactions, relevant in shallow
waters, using Lumped Triad Approximation
(LTA) derived by Eldeberky (1996). Recent
applications of these models can be seen in Lin
et al. (2019), Liang et al. (2019) and Shimura and
Mori (2019).
Although third-generation coastal spectral wave

transformation models take care of most of the
nearshore transformation processes, long-term
hindcast using these models are highly computa-
tionally expensive (Camus et al. 2011; Laugel 2014;
Kumar et al. 2018; O’Donncha et al. 2018).
Researchers in the past have developed various
hybrid methodologies for nearshore wave

transformation and wave hindcasting. Initial
researches in this line were to develop methodolo-
gies as a combination of dynamic and statistical
downscaling. A reduced number of cases good
enough to characterise the wave climate at deep
water are dynamically downscaled using a numer-
ical model to obtain the datasets required to
develop a statistical downscaling model subse-
quently. The statistical model thus obtained is
then used for reconstruction of long-term nearshore
time series of wave parameters (Camus et al.
2011, 2013; Gouldby 2014). The wave parameters
at a nearshore location are estimated with signifi-
cant reduction in computation time.
The utilisation of ArtiBcial Neural Networks

(ANN) in various areas of ocean engineering is
spread across numerous applications such as func-
tion approximation, system modelling and param-
eterisation and design optimisation. ANN schemes,
in general, oAer higher accuracy, ease of applica-
tion and reduced data requirement (Londhe and
Deo 2004). But, development of ANN models to
mimic the performance of physics-driven numerical
models requires huge data for training. Recently,
surrogate ANNs trained using data from numerical
models have been used by various researchers to
replicate the performance of numerical models
(O’Donncha et al. 2018). The conventional method
of ANN models uses Beld observed data for train-
ing, while availability of such data for long-dura-
tion remains a constraint. However, higher data
requirement associated with the development of
neural networks has been easily overcome by using
numerically simulated data for training. Thus, a
Feed Forward Back Propagation (FFBP) ANN
with a single hidden layer is developed to estimate
the nearshore wave parameters with training
datasets obtained from a minimal set of numerical
simulations of wave transformation using
DELFT3D-WAVE. The application of this
methodology to a speciBc location on Kerala coast
is also presented.

2. Study area

The physical domain of the numerical model
developed in DELFT3D-WAVE covers a 130 km
coastline in North Kerala. It starts from Azhikkal
in Kannur district to Tanur in Malappuram
district. This lies in the northernmost part of
Kollam–Ettikulam Primary Sediment Cell. This
coastal stretch is comprised of morphological
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features such as river mouths, tidal inlets, rocky
outcrops and sandy beaches (Noujas and Thomas
2018). Human interventions include harbour
breakwaters, sea walls, groynes and training jet-
ties. Valapattanam River, Anjarakandy River,
Tellicherry River, Mahi River, Iringal River,
Korappuzha, Kallai River, Chaliyar River and
Kadalundipuzha are the rivers that debouch into
the sea along this stretch of coast. The northern
areas of the shoreline, compared to the southern
areas, feature a number of projections and rocky
outcrops. The domain extends to 65 km oAshore,
covering approximately up to 100 m depth contour.
The study area and domain of the numerical model
are shown in Bgure 1.

3. Materials and methods

3.1 Data

OAshore wave and wind data consisting of sig-
nificant wave height (Hs), mean wave period
(Tm), mean wave direction (hm), Cartesian com-
ponents U10 and V10 of the mean wind vector 10
m above the sea surface are obtained from

European Commission for Medium-range
Weather Forecast (ECMWF) ERA-Interim
reanalysis database. The ECMWF ERA-Interim
is a reanalysis dataset available for the period
starting from 1979 to present. This is the suc-
cessor product of ERA-40. This reanalysis uses a
two-way coupled atmosphere-wave model sys-
tem. Some of the major advantages of ERA-In-
terim over ERA-40 are an improved atmospheric
model, a revised ocean wave dissipation scheme,
a new scheme for parameterizing sub-grid
bathymetry and a four-dimensional variational
data assimilation (Bidlot et al. 2007; Dee et al.
2011). ERA-Interim wave data for 40 yrs starting
from 1979, available on a 0.125� 9 0.125� grid,
was obtained for the location 75.125�E, 11.125�N
through the Web-API service of ECMWF using a
Python script. Nearshore observed wave data
available from ODIS-INCOIS Wave Rider Buoy
(WRB) at 75.670�E, 11.216�N is used for vali-
dation of the numerical model. The WRB is
located *12 km away from the Kozhikode coast
at a water depth of 22 m. The location of the
WRB and the oAshore data point are shown in
Bgure 1.

Figure 1. Study area, model domain, location of data point for the extraction of wave data from ECMWF ERA-Interim and
location of INCOIS Wave Rider Buoy.
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A statistical summary of the oAshore wave and
wind data, for 40 years from 1979 to 2018, is
provided in the form of rose plots in Bgure 2 and
a joint probability table between Hs and Tm in
table 1. Hs mostly varies between 0.5 and 3.5 m
at the oAshore location. About 90% of the time,
the wave heights are below 2.0 m. Predominant
directions of wave approach are south–southwest
(SSW), west–southwest (WSW), south (S),
southwest (SW) and west (W). About 60% of the
time, wave period lies between 8 and 10 s. Wind
varies between 0 and 15 m/s with west (W),
west–northwest (WNW) and northwest (NW)
being the predominant directions of approach.
Bathymetry used for the numerical model is a
combination of bathymetry from National
Hydrographic ODce (NHO) India and General
Bathymetric Chart of the Oceans (GEBCO)
bathymetry.

3.2 Methodology

Nearshore wave transformation for the area is
Brst modelled using the DELFT3D-WAVE
numerical model. The model uses wave parame-
ters Hs, Tm and hm to deBne its oAshore bound-
ary condition. A uniform wind Beld, deBned by
the Cartesian components U10 and V10 of the
mean wind vector, is applied over the domain to
account for the wave generation process within
the domain. Subsequently, an FFBP ANN with a
single hidden layer is developed as a surrogate to
the numerical model to estimate the nearshore
wave parameters. The ANN model is trained
using the oAshore wave and wind parameters as
input and the simulated nearshore wave param-
eters as target. The numerical model was simu-
lated for one year to obtain the training data-
sets. Levenberg–Marquardt (LM) algorithm is

Figure 2. Rose plots of oAshore wave and wind data for the location 75.125�E, 11.125�N for the years 1979–2018: (a) Wave rose
showing directional distribution of Hs, (b) wave rose showing directional distribution of Tm and (c) wind rose (source: ECMWF
ERA-Interim).

Table 1. Joint probability between Hs and Tm for oAshore location at 75.125�E, 11.125�N for the
years from 1979 to 2018 (source: ECMWF ERA-Interim).

Hs (m)

Tm (s)

Total4–6 6–8 8–10 10–12 12–14

0.0–0.5 0.12 0.07 0.18

0.5–1.0 0.83 22.09 29.13 1.24 0.02 53.31

1.0–1.5 0.28 10.20 10.69 0.68 0.01 21.87

1.5–2.0 3.37 11.00 0.08 14.46

2.0–2.5 1.10 6.74 0.11 7.95

2.5–3.0 0.10 1.82 0.06 1.97

3.0–3.5 0.22 0.01 0.22

3.5–4.0 0.03 0.03

Total 1.11 36.98 59.70 2.18 0.03 100
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employed to minimize the error function and to
arrive at optimized weights for the ANN. The
performance of the ANN model is evaluated
using coefBcient of correlation (R), and various
error functions. The generalisation ability of the
ANN model is then established by simulating
wave transformation process for 10 years and
comparing them with the results of the numerical
model. This hybrid methodology is utilized to
hindcast nearshore wave climate of a location in
north Kerala for a period of 40 years with the
ANN model trained with 1-yr data. The long-

term 6-hrly ECMWF reanalysis data of oAshore
waves is transformed to the nearshore location
and statistics are obtained.

3.3 The numerical model

DELFT3D-WAVE is an open-source coastal spec-
tral wave model, part of DELFT3D 4.03 modelling
suite developed by the Deltares, Netherlands. The
model can represent the wave transformation
occurring in the continental shelf and the nearshore

Figure 3. Comparison of Hs, Tm and peak wave direction between numerical simulation and WRB observations for a period of
2 months during monsoon 2014.
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due to wave growth, white-capping, non-linear
wave–wave interactions, shoaling, refraction,
diAraction, dissipation due to bottom roughness
and breaking (Deltares 2014). The model solves
spectral action balance equation given by:

oN

ot
þ oCx

ox
N þ oCy

oy
N þ oCr

or
N þ oCh

oh
N ¼ Stot

r
;

ð1Þ

N is the spectral action density deBned as
N = E/r. r is the frequency and h is the

direction of propagation. N propagates in the
geographical space (x, y) with the group
velocity Cg and is represented by the second
and third terms in the equation. Cx and Cy are
the components of Cg in x and y directions,
respectively. The fourth and Bfth terms
represent the propagation of wave energy in
the spectral space (r, h), with velocities Cr and
Ch. Stot on the right-hand side is the source
term to represent all the processes that
generate, dissipate or redistribute wave energy
(Booij 2008). The domain is discretized under a

Figure 4. Comparison of Hs, Tm and peak wave direction between numerical simulation and WRB observations for a period of
2 months during non-monsoon 2014.
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Bnite difference scheme using a curvilinear grid
with approximate cell sizes varying from 1270
m 9 770 m at oAshore boundary to 750 m 9

460 m at nearshore locations. The oAshore
boundary of the domain is having an average
water depth of 90 m w.r.t. MSL.
Performance of the numerical model is eval-

uated using wave data obtained from ODIS-

INCOIS Wave Rider Buoy. Comparison of Hs,
Tm and peak wave direction has been per-
formed for a period of 2 months during mon-
soon and non-monsoon seasons. For the
monsoon period, wave data for the months
June and July of 2014 has been used (see
Bgure 3). For the non-monsoon period, data for
the months February and March of 2014 has

Table 2. Comparison of wave parameters computed by the numerical model with the WRB observed
data for monsoon and non-monsoon period for the year 2014.

Wave parameter

Statistics/error

estimator

Monsoon Non-monsoon

Observed Model Observed Model

Hs Mean 1.91 1.94 0.65 0.66

Standard deviation 0.44 0.42 0.14 0.13

RMSE 0.20 0.11

R 0.89 0.68

Tm Mean 7.10 7.01 4.83 5.61

Standard deviation 0.69 0.67 0.94 0.82

RMSE 0.57 1.25

R 0.65 0.41

Peak wave

direction

Mean 256.7 255.0 240.8 230.0

Standard deviation 16.57 9.76 34.20 19.44

RMSE 13.87 30.34

R 0.55 0.55

Table 3. CoefBcient of correlation (R) during training, validation and testing along with overall
error estimates for ANNH.

No. of

neurons

CoefBcient of correlation, R Error estimator

Training Validation Testing Overall SSE MSE RMSE NRMSE

5 0.9957 0.9944 0.9892 0.9942 51.02 0.0349 0.1869 0.0323

10 0.9965 0.9956 0.9913 0.9953 19.33 0.0132 0.1151 0.0199

15 0.9993 0.9991 0.9860 0.9965 16.22 0.0111 0.1054 0.0182

20 0.9991 0.9989 0.9823 0.9956 38.78 0.0266 0.1630 0.0282

25 0.9981 0.9978 0.9885 0.9960 47.52 0.0325 0.1804 0.0312

30 0.9983 0.9979 0.9795 0.9942 36.97 0.0253 0.1591 0.0275

35 0.9989 0.9987 0.9851 0.9960 30.01 0.0206 0.1434 0.0248

Table 4. CoefBcient of correlation (R) during training, validation and testing along with overall
error estimates for ANNT.

No. of

neurons

CoefBcient of correlation, R Error estimator

Training Validation Testing Overall SSE MSE RMSE NRMSE

5 0.9811 0.9657 0.9737 0.9764 63.90 0.0438 0.2092 0.0294

10 0.9838 0.9699 0.9771 0.9795 55.62 0.0381 0.1952 0.0274

15 0.9846 0.9811 0.9811 0.9830 46.75 0.0320 0.1789 0.0251

20 0.9860 0.9850 0.9802 0.9846 42.07 0.0288 0.1698 0.0239

25 0.9909 0.9892 0.9879 0.9899 33.34 0.0228 0.1511 0.0212

30 0.9834 0.9556 0.9754 0.9760 65.45 0.0448 0.2117 0.0298

35 0.9874 0.9722 0.9825 0.9833 47.39 0.0325 0.1802 0.0253
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been used (see Bgure 4). Comparison of the
wave parameters computed by the numerical
model and observed by the WRB are listed in
table 2. During the monsoon period, all three
wave parameters considered show good agree-
ment with the observed data in terms of mean
and standard deviation. Though the comparison
of Hs shows an R value of 0.89, Tm and peak
wave direction show lower correlations. During
the non-monsoon period, mean of the simulated
Hs is in good agreement with the WRB
observed wave data, while Tm and peak wave
direction show larger deviation. A close obser-
vation of the ECMWF wave data suggested
that certain peaks present in the observed
WRB data are not captured in the oAshore
wave data.

3.4 The ANN model

ANNs are computing systems consisting of simple
interconnected identical processing nodes called
artiBcial neurons which process information fol-
lowing the concept of actual biological neurons.
Similar to biological neural networks, ANNs are
not required to be pre-programmed to perform an
individual task as they are capable of adaptive
learning. The neurons in an ANN pick up several
inputs from an external source, multiply each of
them by a weight, adjust them by a bias and the
output is transferred through a preselected non-
linear transfer function to produce outputs. The
process of iteratively Bxing the weights and bia-
ses to establish the relationship between the
outputs and inputs is called training. The trained
network is presented with another set of data
which have not been used in training, called the
validation set, to assess the performance of the
network in modelling the relationships accu-
rately. The nonlinear transfer function used in
the hidden layer of the present ANN model is the
tan-sigmoid transfer function, a monotonously
increasing continuously differentiable function
that can accommodate the nonlinearities in the
relation between inputs and outputs (Gopinath
and Dwarakish 2015; Lopez et al. 2015a). This is
given by

y ¼ 2
1

1þ 1
e2x

� �

" #

� 1; ð2Þ

where x and y are the input and output of the
transfer function, respectively. Transfer function

for the output layer neuron is the simple linear
transfer function

y ¼ x: ð3Þ

The popular LM algorithm is used here for
training. This was introduced as an algorithm
intermediary to Gauss–Newton method and
gradient descent algorithm to address the dis-
advantages of both (Hagen and Menhaj 1994;
Lopez et al. 2015a). An important aspect of the
ANN design is Bxing the number of neurons in each
layer. Number of input and output neurons is
governed by the number of input and output
variables present in the problem. The input vector
comprises of seven components. The Brst four
represents the oAshore boundary by Hs,Tm and two
Cartesian components (x and y) of mean wave
direction (hmx and hmy). Remaining three are
magnitude of oAshore wind vector (Um) and two
Cartesian components of the direction of wind
(hwmx and hwmy). The mathematical form of the
present ANN model is given by

V out ¼ fANN H inp
s ;T inp

m ; hinpmx ; h
inp
my ;U

inp
m ; hinpwmx ; h

inp
wmy

� �
;

ð4Þ

where superscripts ‘inp’ and ‘out’ represent input
and output. Vout represents the output variable

H out
s ;Tout

m ; houtmx or houtmy . Fixing the number of neu-

rons in the hidden layer requires a comprehensive
experimental study involving a systematic trial
and error procedure (Haykin 1999; Lopez et al.
2015b). The algorithm Cowchart of the MATLAB
program that develops the ANN model with
varying numbers of hidden layer neurons is pro-
vided in the Appendix. The number of hidden
neurons is Bnally Bxed by comparing the perfor-
mance of the networks. The performance is evalu-
ated using estimators such as sum squared error
(SSE), mean squared error (MSE), root mean
squared error (RMSE), normalised root mean
square error (NRMSE) and the coefBcient of cor-
relation (R) between outputs and targets. A net-
work with the lower error estimates and higher
value of R is selected.
The training of the ANN model was done with

data obtained from numerical simulations for one
year, which comprises 1460 samples of input and
output vectors. OAshore wave data pertaining to
the year 2018 was used for the input vector.
Corresponding, wave parameters simulated by
the numerical model at the WRB location has
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been kept as target output vector. These samples
were fed to the ANN in a 60:20:20 ratio for
training, validation and testing. The proportion
of monsoonal and non-monsoonal data was kept
the same in all three sets with a pre-processing
procedure. Performance function used for training
is the SSE function. The optimum number of
neurons was selected based on a higher correla-
tion coefBcient and lower error estimates
obtained in training, validation and testing. Four
separate ANN models, namely ANNH, ANNT,
ANNhmx and ANNhmy were developed for pre-

dicting the four output variables H out
s ;Tout

p ; houtmx

and houtmy , respectively.

4. Results and discussion

4.1 Selection of ANN models

In order to select an ANN architecture out of the
possibilities considered, a comparison study was
conducted using the error estimators mentioned in

the previous section. The statistics of this study for
the four ANN models developed are presented in
tables 3–6. Though the ANNH model shows good
correlation with Bve hidden neurons itself, NRMSE
is found to be minimum at 15 neurons. Thus, the
structure 7–15–1 is selected for ANNH model.
Similarly, ANNT model performs best with 7–25–1
structure. ANNhmx model performs best with 25
hidden neurons (7–25–1) and ANNhmy does the
same at 30 hidden neurons (7–30–1).

4.2 Test for generalisation ability

In this section, the ability of the selected ANN
models to reproduce the results computed by the
numerical model when applied for longer periods is
evaluated. The selected models trained with one
year’s data of 2018 were tested for 10 years simu-
lation from 2009 to 2018. This is to ensure that the
ANN model trained with the one year’s data suf-
Bciently captures the wave transformation process
such that it can be used on larger data sets. Linear
regression analysis for the outputs of ANNH,

Table 6. CoefBcient of correlation (R) during training, validation and testing along with overall
error estimates for ANNhmy.

No. of

neurons

CoefBcient of correlation, R Error estimator

Training Validation Testing Overall SSE MSE RMSE NRMSE

5 0.9824 0.9871 0.9731 0.9813 52.56 0.0360 0.1897 0.0286

10 0.9853 0.9825 0.9829 0.9843 45.78 0.0314 0.1771 0.0267

15 0.9884 0.9928 0.9855 0.9885 37.39 0.0256 0.1600 0.0241

20 0.9918 0.9915 0.9858 0.9905 38.11 0.0261 0.1616 0.0244

25 0.9944 0.9951 0.9859 0.9927 21.93 0.0150 0.1225 0.0185

30 0.9948 0.9939 0.9908 0.9938 17.54 0.0120 0.1096 0.0165

35 0.9858 0.9878 0.9795 0.9846 44.11 0.0302 0.1738 0.0262

Table 5. CoefBcient of correlation (R) during training, validation and testing along with overall
error estimates for ANNhmx.

No. of

neurons

CoefBcient of correlation, R Error estimator

Training Validation Testing Overall SSE MSE RMSE NRMSE

5 0.9880 0.9829 0.9917 0.9878 37.92 0.0260 0.1612 0.0321

10 0.9897 0.9865 0.9925 0.9897 37.73 0.0258 0.1607 0.0321

15 0.9899 0.9897 0.9929 0.9905 32.23 0.0221 0.1486 0.0296

20 0.9894 0.9865 0.9929 0.9896 34.32 0.0235 0.1533 0.0306

25 0.9954 0.9952 0.9961 0.9955 15.57 0.0107 0.1033 0.0206

30 0.9916 0.9909 0.9951 0.9922 23.56 0.0161 0.1270 0.0253

35 0.9909 0.9875 0.9945 0.9910 34.89 0.0239 0.1546 0.0308
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ANNT, ANNhmx and ANNhmy models with the
corresponding outputs of the numerical model are
shown in Bgure 5. The output of ANNhmx and
ANNhmy model were combined together to form
mean wave direction and were compared with the
directions simulated by the numerical model. All
the three models show very good correlation
between the outputs and the targets with R value
[0.97, with the ANNH model showing the highest
correlation of 0.99. RMSE for the ANNH model is
0.07 m. Linear regression analysis for the output of
ANNT model shows good correlation between the
outputs and the targets with R value of 0.97.
RMSE for the ANNT model is 0.42 s. Regression
analysis of mean wave directions, resulting from
ANNhmx and ANNhmy models also shows good
correlation with R value of 0.97 when compared to
the numerical model. RMSE for the ANN simu-
lated wave directions, when compared with the
numerical model results, is 5.4�. Comparisons of
1-yr time series of each of these parameters corre-
sponding to the year 2009 are shown in Bgure 6.
This also suggests that the ANN models developed
can be used on larger datasets to arrive at long-
term hindcast time series.

4.3 Long-term wave hindcast

Results obtained in the previous sections support
the application of the developed ANN model to
hindcast long-term nearshore wave parameters.
Towards this, the available oAshore wave and wind
data for 40 years from the year 1979 to 2018 were
used. Each of the four parameters was separately
simulated using the respective ANN models and
were combined to obtain a 40-yr long time series of
nearshore wave data. The ANN obtained wave
data for the WRB location 75.670�E, 11.216�N,
12 km oAshore of Kozhikode coast (Bgure 1), is
summarised in table 7, Bgures 7–9.
The maximum Hs over the 40-yr period is 3.39 m

at nearshore location. Hs exceeds 3 m only for
0.04% of the time. Hs remains below 2.0 m for
95.42% of the time, and below 1.5 m for 81.73% of
the time, and 62.57% waves are less than 1.0 m
height. Predominant directions of wave approach
are southwest (SW), west–southwest (WSW) and
west (W). 42.96% of the time, Tp lies between 6
and 8 s and 36.08% lies between 8 and 10 s. Though
the study area considered is one of the least aAec-
ted locations by cyclones along Indian coastline,
some of the recent cyclones raise concerns about

Figure 5. Linear regression analysis between the output of
ANN models and output of numerical model for the years
2009–2018: (a) ANNH model, (b) ANNT model and (c)
Resultant wave direction of ANNhmx and ANNhmy model.
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the wave activity during cyclonic storms. Wave
climate during cyclonic storms would be distinctly
different from the ambient wave climate in the
region and might not be well captured in the
reanalysis data. Hence, it is important to note that
the maximum wave heights and other statistics
presented in this study are devoid of cyclonic
conditions.
Monthly rose plots of Hs presented in Bgure 8

show clear distinction between monsoon and non-
monsoon wave climate. During non-monsoon,
waves are mostly below 1 m wave height.

Southwest monsoon months of June, July, August
and September feature very high waves. During
July and August waves are clearly above 1 m.
During this period, more than 55% of the waves are
from WSW. Figure 9 shows monthly rose plots of
Tp. During SWmonsoon, Tp mostly lies between 10
and 12 s and these waves approach from the WSW
direction. During non-monsoon, waves show a
wider range ofTp. During this period, waves approach
mostly from SW direction. During pre-monsoon and
northeast monsoon periods, long-period waves (Tp[
12 s) approach the coast from SW direction.

Figure 6. Comparison of 1-yr time series of wave parameters corresponding to the year 2009 with the output of numerical model.
(a) ANNH model, (b) ANNT model, and (c) resultant wave direction simulated by ANNhmx and ANNhmy models.
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It is important to note that the usefulness of this
hybrid methodology for computing wave condi-
tions in the shallower water depths compared to
the WRB location is yet to be proved. The near-
shore wave conditions, in the surf zone and further,
has to be computed with advanced phase-resolved
wave models with sufBcient validation using in-situ
measurements for detailed understating of the
sediment dynamics in the area. Development of
surrogate artiBcial intelligence models for this
purpose also remains as an area for future research.

4.4 Comparison of computational time
requirement

Computation of 1-yr wave transformation using
DELFT3D-WAVE model takes 14 hrs 51 min and

26 sec on an Intel� CoreTM i5-6200U (2.3 GHz)
processor. Simulation of the wave parameters for
the same period using ANN algorithm on the same
machine takes only less than 10 sec. This huge
saving in computational time enables the ANN
model to be used for long-term simulation of wave
parameters for a given location in a practical sense.

5. Conclusions

A hybrid methodology, combining numerical
modelling and soft computation using ANNs, is
developed to obtain long-term nearshore wave
hindcast. The numerical model is Brst set up and
validated to obtain the training datasets for the
ANN model. The numerical model results were

Table 7. Joint probability, in percentage, between Hs and Tp for the nearshore location.

Tp (s)

TotalHs (m) 2–4 4–6 6–8 8–10 10–12 12–14 14–16

0.0–0.5 1.13 1.61 2.29 1.66 0.28 0.00 0.00 6.97

0.5–1.0 0.15 9.47 23.96 16.14 5.26 0.59 0.03 55.60

1.0–1.5 0.93 10.33 7.17 0.69 0.03 0.01 19.16

1.5–2.0 5.14 7.97 0.57 13.69

2.0–2.5 1.15 2.68 0.19 4.02

2.5–3.0 0.09 0.42 0.01 0.52

3.0–3.5 0.03 0.01 0.04

4.0–4.5

Total 1.28 12.01 42.96 36.08 7.01 0.62 0.04 100

Figure 7. Wave roses for the nearshore location derived from the ANN model simulation for 40 years from 1979 to 2018. (a)
Directional distribution of Hs and (b) directional distribution of Tp.
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Figure 8. Monthly wave roses showing the directional distribution of Hs for the nearshore location derived from ANN model
simulation for 40 years from 1979 to 2018.
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Figure 9. Monthly wave roses showing the directional distribution of Tp for the nearshore location derived from ANN model
simulation for 40 years from 1979 to 2018.

  103 Page 14 of 17 J. Earth Syst. Sci.         (2021) 130:103 



validated using Wave Rider Buoy (WRB) data
available for the location. The ANN model is
trained using the oAshore wave and wind parame-
ters as input and the simulated nearshore wave
parameters as target. LM algorithm is employed
for the training of the ANN. Performance of the
ANN model is assessed in terms of coefBcient of
correlation (R), SSE, MSE, RMSE and NRMSE.
The optimised ANNH, ANNT, ANNhmx and
ANNhmy models feature 15, 25, 25 and 30 neurons,
respectively, in their single hidden layer. The ANN
model shows good generalization ability when
compared to the results of numerical simulation for
a period of 10 years. The coefBcient of correlation
between the numerical model results and the
ANNH and ANNT models are 0.99 and 0.97,
respectively. The coefBcient of correlation between
the numerical model results and combined output
of ANNhmx and ANNhmy models is 0.97. The
trained models are then used for simulating near-
shore wave parameters for 40 years. The maximum
Hs at the nearshore location from 40 years’ ANN
simulation is 3.39 m. Hs exceeds 3 m only for 0.04%
of the time. The monthly rose plots clearly reveal
the seasonal variations in the wave climate. During
monsoon, waves feature a narrow range of Tp as
well as mean wave direction as opposed to the non-
monsoon period. While the methodology presented
here allows for faster reconstruction of long-term

time series of nearshore wave parameters, the
insights obtained in the nearshore wave climate
will enable better research on sediment transport
along this coastal stretch. The method is eDcient in
terms of computational eDciency and time
requirement.
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Appendix

The Cow chart of the algorithm for MATLAB program used for developing the ANN models.
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Karnataka is a coastal state on the west coast of India along the Arabian Sea. The coast experiences a
harsh wave climate during the southwest monsoons. Most of the coast is facing problems due to coastal
erosion. Hence, in the present study, a numerical model has been set up using MIKE 21 Spectral Wave
(SW) module to predict the wave climate. The wave climate along the Indian domain is simulated by
wind speed datasets from Global Climate Model (GCM). Wind speed datasets from ERA-Interim is
initially validated against in-situmeasurement which had a correlation of 0.93. A hindcast study spanning
26 years based on 38 GCMs from different modelling institutes was performed. A comparison of wind
speed datasets showed CMCC-CM RCP 4.5 wind projections were closer to ERA-Interim reanalyzed
dataset and was used to predict the wave climate. The performance of the MIKE numerical model driven
by CMCC-CM RCP 4.5 wind Belds showed a correlation greater than 0.7 when validated against in-situ
measurement. The numerical model simulations driven by wind speeds from CMCC-CM RCP 4.5 up to
the year 2070 showed a gradual increase in the significant wave height which is indicative of the eAects of
climate change on the wave climate along the Karnataka coast. The projected significant wave height for
2070, when compared with the present wave climate, indicated an increase in the range of 10–21% at the
six locations. The predicted wave pattern based on numerical simulations indicated a shift in the peak
values in the monsoon month of June along the coast. The predicted wave parameters with a 10-year
return period can be used for the design of coastal structures along the Karnataka coast.

Keywords. Wave climate prediction; MIKE21; CMIP5; ERA-Interim; Karnataka coast.

1. Introduction

Coasts are one of the critical zones as it hosts a
huge population and infrastructure. The predomi-
nant wind–wave interactions are of great impor-
tance to assess the dynamic ocean state. As wind-
driven waves aAect the coastal dynamics, assessing
the wind–wave characteristics is the key aspect to
solve marine engineering problems (Chowdhury

et al. 2019). The varying wind intensities and
directions aAect the wave parameters (Rusu et al.
2009). Ocean state forecast is gaining importance
as there are more frequent extreme wave condi-
tions like tropical cyclones. The accurate predic-
tion of wave climate including implications from
climate change is very much essential for the
coastal population, marine activities, and oAshore
constructions (Majumder et al. 2018). Coastal and

This article is part of the Topical Collection: Advances in Coastal Research.
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oAshore structures have higher return period so as
to withstand for many years hence predicting the
future wave climate becomes essential.
In recent times, numerical models are developed

and are widely used for wave forecast studies
(Belibassakis and Karathanasi 2017). Third-gen-
eration wave models like the MIKE21 Spectral
Wave module aid in obtaining quick solutions for
coastal and oAshore engineering problems (Kulka-
rni et al. 2014; Pentapati et al. 2015; Sirisha et al.
2017). Numerical models are run for different sce-
narios incorporating climate change eAects
depending on the computational facility available.
The model performance is dependent on the quality
of input wind forcing and the parameters assigned
in the wave model. MIKE21 SW module has been
successfully used for the Indian Ocean region for
assessing and predicting the wave climate. Aboo-
backer et al. (2009) developed an oAshore spectral
wave model to study the spectral characteristics of
waves during monsoon and extreme events oA
Paradip coast. MIKE 21 numerical model was set
up to study extreme wave statistics for the Hon-
navar region by Teena et al. (2012). Remya et al.
(2012) performed wave hindcast experiments using
MIKE 21 SW model for the Indian Ocean region.
Pentapati et al. (2015) projected the impact of
climate change on the wave climate of the Bombay
high region. Wave hindcasting for the design of
Island structures in Lakshadweep island was per-
formed using MIKE 21 SW (Kumaran et al. 2015).
As the east coast of India has a narrow conti-

nental shelf width, the sudden change in depth
causes coastal hazards during extreme events
(Aboobacker et al. 2009). Ocean wave character-
istics are essential for the design of harbour, ships
and for preventing coastal disasters (Teena et al.
2012). Ruggiero et al. (2010) express their concerns
over changes in wave climate which will aAect the
operations in oAshore platforms as it increases the
risks of damage. Rajasree et al. (2016) emphasised
on accurate shoreline prediction to detect the
coastal hazard zones before coastal development
activities. Ocean wave hindcast and forecast are
essential for managing ocean construction and
naval operations (Remya et al. 2012). Ocean wave
climate will aAect coastal ecosystem and coastal
zone management policies (Chowdhury et al.
2019). Prediction of wave climate and long-term
wave analysis is essential for the analysis and
design of marine structures (Upadhyaya et al.
2020). The monsoons attract severe winds in the
North Indian Ocean domain. The surface winds

blowing from June to November from the west
coast of the Indian peninsula are called the south-
west monsoon. The climate variability along
Indian Ocean domain has not been properly stud-
ied until quite recent (Kamranzad and Nobuhito
2019).
Hence, the objective of the present study is to

predict the wave climate based on Global Climate
Model (GCM) wind datasets for the monsoon
months of June, July, August, and September for
the Indian domain (4�S–30�N, 40�–95�E). A glob-
ally accepted wind dataset called ERA-Interim
from European Centre for Medium-range Weather
Forecasts (ECMWF) is used for validating the
numerical model results. Additionally, future wave
climate is predicted based on the Coupled Model
Intercomparison Project (CMIP5) wind dataset.
Amongst the various CMIP5 model datasets, the
model with the least error and the highest corre-
lation is selected as a dataset for wind forcing. A
sensitivity analysis was performed for the Indian
domain considering 38 different CMIP5 models.
From the hindcast analysis, the authors found
CMCC-CM, an Italian GCM model gave good
results for the Indian domain. The GCM wind-
driven MIKE 21 numerical models simulated sig-
nificant wave heights are validated against in-situ
buoy measurements. The wave climate in terms of
significant wave height (Hs), mean wave period
(T01) and mean wave direction are simulated for
the future years up to 2070 for the Karnataka
coast. The wave parameters with 10 yrs return
period are obtained based on wave simulations at
six locations along the coast.

2. Methodology

2.1 Study area

India has a coastline of *7500 km divided along
both east and west coasts. Indian coast experiences
severe storms in the Bay of Bengal region and the
Arabian Sea during monsoon and post-monsoon
seasons (Dubey and Das 2013). Karnataka has a
coastline of about 320 km length which passes
through three coastal districts namely, Uttara
Kannada, Udupi, and Dakshina Kannada
(Bgure 1). These coastal districts cover an area of
about 1,91,791 km2 and have a population of
43,63,617 based on census data (Rani et al. 2015).
As per the vulnerability Atlas, Karnataka falls
under a moderate damage risk zone for wind and
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cyclones with a probable maximum storm surge
height of 4.5 m (Guidelines 2010). Dakshina Kan-
nada and Udupi districts have regularly faced
problems related to coastal erosion. The coast
experiences a harsh wave climate during monsoon
months from June to September (JJAS) with winds
predominate in south-west and west direction. The
Indian Ocean domain is aAected by the southern
Indian Ocean swells during the month of June to
September (Sabique et al. 2012). In this study, six
different locations along the Karnataka coast are
chosen to study the wave climate during monsoons
(JJAS) and are highlighted in Bgure 1.

2.2 Data collection

The study is based on wind-induced waves where
wind Belds play a critical role in wave climate
predictions. The advancements in data assimila-
tion techniques have seen improvements in GCMs
which capture air–sea interactions (Komori et al.
2018). The gridded reanalyzed wind data is taken
from the ERA-Interim dataset of the ECMWF.
ECMWF is an independent organization that

provides operational services including wind speed
data for the twentieth century (Dee et al. 2011).
One of their product ERA-Interim which provides
assimilated wind speed data updated monthly is
used in this study. The database provides real-time
wind speed closer to in-situ records and is widely
preferred by researchers around the globe (Jadi-
doleslam et al. 2016; Umesh et al. 2017; Ulazia et al.
2019). Anoop et al. (2014) found that ERA-Interim
spatial variability of significant wave height
was\10% during the monsoon period on the west
coast of India. For this study, daily wind speed
data with a grid size of 0.5� 9 0.5� is downloaded in
Network Common Data format (netCDF). This
ERA-Interim dataset is validated against in-situ
measurements recorded by AD02 deployed oAshore
of the Goa coast (latitude 15.02�N, longitude
69.01�E). The measured daily wind speed shows a
good correlation with ERA-Interim dataset values
with a correlation coefBcient (R) of 0.93 and RMSE
of 1.29 m/s for the year 2011. The ERA-Interim
dataset can be considered as a reliable dataset
depicting wind speed variation (Bgure 2).

2.3 Comparison wind speed datasets

Coupled Model Intercomparison Project 5
(CMIP5) is a group of different model developing
agencies around the globe. The wind data in terms
of forecasts from 2006 and hindcasts are provided
along with other modelled products. Intergovern-
mental Panel on Climate Change (IPCC) also uses
these products for reporting climate change eAects
(Pachauri et al. 2014). The different modelling
groups may perform experiments with Atmo-
sphere–Ocean General Circulation Models or Earth
System Models in different time-scales with vary-
ing spatial resolution (Taylor et al. 2012). An
assessment study of hindcast from 1980 to 2005 (26
yrs) wind datasets of 38 different modelling insti-
tutes has shown CMCC-CM had a good correlation
with the ERA-Interim dataset for the Indian
domain. The Taylor plot is a graphical represen-
tation of the correlation coefBcient values which
are marked along the quarter circle. Both X-axis
and Y-axis represent standard deviation and the
semi-circles represent the centered root mean
square difference values (Taylor 2001). The legends
indicate the 38 different CMIP5 models with the
ERA-Interim dataset (marked as a red block). The
plot clearly shows that amongst the 38 different
CMIP5-GCMs, CMCC-CM matches well with

Figure 1. The study area of the Karnataka coast with key
locations along the coast.
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ERA-Interim wind speeds. Statistical analysis
showed a correlation of 0.96, standard deviation of
1.25 m/s and RMSD of 0.3 m/s with respect to
ERA-Interim values (Bgure 3).
The projections in terms of representative con-

centration pathways (RCPs) are scenarios that
help in predicting trajectories of the future climate.
Euro-Mediterraneo sui Cambiamenti Climatici,
Italy is one such CMIP5 climate modelling insti-
tute with a GCM model named CMCC-CM. They
provide projections for wind speed up to 2100 with

a spatial resolution of 0.75�90.75� for RCP 4.5 and
RCP 8.5. CMCC-CM for RCP 4.5 wind projections
follows the current (2006–2012) wind speed pattern
as shown in Bgure 4. Hence, in this study wind
speed projections, zonal (U10), and meridional
(V10) components (wind speeds at 10 m above the
sea level) for the future up to the year 2070
corresponding to RCP 4.5 are considered.
Figure 4 shows that the variation of daily mean

wind speed is temporally captured by the CMCC-
CM RCP 4.5 data indicating severe monsoon sea-
son. There are few outliers present as the variation
captured are corresponding to daily wind speed
estimates. However, the values are normally dis-
tributed across the months in both datasets. The
maximum mean daily wind speed of 7.6 and 8.1
m/s is observed in ERA-Interim and CMCC-CM
RCP 4.5 projections, respectively. CMCC-CM
predictions are slightly on a higher side when
compared to ERA-Interim dataset as RCP 4.5
scenario takes into account the concentration of
CO2 emissions of future.

2.4 Data processing

The huge dataset of raw wind data has to be
processed before using it as input for numerical
modelling. Processing of this huge data of wind
speed is performed using the FERRET tool by
National Oceanic and Atmospheric Administration
(NOAA) which works in the Ubuntu platform.
FERRET is a versatile tool that can analyze,
process, and visualize climate data. The down-
loaded data in netCDF format is imported to
FERRET and is re-gridded, followed by exporting
the data into the required format in terms of U10

and V10 components which correspond to eastward
and northward winds (in m/s), respectively. The
data is then converted into .dfsu form which has
been imported to MIKE numerical model.
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Figure 2. Daily mean wind speed variation at AD02 in comparison with ERA-Interim values.

Figure 3. Taylor plot of historical wind speed for 38 different
CMIP5 dataset values compared against ERA-Interim dataset
for the Indian domain.
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2.5 Numerical model

MIKE 21 is a computer third-generation pro-
grammed tool for 2-dimensional wave modelling
and simulation developed by the Danish Hydraulic
Institute (DHI), Denmark (Natesan et al. 2015;
DHI 2007). The tool comprises of unstructured
Cexible mesh that works under a cell-centred Bnite
volume solution technique is adopted in MIKE 21.
Cell centred Bnite volume solution is based on the
linear triangular elements, which perform spatial
discretization of differential equations of wave
action (equation 1). An area with extensive details
can be represented by small elements in the mesh
and areas with lesser details can be large elements
(Manson 2012).

oN

ot
þr #Nð Þ ¼ S

r
; ð1Þ

where N or N(r, h) is wave action density spec-
trum, r is the relative angular frequency = 2pf, f is
wave frequency in Hz, h: the direction of wave
propagation, r: spatial operator, #: wave propa-
gation velocity, S: energy source function expressed
as S = Sin + Snl + Sds + Sbot + Ssurf (Sirisha et al.
2015).
The numerical model is developed using MIKE

21 software based on the processed GCM wind data
as input for the study domain. The wind data in
the form of wind speed (m/s) is the input that
provides wave climate after simulation. The
numerical model accuracy is dependent on the
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Figure 4. Variation of daily mean wind speed values of ERA-Interim and CMCC-CM RCP 4.5 dataset.

Figure 5. Bathymetry of the Indian Ocean domain considered for the study.
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bathymetry used, the bathymetry for the Indian
domain is extracted from the CMAP module of
MIKE (Bgure 5). A coarser mesh of the order of 100
km is created for the oAshore region and the
nearshore regions had Bner mesh with sizes in
meters. ReBnement in nearshore bathymetry is
achieved by using digitized local survey data. The
calibration parameters like wave breaking are set
to 0.7, bottom friction is as per the Nikuradse
roughness value of KN = 0.04 m with current fric-
tion of 8. White capping is the most sensitive
parameter speciBed as coefBcients Cdis = 1.7 and
ddis = 0.7. As the measurements correspond to
near-shore triad wave interaction is considered.
JONSWAP fetch growth expression has been used
to compute the initial conditions in the wave
model. As the southern Indian Ocean swell are
predominate in the Indian Ocean, swell eAects are
considered with a peak wave period of 8 sec and a
significant wave height of 1.5 m is assigned at the
southern boundary (Aboobacker et al. 2011). The
mean direction of swell waves is considered as
southwest direction as the simulations are for the
monsoon period (Glejin et al. 2013).
The integral parameters to be obtained from the

numerical model using MIKE 21 in the present
study is significant wave height, mean wave period,
and mean wave direction. The simulation of waves
will be achieved by running a numerical wave
model forced by wind speeds derived from ERA-
Interim for comparison, and CMCC-CM dataset
for future predictions.

3. Results and discussion

The numerical model developed is validated using
in-situ measurements before using it for simulating
future wave climate. The southwest monsoon
winds are predominant along the Karnataka coast,
hence the numerical model is simulated for the
monsoon months of June, July, August, and

September (JJAS). The wave parameters like
significant wave height (Hs), mean wave period
(T01) and mean wave direction obtained are
discussed in this section.

3.1 Validation

In-situ measurements recorded with the help of
instruments mounted with different sensors are
considered as reliable data. In-situ buoy measure-
ments are spatially Bxed with high time scale
density (Kumar et al. 2013). Location-speciBc
measured data of ocean parameters are sparse.
Hence, quality-checked short-term measurements
recorded at a particular location is feasible for
validating the numerical model. In this study, the
in-situ data recorded at Karwar at every 30-min
interval corresponding to latitude 14.82�N and
longitude 74.08�E is procured from Indian National
Centre for Ocean Information Services. Wave rider
buoy measurements recorded at the nearshore
region of Karwar for the year 2011 are used in this
study. The wave parameters considered for vali-
dation are Hs and T01 for JJAS months. Based on
the statistical measures adopted, a comparison
between the numerical model simulation and buoy
measurement is shown in table 1. The formulas of
these statistical quantities bias, root mean-square
error (RMSE), scatter index (SI) and correlation
coefBcient (R) are as shown below:

Bias ¼ 1

n

XN

i¼1

ðMi � BiÞ; ð2Þ

RMSE ¼ 1

n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

i¼1

ðMi � BiÞ2
vuut ; ð3Þ

SI ¼ RMSE

B
; ð4Þ

Table 1. Comparison of simulated wave climate with in-situ measurements.

Dataset Parameter Bias RMSE SI R

ERA-Interim Hs 0.42 m 0.7 m 31% 0.79

T01 0.63 sec 0.84 sec 19.6% 0.68

CMCC-CM˙RCP 4.5 Hs 0.38 m 0.61 m 29% 0.82

T01 0.43 sec 0.6 sec 15.5% 0.71
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R ¼
PN

i¼1ðMi � �MÞðBi � �BÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1 ðMi � �MÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1 ðBi � �BÞ2

q ; ð5Þ

where Bi indicates buoy measurements and Mi

indicates simulated measurements, �M and �B are
the mean values and n is the number of observa-
tions (Sabique et al. 2012).
The statistical measures indicate that the mod-

elled wave parameters quantitatively match well
with the buoy measured data. The CMCC-CM
RCP 4.5 modelled parameters perform slightly
better than the ERA-Interim dataset. The statis-
tical parameters are within the permissible range.
The bias and error values are low, SI is close to 30%

and R is in the range of 0.7–0.8. From Bgures 6 and
7, we can observe that the MIKE simulations
slightly overestimate the wave parameters in
comparison with in-situ measurements.
The validation results indicate the wind pro-

jection from ERA-Interim follows the in-situ
measurement trends. From Bgures 6 and 7, it
can be observed that the CMCC-CM RCP 4.5
simulations of CMIP5 are higher than ERA-In-
terim simulations. Hence, for the predictions of
wave climate along the Karnataka coast, the
numerical model will be forced by wind speeds
provided by CMCC-CM for RCP 4.5 and the
values are on the conservative side from the
design point of view.
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Figure 6. Comparison between in-situ measurements and simulated significant wave height.
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Figure 7. Comparison between in-situ measurements and simulated wave period.

Table 2. Simulated wave climate at six locations.

Sl.

no.

Location details Wave parameters with 10-yr return period
Water

depth (m)Location Latitude (�N) Longitude (�E) Hs (m) T01 (sec)

1 Karwar 14.82 74.08 4.72 9.32 8

2 Honnavara 14.28 74.42 4.32 8.61 8.5

3 Bhatkala 14.00 74.50 4.48 8.57 8.2

4 Kundapura 13.64 74.61 4.12 8.92 9.5

5 Udupi 13.42 74.67 4.19 8.67 11

6 Mangaluru 12.95 74.79 5.13 9.72 7.5
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The future wave predictions at six different
locations (table 2) along the Karnataka coast are
performed for the monsoon period and the wave
rose diagrams are plotted for the year 2030. Fur-
ther, location-wise monsoon wave patterns are
plotted for the year 2050.
The MIKE numerical model is used to predict the

wave climate based on CMCC-CM RCP 4.5 up to

the year 2070. Based on the simulated wave, climate
significant wave height and wave period with a
10-year return period are evaluated. The results
obtained at six locations are tabulated in table 2.
Amongst the six locations studied, the southern dis-
trict Mangaluru showed a higher significant wave
height of 5.13 m and a wave period of 9.72 sec for a
10-year return period. The higher values might be a

August

Honnavara

June July

September

Karwar

August

June July

September

Figure 8. The wave rose diagram for the monsoon months of the year 2030 at six locations.
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result of shallow water depth in the Mangaluru
region. These values will be essential while designing
the coastal structures at these locations.

3.2 Simulated wave climate during the monsoon
of 2030

The wave rose diagrams across the monsoon
months of 2030 are plotted (Bgure 8) location-wise.

The wave climate is harsh in July and restores to
calm conditions in September. The predominant
wave direction is southwest owing to the wind
direction during monsoons.
Themonth of June experiences a wave climate with

significant wave heights (Hs) above 1 m. Figure 8
clearly indicates that themajority ofHs is in the range
of 1–2 m. Overall the Hs above 4 m is not recorded in
the locations for Junewith an exception ofMangaluru.

August

Kundapura
June July

September

August

Bhatkala
June July

September

Figure 8. (Continued.)
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With the arrival of the monsoon, the month of
July experiences a harsh wave climate along the
Karnataka coast. The Hs above 1 m are recorded
in all the locations with maximum values of 4.38,
3.89, 3.99, 3.72, 3.78, and 4.86 m recorded at
Karwar, Honnavara, Bhatkala, Kundapura,
Udupi, and Mangaluru, respectively, for the year
2030. The predominant wave direction is

southwest with a small per cent of Hs of the range
of 1–2 m in the west direction. The maximum Hs is
observed in July in all the locations during the
monsoon period.
In August, the coast is exposed to waves ranging

from 0.5 to 3 m. Except for Mangaluru, the other
locations experience about 15% of Hs below 1 m.
However, the majority of Hs is in the range of

August

Mangaluru
June July

September

August

Udupi

June July

September

Figure 8. (Continued.)
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1–2 m. A small per cent of waves are observed in the
west direction in locations Udupi and Mangaluru.
The wave climate is the calmest in September

in all six locations with wave heights not
exceeding 3 m. More than 42% of wave climate is
\1 m in locations like Karwar, Honnavara and
Bhatkala.

3.3 Variation of wave parameters along
Karnataka coast for the year 2050

The wave parameters in terms of significant wave
height, mean wave period and wave direction at

every 30-min interval are simulated using MIKE 21
numerical wave model. The wave climate is pre-
dicted up to 2070. The typical monsoon wave cli-
mate variation is extracted at six locations for the
year 2050.
From Bgure 9, it is clear that the mean wave

direction is predominant in the southwest direction
during monsoons. This daily predicted wave cli-
mate can be used for eAective coastal management.
Locations like Karwar, Bhatkala and Mangaluru
experience higher waves during monsoons. Loca-
tions like Honnavara, Udupi and Kundapur have
comparatively lesser intense wave climate.

Figure 9. The wave climate for the year 2050 at different locations along the Karnataka coast.
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The maximum significant wave heights pre-
dicted for the year 2050 are 4.66, 4.24, 4.47, 4.11,
4.02 and 4.53 m at Karwar, Honnavara, Bhatkala,
Kundapura, Udupi, and Mangaluru locations,
respectively. When we compare these wave height
predictions of 2050 with the predictions of 2030,
there is an increase in significant wave heights by
6.26%, 8.89%, 11.94%, 10.35%, 6.39% and 3.32%,
respectively, in the six locations. There is a shift in
the peak wave climate from July to June month
based on the comparison between the wave climate
plots of 2030 and 2050. Overall percentage increase

in significant wave heights when the future pre-
dictions of 2070 are compared with the present
predictions of 2020 are 10.49%, 12.50%, 21.38%,
19.15%, 11.61% and 13.03%, respectively, at six
locations.

4. Conclusion

Wave climate data is essential for the design and
analysis of marine structures. Future wave climate
for the required return period can be simulated

Figure 9. (Continued.)

  210 Page 12 of 14 J. Earth Syst. Sci.         (2021) 130:210 



using this numerical model for the Karnataka
coast. The significant wave height values increase
in the range of 3–12% at the studied locations as
shown in the Bgures plotted for the year 2030 and
2050. The wave climate is simulated based on the
GCM wind forcing from CMCC-CM for RCP 4.5
which incorporates possible climate change eAects.
A numerical model-based prediction of wave
parameters at six locations along the Karnataka
coast is achieved from this study. GCM predictions
from CMCC-CM RCP 4.5 of CMIP5 is an eAective
dataset for simulating wave climate along Kar-
nataka coast. Based on the wave climate projec-
tions numerically simulated from 2021 to 2070, the
following conclusions can be drawn:

• The predominant wave direction is southwest at
an inclination varying between 200� and 230�
along the Karnataka coast.

• The maximum significant wave height of 5.13 m
is predicted along the Mangaluru coast for a
10-year return period.

• The coast at present experiences a severe wave
climate in the month of July which is expected to
shift to the month of June in future.

• The increase in significant wave height is
predicted to be in the range of 10–21% in the
future.
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Tidal hydrodynamics and Cushing characteristics
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Tidal hydrodynamics of the Gulf of Khambhat (GoK) were studied with the observed and simulated
datasets. The Cushing time of the Gulf was estimated using the 2D-model calibrated and validated with
the tide and current speed observations. Model simulations were carried out with the inCuence of tide,
wind, and tide and wind combinedly. Wind-driven Cushing was found to be the least with the Cushing
time magnitude of more than 25 days. The Cushing time was found to be much lower for the surrounding
sea irrespective of the seasonal and tidal variations. The model-derived tidal circulation revealed the
seasonal variability and the dominance of Cood tide over ebb in GoK. Maximum current speed was during
spring-Cood conditions in the southwest monsoon, whereas minimum current speed was during the neap-
ebb condition of pre-monsoon. High-frequency radar data, from the southern GoK ascertain the increase
in current speed from south to north. The Simpson–Hunter parameter, calculated in several locations of
the Gulf established the enhancing mixing capacity of GoK from south to north. During low current speed
conditions, the Gulf experiences the formation of a barrier at the southern region which interrupts
Cushing between the Gulf and the north-eastern Arabian Sea during northeast monsoon and pre-monsoon
season.

Keywords. Tide; current; hydrodynamics; Gulf of Khambhat; Cushing time; large water body.

1. Introduction

Gulf of Khambhat (GoK) is a converging channel
and a highly energetic macro-tidal regime of the
northeastern Arabian Sea. It provides navigational
connectivity to industrially important states of
Gujarat and Maharashtra (Bgure 1). The Gulf
boundary in the present study is taken as the 153
km stretch between Pipavav in the state of Gujarat
and Daman in the Union Territory of Daman and
Diu. Unnikrishnan et al. (1999) were the Brst to

successfully simulate the tidal ampliBcation inside
GoK and surroundings by a barotropic numerical
model. Later it was concluded that the shape,
varying bottom friction coefBcients (Nayak and
Shetye 2003), and the large width of the conti-
nental shelf oA the central west coast of India
(Joseph et al. 2009) were the main agents behind
the tidal ampliBcation of the Gulf. In the north
Indian Ocean, the maximum tidal range of more
than 10 m is found in GoK (Indian Tide
Table 2017), which is the second maximum over

This article is part of the topical collection: Advances in Coastal Research.
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the globe after Bay of Fundy, Canada. The tides
are of mixed semi-diurnal type with diurnal dis-
parity and variable amplitudes, which increase
from the south to north along GoK. The maximum
current speed of 3.3 m/s was recorded in GoK
and current Cows towards north–northwest and
south–southeast during Cood and ebb respectively
(Kumar and Kumar 2010). The tidal currents of
GoK have several small-scale distinct features due
to the complex topography and varying tidal
amplitude. The principal factors, which regulate
the seasonal variability of GoK are the Arabian Sea
at the Gulf’s entrance and the Indian monsoon.
The major rivers which drain into the Gulf are
Narmada, Tapi, Mahi, and Sabarmati. The mon-
soonal freshwater discharges of these rivers are
immense and the maximum contribution is from
River Narmada, ranging between 10,000 and
60,000 m3/s during monsoonal Coods. High resi-
dence time is recorded from almost every part of
the Gulf, which makes the Gulf more turbid (Mitra
and Kumar 2021). Understanding the hydrody-
namic characteristics of the GoK is extremely
important as hydrodynamics have a direct impact
on the design of any engineering infrastructure,
built in this area. The GoK has been the site for
many research studies for the past two decades or
more. These studies including the present one
deployed various instruments in the attempt to

obtain the tidal circulation, propagation and to
understand the physical processes.
Coastal regions are very dynamic systems that

steadily transform over different temporal and
spatial scales as a result of geomorphic and
oceanographic processes (Cowell 2003). In such
areas, tidal hydrodynamics play a major role to
understand the complexity and characterizing
features for construction as well as protection
measures. Since the tidal strength is the most
important agent in driving and modulating the
Gulf dynamics, it is the fundamental interest of the
present study to have a meticulous knowledge of
the tide-derived dynamics of GoK. The divergent
response of the Gulf towards tidal and seasonal
reversal is the principal goal of this work.
In the case of tide-dominated, semi-enclosed

basins with negligible freshwater interference,
three transport time scales are used to quantify the
mixing and water exchange capability, i.e., age,
exposure time, and Cushing time. An understand-
ing of the Cushing rate of estuaries and semi-en-
closed basins into the sea is important for
monitoring and management of the aquatic system
since it helps to obtain the trophic state health
(Lucas 2010; Brodie et al. 2012). Since water poli-
cies over the globe exhibit, the requirement of
managing the aquatic systems and their health, a
hydrodynamic as well as water quality descriptor

Figure 1. Bathymetry of the study region where the deployment locations are clearly indicated: the red line indicates gulf
boundary; negative, positive and zero in bathymetry indicates land, water and inter-tidal regions, respectively.
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such as the Cushing time may be utilized as a good
proxy of health and mixing criteria. Flushing time
(FT) is deBned as the rate at which the entire
volume of water is Cushed out of an estuary or
shallow water sea and therefore could be used to
estimate the rate of removal of a pollutant carried
by the water (Thomann and Muller 1987). Long
Cushing time indicates a longer period Cush pollu-
tant out of the Gulf/estuary. The freshwater frac-
tion method is a popular approach for practical
estimations of estuarine Cushing time for unsteady
Cow and variable tidal conditions. On the other
hand, the tidal prism method is implemented in the
shallow water basins, where freshwater interven-
tion is negligible. Numerical tracer experiments
have also been carried out as another perspective
to understand the long-term mixing time scales. It
was observed that the water exchanges and tracer
Cushing time scales became substantially longer
during neap tide and shorter at spring tides in the
experiment at North Sea (Prandle 1984; LuA and
Pohlmann 1995). The complexity of tracer distri-
bution is largely a consequence of complex tidal
current patterns. In general, Cushing time pos-
sesses an inverse relationship with the freshwater
input. Hence, it could be used to determine fresh-
water exchange/withdrawal scenarios in view of
planning and management of water resources.
Fifty percent of the global livelihood depends

upon the coastal zone. Thus, there is an inCuence of
anthropogenic activity upon aquatic environments.
Modeling a semi-enclosed coastal embayment as a
discrete system within or connected with a larger
sea is often beneBcial. Since water quality processes
take place at times scales much larger than the
average tidal period, hydrodynamic and water
quality models could be coupled together by com-
bining the rate of tidal exchanges with the Cushing
time scales. In this case, the FT is considered as the
measurement of the entire system and a single
magnitude would depict the status of the entire
water body. The advantage of such an approach is
the quantiBcation of the relationship between
alteration in water quality and the feedback of the
ecosystem in a compliant manner (Lee and Wong
1997). On the other hand, the residence time is a
similar concept but is usually considered to have
variability within a region as well as differs for
various material inputs (Zimmerman 1976;
Takeoka 1984). However, FT is an integrative
parameter used to delineate the water mass
exchange between two water bodies, without
identifying spatial variability in the mass

concentration within the systems (Monsen et al.
2002; Valle-Levinson 2010). In general, it has been
presumed that the water of a shallow water system
predominantly gets replaced by water from the
connected outer seawater. This phenomenon of
water egress/ingress could remove/replace mate-
rials associated with terrestrial discharge/oAshore
water. This eventually impacts the ecosystem
health and status of the shallow water sea and its
associates. Thus, an attempt has been made to
determine the tidal and seasonal inCuence on
the Cushing characteristics of the GoK and the
surrounding seas.

2. Materials and methods

2.1 In-situ data

Measured tide and current data from locations
such as Pipavav (1 Jan–7 Feb 2014) and Dholera
(inside GoK) (31 Aug–3 Oct 2008) and Diu (out-
side GoK) (1 Jan–7 Feb 2014) by using Seaguard
Tide Gauge and Current Meter (RCM), Acoustic
Doppler Current ProBler (ADCP) data oA Bhav-
nagar (25–28 Jan, 24–27 Mar and 9–12 April 2013)
and high-frequency radar (HFR) data (01 Jan
2014–31 Dec 2014) retrieved from three other
locations of southern Gulf separated at a distance
of 12 km from each other are used in the study.

2.2 Hydrodynamic model

Continuity and momentum balance equations
given by Stoker (1957) have been used to obtain
the tide-elevations, tidal currents, circulations in
the GoK. These equations are two-dimensional and
vertically integrated, applicable for an unsteady
water column. In this study, the 2D model applied
is the same model used to determine the Lagran-
gian circulation of the Gulf by Mitra et al. (2020a).
Same model was used to estimate suspended sedi-
ment (SS) transport and residence time (RT) of the
GoK (Mitra and Kumar 2021). Other than the
Gulf, the model has been applied in several loca-
tions (Naidu and Sarma 2001; Naidu et al. 2016).
The northern boundary of the model domain was
closed and boundary tides were applied at the
southern, western, and eastern boundary. Data of
zonal (u) and meridional (v) components of wind at
10 m height having 1-hr interval with a resolution
of 0.25� 9 0.25� for the entire study area used as
model inputs is from the ERA5 reanalysis produced
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by European Centre for Medium-Range Weather
Forecasts (ECMWF) (Hersbach et al. 2020). The
river discharge data of major rivers (Narmada,
Tapi, Mahi, and Sabarmati) was obtained from the
Central Water Commission, New Delhi. Standard
seawater density has been used in the entire model
domain and GoK was assumed to be a one-layer
system. The model simulations were continued for
three typical months of three seasons, viz., summer
monsoon (July), winter monsoon (January) and
pre-monsoon (March) in the year 2016. The
monthly averaged simulation results are presented
in the study.
Calibration and validation of the model based on

measured tide and current data at Surat were
presented in Mitra et al. (2020a). Correlation
coefBcients of 0.87 and 0.75 were obtained for tide
and current respectively which indicate a well-
match between observed and simulated datasets.
Positive bias values (0.04 m for tide and 0.09 m/s
for current) of these parameters indicate slight
over-estimation by the model.
Since in the earlier studies, validation of the

model was not done for the northern region, pre-
dicted tide elevation and current speed were esti-
mated and compared with the datasets collected at
Dholera in the northernGoK for the year 2008. Even
though the station locations are situated inside a
channel, themodel could predict the tidal amplitude
accurately, although a slight discrepancy was
encountered in the case of the tidal phase (Bgure 2a).
On the other hand, the model-derived current speed
matched well with the observation (Bgure 2b).

2.3 Estimation of Cushing time (FT)

FT was estimated by applying the tidal prism
model (Alber and Sheldon 1999).

Tf ¼ Vh=Vtp; ð1Þ

where Tf = FT, Vh = high water volume of the
estuary volume (Luketina 1998), Vtp = the tidal
prism (volume that entered during low water and
high water).
Freshwater inCuence is taken using the equation

by Luketina (1998).

Vtp ¼ QFW þQFL; ð2Þ

where QFW is the input of freshwater during tidal
period (high or low) and QFL is the volume of oA-
shore water entering into the estuary during the
Cood tide period.

2.4 Mixing

Simpson–Hunter parameter (h/U3) (Simpson and
Hunter 1974) was calculated to determine the
mixing ability of the Gulf, where h is the water
depth of a particular location and U is the average
current velocity.

3. Results

3.1 In-situ data

Tide data collected at Diu (outside GoK) and
Pipavav (inside GoK) are shown in Bgure 3. The
data depicts the tidal ampliBcation inside the Gulf
where within a stretch of 68 km, i.e., between Diu
and Pipavav, tide-elevation has a drastic increase
of about 3 m with a rate of 0.04 m/km. Current
speed and direction data recorded with the help of
ADCP at central GoK during January, March, and
April indicate that maximum current speed was
recorded during April followed by March and
January (Bgure 4). The resultant direction during
January was towards SSW which tended to shift
westward during March and April.
The seasonal averaged current speeds recorded

by HFR are presented in Bgure 5. Even though the
locations are very close to each other, the increase
in current speed from south to north is quite
noticeable, where minimum current speed was
observed in the southern-most location and vice-
versa. The northward ampliBcation of the u-com-
ponent of current was prominent (Bgure 5a–c).
This was not found in the case of v-component,
where a negligible increase was recorded
(Bgure 5d–f) which is well-portrayed in the
Bgures due to the uniformity of scales for both the
components.

3.2 Circulation of GoK

The model simulations were carried out for differ-
ent physical forcings, viz., tide (Bgure 6), wind
(Bgure 7) and for the combined inCuence of tide
and wind (Bgure 8) during three typical months of
the summer or southwest monsoon (July), winter
or northeast monsoon (January) and pre-monsoon
season (March). The maximum and minimum
magnitude of current speeds were recorded during
the summer monsoon and pre-monsoon seasons,
respectively. Simulations revealed that the circu-
lations inside the Gulf are more complex than that

  112 Page 4 of 14 J. Earth Syst. Sci.         (2021) 130:112 



of the surrounding sea irrespective of the seasonal
conditions. Tide-driven current speed magnitudes
were found to be much higher inside the Gulf than
that of the sea. On the contrary, wind-induced
current speed was found to have more dominance
in the Arabian Sea. After a month of model simu-
lation, a barrier was noticed in the southern region
of GoK mostly during the pre-monsoon season
(Bgure 6b, c and 7c). The barrier gets indistinct
during the winter monsoon period and eventually
disappears during the summer monsoon season.
The maximum current speeds of *3, 2.5, and 1.2
m/s were recorded for the combined circulation of

tide and wind (Bgure 8a), tide-driven circulation
(Bgure 6a), and wind-induced circulation (Bgure 7a),
respectively.

3.3 Overall hydrodynamics and mixing
properties of GoK

Cross-sectional maps of the distribution of mean
tide-elevation and current speed over the domain
of interest were plotted by using in-situ as well as
model-derived data over several locations of the
Gulf and surroundings (Bgure 9). The distributions
revealed the occurrence of minimum current speed

Figure 2. Model validation with data collected at Dholera in the northern gulf of Khambhat.

Figure 3. Comparison of tidal amplitude of Diu (outside GoK) and Pipavav (inside GoK).
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at southern GoK which had an unsteady increase
towards the north. The undulating topography and
the varying bottom friction coefBcients are the
main factors behind this. Observations revealed a
maximum current speed of * 2 m/s near Bhav-
nagar in the central GoK which had a decrease
further northward. The cross-sectional proBle of
tide-elevation also depicted the same, i.e.,
increasing from the south towards north till
Bhavnagar and again having a further northward
decrease. These datasets reveal that maximum
current speed was observed in the regions between
Hazira and Bhavnagar which are the places of
maximum tide height. In general, tidal ranges are
found to increase with a decrease in water depth
from mouth to head, up to 20 m depth contour,
thereafter, it decreases with decreasing water
depth.

The Simpson–Hunter parameter was calculated
at several locations of the Gulf which is presented
in table 1. The data indicates maximum and
minimum magnitude at locations HF3 and
Bhavnagar, respectively. The dataset portrays
enhancement of the mixing capability of GoK
from south to north.

3.4 Flushing time

The model domain has been segregated into two
sub-domains, i.e., GoK and surrounding sea (SS)
for separate estimation of Cushing time. Three
separate simulations have been carried out to
determine the Cushing characteristics of GoK, SS,
and GoK+SS, considering the seasonal and tidal
variability. Further, simulations were continued

Figure 4. Current speed and direction data recorded by acoustic doppler current proBler (ADCP). (a) 25–28 Jan 2013, (b) 24–27
Mar 2013 and (c) 9–12 April 2013.
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considering the tidal forcing, wind forcing, and the
combined forcing of tide and wind.
Flushing time of GoK was found to be high

during the winter monsoon and pre-monsoon sea-
sons which gets decreased during the summer

monsoon (Bgure 10). Spring FTs are quite higher
than the neap ones. The maximum magnitude of
FT (66 tidal cycles) was obtained considering wind
as the single Cushing forcing. Overall considering
the seasonality, the Cushing time varied between

Figure 5. u and v component of high frequency radar data collected in three locations of southern GoK: (a) u summer monsoon,
(b) u winter monsoon, (c) u pre-monsoon, (d) v summer monsoon, (e) v winter monsoon and (f) v pre-monsoon.

Figure 6. Monthly-averaged tide-driven circulation during (a) southwest-monsoon, (b) northeast-monsoon, and (c) pre-
monsoon.
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15 and 55 tidal cycles in realistic conditions
(tide+wind).
The Cushing time of the SS was found to be

invariable irrespective of the tidal conditions
(Bgure 10). However, seasonal variation was quite
evident with maximum Cushing recorded during
the summer monsoon (7 days) followed by winter
monsoon and pre-monsoon. During the summer
monsoon season, the FT was found to be quite
similar for the three aquatic systems (GoK, SS, and
GoK+SS).
The FT of the entire model domain was found

to be quite similar to that of GoK (Bgure 10).
Even in this case, maximum Cushing was obtained
during summer monsoon followed by winter
monsoon and pre-monsoonal months. The region
requires 7 days to Cush considering repetitive
neap tide conditions and 26 days for spring tide
simulations, respectively, during summer monsoon

and pre-monsoon. Flushing is thereafter antici-
pated between 7 and 26 days during realistic
spring neap cycles.
The depth-averaged Cushing times were esti-

mated in GoK for different seasonal and tidal
conditions (table 2). Maximum Cushing was
obtained with the combined simulation of tide and
wind during the summer monsoon season. Wind-
driven Cushing was found to be minimum for each
seasonal and tidal conditions. A marginal decrease
in FT was obtained from spring to neap irrespec-
tive of the seasons. As a whole, minimum and
maximum Cushing times of around 7 and 31 days
were obtained for neap and spring tides of summer
monsoon and pre-monsoon, respectively. Seasonal
variability is more prominent in case of the open
ocean region, on the other hand, tidal conditions
also intervened in the case of GoK along with the
seasonality.

Figure 7. Monthly-averaged wind-driven circulation during (a) southwest-monsoon, (b) northeast-monsoon, and (c) pre-
monsoon.

Figure 8. Monthly-averaged tide+wind-driven circulation during (a) southwest-monsoon, (b) northeast-monsoon, and (c) pre-
monsoon.
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4. Discussion

In the present study, tidal hydrodynamics were
examined from Eulerian and Lagrangian points of
view and both of them are in pace with each other.
Propagation of tide and current speed in GoK and
surroundings manifested that the current speed is
mainly modulated by the tidal action of the Gulf.
Thus, a northward increase was obtained in the
current speed as well as tide-elevation, reaching
maxima in Bhavnagar and decreasing further
northward. In the Mandovi and Zuari estuaries of
the west coast of India, the tidal height remained
unchanged over a large distance from the mouth
due to the balance between geometric ampliBcation
and the bottom friction (Unnikrishnan et al. 1997).
The present study has contrasting characteristics
due to the combined inCuence of geometry, friction,
and bottom topography. Similar results were
obtained by the in-situ data (HFR) from southern
GoK where a small, but steady increase in current

speed was obtained from south to north. A study in
areas of mid-Atlantic Bight identiBed high seasonal
variability of the tidal properties; it has shown that
HFR is a better resource for annual mean surface
tidal properties and has the advantage of providing
information on seasonal alterations (Brunner and
Lwiza 2020). In the present study, HFR data pro-
vided information on spatio-temporal variation of
current components as well. The component of
HFR current speed (u) was found to have a
prominent increasing trend both spatially and
temporally, whereas the component (v) did not
reCect such and was found to be more or less
invariable. Maximum u and v-component speeds of
0.69 and 0.7 m/s were obtained from HF3 (south-
ern-most location) during the southwest monsoon.
The HFR data provided adequate temporal cov-
erage of the surface ocean current even though the
spatial coverage was low, but it allowed the present
study to characterize the mean seasonal current of
that region. The data as a whole reinforced the

Figure 9. Cross-sectional proBle of tidal current speed and direction.

Table 1. Simpson–Hunter parameter calculated in GoK.

Location Depth h (m)

Average current

speed U (m/s)

Magnitude

of h/U3

HF1 30 0.88 44

HF2 22 0.93 27

HF3 17 0.96 19

Daman 4.65 1.5 1.38

Surat 10 2 1.25

Dahej 15 2.5 0.76

Bhavnagar 20 3.3 0.55
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general circulation of GoK. The ADCP data indi-
cated the seasonal variability of the current speed
where a higher value was found during
March–April (pre-monsoon) than January (north-
east-monsoon). Even though the seasonal vari-
ability of the ADCP data showed slight
discrepancies with that of the HFR counterpart
which obtained a higher magnitude of the current

speed during northeast-monsoon than pre-mon-
soon, both these datasets manifested the impor-
tance of seasonal cycles in the Gulf dynamics. The
general circulation data reCected considerable
variation in the seasonal as well as the tidal cycle of
the Gulf circulation. It also showed variability
considering various physical forcings. The circula-
tions exhibited the presence of a barrier between

Figure 10. Flushing rates of (a) Gulf of Khambhat, (b) surrounding sea and (c) entire model domain.

Table 2. Assessment of Cushing time of the model domain.

FT tide (days) FT tide+wind (days) FT wind (days)

Neap Spring Neap Spring Neap Spring

Southwest monsoon (SWM) 13.4 14 7.3 7.8 16 17.3

Northeast monsoon (NEM) 22.5 23.3 18.5 20.7 26.2 28.4

Pre-monsoon (PM) 25.5 26.8 23.7 25.5 29.5 31.3
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the Gulf and the Arabian Sea on a seasonal scale.
The tide-driven barrier is prominent during
northeast-monsoon and pre-monsoon when the
current speed was comparatively less. The south-
ward shift of the barrier during northeast-monsoon
revealed high current speed inside the Gulf which
helped the barrier for a southward proceed;
whereas the barrier forms further northward due to
comparatively low current speed during pre-mon-
soon season. The monthly averaged simulations
revealed the presence of the barrier considering the
tide-driven and wind-driven circulations; whereas
it was found to be vague in the case of the com-
bined circulation of tide and wind. A study by
Mitra et al. (2020a) concluded that the typical
bathymetry of the Gulf along with the tidal vari-
ability played a key role behind such type of for-
mation. A similar type of barrier was noticed in the
southern region of Cochin estuary during the pre-
monsoon season which led to the formation of a
standing wave (Balachandran et al. 2008). The
previous studies (Mitra et al. 2020a, b), as well as
the present one, infer that the Gulf dynamics is
inCuenced more by Cood tide than the ebb. These
could have a great implication on eAluent and
marine debris transport as well as sediment trans-
port and the erosion-accretion mechanism of the
Gulf. The Simpson–Hunter parameter calculated
in the Gulf showed a decreasing trend from south
to north reaching a minimum value at Bhavnagar.
The low value in northern stations indicates that
the mixing capacity of the Gulf increases with
increasing tidal action. The higher mixing capacity
of the Gulf portrays the Gulf as a single layer
system where the use of a 2D model could be well-
justiBed. The high value of the parameter at the
southern GoK stipulates chances of stratiBcation
at those locations. The Lagrangian particle track-
ing, done by Mitra et al. (2020a) briefed higher
advection of particles inside GoK which got
reduced outside. Lagrangian circulation in the
European continental shelf has established the
association between the larger magnitude of
excursion of particles in the tide-dominated regions
(Ricker and Stanev 2020). They have also found
that the tidal forcing considerably inCuences the
accumulation of particles in the shelf which
resembles the study by Mitra et al. (2020a) where
they have established that there is a tendency of
the Gulf to accumulate particles at the northern
region where tidal intervention is maximum. The
present study manifests the fact that both the
advection and mixing get intensiBed inside the Gulf

due to the ampliBcation of tide and tidal current,
but due to the presence of the barrier such char-
acteristics are not reCected in the surrounding sea.
The exact tidal contribution towards the overall
dynamics of the Gulf was not quantiBed in the
present work but it discerns that the maximum
contribution comes from the tidal part even though
the Gulf is exposed to seasonally reversing wind
regime.
The physical forcings impact the overall

dynamics of GoK irrespective of the seasons. Since
the southern region of the Gulf is in the acquain-
tance of the Arabian Sea, it experiences seasonally
reversing wind patterns more than the northern
region. The Cushing characteristics of the model
domain reveals that the entire system is cleaned up
comparatively quickly when both the physical
forcings are considered and the Cushing was found
to be least when the wind was the single physical
factor. That is why the seasonal reversibility was
quite evident in this case where minimum FT was
observed during the summer monsoon. This
resembles the Cushing characteristics of Azhikode
estuary and Cochin estuary where the minimum
and maximum Cushing were obtained during dry
and wet seasons respectively (Revichandran and
Pylee 1998; Vinita et al. 2015). They also con-
cluded that the FT is directly correlated with the
plankton biomass and the amount of contaminant.
In general, spring Cushing is found to be more than
neap due to higher current speed during spring
(Sridevi et al. 2015). On a contrary, spring Cushing
time of the Gulf was found to be more than neap
due to higher tidal prism during spring. Even
though the tidal prism was found to be much
higher in the case of the surrounding sea, it was
found to have much better Cushing than that of the
Gulf. This could be explained by the general cir-
culation of the model domain wherein the southern
region of the Gulf experienced a formation of a
barrier which hinders the easy Cow of water
through it and prevents the Gulf to Cush out to the
open sea. A study in the Persian Gulf also had
inferred that the FT was found to be comparatively
smaller in the southern region of it than in the
northern or northwestern region (Sadrinasab and
Kampf 2004). The complex topography leads to
more complex circulation and tidal characteristics
of GoK which eventually impacts the FT. Due to
quite simpler bathymetry of the surrounding sea,
the FT was found to be smaller. Considering the
entire model domain, the FT was estimated to be
quite larger than the surrounding sea, but was
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comparable with that of GoK. This indicates that
the Cushing characteristics of the model domain
depend more on the FT of GoK than the SS. In a
long run, this could be harmful to the Gulf, as the
water exchange between the shallow sea and the
surrounding region is the foremost factor to mod-
ulate the water quality and ecosystem (Winter
et al. 2020). Since several industries and ports are
there along the banks of GoK, the longer FT could
be of concern for the Gulf ecology. The untreated
eAluent, if released from the industries could be
present in the Gulf water for a prolonged period
(even more than 25 days) and could lead to
eutrophication as well as harmful algal bloom in
that area since the tidal time scales as well as the
biophysical interactions provide an important
mechanism for algal bloom development and evo-
lution (Lucas et al. 1999). This not only will aAect
the lower trophic level organisms such as planktons
or small Bshes, but also large Bshes and eventually
human beings. Studies have revealed that the
phytoplankton growth rates vary from less than 1
day to around 3 days (Laws 2013). The large FT of
the Gulf could lead to the entrapment of hazardous
material which in the end might be uptaken by the
planktons. Since the southern region of the Gulf is
directly connected with the Arabian Sea, better
Cushing is expected in this region.

5. Conclusion

The present study clearly shows that the tide-
induced hydrodynamics most significantly modu-
lates the Gulf characteristics. The observed as well
as simulated datasets are well in agreement with
each other. The HFR data indicated clear spatio-
temporal variability of the current components,
especially the u-component where maximum mag-
nitude was recorded in the northernmost location
during the southwest monsoon. Although distinct
seasonal alteration is noticed in the Gulf circula-
tion as a whole, the tidal impact played a key role
in the overall dynamics. The present study
resembles the previous ones where a northward
increasing trend in current speed with increasing
tide elevation was observed. This eventually leads
to the ampliBcation in the mixing capacity of the
Gulf towards the north which is quantiBed with the
help of the Simpson–Hunter parameter (lower
magnitude in the northern region). A barrier could
be noticed in southern GoK which causes distinct
characteristics in the Gulf compared to the

Arabian Sea during the pre-monsoon and northeast
monsoon seasons due to the combined eAect of tide
and bottom topography of the Gulf. It prevents the
easy Cushing of the Gulf water to the open sea. On
the other hand, the surrounding sea had lower
Cushing time due to its bathymetry leading to easy
water movement. The Gulf was found to have the
least Cushing during pre-monsoonal months, and
the Cushing time was found to be minimal during
the southwest monsoon. The surrounding sea had
comparatively lower Cushing time. The high
Cushing time of the Gulf could be of potential risk
for its health and status in long run.
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Shoreline is a dynamic system where erosion/accretion patterns and sea-level rise takes place due to the
natural marine processes and anthropogenic activities. The movement of suspended sediment along the
coastal water is an indicator of erosion and deposition of the coastal landforms. This study aims to analyse
the shoreline changes and the corresponding spatio-temporal pattern of suspended sediment concentra-
tion of the southern Kerala coast using Sentinel 2 MSI satellite images for the period from December 2018
to November 2019. Single band at 645 nm shows good correlation with better regression co-efBcient in a
closed or semi-enclosed lake that shows less complexity of water quality. Hence red band of Sentinel 2 MSI
has been used to estimate the suspended sediments in this study. Total suspended sediment along the
south Kerala coast ranging from 0–10 mg/l has been estimated from the satellite images. The seasonal
pattern of suspended sediment concentration has been estimated from the satellite images (SENTINEL 2
MSI) for the period from December 2018 to November 2019. The suspended sediments derived from the
satellite image have been compared with the corresponding Beld data. The suspended sediment con-
centration derived from the satellite images shows a correlation coefBcient R2 = 0.85 with the Beld data.
Similarly, the shoreline erosion and accretion have been analysed from the shoreline change analysis
methods. In this study, monthly and seasonal shoreline changes have been estimated along the southern
Kerala coast using multi-spectral and multi-temporal satellite imagery (SENTINEL 2 MSI) for the
corresponding available dates of the period from December 2018 to November 2019. The shoreline from
the satellite image has been validated with the shoreline derived from the Beld collected beach proBle
data. The shoreline erosion and accretion have been compared with the sediment concentration map
derived from the satellite images along the south Kerala coast. It is inferred that, with the use of satellite
images, the relation between the erosion/accretion pattern and the suspended sediment pattern along the
coast can be visualised and qualitatively studied.

Keywords. Suspended sediment concentration; shoreline change analysis; sentinel images.
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1. Introduction

Shoreline is a dynamic system where erosion/
accretion patterns and sea-level rise take place due
to the natural marine processes and anthropogenic
activities. Shoreline change analysis is concerned as
important task for identiBcation of hazard zone
caused due to coastal process which helps in
securing the ecosystem and future development.
The movement of suspended sediment along the
coastal water is an indicator of erosion and depo-
sition of the coastal landforms. The particles ero-
ded from one place get deposited in another place.
During this process, the sediments get suspended in
the coastal waters. To study the impact of shore-
line erosion and accretion, study of total suspended
sediments is mandatory.
Total suspended sediment (TSS) is one of the

important water quality parameters that provide
the information of the highly dynamic seabed fea-
tures. Suspended sediment is composed of algae
(pigments and cell material), dead organic matter
and mineral matter. It is often difBcult to get the
synoptic information on water quality at a regular
frequency from the routine in-situ monitoring
network where limitations on spatial and temporal
sampling exist.
The total suspended sediment derived from the

satellite images provides information on that
instance and also provides information on the
supposed spatial movement of the suspended sed-
iments. The visible red channel is used often to
map suspended sediments, since it has the capa-
bility to differentiate the green pigment (Chloro-
phyll a), turbid water and TSS. Single band at 645
nm shows good correlation with better regression
co-efBcient in a closed or semi-enclosed lake that
shows less complexity of water quality. Numerous
models (Tassan 1994; Miller and McKee 2004;
Chen et al. 2015) have been derived from the
remotely sensed data (ocean colour imageries) from
polar-orbiting satellites for estimation of TSS.
Though the existing models have been developed
based on the remote sensing reCectance at different
wavelengths, other factors such as high temporal
and spatial resolution of the sensor play a vital role
in extracting the information on TSS. Water
quality conditions differ depending on the estuar-
ine, coastal or riverine origin. Many studies have
been made using MODIS images for TSS estima-
tion from 250 m resolution to 1000 m resolution
images (Miller and McKee 2004; Long and Pavel-
sky 2013).

In this paper, to study the monthly pattern of
the suspended sediments along the coast and its
impact on shoreline dynamics, 10 m resolution
Sentinel images have been used. To study the
impact of spatial pattern of suspended sediment
concentration, satellite images (10 m sentinel
images) with the shoreline dynamics have been
used.

2. Study area

The present study area is a stretch of 50 km from
southern Kerala coast where the major portion
is covered by Thiruvananthapuram district of
Kerala. The area is bounded by Kollam District,
Kerala in North, Kanyakumari District in South,
Tamilnadu and Arabian Sea in West and has Killi
river and Neyyar river (Poovar estuary) (Bgure 1).
The annual variation of mean air temperature is
from 21� to 34�C. Humidity is high and rises about
90% during the monsoon season. The average
annual rainfall is 2035 mm and experiences both
the monsoon period of India – southwest monsoon
and northeast monsoon. The turbidity of the study
region falls within 5 NTU and suspended sediments
range from 0 to 10 mg/l. The coast of south Kerala
has the geomorphology of coastal origin with
younger coastal plains and denudational origin
with pediment pediplain complex. It has rocky
outcrops south of Kovalam. The primary sediment
cell of the study area falls under Kollam to
Kanyakumari (PC10) and the sub-cells have been
classiBed into Kollam to Kovalam (10a), Kovalam
to Muttom (10b) and Muttom to Kanyakumari
(10c) (Bgure 1b).

3. Data and methods

The visible red channel is used often to map
suspended sediments, since it has the capability to
differentiate the green pigment (Chlorophyll a),
turbid water and TSS (Mobley 1999; Miller and
McKee 2004). Single band at 645 nm shows good
correlation with better regression co-efBcient
(Miller and McKee 2004; Wang et al. 2008). Hence
red bands of Sentinel 2 MSI have been used in this
study (table 1). Total has been estimated (equation
1) based on the model developed by Miller and
Mckee (2004). Authors like Misra et al. (2014);
Gupta (2015); and Pitchaikani et al. (2019) used
Miller and McKee (2004) algorithm for estimating
the sediment concentration for Indian waters and
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achieved high correlation for coastal waters. Bala-
subramanian et al. (2020) have attempted statis-
tical analysis of the existing TSS models for
different types of waters and for 665 nm. It can be
inferred that Miller outperformed for global, Type
I, II and III waters. Hence, in this study, Miller
model for 665 nm has been preferred. The sus-
pended sediments ranging from 0 to 200 mg/l can
be eAectively derived. However, the suspended
sediments have been extracted to the range 0–10
mg/l pertaining the study area from the satellite
images. Monthly shoreline change analysis for the
period from December 2018 to November 2019 has

been carried out using DSAS (Digital Shoreline
change Analysis System) tool in the Geographic
Information System (ArcGIS) software. DSAS
computes rate-of-change statistics for a time series
of shoreline vector data. It is also useful for com-
puting rates of change for other boundary change
conditions that incorporate a clearly identiBed
feature position at discrete times.

TSS ¼ �1:91þ 1140:25�R; ð1Þ

where R is reCectance at 645 nm.
The satellite images from SENTINEL for 2019

have been used for the analysis on the pattern of

Figure 1. (a) Location map showing the study area with (b) sediment cell extent and (c) geomorphology.
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suspended sediments along the Vizhinjam coast.
SENTINEL-2 mission has high revisit period of 10
days at equator with one satellite and 5 days with 2
satellites under cloud-free conditions which result
in 2–3 days at mid-latitudes. For this study area,
the revisit period is 5 days with lesser cloud cover.
The satellite image data of less than 10% cloud
cover has been considered. The data on suspended
sediments collected (compliance report of Vizhin-
jam Port, 2019) for the months February 2019 and
December 2018 have been used for validation of the
results (Bgure 2). The same location and time of
the sample collection have been extracted from the
satellite image for comparison and validation.
Though the model used to derive TSS is at reCec-
tance of 645 nm and the Sentinel MSI Band 4 has
the central wavelength of 665 nm, the spectral
signature of different suspended sediment concen-
tration shows no difference between 645 and 665

nm (Bowers et al. 1998; Qu et al. 2014). Also,
Nexhad et al. (2010) and Liu et al. (2017) have used
the model of 645 nm for extraction of water quality
parameter from 665 nm.

4. Results and discussions

Monthly suspended sediment pattern has been
estimated and visualized (Bgure 3). Suspended
sediment concentration has been validated with
the Beld data (Bgure 4). TSS has been estimated
based on the model developed by Miller and McKee
(2004). Suspended sediments ranging from 1 to 10
mg/l have been shown in the maps for the months
of February, March and April 2019. Suspended
sediments can be estimated for the different
seasons to study the pattern along the coast.
The shoreline from the sentinel image has been

compared and validated with the higher resolution
satellite image and the Beld-collected shorelines.
Regression co-efBcient (R2 value) with the Beld

data is 0.85 for TSS, respectively, for the samples
(N = 24).
The shoreline derived from the sentinel satellite

images for shoreline change analysis has been
shown in Bgure 5. Corresponding change in shore-
line and the beach volume has been analysed and
validated with the Beld shoreline data (Bgure 6).
The graph shown in Bgure 6 compares the shoreline
derived from 5 m (LISS4 for validation) and 10 m
satellite images, beach proBle data with the Beld

Table 1. Sensor speciBcations and Beld data used.

Parameters Sentinel 2 MSI

Spatial resolution (m) 10–60

Spectral resolution (nm) 15–180

Spectral range (nm) 440–2190

No. of bands 13

Swath (km) 290

Revisit period 5 days with 2 satellites under cloud-free conditions

which results in 2–3 days at mid-latitudes

Date of images 10-11-2018; 20-12-2018; 09-01-2019;

03-02-2019; 05-03-2019; 01-04-2019;

14-05-2019; 28-06-2019; 06-07-2019;

02-08-2019; 21-09-2019; 01-10-2019;

05-11-2019

Field data for validation Daily data collected for the months

of December 2018 and February 2019.

Mulloor: 08�21.9230N; 76�58.8600E
Vizhinjam: 08�21.7050N; 76�59.5650E
Pachaloor: 08�24.1430N; 76�56.2680E
Poovar: 08�17.5970N; 77�04.0580E

Satellite images

Exis�ng TSS Model

TSS Map

Field data

Valida�on

Shorelines

Shoreline Change Map

Valida�on using beach profiles

Figure 2. Flowchart showing methodology of the study.
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Figure 3. Monthly spatial pattern of suspended sediments along south Kerala coast from December 2018 to November 2019.
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collected shoreline data speciBc to the stretch from
Shangumugham to Punthura. The comparison
shows that the error in extraction of shoreline from

10 m Sentinel images is 4.65 m, while the error
from 5 m satellite image is 2.75 m when compared
with the shoreline from the Beld.

N= 24
R² = 0.85
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Figure 4. Validation of estimated TSS with Beld values.
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With the shoreline change analysis and sus-
pended sediment pattern along the coast, a spot
from each erosion and accretion has been compared
and analysed for the study of impact on the coast
(Bgures 7 and 8). Total suspended sediment varies
based on the bottom topography, the steepness of
slope and the breaker wave action that allows the
sediment to suspend and tends to move longshore,
onshore or oAshore. This pattern of movement of
sediments towards north or south results in
changing the shoreline conBguration. The net
annual longshore sediment transport is predomi-
nantly towards north along the Kerala coast,
whereas during the monsoon months of June–July,

the sediment transport is towards the south (Nair
et al. 2015). The study region consists of two sub-
sediment cells 10a and 10b from Kollam to Kova-
lam and Kovalam to Muttom, respectively. The
erosion spot, Valliyathura falls within the sub-
sediment cell 10a and the accretion spot, Adi-
malathura falls within the sub-sediment cell 10b.
The spot of erosion, Valiyathura and accretion,
Adimalathura have been mentioned in the previous
studies carried out by Thomas (1988), SAC-ISRO
(2014), Noujas and Thomas (2015), Neelima et al.
(2017) and Kankara et al. (2018).
The suspended sediment concentration at the spot

of erosion is high during the month of July–August
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Figure 6. Comparison of shoreline derived from 5 and 10 m satellite images, beach proBle data with the Beld collected shoreline
data.

Figure 7. Monthly shoreline changes and beach volume changes comparison with monthly suspended sediment changes at
erosion spot (Valliyathura).
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2019,whereas the erosion is noticedduring themonth
of July 2019. The suspended sediment concentration
at the spot of accretion is high during the month of
July 2019 where the erosion is noticed during the
month of July 2019 atAdimalathurawhile during the
month of August 2019, the deposition is noticed.
From the graphs, it can be inferred that both in the
accretion spot and erosion spot, the suspended sedi-
ment is highduring themonth of July 2019.However,
the spot is decided to be erosion or accretion based on
how the site recover its sediments in the coming
months. Hence, the accretion spot gets back the
sediments eroded in July, while the erosion spot
indicates further erosion after July.

5. Conclusions

The total suspended sediment derived from the
satellite imagesprovides informationon that instance
and also on the supposed spatial movement of the
suspended sediments. This study demonstrates that
with improved spatial resolution and temporal revisit
or the combinationof the satellite sensors, thepattern
of movement can be eAectively monitored. The sea-
sonal andmonthly pattern for the year 2019 has been
estimated andvisualized in this study to bring out the
correlation using Beld datasets and eAective utility of
satellite image for such study. As the Beld data col-
lection is a tedious and time-consuming process, the
suspended sediments derived from the satellite ima-
ges help to study the impact on shoreline change, its

erosion and accretion pattern. The derived TSS from
the satellite images shows the correlation of 0.85
compared with the Beld data. With further Beld
information, the results can be improved to derive a
relationship between the sediment concentration and
the erosion/accretion pattern with better accuracy.
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The historical shoreline change from 1978 to 2017 along Odisha coast are studied using toposheet,
time-series Landsat, Indian Remote Sensing satellite data, and observed data. Shoreline change at south
Odisha coast, Puri, Konark, Paradip and Pentha at different epochs (3–12 yrs) during 1978–2017 shows
distinct spatio-temporal variability, which is discussed in relation to cyclonic storms and coastal struc-
tures associated with ports and harbours. The study also generated a long-term (1978–2017) shoreline
change statistics (EPR, LRR, SCE and NSM) using Digital Shoreline Analysis System (DSAS) at every
500 m interval for the Bve zones of Odisha coast covering 425 km, identiBed the hotspots of erosion and
accretion and divided the shoreline into Bve different classes of erosion and accretion. IdentiBed lengths of
shoreline with high erosion, low erosion, stable, low accretion and high accretion are respectively, 257.1,
92.2, 25.5, 10.2 and 40 km, based on LRR. The results indicate that erosion is predominant along Odisha
coast. Zone-D (Paradip to Pentha) with highest percentage of high erosion is most vulnerable, while Zone-
E (Pentha–Balasore) with highest percentage of accretion is least vulnerable. Zone-B (Chilika to Konark)
with lowest percentage of high erosion and no high accretion is stable.

Keywords. Shoreline change; DSAS; Odisha coast; erosion; accretion.

1. Introduction

The shoreline is one of the best indicators of
erosion/accretion pattern and environmental
change (Morton 1996) along the coast, and is an
easily understood feature representing historical
movement of beaches. Although, it is deBned as the
line of contact between land and sea, it is difBcult
to capture as it has never been stable in long-term
or short-term positions (Nayak 2002; Boak and

Turner 2005). Both short- and long-term changes
in shoreline occur due to a number of natural and
anthropogenic processes along the coast (Albert
and George 1998; Murali et al. 2015). Natural
coastal processes which play crucial role and mould
the shape of the shoreline are waves, tides, current
and longshore transport (Carter 1988). Waves are
recognised to be the dominant mechanism of
shoreline erosion in most coastal environments
(Pethick 1993; FitzGerald et al. 2008; Fagherazzi
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and Wiberg 2009; Tonelli et al. 2010; Mishra et al.
2011). Earlier studies reveal that Indian beaches
severely erode under high wave energy conditions
of southwest and build up during low wave energy
of northeast monsoon (Nayak 1980; Chauhan 1995;
Mishra et al. 2001; Sanil Kumar et al. 2006).
However, based on one-year wave observation
along Odisha coast, Mishra et al. (2011) and
Mohanty et al. (2012) revealed that waves are
predominantly from S to SSE round the year and
associated with these waves, longshore transport is
from south to north round the year. As a result, the
net northward Cow of longshore transport (V
component of current) is northerly, and is the
primary cause of erosion by removing the littoral
material from the beach within the surf zone
(Mishra et al. 2011). The longshore sediment
transport along the coast of Odisha ranges between
1.10 9 106 and 1.29 9 106 m3/yr and is unidirec-
tional (towards north) round the year (Mohanty
et al. 2012). Rao et al. (2009) showed that along the
Ennore coastline, complex shoreline oscillation
occurs associated with variable nearshore sediment
transport patterns. Wave-induced longshore
transport studies along southeast coast of India
(Rao et al. 2019) also showed waves approaching
predominantly between ESE and SSE round the
year and resulted in sediment transport varying
between 975 and 73,967 m3/month. Studies used
climate model outputs and assessed the impact of
global warming in future wind, storm, and wave
climates (Kaas et al. 2001; Hulme et al. 2002;
Debernard and Røed 2008). These studies explored
the eAect of a changing wave climate on modiBca-
tions of the littoral drift and the associated shore-
line change and suggest that wave heights and
directions resulting from changes in wind climate,
are expected to contribute the most to altering
future shoreline conBgurations, since wave condi-
tions are the main regulator of longshore drift rates
and direction (Zacharioudaki and Reeve 2011).
Coastal structures such as groins, sea walls,

breakwaters, jetties, etc., result in modiBcation of
the shoreline and beach morphology (Elmoustapha
et al. 2007; Leont’yev 2007). Construction of hard
structures along the coast, either for development
of ports and harbours or for protecting the coast
from erosion, significantly modiBes the shoreline
and the erosion/accretion trend. There have been a
large number of studies along Odisha coast
assessing the impacts of coastal structures on
shoreline change (Mohanty et al. 2012, 2015; Kar
et al. 2019). All these studies revealed that shore

perpendicular structures near the port modify
round the year unidirectional (towards north)
longshore transport and result in the accumulation
of sand on the updrift side (south of port), and
erosion on the downdrift (north of port) side, which
are in agreement with the numerical model simu-
lation studies on shoreline response to coastal
structures (Vaidya et al. 2015).
Besides coastal processes and coastal structures,

natural hazards like tsunami and cyclonic storms
along the Indian coast have resulted in significant
changes in shoreline (Cooper et al. 2004; Rani et al.
2015). Along the east coast of India, Odisha is most
prone to cyclones followed by Andhra Pradesh
(Mohanty and Gupta 2002; Mahala 2015).
Cyclones along Odisha coast cause severe damage
to coastal life and coastal structures (Chittibabu
et al. 2004; Iwasaki 2016). In addition to the
damage of coastal structures, coastal dunes, beach,
berm, foreshore and nearshore bar undergo severe
change during an extreme storm event (Trifonova
et al. 2011). Mohanty et al. (2020) assessed the
impacts of very severe cyclonic storm (VSCS)
‘Phailin’ on shoreline change along Odisha coast
and showed inundation limit varying between 5.4
and 205.4 m. The study also revealed that the
recovery of the beach environment within 1 year is
limited to 60–87%, while recovery within the surf
zone is sometimes more than 100%. It is apparent
from this study that coastal erosion and its recov-
ery is a common process after landfall of a storm.
However, beach and dune recovery is a very slow
process compared to the loss during extreme
events. Full recovery of the beach and dune is
measured by return of shoreline position, proBle
volume, dune height between post- and pre-storm
event which takes place from a year to decades
(Castelle et al. 2017).
Sea level rise (SLR) is an important factor hav-

ing severe impacts on coastal environments and
ecosystems including shoreline change. Neumann
et al. (2015) examined the impacts of SLR and
coastal Cooding on coastal population both at glo-
bal and regional scales by the year 2030 and 2060
with reference to baseline population for the year
2000 and showed that the vulnerability of the
people living in the low elevation coastal zone
(LECZ) is highest in Asia. Generally, population
density is significantly higher in coastal than in
non-coastal areas (Small et al. 2003) and there will
be a significant increase in coastal population living
in LECZ by the year 2030 and 2060 and their
vulnerability will be significantly enhanced due to
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sea-level rise and coastal Cooding. Studies suggest
that mean sea levels could rise by 1 m or more by
2100 (Church et al. 2013; Nicholls et al. 2014),
which will have severe impacts on coastal popula-
tion, environment and ecosystems. A recent study
(Swapna et al. 2020) suggests that sea-level rise in
the Indian Ocean is likely to rise by about 20–30
cm at the end of the 21st century, which is signif-
icantly higher compared to the rate of North Indian
Ocean rise of 1.06–1.75 mm year�1 from 1874 to
2004 and 3.3 mm year�1 in the recent decades
(1993–2015). Therefore, in future, beach erosion
and shoreline change are likely to be exacerbated
by rising sea levels and may pose serious threat to
the coastal population, environment and ecosys-
tem. Given the consequences that shoreline reces-
sion may have for both ecosystems and human
assets, there is an increasing need to improve our
understanding of the relative susceptibility of
coastlines to erosion (DCC 2009) and sea-level rise
by continuous monitoring of the shoreline change
(short- and long-term) both at micro and macro
scales.
Both long-term and short-term shoreline change

along the east coast of India have also been carried
out using statistical and geospatial technologies by
many authors (Kaliraj et al. 2013; Mujabar and
Chandrasekar 2013; Kankara et al. 2015; Markose
et al. 2016; Kar et al. 2017, 2019; Baral et al. 2018;
Roy et al. 2018; Behera and Maiti 2019). Rajawat
et al. (2014) assessed the erosion status along
Indian coast using satellite data from 1989 to 2006
and identiBed 45.5% of the coastline as eroded,
35.7% as accreted and 18.8% as stable coast.
Along Odisha coast, a number of studies on

shoreline change have been carried out using
satellite data, digital shoreline analysis system
(DSAS) and observations. Mohanty et al. (2012)
used extensive data based on Beld measurements
and studied the shoreline change near Gopalpur
port. Murali et al. (2009) used both observations
and remote sensing satellite data (1998–2005) and
studied shoreline change near central Odisha coast.
Ramesh et al. (2011) and SAC (2012) assessed the
erosion, accretion and stable conditions of Odisha
coast and expressed speciBc length of the coastline
as stable, eroded and accreted. Shoreline of Puri
coast was studied by Mukhopadhyay et al. (2012)
using remote sensing data. Murali et al. (2015) used
both observation and remote sensing data for the
period 1990–2012 and studied the shoreline change
near Paradip and showed that the coast is under-
going severe erosion. Markose et al. (2016) used

satellite data for the period 1990–2014 and studied
the shoreline change for Ganjam coast and revealed
that the coast is mostly accretional in nature.
Jangir et al. (2016) used Landsat data for the years
1990, 1999 and 2009 and delineated the spatio-
temporal changes of shoreline and geomorphologi-
cal features along Odisha coast. The study indi-
cated higher rate of accretion during 1999–2009
compared to 1990–1999. Roy et al. (2018) exam-
ined a long-term (1990–2015) shoreline change
along 430 km of Odisha coast using DSAS tech-
nique. The study used LRR method and identiBed
46% of the shoreline as eroded, 36% as accreted and
18% as stable. Barik et al. (2019) studied the
shoreline change along 283 km of Odisha coast
from 1990 to 2015 using Landsat data and DSAS
technique, and generated shoreline change statis-
tics (LRR, EPR and NSM) and showed 35(37)% as
eroded, 53(53)% as accreted and 12(9)% as
stable following LRR (EPR) method. Mishra et al.
(2019) assessed the long-term and short-term
shoreline changes along Puri coast using satellite
imagery and DSAS and found a cyclic pattern of
erosion/accretion and discussed the major factors
responsible for shoreline change. Shoreline change
in response to cyclonic event has been carried out
by Acharya et al. (2020) near Chilika lagoon,
Odisha using DSAS, while Baral et al. (2018) have
shown the erosion/accretion pattern at the same
place using same technique from 1975 to 2015.
Mishra et al. (2021) analysed long-term and short-
term shoreline changes associated with socio-eco-
logical risk from 1990 to 2019 using Landsat data
and DSAS along the southern Odisha coast. The
study used EPR and weighted linear regression
(WLR) and identiBed Ramayapatnam and
Podampeta as hotspots of erosion while south of
Gopalpur port, the spit along Bahuda and Rush-
ikulya rivers were identiBed as hotspots of
accretion.
From the studies discussed above, it is apparent

that most of the studies have some commonality
although they were conducted at different times
and different spatial domains along Odisha coast.
Satellite data, mostly Landsat, was used for the
period 1990–2015 for the entire Odisha coast while
some studies were conducted at speciBc regions of
the Odisha coast such as Paradip, Puri, and south
Odisha coast. Baral et al. (2018) only used data
from 1975 to 2019, to study shoreline change at
Chilika lagoon. However, in the present study
shoreline change for Bve important tourist beaches
namely; South Odisha coast, Puri, Konark,
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Paradip and Pentha have been analysed using both
observed data and satellite data (both Landsat and
IRS P6) for the period 1978–2017 in Arc View GIS
platform. The study period has been divided into
different epochs ranging between 3 and 12 yrs to
understand the impacts of coastal structure and
extreme weather events on shoreline change. Fur-
ther, the study also includes shoreline analysis
using satellite data of relatively longer duration
(1978–2017) as compared to previous studies at Bve
zones covering 425 km stretch (Ramayapatnam to
Balasore) of Odisha coast. In this study, an
attempt has been made to generate long-term
shoreline information for Odisha coast using
toposheets, remote sensing satellite data (Landsat
and IRS P6 data) and observed data. Our study
aims to Bll the data gaps of the earlier studies, to
analyse the shoreline change at different spatial
and temporal scales for the entire Odisha coast, to
generate data/information relating to hotspots of
erosion/accretion, processes responsible for shore-
line change at different periods and to Bnally con-
tribute a better understanding of the coastal
processes and shoreline change, and hence assumes
importance.

1.1 Objectives of the study

The objectives of the present study are:

• To understand the historical shoreline change
along Bve hotspots of Odisha coast from 1978 to
2017, to examine the variability at different
epochs ranging between 3 and 12 yrs and to
assess the impacts of coastal structures and
cyclonic storms on shoreline change.

• To generate long-term (1978–2017) shoreline
change statistics (EPR, LRR, SCE and NSM)
at every 500 m interval for the Bve zones of
Odisha coast covering 425 km stretch and to
identify the hotspots of erosion and accretion.

2. Study area

The 480 km long coastline of Odisha extends from
Ganjam coast in the south to Balasore coast in the
north (Bgure 1). The diverse environmental char-
acteristics and conditions found along the coast,
largely due to its varied physiographic features and
associated natural hazards, have inCuenced the
human settlement pattern, land-use activities in
the coastal zone, tourism and the coastal zone

development processes. The Odisha coast
(17�480–22�340N; 81�240–87�290E), mostly formed
by the Mahanadi and Bramhani–Baitarani deltas,
is having 57% sandy beaches. The shoreline from
south of Odisha to Dhamara mouth is mostly sandy
and the beaches are backed by sand dunes with
casuarina plantation in some places, mangrove
vegetation in the Bhitarkanika and Mahanadi
deltas, and is subjected to significant shoreline
change associated with variable depositional and
erosional trends (Mohanty et al. 2008). However,
from Dhamara mouth to Balasore, the coast is
funnel-shaped and Cat, with sub- and supratidal
mudCats, intertidal zone of 1.5–2 km width and
also with mangrove vegetation. South Odisha coast
is famous for the tourist beach and port at Gopal-
pur and Olive Ridley turtle nesting habitat near
Rushikulya estuary. Puri is famous for Lord
Jagannath temple and is a world-famous tourist
beach, while Konark is famous for the sun temple
and its pristine sandy beaches. The beach of 3 km
stretch to the south of Paradip port is considered
for historical shoreline change analysis. Because,
on the north of the port, there is no beach and the
entire stretch from port north to the mouth of river
Mahanadi is covered with sea wall. Similarly,
Pentha is a coastal village in Kendrapara district
and is located* 45 km north of Paradip. The coast
is under severe erosion for the last 10 years.
Uncontrolled sea and swell waves pose serious
threat to the peripheral human settlement at
Pentha coast (ICZMP 2020). Along the east coast
of India, Odisha is most prone to cyclones and
hence has significant impacts on the shoreline
change. During 1971–2019, a total of 161 cyclonic
storms were witnessed in the Bay of Bengal out of
which 21 had their landfall along Odisha coast
(Bgure 2). It is evident that the frequency of
cyclonic storms is gradually decreasing with time
both in the Bay of Bengal and along Odisha coast.
The study aims to assess the impacts of these
storms on shoreline change.

3. Data and methods

3.1 Datasets

In order to investigate the shoreline change along
Odisha coast, Survey of India (SOI) toposheet
(1978), time series satellite data (1990–2017) and
observed shoreline data (2012) were used (table 1).
Multi-resolution Landsat (ETM+ and TM)
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satellite data with\20% cloud cover were acquired
from USGS (https://earthexplorer.usgs.gov/).
Besides, IRS-P6 (LISS III) satellite data were
obtained from National Remote Sensing Centre
(NRSC), Hyderabad. Landsat satellite images have
been used widely in coastal applications for decades
(Kirk 1975; Al-Tahir and Ali 2004; Boak and
Turner 2005; Solomon 2005; Romagnoli et al. 2006;

Vinther 2006), as the images are provided by USGS
at no cost. The details about data acquisition and
their sources are listed in table 1. Landsat data
period mostly included dry season in the study
region in order to get cloud-free satellite data.
Observed data for dry season are also used for a
coherent data analysis and a comparative study.
Tidal information (table 1) corresponding to each

Figure 1. Study area showing the major shoreline monitoring stations along Odisha coast.

Figure 2. Decadal frequency of tropical cyclones (TCs) over the Bay of Bengal (BoB) and Odisha (Source: IMD E-Atlas).
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dataset indicates their acquisition during low tide
time, which is also the case during observation.

3.2 Methods

Figure 3 depicts the schematics of the detailed
methods followed for shoreline change analysis.

3.2.1 Satellite/toposheet data analysis

The satellite images are ortho-rectiBed with pro-
jection UTM 45 N and datum WGS 84. SOI
toposheet 73 L/13 (1:50,000 scale) was used as
base map for the study. The Cowchart of the
analysis is depicted in Bgure 3. The nonlinear
edge-enhancement technique with Sobel operator
(3 9 3 kernel matrix) was applied to get a clear
demarcation between land and water boundary
following Acar et al. (2012) and Chenthamil Sel-
van et al. (2014) and then, on-screen digitization
of the shorelines for each data was performed. The
highest high tide line is considered as the shoreline
indicator for toposheet/satellite data.

3.2.2 Observed data analysis

Berm-line is considered as shoreline indicator and
hence in the present study shoreline refers to the
Brst berm from foreshore, which is not disturbed
during spring low tide (Mohanty et al. 2012). The
berm-line data is collected using DGPS ArcPad
which is based on the GPS system and receives
data with high accuracy for observed data during
2012. All the observed data were taken during
spring low tide condition (table 1), when a maxi-
mum stretch of the beach is exposed. Geo-data-
base were created in Arcview GIS 3.2 software and
the shoreline change at different inter-annual time
scale were imported to the geo-database for the
chosen Bve hotspots: South Odisha coast (Gopal-
pur tourist beach, Gopalpur port and Rush-
ikulya), Puri, Konark, Paradip and Pentha
regions.

3.2.3 DSAS statistics

Shoreline change along Odisha coast was evalu-
ated using Digital Shoreline Analysis System
(DSAS) version 4.0 developed by USGS. DSAS is
an add-on software, which work under ArcGIS
platform of ESRI. A pre-created reference base-
line at onshore and the extracted shorelines wereT
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imported to a personal geo-database. Then, about
851 shore normal transects at 500 m spacing are
generated to compute the shoreline change along
the Odisha coast. Transect-1 represents the
southern end of Gopalpur coast of Ganjam dis-
trict, while Transect-851 represents the northern
end of Chandipur beach of Balasore district
(table 2). The entire Odisha coast was subdivided
into Bve zones; Zone-A (Ramaypatnam to Chi-
lika), Zone-B (Chilika to Konark), Zone-C
(Konark to Paradip), Zone-D (Paradip to Pentha)
and Zone-E (Pentha–Balasore), moving from
south to north of Odisha coast to represent the
shoreline accurately. The details of each zone are
listed in table 2. The statistical parameters of
shoreline change such as end point rate (EPR),
linear regression rate (LRR), net shoreline move-
ment (NSM) and shoreline change envelope (SCE)
were computed in DSAS. SCE is deBned as a
measure of the total change (Ciritci and Turk
2019) and represents the distance between the
nearest and farthest shorelines with respect to the
baseline for each transect without any relationship
with time period. NSM value considers the dis-
tance between the oldest and newest shorelines
(Burnigham and French 2017; Oyedotun et al.
2018). NSM value indicates which direction and
how much net shoreline movement is relative to
the baseline, while SCE represents the largest

distance between all shorelines intersecting with a
given section. SCE is always positive since there is
no indication of the total distance between the
two shorelines. Therefore, NSM and SCE are
computed and depicted following Dereli and Ter-
can (2020). EPR is the ratio of net shoreline
movement to the time elapsed between the oldest
and the most recent shoreline (Nithu Raj et al.
2019). The EPR method provides short-term
analysis of the shoreline by considering the
youngest and oldest shorelines despite the avail-
ability of multi-dated shorelines. LRR method is a
measure of linear regression rate of change
statistics by Btting the least square regression line
to all shoreline points for a particular tran-
sect. LRR method has several features (Roy et al.
2018) and a number of advantages (Dereli and
Tercan 2020). It uses all the available datasets
and allows highlighting the long-term evolution-
ary trend of shoreline. EPR and LRR represent
the rate of change of shoreline which shows almost
similar results (Barik et al. 2019; Baig et al. 2020)
and hence in the present study, shoreline change
rate has been computed using both the methods
and the values have been compared by deter-
mining the correlation between the two methods,
which indicate 99% significance level.
The shoreline change rate obtained using EPR

and LRR were classiBed into Bve categories

Figure 3. Methodology adopted for shoreline change analysis.
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following Velsamy et al. (2020) and Mahapatra
et al. (2014). The Bve categories are:

1. High erosion:[ –4 m/yr,
2. Low erosion: –4 to –1 m/yr,
3. Stable: –1 to 1 m/yr,
4. Low accretion: 1 to 4 m/yr,
5. High accretion:[ 4 m/yr.

3.3 Uncertainty

Several factors such as tidal condition, error during
digitization and geo-rectiBcation have impacts on
the accuracy of the shoreline position delineation.
Hence, the uncertainty in shoreline position was
estimated following Rooney et al. (2003), Genz
et al. (2007), Romine et al. (2009) and Fletcher
et al. (2012). The total uncertainty (Ut) in shoreline
position can be evaluated by using the equation:

Ut ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
s þ E2

t þ E2
p þ E2

r þ E2
d þ E2

ts

q
;

Es represents the seasonal error associated with
shoreline change in response to nearshore processes
(Fletcher et al. 2012). In the present study, all the
images are considered for the dry period. Hence,
there is no such seasonal eAect on shoreline posi-
tions and Es is not considered. Et represents the
tidal Cuctuation error from the horizontal move-
ment in shoreline position due to tidal variation
during both tidal phases (Fletcher et al. 2012). Ep is
the spatial resolution of the satellites. The satellite
images (Landsat and IRS P6) are provided as
ortho-rectiBed and hence, geo-rectiBcation error
(Er) is not considered. The digitization error (Ed) is
the error which occurs during digitization of
shoreline positions. Ets is the toposheet plotting
error and includes measured distance and plane
table plotting (Fletcher et al. 2012). The error
values for different factors are listed in table 3. The
total uncertainty value for this study was found as
±0.24 m, which suggests better accuracy of the
shoreline computed and is in agreement with

similar studies along South Odisha coast (Mishra
et al. 2021).

4. Results and discussion

The results are presented into two sections:
(a) shoreline change at Bve hotspots of Odisha
coast such as South Odisha coast (Gopalpur tourist
beach, Gopalpur port south, Gopalpur port north
and Rushikulya), Puri, Konark, Paradip and Pen-
tha and its variability at different epochs and
(b) the shoreline change statistics (SCE, NSM,
EPR and LRR) for the entire Odisha coast at Bve
different zones. The purpose of section (a) is to
focus on Bve important tourist beaches of Odisha
and depicting their shoreline change in greater
detail in dividing the entire 40 years of study into
Bve epochs for Gopalpur (table 4) and four epochs
for rest of the four regions (table 5). For south
Odisha coast, shoreline change at four different
physiographic settings (Gopalpur tourist beach
(GPB), Gopalpur port south (GPLS), Gopalpur
port north (GPLN) and Rushikulya (RUS)) have
been analysed covering 3 km in each setting.
Gopalpur port is being developed since 2008 and
hence depiction of shoreline change in different
physiographic settings and in different epochs
helps to understand the impacts of development of
coastal structures and extreme weather events on
shoreline vis-�a-vis the natural changes.

4.1 Shoreline change at Bve hotspots

4.1.1 South Odisha coast

The shoreline position at South Odisha coast is
depicted in Bgure 4 and the inter-annual changes of
shoreline with respect to 1978 are presented in
table 4. Shoreline change at GPB is distinctly
negative over the 3 km stretch during 1978–1990
with relatively higher magnitude at 1.5 km and 2
km, located just north of Haripur creek (Bgure 4

Table 2. Five zones of Odisha coast considered for shoreline change analysis.

Zone

No. of

transects

Total no.

of transects District covered Region covered

Zone length

(km)

A 1–200 200 Ganjam–Khurda Ramayapatnam–Chilika 99.5

B 201–348 148 Khurda–Puri Chilika–Konark 74.0

C 349–481 133 Puri–Jagatsinghpur Konark–Paradip 66.5

D 482–630 149 Jagatsinghpur–Kendrapara Paradip–Pentha 74.5

E 631–851 221 Kendrapara–Balasore Pentha–Balasore 110.5
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and table 4). In the next phase (1990–2000), it is
distinctly positive over the entire stretch. However,
during 2000–2008, the change in shoreline is again
negative, which is further enhanced during
2008–2014. The enhancement in negative shoreline
change during 2008–2014 could be attributed to the
landfall of VSCS ‘Phailin’ at Gopalpur on 12
October, 2013. During 2014–2017, the beach has
recovered significantly and shows positive change
in shoreline with relatively higher magnitude at
northern beach. This change could be attributed to
the development of Gopalpur port at an approxi-
mate distance of 8 km north of the tourist beach.
The coastal structures developed at port helps in
creating an accretional environment to the south
(Mohanty et al. 2012) and thus the observed
accretion at GPB. Net change in shoreline from
1978 to 2017 is negative with the maximum at 1.5
km near Haripur creek.
At GPLS and GPLN, perceptible landward

movement of shoreline is observed from 1978 to
1990, which are respectively south and north sides
of Gopalpur port. From 1990 to 2000, predomi-
nantly seaward movement is observed with inter-
mittent landward movement. Again from 2000 to
2008, landward movement is predominantly
observed. During 2008–2014, most of the coastal
structures such as breakwaters, groins and jetties,
berth, etc., were developed. Despite the develop-
ment of these structures, negative shoreline change
in the south could be attributed to the impact of
very severe cyclonic strorm (VSCS) ‘Phailin’,
which crossed the coast on 12th October 2013.
However, during post-development period of the
port (2014–2017), south side experienced accretion
with relatively higher magnitude immediately
south of southern breakwater (at 2.5 and 3 km). On
the other hand, north side of the port experienced
severe erosion very near to the northern groin while
further north, the beach experienced accretion due
to its protection by groin Beld and beach nourish-
ment activities by the port authorities. Considering
the net change, port south beach is depositional in
nature, while port north beach is erosional in nat-
ure. The observed shoreline changes could have
definite and direct impact on the local Bsherman,
the ecosystem development and the land use
management near the port (Chen and Rau 1998).
At RUS, the entire 3 km stretch shows negative

shoreline change with relatively higher magnitude
at northern part compared to southern part during
1978–1990. During 1990–2000, it is positive from 0
to 1.5 km, while negative shoreline change prevails

from 2 to 3 km. During 2000–2008, an exactly
reverse trend in shoreline change is observed
compared to 1990–2000. Again from 2008–2014,
the shoreline change is mostly negative with rela-
tively higher magnitude on the southern side
compared to northern side. During 2014–2017, the
shoreline change from 0 to 2 km is positive, while 1
km on the north shows negative shoreline change.
However, the net change is negative over the 3 km
stretch with very high magnitude on the north and
relatively lower magnitude on the south. Net neg-
ative change at Rushikulya beach and particularly
the northern beach, one of the three world famous
sea turtle nesting habitats of Odisha, has adverse
eAect on the nesting behaviour of the Olive Ridley
sea turtles (Barik et al. 2014).

4.1.2 Puri, Konark, Paradip and Pentha

Shoreline change along Puri, Konark, Paradip and
Pentha coast is depicted in Bgure 5 and table 5. It
is observed that in 1978, the shoreline width at
Puri was maximum compared to the other periods.
Gradually, the width of the shoreline decreased.
Looking at the spatial variation, the width of the
shoreline is minimum on the south beach and
gradually increases towards north of the beach.
Shoreline change during 1978–1990 is negative,
while it is positive during 1990–2000 at Puri. From
2000 to 2012, the shoreline at Puri experienced
negative change over 3 km stretch (table 5).
However, from 2012 to 2017, the shoreline change
at Puri is observed mostly positive except some
minor negative changes (Bgure 5). Overall, the
long-term shoreline position indicates that the net
change (1978–2017) at Puri tourist beach is nega-
tive at all transects. The long-term shoreline
change at Puri coast indicates that Cuvial process,
coastal process and anthropogenic impacts are
mostly responsible for the observed net negative
change in shoreline.
The beach at Konark (Chandrabhaga) attracts

lots of tourists, which has a large impact on the

Table 3. Error in shoreline positions.

Source of error Error value (m)

Seasonal error (Es) 0

Tidal error (Et) –0.98 to 0.62

Pixel error (Ep) 6.5

Geo-rectiBcation error (Er) 0

Digitization error (Ed) 0.8 to 6

Toposheet plotting error (Ets) NA
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Table 4. Inter-annual shoreline change at Gopalpur tourist beach (GPB), Gopalpur
port south (GPLS), Gopalpur port north (GPLN) and Rushikulya (RUS) of south
Odisha coast.

1978–1990 1990–2000 2000–2008 2008–2014 2014–2017

Net change

(1978–2017)

GPB

0 km –200.7 68.8 –70.7 –190.6 189.8 –203.4

0.5 km –200.5 66.3 –70.3 –179.5 191.0 –192.9

1.0 km –180.8 42.2 –60.3 –163.1 179.4 –182.5

1.5 km –326.2 53.7 –62.5 –116.0 123.4 –327.6

2.0 km –212.5 48.6 –50.4 –159.2 188.4 –185.1

2.5 km –197.3 56.0 –61.8 –164.8 237.1 –130.7

3.0 km –171.5 46.9 –61.3 –180.6 291.4 –75.2

GPLS

0 km –180.3 72.1 33.8 –91.8 334.5 168.2

0.5 km –219.6 90.7 –23.4 –46.1 457.9 259.6

1.0 km –158.5 105.8 –53.5 –137.0 131.2 –112.0

1.5 km –158.1 62.8 –41.7 –102.1 197.7 –41.4

2.0 km –125.9 88.2 –97.0 42.1 155.2 62.6

2.5 km –94.1 –58.6 29.4 –28.2 217.6 66.0

3.0 km –61.2 35.2 –67.5 –85.3 396.7 218.0

GPLN

0 km –191.3 153.4 –111.2 86.1 –218.9 –281.8

0.5 km –148.2 6.5 –17.5 –273.1 70.4 –362.0

1.0 km –168.4 42.0 –126.3 –268.2 187.2 –333.7

1.5 km –148.0 –54.6 –39.3 –247.3 170.4 –318.7

2.0 km –115.8 –31.6 –55.1 –261.0 184.9 –278.5

2.5 km –163.9 11.6 –73.0 –241.5 182.3 –284.5

3.0 km –178.5 –63.5 9.8 –246.8 134.2 –344.8

RUS

0 km –197.8 187.3 –118.4 –215.0 293.4 –50.6

0.5 km –343.0 278.8 –195.6 –120.1 289.3 –90.6

1.0 km –399.2 257.7 –441.6 –305.2 770.1 –118.2

1.5 km –350.0 212.4 –290.6 –267.2 404.3 –291.0

2.0 km –422.5 –258.5 159.9 –20.4 142.3 –399.2

2.5 km –462.2 –214.5 157.5 35.7 –24.0 –507.4

3.0 km –525.9 –180.6 189.1 –54.5 –137.6 –709.5
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Table 5. Inter-annual shoreline changes at Puri, Konark, Paradip and Pentha.

3.0 km –140.2 32.2 –30.0 –2.7 –140.8

Konark

0 km –152.2 22.3 –34.8 –5.5 –170.2

0.5 km –144.9 31.1 –59.1 17.2 –155.7

1.0 km –175.9 54.2 –48 –0.6 –170.3

1.5 km –187.1 68.4 –56.2 –6.2 –181.0

2.0 km –174.2 46.7 –36.7 –13.6 –177.9

2.5 km –188.8 44.9 –22.4 –25.8 –192.1

3.0 km –202.1 49.4 –31.9 –21.1 –205.7

Paradip

0 km –259.4 119.6 –0.7 13.3 –127.2

0.5 km –135.4 97.4 1.0 22.2 –14.7

1.0 km –58.9 75.0 41.5 14.9 72.5

1.5 km –31.8 141. 3.6 7.41 120.3

2.0 km 4.3 128.4 –10.1 40.9 163.6

2.5 km –32.4 158.7 6.7 33.0 166.1

3.0 km –4.6 49.8 80.8 27.8 153.8

Pentha

0 km –337.6 12.7 33.8 21.5 –269.5

0.5 km –372.1 –71.1 –19.7 –6.3 –469.4

1.0 km –422.7 –95.5 –80.2 –61.9 –660.4

1.5 km –457.5 –101.5 –209.0 –46.4 –814.5

2.0 km –481.8 –90.6 –274.7 –64.4 –911.6

2.5 km –533.3 –99.1 –299.1 –67.0 –998.5

3.0 km –614.3 –72.2 –260.3 –103.5 –1050.5

1978–1990 1990–2000 2000–2012 2012–2017 Net change

Puri

0 km –117.9 21.5 –27.0 –1.7 –125.1

0.5 km –118.7 9.7 –26.3 7.7 –127.7

1.0 km –114.1 13.7 –31.1 4.3 –127.2

1.5 km –133 37.8 –33.8 –10.8 –139.8

2.0 km –137.6 53.7 –45.6 0.04 –129.6

2.5 km –105.3 20.4 –34.3 2.3 –117.0
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shoreline. The beach was wider in 1978, which
subsequently experienced erosion during 1978–
1990 and hence has negative shoreline change of
relatively higher magnitude at all transects. Nev-
ertheless, there are significant improvements in all
transects of the shoreline during 1990–2000.
Therefore, it is apparent that the 1999 super
cyclone of Paradip probably helped in beach
accretion due to oAshore–onshore transport as well
as land drainage after the severe Cooding which
occurred due to storm surge. The shoreline shows
negative changes during 2000–2012 and 2012–2017,
albeit with smaller magnitude in latter case. This
suggests that the beach is unstable and undergoing
an erosional trend. The rate of erosion is relatively
higher north of Chandrabhaga, located at 1.5 km
north of the starting point. Due to the impact of
tourism and other activities at Chandrabhaga
and further north, the shoreline width is narrow
compared to other transects.
The shoreline change at Paradip indicates that

the width of shoreline is maximum at 0 km, which
then narrows down gradually towards north. The
shoreline width is minimum at 2.0 km transect,
while moving from south to north. From the net
change, it is clearly evident that the beach at

Paradip is comparatively stable beach. Only the
southernmost part (0–0.5 km) shows net negative
change. During the period 1978–1990, the shoreline
position is landward with maximum at 0 km and
gradually reduced towards north. It may be men-
tioned that Paradip port started functioning in the
year 1966 and even after 24 years, the southern
beach had negative shoreline change. After 1990,
the shoreline shows accretional environment with
distinct positive changes during 1990–2000,
2000–2012 and 2012–2017. The net change is pos-
itive and with relatively higher magnitude in the
region very close to the southern breakwater and it
is due to trapping of longshore transport driven
sediments (from south to north) by the shore per-
pendicular structures (Mohanty et al. 2012). The
Odisha super cyclone had its landfall on 29th
October, 1999. However, the shoreline change for
the period 1999–2000 shows distinctly positive
values throughout the 3 km stretch indicating the
super cyclone had a positive impact on the shore-
line change.
The long-term shoreline change study at Pentha

coast is an attempt to understand and quantify the
rates of erosion at every 500 m interval over a
stretch of 3 km covering the period from 1978 to

Figure 4. Shoreline change at south Odisha coast: (a) Gopalpur tourist beach – GPB, (b) Gopalpur port – GPLS and GPLN,
and (c) Rushikulya – RUS.
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2017. From the shoreline change analysis (table 5),
it is clearly evident that the northernmost sector
(2–3 km) is most vulnerable compared to other
sectors in all the four epochs of analysis period.
Period from 2012 to 2017 corresponds to the period
when geo-synthetic tubes were deployed during
July 2014 under the integrated coastal zone man-
agement programme (ICZMP) of Odisha coast
funded by the World Bank. Hence, a comparison
between 2000–2012 and 2012–2017 clearly indi-
cates the impacts of geo-synthetic tubes in reduc-
ing the erosion trend. Further, it is also distinct
that the coast was most vulnerable during
1978–1990 compared to the other periods. Con-
stant erosion at this particular beach made this
area a vulnerable zone. Steep scarps of the beach
carved by waves, destruction of protection mea-
sures and destruction of terrestrial vegetation have
been observed during the Beld survey. The tidal
waves at Pentha coast made a rapid march and
assumed alarming proportions, due to which the
area is seriously under threat. To mitigate the
erosion, Government of Odisha under ICZMP
funded by World Bank, deployed geo-synthetic
tubes along the coast to arrest the erosion. The
length of the geo-synthetic tube is 505 m long with
8 m height and 24 m wide. A total of 241 geo-
synthetic tubes were laid in Pentha sea beach for

protection of erosion-prone villages (ICZMP 2017;
Swain 2018). Even after the said protection mea-
sure, the coast is often facing erosion and hence
needs the attention of the scientiBc community to
assess the exact magnitude of shoreline change and
its reasons. It is also suggested for expansion of
coastal environmental education and awareness
programmes both within government agencies and
local communities to ensure successful implemen-
tation of future projects (Swain 2018) and to
formulate appropriate mitigation strategies.

4.2 Shoreline change statistics

4.2.1 Shoreline change rate (EPR and LRR)

Figure 6 depicts the rate of shoreline change using
EPR and LRR. It is observed that overall erosion
at all the Bve zones is a dominant factor due to
both natural and human intervention. Most of the
area of Zone-A comes under erosion category with
an average rate of –5.6 m/yr by EPR method and
–4.6 m/yr through LRR method. The erosion rates
are more prominent at transect 7 near Ramaya-
patnam (–9.6 m/yr); transects 55–60 near Gopal-
pur port north (–9.4 m/yr) and at transects 87–94,
which lies near Bateswar beach (–13.8 m/yr),
which are the hotspots of erosion. However, at

Figure 5. Shoreline change at Puri, Konark, Paradip and Pentha.

J. Earth Syst. Sci.         (2021) 130:209 Page 13 of 20   209 



Gopalpur port south, accretion (9.2 m/yr) is
noticed which could be attributed to the con-
struction of shore perpendicular structures such as
breakwaters and groins. The result of the study
closely agrees with Mishra et al. (2021). Maximum
erosion for Zone-A is seen at transect 200, near
north of Chilika lagoon (–14.9 m/yr) by both EPR
and LRR methods. The lagoon inlet at Chilika acts
as a barrier and stops the sediment movement
towards further north (Baral et al. 2018) and
hence littoral drift action made this place an ero-
sional environment. At Zone-B, both EPR and
LRR methods show maximum erosion at Bali-
harichandi (–8.1 m/yr) and Chandrabhaga beach
(–7 m/yr) with an average rate of –4 and –3.3
m/yr, respectively. Zone-C extends from the
northern end of Puri district (transect 349) to
Paradip port south end (transect 481), a total of
66.5 km (table 2) in length. The highest degree of
erosion has been noted near south of the Devi river
estuary (transects 379–393) (–38.45 m/yr),
Saharabedi (transects 405–415) (–30.65 m/yr),
Kansaripatia (transects 457–466) (–10.78 m/yr)
and near Paradip port (–31.5 m/yr). However,
accretion is observed at transects 369–373, and at
transects 397–403 with a peak near Jagatsinghpur
RF beach having accretion rate of 32.26 m/yr.
Paradip port is located at the end of Zone-C
(transects 476–481), where mild accretion is
noticed to the south of the port which could be due
to coastal construction activity. However, erosion
is noticed to the north of Paradip port. Zone-D,
represented by Paradip to Pentha sector (74.5 km
in length) is noticed as the most vulnerable zone
with three hotspots of erosion at Jambu dweep,
Pentha sea beach and Satabhaya. Following EPR,
highest erosion is noticed between transects 542

and 550, located near Pentha sea beach (–90.4
m/yr) followed by at transects 613–615 near
Satabhaya (–79.1 m/yr), and transects 493–519
near Jambu dweep (–42.9 m/yr). EPR model
indicates mean erosion rate of –18 m/yr at this
zone, while it is –14.4 m/yr by LRR. Both sea and
swell waves at Pentha made this coast concave-
shaped area which is facing consistent erosion with
time. At Satabhaya, erosion is considered as an
inevitable natural phenomenon inCuenced by nat-
ural factors such as waves, tides and currents. The
erosion near Satabhaya caused severe damage
to several houses and has been a matter of concern
for Govt. of Odisha (ICZMP 2017). Zone-E is
the northernmost and longest zone (110.5 km in
length) where positive trend of shoreline is
observed from transects 631–654, located near
Mangrove Island. Dense mangrove vegetation in
this area helped accretion (18.5 m/yr) in this
region. Again, at transects 821–851, near Chandi-
pur beach, a zone of moderate accretion (9.5 m/yr)
is noticed following EPR. Extensive muddy Cats,
casuarina plantation and mangrove vegetation
along this part of the coast with wide shelves are
responsible for the accretional environment. How-
ever, moderate erosion is observed along this zone
from transect 655–820 with a mean rate of –5.6
m/yr and –4.9 m/yr by EPR and LRR method,
respectively.
Table 6 shows a comparative analysis of the

shoreline change rates obtained using EPR and
LRR. The linear correlation between the two is
significant at 99% level. LRR values under the Bve
categories of shoreline change suggest that except
for high erosion class, values of LRR are slightly
more as compared to EPR. Barik et al. (2019) also
made a comparative analysis of EPR and LRR for

Figure 6. Shoreline change rate (EPR and LRR) along Odisha coast at different zones, 1978 to 2017.
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Odisha coast and showed higher values of EPR for
erosion class and lower values for stable class.
Table 6 depicts that Zone-D is the most vulnerable
zone with highest percentage of high erosion fol-
lowed by Zone-C and Zone-A, while Zone-B is the
least vulnerable. Under low erosion class, Zone-B is
having highest percentage followed by Zone-E.
Zone-B is most stable while Zone-C is least stable.
Accretion (low) is highest in Zone-A and lowest in
Zone-E. On the other hand, Zone-E shows the
highest percentage of high accretion and no high
accretion in Zone-B.

4.2.2 Shoreline change (SCE and NSM)

Figure 7 depicts the statistics on SCE and NSM
along Odisha coast. SCE has no relation with time
period (Thieler et al. 2009), while NSM is directly
related with time (Thieler et al. 2009; Manca et al.
2013; Ozturk and Sesli 2015). SCE is typically
proportional with NSM in most of the transects,
suggesting that the higher the negative value of
NSM and the positive value of SCE, the higher the
rate of erosion as NSM value indicates which
direction and how much net shoreline movement is

relative to the baseline. This feature is quite dis-
tinct while comparing Bgure 6 with Bgure 7 which
indicates that trend of NSM very closely matches
with that of EPR and LRR. At Zone-A, four
prominent areas of erosions as per LRR/EPR were
Ramayapatnam, Gopalpur port north, Bateswar
beach and Chilika north, which show large nega-
tive (positive) NSM (SCE) values of 373.8, 364.8,
537.8 and 579.7 m. Almost similar agreements are
observed between EPR/LRR and SCE/NSM for
the identiBed hotspots of erosion in all the zones.
Mean NSM/SCE for Zones-A, B, C, D and E are
respectively, –216.5/257.7, –158.3/181.1, –450.6/
641.2, –699.5/956.5 and –32.6/40.4 m, which are in
tandem with the erosion trends identiBed using
EPR/LRR method. The results indicate that Zone-
D is the most vulnerable zone followed by Zone-C,
Zone-A, Zone-B and Zone-E.

5. Conclusion

The historical shoreline change of Odisha coast for
the period 1978–2017 is studied using Topo map
(1978), time series satellite data (1990, 2000, 2008,
2014 and 2017) of Landsat and IRS P6 as well as

Table 6. Erosion/accretion length in km (%) observed using LRR and EPR in Odisha coast from 1978–2017.

Zone-A Zone-B Zone-C Zone-D Zone-E

Entire coast

EPR LRR

Shoreline length (km) 99.5 74 66.5 74.5 110.5 425

High erosion 71.1 (71.5%) 24.5 (33.1%) 51 (76.7%) 58 (77.9%) 52.5 (47.5%) 289.9 (68.2%) 257.1 (60.5%)

Low erosion 17.4 (17.5%) 40.5 (54.7%) 7 (10.5%) 6 (8.1%) 21.5 (19.5%) 74.8 (17.6%) 92.2 (21.7%)

Stable 5.5 (5.5%) 7.5 (10.1%) 2 (3.0%) 3.5 (4.7%) 7 (6.3%) 14.9 (3.5%) 25.5 (6%)

Low accretion 4.0 (4.0%) 1.5 (2.0%) 2 (3.0%) 2 (2.7%) 0.5 (0.5%) 8.4 (2.0%) 10.2 (2.4%)

High accretion 1.5 (1.5%) 0 (0.0%) 4.5 (6.8%) 5 (6.7%) 29 (26.2%) 37 (8.7%) 40 (9.4%)

Figure 7. SCE and NSM along Odisha coast at different zones of Odisha coast during 1978–2017.
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observed data (2012) in an Arc View GIS platform.
Shoreline change at Bve hotspots of Odisha coast
such as south Odisha coast (Gopalpur tourist
beach, Gopalpur port south and north and Rush-
ikulya estuary), Puri, Konark, Paradip and Pentha
are examined dividing the study period into Bve
epochs for Gopalpur coast and into four epochs for
rest of the four areas. Shoreline change statistics
namely, end point rate (EPR), linear regression
rate (LRR), shoreline change envelope (SCE) and
net shoreline movement (NSM) are generated
using digital shoreline analysis system (DSAS)
developed by USGS, which works under ArcGIS
platform of ESRI. Shoreline change rates have
been studied using four different statistics of DSAS
due to different important applications of each
statistics, discussed in detail under section 3.
However, in this section results on shoreline change
rate and erosion/accretion status of Odisha coast is
discussed based on results of LRR due to its
important features (Roy et al. 2018) and advan-
tages (Dereli and Tercan 2020). About 851 shore
normal transects at 500 m spacing are generated to
compute the shoreline change by dividing the
entire Odisha coast into Bve zones; Zone-A
(Ramaypatnam to Chilika), Zone-B (Chilika to
Konark), Zone-C (Konark to Paradip), Zone-D
(Paradip to Pentha) and Zone-E (Pentha–Bala-
sore). Shoreline change at the Bve hotspots dis-
tinctly shows variability in different epochs and
establishes the impacts of both extreme weather
events (cyclonic storms) and development of
coastal structures associated with ports and har-
bours. Impacts of cyclonic storms on shoreline
change are very much evident during 1978–1990
with predominantly negative shoreline change
(erosion) in all the Bve locations. Because Bgure 2
shows that out of 21 cyclonic storms along Odisha
coast during 1971–2019, 15 cyclonic storms were
witnessed during 1971–1990. Historical shoreline
change study from 1978 to 2017, along Bve different
zones of Odisha, reveals erosion as the dominant
process in all the zones. Out of 425 km stretch
studied, 257.1 km (60.5%) is under high erosion,
92.2 km (21.7%) is under low erosion, 25.5 km
(6%) is under stable condition, 10.2 km (2.4%)
is under low accretion and 40 km (9.4%) is under
high accretion. Further, the study clearly depicts
Zone-D (Paradip to Pentha) as the most vulner-
able zone with maximum percentage (77.9%)
under high erosion followed by Zone-C (76.7%),
Zone-A (71.5%), Zone-E (47.5%) and Zone-B
(33.1%) as least vulnerable. Hotspots of Zone-D

with very high erosion rates are at Pentha beach
(90 m/yr), Satabhaya (79 m/yr) and Jambu
dweep (42.9 m/yr), while other hotspots of erosion
identiBed in different zones are: Ramayapatnam
(9.6 m/yr), north of Gopalpur port (9.4 m/yr),
Bateswar (13.8 m/yr), north of Chilika mouth
(14.9 m/yr) in Zone-A; Baliharichandi (8.1 m/yr)
and Chandrabhaga beach (7 m/yr) in Zone-B;
Saharabedi and Paradip port north (31.5 m/yr) in
Zone-C. Zone-E covers the maximum length
(110.5 km) and is having highest accretion (26.2%)
compared to other zones. Extensive muddy Cats,
casuarina plantation and mangrove vegetation
along this part of the coast with wide shelves are
responsible for the accretional environment in
Zone-E. However, moderate erosion (–4.9 to –5.6
m/yr) is also observed along this zone over a long
stretch from transect 655–820. Zone-wise mean
SCE and NSM also corroborate the erosion/accre-
tion pattern observed using EPR/LRR. The study
brings out distinct shoreline change along Odisha
coast with significant spatio-temporal variability.
The important processes/factors including man-
made coastal structures and extreme weather
events are the important factors behind the
shoreline change, and are operating at a highly
regional scale. The study, while Blling the data
gaps on shoreline change for Odisha coast, provides
new knowledge and better understanding of coastal
problems and processes. Therefore, it is imperative
to undertake future study with long time series
satellite data at higher resolution to address some
of the complex and region-speciBc issues and to
prepare appropriate shoreline management plan for
the Odisha coast.
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Erosion along Kavaratti Island has intensiBed in recent times due to infrastructure development and
natural phenomenon. Numerical models were used to identify suitable foreshore protection structures,
considering the near-shore coastal processes. For this purpose, shoreline change around the island was
obtained from Beld surveys and results of the DSAS model. Subsequently, model simulations were con-
ducted for the most appropriate use of structural protection measure to understand the change in
hydrodynamics and sediment transport, which would ultimately result in stabilization of the Kavaratti
Island coast. Based on the prevailing conditions, suitable site-speciBc coastal protection structures (e.g.,
groynes, revetment, breakwater, submerged geo-tubes structures and submerged breakwater) were
assessed to determine the most feasible and suitable shore protection measure and observed the following:
(a) Revetment and submerged geo-tube structure to be the most eAective protection measures on the
eastern part of the Kavaratti Island, (b) significant decrease in current speed from 0.48 to 0.05 m/s, and
(c) significant decrease in wave height (from 2.5 to 0.3 m) and wave energy reduction about 50% from the
prevailing conditions were observed. With this intervention, the existing shoreline of the island would at
least be maintained, possibly preventing any further loss of land.

Keywords. Shoreline change; hydrodynamics; hard and soft structures; coastal protection; Islands.

1. Introduction

Protection of the island coast is a challenging task
in terms of erosion and accretion due to the coastal
processes and developmental activities along the
coast (Copper and Mckenna 2008). The shoreline
changes due to erosion and accretion also aAect the
biodiversity of the region. However, in recent

times, coastal protection structures such as soft,
hard and hybrid measures are playing a crucial role
to protect the coast of the island (Pilarczyk and
Zeidler 1996; Roger et al. 2005). Beach nourish-
ment and geo-tube structures are examples of soft
protection techniques, whereas the oAshore or
submerged breakwater, seawall, revetments and
groynes are hard techniques to protect the coast

This article is part of the Topical Collection: Advances in Coastal Research.
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from severe erosion. These hard and soft structures
act as coastal armouring in preventing the move-
ment of sediments along the shore. The installation
of these structures requires an understanding of the
hydrodynamic environment, sediment transporta-
tion, erosion/accretion patterns, type and the
design conBguration of various structures. Identi-
Bcation of feasible structures and their installation
are depending on the various geophysical parame-
ters such as type of coast, the orientation of the
coast, beach proBle, wave approaching angle, sig-
nificant wave height, mean wave period, grain size
distribution and littoral drift along the coast.
The evaluation of the mitigation structures is

essential to control erosion by shoreline armour
structure against sedimentation and sediment
deposition (Frey et al. 2012a, b). Innovative coastal
protection methods using hard, soft and combined
were adapted around the world for different
application (Kench et al. 2003; Frey et al. 2012a, b;
Lee and Lin 2014; Sivakholundu et al. 2014; Masria
et al. 2015; Mohanty et al. 2015; Pradjoko et al.
2015; Choi et al. 2016). Recently, the coastal and
marine foreshore protection structures are made of
geotextiles or geosynthetics applications depending
on the type of beaches (Lee and Lin 2014; Elliot
2018). Shin et al. (2016) explored the use of bio-
structural approach for erosion control using veg-
etation along the coast. However, it primarily
depends on the elevation and slope of the beach.
Sundar and Sannasiraj (2016) suggested an
adaptable scientiBc investigation for shore protec-
tion is necessary for the islands. Globally, limited
studies are available on the shore protection mea-
sures to control the erosion of oceanic islands. The
application of hard and soft engineering structures
for the coast of the islands such as the coast of
Taiwan (Yang et al. 2012), south-east coast of
Barbados (Banton et al. 2015), reef islands of
Tuvalu (Masselink et al. 2020), Kulon Progo coast
of Indonesia (Chrysanti et al. 2019), islands of
Maldives (Borgudd 2014; Ministry of Housing and
Environment Report 2011) have been widely used
for beach nourishment, prevention of shore erosion,
climate change mitigations (including natural
hazard), reef protection and ecosystem restoration.
In the context of Indian coast, research studies

about the coastal process, the design and imple-
mentation of foreshore protective structures espe-
cially for islands are very limited. Mohanty et al.
(2015) assessed the impacts of port structures on
shorelines along the Odisha coast with three types
of coastal structures such as breakwater, sea wall,

and groyne in different parts of the coast from the
Beld observation between 2008 and 2014. Kudale
(2010) explored the feasibility of sand-Blled geo-
textile tubes as coastal protection measures for
eroding Indian coastlines under different case
studies. They suggested that the installation of
sand-Blled geotextile tubes along the beach nour-
ishment enhance the beach protection along the
Indian coast. Kiran et al. (2014) designed an
environmental friendly shore protection measure
such as using geosynthetic tubes for submerged
reef, Kadalur Periyakuppam, Tamil Nadu through
hydrodynamic model studies. They carried out
modelling studies with various combinations of the
dyke conBguration and found that the submerged
reef is the best alternative in the accretion of land
side of the segments and also preventing erosion
along the shoreline of Kadalur Periyakuppam.
Ramana Murthy et al. (2020) arrived at a site-
speciBc design and solution such as submerged
breakwaters and submerged reef with beach nour-
ishment for Kadalur village and Puducherry,
respectively, based on the detailed Beld observa-
tions and modelling studies. The innovative hybrid
solutions for coastal protection and stabilization at
both sites are lead to form a wide beach of varying
widths. Prakash et al. (2014) highlighted the
importance of shore protection measures along the
coast of Lakshadweep Islands and also indicated
that the majority of them are sheltered by shore
protection measures to control coastal erosion.
Prakash et al. (2015) briefed the installed protec-
tion measures using hard structures such as hollow
concrete blocks, layers of tetrapods and coir bag
Blled with pebbles around the coast of the Lak-
shadweep Islands. Hence, it is necessary to analyze
the feasibility of soft and hard structures to miti-
gate coastal erosion, especially for islands. Jinoj
et al. (2020) reported that the coastal erosion of
about 83.43% and accretion of about 16.55% along
the Kavaratti Island coast using shoreline change
studies. They also studied the nearshore sediment
dynamics of Kavaratti Island through the inte-
grated modelling approach. They highlighted the
real-time monitoring of hydrodynamic parameters,
and sediment transport is very useful for the
Kavaratti Island administration for the imple-
mentation of suitable shore protection measures at
highly eroding site of the island. In this context,
the present research work focuses on the analysis of
suitable preventive coastal structures which help to
prevent island coastal erosion and to reduce the
impact of existing infrastructure such as jetties,
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desalination plants, and other developmental
activities.
In this research work, the GenCade and MIKE21

Integrated Numerical Modelling System (hydro-
dynamic + spectral wave + sediment transport
models) were used to identify the suitable shore
protection measures at the erosion hotspots of
Kavaratti Island. The GenCade model was used to
simulate the shoreline changes against the imple-
mentation of different shore protection measures,
whereas an integrated numerical modelling system
was used to predict the eAective circulation pattern
and sediment transport due to various shore pro-
tective measures. The present work highlighted the
feasibility and location-based suitability of shore
protection measures from the various soft, hard
and hybrid structures at the highly eroding hot-
spots of the Kavaratti Island coast.

2. Study region, data and methods

2.1 Study area

Lakshadweep Islands exhibit high coastal erosion
and shoreline changes due to the high monsoonal
wave activity and coastal structures (Prakash et al.
2014). The major islands of Lakshadweep are sur-
rounded by reefs on the western part which break
the high energy waves during the monsoon without
entering into the coast. The reef heights of many
islands are reduced due to anthropogenic activities
and natural phenomena. During the development
of navigational channels, most of the Island’s reef
edges are disturbed and lead to enter the strong
currents into the lagoon and cause erosion along
the coast. In this study, Kavaratti Island
(Bgure 1a) has been considered as a case study to
identify the suitable shore protection measures at
the high eroding sites along the coast using
numerical modelling studies.
The morphology of the Kavaratti Island showed

serious problems of coastal erosion from 1967 to
1999 which indirectly aAected the local popula-
tion’s livelihood, particularly during monsoons.
The total area of the Kavaratti lagoon is 4.96 km2

and the population is around 11,210. The island
orientation is north–south, connected with four
neighbouring islands such as Amini, Suheli,
Andrott and Kalpeni. The southern part of the
island is narrow and called ’chicken neck area’,
while the northern part is wide. Three major jetties
on the east and west coast of the island play a

major role in inducing erosion and accretion pro-
cess. The settlement cluster of the island is more
at the northern part of the island, where the
groundwater is available compared to the southern
part of the island. The island is fully planted with
coconut trees which shields the settlement area
from high winds. The topography of the south-
eastern part of the island is very steep compared to
the north side (Bgure 1b). The beach proBle shows
that the southern and central parts of the island on
the east coast is more eroding due to anthropogenic
stresses. The total shore length of Kavaratti Island
is 14.72 km and the elevation above the MSL
(mean sea level) varies between 0.5 and 6.0 m. The
short term and long term variation in the shoreline
of Kavaratti Island are fully exposed to hydrody-
namic conditions and anthropogenic factors. NASA
(National Aeronautics and Space Administration)
predicted that the sea level rise is around 3.41 mm/
yr and hence every 1 m increase in water level
causes Cooding, land erosion and submergence of
the low lying islands of Lakshadweep. The erosion
and accretion process along the coast of the island
is cyclic due to the tides, alongshore current, wave
action, and other processes. During extreme events
such as storm/cyclone, tsunami, significant mor-
phological changes occur along the coast and cause
coastal erosion.

2.2 Data and methodology

Bathymetry of the Kavaratti Lagoon was extracted
from various datasets such as the General Bathy-
metric Chart of the Oceans (GEBCO) and CMAP.
Additionally, satellite-derived EOMAP bathy-
metry data with a high horizontal resolution of
about 15 m was also used around Kavaratti Island.
The bathymetry of the model domain was prepared
more accurately using optimum interpolated
methods with a negligible noise level (Bgure 1b).
The oceanographic parameters were collected at
different locations of Kavaratti Island during 2015.
The 5-MHz Acoustic Doppler Velocimeter (ADV),
a versatile, high-precision instrument in the marine
environment for measuring the water Cow velocity
by using the volume sampling method was used to
measure 3D velocity Belds with an approximate
distance of 5–18 cm. It was deployed at 3–4 m
depth at different locations of Kavaratti Island to
measure the water currents from 21st to 30th
September 2015. Similarly, the wave tide recorder
(WTR) and recording current meter (RCM) were
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deployed from 8th March to 21st March 2020, at
the location (10.835781�, 72.172884�) at 5 m depth
in Kavaratti Island lagoon to measure the tides and
water currents, respectively. The ADV, WTR and
RCM measured datasets were used for validation
of the model predictions at the stipulated period.
The meteorological variables such as wind speed,
direction, humidity, temperature, rainfall, baro-
metric pressure and solar radiation were obtained
from the Automatic Weather Station (AWS) at
every 2 min interval. This AWS is installed by
the National Centre for Sustainable Coastal

Management (NCSCM), Chennai at the Science
and Technology building of Kavaratti Island. The
significant wave height, wave direction and wave
period were obtained at 6-hr intervals from the
wave rider buoy, deployed by the Indian National
Centre for Ocean Information System (INCOIS),
Hyderabad. The measured physical parameters
such as wave, current and wind Belds during
monsoon and post-monsoon seasons of 2015 were
presented in table 1. The current and wave data-
sets were provided by INCOIS for different years
and were used for performing model simulations for

Figure 1. (a) Map of the study area: Kavaratti Island, Lakshadweep archipelago. (b) Bathymetry contour around Kavaratti
Island, Lakshadweep.
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10 yrs. Sediment samples were collected from the
Bve locations (KV-1, KV-2, KV-3, KV-4 and KV-
5) around the island during September 2015 and it
was analyzed using a Microtrac particle size ana-
lyzer. The sediment grain size varied between 0.3
and 0.6 mm at Bve locations around the Kavaratti
Island. The analyzed sediment characteristics were
used to prepare initial conditions and optimum bed
resistance. This information was fed to the sedi-
ment transport model as input parameters to pre-
dict the sediment transport, suspended sediment
and total sediment load.
Integrated modelling system (hydrodynamics +

spectral wave + sediment transport models) was
used for the assessment of shore protection mea-
sures at the high eroding sites of Kavaratti Island
coast (Bgure 2). Mike 21 FM numerical model was
used to simulate the circulation features in the
vicinity of Kavaratti Island by introducing existing
and proposed coastal structures. Hendriyono et al.
(2015) and Guill�en et al. (2007) provided details of
the integration of hydrodynamic, spectral wave
and sediment transport model of Mike 21 software
suite and the model conBguration along the
Kavaratti Island has been adapted from Jinoj et al.
(2020).

GenCade (GENESIS + Cascade), developed by
the Coastal Inlets Research Program (CIRP), is a
1D shoreline change, sand transport, and inlet
sand-sharing model (Frey et al. 2012a, b). It com-
bines Cascade for the regional-scale, planning-level
design calculations with the project-scale (Larson
et al. 2003) and GENESIS for engineering design-
level calculations (Hanson and Kraus 1989). The
GenCade model developed using the algorithms of
Cascade and GENESIS (Larson et al. 2003, 2006).
The GenCade model has wide applications and has
been successfully used for environments having
fringing reef and coral islands (Frey et al. 2012a, b;
Palalane 2016; Tomasicchio et al. 2020). This
model has certain assumptions such as beach pro-
Ble shape remains constant, shoreward and sea-
ward depth limits of the proBle are constant,
sediment transport by the action of breaking waves
and longshore currents. However, it also has cer-
tain limitations to consider the structure of near-
shore circulations, cohesive sediments, and regions
of the rocky shorelines with the pocket beaches
along the landward edges of the bays. It simulates
shoreline changes by spatial and temporal differ-
ences in longshore sand transport relative to the
regional morphology over multiple decades. The

Table 1. Met-oceanic parameters at Kavaratti Island duringmonsoon and post-monsoon seasons of 2015.

Parameters

Monsoon

(June–September)

Post-monsoon

(October–December)

Wave height (m) Minimum 0.61 0.39

Maximum 3.70 1.82

Mean 1.91 0.67

Standard deviation 0.76 0.34

Wave direction (degree) Minimum 195.54 187.65

Maximum 307.73 291.08

Mean 243.49 251.16

Standard deviation 21.99 18.65

Current speed (m/s) Minimum 0.20 0.18

Maximum 0.78 0.55

Mean 0.50 0.35

Standard deviation 0.11 0.08

Current direction (degree) Minimum 102.30 103.35

Maximum 242.47 278.03

Mean 178.25 193.27

Standard deviation 22.07 34.53

Wind speed (m/s) Minimum 0.88 0.20

Maximum 11.59 8.11

Mean 5.60 3.52

Standard deviation 2.35 1.62

Wind direction (degree) Minimum 41.79 35.57

Maximum 294.28 326.62

Mean 133.37 166.93

Standard deviation 52.07 68.81
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different grid spacing is performed to reduce the
computational time on a regional scale. The Gen-
Cade responds to coastal structures such as sea-
walls, breakwaters and groynes, wave conditions,
beach nourishment, breakwaters and jetty.
The integrated numerical modelling system and

GenCade model were used for the identiBcation of
site-speciBc shore protection measures of Kavaratti
Island (Bgure 2). The hydrodynamic, spectral wave,
sediment transport, and shoreline change models
were integrated and simulated for Kavaratti Island
with the nested domains. The temporal surface wind
Belds for the Kavaratti region were obtained from the
global atmospheric reanalysis product (ERA-In-
terim) by the European Centre for Medium-Range
Weather Forecasts (ECMWF). The tide amplitude
was extracted from the global tidal data for 2015.
The tidal range around Kavaratti Island is observed
at about 0.3 and 1.2 m during neap and spring tides,
respectively. The triangular mesh horizontal resolu-
tion varied from 5 to 10 m in the lagoon and
increased up to 500 m for the oAshore region.
The GenCade model simulations required the ini-

tial shoreline, regional contour and oceanographic
parameters. The initial shoreline of 2018 was
obtained from the Google Earth Images and carried
out substantial pre-processing to combine various
segments and removed the unwanted peeks in the
shoreline. The regional contour has been created
using different periods of shoreline (2010, 2015, and
2018) from the Google Earth and Satellite Imageries.
The model gridline with a regional scale has been

generated with 200 grids with a resolution of 15 m
from south to north along the west and east coast of
Kavaratti Island. The reliability of the model has
been investigated by assessing the shoreline change
from model predictions and open-source Google
Earth images which is a merged product of 0.65 PAN
and 2.5 m multi-spectral data along the Kavaratti
Island during 2018–2020. Assessed shoreline change
from the model prediction has shown a better agree-
ment with the digitized Google Earth images with a
biasof 1.4, standarddeviationof 0.99, andanR2 value
of 0.78. After completion of model calibration, model
simulations were performed using proposed shore
protection measures at the corresponding grid of the
eroding hotspots for a period of 10 yrs (2018–2028) by
forcing inputparameters ofwave, currents, andwater
levels. The present study assessed the performance of
proposed shore protection measures using both the
models in response to Cow environment, wave
dynamics, and sediment dynamics to identify the
suitable shore protection measures at the eroding
hotspots of Kavaratti Island.

3. Results and discussion

3.1 Shoreline change analysis with existing
structures

The natural and anthropogenic stresses on the
island cause major erosion and accretion on the
coast of the island. Therefore, the erosion and
accretion rates along the east and west coast of the

Figure 2. Schematic diagram of an integrated modelling system to identify feasible foreshore protection measures along the coast
of Kavaratti Island.
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island were investigated using the DSAS model
(Suganya et al. 2019). The shoreline change rates
are classiBed into eight categories as erosion (high,
medium and low erosion) and accretion (high,
medium and low accretion), stable and artiBcial
coast. The trend of erosion and accretion were
presented as negative and positive values,
respectively.
The shorelines are considered along with the

shore parallel structures and the shoreline position
was taken at low water level. Suganya et al. (2019)
study reported that the orthogonal transects to the
baseline at 30-m spacing interval along the entire
island were generated using DSAS. The DSAS
model predicted the shoreline change rate along the
Kavaratti Island and the shoreline change details
were presented in table 2 and Bgure 3(a). The
average net rate of shoreline change for Kavaratti
Island was 0.63 m/yr and indicated as accretion.
Kavaratti Island is protected by artiBcial struc-
tures along the coast; however, artiBcially pro-
tected coast at the lagoon side of the island is found
to be erosional with a net rate of �3.7 m/yr. The
eastern (sea) side of the island exhibits a maximum
shoreline change rate of �10.12 m/yr due to the
coastal processes and existing structures. The
assessment indicated that approximately 5% of the
coast exhibits erosion, 17% of the coast has accre-
tion and the remaining 79% of the coast has arti-
Bcial structures. The average net erosion rate of the
island was �1.2 m/yr and showed �1.36 m/yr in
the lagoon side and �2.35 m/yr in the eastern side.
The highest erosion rate of �4.23 m/yr was
estimated in the eastern side of the island and on

the southwest side of the chicken neck area (�2.94
m/yr).
On the lagoon side of the island, high erosion

areas are identiBed from the harbour workshop to
the Bsheries oDce at a stretch of about 0.3 km in
the extreme northwest island. High erosion rates of
�0.23 and �0.85 m/yr are observed on the north-
ern and southern sides of Harbour Jetty. High
erosion at the Harbour Jetty is balanced by high
accretion at the western jetty for a continuous
stretch of about 0.83 km. The southwest and east
sides of the island have a maximum net shoreline
movement of 56 m towards the landward side of
the island. The average net accretion rate of the
island showed 1.40 m/yr with a rate of 1.24 m/yr
on the lagoon side and 1.50 m/yr on the eastern
side of the island. The highest accretion rate of
10.09 m/yr has observed on the northeast side. The
DSAS model indicated the high eroding locations
such as the Bshing jetty, the southern tip of the
island, navigational channel and the chicken neck
area of the east coast of the Kavaratti Island.

3.2 Effect of existing foreshore protection
structures on circulation features

The Kavaratti Island exhibits man-made struc-
tures along the west and east coast. Three major
jetties, namely, Eastern Jetty, Western Jetty,
Fishing Jetty, and the desalination plant are the
major structures considered in this study. A few
stretches along the east coast of the island is pro-
tected by concrete armour units, tetrapods, and
seawall to prevent erosion (Bgure 3b–e). The
southern part of the island has been covered by
seawall and other protective structures.
The hydrodynamics, sediment transport and

spectral wave models were simulated for the coastal
processes of Kavaratti Island with existing struc-
tures during winter, pre-monsoon, monsoon and
post-monsoon for the year 2015 to understand the
seasonal circulation features, wave characteristics
and sediment transport in the vicinity of Kavaratti
Island (Jinoj et al. 2020). However, monsoon and
post-monsoon seasonal circulation features, wave
characters, and sediment transport are highlighted
in the present study. The model predicted circula-
tion features, significant wave height, total sedi-
ment load and bed level change during 9th August
2015 have shown in Bgure 4. Strong circulation
features, high wave action and more sedimentation
observed during the southwest monsoon season

Table 2. Shoreline change statistics of Kavaratti Island using
the DSAS model (IIMP Report, NCSCM, 2015).

Status

Length of

coast (km)

Coast

(in %)

Erosion

High erosion 0.41 3.33

Medium erosion 0.14 1.14

Low erosion 0.00 0.00

ArtiBcial coast (seawalls) 9.67 78.98

Total erosion 83.45

Accretion

High accretion 1.65 13.48

Medium accretion 0.38 3.07

Low accretion 0.00 0.00

Total accretion 16.55

Other

Stable coast 0.00

The total length of the coast 12.25
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compared to the northeast monsoon season. The
current magnitude varied between 0.2 and 0.6 m/s
in the southwest monsoon and 0.1–0.15 m/s in the
northwest monsoon. The current direction varied
between 210� and 250� during monsoon and about
45� in post-monsoon. A high magnitude of 0.48 m/s
current was observed on the south side of the lagoon.
Themagnitude of currents inside the lagoon and the
open sea are very diverse and predicted high Cow at
the channel mouth in the northwest part of the
island and an adjoining of the lagoon area. Time
series of current magnitude at KV-1, KV-2, KV-3,
KV-4 and KV-5 locations in the vicinity of Kavar-
atti Island during monsoon and post-monsoon sea-
sons are shown in Bgure 5(a and b). In the monsoon
season, the high magnitude of current varies in
between 0.4 and 0.42 m/s at northwest, south, and

northeast (KV-1, KV-4 and KV-5) regions and
varies in between 0.1 and 0.2m/s at south and north
lagoon areas (KV-2 and KV-3) of Kavaratti Island
(Bgure 5a). Similarly, in post-monsoon season, a
high magnitude of current varies between 0.26 and
0.35 m/s at northwest, south, and northeast (KV-1,
KV-4 and KV-5) regions and low magnitude of
currents about 0.12 m/s in the lagoon region of
Kavaratti Island (Bgure 5b). The integrated model
predictions showed a high current at the southern
tip of the island compared to other locations of the
island. The predicted significant wave height was
within the range of 1.5–2.4 m during monsoon sea-
son. The wave direction varied from 200� to 250� in
the oAshore region. Due to the wind speed and the
steep slope from the lagoon reef crest, wave height is
significantly increasing at the reef and gradually

Figure 3. (a) Assessment of shoreline change of Kavaratti Island coast using DSAS model (source: IIMP Report, NCSCM, 2015).
(b–e) Existing foreshore protection measures along the east coast of Kavaratti Island.
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decreasing in the lagoon area. The maximum long-
shore current along the east of Kavaratti Island was
predicted about 0.54 m/s. The average longshore
current of 0.42 m/s induces major erosion on the
east coast of the island. It was observed that the
longshore current drags the sediment from Bshing
jetty and deposited near the western jetty due to the
northern channel mouth. The model predicted that
the average sediment trapped by the fringing reefs
and the other structures in the Kavaratti region was
about 30 mg/cm2/d during monsoon. Model pre-
dictions indicate that the longshore drift is highly
trapped by the fringing reefs and the existing pro-
tective structures such as seawall, tetrapods, and
boulders in and around the Kavaratti Island coast.
The parameters such as water level elevation, wave
height, wave period and wave direction for the
monsoon period predicted by the model were
entirely compatible (not shown) with the results of
Jinoj et al. (2020).
The collected sediment samples at Bve locations

(KV-1, KV-2, KV-3, KV-4 and KV-5) around the
Kavaratti Island during the Beld survey of 2015
were represented over the study area map (Bgure 1;
with red colour Blled marks). The percentages of
medium sand were observed about 52.4%, 46.5%,

65.7%, 63.4% and 55.6% at the Bve sampling sites.
The sediment size varied between 0.3 and 0.6 mm at
Bve locations. This sediment grain size data were
used to generate the sediment table for the sediment
transport model to predict the total sediment load
and bed level change in the vicinity of Kavaratti
Island. Simulation of the sediment load and bed
level changes showed that the sediment load was
very high inside the lagoon compared to the other
regions. The total sediment load varied from
�16 (10�4 m3/s/m) to 40 (10�4 m3/s/m) and the
bed level changes are observed from �5.6 to 5.6 cm
around the island. In the southern tip of the island,
sediment load is high and the rate of bed level
change is around *0.25 m/day. The sediment load
is high in the southwest of the lagoon due to the high
magnitude of longshore current (0.5 m/s) and sig-
nificant wave height (&2.4 m). The magnitude of
longshore drift and wave activity along the east
coast of the island is high which further leads to
erosion and accretion. The southern tip of the island
(near to helipad area) exhibits boulders along with a
rocky shore. However, major parts are installed with
tetrapod and minor parts with concrete blocks
around the islands. Jinoj et al. (2020) analyzed the
impact of tetrapod using scouring analysis around

Figure 4. Predictions of (a) current speed (m/s), (b) significant wave height (m), (c) total sediment load (m3/s/m), and (d) bed
level change (m) on 9th August 2015 around the Kavaratti Island using integrated modelling system during monsoon season.
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Kavaratti Island. The scouring depth varied
between 0.084 and 0.187 m/yr at the west coast of
the island and varied between 0.022 and 0.117 m/yr
near the south and the east coast of the island. A
large quantity of sediments was lost by the scouring
eAect along with the existing hard structures on the
east coast of the island.
The wave action towards the shore is reduced by

the installed interlocked tetrapod through the dis-
sipation of wave energy by passing through them.
Highly eroding hotspots were identiBed along the

coast of the island during the Beld investigation and
by model predictions. The DSAS and process-based
model predictions with the existing coastal struc-
tures showed a high erosion process at the Bshing
jetty, the southern tip of the island, navigational
channel and the chicken neck area of the east coast.

3.3 Model validation

Model validation was performed using the collected
data from ADV, WTR and RCM measurements

Figure 5. Time series of model predicted current speed at the location KV-1, KV-2, KV-3, KV-4 and KV-5 around the Kavaratti
Island during (a) monsoon (August 2015) and (b) post-monsoon (December 2015) seasons.
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(table 3 and Bgure 6) in the vicinity of Kavaratti
Island. The measurement of ADV at Bve locations
showed the magnitude of current varies from 0.19
to 0.34 m/s along the coast of Kavaratti Island.
High magnitude of current observed on the north
and south side of island, whereas low magnitude of
currents was observed in the lagoon region of the
island. The model predicted currents are in asso-
ciation with the measured currents (ADV) in the
region around Kavaratti Island (table 3). Besides,
the WTR-measured water level varied from �0.68
to 0.63 m in the lagoon of the Kavaratti region and
is in good agreement with the model-predicted
water level (range from �0.68 to 0.63 m) with an
R2 value of 0.85 (Bgure 6a and c). Similarly, the
RCM measured currents in the lagoon region of
Kavaratti Island (ranged from 0.02 to 0.16 m/s)
are also in better agreement with the model-
predicted currents (ranged between 0.01 and
0.14 m/s) with an R2 value of 0.75 (Bgure 6b
and d).
The sediment transport model was validated

using Beld measured suspended sediment concen-
trations (using the optical backscatter sensor with
the infrared wavelength of 850 nm ± 5 nm) at Bve
locations (KV-1, KV-2, KV-3, KV-4 and KV-5)
around the island during the year 2015. The sus-
pended sediment load varied from 1.6 to 2.8 9 10�4

m3/s/m around Kavaratti Island with maximum
sediment concentrations (2.8 9 10�4) at the north-
western part of the island. The model predictions
also provided a high suspended load of about 6.8 9

10�4 m3/s/m in the same region. The measured
and model-predicted suspended load indicated
the occurrence of high loads at the north-western
part of the island (table 4). However, the pre-
dicted values are overestimated than the Beld
measurements.

3.4 Suitable conceptual mitigation measures
at eroding hotspots

The state-of-the-art numerical GenCade model is
used to assess the shoreline changes along the east
and west coast of the island with the existing and
proposed structures for 10 yrs. The model pre-
dicted the highest shoreline change on the east
coast of the island compared to the west coast and
is shown in Bgure 7(a–d). There are a few locations
such as the northeast part, chicken neck area and
the south tip of the east coast of the island which
showed more change in shoreline about �15 m
compared to other locations along the east coast.
Conceptual shore protection measures such as
groynes, revetment, breakwater, detached break-
water, and submerged breakwater were performed
to protect the eroding areas such as the chicken
neck area, northeast part, and the south tip of the
island on the east coast of the island. The natural
physical processes which cause erosion at the ero-
sion hotspots were presented in table 5. The model
simulations investigated the suitability and feasi-
bility of shore protection measures to combat the
erosion of the shore of the island for 10 yrs. The
performance of each shore protection measure has
been discussed in the subsequent sections.

3.4.1 Case 1: Groynes

GenCade model simulations have been carried out
using two groynes near the chicken neck area on the
east coast of Kavaratti Island. The two groynes are
normal to the coast and have a length of about 200m,
and were performed with the permeability 0.3 at the
chicken neck area to assess the controlling of erosion
(Bgure 8a and b). The parallel groyne reduced wave
forces and currents at the chicken neck area. They
retarded the longshore movement of sediments along
the east coast of the island. Sediment accumulation is
observed near the groynes due to the updrift and
downdrift movement. The downdrift movement of
sediments in the chicken neck area controlled the
erosion. In this experiment, the two groynes con-
trolled erosion at one side of the groyne and eroding
on the other side of the groyne. The initial and pre-
dicted shoreline changes for 10 yrs using groynes at
the chicken neck area are shown in Bgure 8(c). It is
observed that themaximumaccretion is around+3m
at the chicken neck area and erosion of around�6 m
occurs in the other adjacent regions. These measures
cause an imbalance in sediment load on the adjacent
areas of the chicken neck area.

Table 3. Comparison of measured and model predicted cur-
rents (m/s) in the vicinity of Kavaratti Island during 21st to
30th September 2015.

ADV

deployed

Locations

ADV

measured

current speed

(m/s)

Model

predicted

current speed

(m/s)

Absolute

BIAS

KV-1 0.34 0.20 0.14

KV-2 0.23 0.27 0.04

KV-3 0.19 0.24 0.05

KV-4 0.29 0.34 0.05

KV-5 0.32 0.35 0.03
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3.4.2 Case 2: Revetment

The second experiment was performed with the
revetment structure in the three regions along the
east coast of the island (Bgure 8d and e). The three
revetments having a length of 400, 611 and 464 m
and height 6 m, respectively, are incorporated in
the model domain at the highly eroding sites. The
predicted shoreline changes with three revetment
structures in three erosion spots on the east coast
of the island showed a more stable shoreline and

Figure 6. (a and b) Validation of model predicted water levels and currents with WTR and RCM measurements; (c and d) R2

analysis of model predicted water levels and currents with WTR and RCM measurements, respectively, in the lagoon of
Kavaratti Island during 8–21 March 2020.

Table 4. Comparison of measured and model predicted
suspended load (m3/s/m) in the vicinity of Kavaratti Island
during September 2015.

Locations

Field-measured

suspended sediment

load

Model-predicted

suspended load

KV-1 1.6 9 10�4 4.9 9 10�4

KV-2 2.8 9 10�4 6.8 9 10�4

KV-3 1.9 9 10�4 4.2 9 10�4

KV-4 2.3 9 10�4 5.8 9 10�4

KV-5 2.2 9 10�4 5.3 9 10�4

  165 Page 12 of 20 J. Earth Syst. Sci.         (2021) 130:165 



less erosion of around �2.0 m and accretion of
around +1.2 m for 10 yrs. The model results
expounded that the conceptual revetment struc-
tures performed well for protecting the eroding
coast in the three regions.

3.4.3 Case 3: Detached breakwater

Model simulations were conducted with a detached

breakwater at a depth of 5 m in the oAshore region

of the chicken neck area along the east coast of the

Figure 7. Prediction of shoreline changes for 10 yrs (2018–2028) along the east and west coast of Kavaratti Island with existing
structures using GenCade model.

Table 5. Causes for erosion at erosion hotspots and recommended actions to control erosion.

Sl.

no. Erosion hotspot location

Length of the

coast (m) Causes for erosion

Recommended actions

against erosion

1 Chicken neck area–East coast 900 Low littoral drift and high

wave action

Revetments, Detached

breakwater, Groynes

2 Adjacent to navigational channel

area–East Coast

800 Tidal induced currents Revetments

3 The southern tip of the island

(Helipad area)–East coast

450 High wave action Revetments, Submerged

breakwater

4 Fishing Jetty–West coast 450 Low littoral drift and diversion

of coastal currents

Revetments
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island (Bgure 8f and g). The detached breakwater
of a length of about 200 m with a gap width of 100
m is incorporated in the model and carried out
simulations for 10 yrs with the forcing parameters
of waves and currents. The cross-shore sediment
transport and wave heights reduced significantly at
the breakwater and controlled the erosion in these
regions. However, it impacts the adjacent regions
due to the diAraction of the waves and leads to
erosion at the adjacent areas. The assessment of
shoreline changes with detached breakwater indi-
cated that the accretion and erosion are parallel to
the breakwater for 10 yrs. Model predictions
showed accretion around +2 m and erosion around

�8.1 m due to the detached breakwaters along the
east coast of the island.

3.4.4 Case 4: Geotube breakwaters

In this experiment, the breakwaters with geotube
material act as a soft structure to protect the coast
from high waves along the east coast of the island.
The geotube breakwater consisted of 3 layers of
base with a ‘2+1’ layers of geo-tubes with a width
of 14.5 m was considered about 500 m away in the
oAshore region at 5 m depth from the coast parallel
to a chicken neck area. The geotube breakwater of
length 600 m was provided parallel to the chicken
neck and performed model simulations with exist-
ing wind Belds, wave, and tidal conditions. It
reduced the wave forcing along the coast of the
eroding region. The significant reduction in current
speed (0.05 m/s), and significant wave height (0.3
m/s) were observed due to the geotube structure
which helped to reduce the wave loads and the
magnitude of horizontal forces from the wave
components. This type of shore protection con-
trolled the coastal erosion at the chicken neck area
of the island.

3.4.5 Case 5: Submerged breakwater

The Bnal experiment was conducted with the
submerged breakwater at the southern tip of the
island (Bgure 9a and b). Submerged breakwater has
a length of 600 m and is conBgured at a depth of 5
m by changing the bathymetry proBle and changes
in the inbuilt structure broad crested weir function
with existing wind Belds, wave, and tidal condi-
tions. The heights above the structure’s crest are
�0.5, �0.76, and �1.4 m with respect to the CD,
MSL and HWL, respectively. Model simulations
were performed with the submerged breakwater at
the southern tip of the island is shown in
Bgure 9(c–f). During the monsoon, the southern tip
of the island which is in proximity to the helipad
area is exposed to strong currents and high wave
action. The submerged structures dissipate the
energy of high waves without allowing them into
the coast. The magnitude of current and significant
wave height reduced to 0.05 m/s and 0.3 m,
respectively with a submerged breakwater.
The performance of conceptual mitigation

structures such as groyne, detached breakwater
and revetment for 10 yrs is shown in Bgure 9(a–f)
and the details are provided in table 6. The

Figure 8. (a and b) Location of Groyne, (c) prediction of
shoreline changes using Groyne structures for 10 yrs; (d and
e) location of revetment structures, (f and g) location of
breakwater structure along the cost of Kavaratti Island.
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Table 6. Shoreline changes along the coast of erosion hotspots with the proposed shore protection measures for 10 yrs.

Sl.

no. Location of erosion hotspot

Proposed shore

protection measures

Shoreline changes with proposed

mitigation structures

Erosion Accretion

1 Chicken neck area–East coast Revetments No significant changes observed

Detached breakwater �8.1 m +2.0 m

Groynes �6.0 m +3.0 m

2 Adjacent to navigational channel

area–East coast

Revetments No significant changes observed

3 The southern tip of the island

(Helipad area)–East coast

Revetments No significant changes observed

Submerged breakwater No significant changes observed

Figure 9. Location of submerged breakwater (a and b) along the Kavaratti Island coast, and prediction of oceanic parameters
with submerged breakwater, (c) current speed (m/s), (d) significant wave height (m), (e) total load (m3/s/m), and (f) bed level
change (m).
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performance of the conceptual shore protection
measures such as breakwater and submerged
breakwater in case 4 and case 5 was indicated that
the reduction of wave height from 2 to 1 m and
magnitude of current from 0.65 to 0.3 m/s while
reaching the coast of the island. It also reduced the

cross-shore sediment transport and rate of the bed
level changes.
The proposed shore protection measures such as

groyne, revetments, and breakwater at eroding
hotspots and their cumulative eAect on shoreline
changes for 10 yrs are shown in Bgure 10(a and b).
Similarly, in the presence and absence of shore
protection measures, changes in the shoreline pro-
jected is shown in Bgure 10(c). The revetment
structure showed insignificant variation in shore-
line change between +2 and �3 m for 10 yrs and is
a more feasible structure compared to the groyne
and breakwater. The merits and demerits of the
proposed shore protection measures are provided in
table 7. The revetment and geotube-based break-
waters are more feasible and suitable for the long-
term shore protection features along the island
coast compared to other shore protection
measures.

3.5 Comparative perspective with other global
studies

The archipelago of low lying areas of the Lak-
shadweep Islands is threatened by coastal pro-
cesses and anthropogenic activities. Studies of
shoreline change analysis along the coast of Lak-
shadweep Islands highlighted high erosional rates
during the long-term (1972–2015) and stable plat-
form during the short-term (2000–2015) (Suganya
et al. 2019). Shoreline change analysis indicated
that the islands are shrinking more than 50% of
their original size, both in the ocean and lagoon
side of the islands. The artiBcial structures along
the coast helped to reduce erosion in few locations
of the coast and showed adverse eAects on the
beaches, valuable coastal resources and marine
habitats.
In particular, the Kavaratti Island coast of

Lakshadweep archipelago showed high coastal
erosion and shoreline changes due to the dominated
physical mechanisms such as the tidal currents,
high wave action and changes in littoral drift (Jinoj
et al. 2020). The coast of Kavaratti Island was
eroded about 83.43% and accreted about 16.55%
and also observed that the significant erosion
around the Bshing jetty and accretion at the
western jetty due to the tidal currents and wave-
induced currents in the northwestern side of the
island. Based on the shoreline change analysis and
process-based modelling studies, eroding hotspots
such as chicken neck area, northeast part, and the

Figure 10. (a) Map of proposed structures at eroding hot-
spots. (b) Initial shoreline and predicted shoreline changes
with groyne, detached breakwater and revetment structures
for 10 yrs. (c) Prediction of shoreline changes in the presence
and absence of foreshore protection measures such as groyne,
revetments and breakwater along the east coast of Kavaratti
Island for the period of 10 yrs (2018–2028).
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southern tip of the island on the east coast of the
island are identiBed along the coast of Kavaratti
Island. Several researchers (Kench et al. 2003; Frey
et al. 2012a, b; Lee and Lin 2014; Sivakholundu
et al. 2014; Pradjoko et al. 2015; Masria et al. 2015;
Mohanty et al. 2015; Ramana Murthy et al. 2020)
examined various shore protection measures along
the different coasts in the world based on the type
of the coast, beach proBle, orientation of the coast,
wave parameters, and sediment characteristics. To
reduce erosion along the coast of erosion hotspots
and minimal impact on the adjacent coastal
regions, conceptual shore protection measures such
as groynes, revetment, breakwater, detached
breakwater, and submerged breakwater have been
selected for the coast of Kavaratti Island. The
model simulations were conducted, and performed
the feasibility and suitability of the selected shore
protection measure along the coast of erosion hot-
spots of Kavaratti Island. Model predictions indi-
cated that the revetments and submerged geotube-
based breakwaters performed well along with the
erosion hotspots. These types of interventions were
installed at various coasts of islands such as Mal-
dives, Gili Trawangan, North Lombok Indonesia,
Isla del Carmen Barrier Island, and Mexico are
performed well to reduce the erosion at the coast of
islands (Kench et al. 2003; Escudero et al. 2014;
Pradjoko et al. 2015). The design conBguration of
mentioned structures and their cost–beneBt anal-
ysis and their impact on coastal habitat will be
considered as extended scope of the study.

4. Conclusions

A detailed scientiBc investigation was carried out
for various foreshore protection structures at
highly eroding hotspots of the Kavaratti Island
coast. The GenCade model calibration was pro-
cessed between predicted shorelines and on-screen
digitized shorelines from Google Earth images
along Kavaratti Island and showed a better
agreement with Google Earth images with R2 val-
ues of 0.78. The impact of existing shore protection
measures along the coast of the island was simu-
lated using GenCade and an integrated modelling
system. The model predictions indicated a high
erosion along the east coast of the island compared
to the west coast of the island lagoon. Model pre-
dictions highlighted the following key points with
the prevailing met-oceanic conditions and existing
shore protection measures:

(a) The eastern part of the island (open sea coast)
has strong currents with an average magnitude
of 0.48 m/s and the minimum and maximum
current magnitudes are about 0.10 and 0.60
m/s, respectively in the vicinity of Kavaratti
Island.

(b) Significant wave height of *2.5 m at the
southern tip of the island.

(c) Sediment load and bed level change along the
eastern part of the island is high, compared to
other parts of the island due to the bathymetry
gradients and wave-induced currents.

(d) Shoreline change prediction for 10 yrs using
the GenCade model indicated that the eastern
part of the island has the maximum shore
erosion (*50 m on the landward side) com-
pared to the western part of the island (lagoon
side).

The process-based numerical models were simu-
lated to control the coastal erosion at hotspots
along the Kavaratti Island coast using the Bve
conceptual shore protection structures comprising
hard and soft measures. The GenCade model was
performed with Bve shore protection measures
using waves and currents for 10 yrs. The shoreline
changes were analyzed using hard structures such
as groynes, revetments, and breakwater. The
model predictions revealed that revetment struc-
ture is highly feasible to control the erosion for a
long period compared to other structures. The
wave dynamics and circulation features using
breakwater with geotube and submerged break-
water were analysed at the high eroding area of the
Kavaratti coast. With the suitable site-speciBc
coastal protection structures, we observed the
following:

(a) Revetment and submerged geotube breakwa-
ters were observed to be the most eAective
foreshore protection measures on the eastern
part of the Kavaratti Island,

(b) Significant decrease in current speed from 0.48
to 0.05 m/s was observed, and

(c) Significant decrease in wave height (from 2.5 to
0.3 m) and wave energy reduction of about
50% from prevailing conditions were observed.

Being highly vulnerable to storm surges and
gradual rise in sea levels, long-term solution for the
protection of these small islands must be taken on
priority to safeguard ecosystem health, life and
property of the islanders. As for future work, the
present study can be further extended to resolve
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the limitations of nearshore circulation features by
coupling the nearshore wave models such as CMS
wave and MIKE SW to the GenCade model.
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Kerala, located in the southwest part of India experienced heavy Cooding during 2018. A post-Cood Beld
survey was conducted by National Centre for Coastal Research (NCCR), Chennai to study the Cood. The
survey was conducted using in-situ measurement and fed to NCCR-Geo surveyor app. The app is
indigenous and transfers the data including Cood depth and geo-tagged photos to NCCR server. The
survey also focuses on the peoples experience at the time of Cood of central and southern parts of Kerala
with a total of 206 respondent data. The district-wise survey results are presented. From the study, it was
concluded that Pampa River basin and Periyar River basin were severely aAected and respondents
reported sudden rise in the water levels in locations near to the river banks. Major river banks of the state
overCowed and destroyed houses, roads, etc. The Beld survey points towards long term solutions including
advanced Cood warning system to create an eAective mitigation and preparedness plan to reduce the risk
from the fury of future Coods and for a resilient community.

Keywords. Kerala Coods 2018; post-Beld survey; Cood depth; NCCR-Geo surveyor app.

1. Introduction

Flood is a Cow of water above the natural runoA
channel (Chow 1956). Rainfall, river Cow, tide
surge, topography are factors dictating the type of
Cood. It can either grow and discharge gradually or
can develop and recede quickly (Brown et al. 2011).
Flood aAects human life (Ohl and Tapsell 2000)
and leads to substantial economic losses and aAects
socio-economic welfare (Appleton 2002). The
Cooding eAect varies mainly due to local geomor-
phology and human encroachment level (Ray et al.
2019). The impact of Cood increases with

population growth, urbanization in the Cood-prone
area and non-engineered constructions (Jonkman
2005).
During the past 30 yrs, there are almost seven

Coods every year in India. The principal cause of
this are formation and movement of cyclonic dis-
turbances, breaks in monsoon (Rakhecha 2002),
vigorous monsoon conditions (Dhar and Nandargi
2003), episodes of El Nino and La Nina (Kul-
shrestha 1997), failure of dams (Dhar and Nandargi
2003) and landslides leading to obstruction or
change in river course and poor drainage system
(Tripathi 2015).
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The Indian summer monsoon (ISM) has its onset
from mid-May to mid-July, peak rainfall from July
to August and withdrawal from mid-September to
mid-October (Dhar and Nandargi 2003). During
this ISM period, the Western Ghats and central
part of India has shown a significant increase in
rainfall variability, while stations over the south-
ern Indian peninsula and lower Ganga valley have
a decreasing trend (Roy and Balling 2004). The
extreme rainfall events frequency has increased
over India from 1951 to 2005 (Niyas et al. 2009),
and these extreme rainfall events lead to excessive
downpour exceeding the capacity of rivers leading
to Cooding. Some of the recent major Coods in
India include the Assam Cood (2012), Uttarakhand
Cood (2013), Kashmir Cood (2014), Chennai Coods
(2015), Gujarat Cood (2017) and Kerala Cood
(2018) (Mujumdar et al. 2020).
Kerala Cood (2018) was the worst one experi-

enced by the state since 1924 (Vishnu et al. 2019).
Kerala is located in the southwestern part of India
with Arabian Sea to the west and Western Ghats
to the east (Vishnu et al. 2019). The state has
mainly three physiographic features with highland,
midland and coastal plain varying from 75 to\7 m
(Vishnu et al. 2019) with the highland and midland
used for agricultural activities and commercial
plantation, while coastal plains are densely popu-
lated (Sudheer et al. 2019). The state has an
average annual precipitation of about 3000 mm,
which is controlled by the south-west and north-
east monsoons (Joseph et al. 2020). During the
2018, pre-monsoon rainfall had an unprecedented
increase of 37% in rainfall. The monsoon depres-
sion (13–17 August) that immediately followed a
low-pressure monsoon system (6–9 August) resul-
ted in many days of heavy rainfall (Hunt and
Menon 2020). Kerala experienced above-normal
seasonal rainfall with extreme rainfall from 1st to
15th in the upstream catchment of Idukki, Kakki
and Periyar having a return period of more than
500 yrs and resulted in most reservoirs reaching
90% capacity (Mishra et al. 2018).The departure
from normal was 15% in June, 18% in July and
164% in August (August 1–19, 2018) (IMD 2018).
Out of 54 dams, 35 were opened, and according to
the Government of Kerala, nearly 1/6th of the
population were seriously aAected and Rs 20,000
crore is the estimated loss incurred by the state
(Varghese and Yadukrishnan 2019). The heavy
rainfall resulted in landslides in Western Ghats
causing damage to property and agriculture (Vijith
and Madhu 2008).

The frequent Coods have made the researchers to
realize the need for a permanent monitoring system
to detect a disaster-prone geographical area (Vi-
neesh 2019). Adaptation and mitigation are more
eAective and quick in response, since climate-based
water resource planning requires more time and
cost in planning and implementation. (Kuriqi et al.
2020). Moreover, water level observation is
important in hydrological and hydraulic modelling
and water resources planning and management
(Kumar et al. 2020). During the 2018 Cood, the
oDcial’s main problem was the unavailability of
Cood-prone area maps (Joy et al. 2019). Usually the
map is prepared with the help of in-situ measure-
ments, Cood forecasting methods, remote sensing
and aerial photos (Pradhan et al. 2016). Hence
keeping this in mind, a study was conducted by
visiting the Cood-affected districts across the cen-
tral and southern Kerala and collecting the Cood
depth using the in-situ measurement technique.
Water level observation represents a piece of vital
source information for water resources planning
and management (Kumar et al. 2020). This study
presents the Cood impact in each district through
the respondent’s experience. More than 200 Beld
data along with Cood levels, geo-tagged pho-
tographs, video interviews and survey question-
naires were collected during the survey and
analyzed. These Beld data can be used to validate
the Cood modelling work in the future.

2. Materials and methods

Disaster data are vital for identifying trends in the
impacts of disaster. For any Cood event, loss of
lives, the total number of people aAected, and
economic damage are indicators for assessing Cood
impacts (Shrestha and Takara 2008). The present
study is exploratory and primarily based on a
questionnaire survey conducted on the population
directly aAected by the Kerala Cood in 2018.
A literature survey was carried out using various

search engines. Based on it, a questionnaire was
prepared, and the sampling areas for the study
were selected. To study the actual extent of inun-
dation, the National Centre for Coastal Research
(NCCR) undertook a detailed survey to the most
aAected district during the Brst week of September
2018. The questionnaire was Blled up by direct
enquiry to the aAected population and collecting
geo-tagged photos of water-marks post-Cood
(Bgure 1).
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The research team directly approached the
respondents. The numbers of respondents were
206, mostly shop-owners, residents and ward
members of the sampling location. The data was
collected using NCCR-Geo Surveyor (NGS)
(Bgure 2) a mobile app developed by NCCR
(https://www.nccr.gov.in/?q=activities/coastal-
hazards) wherein the actual point along with the
coordinates and geo-tagged photographs are
transferred directly to NCCR server through online
mode. NGS has been developed as a generic app to
help in Beld data collection for all applications
wherein the data collected will be collated in a GIS
format for easy use. The data was also collected as
a hardcopy.
The questionnaire contained two sections, one

dealing with the Cood depth, time of Cood and
Cooding dates, the second part dealt with the Cood
relief operations and early warnings at the time of
the Cood. The collected data were analyzed. It was
used to understand the relevance of Cood levels for
rainfall and discharge from dams. The Beld survey
was carried out along the most severely aAected
Kerala districts, namely Ernakulam, Thrissur,

Pathanamthitta, Alappuzha, Kottayam, Palakkad
and Idukki and the data was analyzed. The survey
result for each district is presented in this paper.

3. Results and discussion

The main objective of the study is to understand
the Kerala Coods of August 2018. A post-Cood Beld
survey was conducted in Kerala during Brst week
of September 2018. The districts from the central
and southern parts of Kerala including Ernakulam,
Thrissur Pathanamthitta, Alappuzha, Kottayam,
Palakkad and Idukki were chosen for the survey
based on the literature survey. The number of
respondents in the present work was 206 and had
at least primary educational background. Local
information by the natives of each district was used
to locate the worst aAected site in the district.
Attempt was made to cover all the aAected sites,
but some places were Cooded and inaccessible. The
in-situ measurements were taken based on the
Cood depth markings. The geo-tagged photos
together with the Cood depth of the location were
pushed through the mobile app into the NCCR
server. The data was analysed and the following
summary was inferred district wise.

3.1 Idukki–Periyar system

The Idukki dam situated at the upstream of Peri-
yar meanders through Ernakulam, Idukki, and
Thrissur districts. By mid-August, Kerala’s rains
picked up and opened up all the Bve shutters of
Idukki dam according to the respondents. The
respondents also mentioned that the Idamalayar
dam was in full Cow. The Periyar River sank
everything that came in its way including the
urban centres of Aluva, Eloor and towns of Par-
avur and Kothamangalam according to the survey.
Districts including Ernakulam, Idukki and

Figure 1. (a) Data collection through local enquiry, (b) in-situ measurement of Cood depth and (c) identiBcation of water mark.

Figure 2. NCCR-Geo Surveyor app.
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Thrissur were severely aAected. The Kuttanad
region was inundated even during the survey
period.

3.1.1 Idukki

Idukki received its highest rainfalls, starting from
May till the middle of August. For the Brst time in
26 years, all the Idukki dam’s shutters were
opened, causing a deluge (Vishnu et al. 2019). The
Idukki district was one of most aAected among the
surveyed districts with all major roads either bur-
ied or washed away in landslides (Bgure 3). Cher-
uthoni dam shutters were open during the Brst
week of September (time of the survey). The
Cheruthoni River banks were severely damaged.
Bank erosion together with the damage of roads
adjacent to the Cheruthoni River bank could be
mainly due to the high velocity river from the
upstream (Bgure 4). The water level in the bank of
Cheruthoni River was more than 5 m with the
ground Coor of the adjacent building inundated.
The waters from the Idukki dam caused

Figure 3. Lanslide in Idukki.

Figure 4. Bank of Cheruthonni River.

Figure 5. Failure of a building near Cheruthonni River
Bank.
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widespread damage to agriculture and buildings
(Bgure 5). The picturesque village of Munnar was
severely aAected both by Cood and landslides.
Idukki district observed severe landslide than
Cooding due to its topography, soil conditions,
rainfall intensity and deforestation for settlement
and agricultural activities. Landslides damaged
roads connecting the major towns in the district
with interior areas. Attempts were made to cover
Idukki district, but were hindered due to logistic
issues.

3.1.2 Ernakulam district

The Periyar Cows northwestwards and enters
Ernakulam district at Neriamangalam. The
Idamalayar joins it. Periyar receives water from
Idamalayar and Cows west along the midlands of
Ernakulam district. The sudden increase in water
levels within hours was catastrophic for the urban
cities of Ernakulam district including Aluva,
Kalamaserry and Kochi (Bgure 6). Most people
reported a sudden rise in the water level on August
15th and observed a water level of 3–6 m in Aluva,
Kalamaserry and Angamaly which coincided with
the opening of all Bve shutters of the Idukki dam.
The Coodwaters stayed for about 3–5 days in most
areas. More houses are located very close to the

river but warnings through government and local
bodies ensured the relocation of people to safer
locations.

3.1.3 Thrissur district

The entire district was aAected, and the most
aAected area was Chalakudy with the water in
Chalakudy River breaching both its banks. As per
Beld survey, Chalakudy River was already in spate
after the 8th August rainfall and water rose by
about 0.6 m. After August 14th rains, Cood level

Figure 6. Flooded location in Aluva, Ernakulam district.

Figure 7. Flood depth in Ranni, Pathanamthitta district.
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increased to a maximum of 4.5 m along the
Chalakudy River banks. The locals were aware of
IMD’s red alert, but were hesitant to move since
they did not anticipate such high Cood levels.
Respondents claimed that the discharge from the
upstream dams was the reason for the Cooding
which brought Thrissur to a standstill and the
Coodwater remained for more than 3 days.
Respondents experienced strong currents in the
Cood water washing away things in its path. The
southwest parts of Thrissur district was severely

aAected due to Cash Coods, around Kole Belds. The
banks of the Conolly canal and the Herbert canal
which was inundated due to the Karuvannur River
changing its direction near Ettumuna. The proba-
ble reason for water level in the Chalakudy River
to rise to about 5 m may be due to the release of
water from Sholayar and Peringalkuthu dams
upstream of Athirapally waterfalls into the river.

3.1.4 Kottayam

Kottayam in the Meenachil River basin saw places
including Changanacherry, Pala, Vaikom and
Thalayolaparambu inundate under water. The
Coodwater level rose to 3 m in Vaikom while it was
about 6 m in Pala and Thalayolaparambu. This
high water level rise was seen mainly near the bank
areas. This rise in water level near river banks
might be due to the overCowing of river bank for
the upstream water from the Idukki dam into the
Meenachil River.

3.2 Bharathapuzha and Malampuzha system
(Palakkad)

Heavy downpour caused widespread destruction in
Palakkad (Bgure 8). The shutters of Malampuzha
dam together with Chulliyar and Walayar dams
were also opened, thereby Cooding tributaries of
Bharathapuzha according to the respondents. The
water Cow from the Parambikulam dam and Sho-
layar dams resulted in the Chalakudy River over-
Cowing and the Cooding of the town, based on the
survey analysis from the respondents experience.
The Beld survey revealed that the water levels rose
to a maximum of 3 m on August 16th and was
predominantly attributed to the discharge from
dams following the heavy spell of rain in August.
Respondents claimed that the reduction in channel
width was a primary reason for Cooding in Palak-
kad district.

3.3 The Sabarigiri–Pampa

Pampa River breached its bank on opening the
shutter of Sabarigiri dam based on the respon-
dents. The survey reveals that it sank houses in
Pullad and Chengannur, which are many kilome-
tres away from the river bank. The Cooding of the
Pamba and Achankoil rivers in Pathanamthitta
district brought places under water. The date of
opening of the two dams, namely Pamba and

Figure 8. Water mark in Alappuzha district.

Figure 9. A Cooded house in Alappuzha during September
2018.

  147 Page 6 of 10 J. Earth Syst. Sci.         (2021) 130:147 



Kakki and the date heavy Cooding and landslips on
the river banks coincided according to respondents.
The rise in water level in Pampa River maybe due
to the opening of the shutters of the Kochupampa,
and Anathode–Kakki dams.

3.3.1 Pathanamthitta

Pamba, Achankovil and Manimala are the major
rivers that Cow through Pathanamthitta. The two
main dams in this district are Kakki and Pamba.
The water Cowing from the Kakki dam joins
Pampa dam water and Cow downstream as the
Pamba River. The most aAected regions in this

district were Ranni, Aranmulla, Thiruvalla,
Vedumpuram and Niranam. Field survey reveals
that major Cooding happened on August 15th and
the Coodwaters took more than 3–5 days to recede
in most areas. The district experienced a sudden
rise in water level with large scale devastation
with over 6 m of water in some locations. Areas
such as Ranni, Vadasserikkara, Perunadu and
Ayiroor were Cooded wholly, and entire sections
of Ranni town submerged under water within
hours (Bgure 7). The respondents heard loud
sound of water rushing into Ranni area and
within hours the area was inundated with water
of up to 4 m height.

Figure 10. Flood inundation map.
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3.3.2 Alappuzha

Alappuzha was severely aAected with Chengannur,
Pandanad, Edanad, Thiruvanvandoor, Vazhar and
Mangalam inundated for many days. Water levels
rose in this region following the heavy rains and
after opening the shutters of Kakki, Anathodu, and
Kochu Pamba dams. Moreover, the district is a
low-lying area and covered with paddy Belds.
Major rivers Cowing through Alappuzha are Man-
imala, Pamba, and Achankovil and a part of
Vembanad River system is located in this district.
The low-lying areas of Alappuzha including
Kainakary, Chambakulam, Pulinkunnu (Bgure 8)
panchayats together with the Alappuzha–

Changanassery roads were submerged. The district
experienced Cooding from June onwards. The
water rose to 2.5 m in most areas, and most of the
people were still in rescue camps at the time of the
survey. Some locations were still under water
during September as shown in Bgure 9. Water
pumps were used to drain water in the main sites,
while no help was oAered in the interiors in
restoring their place to normalcy. No warnings
were received by the respondents from authorities
in the interior areas and further arranged for own
relocation to nearby relief camps.
The collected data points from all the districts

were overlaid on Map and Digital Elevation Model
(DEM) of Kerala as shown in Bgures 10 and 11.

Figure 11. Flood inundation map on DEM.
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4. Conclusion

Flood of 2018 was one of the worst Cood events that
Kerala ever witnessed in almost a century. Heavy
downpourings in Kerala during August 2018 had
widespread eAects in socio-economic livelihood of the
people. Extensive Cooding occurred alongside river
networks. The previous studies state that severity of
the Kerala Cood of 2018 and the damage causedmight
be due to land-use and/or land-cover change, hydro-
logic conditions, reservoir storage and operations,
encroachment of Cood plains (Mishra and Shah 2018),
which is also reCected after analysing the Beld survey.
Blocking the course of a Cowing river has contributed
to the hazardous situation. Further, this data can be
used to validate numerical modelling studies and will
be of vital importance in creating early Cood warning
system for Kerala. Adaptation and mitigation are the
need of the hour (Kuriqi et al. 2020). There is no single
solution to this problem. Focusing on long-term solu-
tion is the need of the hour than short-term measures
like structural constructions.
The Coods of 2018 have trigged the need to

rethink the idea of development. It is important to
approach this through social engineering approaches
rather than relying on structural engineering solu-
tions. The eAects of Coods on people realised the
need for a permanent Cood monitoring system and
rehabilitate people to a safer place during the time.
In the Cood- and landslide-affected areas, there is a
need to shift from dependence on supply-driven
solutions to demand-driven solutions. Early warning
systems aid in the minimisation of such losses and
form the backbone of major disaster mitigation
methods. Web GIS-based decision support system
for Cood warning in Kerala for the mitigation of
natural hazards like Coods should be strengthened
and equipped in order to tackle similar events in the
future. Kerala has sufBcient time and scope to adopt
appropriate adaptive mechanisms for the better-
ment of the future generations. Kerala needs a
coherent long-term investment plan and sustainable
risk-Bnancing mechanism to Bnance institutional-
ization and implementation of disaster-resilient
measures. The worsening situation in Kerala is an
opportunity to learn lessons for future.
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The objective of the present study is to assess the status of the octocoral communities, and the extent of
bleaching they suffered in 2016 (in line with the third Global Bleaching Event). Bleaching survey was
carried out in the permanently Bxed study sites in the 21 island of Gulf of Mannar. A focused study was
carried out in Kariyachalli Island to monitor post-bleaching eAects on octocorals. The overall octocoral
cover in 2015 was 1.59±0.29%, and octocoral genera such as Sinularia, Sarcophyton, Lobophytum and
Subergorgia were observed predominantly in GoM (Gulf of Mannar). Temperature reached a maximum of
32.5�C (March) during 2016 bleaching. The extent of bleaching in 2016 was 1.05±0.65% and the overall
octocoral cover was reduced to 1.16±0.22%. Multiple paired t-test results indicate a significant variation
in the octocoral covers between 2015 and 2016 (t = 3.173, p\ 0.01). Sinularia, Xenia, and Subergorgia
were the most aAected genera during this bleaching episode. The percentage bleaching in octocorals was
the highest in Vembar group of islands (1.9±0.62%) and the continuous monitoring studies reveal the
increase in the octocorals diversity from 1.16±0.22% to 1.34±0.21% in 2018 indicating the recovery
pattern of octocorals in GoM. Post-bleaching surveys carried out in Kariyachalli Island revealed the
occurrence of tissue degradation and algal overgrowth following the bleaching event. However, this study
concludes that octocorals in GoM could adapt and Courish in the context of changing climatic conditions.
However, more studies on octocoral ecology and biology are warranted.

Keywords. Bleaching; hard corals; octocorals; recovery.

1. Introduction

Octocorals are marine invertebrates more often
distributed in the shallow regions of the tropical
and temperate seas (Fabricius and Alderslade
2001). Zooxanthellate octocorals are generally
restricted to the warm and shallow waters and
thus, they are prone to bleaching (Celliers and
Schleyer 2002). Bleaching is a coral reaction to
changing environmental conditions in which their

symbiotic zooxanthellae are expelled along with
the photosynthetic pigments (Michalek-Wagner
and Bowden 2000). Severity of bleaching depends
on many other factors, such as species composition
(Marshall and Baird 2000), the genetic constitution
of the symbiotic algae (Rowan et al. 1997), and the
thermal history of the aAected area (Guest et al.
2012; Dias and Gondim 2016). However, thermal
stress is the most important cause of mass coral
bleaching events (Berkelmans and Oliver 1999;

This article is part of the Topical Collection: Advances in Coastal Research.
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DeCarlo and Harrison 2019). Hard corals suffer
mortality (Harwell et al. 2011), disease (Weil et al.
2006) and reproductive failure (Szmant and
Gassmann 1990; Prada et al. 2009) as a cause of
bleaching. Similar eAects are also seen in octoco-
rals, which suffer from mortality (Fabricius 1999)
impairment in the secondary metabolite produc-
tion, reproduction and recruitment processes
(Michalek-Wagner and Willis 2001). But they are
capable of adapting fast to the ecological distur-
bances (Rajesh et al. 2014), and on account of this
ability, they easily dominate the various coral
communities (Dai 1991).
Global bleaching events have been well docu-

mented since the early 1980s (Oliver et al. 2009;
Donner et al. 2017). During 1998, 2010 and
2014–2017, coral bleaching took the form of a world
phenomenon and the episodes were described as
global coral bleaching events (Arora et al. 2019),
which aAected the global reef ecosystem to a great
degree and caused high mortality. Bleached corals
require a suitable environment with appropriate
light condition and less sedimentation to recover
(Pearson 1981; Marimuthu et al. 2011, 2013). But
prolonged periods of thermal stress would invari-
ably lead to the expulsion of zooxanthellae and
ultimately to loss of corals (Hughes et al. 2017).
Even a rise of 1–3�C (Eakin et al. 2008) of sea
surface temperature could trigger bleaching. This
is a matter of global concern as it has reduced
around 70% of the hard coral cover worldwide since
1970 (Jackson et al. 2014; Head et al. 2019).
Depletion of corals results in phase shifts (Chad-
wick and Morrow 2011) as other benthic organisms
such as macroalgae, sponges and octocorals, etc.,
take over the space of dead corals (Done 1999).
Octocorals are expected to survive the changing
climatic conditions, especially in the reefs of higher
latitude (Hughes et al. 2012; Benayahu et al. 2019).
Some octocoral species have reportedly withstood
the onslaught of bleaching (Marshall and Baird
2000; Lasker et al. 2003) as they could even survive
a temperature of up to 34�C (Floros et al. 2004).
Mostly octocorals depend more on the hetero-
trophic mode of nutrition than on autotrophy and
this helps them to remain unaffected during
bleaching (Fabricius and Alderslade 2001). Know-
ing the importance of hard corals, most of the
works choose to study how hard corals are aAected
by bleaching. However, only a few studies are
available that signiBes the impact of bleaching on
octocorals (Kim 2015). Regionally, the studies on
octocorals are in primitive stage and largely

restricted to the taxonomic and secondary
metabolites extraction studies.
GoM in India is known for its 21 islands and the

coral reefs that occur around them. Corals in GoM
have been aAected severely by various natural and
man-made threats (Edward et al. 2008, 2012,
2018). Among the natural threats, temperature
anomalies have degraded the reefs of GoM partic-
ularly during the last decade (Edward et al.
2012, 2018; Manikandan et al. 2017). After the
massive coral bleaching episode in 2016, inter-
speciBc competition for space in the reefs of GoM
has emerged as a potential threat to the corals
(Ashok et al. 2018; Raj et al. 2018, 2019). In the
present study, we attempted to assess the eAect of
bleaching on octocorals of GoM. Abnormalities in
their structural morphology, if any, due to
bleaching were also analysed. Here we have com-
piled the data to show the impacts of the bleaching
of 2016 on octocorals. The study period was
between 2015 and 2018 in the reefs of GoM.

2. Materials and method

GoM is located between 8�470–9�150N lat. and
78�120–79�140E long. on the southeastern coast of
India (as shown in Bgure 1). There are 21 islands
that lie in a stretch between Rameswaram in the
north and Tuticorin in the south. The islands and
the surrounding shallow coastal waters have been
declared as the Gulf of Mannar Marine National
Park (GoMMNP) by the Government of Tamil
Nadu in 1986. For administrative purposes, these
islands are placed in four groups, namely Tuticorin
(Vaan, Koswari, Kariyachalli and Vilanguchalli),
Vembar (Upputhanni, Puluvinichalli and Nal-
lathanni), Keelakarai (Anaipar, Valimunai,
Poovarasanpatti, Appa, Thalaiyari, Valai and
Mulli) and Mandapam (Hare, Manoli, Manoliputti,
Poomarichan, Pullivasal, Krusadai and Shingle).
For bleaching studies, comprehensive underwa-

ter surveys were carried out in the reef areas of
GoM. Survey was carried out in the Bxed locations
marked using GPS. In each island, four study sites
were selected and in each site, three transect lines
were Bxed by SDMRI, accounting a total of 254
transect lines and covering an area of 60 m2 area in
each island. Data on octocorals distribution were
recorded from these transect lines laid at an
interval of 5 m distance following English et al.
(1997). Monitoring was carried out between Jan-
uary and March (2015–2018) to assess the
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octocoral cover around these islands. Paired t-test
with multiple comparisons was done for assessing
the variability in octocoral assemblages between
years using SPSS statistical software version 23.
The spatial distribution patterns of the octocorals
were determined using MDS (multidimensional
scaling) plots and diversity indices like Margalef’s
index (d), Shannon–Wiener diversity index (H 0)
and Pielou’s evenness index (J 0) were also deter-
mined using the PRIMER 6 (PRIMER-E Ltd,
UK).
A focused study was carried out in Kariyachalli

Island for the post-impact assessment of bleaching
event. Monitoring studies were carried out during
bleaching (January–March 2016) and post-bleach-
ing (April–June 2016) period. The soft coral colo-
nies were assessed using four 2091 m belt transect
(English et al. 1997), covering an area of 80 m2 was
monitored to assess the genus-wise density of
octocorals and the impacts caused by 2016
bleaching event. Number of octocoral colonies
encountered, number of healthy colony, partially
bleached colonies, and completely bleached colo-
nies were counted. Following bleaching event, their

recovery status was also monitored. Most of the
octocoral genera were identiBed underwater fol-
lowing Fabricius and Alderslade (2001). Samples
which could not be identiBed in the Beld were Bxed
with 70% ethanol and brought to the lab for iden-
tiBcation based on the external morphology and
sclerites. A 10% sodium hypochlorite solution was
used to extract sclerites from the tissue sectioned
from different parts of the colony and fresh mounts
on glass slides were prepared to view under a light
microscope (Fabricius and Alderslade 2001).

3. Results and discussion

During the present study, octocoral cover in GoM
in 2015 is 1.59±0.29%; with the highest in Man-
dapam group of islands (2.67±0.56%) followed by
Vembar (1.57±1.07%), Keelakarai (1.31±0.32%)
and Tuticorin (1.02±0.67%) groups, respectively.
We observed a total of 16 octocoral genera in
GoM, namely Clavularia, Carijoa, Sinularia,
Cladiella, Sarcophyton, Lobophytum, Dendroneph-
thya, Capnella, Xenia, Subergorgia, Gorgonia,

Figure 1. Map showing 21 islands including Tuticorin group, Vembar, Keelakarai and Mandapam groups in Gulf of Mannar.
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Echinomuricea, Echinogorgia, Menella, Pseudo-
pterogorgia and Junceella. Subergorgia sp. and
Junceella sp. are the most abundant octocoral
genera in the reefs of Gulf of Mannar (Bgure 2).
The genus Sinularia (Bgure 2) is also found to be
commonly distributed. The least distributed genus
is Pseudopterogorgia, which is restricted to Kee-
lakarai group of islands (Bgure 2). Diverse bathy-
metric features and the availability of hard
substrates are the factors conducive to the abun-
dant presence and wide distribution of octocorals
(Lee 2007). Hence, the differences in the distribu-
tion of octocorals in the various reef areas of GoM
could be due to the differences in hard coral cover,
depth, and distance from the shore, Bshing pres-
sure, etc., among the areas. Moreover, implemen-
tation of preservative and eAective surveillance by
MPA (Marine Park Area) managers with complete
halt of mining activities during 2005 (Rajesh et al.
2014) has helped increase in the octocoral distri-
bution in GoM. Even multidimensional plot shows
the cluster of islands grouped with similar assem-
blages as shown in Bgure 3. Highest Shanon index
was recorded from Thalayari (H 0=2.012) and the
lowest from Poovarasanpatti (H 0=0.853). Highest
Margalef’s index was recorded from Vilanguchalli
Island (d=6.236) and the lowest in Valai Island
(d=2.497). And evenness was recorded highest in
Shingle Island (J 0=0.9919) and the lowest in
Poovarasanpatti (0.7765) (table 1).

Coral bleaching event in 2016 had noticeable
impact on octocoral abundance as the cover went
down from 1.59±0.29% to 1.16±0.22% in 2015
(Bgure 4). The extent of bleaching in 2016 was
1.05±0.65%. About 0.43% of octocorals were lost
during these bleaching episodes. Whereas bleach-
ing in hard corals, 16.2% of live corals died (Ed-
ward et al. 2018). The percentage of bleaching in
octocorals was the highest in Vembar group of
islands (1.19 ± 0.62%) followed by Mandapam
(0.84 ± 0.42%), Keelakarai (0.45 ± 0.26%) and
Tuticorin (0.18 ± 0.16%) groups. A maximum of
32.6�C was recorded in GoM during 2016 bleaching
(Edward et al. 2017, 2018). Among the four groups,
octocorals in Mandapam group of islands faced the
severest mortality as the octocoral cover decreased
from 2.67% in 2015 to 0.84% in 2016. Reduction in
hard coral cover during 2016 had provided space
for the space-competing organisms such as algae
and sponges in Gulf of Mannar (Raj et al.
2018, 2019). We observed bleaching in many
octocoral genera such as Sinularia, Sarcophyton,
Lobophytum, Dendronephthya, Cladiella, Xenia
and Subergorgia (Bgure 5). Bleaching was not seen
in the Carijoa sp. which is known as snowCake
coral. Highest percentage of bleaching was recor-
ded in Sinularia sp. and complete bleaching was
seen in Xenia sp.
Among them, Subergorgia is the most aAected

octocoral genus as it is reduced from 0.55% (2015)

Figure 2. Percentage octocorals distributed in the 21 islands of GoM.
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to 0.39% (2016) (Bgure 6). Xenia, sensitive to
temperature anomalies (Strychar et al. 2005; Stu-
divan et al. 2015), decreased to just 0.01% in Gulf
of Mannar; Sinularia also decreased from 0.13% to
0.09% and Sarcophyton from 0.10% to 0.04%
(Bgure 6). Octocorals are generally tolerant to
thermal Cuctuations (Sammarco and Strychar

2013; Tracy et al. 2015; Wessels et al. 2017) and
have been reported to be potent space competitors
to hard corals (Sammarco et al. 1985; La Barre
et al. 1986). A few reports, however, say that
octocorals are also sensitive to temperature
anomalies. Octocoral species such as Sarcophyton
sp. (Marshall and Baird 2000; Floros et al. 2004),
Sinularia sp. (Sammarco and Strychar 2013; Slat-
tery et al. 2019), Xenia elongate (Studivan et al.
2015), Sarcophyton ehrenbergi (Strychar et al.
2005; Sammarco and Strychar 2013) have been
reported to bleach during temperature anomalies.
The present study also conBrms the impact of
thermal bleaching on octocorals, as evidenced by
the significant bleaching undergone by Sinularia,
Xenia and Subergorgia (Bgure 7a, c, d). Bleaching-
driven partial octocoral mortality was also wit-
nessed in the present study (Bgure 7d). Octocoral
genera such as Dendronephthya and Subergorgia
have not been previously reported to be aAected by
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Figure 3. MDS plots show islands with similar octocorals distribution. The plot indicates that Vaan, Appa, Manoli, Manoliputti,
and Krusadai have distinct octocoral distributions.

Table 1. Diversity indices of octocoral communities dis-
tributed in the shallow reef areas of Gulf of Mannar.

Sample d J 0 H 0(loge)

Vaan 6.18 0.9663 1.731

Koswari 5.082 0.9897 1.593

Kariyachalli 3.859 0.9336 1.673

Vilanguchalli 6.236 0.8922 1.736

Upputhanni 4.579 0.9477 1.844

Puluvinichalli 5.264 0.9364 1.947

Nallathanni 5.356 0.9229 1.654

Anaipar 4.424 0.9646 1.337

Valimunai 8.488 0.99 1.372

Poovarasanpatti 3.659 0.7765 0.853

Appa 4.805 0.9654 1.061

Thalaiyari 4.57 0.9676 2.012

Valai 2.497 0.8819 0.9688

Mulli 3.598 0.9748 1.351

Hare 4.096 0.9155 1.782

Manoli 5.072 0.9506 1.53

Manoliputti – 0.9124 1.002

Poomarichan 5.639 0.9613 1.547

Pullivasal 2.705 0.9406 1.304

Krusadai 3.744 0.9652 1.338

Shingle 5.638 0.9919 1.09
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Figure 4. Percentage cover of octocorals cover from 2015 to
2018.
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bleaching, but were found to have bleaching eAects
in GoM (Bgure 7c, d). Recovery of octocoral colo-
nies from bleaching was also observed during the
present study.
Octocoral cover was found to increase after the

bleaching event and it rose to 1.21±0.75% in 2017
and further to 1.34±0.21% in 2018 (Bgure 4). The
results of paired t-test (table 2) indicate that there
is significant variation (p\ 0.01) in octocoral cover
between the consecutive years. Coral bleaching on
a massive scale is clearly the direct outcome of heat
stress (De Carlo and Harrison 2019). Generally, the
temperature in the range of 28–29�C prevails in
GoM, but in the summer months of 2016 it reached
up to 32.6�C (Edward et al. 2018) causing severe
mortality among hard corals and octocorals.

Several works demonstrate that octocorals tackle
climate change implications better than hard corals
(Palmer et al. 2010) and this is attributed to their
ability for fast colonization (Benayahu and Loya
1985), to their potential for fast growth (Bartlett
et al. 2018) and to their capacity to thrive in
extreme conditions (Velasquez and Sanchez 2015).
Reef areas in GoM are also aAected significantly by
livelihood-linked threats such as destructive Bshing
methods (Edward et al. 2012; Raj et al. 2017).
However, the capacity of octocorals to colonize
even under disturbed conditions (Fabricius et al.
2008) has helped them in faring better than hard
corals in GoM.
A total of 280 colonies of octocorals were counted

within three 2093 m belt transects in Kariyachalli
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Figure 5. Percentage of bleached and non-beached colonies per octocoral genus distributed in GoM.
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Figure 6. Variation in octocoral cover during the study period (2015–2018) in the shallow reef areas of Gulf of Mannar.
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Island. Among them, 75.45% belong to the genus
Sinularia. Genera like Lobophytum, Sarcophyton
and Subergorgia contribute with 14.29, 8.48 and

1.79%, respectively, in Kariyachalli Island
(Bgure 8a). Tissue degradation was observed only
on Sinularia. Of the total 169 colonies of Sinularia,
17.16% shows tissue degradation (Bgure 8b). Tis-
sue loss or degradation is more prominent along
the lobe and lobules of the Sinularia colonies
(Bgure 9a) with marked change in the colour of the
damaged tissue leaving bare smooth tissue for
further degradation. Similar eAects have also been
observed by Slattery et al. (2013), who report that
the progress of the disease includes the formation of
wrinkles or smooth Bngers which can result in tis-
sue death. Sclerites arranged along the lobe and
lobule edges are seen popping up on the surface in

Figure 7. (a) Bleached and partially bleached colonies of Lobophytum and Sinularia. (b) Partially bleached colony of
Dendronephthya sp. (c) Bleached Sinularia sp. (d) Partially dead Subergorgia sp.

Table 2. Paired t-test between consecutive years to analyse the
change in the octocoral cover.

Year t-test value P value

2015 vs. 2016 3.17 0.0016

2015 vs. 2017 2.71 0.003

2015 vs. 2018 1.79 0.037

2016 vs. 2017 –0.37 0.36

2016 vs. 2018 –1.38 0.084

2017 vs. 2018 –0.97 0.17

Figure 8. Bleaching impacts on octocoral colonies in Kariyachalli Island (a) during bleaching and (b) post-bleaching survey.
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tissue-degraded Sinularia colonies. Algal over-
growth is seen in all the octocoral genera except
Subergorgia. Octocorals with algal overgrowth can
recover completely in later periods. Octocorals
generally prevent algal overgrowth with the help of
their antifouling properties (Changyun et al. 2008).
However, loss of this capacity due to environmen-
tal stress (Fabricius and Alderslade 2001) can
make octocorals susceptible to algal overgrowth.
Our observation shows that about 52% of the
octocorals are overgrown by turf algae (Bgure 9b,
c). Sedimentary particles settle on the tips of the
lobe in the aAected colonies, which could also be a
cause for tissue degradation. Smith et al. (1996)
demonstrated the fungus Aspergillus sydowii
derived from the sediment being the causative
agent of mass mortalities in sea fans. Nutrient
enrichment (Szmant 2002; D’Angelo and Wieden-
mann 2014) and harmful algal blooms (Riegl et al.
2012) are detrimental, directly or indirectly, to
hard corals. However, no mortality of octocorals
was observed during the impact assessment study
in Kariyachalli Island.
Numerous factors come into play to determine

the salient features and to establish the balance

of an ecosystem. But elevated temperature is the
primary driver of the steady decline in coral reef
health (Smith and Smith 2007; Edward et al.
2018). Increased sea surface temperature could
induce changes in the distribution of holobionts
resulting in health impairments (Gil-Agudelo
et al. 2006). Exposure to temperature anomalies
causes diseases in both octocorals (Harvell et al.
2001) and hard corals (Rosenberg and Ben-Haim
2002). GoM has rich diversity of corals which is
largely aAected during 2016 bleaching event
(Edward et al. 2018), and it is likely that octo-
corals will recover and grow faster than hard
corals, and consequently might prove potent
space-competitor to corals of GoM. More focused
studies on the ecology and biology of octocorals
are of critical importance to understand and
hence, conserve the reef ecosystems of GoM.
There is a need for an updated database on the
distribution of octocoral communities in GoM.
Microbial associations, the pathogen responsible
for tissue degradation, should be identiBed. Reg-
ular monitoring should be in place to acquire
knowledge about their recovery patterns and to
frame eAective conservative measures.

Figure 9. (a) Tissue degradation along the tips of the lobes in Sinularia sp. (b) Tulf algal overgrowth on live Sinularia sp.
(c) Recovering Sinularia sp. from algal overgrowth.
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The proportion of blue carbon contribution by benthic fauna with regard to climate change issue is a
relevant topic recent times. The present study is focusing on the carbon potential and blue carbon
contribution of meiobenthic nematodes in the intermediate zone of Arctic Kongsfjord during 2015–2017
and the study is the Brst of its kind from this region. Foraminifera and Nematoda were the dominant
fauna in 2015; whereas it was Foraminifera in 2016 and Tintinnida and Nematoda in 2017. Significant
difference was noticed in the community structure of meiofauna in this three consecutive years. Twenty
six nematodes were identiBed from the intermediate zone and their individual carbon potential and total
blue carbon during the above-mentioned period is estimated. Parasphaerolaimus paradoxus (7.14 ± 0.05
lg/mg) recorded the highest carbon potential and the lowest value was recorded in Terschellingia
longicaudata (0.11 ± 0.3 lg/mg). The sediment factors such as sediment granulometric composition,
salinity, pH, Eh and total organic carbon (TOC) were the leading factors inCuencing the meiofaunal
distribution as well as the distribution of nematodes based on carbon potential in the intermediate zone.
Investigation of blue carbon deposition by nematodes turned out to be relevant in mitigating the climatic
change as the fjord has a tranquil nature.

Keywords. Arctic; Kongsfjord; meiofauna; nematode; carbon sequestration.

1. Introduction

Issues of global warming and climate change are
the prime environmental challenges that the world
is facing these days. Global warming has the most
adverse eAect in Arctic (North Pole), where it

takes place in the most rapid rate of warming with
dramatic eAects such as shrinking of glaciers, ice
caps, ice sheets and permafrost (Thomasy 2020).
Carbon dioxide (CO2) is the most significant of the
greenhouse gases causing warming. Therefore, it is
vital to monitor the CO2 Cux in Arctic systems.
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One of the primary pathways for the exchange of
carbon dioxide (CO2) takes place between the
atmosphere and the oceans. Oceans acts as the
largest sink that tends to remove CO2 from the
atmosphere. Carbon reaching the ocean Coor (bi-
ological cycle) is buried in the sediment as blue
carbon and therefore, sequestered from the atmo-
sphere for millions of years (Nellemann et al. 2009;
Gordon et al. 2011); whereas long-term studies
have measured the carbon stored in the seabed, the
bottom-trawler Bshing that significantly reduces
the rate of carbon sequestration (Thompson et al.
2017). A third pool of carbon is dynamically stored
in the biomass of the benthos (Klages et al. 2004).
The benthic carbon storage and sequestration
endorses beneBts to society as ‘blue carbon’
through its mitigation to manage climate change
(Barnes et al. 2019) even though the eAects of
removing benthic organisms is poorly understood
by science (Thompson et al. 2017). Meiofauna play
an inevitable role in carbon cycle through, assimi-
lating the detrital carbon and subsequently min-
eralize organic carbon to carbon dioxide (Findlay
and Tenore 1982) and make it available to next
tropic level. In the aspect of rapid climate change,
the fate of the Arctic Ocean carbon cycle and the
amount of blue carbon contribution are of global
importance (MacGilchrist et al. 2014).
Kongsfjord is an arm of Arctic Ocean which is a

glacial, open Arctic fjord located on the west coast
of Spitsbergen at 72�N; 12�E, inCuenced by Arctic
and Atlantic water masses. Kongsfjord will be a
crucial Arctic monitoring site over the coming
decades and a review of the current knowledge is
essential (Wiencke and Hop 2016). Arctic Ocean
has been studied extensively in many ecological
aspects, even though studies on the role of carbon
cycle are only in its initial phase. Meiobenthic
communities of the Arctic Kongsfjorden–Spitsber-
gen are dominated by nematodes and foraminifer-
ans. From our previous study (Krishnapriya et al.
2018), it is clear that the carbon potential and
sequestration capacity of nematodes is higher than
any other meiofaunal groups. Mineralisation and
remineralisation of carbon, sequestering and
redistributing minerals and energy are the main
functions of nematodes in the soil food web.
Although oceans store most of the earth’s carbon,
soil contains *75% of the carbon pool on land –

three times more than the amount stored in living
plants and animals (Schlesinger 1999). The carbon
sequestration studies on nematodes are very lim-
ited, except Andrassy (1956), Salonen (1979),

Jensen (1984), Findlay and Tenore (1982) and
Moens et al. (2002, 2007). The organic carbon
assimilation and its utilization by the nematodes
would be supposed to inCuence the physico-chem-
ical and ecological characteristics of the fjord.
Though the intermediate zone is highly dynamic
and inCuenced by both the glaciers and ocean
input, we focused the study only on the interme-
diate zone. However, this study provides an insight
into the physico-chemical characteristics of sedi-
ment, meiofaunal community, nematode carbon
potential and the carbon contribution of nema-
todes to the blue carbon sink in the intermediate
zone of Arctic Kongsfjord in 2015–2017 period.

2. Materials and methods

2.1 Physical settings of the study area
and sampling location

Study area is the intermediate zone of the Arctic
Kongsfjorden system. The two stations (station 1:
78�57.2160N, 12�10.5270E; station 2: 78�56.4620N,
11�57.2950E) coming in the intermediate zone
during our Indian Arctic expeditions were selected
as sampling location (Bgure 1). Kongsfjorden is
located on the west coast of Spitsbergen Island
which is part of the Svalbard archipelago at 79�N
and 12�E. The fjord is 26 km long with an average
width of 8 km and its entrance lacks a sill (Kot-
wicki et al. 2004). The length of the fjord coastline
is 89.6 km of which 15.9 km is covered by
Kongsbreen – the most active glacier (Kotwicki
et al. 2004). The depth of the fjord gradually
decreases towards the end from 360 m in the outer
basin to *60 m in the inner basin. However, there
are some deeper depressions to about 400 m in the
middle of the fjord. The central basin of the fjord is
up to 428 m deep (Elverhoi et al. 1983). Kongs-
fjorden is a high latitude glacial fjord (79�N)
inCuenced by both Atlantic and Arctic water
masses. Atlantic water masses which inCuence
Kongsfjorden are comprised of the West Spits-
bergen Current, a branch of the warm (40�C) and
the highly saline (35 psu) Norwegian Current
(Loeng 1991). Due to the fact that Kongsfjorden is
an open fjord, both water masses make this fjord
rather sub-Arctic rather than Arctic in comparison
with other fjords at the same latitude (Svendsen
et al. 2002). Kongsfjorden is frozen during winter
but open and inCuenced by the warmer and more
saline Atlantic waters during summer (Urban-
Malinga et al. 2005). This inCow will have a direct
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eAect on the water and sediment quality and the
benthic fauna.
Inputs from large tidal glaciers create a steep

environmental gradient in sedimentation and
salinity along the length of this fjord. Based on
species distribution, substrate and the overriding
environmental gradient, Kongsfjorden is divided
in to four zones: inner, transitional, middle and
outer zones (Hop et al. 2002). The outer fjord is
inCuenced by oceanic conditions and the inner
fjord is inCuenced by large tidal glaciers (Svend-
sen et al. 2002). In this study, the intermediate
zone (includes transitional and middle zone) of
the Kongsfjorden has been thoroughly investi-
gated for the deeper analysis of the sequestration
potential of meiobenthic nematodes. It was
expected that the unique properties of intermedi-
ate zone would have an environmental impact on
the ecology of benthic fauna. Because this area is
under the inCuence of glaciers and ocean currents,
it is the most changeable area of the fjord. The
most prominent change in species composition
and salinity variations are some of the noted
features of intermediate zone and thereby consid-
ered as an integrated comprehensive monitoring
site (Gabrielsen et al. 2009).

2.2 Collection, processing and quantitative
analysis of samples

The sediment and meiofaunal samples were col-
lected as part of the Indian Arctic expeditions –

summer phase group I from 22 June 2015 to 23 July
2015, summer phase group III from 08 September

2016 to 26 September 2016 and summer phase
group II from 17 July 2017 to 22 August 2017 at

Ny-�Alesund Himadri station at Spitsbergen, Nor-
way, which is a part of the International Arctic
Research base, Ny-Alesund. As a part of the
expedition, samples were collected from seven
stations, out of which two stations were in the
intermediate zone. ‘Teisten’ of Kings Bay was the
boat employed for collecting samples from the
selected transects. The samples for benthic studies
and subsamples for granulometry analysis were
taken at each station with van Veen grab (KC
Denmark A/S) of 0.1 m2 catching area. To mini-
mize the bow-wave eAect, the grab has been low-
ered gently to the sea bottom (Blomqvist 1991).
Duplicate meiofaunal samples were collected from
three different grab samples using a glass corer
with an area of 4.997 cm2 to a depth of 5 cm.
Samples were Bxed with buAered formalin (4%)
and stained with Rose Bengal (Pfannkuche and
Thiel 1988). Organisms were extracted from the
sediment using sieving and decantation techniques
(Higgins and Thiel 1988). Meiofauna passing
through a 1-mm sieve, but retained on a 63-lm
were counted and identiBed as higher taxonomic
groups under a stereo-microscope (Olympus-Mag-
nus MS 24) (Coull 1988; Greiser and Faubel 1988;
Giere 2009). The higher taxonomic groups were
processed through a series of different grades of
ethyl alcohol after sorting and Bnally impregnated
in anhydrous glycerine. The sorted nematodes were
destained by keeping them in lactic acid for 2–3
hrs. Permanent mounts of nematodes were pre-
pared by following the Seinhorst’s method (1959)

Figure 1. The study area – Arctic Kongsfjord (intermediate zone).
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and parafBn wax-ring method (de Maesneer and
d’Herde 1963). The labelled slides were used for
further examination using various types of micro-
scopes (de Maesneer and d’Herde 1963). IdentiB-
cation of nematodes was done to the lowest
taxonomic level possible by following the standard
pictorial keys and specialized literatures (Platt and
Warwick 1983, 1988, 1998; Abebe et al. 2006;
Schmidt-Rhaesa 2014). Necessary measurements of
the specimens were taken using image ana-
lyzer–Scope Tek x86. Total length and maximum
width of the nematodes were measured. In male
specimens, maximum width was taken from the
middle of oesophagus; while in female specimens, it
was measured from the vulva. Photographs were
taken with a Leica DFC450 C digital camera
mounted on Leica DM6 B microscope with DIC.
According to shape of the buccal cavity and feeding
type, nematode species were attributed to four
feeding categories (Jensen 1987) and the yearly
variation in the carbon contribution was estimated.
The number of nematode species identiBed, bio-
mass and carbon potential/contribution from the
core samples were converted into ind./10 cm2 and
lg/10 cm2, respectively, by multiplying with the
conversion factor according to the area of the corer.
The measurements of the nematodes were based on
De Man’s ratio for expressing certain relative
measurements as adopted by Jensen (1978,
1979, 1984). Mean individual nematode biomass of
each sample was estimated according to Andrassy’s
formula (1956).

Wet weight ðlgÞ ¼ Length ðlmÞ
� width2 ðlmÞ=1600000:

Nematodes wet weights were converted to carbon
biomass by assuming that 100% wet weight corre-
sponds to 12.4% carbon weight (Jensen 1984).

2.3 Sediment characteristics

Sediment pH and oxidation reduction potential
(Eh) (mv) were measured using a Systronics ana-
lzser No. 371 (accuracy ± 0.01) and Systronics,
analyzer No. 371, respectively. Salinity (PSU) and
depth (m) were measured using Portable SBE19
plus CTD. Drying a known quantity of sediment
samples at a uniform temperature (100�C) provide
the moisture content, which is an important factor
determining the distribution of meiobenthic
organisms. Sediment granulometric analysis was
done using international pipette method (Folk

1974). Using the thermal combustion method
(TOC, analyser (Analytik Jena multi N/C 2100s)),
total carbon (TC), total organic carbon (TOC) and
inorganic carbon (IC) fractions of dried samples
have been determined. For removing the carbon-
ates, samples for IC were pre-treated with
hydrochloric acid (HCl).

2.4 Data analysis

PRIMER v6.1.6 (Plymouth Routines in Multi-
variate Ecological Research, Version 6.1.6) (sta-
tistical software package) was used for the
multivariate analysis of data (Clarke and Gorley
2006). A variation pattern in community structure
of meiofauna was evaluated by multivariate
methods such as analysis of similarity (ANOSIM).
The multivariate technique, principal component
analysis (PCA) of the available set of environ-
mental parameters was used to emphasis the
environmental variation and brings out significant
patterns in the dataset from the intermediate zone
of Kongsfjord. Canonical correspondence analysis
(CCA) was done using PAST4.02 software to
determine the most inCuencing environmental
factors on the distribution of nematode species
based on carbon potential.

3. Results

3.1 Sediment characteristics

The sediment samples from the intermediate zone
of Arctic Kongsfjord in the three consecutive years
2015, 2016 and 2017 were analyzed. Average depth
of the intermediate zone was comparatively higher
(149 ± 152.73 m) in 2017 than 2015 (107.5 ± 55.86
m) and 2016 (100 ± 57.98 m). Sediment pH was
higher (6.45 ± 0.6) in 2017, whereas in 2015 and
2016 it depicted minimum variation (5.525 ± 0.51
and 5.435 ± 0.035). Oxidation reduction potential
(Eh) was higher (1 ± 0.01) in 2015 and lower
(–0.5 ± 2.12) in 2017. Salinity did not reCect major
variation between the years and the values were
34.25 ± 0.21 PSU (2015), 34.78 ± 0.005 PSU
(2016) and 34.565 ± 0.45 PSU (2017). Moisture
content of the sediment was slightly higher in 2017,
5.7% followed by 2015, 5.57% and 2016, 5.22%. In
the granulometric composition of sediment, silt
dominated in 2015 (65.55%) and 2017 (76.39%)
while clay was the dominating factor in 2016
(51.69%). Both TC (61.22 ± 0.45 g/kg) and TOC
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were high in 2016 (22.075 ± 0.14 g/kg), however,
IC (14.95 ± 0.44 g/kg) was high in 2015 (Bgure 2).
Correlation circle (PCA) for the sediment qual-

ity analysis in the intermediate zone of Arctic
Kongsfjord for 2015, 2016 and 2017 had done. In
the PCA, for Brst two principal components
accounted for 77.1% of variability in environmen-
tal conditions, with 46.3 on axis 1 (eigenvalue value

5.09) and that for axis 2 was 30.8% (eigenvalue
value 3.39), in environmental conditions over the
two stations in 3 years (Bgure 3). Sand, TC and
TOC were the most important determinants of
differences between stations along the Brst axis,
whereas salinity, clay and Eh were inCuential along
axis 2. Within the determinants, salinity displayed
significant correlation. In 2015, both stations show

Figure 2. Sediment characteristics in the intermediate zone of Arctic Kongsfjord, 2015, 2016 and 2017. (a) Depth, (b) salinity,
(c) pH and Eh, (d) moisture, (e) granulometric composition, and (f) TC, IC and TOC.
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significant correlation to clay and IC, whereas in
2016, clay and OC were the main inCuencing fac-
tors. Moisture, IC, depth and pH were highly
inCuencing the stations in 2017.

3.2 Meiofauna: Composition and abundance

Five meiofaunal groups constituted the intermedi-
ate zone of Kongsfjord during 2015, including
Nematoda, Foraminifera, Kinorhyncha, Oli-
gochaeta and Tintinnida. Both foraminiferans
(2228 ± 650 ind./10 cm2) and nematodes
(2226 ± 528 ind./10 cm2) were the numerically
dominant taxon. Seven meiofaunal groups were
recorded in 2016, including Nematoda, For-
aminifera, Tintinnida, Kinoryncha, Bivalvia,
Polychaeta and Ostracoda. Foraminiferans
(680 ± 38 ind./10 cm2) were the dominant taxon
followed by nematodes (255 ± 24 ind./10 cm2) and
Kinorynchs (32 ± 8 ind./10 cm2). In 2017, six
meiofaunal groups namely, Nematoda, Tintinnida,
Harpacticoid copepoda, Ostracoda, Foraminifera
and Kinoryncha were recorded. Tintinnids
(578 ± 150 ind./10 cm2) and nematodes
(556 ± 146 ind./10 cm2) were the dominant taxon
followed by foraminiferans (431 ± 80 ind./10 cm2)
(Bgure 4). According to the ANOSIM analysis, the
structure of meiofaunal community varied signifi-
cantly in this three consecutive years 2015, 2016
and 2017 (Global R = 0.556, P = 0.067).
From the intermediate zone of Arctic Kongs-

fjord, 26 nematodes have been identiBed during the
present study. In 2015, 15 nematodes have been

identiBed, of which Dorylaimopsis sp. (73%) was
the dominant species followed by Dorylaimopsis
punctata (7%), Sabatieria sp. (7%) and Ter-
schellingia longicaudata (5%). In 2016, also 15
species were noted in which Dorylaimopsis sp.
(79%) dominated, followed by Sabatieria sp. (8%)
and Terschellingia longicaudata (3%). Out of 18
species, Terschellingia sp. (37%) was the dominant
one in 2017, followed by Dorylaimopsis sp. (32%),
Halalaimus sp. (13%) and Terschellingia longicau-
data (9%). Dorylaimopsis sp. (53%) had the highest
mean percentage abundance in the intermediate
zone in the three consecutive years.

3.3 Carbon potential of nematodes and
its contribution to ‘blue carbon’
in the intermediate zone of the fjord

The carbon potential of individual nematodes and
the amount of total carbon sequestered by nema-
todes in the intermediate zone of Arctic Kongsfjord
have been calculated in the study. It was found
that, among the 26 nematode species, Paras-
phaerolaimus paradoxus (7.14 ± 0.05 lg/mg) has
the highest carbon potential, followed by Paras-
phaerolaimus sp. (6.445 ± 0.13 lg/mg) and
Sphaerolaimus sp. (5.14 ± 0.25 lg/mg). The low-
est values were recorded in Terschellingia sp.
(0.11 ± 0.42 lg/mg) and Terschellingia longicau-
data (0.11 ± 0.3 lg/mg) (Bgure 5).
After the death and decay of nematodes, the

carbon in their body will be contributed to the
fjord bed as blue carbon (table 1). The total blue
carbon contribution by the nematodes in the three
consecutive years was calculated. In 2015, Dory-
laimopsis sp. had the highest carbon contribution
(326.51 ± 2.35 lg/10 cm2), followed by Sabatieria
sp. (38.61 ± 0.4 lg/10 cm2) and Dorylaimopsis
punctata (34.34 ± 0.4 lg/10 cm2). Lowest contri-
bution was noted in Sabatieria elongata
(0.67 ± 0.02 lg/10 cm2) (Bgure 6). In 2016,
Dorylaimopsis sp. contributed higher amount of
carbon (348.04 ± 4.2 lg/10 cm2) to the sedi-
ment, followed by Parasphaerolaimus paradoxus
(103.95 ± 2.05 lg/10 cm2) and Sabatieria sp.
(42.9 ± 1.03 lg/10 cm2). Viscosia glabra (0.076 ±

0 lg/10 cm2) have the least contribution (Bgure 7).
In 2017, Dorylaimopsis sp. (426.97 ± 10.53 lg/
10 cm2) had the highest carbon contribution,
followed by Halalaimus sp. (85.26 ± 3.12 lg/
10 cm2) and Terschellingia sp. (30.58 ± 2.78 lg/
10 cm2). Neochromadora sp. (0.78 ± 0 lg/10 cm2)

Figure 3. Correlation circle for sediment quality analysis in
the intermediate zone of Arctic Kongsfjord, 2015, 2016 and
2017.
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Figure 4. Percentage abundance of meiofauna in the intermediate zone of Arctic Kongsfjord, (A) 2015, (B) 2016 and (C) 2017.

Figure 5. Carbon potential of the individual nematode species identiBed from the intermediate zone of Arctic Kongsfjord, 2015,
2016 and 2017.

Table 1. Carbon contribution of nematode feeding groups in the intermediate zone of Arctic
Kongsfjord.

Year

Feeding groups

Epistrate feeders

(lg/10 cm2)

Deposit feeders

(lg/10 cm2)

Predators

(lg/10 cm2)

Scavengers

(lg/10 cm2)

2015 402.4158 ± 20.65 47.6751 ± 1.52 0.846 ± 0.26 1.3156 ± 0.89

2016 407.1336 ± 10.78 132.212 ± 1.03 4.82 ± 0.04 0.417 ± 0

2017 461.3701 ± 20.03 185.1528 ± 1.89 14.46 ± 1.36 11.8 ± 1.43

Total 1270.919 ± 51.46 365.0399 ± 4.44 20.126 ± 1.66 13.5326 ± 2.32
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had the lowest carbon contribution (Bgure 8).
Year-wise details of the number of nematodes
identiBed, morphometry (length and width), bio-
mass and total carbon contributions are listed in
tables 2–4. Photographs of some major nematode
species with morphometry (length and width) are
given in Bgure 9. Total carbon contribution by
nematodes in the intermediate zone was higher in
2017 (689.67 ± 28.55 lg/10 cm2) and lower in
2015 (491.19 ± 5.3 lg/10 cm2) (Bgure 10).

Carbon contribution of each nematode feeding
group varies according to years. Epistrate feeders
have the highest carbon contribution
(1270.92 ± 51 lg/10 cm2) and the lowest was
observed in scavengers (13.53 ± 2.32 lg/10 cm2)
(table 1).
The canonical correspondence analysis (CCA)

showed that variation in nematode distribution
based on carbon potential was related to the sedi-
ment characteristics. In 2015 analysis, the

Figure 6. Total carbon contribution of nematodes in the intermediate zone of Arctic Kongsfjord, 2015.

Figure 7. Total carbon contribution of nematodes in the intermediate zone of Arctic Kongsfjord, 2016.
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distribution of several species namely, Ter-
schellingia longicaudata, Dorylaimopsis punctata
and Sphaerolaimus gracilis were positively corre-
lated to total carbon, inorganic carbon, percentage
of clay and moisture in station 1 (2015). Dory-
laimopsis sp., Viscosia sp., Sabatieria sp., Halalai-
mus sp., Halichoanolaimus robustus and
Parasphaerolaimus paradoxus were positively cor-
related to organic carbon, silt percentage and

salinity in station 2 (2015). In 2016, Dorylaimopsis
sp., Sabatieria praedatrix, Sabatieria ornata, Vis-
cosia glabra, Sphaerolaimus sp. and Terschellingia
longicaudata were positively correlated to TC, IC,
clay and moisture percentage in station 1 (2016).
Sabatieria sp., Halalaimus sp., Parasphaerolaimus
paradoxus, Sabatieria elongata and Halalaimus
isaitshikovi were positively correlated to TOC, silt,
salinity and Eh in station 2 (2016). In 2017,

Figure 8. Total carbon contribution of nematodes in the intermediate zone of Arctic Kongsfjord, 2017.

Table 2. Morphometry, biomass and carbon contribution of nematode species from the intermediate zone of Arctic Kongsfjord,
2015.

Sl. no. Species

No. of

species Length (lm) Width (lm) Biomass (lg)
Carbon contribution

(lg/10 cm2)

1 Dorylaimopsis punctata 18 3490 ± 3.29 83.99 ± 4.05 276.97 ± 54.63 34.344 ± 0.4

2 Dorylaimopsis sp. 182 2402 ± 8.35 98.17 ± 7.02 2633.19 ± 126.2 326.508 ± 2.35

3 Halalaimus sp. 4 2433 ± 5.26 99.85 ± 3.52 60.64 ± 8.64 7.52 ± 0.05

4 Halichoanolaimus robustus 8 1648 ± 2.85 89.76 ± 3.87 66.39 ± 12.85 8.232 ± 0.14

5 Parasphaerolaimus sp. 2 2050 ± 1.09 201.41 ± 3.12 103.95 ± 25.11 12.89 ± 0.39

6 Sabatieria elongata 2 2512 ± 0.98 41.48 ± 1.95 5.4 ± 0.65 0.67 ± 0.02

7 Sabatieria ornata 2 1956 ± 2.03 53.2 ± 1.51 6.92 ± 1.02 0.858 ± 0.06

8 Sabatieria praedatrix 2 1830 ± 2.16 134.51 ± 3.80 41.39 ± 8.62 5.132 ± 0.96

9 Sabatieria sp. 18 1921 ± 3.02 120.03 ± 4.11 311.36 ± 62.03 38.61 ± 0.4

10 Sphaerolaimus gracilis 2 2770 ± 1.98 159.99 ± 2.22 88.63 ± 9.05 10.99 ± 0.09

11 Parasphaerolaimus paradoxus 2 2100 ± 1.03 209.45 ± 1.31 115.16 ± 27.0 14.28 ± 0.16

12 Terschellingia longicaudata 14 1376 ± 2.83 132 ± 3.20 209.78 ± 48.01 26.012 ± 0.2

13 Thoracostoma coronatum 2 1800 ± 1.0 79.96 ± 2.8 14.39 ± 4.22 1.784 ± 0.03

14 Thoracostoma setosum 2 1776 ± 1.2 76.24 ± 1.09 12.9 ± 5.4 1.6 ± 0.01

15 Viscosia sp. 4 2197 ± 3.62 50.83 ± 2.99 14.19 ± 3.52 1.76 ± 0.04
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Viscosia langrunensis, Desmoscolex falcatus,
Sphaerolaimus sp. and Sabatieria praedatrix were
positively correlated to both TC and OC, moisture
and sand percentage, in station 1. Sabatieria
ornata, Halalaimus isaitshikovi, Sphaerolaimus
islandicus, Viscosia sp., Neochromadora sp.,
Parasphaerolaimus paradoxus, Trichotheristus
mirabilis, Terschellingia communis and Sphaero-
laimus gracilis were positively correlated to pH,
Eh, salinity, IC and percentage of silt (Bgure 11).

4. Discussion

Carbon sequestration is the process of the long-
term capturing and storing of atmospheric carbon
in plants, soils, geologic formations and the ocean.
In the ocean, carbon sequestration is a fancy word
for the process by which carbon dioxide is removed
from the atmosphere and locking the carbon away
over millions of years in sediment. The phyto-
plankton in the ocean surface absorb atmospheric
carbon dioxide for photosynthesis and convert in to
carbon containing organic compounds, which will
later enter the food chain. Apart from phyto-
plankton, organisms living in the benthic zone also
play an important role in carbon sequestration and
storage. The meiofaunal organisms which form an
important component of the benthic zone con-
tribute about 40% of the benthic metabolism
(Fenchel 1970). The most abundant meiofaunal

organisms like nematodes and foraminiferans
derive energy from the consumption of detritus and
microorganisms (Gooday 2003). Many studies
show that the meiofauna mainly feed on benthic
microalgae, freshly sedimented phytodetritus and
seagrass detritus hence plays an important role in
absorbing and storing carbon in their body (Mur-
ray 2006). The composition of the meiofauna
together with sediment characteristics inCuences
the carbon contribution and thereby detailed
analyses of these factors are important.
Sediments in the Kongsfjord are homogenous in

granulometry (Kotwicki et al. 2004; Wlodarska-
Kowalczuk and Pearson 2004; Krishnapriya et al.
2019) and it corroborates well to the composition of
the intermediate zone in the present study. The
lack of sediment stability and regular mineral
sediment process have much more inCuence in
sediment characteristics and faunal distribution
(Kotwicki et al. 2004). The freshwater input from
glaciers, marine inputs from oceans make the sed-
iment in the intermediate zone more unstable and
dynamic (Gabrielsen et al. 2009). The significant
differences noted between years in meiofaunal
community (Wlodarska-Kowalczuk et al. 2016),
can be related to the sediment disturbances from
glacial input and oceanic inCuences. These inputs
create sudden and sharp changes in sediment
characteristics (Hop et al. 2002; Kotwicki et al.
2004) and the organic carbon inputs are from the
glacial and oceanic inCuences (Zajaczkowski and

Table 3. Morphometry, biomass and carbon contribution of nematode species from the intermediate zone of Arctic Kongsfjord,
2016.

Sl. no. Species

No. of

species Length (lm) Width (lm) Biomass (lg)
Carbon contribution

(lg/10 cm2)

1 Dorylaimopsis sp. 194 3100 ± 6.2 86.41 ± 6.15 2806.54 ± 126.08 348.036 ± 4.2

2 Sabatieria sp. 20 1812 ± 4.1 123.59 ± 4.85 345.97 ± 52.02 42.9 ± 1.03

3 Halalimus sp. 6 1988 ± 4.56 110.46 ± 4.12 90.96 ± 15.41 11.28 ± 0.09

4 Parasphaerolaimus paradoxus 2 2232 ± 3.1 548.15 ± 2.63 838.34 ± 62.42 103.952 ± 2.05

5 Sabatieria elongata 2 2310 ± 4.52 43.25 ± 3.18 5.4 ± 0.05 0.67 ± 0.02

6 Sabatieria ornata 3 2122 ± 4.1 51.07 ± 3.50 10.38 ± 1.52 1.287 ± 0.02

7 Sabatieria praedatrix 5 1980 ± 5.0 129.31 ± 6.0 103.46 ± 16.85 12.83 ± 0.1

8 Sabatieria punctata 2 3706 ± 2.36 115.82 ± 2.61 62.14 ± 12.30 7.706 ± 0.04

9 Terschellingia communis 2 264 ± 2.1 122.99 ± 0 4.99 ± 0.26 0.619 ± 0.05

10 Terschellingia longicaudata 8 1745 ± 6.53 117.21 ± 7.39 119.87 ± 20.55 14.864 ± 0.15

11 Viscosia glabra 2 235 ± 3.56 45.67 ± 0.54 0.61 ± 0 0.076 ± 0

12 Sphaerolaimus sp. 2 2380 ± 5.12 83.48 ± 1.88 20.73 ± 2.08 2.571 ± 0.03

13 Desmoscolex falcatus 2 407 ± 1.9 87.22 ± 2.09 3.87 ± 1.86 0.48 ± 0

14 Trichotheristus mirabilis 2 1900 ± 3.3 180.92 ± 3.87 77.74 ± 13.52 9.64 ± 0.94

15 Halalaimus isaitshikovi 4 2205 ± 4.08 104.88 ± 6.50 60.65 ± 10.11 7.52 ± 0.32
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Legezynska 2001). Meiofaunal groups namely,
nematodes, foraminiferans, kinorhynchs and
tintinnids were found in all the three years of the
study with high percentage of abundance. From

this observation, it can be interpreted that these
groups may be less sensitive to sediment distur-
bances (Austen et al. 1989; Warwick et al. 1990)
caused by decreasing sediment stability and

Table 4. Morphometry, biomass and carbon contribution of nematode species from the intermediate zone of Arctic Kongsfjord,
2017.

Sl. no. Species

No. of

species Length (lm) Width (lm) Biomass (lg)
Carbon contribution

(lg/10 cm2)

1 Sabatieria ornata 2 2000 ± 3.81 86.88 ± 2.52 18.87 ± 5.46 2.34 ± 0.56

2 Halalaimus isaitshikovi 4 2152 ± 2.52 106.17 ± 3.10 60.64 ± 12.48 7.52 ± 1.21

3 Sabatieria praedatrix 4 1921 ± 2 109.04 ± 2.51 57.10 ± 10.11 7.08 ± 1.02

4 Terschellingia longicaudata 70 1590 ± 6.12 29.88 ± 8.88 62.11 ± 11.03 7.7 ± 0.98

5 Sphaerolaimus islandicus 6 2139 ± 3.10 114.15 ± 4.56 104.52 ± 16.88 12.96 ± 2.03

6 Viscosia sp. 6 2200 ± 5.36 50.8 ± 3.09 21.29 ± 6.02 2.64 ± 0.05

7 Halalaimus sp. 98 2140 ± 10.59 72.43 ± 5.21 687.63 ± 30.05 85.26 ± 3.12

8 Sphaerolaimus sp. 2 2209 ± 2.97 173.27 ± 1.92 82.90 ± 10.0 10.28 ± 0.45

9 Neochromadora sp. 6 8220 ± 5 14.29 ± 3.33 6.29 ± 0.08 0.78 ± 0

10 Desmoscolex falcatus 6 486 ± 2.8 79.82 ± 2.08 11.61 ± 1.06 1.44 ± 0.02

11 Dorylaimopsis sp. 238 2958 ± 11.51 88.46 ± 9.41 3443.095 ± 120.06 426.972 ± 10.53

12 Terschellingia sp. 278 1354 ± 13.40 32.38 ± 10.86 246.66 ± 16.48 30.58 ± 2.78

13 Sabatieria sp. 22 2200 ± 5.96 86.98 ± 3.69 228.86 ± 20.44 28.38 ± 1.12

14 Parasphaerolaimus paradoxus 4 2310 ± 2.93 199.71 ± 1.52 230.33 ± 18.25 28.56 ± 1.06

15 Trichotheristus mirabilis 4 2100 ± 4.32 172.09 ± 2.78 155.48 ± 8.04 19.28 ± 0.98

16 Terschellingia communis 2 298 ± 1.22 171.59 ± 2.05 10.97 ± 1.58 1.36 ± 0.06

17 Sphaerolaimus gracilis 2 2982 ± 2.91 138.18 ± 1.82 71.12 ± 3.52 8.82 ± 1.92

18 Viscosia langrunensis 2 3026 ± 2.16 128.29 ± 0.58 62.25 ± 10.74 7.72 ± 0.66

Figure 9. Morphometry (total length and maximum width) of some major nematode species. (A) D. punctata (#); (B) D.
punctata (#) oesophagus; (C) S. praedatrix (#); (D) S. praedatrix (#) oesophagus; (E) Sphaerolaimus sp. ($); (F)
Sphaerolaimus sp. ($) vulva; and (G) T. longicaudata (#); (H) T. longicaudata (#) oesophagus.
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increasing sediment resuspension. Salinity varia-
tion played a major role in determining the
meiofaunal abundance and spatial/temporal
distribution (Krishnapriya et al. 2019). Hence the
species distributed in the intermediate zone may be
having a wide range of salinity tolerance. Year-wise

variation is seen in the determinants aAecting the
meiofaunal distribution and the major determi-
nants are depth, sand, pH, TC and TOC.
Nematode orders namely Chromadorids, Mon-

hysterids and Araeolaimids were generally high in
the intermediate zone, while Enoplids were gener-
ally low. Dorylaimopsis sp., Terschellingia sp. and
Sabatieria sp. were the dominant species identiBed
from the intermediate zone (Urban-Malinga et al.
2005; SomerBeld et al. 2006; Krishnapriya et al.
2019). It is also observed that, the intermediate
zone is dominated by deposit feeders and epistrate
feeders; Terschellingia sp. (selective deposit fee-
der), Sabatieria sp. (non-selective deposit feeders)
and Dorylaimopsis sp. (epistrate feeder). These
feeding groups are distributed throughout the
Kongsfjord (Schratzberger and Warwick 1999;
Schratzberger et al. 2000; Aswathy et al. 2017;
Krishnapriya et al. 2019). Blue carbon contribution
of epistrate feeders was higher than the other
feeding groups in all the three consecutive years.
The ecological features like polyhaline nature seen
in Dorylaimopsis sp., Sabatieria sp. and Ter-
schellingia sp. that of colonizing pattern in

Figure 11. Canonical correspondence analysis (CCA) showing scatter plot for environmental variables and nematode species
distribution based on carbon potential.

Figure 10. Comparison of the total carbon contribution by
nematodes in the intermediate zone of Arctic Kongsfjord in
2015, 2016 and 2017.
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Sabatieria sp. and the domination of Sabatieria sp.
and Terschellingia sp. in silty sediments (Tietjen
1980; Vanreusel 1990; Li and Vincx 1993; Adao
et al. 2009; Guilini et al. 2011; Schmidt-Rhaesa
2014) may be the reason for the domination of
these species in the intermediate zone.
The carbon content in the individual nematodes

and the total carbon sequestered by them was
calculated in the study. Among the 26 nematode
species, Parasphaerolaimus paradoxus has the
highest carbon potential (7.14 ± 0.05 lg/mg)
and the lowest value was observed in Terschellin-
gia longicaudata (0.11 ± 0.3 lg/mg) and Ter-
schellingia sp. (0.11 ± 0.42 lg/mg). In our previ-
ous study in 2011, Anticoma eberthi has the highest
carbon potential (14.06 lg/mg), whereas the low-
est was noted in Halalaimus longicaudatus (0.122
lg/mg) (Krishnapriya et al. 2018). But these spe-
cies were not found in these three consecutive years
2015, 2016 and 2017. The total carbon contribution
by nematodes in the intermediate zone was high in
2017 (689.67 ± 28.55 lg/10 cm2) and low in 2015
(491.19 ± 5.3 lg/10 cm2), where the carbon con-
tribution was much higher than the total contri-
bution from the Kongsfjord in 2011. The canonical
correspondence analysis (CCA) also showed vari-
ations in nematode distribution based on carbon
potential. The sediment characteristics especially
variations in the amount of TC, IC and TOC have
an eAect in species distribution in all the three
years.
The net eAect of carbon sequestered in ocean

includes all the components of benthic fauna,
where meiofauna contributes a major proportion.
Among meiofauna, nematodes have a major role in
carbon sequestration; also make available nutrient
and carbon sources to higher tropic levels (Wilson
and Duarte 2009). On grazing, bacterivorous and
fungivorous nematodes acquire CO2 from bacteria
and fungi, aAecting carbon mineralization directly
and nematodes expel a major portion of assimilated
carbon used up from the bacteria and fungi. As
nematodes are a dominant group in benthic com-
munity, they trap a large portion to maintain
carbon as biomass. Later when they die and decay,
the carbon in their body will be deposited to sedi-
ment and became part of the blue carbon sink
(Wang and McSorley 2005). This blue carbon stock
and extensive burial of carbon in the sediment pool
in the intermediate zone of Arctic Kongsfjord may
eliminate a significant amount of CO2 from the
atmosphere mitigating global warming and climate
related problems.

5. Conclusion

The carbon potential of individual nematodes and
their carbon contribution to blue carbon sink for
the three consecutive years, 2015, 2016 and 2017 in
the intermediate zone of Arctic Kongsfjord has
been studied and the highest carbon contribution
has come up from 2017. The sediment character-
istics showed that the granulomertic composition
of the intermediate zone was similar in these years.
Nematodes, foraminiferans, kinorynchs and
tintinnids were the major contributing meiofaunal
groups. As nematodes are the major carbon con-
tributor in the benthic fauna, importance is given
to study the carbon potential of nematodes in
relation to climate change scenario. Parasphaero-
laimus paradoxus has the highest carbon potential
and lowest in Terschellingia longicaudata. As the
fjord areas are less disturbed, chances for disrup-
tion or destruction of the blue carbon sink is very
low. So maintaining a healthy benthic fauna, in
particular meiofauna is in fact eAective in blue
carbon deposition and mitigates climate change
issues in the present scenario in the Arctic system.
From the literature survey, it is observed that no
significant work has been done nationally or
internationally, hence it is a pioneering eAort to
found out the carbon potential and blue carbon
contribution by Arctic nematodes.
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The need for adequate planning and management of marine areas has been progressively realised due to
the prevalent and ever-increasing ‘use-conCicts’ in time and space, amongst different maritime sectors.
Marine Spatial Planning (MSP) is an eAective approach to ensure marine conservation and prevent over-
exploitation of marine resources by sustainably utilizing its economic potential. Literature review in the
Indian context indicates that studies have been undertaken in the sphere of blue economy and
acknowledging the importance of MSP in speciBc sectors such as Bsheries and marine resource man-
agement. However, studies on possible approach and guiding methodology for real application of MSP in
the context of Indian coasts seem to be meagre. The current paper attempts to present the relevance of
MSP in coastal zone management planning in India, through a unique MSP framework developed for the
state of Odisha and also discusses possible strengthening of the institutional structure. The paper con-
cludes by highlighting some key opportunities and challenges for Marine Spatial Planning in India. One of
the major contributions of this study would be its possible use by relevant stakeholders, in the application
of MSP for marine area management in varying spatial jurisdictions.

Keywords. Marine Spatial Planning; integrated coastal management; blue economy; marine
ecosystems.

1. Introduction

Marine Spatial Planning (MSP) has gained
importance since the last two decades largely as
a response to the increasing intensity of the
anthropogenic uses of the seas (Douvere et al.
2007; Douvere and Ehler 2009; Carneiro 2013;
Ehler et al. 2019; Saunders et al. 2019) and has
become one of the most widely used tools for
integrated management of the coastal and

marine areas (Carneiro 2013; P�aez et al. 2020;
Kidd et al. 2020). As per UNDP ‘40% of the
ocean is heavily aAected by pollution, depleted
Bsheries, loss of coastal habitats and other
human activities, more than 3 billion people
depend on marine and coastal biodiversity for
their livelihoods and the market value of marine
and coastal resources and industries is estimated
at US$3 trillion per year, about 5% of global
GDP’ (UNDP SDG14 2020).
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Olsson et al. (2008) state that the concept of
Marine Protected Areas (MPAs) proposed in 1976
to address the environmental degradation of mar-
ine areas caused by anthropogenic activities even-
tually led to the development of the concept of
MSP. MPAs have also been often referred to as
small scale models of ecosystem-based MSP (Ehler
and Douvere 2008; Jones et al. 2016; Gissi et al.
2019). Ehler et al. (2019) vividly explain the origin
and development of MSP wherein it is mentioned
that MSP as a term was Brst used in 2001 (VASAB
2001) within the European discussion on the pos-
sibility of spatial planning in the sea around 2000.
The Brst international workshop on MSP organised
by the Intergovernmental Oceanographic Com-
mission (IOC) of the United Nations Educational,
ScientiBc and Cultural Organisation (UNESCO) in
2006, gave a significant push to research in this
sector. Ehler (2017) and Ehler et al. (2019) state
that about 20 countries have implemented inte-
grated Marine Spatial Plans (MSPlan) across the
globe, 60 MSP initiatives established (Kidd et al.
2020) and at least a third of the surface area of the
world’s exclusive economic zones are expected to
have government-approved MSPlans by 2030.
Gilliland et al. (2004) mention that marine

spatial planning can be seen as a ‘strategic plan
(including forward looking and proactive) for
regulating, managing and protecting the marine
environment, including through allocation of
space, that addresses the multiple, cumulative
and potentially conCicting uses of the sea’. P�aez
et al. (2020) describe MSP as a collective process
regarding the use of marine resources and space,
which permits a common understanding of the
socio-ecological system and promotes sustain-
ability of the marine environment.
Considering the multi-sectoral nature of this

sector, sustainable ‘integration’ becomes a vital
component of MSP. Saunders et al. (2019) present
an analytical framework integrating Bve dimen-
sions of integration in MSP, namely cross-border,
policy/sector, knowledge, stakeholder, and tem-
poral. The above research elucidates the role of
integration in addressing various challenges in
different contexts, for instance, integration over
state and federal boundaries in Great Barrier Reef
Marine Park (GBRMP), Rhode Island, and Ger-
many; between environmental protection and
maritime development in Latvia, amongst others.
European Union’s recommendations on ICZM
(2002), the EU Marine Thematic Strategy, and the
EU Maritime Policy recognise MSP as a central

element for integrated management of coastal
areas and its resources (Douvere et al. 2007).
Blue economy advocates sustainable use and

integrated development of economic sectors in
healthy oceans. Today, blue economy is a well-
acknowledged concept as it stimulates higher pro-
ductivity and conservation of ocean’s health
through ocean development strategies, considering
various sectors such as Bsheries, marine transport,
tourism, renewable energy, climate change, and
waste management. Optimized utilisation of mar-
ine resources and a significant balance between the
goals related to economic prosperity and environ-
mental sustainability will aid in achieving balanced
socio-economic development. MSP as a tool has
always been an integrated part of blue economy
and is a proven and eAective approach to ensure
marine conservation, prevent over-exploitation of
marine resources and sustainably utilize its
economic potential.
Mohanty et al. (2015) and Umare et al. (2018)

outlined the potential and prospects of the blue
economy in the Indian Ocean, highlighting the
key economic issues, guiding principles, elements
and accounting framework for the blue economy.
The Indian government has now been actively
pursuing blue economy, through programmes
such as Sagar Mala, O-SMART (Ocean Services,
Technology, Observations, Resources Modelling
and Science) and development of Coastal Eco-
nomic Zones. Regulatory reforms such as revi-
sion of Coastal Regulation Zones (CRZ) and
missions like Integrated Coastal Zone Manage-
ment (ICZM) are being actively pursued. With
7516.6 km (75,16,600 m) of coastline, and 2.02
million km2 (20,20,000 million m2) of Exclusive
Economic Zones (IOM ENVIS 2020), the Indian
Government is surely reinforcing its commit-
ment on sustainably increasing the contribution
of blue economy to the nation’s GDP. With this
growing focus to establish itself as a maritime
nation, MSP will play a vital role in decision-
making and management of the country’s
marine areas.
In the context of India, Dineshbabu et al. (2019)

highlight that the use of MSP as a concept has been
the basic requirement of clearing marine projects in
India for a long time as a part of the Environmental
Impact Assessment (EIA), however, MSP as a
terminology has not been commonly used. The
Central Marine Fisheries Research Institute
(CMFRI), Kochi has taken initiatives to support
MSP in Indian waters through mapping of marine
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and Bshery resources/operations, and documenta-
tion of applicable methodologies. Hassan and
Haque (2015) have also demonstrated the impor-
tance of MSP in the Bay of Bengal sub-region of
South Asia, mentioning it as one of the least
explored marine areas of the world and explaining
the application of MSP in its socio-economic,
environmental and legal contexts.
The current paper aims to establish the impor-

tance of MSP in India and present the MSP
framework, prepared under the aegis of the World
Bank funded project ‘Preparation of Integrated
Coastal Zone Management Plan and Shoreline
Management Plan’ for the state of Odisha (here-
after ICZMP Odisha). Integrated Coastal Zone
Management (ICZM) is an attempt by the
Government of India, to build national capacity for
implementation of comprehensive coastal man-
agement approach with pilot projects in the states
of Gujarat, Odisha and West Bengal. The Marine
Spatial Plan developed as a part of ICZMP Odisha
was termed as an MSP ‘framework’, because it
cannot be acknowledged as a full-Cedged marine
spatial plan, but instead provides a logical frame-
work and approach to mainstream marine spatial
planning as an integral part of the ICZM work.
The paper has been structured to present the

relevance of MSP in coastal zone management
planning, followed by the case study on MSP
framework developed for Odisha. Later, a brief
overview of the institutional structure for the
management of marine areas at state level is
presented along with identiBed gaps and possible
recommendations to address the same. The
paper concludes with mapping of key opportu-
nities and challenges for marine spatial planning
in India.

2. Relevance of Marine Spatial Planning
as a sub-component of coastal zone
management planning

The coastal zone is a transitional area consisting of
land, intertidal and marine areas. Many of the
human activities in the coastal zones, majority of
which have economic importance are dependent on
the interactions between land and sea. For
instance, marine infrastructure such as ports
(berth terminals of port as the land side compo-
nent; port anchorage areas, dredged and entrance
channels being the marine side component) and
Bshing operations (Bsh catch and movement of

Bshing crafts, trawlers on the marine side, whereas
the Bsh landing centres and Bshing harbours on the
landward side of the coast) are two examples,
which aptly demonstrate a direct linkage/interac-
tion between land and sea. Likewise, as the ‘source
to sea’ approach elucidates, marine pollution is also
a function of mismanaged activities and pollution
sources at a catchment level and hence can never
be dealt only through marine activity planning.
Hence, a key ingredient of coastal zone manage-
ment planning is to acknowledge and address the
dynamics of land–sea interactions and an MSPlan
too needs to consider relevant management mea-
sures for land–sea integration. The ICZMP Odi-
sha’s project Terms of Reference (ToR) also
acknowledged this interdependency as ‘coastal
zone includes both the area of land subject to
marine inCuences and the area of the sea subject to
land inCuences’. Apart from MSP, Shoreline
Management Plan is another tool that addresses
the concerns of dynamic shorelines and its inter-
tidal foreshore and nearshore zones, owing to the
continuous changes along the coast due to natural
factors such as winds, waves, currents, cyclones,
and sea-level rise, in addition to anthropogenic
developments.
Visage (2016) introduces the interrelations

between Integrated Maritime Policy (IMP), MSP,
ICZM, land-based planning and explores possibili-
ties on connecting these within a consistent
framework towards seamless planning and man-
agement. ICZM can provide opportunities for
integration of MSP with land planning; where MSP
mainly addressing interactions between land and
sea at all scales and levels.
It is to be well noted here that planning for

marine areas needs to be extremely adaptable con-
sidering the dynamic nature of marine activities
and its uses both in time and space. This may be
illustrated with the example of the ban on sea
Bshing exercised during the mass nesting period
(November–May) of the Olive Ridley turtles in
Odisha for protecting the turtle congregation area
and mass nesting grounds between Gahirmatha
and Rushikulya river mouth. The Bshermen engage
in non-Bshing activities such as agriculture, con-
struction, etc., during this period and also move
temporarily to other states for Bshing activities like
trawling. A number of alternate livelihood options
are provided by the Government of Odisha to
ensure livelihood security in such regions as the
ban adversely impacts the livelihood of coastal and
marine Bshermen.
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3. MSP framework: The case of Odisha

Vision formulated for the ICZM Odisha project
reads as: ‘To make Odisha’s coastal zone a pro-
ductive and healthy region considering its unique
biodiversity and build a resilient coastal commu-
nity through inter-sectoral integrated approach to
coastal planning and management’.
The key objectives of the ICZM Plan for Odisha

included, addressing the issues of coastal erosion
and associated coastal process; adaptation to
extreme climatic events like storm and cyclone;
biodiversity conservation; livelihood security; pol-
lution abatement/environmental quality manage-
ment and improvement and conservation of built
heritage in coastal zone.
The project area delineation was an extremely

critical step in this assignment. As per the project’s
ToR, the ICZM Plan was to be prepared for ‘a
landward area of up to 15 km from the High Tide
Line (HTL) or outer limits of coastal village or
town or river having Bve parts per thousand (ppt)
salinity in dry season whichever is farthest and
seaward up to 12 nautical miles towards the sea
from the Low Tide Line (LTL)’. An ecosystem-
based approach was adopted to Bnalize the project
area, implying that ecosystems such as creeks and
tidal inCuenced water bodies, falling within the
project area were taken in its entirety for deBning
physical boundaries under consideration. The
ICZMP Odisha project was spread across a total
area of *10,000 km2 (both landward and seaward)
and comprised of 9 urban areas, 2000 villages, with
a total residing population of about 1.9 million.
The ICZM Plan derived inputs from various

studies including risk assessment, conceptual
model for coastal and estuarine processes, shore-
line management plan and sectoral sub-plans, and
interim spatial recommendations. Environmental
sensitivity analysis, land suitability analysis, land
vulnerability and risk assessment studies were
amongst the different analyses undertaken for
framing the schematic and spatial recommenda-
tions for the study area.
Independent sectoral sub-plans were developed

for environment, Bsheries, agriculture, tourism,
regional development, and industries amongst
other relevant sectors, for identiBcation of issues,
threats, gaps, strengths and interim development
proposals. For a wider understanding and man-
agement of marine area, a dedicated MSP frame-
work was developed as a part of sectoral sub-plans
(Bgure 1).

The MSP framework, though being an indepen-
dent study and action research, is linked and
interknitted with other deliverables of the project.
However, the authors have attempted to share
almost all relevant details in this paper, so that it
enables the readers to grasp the concept appro-
priately and replicate a similar exercise. The inputs
taken from the other sub-sectoral plans of the
project, for the concept formulation and data
analysis in MSP framework has been elucidated in
table 1. The sectoral outputs of the different sub-
sectoral plans were overlaid with the marine area
attributes, for deeper analysis and formulating the
recommendations. The action research has shown
the existing usage of marine areas, however trans-
lating the recommendations in spatial format was
not undertaken as it was beyond the scope of the
overall project. The Marine Spatial Plans earlier
prepared or being prepared by countries such as
Belgium, German EEZ in the Baltic Sea, Seychelles
and Mauritius can be considered as reference, for
obtaining an idea about the spatial output (MSP
IOC UNESCO 2020).
MSP framework within the scope of ICZMP

Odisha aims to manage the environmental resour-
ces/uses and anthropogenic activities/uses in the
marine areas along theOdisha coast.The overall aim
of the MSP framework was to create and establish a
more rational use of the marine space, illustrated
through sustainably managing the interactions
(conCicts or compatibilities) between its uses. It
assessed interactions between different marine uses
(natural habitats/processes and anthropogenic
activities), while also identifying conCicts and com-
patibilities (in time and space), through exhaustive
data collection, stakeholder interactions, Beld vali-
dations and a very comprehensive sectoral base
mapping. The plan framework aimed at achieving a
balance between the demands for economic devel-
opment and required protection of the marine
environment in the state of Odisha. A set of broad
suggestive strategies and action points for resolving
the identiBed issues, which may act as guidelines for
planning the marine areas were developed as a part
of this framework.

3.1 DeBning maritime boundaries: A critical
step in MSP

IOC-UNESCO (2009) lays down the importance of
‘pre-planning’ including delineating the boundaries
for marine planning and establishing requisite

   97 Page 4 of 16 J. Earth Syst. Sci.          (2021) 130:97 



time-bound milestones/steps for the development
of an MSPlan.
Carneiro (2013) has identiBed examples of

MSPlans existing at various scales such as local
and provincial (e.g., in the federal waters of Mas-
sachusetts), national (e.g., Marine Spatial Plan for
the Portuguese Exclusive Economic Zone), regio-
nal (e.g., the project BaltSeaPlan) and interna-
tional (MSP related work at IOC-UNESCO and in
the European Union).

The process of deBning the boundaries becomes
more complex in a transboundary MSP for Large
Marine Ecosystems (LMEs). Marine Spatial Plan-
ning toolkit for LME (2018) developed as a part of
GEF LME: LEARN project outlines important
considerations in this space.
In the presented case study of Odisha, entire

480.4 km (4,80,400 m) (Ramesh et al. 2011)
coastline of the state (6.4% of the total length of
Indian coastline) with a marine expanse of 12

Figure 1. Framework of recommendations for MSP under ICZMP Odisha.

Table 1. Inputs from other relevant sub-sectoral plans of ICZMP.

Sub-sectoral plan Inputs for MSP framework

Environmental management and

biodiversity conservation

IdentiBcation of environmentally sensitive areas in terms of natural resources and

biodiversity (through composite environmentally sensitive assessment)

Understanding of ecological processes and ecosystem services

Strategies for protection of important biodiversity

Analysis of natural resources and biodiversity proBle (considering different

anthropogenic activities)

Disaster management IdentiBcation of high risk and priority areas based on hazard and vulnerability

assessment

Understanding of hazards and its impacts

Vulnerability of marine Bshing community

Fisheries development Overview of marine Bshery resources and relation with economy and livelihood

Fisheries infrastructure

Zones for no Bshing/trawling/mechanized boats

Tourism development Sites with maritime heritage importance, beaches, bays, islands or in proximity to

sea
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nautical miles (22,224 m) from the Low Tide Line
was considered. The ICZMP Odisha had two very
contrasting stretches namely Gopalpur to Chilika
(environmentally sensitive zones) and Paradip to
Dhamra (port-led development zones) and the
issues to be addressed through MSP framework in
these stretches also varied accordingly.

3.2 Marine data: A key challenge

Collecting relevant, accurate and updated data
(spatial and non-spatial) for marine areas is one of
the vital challenges faced during the preparation of
a marine spatial plan. It is often extremely difBcult
and challenging to obtain credible information
related to marine areas, due to its ever-changing
characteristics, complexities and multi-sectoral
nature of the marine ecosystems (which are often
difBcult to map/record/measure), multiple stake-
holders/departments involved and overlapping
data custodians.
Lack of reliable information and data facilitating

agencies across all marine sectors have been
acknowledged as a major obstacle in the marine
planning domain (Dineshbabu et al. 2019). A con-
sistent source of data, scope and scale of the data
matching, the planning area and planning units,
respectively, and adequate alignment of planning
boundaries are some of the essential factors to be
considered while collecting data for MSP
(Stamoulis and Delevaux 2015).
GIS platforms were extensively used for the

preparation of marine spatial databases of the
study area, which helped in the preparation of
maps, with a provision of adding/updating infor-
mation as required. Accumulating and processing
data in GIS ensured that the data remains opera-
tional and coherent for future use, by being sys-
tematically arranged and stored in a structure and
homogeneous format.
Under the ICZMP Odisha project, as a part of

the MSP component, to arrive at a comprehensive
baseline, developing an exhaustive spatial database
for the marine area under consideration was very
critical. In the process, requisite data was collected
from different departments and institutes and was
validated through on site visits and various stake-
holder consultations. It was Bltered based on scale
and relevant sectors and then processed on a GIS
platform to develop a homogenous database with
spatial layers substantiated with non-spatial
attributes. It was Bnally presented to a specially

constituted quality control team for external
review and upon approval was submitted to the
client as a GIS Atlas of more than 500 maps. This
dynamic database prepared, under the constant
guidance of team experts, became the foundation
for all future spatial recommendations proposed
under this project, including the ones in MSP
framework.
The data used for the MSP framework is majorly

extracted from a deliverable of the project named
‘Spatial and Land Use Maps’. In this deliverable,
integrated thematic maps consisting of a large
number of interrelated layers were prepared, which
was an outcome of exhaustive data collection from
various government departments. Certain data
was conBdential and thus, the source and details
have not been shared in the paper.
The data related to environment and ecology such

as mangroves, sand dunes, horseshoe crab habitats,
sporadic and mass nesting sites of Olive Ridley tur-
tles, forest, marine sanctuary, wildlife sanctuary
amongst others, which were overlaid in the map
prepared, were collected from various organizations
related to forest and environment such as Depart-
ment of Forest and Environment–Government of
Odisha, Odisha Wildlife Organization and Odisha
Biodiversity Board. The Department of Commerce
and Transport provided locations of existing and
proposed ports, and various data toward the marine
side related to the functioning of ports. Central
Marine Fisheries Research Institute and Indian
National Centre for Ocean Information Services were
the major organizations, which provided data related
to marine Bshing such as Bsh landing centres, Bshing
harbours, potential Bshing zones, etc. The sources of
heritage and tourism related data include Odisha
Tourism Department, Cultural Atlas of Odisha and
District Statistical Handbook of Tourism Depart-
ment. Data related to bathymetry was provided by
the client of the project, that was collected through
the Regional Coastal Process Study, conducted for
understanding the dynamics of shoreline and coastal
processes, sediment movement, etc.
Figure 2 provides a schematic representation of

the steps that were followed to collect relevant data
for the MSP framework. The diagram also illus-
trates how client (in this case, Government of
Odisha) support and facilitation at major steps can
be a key ingredient for timely data collection in
such assignments. The prompt and accurate data
collection was thus a precursor for establishing a
strong spatial database for the project.
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Since the ICZMP study area (including land and
marine area) was quite large, it was not practical to
present it in a single map. In order to visualize the
data available on maps, the scale of presentation
had to be sufBciently large, so that the detailed
information is visible. For the same, the entire
project area was divided into multiple Bshnet grids.
These grids were kept adaptive and varied in scale
such as 1:2,50,000, 1:50,000 and 1:25,000 based on
the information to be presented. The grid frame-
work considered for the ICZMP Odisha is
illustrated in Bgure 3.

3.3 Stakeholder consultations

The ICZMP Odisha project required exhaustive,
consistent yet structured stakeholder consultations
throughout its project duration. The consultation
process provided the stakeholders an opportunity to
have their issues heard, and participate and con-
tribute positively in the decision-making process. It
also enabled the project team to tap into local
knowledge and experiences of the end-users, which
often becomes a critical success factor in marine
spatial planning. Consultation formats such as
focussed group discussions, in-person interviews,

transect walks, formal workshops, household surveys,
online opinion surveys, etc., provided a platform for
active, unbiased and transparent involvement of the
coastal communities in the plan building process.
Formal project meetings were also held

throughout the project with important stake-
holders who could inCuence the plan process/
implementation, identiBed at three levels namely
macro, meso, and micro, to represent the National,
State/District, and Grassroots level respectively;
and several state line departments, not only for
data collection and information procurement, but
also to ensure they were sensitized about the
project and a uniform and positive consensus was
achieved through documented stakeholders’
feedbacks for the project. NGOs and civil soci-
eties at grassroot level, can add immense value to
such plans, considering the vast and valuable
traditional knowledge and wisdom they have
accumulated about the coastal and marine envi-
ronment, over the years.
The continuous process of stakeholder consulta-

tions throughout the project duration, thus
ensured transparency, inclusivity, accountability,
and fairness in the process of developing the MSP
framework.

Figure 2. Data collection process.
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3.4 MSP framework: The process

The MSP framework aims to analyse the status
and interaction between various activities, includ-
ing natural resources/phenomena and anthro-
pogenic interventions in the marine area. To study
the baseline situation, all marine resources and
human activities were mapped, along with the
identiBcation of major conCicts. The identiBcation
and analysis of conCicts led to mapping of key
issues and priority areas for action (i.e., areas in
which there are existing or potential conCicts)
which were then spatially identiBed. Schematic and
phase-wise recommendations in the form of
strategies and actions to address existing/potential
threats constituted the major outputs of the MSP
framework. Figure 4 illustrates the methodology
adopted for the MSP framework, also indicating
the additional steps required for the MSP frame-
work to be adopted for preparing a marine spatial
plan, taking reference to IOC-UNESCO (2009).

3.5 Activity proBling

The state of Odisha is known for its rich marine and
coastal biodiversity including Olive Ridley Sea Tur-
tle, Irrawaddy Dolphin, diverse mangroves and rich
Bsh stocks. It also houses some of the most ecologi-
cally sensitive and fragile areas including turtle
nesting ground of Gahirmatha and Bhitarkanika
marine sanctuary. IdentiBcation and management of
threats to its marine environment and biodiversity
are essential and integral to Odisha coast.
The Brst step in the process of developing an

MSP framework was activity proBling, which was
done under two broad heads; environmental and
marine uses/resources (e.g., turtle congregation
areas, nesting ground of birds, marine protected
area) and anthropogenic uses/activities (e.g., Bsh-
ing zones, marine infrastructure) which were
mapped spatially and then overlaid for different
time periods, to understand the existing and
potential conCicts in time and space.

Figure 3. Grid system used for data presentation.

   97 Page 8 of 16 J. Earth Syst. Sci.          (2021) 130:97 



The study mapped all major biodiversity-
hotspots of coastal Odisha, including turtle con-
gregation areas, turtle migration routes, coral
reefs, seagrass, mangroves, mega marine fauna
(including dolphins, porpoises and whales), marine
protected areas, and Bshing zones.
It was also imperative to study and identify

various resource use and anthropogenic activities
in the marine area. Six broad categories of
anthropogenic uses/activities in the marine envi-
ronment, including marine Bshing, marine infras-
tructure, industries, heritage and tourism, defence,
mining and exploration, were considered for
preparing the MSP framework.
Acknowledging multiple uses of the sea over

space and time, it was well understood that com-
patibilities and conCicts amongst the marine uses,
activities and existing ecological resources/habi-
tats may exist. It is important to note here, that
planning for marine area has additional dimensions
of depth and time associated with it, which mag-
niBes the complexity of the assessments. Figure 5
depicts the overlaid activities map for developing
MSP framework of Odisha coast.
As borrowed from IOC-UNESCO (2009) and

modiBed according to the context of Odisha, a
conCict-compatibility matrix was prepared post
establishing baseline data and developing spatial
maps, for the environmental/marine uses and

resources vs. anthropogenic uses/activities in the
marine area. It is important to understand the
meaning of the terms ‘conCict’ and ‘compatibility’
used in the context of MSP. In intensely used areas,
potential spatial overlaps and dynamics exist
among human activities, and between human
activities and important natural areas (Douvere
and Ehler 2009; Gissi et al. 2019; Smythe and
McCann 2019), which harms the marine environ-
ment. This is hereby referred to as conCict. A
condition when an activity does not hamper
another activity, that is the two activities are
independent of each other to a great extent and do
not have any negative ecological impact or in any
other way has been hereby referred to as
compatible.
The nomenclature used in conCict compatibility

matrix is explained as under:

• Incompatible – When there is a high degree of
conCict between two activities being considered.

• Regulatory compatible – A probability of con-
siderable compatibility if proper measures or
regulations are considered, additionally in some
cases, more research or speciBc information is
required to decide the degree of compatibility.

• Compatible – When there is a high degree of
compatibility between two activities being
considered.

Figure 4. Methodology for MSP framework.
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• Partially/seasonally compatible – Certain activ-
ities are banned at certain times of the year, e.g.,
Bshing ban in ecologically important areas such
as turtle congregation sites.

The conCict-compatibility matrix (reproduced in
table 2) was divided into two sections, each with
names of various features of environmental and
marine uses/resources and anthropogenic uses/

Table 2. Schematic representation of conCict–compatibility matrix.
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activities, respectively, as existing in the marine
areas of the project. Each feature in a particular row
was juxtaposed with all the features mentioned in the
columns and a category most applicable amongst the
four mentioned above was identiBed and the cells
were coloured one by one with the corresponding
colour code (brown = incompatible, yellow =

regulatory compatible, green = compatible, grey =

partially/seasonally compatible and blue = not
applicable). The matrix supported by the spatial
maps was considered to identify and mark some of
the areas needing immediate attention.

3.6 Recommendations

The output of the above analysis was translated
into two forms of recommendations. First were a
set of broad overarching policy level recommen-
dations, framed to ensure sustainable and eco-
nomic use of the marine resources, while also
maintaining the ocean’s ecological health, whereas
the second level of proposals was meant to strate-
gically address existing conCicts (conCict identiBed
through conCict-compatibility matrix as explained
above) identiBed in the MSP framework through
time-bound and spatially-deBned action plans.
One example of the identiBed conCicts in the

project area is the conCict between turtle congre-
gation sites and marine Bshing zones, which is a
seasonally incompatible activity. The turtle nest-
ing season coincides with the Bshing season in
Odisha. As per UNDP’s directory (UNDP 2012),
showcasing community-led conservation in two
states of India – Odisha and Madhya Pradesh, in
Odisha there have been incidents in which the
death toll of turtles due to entanglement in a single
gill-net is as high as 1,500. The illegal Bshing in
turtle congregation areas during the turtle season
also leads to massive turtle mortality.
Recommendations were framed in the MSP

framework to significantly resolve this conCict in
due consultation with the involved Bshing com-
munities and locals residing in close proximity to
the nesting sites. Proposals included restrictions on
Bshing in the turtle congregation areas during
hatching periods, strict surveillance facilities in the
area and gear-use restrictions, capacity building
and behavioural change programs for the Bshing
community, strengthening of related regulations
(mainly on trawling and large scale activities),
awareness programs on turtle protection and other
components of biodiversity conservation.

Sample broad level recommendations have also
been reproduced below from the project reports, to
understand the scale of outputs developed under
the Odisha MSP framework:

• Establishment of a central coastal data manage-
ment unit (and creation of a data bank for
marine areas) and formulation of an appropriate
technical and time-bound, reiterative mecha-
nism for assembling data related to marine areas,
to positively contribute in the preparation/
updating of all future marine spatial plans/
ICZM studies.

• Setting up of research facilities, by the State
Government, for facilitating long term studies
and research on sea turtles, marine biodiversity
and marine ecosystems. The research institutes
would facilitate and guide marine resource con-
servation initiatives on sound and scientiBc
principles of sustainable management. SpeciBca-
tions on areas appropriate for designated activ-
ities and spatial delineation of compatible
activity zones would also be initiated through
detailed studies.

• Biotechnology industries based on sustainable
use of marine products. This will significantly
increase the state’s contribution to national
GDP.

• Huge tourism potential in the marine areas of
Odisha to be tapped sustainably, with due
regards to its sensitive marine environs. Estuar-
ine tourism, river and marine cruise tourism,
eco-tourism activities at the river mouths, etc.,
to be explored.

3.7 Institutional structure

Various institutions currently functioning in/for
the marine areas along the Odisha coast were
consulted, sensitized and included in the process of
developing the MSP framework. The vision,
objectives, jurisdiction and key initiatives of each
line department were studied to understand the
existing gaps, overlaps, and scope of convergence
wherever cross-cutting issues had to be dealt with
or the initiatives could be integrated towards a
larger overarching objective.
Currently, all line departments are functioning

in isolation with minimum or no horizontal inte-
gration. At the central level, the Ministry of
Environment Forest and Climate Change is the
nodal agency and custodian of Odisha’s marine and
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coastal environment and it coordinates directly
with the state’s department of environment and
forests for all related matters.
Some of the most significant, amongst the mul-

titude of policies and legislations, at national and
state levels, that apply to the marine areas of
Odisha and directly or indirectly aims to address
the concerns of marine resource management, have
been brieCy described below.
The Ocean Policy Statement (OPS), formulated

by DOD, MoES sets out the basic principles for
development of ocean resources, whereas OPS lays
emphasis upon the sustainable exploitation of liv-
ing and non-living resources and protection,
preservation and conservation of coastal and mar-
ine environments. The Comprehensive Marine
Fishing Policy of the Ministry of Agriculture,
Government of India, 2004 introduced MSP and
Ecosystem-based Fisheries Management (Dinesh-
babu et al. 2019) in the Indian context. The
Government of Odisha has also introduced impor-
tant legal instruments and policies for the marine
areas such as Odisha Marine Fishing Regulation
Act (1982). Odisha Port Policy (2003) and Odisha
Fisheries Policy (2015) amongst others.
In India, the enforcement of environmental law

has been entrusted to many different agencies, but
often the gaps in interdepartmental coordination
leave room for mismanagement and non-adher-
ence. Additionally, the stakeholder consultations
under the project revealed that the departmental
staA often lack an acute understanding of these
laws and hence there is an urgent requirement of
capacity building in this regard. It is to be reiter-
ated here that a Marine Spatial Plan is more about
sustainable integration of a myriad of resources
and hence the local political will, possible con-
straints in implementation, Bnancial strengths and
technical know-how of the existing institutional
arrangement has to be well acknowledged and
addressed in the Bnal recommendations. A strong
institutional framework is of utmost importance for
the eDcient management of marine areas. It was
observed in Odisha that the corresponding State
Project Management Unit for ICZM had garnered
immense experience in coordination among differ-
ent departments and execution of pilot components
of the project, which made for a case of further
strengthening it.
The preparation of a marine spatial plan is

governed by some success factors: a few impor-
tant ones have been discussed. The political
willingness and strategic outlook of the concerned

political leaders are of utmost importance, with-
out which the preparation of marine spatial plan
and its implementation becomes difBcult. Stake-
holder consultations at all levels, including
national, state, district and grassroots are critical
for planning the marine areas. Finally, the
implementation of marine spatial plan is impor-
tant along with a periodical monitoring, evalua-
tion and updating of the plan.

4. Opportunities and challenges of MSP
in India

Along with a demonstration of the case of MSP
framework prepared for Odisha, the current paper
provides an insight into the key opportunities and
challenges related to MSP in India and provides a
benchmark for policymakers and planners to take
keys from this methodology, contextualize and
apply this tool to many more states across
the country. The MSP framework prepared for
Odisha exempliBed an approach to address the
land–marine interactions and also reduce possible
conCicts between marine and environmental pro-
cesses and their anthropogenic uses. It provides a
perspective on the existing gaps in the institutional
structure and restates the need for a structured
horizontal and vertical integration of these insti-
tutions for coherent and sustainable management
of the marine areas.
Despite increasing awareness on the blue econ-

omy, marine areas in India, still remain largely
unexplored and are home to diverse opportunities.
Increased usage of marine spaces through com-
patible activities (for instance, promotion of sus-
tainable tourism in coral islands), biotechnology
research on marine products and tapping of unex-
ploited marine resources such as seagrass, salt
marshes, etc., are areas which have immense scope
for further exploration. Establishment of necessary
infrastructure for such marine resource-based
industries is also crucial. Carrying capacity based
projects for a sustainable yield of marine resources
will play an important role in the establishment of
this sector. Tapping the ocean energy sector is
another area of intervention wherein focussed
eAorts are being undertaken by several knowledge
institutes and relevant ministries/departments.
Trans-disciplinary research and comprehensive

mapping of the marine ecosystems is also a
potential opportunity area for further action and
investment. State-of-the-art research facilities and
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observatories can be set up at suitable locations
along the coast of India, for capturing real time
marine data. Allocation of funds from the Centre
and State departments, for identiBed research
projects on critical marine uses and private sector
contributions through corporate social responsi-
bility should be considered. Example of a potential
research area is the census for Olive Ridley Turtles,
proposed as open-access data. The open-access
census of turtles would ensure transparency in
records of the number of Olive Ridley Turtles
arriving at the Odisha coasts and the rate of turtle
hatching. It would also prevent disparity in the
Bgure of the number of turtles, which are circulated
by various organisations.
Lack of inter-departmental coordination

(amongst the multiple administrative and devel-
opment agencies with a mandate to work in marine
areas and having overlapping jurisdictions) is a
major lacuna of the marine planning sector. Vari-
ous agencies, operating in silos and only restricted
to their respective agendas/objectives often results
in temporary ad-hoc solutions, as it does not
address the deeper issues of interconnected coastal
ecosystems. Due convergence of independent sector
objectives under an overarching vision, addressing
of cross-cutting issues and respecting multi-sec-
toral concerns and opportunities through constant
dialogues, interactions and knowledge exchange is
the only way forward for integrated development of
marine and coastal zones.
The establishment of eDcient regulatory regimes

and stringent monitoring and surveillance mecha-
nism for marine areas through capacity augmen-
tation of the authorities is extremely critical.
IdentiBed line departments and authorities should
be well equipped through structured training pro-
grams for eDcient management of marine areas. As
Marine Spatial Planning is currently in an evolving
stage in India, capacity building and knowledge
management about its concept and application are
critical to its success.
Several agencies are currently involved in marine

research, Beld data collection, creation of coastal
and marine databases and information systems.
However, often due to scale of the study and details
required, the available data is not suitably utilized
to make on-ground decisions and the disconnect
between scientiBc data, Beld observation, spatial
contexts and on-ground implementation persists.
An apex marine data management unit (at the
central level which will coordinate with the state
level nodal agencies) with complete and updated

data repository from all sources is, hence non-ne-
gotiable for this Beld of study. Regular collection,
updating data, processing of information into spa-
tial and non-spatial contexts, transparent and
unbiased distribution of credible information and
convergence of all knowledge base should be the
key mandate of this unit.
Thus, introducing the concept of MSP and

establishing its need at a national level will create a
plethora of opportunities for sustainable exploita-
tion of the marine areas. It will aid in the mini-
mization of conCicts, and also ensure better
coordination amongst the concerned stakeholders.
An objective mandate for application of marine
spatial planning in India and clear deBned roles
and responsibilities is hence the obvious way-
ahead.

5. Conclusion

This paper underlines the pressing need to invest
time, money and science in applying MSP in
India’s coastal states and extended territorial
waters, while also possibly making it a mandatory
extension of the ongoing coastal planning initia-
tives like ICZM. It can be inferred from the above
discussions that a well-documented framework on
marine planning (policy and strategy) at central
level is required to ensure shared responsibility of
end-users of maritime resources, products and
services with a common goal of realizing the
‘maritime future’ for the country. It may also
contribute in mainstreaming and adaptation of
tools like MSP for seamless and sustainable inte-
gration of all sectors in the coastal zone. The
necessity and implications (as opportunities and
challenges) of employing MSP in the ongoing ini-
tiative of integrated coastal zone management is
also highlighted in the study. One of the expected
beneBts of this study is its possible use by relevant
stakeholders as a reference for better management
of marine areas with varying spatial jurisdictions.
There were also a few limitations of this study.

Anticipated impacts of an increase in marine and
economic infrastructure such as ports, industries,
etc., were not considered in the assessments. This
aspect may be taken forward as a separate study
for a comprehensive understanding and future
activity mapping for the marine area of Odisha.
The risk and vulnerability assessment for land area
was conducted through relevant parameters and
indices for hazard (erosion–accretion, seawater
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inundation) and vulnerability (land use-land cover,
population density and heritage). Due to limited
time frame, the risk assessment on the marine side
could not be undertaken for this study. This is
another area for future research. The MSP frame-
work analyzed and compared how the spatial dis-
tribution of mapped activities might alter in three
scenarios of accelerated development, sustainable
development, and conservation. However potential
activity zones under each scenario were not
attempted under the MSP framework.
United Nations having proclaimed 2021–2030 as

the Decade of Ocean Science for Sustainable
Development, it can be righteously concluded that
now is the right time for India as a nation to jointly
move ahead towards the path of becoming a self-
sustainable maritime economy.
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Biologically rich rock-pools (RPs) are prominent component of rocky intertidal habitat and this study
elucidates the factors aAecting the phytoplankton distribution from high-tide (HT), mid-tide (MT) and
low-tide (LT) RPs (Anjuna rocky shores, Goa, India), during the summer season. Results revealed that
the RP location determines the nature of phytoplankton assemblage. MT-RPs and LT-RPs supported
rich microalgal diversity (species number/morphological shapes) than HT-RPs. However, the cell
abundance was higher in latter than former RPs. In frequently Cushed MT-RPs and LT-RPs, pennate
diatoms (Pseudonitzschia, Nitzschia, Thalasionema, Navicula, and Licmophora) representing elongated
shapes dominated, whereas in stagnant HT-RPs spherical/combined shaped dinoCagellates (Amphi-
dinium carterae sensu stricto and Bysmatrum gregarium) dominated. Interestingly, even though the
taxonomic assemblages changed temporally the shape dominance remained consistent suggesting shape as
a robust morphological trait. Additionally, the study also revealed the existence of species-speciBc
allelopathy on other microalgae by Amphidinium (potential harmful algae) indicating a type of adaptive
strategy, in addition to eurytolerant capabilities, for its predominance in HT-RPs, which experiences
varying environmental (light, temperature, and salinity) conditions.

Keywords. Rock-pools; microalgae; taxonomy; morphological traits; Amphidinium; allelopathy.

1. Introduction

Rock-pools (RPs) are a prominent component of
any rocky intertidal habitat and are extensively
studied for their diverse invertebrate fauna. The
microalgal community assemblage, dynamics, and
structure on a temporal and spatial scale, various
biotic (grazing and interactions with different rock
pool inhabitants) and abiotic (nutrient, light,
temperature, salinity, tidal inCuence, pool size, and

dimensions) factors inCuencing the assemblages
and succession (Huggett and GrifBths 1986;
Metaxas and Scheibling 1993, 1994, 1996a, b;
Underwood and Skilleter 1996; Norberg 1998;
Therriault and Kolasa 2001; Martins et al. 2007;
Anusa et al. 2012; Soininen and Meier 2014;
H€aggqvist and Lindholm 2015, 2016; Rishworth
et al. 2017; DaSilva et al. 2020) of rock-pools have
been extensively studied throughout the world in
fresh, brackish and marine ecosystems but not in

This article is part of the topical collection: Advances in Coastal Research.
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the Indian sub-continent. The small size with well-
deBned boundaries, rock-pools can serve as perfect
mesocosms to study the phytoplankton community
dynamics (Metaxas and Scheibling 1994, 1996a).
Microalgae from the adjacent waters are intro-
duced into the rock-pools because of the tidal
action and remain isolated from the adjacent sea-
water depending on the tidal amplitude and loca-
tion of the rock-pools on the shore (Metaxas and
Scheibling 1994). The importance of the tidal cycle
in deciding the biotic and abiotic components of
the rock-pools is greatly acknowledged (Metaxas
and Scheibling 1993). Even though the Indian
coastline has a significant amount of rocky shores
(600 km approx.) abundant with rock-pools, it has
not received the attention for microalgal research.
Rock-pools play a very important role in the
intertidal ecosystem and can serve as a seed bank
(Baig et al. 2006; Patil et al. 2017) or even can
cause a bloom of toxic algae causing Bsh-kill
(Murray et al. 2015). Since RP microalgae experi-
ence/tolerate various order of environmental vari-
ability (like temperature, salinity, light, and
anthropogenic disturbances) in a very short tem-
poral scale, they are referred to as eurythermal,
euryhaline, and euryphotic (Patil et al. 2017).
Therefore to cope with such extreme conditions RP
microalgae constantly compete through various
physiological, morphological, and biochemical
adaptations, like change in morphology and shape,
producing speciBc enzymes/pigments/compounds,
different nutrient acquisition strategies (like
mixotrophy) and vertical migration (Legrand et al.
2003). Among them, the prevalence of physiologi-
cal adaptation (photoprotection and photoinhibi-
tion) in RP microalgae was reported in a separate
study (Patil et al. 2017). However, the present
study characterizes the phytoplankton community
based on the species composition and the mor-
phological traits from the RPs located at different
tidal levels. Also, the role of the allelopathic eAect
of dominant microalgae on the selected planktonic
and benthic microalgae was elucidated. To under-
stand the functional role of a particular organism in
a given ecosystem various functional traits are
being used (Padisak et al. 2003; Litchman and
Klausmeier 2008). Phytoplankton assemblages
under variable environmental conditions can per-
haps be shaped by size and form selection in nat-
ural environments (Morabito et al. 2007). A variety
of geometric shapes of microalgae co-existing
together in an ecosystem is a form of adaptive
strategy responding to the Cuctuating environment

(Margalef 1978; Reynolds 2006; Naselli-Flores et al.
2007). The functional classiBcation approach has
already been applied to understand the rock-pool
microalgal assemblage and proved to be useful
(H€aggqvist and Lindholm 2015). Shape being the
simplest morphological attribute carries ecological
information as the environmental forcing inCuences
it significantly (Grover 1989; Sommer 1998;
Padisak et al. 2003; Naselli-Flores et al. 2007;
Karp-Boss and Boss 2016). Using microalgae shape
cannot only make it easier to understand the rock-
pool assemblage, but can help in predictive studies.
Although geometric shapes (morphological traits)
have also been used to decipher the ecological
understanding in marine waters (Stanca et al.
2013), never been used before to understand the
community dynamics, particularly in a rock-pool
ecosystem.
Knowing the fact that the west coast of India is

rich in rocky shores and a dearth of study con-
cerning the microalgal community of rock-pools
exist, this study explored: (1) how the tidal levels
and variations aAect the rock-pool microalgal
assemblages? (2) whether the geometric shape
serves as a morphological trait to understand the
distribution of rock-pool microalgal community?.
Further, the microscopic observation of unpre-
served samples during the sampling period indi-
cated blooms of Amphidinium carterae sensu
stricto (a potential harmful dinoCagellate) and
Bysmatrum gregarium (Patil et al. 2017). Litera-
ture search revealed that the toxicity and
allelopathy of Amphidinium carterae are studied
and reported around the world, but not all the
strains are found to be toxic (Jeong et al. 2001;
Baig et al. 2006; Mandal et al. 2011; Murray et al.
2015). In view of this, experiments were also per-
formed to conBrm whether the bloom formations of
Amphidinium carterae in RPs have any toxic or
allelopathic eAect on the dominant microalgal
groups in the adjacent waters.

2. Materials and methods

2.1 Study location and sampling strategy

The rocky shores of Anjuna, Goa (15�34034.98600N;
73�44023.89500E) which is rich in rock-pools (RPs)
and located on the western coast of India facing the
Arabian Sea was selected for this study (Bgure 1).
The study location is very unique owing to its
various sized rock pools with Courishing
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biodiversity, no intrusion or inCuence of freshwater
source and relatively a tourist popular site makes it
an ideal study area for rock pool research (Patil
et al. 2017).
A total of nine RPs located at various tidal levels

(three at each low tide (LT), mid-tide (MT), and
high tide (HT)) were selected for water sampling.
The sampling was carried out in the summer sea-
son of two different years (May 2014 and April
2015) during the LT every day for 15 days. The
rationale for sampling during the summer season is
as follows: (1) RPs experience maximum solar
radiation resulting in increased water temperature,
light penetration and salinity (due to evaporation),
(2) Two summer seasons to conBrm consistency in
trends, (3) Feasibility for sampling keeping in mind
the semi-diurnal nature of the tide in the region.
The sampling days were designed in such a way so
that the variation in both ‘Flushed (F)’ (when the
RP water is replaced by the adjacent water with
tidal action) and ‘Non-Cushed (NF)’ (when the RP
water is not replaced for several days particularly
for HT-RPs) scenario can be apprehended. The
Brst and last Bve days of the sampling where the
tidal amplitude of the highest high tide was[1.8 all
the RPs got Cushed, whereas when the high tide
amplitude was \1.8, only LT and MT-RPs got
Cushed except the HT-RP. The small quantity of
undisturbed HT-RP water during the NF time was
exposed to direct sunlight which made the envi-
ronmental extremes inevitable. Environmental
parameters (like temperature and salinity) were
collected from the selected RPs of different tidal
levels. During the sampling period, water temper-
ature and salinity in HT-RPs ranged between
27–37�C and 28–49.5 PSU, respectively, whereas,

water temperature and salinity in LT and MT-RPs
ranged between 26–37�C and 35–38 PSU, respec-
tively (Patil et al. 2017). The lowering of salinity
during 2014 sampling was due to the occurrence of
precipitation (up to 2.6 mm; MICD, NIO) during
the latter half part of sampling. Even a small
amount of precipitation is sufBcient to lower
salinity in RPs harbouring smaller volume of
water. However, no precipitation occurred during
2015 sampling.

2.2 Sample analysis

A known volume (1 L) of the water samples col-
lected from all the RPs were preserved with 4%
Lugol’s iodine at the site and then transported
immediately (within 2 h) to the laboratory in dark
condition for the analysis of microalgal composi-
tion and abundance (in triplicates) using an
inverted microscope (IX-73 Olympus Make). The
identiBcation of microalgae was carried out man-
ually based on the standard identiBcation guides
(Tomas 1997). Further, all the recorded species
were assigned to their known geometric shapes as
described in Hillebrand et al. (1999) and Sun and
Liu (2003) to Bnd out if shapes can be used as a
functional trait. A total of 12 shapes were identiBed
among which eight shapes were simple (Box (B),
Cylinder (Cyl), Cymbelloid (Cym), Ellipsoid (Elli),
Elliptic prism (ElliP), Gamphonemoid (Gam),
Prism on parallelogram (PoP) and Prism on tri-
angle (PoT)) and 4 were combined (Cylinder + 2
half spheres (Cyl2Hs), Ellipsoid + 2 cones +
cylinder (Elli2CoCy), Prolate spheroid + 2 cylin-
ders (Ps2Cy) and 2 cones (2C)).

Goa

INDIA
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Rock Pools

Ar
ab

ian
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Figure 1. Location of the study site.
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2.3 Experimental design to elucidate allelopathic
eAect of A. carterae on other microalgae

The observation of unpreserved samples during
the sampling period from the HT-RP waters under
the microscope revealed a very high abundance of
dinoCagellates, which prompted us to further
isolate the microalgae and culture for detailed
identiBcation and experiments. The dinoCagel-
lates were identiBed as Amphidinium carterae
sensu stricto (potential harmful dinoCagellate)
and Bysmatrum gregarium, formerly known as B.
caponii (for identiBcation details, refer Patil et al.
2017) and maintained in f/2 media (Guillard and
Ryther 1962). The abundance data suggested
their high number in HT-RPs whereas, other
microalgae were less abundant and literature also
advocated some of the A. carterae strain to be
toxic (Murray et al. 2015). Given this, an experi-
ment was designed to conBrm the allelopathic
eAect of A. carterae on the various microalgae
found in either the same HT-RP or adjacent
waters. A diatom (Skeletonema costatum), green
algae (Dunaliella tertiolecta), and a dinoCagellate
(Bysmatrum gregarium) were selected as test
organisms for the allelopathic eAect of A. carterae
cell-free Bltrate. The culture of A. carterae, S.
costatum, D. tertiolecta and B. gregarium were
maintained at 27 ± 1�C under a light photocycle
of 12:12 h light: dark in their exponential growth
phase by weekly re-inoculation of fresh culture
media.

2.4 Amphidinium carterae culturing for cell-free
Bltrate and allelopathy evaluation

In order to obtain large quantities of cell-free Bl-
trate during stationary phase, A. carterae was
cultured in four one litre sterile Casks containing
800 ml of f/2 media at 35 PSU salinity. The culture
conditions are the same as mentioned above. The
growth of A. carterae was monitored every day by
cell counts (using haemocytometer and upright
microscope (Olympus; 10� objective) until the
culture reached its stationary phase so that it can
be harvested to obtain a cell-free Bltrate. The cul-
ture of A. carterae was harvested on 10th day to
obtain cell-free Bltrate and it was carried out by
Brst passing through 10-l mesh followed by Blter-
ing on 0.22-l Millipore Blter paper under very low
pressure. The obtained cell-Bltrate (designated as
100% strength) was then used for allelopathic
experiments.

For the experiments, the different strength of
cell free Bltrate (100%, 75%, 50%, 25%, 10%) was
evaluated for allelopathic eAect against S.
costatum, D. tertiolecta and B. gregarium.
Additionally, all the cultures were grown in f/2
media and are treated as control (0%). The dif-
ferent strength of the cell-free Bltrate was
prepared using sterile 0.22 l Bltered seawater.
The experiments were performed in triplicates in
150 ml polycarbonate bottles (Nalgene make)
containing different strength cell-free Bltrates
enriched with f/2 media. A known number of the
cell of S. costatum (1068 cells mL�1), D. terti-
olecta (2437 cells mL�1) and B. gregarium
(10 cells mL�1) were inoculated in triplicates
and incubated for 4 days at 27 ± 1�C under a
light photocycle of 12:12 h light: dark. To
evaluate the eAect of allelopathy counting and
morphological changes were observed every day
for the period of 4 days. Counting was performed
in the same way as mentioned above for A. car-
terae using haemocytometer and upright micro-
scope (Olympus; 10� objective) and the
abundance was expressed as cells/ml.

2.5 Data analysis

Univariate measures such as species count (S),
Shannon–Wiener’s index (H0), species richness
(d), and evenness (J0) were performed on log-
transformed data for both species-wise and
shape-wise data. Further, these data as well as
abundance data (log-transformed data) were
subjected to two-way analysis of variance
(ANOVA) to evaluate the variation between
the location of RPs as well as the periods of
Cushing and non-Cushing. The clustering
of RP microalgae was performed through the
Bray–Curtis similarity and group average
methods. For the analysis, long (x+1) trans-
formed were used and the grouping was done at
a 50% level to Bnd the significant similarities
with respect to shape-wise as well between the
Cushing/non-Cushing period. For the allelopathy
experiment, ANOVA followed by a post-hoc test
was performed on the data which is normalized
to day 0 values to Bnd the significant differences
among the treatments. Univariate measures
calculation and clustering analysis were per-
formed using statistical software PRIMER ver-
sion 6 and ANOVA was performed using
Statistica software (release 8).
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3. Results

3.1 Distribution of microalgae based
on taxonomic nomenclature

Altogether 79 microalgal species comprising 68
diatoms and 11 dinoCagellate species were recor-
ded. However, the RP microalgal community
exhibited distinct variations between (i) the years
of sampling (i.e., 2014 and 2015), (ii) the location of
the rock pools at different tidal level (LT, MT, and
HT-RPs), and (iii) with the occurrence of tidal
Cushing in LT, MT, and HT-RPs with the adjacent
water during sampling period (table 1; Bgure 2).
More microalgal species number and abundance
were recorded during 2015 compared to 2014
(table 1; Bgure 2) and probably the lower salinity
due to the precipitation (pre-monsoon showers)
could be the reason. Interestingly, during both the
years, HT-RPs harboured high microalgal abun-
dance compared to LT and MT-RPs. In contrast,
univariate measures such as the number of species,
diversity index, and the species richness revealed
lower values for HT-RPs than MT and LT-RPs,
and this trend was observed in both the years
(Bgure 3). ANOVA for total abundance, number of
species, species richness, and diversity revealed
significant variations (p\ 0.001) for inter-annual,
location of pools, and periods of Cushing and non-
Cushing. The microalgae composition of LT-RPs
(74% and 61% in 2014 and 2015, respectively) and
MT-RPs (50% and 64% in 2014 and 2015, respec-
tively) were dominated by diatoms (of which pen-
nate diatoms contribution was highest, i.e.,
23–59% in both the years) followed by dinoCagel-
lates (i.e., 26–36%) of which thecate dinoCagellates
were the maximum contributors (9–65%). How-
ever, the composition was completely different in
HT-RPs, wherein the community was dominated
by dinoCagellates (83–96%) in both the years
(Bgure 2). The pennate diatom community, in LT
and MT-RPs, was mostly represented by Pseudo-
nitzschia spp., Nitzschia spp., Thalassionema spp.
and Licmophora sp., whereas the dinoCagellate
community of HT-RPs was dominated by high
abundance of A. carterae and B. gregarium (refer
Patil et al. 2017 for details on identiBcation).
It was further observed that in each pool,

during both the years, the phytoplankton abun-
dance and composition showed significant tem-
poral variations (particularly during the Cushing
(F) and non-Cushing (NF) periods and was
mainly due to the variations in the intensity of

the tidal Cushing. The NF period recorded the
least number of species in all the RPs compared
to the F period in which 2014 showed the least
compared to 2015 between both the years
(Bgure 3). The species richness index shows
higher species richness in F period in all the RPs
than NF period in which LT-RPs show the
highest value followed by MT and HT-RPs for
both the years (Bgure 3). The Pielou’s evenness
(J0) index values revealed that the population in
MT and LT-RPs are evenly distributed (J0 close
to 1) compared to HT-RP’s (negligible J0 value)
and it was consistent during F and NF periods
(Bgure 5c). The uneven distribution in HT-RPs
was mainly due to the high abundance of Bys-
matrum (during 2014) and A. carterae (during
2015) (table 1; Bgure 2). The cluster analysis at
50% Bray–Curtis similarity level using taxo-
nomic data revealed two groups one is repre-
sented by LT and MT-RPs and the other by HT-
RP (not shown).

3.2 Microalgal composition and distribution
based on geometric shape as trait

The diversity indices for shapes show that the total
number of shapes was more in 2015 (i.e., all the 12
shapes recorded) compared to 2014, wherein only
nine shapes were recorded (Bgure 4). In 2014,
LT-RPs were dominated by Gam (37–59%) shape
followed by B (12–25%) and MT-RPs were domi-
nated by Gam (up to 36%), Elli (up to 64%) and B
(up to 47%) (Bgure 4). In both the RPs, 6–8 shape
types were recorded during Cushing (Fa and Fb)
and non-Cushing periods. In contrast, HT-RPs
were dominated by Elli (99%) shape during both
the F (six shape types in Fa and seven shape types
in Fb) and NF (2 shape types) periods (Bgure 5).
ANOVA revealed insignificant variations for shape
diversity and richness for Cushing and non-Cushing
periods. However, in the year 2015, LT-RPs were
dominated by Ps2Cy (up to 26%), Gam (up to
17%), Elli (27–38%), and Gam (up to 18%),
whereas MT-RPs were dominated by Ps2Cy (up to
40%), Cyl2Hs (up to 18%), Cyl2Hs (20%), Gam
(20%), Elli (up to 33%) and 2C (up to 25%).
Interestingly, similar to 2014, the HT-RPs were
dominated by Elli (97%) during Cushing and non-
Cushing periods. Similar to 2014, ANOVA revealed
insignificant variations for shape diversity and
richness for Cushing and non-Cushing periods.
During 2015 sampling, the number of shapes
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recorded was relatively less in HT-RPs (9–10
shapes) compared to LT-RPs (11 shapes) and MT-
RPs (12 shapes) (Bgure 5).
Thus, the shape diversity gradually decreased

from LT-RPs to HT-RPs. The HT-RP was con-
sistently dominated by Elli shape which is majorly
represented by dinoCagellates (A. carterae and B.
gregarium) in both the years (Bgure 5). The Gam
shape was chieCy represented by Licmophora spp.
in both the years. Shape PoP (representing Nitzs-
cia spp., Pseudonitzschia spp. and Pleurosigma
spp., i.e., mostly pennate diatoms) is the most
diverse geometric shape comprising 10 species and
3 genera followed by EliP (9 species and 6 genera),
Elli (7 species and 5 genera) and Cyl (5 species and
5 genera) in 2014. The most diverse shape in 2015
EliP (represented by a mixed group of pennate and
centric diatoms) comprises of 23 species and 14
genera followed by PoP (14 species and 4 genera),
Elli (11 species and 7 genera), Cyl (11 species and 8
genera) and B (9 species and 7 genera). Hence, the
simple shapes dominated in terms of taxa richness
in both years.
The shape-wise clustering of the RP microalgae

population for the year 2014 at 50% Bray–Curtis
similarity level revealed only one group showing
Cyl, B, ElliP, and PoP to be significantly similar
(Bgure 6). However, shape-wise clustering of RP
microalgae for the year 2015 at 50% Bray–Curtis
similarity level revealed Bve major groups in which
group I (B and ElliP), group II (Gam and Ps2Cy),
group III (2C and PoP), group IV (Cyl and
Cyl2Hs) showed significant similarities, but group
V (Elli) formed a single group in the cluster
(Bgure 6). Similar to taxonomic data, the cluster
analysis using shape data at 50% Bray–Curtis
similarity level also revealed two groups wherein
one is represented by LT and MT-RPs and the
other by HT-RP Bgure 7).

3.3 Effect of A. carterae cell-free Bltrate
on other microalgae

The allelopathic eAect of A. carterae cell-free
Bltrate was evaluated against the three microalgal
cultures (i.e., S. costatum, B. gregarium and D.
tertiolecta) and the results revealed that the
allelopathy eAect was species-speciBc. In the case
of S. costatum, the maximum growth was observed
in control (i.e., 0%) as compared to those grown in
cell Bltrates. Inhibition of Skeletonema growth
increased with an increase in the strength of theT
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cell-free Bltrates (Bgure 8). Additionally, the mor-
phological changes were also evident, for example
the larger chains containing 16–17 cells were seen

only in control, and those with reduced Bltrate
strength, the chain length was shorter containing
4–5 cells. Similar to S. costatum, growth inhibition

Figure 2. Bubble plot showing the temporal (2014 and 2015) and spatial (among low-tide (LT), mid-tide (MT), and high-tide
(HT) rock pools) variation of the total rock pool phytoplankton abundance. The maximum symbol diameter corresponds to 709
103 cells L�1. Fa: Cushing during the Brst Bve days, NF: non-Cushing, and Fb: Cushing during the last Bve days of the 15 days
sampling. Species highlighted in red are known to be toxic or harmful species.
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(up to 76%) in B. gregarium was also observed at
higher concentrations (100% and 75%) of cell-free
Bltrate compared to control (Bgure 8). The number
of cells in 100% Bltrate strength was 6.5 cells/ml,
whereas, in control, density was 26 cells/ml, on the
4th day. This suggests that, despite the slow
growth of B. gregarium, the growth in the control

was four times more than that observed in 100%
Bltrate concentration. Moreover, B. gregarium cells
also showed some distinct morphological changes
at higher concentrations (100%, 75%, and 50%)
wherein the cells formed a dormant structure and
remained non-motile but in control, the cell mor-
phology and motility remained intact. ANOVA

Figure 3. Taxonomy-wise diversity indices of RP microalgae. S: species count, d: species richness, J0: evenness, H0:
Shannon–Weiner’s index, Fa and Fb: Cushing period, NF: non-Cushing period, LT: low-tide, MT: mid-tide and HT: high-tide.

Figure 4. Bubble plot showing the temporal (2014 and 2015) and spatial (among low-tide (LT), mid-tide (MT), and high-tide
(HT) rock pools) variation of the total rock pool phytoplankton abundance based on shapes. The maximum symbol diameter
corresponds up to 809 103 cells L�1. Fa: Cushing during the Brst Bve days, NF: non-Cushing, and Fb: Cushing during the last Bve
days of the 15 days sampling. Df: dinoCagellates; Dt(P): pennate diatoms; Dt(C): centric diatoms; Dt(M): both pennate and
centric diatoms. Metaxas A and Lewis A G 1992 Diatom communities in tidepools: The eAect of Intertidal height.
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revealed that, in the case of S. costatum and B.
gregarium, significant inhibition with respect to
Bltrate strength (p \ 0.01) and the highest was
observed at 100% followed by 75% Bltrate
strength. Unlike S. costatum and B. gregarium, D.
tertiolecta showed no growth inhibition or mor-
phological changes even at the highest concentra-
tion. ANOVA also revealed an insignificant
variation between the cell Bltrate strength and
control. Surprisingly the maximum growth was
observed in 100% cell-free Bltrate and the growth
in 100% cell-free Bltrate was*30% more compared
to control on the 4th day suggesting a stimulatory
eAect (Bgure 8).

4. Discussion

4.1 InCuence of rock-pool location
on the microalgal community based
on taxonomic nomenclature

The rock-pool microalgal community Cuctuated
greatly among the tidal locations and with the tidal
Cushing and non-Cushing. Microalgae are intro-
duced in the rock-pools by the tidal action from the
adjacent seawater and the assemblages change

consequently depending on the period of non-
Cushing of the pools. Tidal Cushing based on the
location of the rock-pools is one of the significant
factors (Underwood and Skilleter 1996) in shaping
and controlling the microalgal community on a
very short temporal scale (Metaxas and Scheibling
1994). However, several factors do inCuence
assemblage during such short timescale (Metaxas
and Scheibling 1994). Tidal Cushing not only
brings the organisms from the adjacent sea but also
adds fresh nutrients to the LT and MT-RPs which
support rich phytoplankton assemblage compared
to the HT-RPs (Soininen and Meier 2014). In our
study, during both the years, diatoms with higher
species diversity were dominant in the LT and MT-
RPs and dinoCagellates, with lesser species diver-
sity, in the HT-RPs (table 1; Bgure 2). The diatom
dominance in LT and MT-RPs has also been
reported in other studied RPs (Anusa et al. 2012;
Soininen and Meier 2014; Rishworth et al. 2017).
Among the diatoms, pennate species dominated LT
and MT-RPs and they were mostly represented by
elongated, chain-forming or branching types such
as Licmophora spp., Pseudonitzschia spp., Synedra
spp., Navicula spp., Thalassionema spp. and Tha-
lassiothix spp. Since LT and MT-RPs are the most

Figure 5. Diversity indices of RP microalgae based on shapes. S: species count, d: species richness, J0: evenness, H0:
Shannon–Weiner’s index, Fa and Fb: Cushing period, NF: non-Cushing period, LT: low-tide, MT: mid-tide and HT: high-tide.
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turbulent and frequently Cushed pools, the domi-
nance of pennate forms (Padisak et al. 2003) with
benthic lineage are not unusual (Metaxas and
Lewis 1992; Metaxas and Scheibling 1996a, b).
Whereas, the dominance of dinoCagellates in HT-
RPs was mainly due to the blooms of A. carterae
and B. gregarium (Patil et al. 2017). The HT-RPs
selected in this study are relatively smaller com-
pared to the LT and MT-RPs and therefore will
experience higher environmental stress (tempera-
ture up to 40�C and salinity up to 67 PSU) and less
frequent tidal Cushing which in turn will inCuence
the microalgal assemblage in the HT-RPs (Patil

et al. 2017). The dinoCagellates A. carterae and B.
gregarium (both are newly reported from Indian
waters) are typically HT-RPs inhabitants even
though present in the LT and MT-RPs in fewer
numbers, which were found to be euryhaline,
eurythermal and euryphotic (Patil et al. 2017). The
photoprotection mechanism of these HT-RP
dinoCagellates detailed in Patil et al. (2017) points
out their adaptive capabilities to a varying light
regime. The dinoCagellate blooms exhibited typical
characteristics of S-strategists, i.e., species utilizing
nutrients eDciently under resource-limited condi-
tions (Reynolds 2006) and was the case in HT-RPs

Figure 6. Cluster dendrogram based on geometric shapes for the year 2014 (a) and 2015 (b) using the Bray–Curtis similarity co-
efBcient and group average method: grouping done at 50% similarity (data is log transformed; LT: low-tide, MT: mid-tide, HT:
high-tide, Fa and Fb: Cushing period and NF: non-Cushing period).
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due to non-Cushing for considerable time. These
Bndings are also consistent with Margalef’s pro-
posal (1978) which states that centric and pennate
diatoms should dominate in high turbulence and
Cagellates should dominate under low turbulence
conditions (Kiorboe 1993).

4.2 InCuence of rock-pool location
on the microalgal community based
on geometric shapes

The present study is the Brst attempt to use the
geometric shape as a trait to determine phyto-
plankton dynamics in the rock-pool ecosystem. Our
results show that the RPs of the rocky shores of
Anjuna, Goa are characterized by high morpho-
logical diversity in terms of shape. The LT and
MT-RPs are relatively more diverse in terms of

shape compared to HT-RPs (Bgures 4 and 5). All
the recorded microalgae taxa were classiBed into 12
geometric shapes (Hillebrand et al. 1999; Sun and
Liu 2003) and the morphological differences have a
functional meaning which is well reCected in phy-
toplankton adaptive strategies (Lewis 1976;
Margalef 1978; Naselli-Flores et al. 2007). Even
though there is no speciBc literature suggesting a
particular shape to be either spherical or elongated,
many of the pre-deBned shapes have been catego-
rized based on the various published literature
(Stanca et al. 2013; Karp-Boss and Boss 2016) to
fall in either of the following categories spherical/
round and elongated shape. Therefore, in the pre-
sent study, it is assumed that shapes like 2-cones
and ellipsoid can be classiBed as spherical or near-
spherical shapes, whereas the rest of the shapes as
elongated shapes. Any deviation from a perfect

Figure 7. Cluster dendrogram based on geometric shapes with respect to Cushing (Fa and Fb) and non-Cushing (NF) period for
the year (a) 2014 and (b) 2015 using the Bray–Curtis similarity co-efBcient and group average method: grouping done at 50%
similarity (data is log transformed; LT: low-tide, MT: mid-tide, HT: high-tide, Fa and Fb: Cushing period and NF: non-Cushing
period).
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sphere is considered as an advantage for resource
acquisition. The sphere represents the smallest
boundary area occupying a given space, therefore,
distortion from the spherical shape can increase the
area of the surface which might represent a com-
petitive adaptation to conserve an optimum sur-
face to volume ratio, i.e., S:V (Lewis 1976;
Reynolds 2006; Karp-Boss and Boss 2016). For
instance, distortion of spherical shape diatoms to
achieve an optimum S:V can allow them to sink
more slowly than spheres of equivalent size and can
also help to out-compete smaller ones for resource
acquisition (Grover 1989; Padisak et al. 2003). It
has also been reported that shapes such as

elongated and round or combined shapes are
prevalent in Cushed and stagnant nutrient-limited
RPs, respectively (Sommer 1998; Morabito et al.
2007) and is also evident in this study. For
instance, the dominance of elongated and non-
spherical shapes like Gam, PoP, and B in the fre-
quently Cushed LT and MT-RPs proves the success
of these shapes in exploiting the abrupt nutrient
input as well as surviving the frequent turbulence
caused by tidal action (Naselli-Flores et al. 2007;
Naselli-Flores and Barone 2007). In HT-RPs,
dominance of Elli shape suggests the prevalence of
a more stable, stratiBed, and nutrient-deprived
water. This means that under such conditions, the
elongated shapes will be replaced with round or
combined shapes mostly represented by Cagellates
(dinoCagellate A. carterae and B. gregarium in this
study), which competes poorly for inorganic
nutrients (Litchman and Klausmeier 2008; Stanca
et al. 2013). Another interesting Bnding of this
study is that even though the taxonomic assem-
blage changed temporally (from 2014 to 2015), the
shape dominance remained more or less consistent,
i.e., ElliP and PoP were the most taxa-rich shapes,
indicating the importance of shape as a robust
morphological trait in microalgal studies enabling
easy, less complicated non-taxonomic approach for
better understanding of community dynamics.
This also suggests that these particular morpho-
logical traits are selected by environmental pres-
sure and must have some selective advantages
compared to other shapes such as spherical shapes
(Karp-Boss and Boss 2016). Periodic measure-
ments of morphological trait succession can pro-
vide information on the health of the ecosystem
(e.g., underwater light climate; Naselli-Flores and
Barone 2007), essential functional processes (e.g.,
community assemblage; Salmaso and Padisak
2007), ecological characteristics of phytoplankton
organisms (Naselli-Flores et al. 2007) and act as a
useful monitoring tool without any mind-boggling
taxonomic skills (Stanca et al. 2013).

4.3 Allelopathy of bloom forming rock-pool
dinoCagellate Amphidinium against other
microalgae

Various Amphidinium strains have shown toxic
eAects on other microalgae, nauplii larvae, and
even Bsh (Baig et al. 2006; Murray et al. 2015) and
the production of toxin is also considered as a type
of physiological trait to deter predators (Litchman

Figure 8. Effect of A. carterae cell-free Bltrate on the growth
of (a) Skeletonema costatum, (b) Dunaliella tertiolecta, and
(c) Bysmatrum gregarium in different Bltrate concentrations.
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and Klausmeier 2008). Literature revealed that the
toxicity and allelopathy of A. carterae are studied
and reported around the world (Jeong et al. 2001;
Baig et al. 2006; Mandal et al. 2011; Murray et al.
2015). It has also been reported that A. carterae,
which released substances or allelochemicals into
the culture medium or environment inhibited or
altered the growth of the co-cultured or co-existing
microalgae (Xiaoqing et al. 2012). Further, the
prevalence of high level of cryptic diversity within
the Amphidinium sensu stricto (Murray et al. 2012)
and variability in toxicity in some of them (Baig
et al. 2006) is also well documented. Given this, the
present study was conducted to conBrm whether
blooming of A. carterae (local strain) resulted
suppression in the growth of other microalgae
present in the HT-RPs by producing some sort of
antagonistic allelopathic chemical. This is the Brst
attempt to Bnd out the allelopathic eAect of cell-
free Bltrate of local strain A. carterae on various
commonly occurring phytoplankton species in RPs
and the adjacent waters. This study conBrms that
the cell-free Bltrate of A. carterae does produce
some allelochemicals, which have species-speciBc
eAect. The species speciBcity of the toxic eAect of
allelochemical is reported in a few studies else-
where (Baig et al. 2006; Poulson et al. 2010). The
maximum inhibition of growth by cell-free Bltrate
of A. carterae was noticed in Skeletonema cells
followed by Bysmatrum (Bgure 8). However, results
showed a stimulatory eAect of cell-free Bltrate of A.
carterae on the green algae Dunaliella (Bgure 8).
The stimulatory eAect of allelochemical from other
algae and cyanobacteria are also reported (Rice
1984; Suikkanen et al. 2005; Poulson et al. 2010).
The allelopathy is often used as a tool to get an
upper hand to compete for limited resources and
also helps in the bloom formation of the organism
(Gran�eli and Hansen 2006; Pavaux et al. 2020).
Hence, it is assumed that the A. carterae might
have used allelopathy as a physiological trait to
suppress competitors in the HT-RPs, in addition to
its eurytolerant adaptive capability against
extreme temperature, salinity, and light (Patil
et al. 2017). Such strategy might have enabled to
compete against the limited resources to form
blooms as evident from the composition data.
These Bndings suggest that such a physiological
trait (allelopathy) can also be related to ‘competi-
tor’s suppression’ in addition to ‘predator’s avoid-
ance’ as proposed by Litchman and Klausmeier
(2008). It was also observed that Skeletomena
being the most sensitive to the allelochemical

followed by Bysmatrum. However, the inhibition in
growth was observed only at higher strength of A.
carterae Bltrate suggesting that the tidal action
(through dilution) could play a great role in the
eAectiveness of allelopathy as a competitive strat-
egy in HT-RPs.
The morphological changes observed in Bysma-

trum like temporary cyst-like structures induced
by the cell-free Bltrate of A. carterae might explain
the coping mechanism of Bysmatrum gregarium
which also co-existed with A. carterae in the HT-
RPs. Temporary cyst formation which is used as a
defense mechanism to resist allelochemicals is also
reported in Scrippsiella (which is almost identical
to Bysmatrum; Jeong et al. 2012) as well (Fistarol
et al. 2004). A separate study also showed a weaker
allelopathy eAect by A. carterae Bltrate on Am-
phora coffeaeformis, a biraphid benthic pennate,
and bioBlm-forming diatom (Patil and Jaskreet
unpublished data). Nevertheless, the present study
indicated that Amphidinium blooms in rock-pools
will have a varying eAect on planktonic and bioBlm
microalgae. However, further studies with mixed
microalgal assemblage and the faunal component
will lead to a better understanding of the impact on
the microalgal community. Since Amphidinium
experiences extreme environment in the rock-pools
(Patil et al. 2017) elucidating the role of environ-
mental parameters (e.g., temperature and salinity)
on the allelochemical production and their eAects
need further attention.

5. Conclusion

This study highlight that the location of RPs
determines the nature of phytoplankton assem-
blage. Less microalgal diversity (including shapes)
and number of species were recorded in HT-RPs
than MT and LT RPs. In frequently Cushed RPs
(MT and LT), pennate diatoms (Pseudonitzschia,
Nitzschia, Thalasionema, Navicula, and Lic-
mophora) representing elongated types dominated,
whereas in stagnant HT-RPs spherical/combined
shaped dinoCagellates (Amphidinium sensu stricto
and Bysmatrum gregarium) dominated. Generally,
elongate shapes are more successful in turbulent,
well-mixed waters whereas spherical shapes in
nutrient-limited, stratiBed, stagnant waters of the
RPs. Interestingly, even though the taxonomic
assemblage changed temporally, the shape domi-
nance remained consistent suggesting the latter a
robust morphological trait. The existence of
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species-speciBc allelopathy on other microalgae by
Amphidinium (known harmful algae of concern and
dominant in HT-RPs) highlights a type of physio-
logical trait to suppress competitors and might
be one of the reasons for its predominance in HT-
RPs experiencing varying environmental (light,
temperature, and salinity) conditions.
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A large extent of brackishwater resources is yet to be used for aquaculture as the present
development stands at only 13% in India. But, growing environmental concerns and crop failures
have made site selection a mandatory requirement for cage aquaculture. The case study carried
out at Muttukadu Lagoon, India, has used 13 factors to assess cage site suitability, including
physical characteristics and environmental conditions. Spatial analysis has integrated the most
inCuencing variables such as depth, turbidity, salinity, temperature, dissolved oxygen, pH, and
total ammonia nitrogen using suitability scores and its comparative rank. pH, salinity, tempera-
ture, and TAN were in the acceptable range throughout the year. Concerning depth, turbidity, and
dissolved oxygen, 12–52%, 30–91%, and 84–91% of the lagoon were found to be suitable at dif-
ferent seasons. Overall, 11% of the lagoon region was found to be Bt for cage aquaculture. Water
depth was the major limiting factor in cage site selection. From the study, crucial management
measures are outlined for successful Bsh culture and maintain the lagoon’s health. This study will
serve as a model to make use of the brackish-water regions to support the coastal population’s
livelihoods.

Keywords. Cage aquaculture; site suitability; coastal lagoon; Geographical Information System (GIS);
multi-criteria evaluation; water quality.

1. Introduction

Population growth and Bsh consumption rates are
expected to rise in the future, which force us to look
into alternate resources to increase Bsh production.
Coastal land scarcity and growing population
make land a major limiting factor for develop-
mental activities. Globally, cage aquaculture in

waterbodies such as sea and lakes has contributed
to Bsh production. The zero-footprint brackish-
water conditions in the estuaries/lagoons can be
used for enhancing aquaculture production. By
identifying suitable brackishwater resources and
speciBc locations, there is a great possibility to
make cage aquaculture a practice to support the
livelihood of coastal populations in developing
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nations. Contamination of water bodies and Bsh
mortality have been reported when scientiBc
methods were not adopted in selecting aquaculture
sites (Cao et al. 2007). Hence, it becomes impera-
tive to choose appropriate sites before installing
cages to reduce the user’s conCicts and preserve
environmental quality.
The proper site identiBcation is a prerequisite in

cage aquaculture as it can considerably indicate the
characteristics of the sites and prevents production
failures and negative environmental impacts. The
Bsh species requirements, environmental condi-
tions, and other uses of sites are essential to sup-
port the stakeholders in planning successful and
sustainable cage culture. Also, coastal stakeholders
need techniques to assess the threats that aqua-
culture creates to devise processes that protect the
coastal ecosystems (Price et al. 2015). The proper
site selection and feed management have reduced
the adverse impacts in cage aquaculture produc-
tion (Grøttum and Beveridge 2007). Though mar-
ine cage culture is practiced to a considerable
extent, brackishwater is not fully used for Bsh
production in cages.
Researchers have used Geographic Information

System (GIS) techniques and identiBed the sites to
install cages for marine cages by combining envi-
ronmental and infrastructure criteria (P�erez et al.
2005; Micael et al. 2015). But, siting criteria for
cages in brackishwater will vary from marine sites
due to the shallow water depths, the inCuence of
bar mouth on water quality, the occurrence of algal
blooms that kills Bshes. Though vast brackishwater
resources are unused, placing cages in suitable sites
after considering water depth and environmental
conditions are necessary for success.
India is bestowed with an 8118 km coastal line,

3.9 million ha of estuaries, and 3.5 million ha of
brackishwater areas, which support a vast range of
coastal habitats (De-Roy and Thadani 1992).
Though brackishwater aquaculture development in
the country has used the coastal land areas adja-
cent to the creeks, its use was less. The present-day
brackishwater aquaculture in India is synonymous
with shrimp aquaculture, dominated by the PaciBc
white shrimp, Penaeus vannamei, an export-driven
market. The area under aquaculture was 152,595
ha (13%), out of 1.2 million ha of brackishwater in
the country (MPEDA 2020). The environmental
issues raised over the unregulated growth in the
past have made the shrimp aquaculture in regu-
lated and licensing mode through the Coastal
Aquaculture Authority Act, 2005 (CAA 2014). The

high input cost involved in the shrimp culture and
the losses that occurred due to disease outbreaks
are prohibitive for the resource-poor coastal
population to get into aquaculture.
Besides increasing Bsh production, cage aqua-

culture in lagoons and estuaries can serve to
support the livelihood of coastal communities,
particularly to local Bshermen. The factors aAect-
ing Bsh growth include the industrial discharge in
the surroundings, the supportive activities of water
bodies, the year-round environmental conditions in
water bodies, Bsh seed availability, and sand bar
mouth closure. We have seen high turbidity prob-
lems, eutrophication in the water bodies due to
river mouth closure, and early harvest in cage
aquaculture sites due to lack of preplanning and
site selection. The lessons learned in the past can
be used to make a framework for mapping lagoon
characteristics to identify the locations for cage
aquaculture through spatial analysis. The riverine
and estuarine systems in India have varying envi-
ronmental conditions and reduced water depth due
to sedimentation, which demands an exclusive
model for siting cage aquaculture compared to
other countries. Hence, this case study was aimed
to identify the suitable sites for cage aquaculture in
brackishwater lagoon by identifying and integrat-
ing inCuential physical and environmental factors
using spatial analysis.

2. Materials and methods

2.1 Study area

The Muttukadu Lagoon is close to Chennai city by
about 35 km, located in the Chengalpattu district
of Tamil Nadu, India’s southeast coast. The Mut-
tukadu Lagoon spreads around 15 km in the
north–south direction, and its width ranges from
800 to 1050 m and opens into the Bay of Bengal
with a width varying from a few to 330 m (Srini-
vasan and Natesan 2013). A lagoon is a shallow
water body, with depth varying from 1 to 3 m
(Prasath et al. 2014). The elevation of Muttukadu
Lagoon region is 19 m above mean sea level. The
nautical tourism activities are performed in a por-
tion of Muttukadu Lagoon by Tamil Nadu Tourism
Development Corporation. Small scale Bshing is
being carried out by the Bshermen living in nearby
villages. The lagoon gets connected to the Bay of
Bengal during the north-east monsoon season
between October and December, whereas the sand
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bar divides the lagoon from the sea during the rest
of the period. The Buckingham Canal, which runs
from the Kakinada, east Godavari District of
Andhra Pradesh to Villupuram District of Tamil
Nadu, carries fresh water and drains into the Bay
of Bengal at Muttukadu. As per India Meteoro-
logical Department data, Chennai and its sur-
roundings receive an annual rainfall of 1400 mm.
The largest Cood in Chennai has occurred in
December 2015, which displaced around 1.8 million
people. The Muttukadu Bar mouth closure due to
siltation was cited as one reason for the Chennai
Cood. The lagoon is ecologically important as it
attracts a variety of migratory birds between
November and February.

2.2 Landuse in and around Muttukadu Lagoon

Landuse in the surroundings of the water bodies to
be selected for cage aquaculture is very important
to know the presence of industrial development and
eAluent discharges, the safety of the sites, and the
social issues, if any. Landsat-8, 2017 data having
path 142, Row 51 was used to map the landuse.
After preprocessing and subsetting, the image was
projected to the Universal Transverse Mercator
Zone 44N, then classiBed using supervised classiB-
cation followed by an on-screen correction. Then,
different land classes in the study area were
delineated using Arc GIS 10.6. Lagoon, plantation,
sea, sand, bare lands, buildings, and aquaculture
were mapped using object-based interpretation
keys (Lillesand and Kiefer 2000). Ground truth
veriBcation using Juno 3B Global Navigation
Satellite System (GNSS) was performed to evalu-
ate the accuracy of the land use classiBcation. The
methodology Cow chart is given in Bgure 1.

2.3 Evaluation of critical site selection criteria

Site selection decides the success and also the
sustainability of aquaculture. The factors that
inCuence the site selection for successful cage
aquaculture at Muttukadu Lagoon have been
identiBed and scored by scientists from Bsheries,
engineering, and environmental science. It is not
possible to change the water quality characteristics
in the lagoon; hence planning must be done to
select the suitable sites of acceptable criteria for
cage aquaculture (Rao et al. 2013). While planning,
regulatory, physical, environmental, and logistic
factors have to be considered prior to the

installation of cages. The Muttukadu Lagoon is not
prohibited for aquaculture operations by any reg-
ulatory authorities. The lagoon is located within
1-km distance to a state highway, shrimp and Bn-
Bsh hatcheries, and 10 km from the market; hence
fulBlls all logistical requirements. The water depth
and turbidity were identiBed as important physical
characteristics in selection. As cage culture
requires suitable water quality for Bshes, the
physicochemical parameters were assessed
throughout the year. The water quality parame-
ters, namely pH, salinity, temperature, dissolved
oxygen (DO), total ammonia nitrogen (TAN),
turbidity, carbonate, bicarbonate, calcium, mag-
nesium, total alkalinity, total hardness, and water
depth, were selected for the assessment. The geo-
graphic coordinates of sampling points were mea-
sured using Juno 3B Global Navigation Satellite
System (GNSS) for spatial interpolation of char-
acteristics. The water samples were collected at a
monthly interval from eight sampling points,
whereas water depth was measured at 47 points,
covering the entire lagoon.

2.4 Measurement of lagoon water quality
characteristics

Among the water quality parameters, pH, salin-
ity, temperature, and DO were assessed using a
multi-water quality meter (Aquaread AP2000D).
Turbidity was measured by the Nephelometric
method using turbidity meter-Model-ELICO
CL52D. TAN, carbonate, bicarbonate, calcium,
magnesium, total alkalinity, and total hardness
were measured using standard methods adopted
by the American Public Health Association
(APHA 2005). The water depth was measured
using a rope.

2.5 GIS analysis and veriBcation

After considering the spatiotemporal variability of
water quality parameters, pH, salinity, DO, tem-
perature, TAN, turbidity, and water depth were
considered as the most critical factors due to their
temporal and spatial variation in the lagoon, hence
selected for mapping and spatial analysis. The
spatial interpolation of seasonal water character-
istics was carried out using Inverse Distance
Weighted (IDW) interpolation method. The pair-
wise comparison matrix was used to assign the
weights based on the expert’s opinion (Eastman
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et al. 1999). The weight of the criteria, consistency
index, and ratio were derived based on the relative
importance by the standard method described by
Saaty (2008). The weighted sum spatial analysis
was used to integrate all six variables for four
seasons. The raster cell values of each criterion
were multiplied by the respective weights and
combined to produce an output map. The common
suitable regions in all seasons were selected, and
then the identiBed sites were Beld veriBed in the
lagoon.

3. Results

3.1 Resource use in and around the lagoon

LLandsat-8 Operational Land Imager sensor level-
one terrain corrected image from the US Geo-
logical Survey (http://earthexplorer.usgs.gov)
was used to map the land use in and around
the surroundings of the Muttukadu Lagoon
(Bgure 2a). The classiBed land use categories were
veriBed in the Beld and found to be perfectly
matching with 99.9% accuracy. The landuse/
land cover in the study area (Bgure 2b) had
buildings (24 ha), bare lands (66 ha), sand (7 ha),
lagoon (60 ha), and plantation (22 ha). There
were no industries located in close proximity to
the lagoon, and so Bsh culture in the lagoon may
not be threatened due to any industrial eAluent
discharges.

3.2 Assessment and mapping of water quality
characteristics

The mean values of monthly assessment of water
characteristics of the lagoon are indicated in
Bgure 3. The water pH, temperature, salinity in the
lagoon ranged from 7.78 to 8.63, 25.87 to 33.08�C,
8.33 to 32.17%, respectively, within the optimum
range for Bsh culture. The spatially interpolated
maps of pH, salinity, and temperature are given in
Bgures 4 through 6. The mean DO values measured
at the monthly intervals were between 5.63 and
8.65 mg/l and above the minimum requirement of
5 mg/l. Though mean values were in the accept-
able range (3.4–12.4 mg/l), few pockets of the
lagoon had below minimum desired DO levels
(Bgure 7). The mean values of TAN ranged from
0.02 to 0.90 ppm, whereas the actual range was
from 0 to 1.5 ppm (Bgure 8). The mean turbidity
varied from 10.63 to 31.57 NTU, whereas the range
was between 8 and 51 NTU (Bgure 9). The depth of
the water in the lagoon has ranged from 0.2 to 3.6
m, which was the major restrictive class in site
selection. The minimum water depth was measured
during the summer season (Bgure 10).
Among the other variables evaluated, total

hardness indicates the concentrations of calcium
and magnesium, whereas total alkalinity indicates
the carbonates and bicarbonates predominantly.
The mean values of calcium, magnesium, and total
hardness ranged from 200 to 313, 640 to 1032, and
3130 to 5300 ppm as CaCO3, respectively. Also, the

Figure 1. Methodology Cow chart for cage aquaculture site selection in brackishwater lagoon.
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values of carbonates, bicarbonates, and total
alkalinity ranged from 5.72 to 40.92, 121 to 206,
and 132 to 199 ppm as CaCO3, respectively. The
acceptable range of total hardness and total alka-
linity was 1000–6000 and 50–400 ppm, respectively
(Wurts and Durborow 1992).

3.3 Site suitability investigation

The pairwise matrix (table 1) indicates the level of
inCuence and its relative importance of the factors
in selecting sites for cages. The spatially interpo-
lated and classiBed maps of pH, salinity, tempera-
ture, DO, total ammonia nitrogen, depth, and
turbidity were integrated using the weights. The
water depth area below 1.5 m during the lowest low
tide was eliminated as the regions unsuitable for
cage aquaculture. The matrix indicated that the
most inCuencing factor was depth (33%) followed
by turbidity (25%), temperature (14%), salinity

(8%), pH (8%), DO (8%), and total ammonia
nitrogen (4%).
The classiBed pH (Bgure 4), salinity (Bgure 5),

and temperature (Bgure 6) indicated that the total
lagoon had a suitable range of these factors in all
four seasons. The lagoon area of 11.12 and 3.58 ha
had low DO of \5 mg/l during June–September
and October–December, respectively (Bgure 7).
TAN has ranged between 0.02 and 1.5 ppm all year
round in the lagoon (Bgure 8), which was within
the acceptable range of less than two ppm
(table 2). The turbidity values have ranged from 11
to 51 NTU, but the higher values (above 40 NTU)
were observed during summer and northeast
monsoon season. The acceptable turbidity (10–40
NTU) was observed in 18.04, 54.4, 59.9, and 49.6
ha (Bgure 9) in winter, summer, southwest mon-
soon, and northeast monsoon seasons, respectively.
The depth of the lagoon (Bgure 10) indicated that
only 24.74, 7.21, 27.59, and 31.09 ha during winter,

Figure 2. (a) Location and satellite view of the study area. (b) Land use land cover in and around the lagoon.
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summer, southwest monsoon season, and northeast
monsoon season was found to be suitable to install
the cages. The overall suitability assessment found
that 6.65 ha of the lagoon (Bgure 11), representing
11% of the total area, was suitable for cage culture.

4. Discussion

We have mapped the land use in and around the
lagoon and found that there were no conCicting or
industrial activities in the surroundings. The suit-
ability of the lagoon in terms of water quality
parameters and physical characteristics was asses-
sed at a monthly interval throughout the year.
Unlike controlled shrimp farms, it is impossible to
change the water characteristics in the cage culture
regions of the lagoon. A prior site assessment is
mandatory to make sure that the physical and
chemical properties of the lagoon will satisfy the
requirements of the cage aquaculture. Pollution of
different categories is accountable for the high Bsh

mortality in many cage culture projects (Beveridge
2004).
Among the variables, pH, salinity, temperature,

TAN, DO, depth, and turbidity were identiBed as
the most critical factors in site selection. Though
alkalinity and hardness are both important com-
ponents of water quality, Bsh grow well over a wide
range of alkalinities and hardness (Saraswathy
et al. 2015). Of the selected inCuencing variables,
pH, salinity, temperature, and TAN were in the
optimum range in all four seasons. The brackish-
water pH is mostly in the optimum range, not
causing a direct risk to Bshes. But the range will
vary when changes occur in the quantities of
freshwater and seawater (Boyd and Tucker 1998).
The average seawater pH is considered to be 8.1;
but gradually reducing due to the rise in atmo-
spheric carbon dioxide concentration, causing a
higher level of dissolved carbon dioxide in the sea
(Boyd 2020). The water pH determines the
ammonia toxicity to Bshes (Portz et al. 2006). If
the pH is greater than the suitable range, the algal

Figure 3. (a, b) Monthly variations of water characteristics in Muttukadu Lagoon.
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bloom can occur and decrease the Bsh movement
due to ammonia build-up.
The brackishwater Bshes can withstand a wide

range of salinities (10–35%); however, the optimum
range of salinities allows the proper osmoregulation,
thereby improves the growth. Temperature is a
critical factor in Bsh cage culture due to its inCuence
on biological activities, which are vital for Bsh
growth. But, the Bshes have an enormous thermal
acceptance level from 15 to 40�C, commonly farmed
at a range of 22 and 35�C (Tucker et al. 2002). The
temperature beyond the practical range of a Bsh
species triggers a stress reaction that can badly
impact immune function (Dominguez et al. 2004)
and makes the Bshes vulnerable to infections
(Matanza and Osorio 2018).

Concerning DO, 19% and 6% of the lagoon had
low DO between June–September and October–
December, respectively. Oxygen is produced in the
water bodies due to photosynthesis, where plank-
tons make use of liberated carbon dioxide to make
oxygen. The oxygen level may go down due to the
increased nutrient load, plankton die oA, a large
quantity of Bsh or feed waste deposits and reduced
water exchange in the water bodies. Studies indi-
cated that wind-generated tides rise the water
mixing in the shallow water lagoon, and increase
oxygenation and reduce likely anoxia triggered by
eutrophication, which could be harmful to numer-
ous organisms (Kjerfve and Magill 1989; Powers
et al. 2005). Besides, rain also can aAect the
nutrient equilibrium of the lagoon by disturbing

Figure 4. Map depicting seasonal changes of water pH in Muttukadu Lagoon. (a) Winter, (b) summer, (c) southwest monsoon
season, and (d) northeast monsoon season.

Table 1. Pairwise comparison matrix to derive the criterion weight in cage aquaculture.

Criteria pH Salinity Temperature Dissolved oxygen TAN Depth Turbidity Weight

pH 1 3/4 1/2 1 2 1/4 1/2 0.08

Salinity 4/3 1 4/5 1/2 2 1/4 1/3 0.08

Temperature 2 5/4 1 2 4 1/2 1/3 0.14

Dissolved oxygen 1 2 1/2 1 2 1/4 1/4 0.08

TAN 1/2 1/2 1/4 1/2 1 1/6 1/5 0.04

Depth 4 4 2 4 6 1 2 0.33

Turbidity 2 3 3 4 5 1/2 1 0.25
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the association with the ocean (Mendoza-Salgado
et al. 2005).
The turbidity was beyond the suitable range

in 70%, 9.1%, 17% of the lagoon during winter,

summer, and northeast monsoon season, respec-
tively. Depth is a major limiting factor for plan-
ning cage culture in the Muttukadu Lagoon as
the minimum water depth of minimum 1.5 m in

Figure 5. Map of seasonal variation of water salinity in Muttukadu Lagoon. (a) Winter, (b) summer, (c) southwest monsoon
season, and (d) northeast monsoon season.

Figure 6. Water temperature map of Muttukadu Lagoon at different seasons. (a) Winter, (b) summer, (c) southwest monsoon
season, and (d) northeast monsoon season.
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the lowest low tide is compulsory for successful
aquaculture. We could see the suitable water
depth in 12% of the lagoon during the summer.
The weighted overlay spatial analysis in GIS

found that 11% of the lagoon area is suitable for
cages. GIS spatial techniques have been explored
and widely accepted in aquaculture site selection
(Ross et al. 1993; Nath et al. 2000; P�erez et al.

Figure 7. Changes in dissolved oxygen in Muttukadu Lagoon at different seasons. (a) Winter, (b) summer, (c) southwest
monsoon season, and (d) northeast monsoon season.

Figure 8. Presence of total ammonia nitrogen in Muttukadu Lagoon across the seasons. (a) Winter, (b) summer, (c) southwest
monsoon season, and (d) northeast monsoon season.
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2003; Esmaeilpour-Poodeh et al. 2019; Jayanthi
et al. 2020). Physical characteristics play a major
role in providing a conducive environment and
keeping the health of the lagoon. The bar mouth
closure is another biggest problem as it blocks
the movement of water between the sea and
lagoon, which increases the turbidity and reduces
the DO. The dredging to open the bar mouth of
the lagoon can bring welcome changes due to

tidal water exchange and also reduce the tur-
bidity, algal bloom, etc. Moreover, the groyne
barrier constructed near Muttukadu Beach in the
recent past has reduced the beach width consid-
erably. Recent reports by the media indicate that
the groyne has altered geodynamics and usual
sediment transmission, quickening sea erosion
from a natural occurrence to a rapidly-unfolding
artiBcial disaster that has damaged about 3 km

Table 2. Seasonal variation of lagoon water characteristics and its extent.

Parameter

Extent at different seasons (ha)

Range Winter Summer

Southwest

monsoon

Northeast

monsoon

pH 7.42–7.50 4.52

7.51–7.75 14.81

7.76–8.00 26.98 47.74 27.92

8.01–8.25 32.88 12.12 12.60

8.26–8.50 26.76 0

8.51–8.81 33.1 0

Salinity (%) 6–10 10.31

11–15 18.44

16–20 12.39 31.11

21–25 47.47 11.54 2.97

26–30 15.05 17.29

31–33 33.27 39.60

Dissolved oxygen (mg/l) 3.43–5.0 11.12 3.58

5.1–7.0 26.31 10.44 11.45 56.27

7.1–9.0 33.55 36.66 33.75

9.1–11 6.07 3.54

11.1–12.3 6.68

Temperature (�C) 27.2–28 55.70

28.1–29 33.37 4.16

29.1–30 18.51

30.1–32 7.98 48.01 59.85

32.1–32.9 11.84

TAN (ppm) 0–0.25 59.86 47.41

0.26–0.50 55.52 12.44

0.51–0.75 31.74 4.34

0.76–1.00 15.42

1.10–1.25 6.24

1.26–1.50 6.44

Depth (m) 0.50–1.0 8.50 27.39 8.17 7.05

1.10–1.5 26.64 25.28 24.11 21.71

1.51–2.0 14.46 7.211 15.66 15.42

2.10–2.5 6.74 7.68 8.85

2.51–3.0 3.54 4.25 4.35

3.10–3.6 2.47

Turbidity (NTU) 8–10 41.82

11–20 18.04 41.19 44.66 46.20

21–30 9.72 15.19 1.82

31–40 3.46 1.58

41–51 5.49 10.25
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of beach. This indicates the need for detailed
impact assessment before planning any structural
modiBcations to change natural phenomena on
coastal stretches.

While planning for cage aquaculture, the
potential impacts on the lagoon need to be taken
into consideration. Water quality worsening may
happen due to the release of solid wastes such as

Figure 9. Levels of water turbidity in Muttukadu Lagoon at all seasons. (a) Winter, (b) summer, (c) southwest monsoon season,
and (d) northeast monsoon season.

Figure 10. Water depth in Muttukadu Lagoon at different periods in a year. (a) Winter, (b) summer, (c) southwest monsoon
season, and (d) northeast monsoon season.
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excess feed, and Bsh faeces (Dias et al. 2011), that
can lead to eutrophication (Demir et al. 2001).
Also, algal blooms and changes in zooplankton
community structure (Dias et al. 2011), and dis-
ease impacts from the caged Bsh (Mangaliso et al.
2011) can occur. These impacts can aAect envi-
ronmental health and natural Bsh growth. Though
we have identiBed only 12% of area as suitable, it
is important that cage aquaculture should be
backed by a strong environmental monitoring
system and suitable management measures to
retain the environmental quality of lagoon.
Overall, the study has framed a method that can
be used to identify and lease out suitable brack-
ishwater regions for cage aquaculture. By adopt-
ing this model, vast unused brackishwater
resources can be put to good use in terms of
increasing Bsh production and also support the
livelihood of the coastal poor.

5. Conclusion

The present study demonstrates the method to assess
suitable regions to develop cage aquaculture in the
coastal lagoon by integrating the resource quality
and availability. It is established that the spatial
techniques will be crucial in aquaculture decision
making and identifying the prospects, from preplan-
ning to resource allocation. The spatial variability of
the physical characteristics of the lagoon has played a
major role in limiting the sites for cages. Manage-
ment measures and strategies are needed to protect
the environmental conditions of the lagoons before
planning the developmental projects. The study will
serve as a model and provide information to expand
brackishwater aquaculture in lagoons, estuaries,
and other shallow waterbodies to oAer livelihood
opportunities to coastal communities.
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Sea farm cages attract a range of wild Bsh species by providing shelter and food. The Bsh aggregation study
was carried out around the open sea cages deployed at (9�20003.9500N; 79�19053.0500E) Olaikuda, Ramesh-
waram. A total of 2515 Bsh representing 51 species from 26 families and 9 orders were recorded by Under-
water Visual Census (UVC) method from both sea-cage farm and control site. The genus Siganus was very
common inboth the cage and the control site and recorded in each sampling.TheBsh abundance distribution
depicted a similar pattern to that of the cluster analysiswhen subjected to 2DNMDSordinations and showed
a distinct cluster pattern for the cage site. The ShannonWiener diversity indices illustrated high abundance
(224) and richness (7.33) at the cage site compared to the control site (common Bshing ground). There was a
significant temporal variation (F = 8.9, p\ 0.05) in the abundance of Bsh between the cage and the control
site. In general, the congregation, density, and diversity of aggregated Bsh were much higher around sea
cages than control site. This study reports the number ofBsh species in the vicinity of the cage systemand the
reasons for the congregation of Bshes below the cage system was discussed in detail.

Keywords. Open sea cages; Bsh aggregation; underwater visual census; Bsh diversity.

1. Introduction

The association of Bsh in different developmental
stages, with Coating objects, has been widely doc-
umented (Freon and Dagorn 2000). Interestingly,
Coating structures attract comparatively more
Bshes than natural underwater structures (San-
chez-Jerez and Ramos-Espla 2000). Traditionally
Bshermen use Coating palm leaves and other simi-
lar Coating objects to attract Bshes to enhance
their catches globally. Based on the traditional

concept, high-performing Fish Aggregating Devi-
ces (FAD) are developed to enhance the capture
Bsheries (Massuti et al. 1999). Floating and
anchoring structures of open sea cage Bsh farms
congregate large numbers of Bsh species of eco-
nomic importance. Fishes aggregate for food in the
form of unconsumed feed fall from the cages, Bsh
excreta, and edible bio-foulant around cages which
provide more feeding opportunities for the wild
Bshes in the surrounding vicinity. Though open sea
cage culture practices increase production, its

This article is part of the topical collection: Advances in Coastal Research.
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impact on various aspects of marine ecology are
extensively studied (Naylor et al. 2000). Further,
Bsh aggregation studies around open sea Bsh farms
also drawn high attention as this inCuences diver-
sity, density, diet, feeding behaviour, and change of
habitat of wild Bshes inhabited around Bsh farms
(Carss 1990). Fish aggregation around sea cages is
well documented in various locations in European
countries (Boyra et al. 2002; Dempster et al. 2002;
Thetmeyer et al. 2003; Tuya et al. 2005). Though
there is an increasing trend in open sea cage culture
practices in tropical countries (Jha et al. 2017), Bsh
aggregation studies are very sparse than temperate
conditions (Bjorn et al. 2001). It is well docu-
mented that pelagic Bshes aggregate around Coat-
ing bodies and oAshore positioned Bsh farms
(Castro et al. 2002). The present study aimed to
describe the aggregation of bottom-dwelling Bshes
below open sea Bsh farms, and compare the
assemblage pattern of the wild Bsh population at
culture and control site (i.e., common Bshing
ground) through a multivariate statistical
approach.

2. Materials and methods

The Bsh aggregation study was carried out around
the open Bsh farms (4 numbers of 9-m diameter
cage) deployed at depth of 7 m (9�20003.9500N;
79�19053.0500E) about 1 km oA Olaikuda, Ramesh-
waram, Tamil Nadu, India (Bgure 1). The cages
were positioned in the site with a multipoint
mooring system (Santhanakumar et al. 2017). The

cage site dimension is 40 9 40 9 7 m (l 9 b 9 h)
including the subsurface cage mooring grid. The
study was conducted during the culture of cobia
(Rachycentron canadum) stocked at a production
density of 12 kg/m3. The Bshes cultured in a cage
were fed with a Bsh meal based formulated slow
sinking feed (40% protein) with the feeding rate of
10 to 3% of total biomass inside the cage from
nursery to harvest stage, respectively.
During the underwater study, it was observed

that majority of the Bshes assembled vertically
(surface to bottom) around the cage. Hence, it was
planned to study the Bsh assemblage by placing
stripe transects vertically on the surface of the Bsh
cage nets. Vertical line strip transect placed on the
outside of the four cage system covering a total
transect length of 135 m. The same length of strip
transect was placed horizontally on the common
Bshing ground (control) which is located 2 km
away from the cage site. To study the pattern of
the Bsh abundance, the underwater visual census
(UVC) method was followed (Dempster et al.
2002). UVC was carried out and the various species
of Bshes around the cage site and control site were
identiBed visually by SCUBA diving and under-
water video graphs. Monthly sampling of Bsh
assemblage and abundance was carried out from
June to October (2017). The study period could not
be extended beyond October due to the onset of
northeast monsoon which would lead to high tur-
bidity and poor visibility in the study area. At each
sampling occasion, three replicates of 135 m length
transects were laid by SCUBA diving and recorded
1 m on either side of the transect.

Figure 1. Map showing the cage and control sites at Olaikuda, Rameshwaram, India.
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To study the aggregation of bottom-dwelling
Bshes, we used traditional traps (dimension:
90 9 60 9 40 cm (l 9 b 9 h)) by using formulated
pellet Bsh feed as an attractant. Fish traps were
placed in triplicates: (1) below cage system, (2) 40
m away, (3) 60 m away and (4) usual Bshing
ground (control) (2 km away from the farm site
where no farm site inCuence observed). Traps were
placed for 24 h (Bgure 2). Trapped Bshes were
quantitatively and qualitatively analyzed in live
conditions and released immediately in the sea at
the same locations. The mean values were used for
statistical analysis and data interpretation. Iden-
tiBcation of Bshes and taxonomical classiBcation
was carried out by following the protocol of Smith
and Heemstra (1986) and Nelson (2006). During
qualitative analysis, Bsh species belonging to gen-
era Liza, Strongylura, Hippocampus, Pterois,
Beryx, Epinephelus, Lethrinus, Upeneus, Mul-
loides, Apogon, Caranx, Dipterygonotus, Scolopsis,
Chaetodon, Heniochus, Abudefduf, Coris, and
Balistoides were identiBed following Smith and
Heemstra (1986).

2.1 Multivariate and univariate analysis

Fish aggregation data collected through the UVC
method from open sea cage culture and control
sites were processed and analyzed using non-metric
multidimensional scaling (nMDS) (Clarke 1993) to
assess differences in community structure among
the farms and reference locations. Fish abundance
indices were processed following the standard
protocol (Clarke and Warwick 1994). Cluster
analysis was also applied to understand the simi-
larity matrix between the different Bsh assemblage
data in different months during the study period.
All multivariate analyses were carried out using
the PRIMER software (Clarke and Warwick 1994).

To examine the significant difference between the
farm and control site, a one-way analysis of vari-
ance (one-way ANOVA) was applied on the Bsh
abundance data in Microsoft Excel 2007. The mean
Bsh abundance and standard deviation (SD) was
also calculated at both sea-cage farms and control
site.

3. Results and discussion

In the present study, a total of 2515 Bshes,
belonging to 51 species and 26 families under nine
orders were recorded at sea-cage and control site
(Bshing ground). Minimum (52 ± 7 individuals)
and maximum (224 ± 8 individuals) abundance
from the sea-cage site has been recorded. A total of
19 species were recorded in June, whereas 38 spe-
cies in October (table 1). An increasing trend of the
abundance of wild Bsh was observed in consecutive
months of July, August, and September as
90 ± 12.1, 116 ± 8.3, and 158 ± 9 individuals,
respectively. An increase in species diversity could
be directly correlated with an increasing number of
individuals in the sea cage site. Further, variation
was significant (F = 35.6, p\ 0.05) between the
cage site and control (usual Bshing ground) in
terms of Bsh abundance in the different months
during the study, though negative ecological
impacts between aquaculture and wild Bsh stocks
are widely documented (Naylor et al. 2000). How-
ever, aggregation of wild Bshes at Bsh farms site
could be beneBcial by increasing the production
of local Bsheries through spillover of adults
(McClanahan and Mangi 2000) and better spawn-
ing-stock biomass, which may subsequently mag-
nify larval recruitment in the region (Chiappone
and Sullivan 2000). Consumption of the persistent
supply of food at farm sites by wild Bsh may
enhance growth, and reduce the eutrophication
possibility. Feeding by the wild Bsh around sea
cages may also diminish the amount of food that
reaches the sea Coor and reduce eAects upon the
benthos (Katz et al. 2002). In contrast, at farms
where Bshing is permitted, uncontrolled Bshing
eAorts would aAect the maximum sustainable yield
from farm aggregated wild stock. Though the sea
cage site is rich in diversity, the species such as
Echidna sp., Hemiramphus sp., Hippocampus kuda,
Epinephelus sp., Lutzanus decussates, Parupeneus
macronema, Chaetodon semeion, Heniochus sin-
gularius, H. pleurotaenia, and H. singularius were
not observed at the sea cage site.

A

B

C

iii

Figure 2. (i) shows the structure of the traditional Bsh trap
used, and (ii) shows the distance of traps placed (A) below the
cages (B) 40 m away, and (C) 60 m away from cage.
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Table 1. Abundance (mean ± SD) of wild Bsh species at the cage and
control sites.

Fish

Cage site Control site

Abundance (%) Abundance (%)

Muraenidae

Echidna sp. – 2.86

Mugilidae

Mugil cephalus 1.93 –

Liza parsia 1.25 –

Liza sp. 0.73 –

Belonidae

Strongylura sp. 1.41 2.19

Hemiramphus sp. – 4.38

Holocentridae

Neoniphon samara 0.52 2.86

Berycidae

Beryx sp. 2.08

Syngnathidae

Hippocampus kuda – 2.02

Scorpaenidae

Pterois sp. 0.83 –

Centropmidae

Psammoperca vigeinsis 0.83 –

Serrandiae

Epinephelus sp. – 4.71

Rachycentridae

Rachycentron canadum 1.30

Apogonidae

Apogon sp. 6.51 –

Carangidae

Caranx ignobilis 1.87 –

Caranx sp. 2.13 –

Lutjanidae

Lutjanus bohar 5.05 –

Lutjanus biguttatus 2.45 3.87

Lutjanus erhenbergii 3.44 5.56

Lutjanus johnii 2.45 4.55

Lutjanus argentimaculatus 0.68 –

Lutzanus decussatus – 2.53

Lutzanus bengalensis – 3.20

Caesionidae

Caesio sp. 4.42 –

Dipterygonotus sp. 0.78 –

Nemipteridae

Scolopsis xenochroa 0.88 5.56

Scolopsis sp. 2.39 –

Lethrinidae

Lethrinus mahsena 1.04

Lethrinus sp. 0.68 2.69

Mullidae

Parupeneus macronema – 3.70

Monodactylidae

Monodactylus argenteus 6.40 –
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During the initial phase of culture, a formulated
Coating nursery feed of 1.5–2.5 mm diameter was
provided. During which, bottom detritus feeder
such as Mugil cephalus and other Liza sp. switched
over to surface feeding on escaping Coating pellet
feed from the cage. But its occurrence was
insignificant (p[ 0.05). These studies revealed
that the Bsh diversity associated with the cage
culture site is more similar to coral-reef Bsh com-
munities than to local pelagic communities, despite
the considerable distance (2 km) between farms
and reefs area. Coral-reef Bshes generally have
small home ranges and do not migrate more than

100 m from their habitat ( €Ozg€ul and Angel 2013),
however, brackishwater catadromous migrating
species such as M. cephalus and L. argentimacula-
tus get attracted towards farm sites. There was a
significant temporal variation (F = 8.9, p\ 0.05)
in the abundance of Bsh between the cage and the
control site (Bgure 3). The abundance showed that
it was higher in October at the cage site (224 ± 7)

compared to the control (37 ± 3) site. Monthly Bsh
abundance data were subjected to Bray–Curtis
similarity cluster analysis and 2D NMDS ordina-
tions to identify the relationship between cage and
control site. A dendrogram using a Bray–Curtis
similarity analysis of Bsh abundance shows that the
cage site (48%), is significantly different from the
control sites (Bgure 4a). The Bsh abundance

Table 1. (Continued.)

Fish

Cage site Control site

Abundance (%) Abundance (%)

Chaetodontidae

Chaetodon gardineri 1.67 6.23

Chaetodon interruptus 1.04 –

Chaetodon semeion – 8.08

Chaetodon sp. 3.59 –

Heniochus singularius – 4.21

Heniochus pleurotaenia – 4.38

Heniochus sp. 1.20 –

Pomacentridae

Abudefduf bengalensis 3.54 –

Abudefduf notatus 2.39 –

Abudefduf sp. 5.52 –

Chromis dimidiate 1.46 2.86

Labridae

Coris sp. 0.52 –

Scaridae

Scarus ghobban 3.07 5.72

Scatophagidae

Scatophagus argus 10.57 –

Siganidae

Siganus argentius 2.65 3.03

Siganus javus 2.03 6.90

Siganus canaliculatus 2.34 –

Siganus lineatus 3.23 3.70

Acanthuridae

Paracanthurus hepatus 2.39 4.21

Balistidae

Balistoides sp. 0.73 –

Note. –: not present.

Figure 3. Abundance (mean ± SD) of Bsh at the cage and
control sites.
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distribution depicted a similar pattern to that of
the cluster analysis when subjected to 2D NMDS
ordinations (Bgure 4b).
The community characteristics of Bshes at cage

and control sites as well as their variation at tem-
poral scale are presented in table 2. The number of
species at the cage site quadrupled from June to
October, whereas at the control site the species
number remained the same. Abundance continu-
ously increased from 52 in June to 224 individuals
in October at the cage site whereas the control site
did not show any trend in the abundance and a
maximum (50 individuals) was recorded in July.
Species richness was recorded higher at the cage
site (except June) compared to the control site.
Evenness, however, was higher at the control site
due to the low abundance of the Bshes.

Shannon–Wiener diversity index was maximum at
the cage site during September (4.911), whereas
the control site also recorded good diversity
showing H0 value[4. Simpson’s index of diversity
(1–k) was maximum at the cage site during
September (0.959) and minimum during June
(0.923). Overall, except June, the Bsh community
at the cage site showed a higher number of species,
abundance, and diversity with time whereas the
control site did not show any significant variation
over time and remained almost the same.
There was a significant (F = 35.6, p\ 0.05)

variation between the trap placed at the cage site
and the usual Bshing ground in terms of Bsh
observed in the different months during the study.
During the trap study, increment in the abundance
has been observed from 54 individuals at the

Figure 4. (a) Bray–Curtis cluster analysis for cage and control site. (b) Non-metric multidimensional scaling (nMDS) ordination
plot representing for cage and control site.
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beginning (June) to 89 individuals in October
(Bgure 5). However, number of species remains
constant from beginning to the end. Similarly,
abundant data from the trap places at 40 and 60 m
from the cage showed an increasing trend which
could be attributed to the increasing availability of
feed resources in the vicinity of the open sea cage
Bsh farm site due to escaped feeds and Bsh excreta
that fall from the cage system.
In the trap study, increasing abundance has been

observed from 54 ± 4.6 individuals comprising 11
species in the initial month of June to 89 ± 4.8
individuals comprising 11 species in the end month
of October. The second and third higher abundance
and slightly increasing trend were recorded in traps
placed 40 and 60 m away from the cage. This shows
the increasing availability of feed resources in the
vicinity of the open sea cage Bsh farm site due to
escaped feeds and excreted matters from the cul-
ture system. In the case of control site (common
Bshing ground), a decreasing trend of abundance
was observed from 29 ± 1.81 individuals compris-
ing eight species (June) to 20 ± 1.27 individuals
comprising eight species (October) due to the
inCuence of natural predation and Bshing eAorts. In

traps, the species come under the genus Siganus
(Rabbit Bsh) showing the highest level of contri-
bution in all the sites. Further, species such as
Platicephalus sp. andMullus sp. were recorded only
in traps placed below cages.
During UVC observation, Bshes were distributed

from the bottom of the cage net to HDPE Coating
frames. However, during observation at the control
site (usual Bshing ground), the majority of the
Bshes were associated with reef crevices and boul-
ders at the bottom. It shows that the vertical
arrangement of farm components providing more
space for accommodation and feeding ground for
wild Bshes. The cages provide structure in the
pelagic environment, although the unused portion
of feed that falls through the cages probably
enhances the attractive eAect (Bjordal and Skar
1992). Although research into the environmental
eAects of marine Bsh farms is well documented
(e.g., impact on seagrasses, transfer of antibiotics,
etc.), little is known of the ecological impacts of
coastal Bsh farms on wild Bsh assemblages. Several
authors (Carss 1990; Bjordal and Skar 1992;
Dempster et al. 2002) have pointed out that Bsh
farms aAect the presence and abundance of wild

Table 2. Comparative data on the relative abundance, Shannon–Wiener diversity, evenness and number of
species at the cage site and control site.

Cage site Control site

June July Aug. Sep. Oct. June July Aug. Sep. Oct

No. of species 19 34 35 38 38 24 23 22 24 24

Abundance (ind/transect) 52 90 116 158 224 31 50 44 35 37

Species richness 4.55 7.33 7.15 7.31 6.84 6.68 5.62 5.54 6.47 6.35

Evenness index 0.93 0.94 0.94 0.94 0.92 0.98 0.98 0.96 0.97 0.96

Shannon–Wiener diversity 3.96 4.77 4.81 4.91 4.84 4.51 4.44 4.30 4.46 4.38

Simpson index 0.94 0.97 0.96 0.97 0.96 0.99 0.97 0.97 0.98 0.97

Figure 5. Abundance (mean ± SD) in the trap around cage and control sites.
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Bsh assemblages in a given area. Open sea cage
farms attract a variety of Bshes since it provides
free food and shelter to wild Bsh stock to some
extent for periods of weeks to months, and the
restrictions on Bshing that apply within farm
leasehold areas, we suggest that these Bsh farms
may act as small marine protected areas.

4. Conclusion

It was also observed that traditional near-shore
Bshermen of nearby Bshing villages used to operate
Bshing gears such as traps, hook and lines, and
gillnets to capture the aggregated wild Bshes
around the sea cage farm site. Conservation and
exploitation are generally viewed as contrasting
approaches to the marine environment and it is
creating a new area of research on maximum sus-
tainable yield from aggregated wild Bsh stock.
Obtaining proper knowledge of managing the Bsh-
eries from wild stock in a sustainable way would
help both local Bsheries and conservation. UVC
and Bsh trap method combined with a multivariate
statistical approach illustrates that the presence of
wild Bsh near the cage site compared to the control
site (usual Bshing ground) could be used as an
eDcient tool to monitor the Bsh stock with proper
significance level and eDcacy for a better Bsheries
management in the open sea environment. Further,
it is pertinent to mention that future studies will
focus on the size of the Bshes that are attracted
towards the cage sites and also its positive/
negative impact on the wild stock.
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The world’s 40% of the population lives in coastal areas (\150 km from the sea), and this is set to increase
in upcoming years. This urban sprawl leads to the proliferation of artiBcial coastal defence structures
along the coasts to save the populace from coastal erosion, storms, and hurricanes. Deployment of
artiBcial coastal defence structures has direct or indirect impacts on the local and global scenario, but the
ecology of artiBcial habitats was studied poorly. Therefore, the current study aimed to focus on the role of
artiBcial coastal defence structures in enhancing the coastal biodiversity. A total of 228 epibiotic species
associated with the artiBcial coastal defence structures were identiBed. The study recorded high species
richness and diversity of epibenthos in artiBcial habitats compared to natural habitats. Among various
types of artiBcial habitats, assemblage pattern of epibiotic species in sandstone surfaces differs from non-
sandstone surfaces. Apart from the structure surface, local epibenthic biodiversity also plays a significant
role in determining the artiBcial structure assemblages. The length, vertical height, and age of the
structures are the major deciding factors in species composition of the structures. The overall study
concluded that the artiBcial coastal defence structures could act as a surrogate surface for epibiotic
assemblages. The input of coastal biodiversity component while designing the artiBcial coastal defence
structures can be an added advantage.

Keywords. Urban sprawl; coastal biodiversity; artiBcial habitats; natural habitats; epibiotic species.

1. Introduction

The marine ecosystem is providing an immense
range of essential services to the human populace
(Peterson and Lubchenco 1997; Holmlund and
Hammer 1999; Nandhagopal et al. 2020). Due to

this huge availability of marine resources, the
coastal area was attracted by humans for the rev-
enue source. Currently over 40% of the world’s
population survive in and around the [150 km
range from the sea (Cohen et al. 1997; Nicholls
et al. 2007). These coastal populace are often

This article is part of the topical collection: Advances in Coastal Research.
Supplementary material pertaining to this article is available on the Journal of Earth System Science website (http://www.ias.
ac.in/Journals/Journal˙of˙Earth˙System˙Science).
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subjected to various pressure due to the pervasive
global climate change, which impacts at regional
and local scales (Thompson et al. 2002; Firth and
Hawkins 2011). The increasing urbanization along
the coastal area and the threat due to the coastal
erosion and Cooding, proliferating the artiBcial
coastal defence structures (Chapman and Under-
wood 2011; Firth et al. 2013a). The artiBcial
coastal defence structures seawalls, jetties, break-
waters, groynes, dykes are the common structure
built in marine coastal habitats worldwide at the
expense of natural habitats. In many locations, the
artiBcial coastal defence structures replaced par-
tially or completely the natural shores (Airoldi
et al. 2005; Moschella et al. 2005).
The primary purpose of the artiBcial coastal

defence structures is to prevent or reduce coastal
erosion, Cooding, stabilizing, and retaining beaches
(Firth et al. 2013b). More than 50% coast of Eur-
ope, USA, Australia, and Asia has been modiBed
with hard engineering structures (Bacchiocchi and
Airoldi 2003; Moschella et al. 2005; Vaselli et al.
2008; Firth et al. 2013b). Though the artiBcial
coastal defence structures become the common
member of the natural shorelines, still the ecology
of the artiBcial coastal defence structures are
known very little (Connell and Glasby 1999; Bac-
chiocchi and Airoldi 2003; Chapman and Bulleri
2003). The impact of artiBcial coastal defence
structures on the marine environment can be of:
(i) direct physical disturbance from the addition
of materials during construction, (ii) alteration of
connectivity between habitats and species isola-
tion, (iii) indirect physical disturbance, through
changes in sediment transportation pattern and
altered turbidity, (iv) noise and light pollution
(Dafforn et al. 2015). Regardless of a nuisance to
the shoreline by artiBcial coastal defence struc-
tures, still, it is a part of the resource to the coastal
biotic assemblage by providing a novel habitat
(Jebakumar et al. 2015).
Apart from the primary purpose of the arti-

Bcial coastal defence structures like protecting
the assets from erosion and Cooding, it is
inevitably colonized by the marine epibenthic
organisms such as barnacles, mussels, bryo-
zoans, sponges, hydroids and macroalgae and
acts as a simpliBed surrogate for natural rocky
habitats (Southward and Orton 1954; Thomp-
son et al. 2002; Martin et al. 2005; Branch et al.
2008), which in turn create biogenic habitats
for additional fauna of mobile species such as
crustaceans, Bsh and cephalopods (Coleman and

Connell 2006; Wilhelmsson et al. 2006; Clynick
et al. 2007). However, many studies suggest
that these artiBcial coastal defence structures
are known to support less diverse compared to
the natural rocky structures (Chapman and
Bulleri 2003; Bulleri and Chapman 2004; Gacia
et al. 2007; Vaselli et al. 2008; Pister 2009) and
support more non-native species than natural
habitats (Airoldi and Bulleri 2011; Mineur et al.
2012). The diversity deBcits on the artiBcial
coastal defence structures compared to natural
rocky structures may be due to higher distur-
bance regimes caused by wave energy and sand
scouring (Moschella et al. 2005). Because
mostly these structures are often constructed in
high energy and erosive soft sediment environ-
ments. Along with this, the intermittent main-
tenance activities are also responsible for the
loss of diversity (Airoldi and Bulleri 2011).
Still, after a prolonged period of immersion in
the marine environment, the artiBcial coastal
defence structures are able to support high
species diversity and richness compared to
adjacent natural rocky structures (Evans et al.
2016).
The ecology of the artiBcial coastal defence

structures compared to natural rocky structures
are always questionable when it comes to debate.
The main reason was due to the less knowledge
on the ecology of the artiBcial coastal defence
structures. The ecological studies of epibiota
associated with the artiBcial coastal defence
structures are still at the preliminary level
globally. Fewer studies exist in the ecology of
epibiota associated with the artiBcial coastal
defence structures (Moschella et al. 2005; Glasby
et al. 2007; Evans et al. 2016). In India, scanty
studies are available on the diversity of the
epibiotic species associated with artiBcial coastal
defence structures (Ravinesh and Bijukumar
2013), though most part of the Indian coastline
was occupied with the artiBcial coastal defence
structures. As an initiative, the current study
was aimed to understand and study the biotic
assemblage on artiBcial coastal defence struc-
tures deployed along the shorelines of Tamil
Nadu coast and this type of studies was not
prevalent in India. In this study, an extensive
survey was conducted along the coast of Tamil
Nadu for the search of artiBcial coastal defence
structures and to identify each and every asso-
ciated epibiotic species based on the structure
types. The study also aimed to identify the
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eDciency of the artiBcial coastal defence struc-
tures to act as a surrogate natural rocky
structure.

2. Materials and methods

A 1076 km coastal stretch of Tamil Nadu, located
at the south-eastern part of the Indian peninsula,
forms the Coromandel Coast upon the Bay of
Bengal and the Indian Ocean. This vast stretch of
coastal corridor comprises 15 marinas and har-
bours. Further, it has numerous artiBcial struc-
tures, and protective groins that provide habitat
for a wide variety of epibiota (Jebarathanam et al.
2019) along with few natural rocky shores (here-
after natural habitats). Based on the texture,
the artiBcial coastal defence structures (hereafter
artiBcial habitats) are classiBed as sandstone and
non-sandstone habitats (Bgure 1).
A one time extensive Beld survey was conducted

during the year 2018 along the 1076 km coastal
stretch of Tamil Nadu (southeast coast of India) to
study the distribution and diversity of epibiotic
species associated with artiBcial and natural habi-
tats. A total of 84 locations were sampled during
low tide of each day. All the 84 sites were divided
and classiBed under seven zones based on their
geographic locations and orientation of the coast-
line (Abhishek Tavva et al. 2017) (see supplemen-
tary data). Series of Beld surveys were conducted
through SCUBA diving and Snorkelling at low
tide, depths ranging from 1 to 5 m (Jebakumar

et al. 2015) at seven sampling zones during 2018.
Each zone includes 8–18 sampling stations (total of
84), mainly along the Tamil Nadu coast (Bgure 2).
Investigations resulted in a wide variety of artiBcial
habitats such as boulder piles, sea walls, groins,
harbour break waters (sand stone) caissons, tetra-
pods, Bshery jetties and pipeline trestles (non-
sandstone) (Connell and Glasby 2006) along the
shoreline of Tamil Nadu. Handtools were employed
to remove animals from solid surfaces of the arti-
Bcial and natural structures. The diversity of the
samples were analyzed in each sampling site using
a 10-m belt transect method. A total of two to
three transects were laid along the submerged
portion of the artiBcial coastal defence structures
depending on the length of the structures, and
three to Bve quadrates (1 9 1 m) were laid per
transect (Megina et al. 2013).
The epibiotic samples were collected and coded

for identiBcation in the laboratory. They were
brought in clean sample containers (one sample per
container). Then the specimens were photographed
immediately after transportation as well as onsite.
Further, to determine the specimens species level,
individual samples were preserved in 90% alcohol
(Vinod et al. 2014). The World Register for Marine
species (WORMS 2014), Records by Zoological
Survey of India, has been used as a reference for up-
to-date taxonomical identiBcation. The lists of
species displayed the currently accepted name. The
cluster analysis based on the Bray–Cutis similarity
matrices of root transformed species diversity was
used to analyze the species diversity differences

Figure 1. Depicting various types of coastal defence structure (A and D): sandstone and (B and C): non-sandstone surveyed
along Tamil Nadu coast.
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between the zones. The Primer v7 was utilized to
perform this analysis.

3. Results and discussion

The extensive survey along the entire stretch of
Tamil Nadu coast (artiBcial habitats) identiBed
a total of 228 species that belongs to the three
kingdoms, 13 phyla, 23 class, 70 order, and 116
families. Among these 228 species, the Gastropoda
was the dominant class, with 71 species followed
by seaweedwith 45 species.Alongwith these species,
some of the dominant groups are Ascidians (26
species), Sponges (20 species), Echinoderms
(16 species), Arthropods (16 species) and Annelids
(10 species) and the remaining minor representative
groups are classiBed under other categories and
comprised a total of 24 species. The survey along the
natural habitats that are nearby to the artiBcial
habitats recorded a total of 53 species belong to three
kingdoms, nine phyla, 12 class, 27 order, and 27
families. In thenatural habitats, the seaweedwas the
dominant group with 22 species followed by Gas-
tropods 17 species and the remaining groups were
represented by few species. In case of natural habi-
tats, very few existed in Zone 1 and no natural
habitatswas found inZone 2–6,whereas only inZone

7 decent number of natural and artiBcial habitats
were present adjacently. Therefore the natural and
artiBcial habitats present in Zone 7 alone were
compared. The difference between the natural
habitats and artiBcial habitats in taxon-wise was
represented in Bgure 3. There was a significant dif-
ference in the total species richness between the
natural and artiBcial habitats (ANOVA, P B 0.05).
All the recorded species of natural habitats were
recorded in the artiBcial habitats too, but someof the
species are unique only to the artiBcial habitats. It is
well known, that the natural habitats are more rich
and diverse than the artiBcial habitats (Chapman
and Bulleri 2003; Moschella et al. 2005; Pister 2009;
Evans et al. 2016; Firth et al. 2016).
In contrast, the current study reported high

species richness and diversity in artiBcial habitats
than the natural habitats. The cluster of natural
habitats at the southern tip of Tamil Nadu coast
where three seas meet together (junction of the Bay
of Bengal, Indian Ocean and Arabian Sea) intend
to have unique physical forces (Moschella et al.
2005; Kaliraj et al. 2014), which might not have
been encouraged biotic settlement at natural
habitats. However, the existing artiBcial structures
may provide shelters and protection from prevail-
ing physical oceanographic eAects at this area and
supported biotic assemblage. It indicates that most
of the artiBcial habitats are able to provide ample
amount of space and shelter to many of the sea-
weeds, juveniles, Blter feeders, and predators
compared to natural habitats. The majority of
artiBcial habitats have steep vertical faces, whereas
natural shores had shallow sloping gradients.
Apart from that, the age of artiBcial habitats will
be long enough to support diverse species in many
of the locations, because Evans et al. (2016) stated
that the sustainable habitat provided by the arti-
Bcial structures after a prolonged period enhanced
to support high species richness than the natural
adjacent rocky pools. The similar studies of dif-
ferent locations also proved that the intertidal and
shallow boulders known to support wide variety of
biodiversity and rare species (Kangas and Shepard
1984; Chapman 2005). It is also evident that the
increase in the number of microhabitats complex-
ity in artiBcial habitats will considerably increase
the biodiversity than the adjacent natural habitats
and viably act as a surrogate natural habitat
(Martins et al. 2010; Firth et al. 2014). These
cumulative eAects may sustainably increase the
species richness in artiBcial habitats compared to
the natural habitats. However, indepth studies are

Figure 2. The study area: The Tamil Nadu coast in southern
India; grey squares indicate the seven sampling zones where
the 84 sampling stations were placed (see supplementary
table S1 for coordinates).
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warranted towards the impact of physical oceano-
graphic forces like a wave and current on biotic
assemblage pattern on natural as well as artiBcial
structures.
Among the artiBcial structures deployed along

the Tamil Nadu coast has been divided into sand-
stone (natural rocky boulders) and non-sandstone
(concrete structures) surface habitats. The sand-
stone surface habitats supported 34 species on an
average, whereas the non-sandstone surface habi-
tats were able to support only 17 species on an
average to each structure. The non-sandstone sur-
face habitats also lacked key species like seaweed
and crustaceans compared to sandstone surface
habitats. The smooth surface and high vertical
slope, which hinder the settlement of species in the
non-sandstone surface, lead to lower diversity
(Chapman 2006). The non-sandstone surface
habitats are also known for the settlement of fouler
compared to sandstone surface habitats (Nakono
and Strayer 2014). Connell and Glasby (1999)
proved in their study that the sandstone surface
habiats are almost similar in species richness and
diversity. From the study, it was also clear that the
surface texture and mineralogy are also essential
factors in determining the species recruitment and
community composition (Caffey 1982; Holmes
et al. 1997; Herbert and Hawkins 2006). Apart fom
that, many studies proved that the intertidal and
shallow boulders known to support wide variety of
biodiversity and rare species (Kangas and Shepard
1984; Chapman 2005). It is evident that the use of
artiBcial habitats (sandstone) than the non-sand-
stone surface structures will be the better option to
enhance the marine biodiversity.
The artiBcial habitats along the Tamil Nadu

coast have been divided under seven zones based

on geographical location and orientation of coast-
line. The epibiotic species abundance based on
zones revealed that Zone 7 have higher species
abundance followed by Zone 5, Zone 6 and Zone 4
(Bgure 4). Zones 1 and 2 represented lower species
abundance, while the lowest was noticed in Zone 3.
The study also revealed that there was a significant
difference between species diversity and zones (P B

0.05). The cluster analysis forms three groups
among the zones (Bgure 5), whereas Zone 7 alone
separated from the rest of the zones. The abun-
dance of epibiotic species spread in different zones
varied based on the locations. In general, Zones 4–7
exhibited high species abundance and diversity
compared to other zones. The reason for high
diversity in artiBcial habitats located in these zones
was the species abundance, diversity and richness
that already existed in that particular zone. These
four zones are located along the Plak Bay and Gulf
of Mannar region, which are well known for the
rich biodiversity (Venkataraman and Waffer
2005). The richness of species diversity in these
zones provides the source to the artiBcial habitats
deployed. The Bary–Curtis similarity index also
conBrmed the differentiation in species diversity
and abundance between zones through clustering.
The Ocean current speed, pattern and proximity
between artiBcial habitats were also the prime
reasons for the high diversity in Zones 4–7. In
general, the current directions are usually south-
wards (Brewer et al. 2015), and northward currents
are slow compared with southward (Gordon and
Claudia 2018). Therefore, the quantity of larval
movement will be mostly towards the south than
the north. The Palk Bay and Gulf of Mannar
regions are shallow and partially, a land-locked
area which may also be one of the reasons for the
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Figure 3. Difference in taxon class between artiBcial habitats and natural habitats of Tamil Nadu coastal region (Zone 7).
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species movement restrictions towards north (Ja-
yaraman 1954; Krishnamoorthy and Subramanian
1999). The proximity between the artiBcial habi-
tats in Zones 4–7 are less compared to Zones 1–3,
as its non-proximity to larval spread span may
restrict the species exchange. These combined
factors are responsible for the high species richness
in Zones 4–6 compared to Zones 1–3.
During this study, the natural habitats located

in southern part of Tamil Nadu recorded the
highest species diversity (n = 27) compared to
other natural structures. Similarly, the artiBcial
habitats located in these regions also recorded high
species diversity (n = 74) than that of the other
artiBcial habitats. In the case of northern Tamil
Nadu region, both artiBcial and natural habitats
recorded very little diversity. The artiBcial and
natural habitats in the southern region occupied
with unique endemic, endangered, and rare species
like hydrozoan, sponges, corals, and sea cucumber.

However, the artiBcial and natural habitats present
in the northern part of Tamil Nadu (Zones 1–4)
mostly occupied with fouling organisms such as
Barnacles, Serpulid worms, and ascidians. This
study explains that the deployment of artiBcial
habitat proximity to source population shall be one
of the significant factors that can literally aAect
biodiversity (Nandhagopal et al. 2020). However,
each region has its own coastal processes, including
tides and physical processes such as sediment
transport (Motyka and Brampton 1993). These
regions may also differ in biology as variation in
hydrodynamic conditions could alter the larval
supply within the region, which in turn aAect the
community. In the southern region of Tamil Nadu,
the Gulf of Mannar Biosphere Reserve may be the
larval supplier to the ACDSs of these areas,
whereas the absence of such biosphere reserve in
the northern part may be a significant reason for
lower diversity and rare species settlement.
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Figure 4. Species abundance of different zones during the study along the artiBcial coastal defence structures.

Figure 5. Cluster analysis between the zones using Bray–Curtis similarities from H-transformed species abundance data.
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4. Conclusion

The present study concludes that artiBcial habitats
can be employed in the protection of the coast as
well as to enhance the local biodiversity. The
overall research revealed that the diversity and
richness of species on the artiBcial habitats purely
depend on the diversity patterns of the existing
locations. The artiBcial habitats deployed in and
around the Gulf of Mannar Marine National Park
recorded wide diversity of species as well as rich in
species abundance compared to other artiBcial
habitats. Apart from the locations, the length,
surface texture, age, structure types also inCuence
the diversity and abundance of the species. The
study also concluded that the species richness
dramatically depends on the current pattern, dis-
persal of larvae than geographical proximity
between two zones. In general, artiBcial habitats
are less diverse compared to natural habitats, but
the current study contradictorily recorded high
species richness and diversity in artiBcial habitats
than natural habitats. Overall, the current study
concludes that the artiBcial coastal defense struc-
tures can act as a surrogate of natural rocky
structure to enhance coastal biodiversity. The
maturity of artiBcial substrate for a prolonged
period might create scares of biota settlement by
community succession due to dynamicity of
ecosystem enhance biota settlement and mimicked
the natural substrates. However, the insertion of
microhabitats like cervices and holes to improve
the water-retaining features of artiBcial habitats
are need to be considered while designing and
planning in order to fully function the artiBcial
habitats equivalent to natural habitats.
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The present study evaluates the applicability of two absorption decomposition algorithms (ADA) (Zhang
and Lin’s models) in the retrieval of subcomponent Inherent Optical Properties (IOPs) from coastal
waters. These ADAs use measured or model-derived total non-water absorption coefBcient anwðkÞ (total
absorption coefBcient subtracted water absorption coefBcient) as input and provide absorption sub-
components – absorption due to phytoplankton aphðkÞ and coloured detrital matter, adgðkÞ as outputs.
Coast Colour Round Robin match-up dataset, NASA’s bio-Optical Marine Algorithm Dataset (NOMAD)
and Kochi (Indian coastal waters) datasets that consist of coincident measurements of remote sensing

reCectance, Rrs kð Þðsr�1Þ and IOPs were used for the evaluation of various models. With measured anwðkÞ
as input, both Zhang and Lin’s models demonstrated good performance with an average spectral mean
absolute percentage error (MAPE) in the range of 19–44% for the derived absorption subcomponents for
all three datasets. Quasi-Analytical Algorithm (QAA) and LS2 are two semi-analytical algorithms
(SAAs) that use RrsðkÞ as input and provide anwðkÞ as output. The QAA-Zhang, QAA-Lin, LS2-Zhang
and LS2-Lin models (combination of SAA and ADA) resulted in higher average spectral MAPE (33–59%)
values for the derived absorption subcomponents as compared to other existing SAAs, owing to errors
present in both SAAs and ADAs. These results indicate that improved SAAs are required to derive
accurate anwðkÞ to improve the applicability of ADAs in remote sensing applications.

Keywords. Inherent optical properties; coastal waters; semi-analytical algorithms; absorption decom-
position algorithms.

1. Introduction

The water quality of coastal waters worldwide is
aAected by natural processes like coastal upwelling,
sediment discharge from rivers into seas and
anthropogenic factors like the discharge of domes-
tic and industrial sewage. The traditional method
of water sample collection and subsequent analysis

for water quality parameters is time-consuming
and tedious. Also, the traditional methods give
point data and cannot provide the spatial
distribution of water quality. Remote sensing
technique has been in use since the 1970s to study,
monitor and assess water quality of various water
bodies. Remote sensing oAers the advantage of
covering water bodies of different areas and provide

This article is part of the Topical Collection: Advances in Coastal Research.
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long-term synoptic retrievals of water quality
parameters.
The concentration and composition of various

substances in the water medium govern the light
availability in the upper parts of the ocean and
play a key role in biogeochemical cycles, nutrient
availability, primary production and carbon cycle
(Zheng and Stramski 2013). Inherent optical
properties (IOPs) are optical properties of the
aquatic medium that depend on various con-
stituents in the medium and water itself and
independent of the incident light Beld. Total

spectral absorption coefBcient (a kð Þ;m�1) and

backscattering coefBcient (bb kð Þ;m�1) are the bulk
IOPs that provide information on light interaction
with various optically active substances in seawa-
ter, k is the wavelength. Except in extremely tur-
bid waters, aðkÞ is expressed as the sum of
absorption due to water – awðkÞ, phytoplankton –

aphðkÞ, detritalmaterial – adðkÞ and gelbstoA/yellow
substance – agðkÞ, all measured inm�1 (Twardowski
et al. 2018). Owing to a similarity in the spectral
characteristics of ag kð Þ and adðkÞ, they are often
combined and expressed as absorption due to

coloured detrital matter, adgðkÞðm�1Þ. The coefB-
cients aph kð Þ; ad kð Þ; agðkÞ and adgðkÞ are referred to
as absorption subcomponents. The total backscat-

tering coefBcient, bbðkÞðm�1Þ is also expressed as the
sum of the contribution from water – bbwðkÞ and

particulate material, bbp kð Þðm�1Þ.
Apparent optical properties (AOPs) are prop-

erties of a medium dependent on both con-
stituents of aquatic medium and geometric
structure of the radiance distribution. Remote

sensing reCectance, Rrsðsr�1Þ derived from sensor/
satellite measured radiance is an Apparent Opti-
cal Property (AOP) that can be used to obtain
information about various constituents in the
water (Mobley 1994). Ocean colour algorithms
(OC) use RrsðkÞ to derive optical properties and
concentrations of biogeochemical parameters like
chlorophyll-a concentration, total suspended mate-
rial, coloured dissolved organic material (Gholiza-
deh et al. 2016).
In case 1 waters, the ocean colour is a function of

phytoplankton with dissolved organic material and
suspended sediment concentration co-varying with
phytoplankton. In case 2 waters, the ocean colour
is aAected by terrigenous particulate and dissolved
materials and do not co-vary with phytoplankton.
The OCs developed for case 1 waters often fail in
case 2 waters owing to the optical complexity

resulting from various optically active substances
(IOCCG 2006).
Semi-analytical algorithms (SAAs) invert the

sensor/satellite-derived Rrs kð Þ to bulk and
absorption subcomponents. One class of SAAs
(Type-1) use linear or non-linear techniques to
simultaneously estimate the bulk and absorption
subcomponents (Maritorena et al. 2002; Werdell
et al. 2013, 2018) from RrsðkÞ. Another class of
SAAs (Type-2) use various empirical and analyti-
cal equations in a step-wise procedure to obtain the
bulk and absorption subcomponents (Loisel and
Stramski 2000; Lee et al. 2002; Smyth et al. 2006;
Loisel et al. 2018) from RrsðkÞ. Quasi-Analytical
Algorithm (QAA) (Lee et al. 2002) and LS2 (Loisel
et al. 2018) are two algorithms that fall into type-2
category of SAAs.
Apart from the SAAs, another class of algo-

rithms called Absorption coefBcient Decomposi-
tion/partitioning Algorithms (ADAs) exist. These
ADAs partition the total spectral absorption, aðkÞ
or total spectral non-water absorption coefBcients
(anw kð Þ ¼ a kð Þ � awðkÞÞ to obtain the absorption
subcomponents of aph kð Þ; adðkÞ and agðkÞ. With the

advancement in instrumentation, various instru-
ments like ac-9/ac-s devices (ac Meter Protocol
Document 2011; Freeman 2012), a-sphere (Dana
and MafBone 2006) and Point Source Integrating
Cavity Absorption Meters (PSICAM) (R€ottgers
et al. 2007) are capable of providing total absorp-
tion in multispectral and hyperspectral wave-
lengths. The ADAs were used in studying spatio-
temporal variations of phytoplankton species
(Bricaud et al. 2012), and to retrieve chlorophyll
concentration (Chl) in complex estuaries (Zheng
and Digiacomo 2017), and to obtain phytoplankton
size classes (Zhang et al. 2015).
One subcategory of the existing ADAs use aðkÞ

or anwðkÞ as inputs to derive the absorption sub-
components (Gallegos and Neale 2002; SchoBeld
et al. 2004; Ciotti and Bricaud 2006; Oubelkheir
et al. 2007; Dong et al. 2013; Lin et al. 2013; Mat-
suoka et al. 2013; Zheng and Stramski 2013; Zhang
et al. 2015). Some of these ADAs (Ciotti and Bri-
caud 2006; Dong et al. 2013; Matsuoka et al. 2013)
have been used in remote sensing applications to
derive the absorption subcomponents from RrsðkÞ
in combination with type-2 SAAs. The objective of
the present study is to evaluate the performance of
two ADAs, Zhang’s (Zhang et al. 2015) and Lin’s
(Lin et al. 2013) models in deriving absorption
subcomponents from anwðkÞ and RrsðkÞ measured
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in optically complex waters. The two ADAs were
compared initially for their IOP retrieval perfor-
mance with measured anwðkÞ as input. Four models
are formulated using the two ADAs and two SAAs,
Quasi-Analytical Algorithm (QAA) (Lee et al.
2002) and LS2 algorithms (Loisel et al. 2018) to
derive absorption subcomponents from RrsðkÞ. The
formulated SAA+ADAs (QAA-Zhang, QAA-Lin,
LS2-Zhang and LS2-Lin) were compared with
existing standard operational approaches of Gen-
eralized Inherent Optical Property model (GIOP)
(Werdell et al. 2013), Garver–Siegel–Maritorena
(Maritorena et al. 2002) and QAA (Lee et al. 2002)
for retrievals of aphðkÞ and adgðkÞ from RrsðkÞ.

2. Methods and data

2.1 Methods

The two ADAs used for deriving aphðkÞ and adgðkÞ
from anwðkÞ are Zhang’s (Zhang et al. 2015) and
Lin’s (Lin et al. 2013) models. The main motive in
choosing these two models is due to the difference
in the methodology used for deriving the absorp-
tion subcomponents from anwðkÞ.
Zhang’s model was proposed to infer the

phytoplankton size classes, chlorophyll concen-
tration and detrital matter from anwðkÞ. The out-
puts from this model are absorption coefBci-
ents of pico-, micro-, and nano-phytoplankton
(aph�pico; aph�nano kð Þ; aph�micro kð Þ) and adgðkÞ. The
contributions from the three phytoplankton size
classes can be summed up to obtain total aphðkÞ.
The two steps of the model are: (1) Generation of a
kernel consisting of eigenvectors or shapes for the
three phytoplankton size classes and shape for
a�dgðkÞ, the eigenvector or spectral shape used to

model adgðkÞ. An exponentially decreasing curve
with wavelength and slope, S is used for modelling
adgðkÞ. (2) Using the inputs of anwðkÞ and the ker-
nel, a linear matrix inversion is performed to obtain
the magnitudes for each component. Finally, an
optimization technique is used to Bnd the optimal S
value by minimizing the difference between mod-
elled and measured anwðkÞ. The anwðkÞ input
required for Zhang’s model can be obtained in two
ways. (1) Measurements using ac-9/ac-s devices.
(2) Derive aðkÞ from RrsðkÞ. Lin’s model partitions,
the measured or derived anwðkÞ into absorption
subcomponents of aph kð Þ; adðkÞ and agðkÞ using a
non-linear model based on second-order quadratic

equations. In addition to the absorption subcom-
ponents, the model also outputs the slope of the
CDM, S. The non-linear models used in this ADA
were Bt using NASA bio-Optical Marine Algorithm
Dataset (NOMAD) and northern South China Sea
datasets (NSCS).
To evaluate the applicability of Zhang and Lin’s

models in remote sensing applications, anwðkÞ
derived from remotely sensed ocean colour data is
required as input. Two SAAs of the type-2 cate-
gory, QAA and LS2, are used to derive anwðkÞ from
measured RrsðkÞ. QAA (Lee et al. 2002) is a type-2
SAA that inverts RrsðkÞ in two steps. In the Brst
step, the bulk IOPs are derived and in the second,
aðkÞ is partitioned into absorption subcomponents.
For the present study, QAA version 6 is used (Lee
2014). LS2 (Loisel et al. 2018) is a recently updated
type-2 SAA that uses RrsðkÞ as input and provides
anwðkÞ and bbpðkÞ as outputs. LS2 provides the bulk
IOPs at individual wavelengths irrespective of one
another and do not use spectral assumptions about
IOPs (Loisel et al. 2018). The anw derived from two
SAAs that are positive in the entire spectrum are
only used as input to Zhang and Lin’s models in
deriving absorption subcomponents. Four models,
QAA-Zhang, QAA-Lin, LS2-Zhang and LS2-Lin,
hereafter referred to as SAA+ADA models, are
formulated by combining the two SAAs and ADAs.
As both SAAs implement different empirical, semi-
analytical and analytical equations, the derived
anwðkÞ are not entirely accurate and hence may
contain errors.
In addition to QAA and LS2 models, two other

widely used operational SAAs, the Generalized
Inherent Optical Property (GIOP) (Werdell et al.
2013) and Garver–Siegel–Maritorena (GSM)
(Maritorena et al. 2002) are used in the compari-
son. GIOP framework allows for the construction
of SAAs with various model parameterizations for
inversion of RrsðkÞ according to user needs. For the
present study, the default conBguration (DC) of
the GIOP model is used. GIOP-DC and GSM
models use the Levenberg–Marquardt (LM) tech-
nique (Levenberg 1944; Marquardt 1963; Mari-
torena et al. 2002). Both GIOP-DC and GSM
invert RrsðkÞ to obtain both bulk IOPs and
absorption subcomponents simultaneously. These
two models differ in the spectral shape models used
for modelling the absorption subcomponents. The
various steps of QAA, LS2, GIOP-DC and GSM
algorithms are presented in Appendix 1. The
present study compares the performance of
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(1) Zhang’s and Lin’s models in retrieval of aphðkÞ
and adgðkÞ from anwðkÞ, (2) GIOP-DC, GSM, LS2
and QAA models in retrieval of anwðkÞ from rrsðkÞ,
and (3) QAA-Lin, QAA-Zhang, LS2-Lin, LS2-
Zhang, GIOP-DC, GSM and QAA models in
retrieval of aphðkÞ and adgðkÞ from rrsðkÞ.

2.2 Datasets

For comparison of various models, three datasets
covering different aquatic environments (Bgure 1)
are used. The Brst dataset is a match-up dataset
collected as a part of the Coast Colour Round
Robin (CCRR) project funded by the European
Space Agency (ESA) for studying the coastal
waters (Nechad et al. 2015). The match-up data-
set consists of 348 station measurements of
Rrs kð Þ; a kð Þ; aphðkÞ and adgðkÞ at six wavelengths of
412, 443, 490, 510, 555 and 665 nm collected at two
sites, Florida and Southern California. Medium
Resolution Imaging Spectroradiometer (MERIS)

level 2 reCectance products were used to obtain
reCectance spectra at match-up locations. ReCec-
tance spectra from a box of 5 9 5 pixels around
match-up locations were processed to remove low-
quality pixels and mean reCectance is calculated on
the remaining good-quality pixels. The ranges of
measured aphð443Þ and adgð443Þ are 0.017–1.457

ðm�1Þ and 0.029–0.836 m�1ð Þ; respectively. The
remaining sites in this dataset do not have con-
current measurements of RrsðkÞ and IOPs and
hence are excluded. The absorption measurements
for Florida are obtained from NASA bio-Optical
Marine Algorithm Dataset (NOMAD) (Werdell
and Bailey 2005) collected in 2005 and 2006. The
absorption measurements (ap; ad and ag) for Flor-
ida site are derived using spectroscopy. These data
were quality controlled by removing unreasonable
data and noisy data from instrument artefacts.
More information about the absorption measure-
ments from Florida site can be found in Werdell
and Bailey (2005). In case of the Southern Cali-
fornia site, absorption data from Plumes and

Figure 1. Locations of sampling sites in CCRR (red circles), NOMAD (black cross) and Kochi (blue squares) datasets. Examples
of sites, Chesapeake Bay, Florida, Southern California (USA) and Kochi (Indian coastal waters), show the sampling locations at
each site.
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Blooms cruises (PnB) (2005–2010) (Kostadinov
et al. 2007) and Oregon, California and Washing-
ton Line-Transect and Ecosystem (ORCAWALE)
cruise conducted in 2008 (Barlow et al. 2010) were
used. Absorption spectra from PnB cruises were
collected using vertical proBles of WET Labs ac-9
device, and pure water calibration and corrections
for temperature, salinity and scattering were
applied (ac Meter Protocol Document 2011).
Detailed information on the collection and pro-
cessing of absorption measurements from the
CCRR dataset is available from Nechad et al.
(2015).
The second dataset is a subset of NOMAD

(Werdell and Bailey 2005) collected from
1999–2003 and consists of concurrent measure-
ments of RrsðkÞ, ag kð Þ; adðkÞ and ap kð Þ from 237

stations (red circles in Bgure 1) at six wavelengths
412, 443, 490, 510, 555 and 670 nm. The data from
the Florida site used in the CCRR dataset is
excluded to avoid overlap between datasets. The
phytoplankton absorption coefBcient is obtained
by subtracting adðkÞ from apðkÞ. The ranges of
aph 443ð Þ and adgð443Þ coefBcients observed in this

dataset are 0.008–1.48 ðm�1Þ and 0.004–1.73 ðm�1Þ,
respectively. This dataset stations spread across
different aquatic environments with varying opti-
cal properties like Florida, Chesapeake Bay,
French Guiana, and the southern ocean. All the
absorption coefBcients from this dataset were
derived using spectroscopy, and a quality control
procedure is followed to discard unreliable or neg-
ative absorption spectra (Werdell 2005). NASA’s
Ocean Biology Processing Group curated this
dataset with data provided by various researchers
and organizations worldwide.
The third dataset was collected during

2010–2013 from coastal waters of Kochi, India and
consists of concurrent measurements of 25 samples
of RrsðkÞ, ag kð Þ; adðkÞ and ap kð Þ each. This data
was generated as a part of the Satellite Coastal and
Oceanographic Research (SATCORE) program
(Lotliker et al. 2016) of the Indian National Centre
for Ocean Information Services (INCOIS), India.
Absorption measurements of aph kð Þ and adðkÞ were
made by quantitative Blter pad technique (Kishino
et al. 1985; Mitchell 1990) and ag measurements
were measured by spectrophotometric method
(Kowalczuk and Kaczmarek 1996). The ranges of
aphð443Þ and adgð443Þ coefBcients observed in this

dataset are 0.169–0.631 ðm�1Þ and 0.053–0.494

m�1ð Þ; respectively. ReCectance measurements

were collected by vertical proBling using Sat-
lanticTM hyperspectral radiometer (HyperOCRII)
(Minu et al. 2014, 2016; Souda et al. 2020).

2.3 Error statistics

The statistics used for comparison of models are
mean absolute percentage error (MAPE), root
mean square error (RMSE), Bias and g% calcu-
lated as below

MAPE ¼ 100%

N
�

XN

i¼1

xi � yi
yi

����

����;

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1 xi � yið Þ2

N

s

;

Bias ¼
PN

i¼1 xi � yið Þ
N

;

g% ¼ Number of valid model� derived IOPs

Number of valid measured or observed IOPs

� 100 ð1Þ

where xi; yi are modelled and measured or observed
IOPs. N represents the total number of observa-
tions. In addition to the above statistical indica-
tors, coefBcient of determination (R2), slope and y-
intercept of linear Bt between model-derived and
measured absorption subcomponents are also pro-
vided. A study by Seegers et al. (2018) indicated
that MAPE and bias statistics provide a more
robust measure of an ocean colour algorithm per-

formance, as compared to r2, RMSE and regression
slopes. Hence, these two statistics are given higher
priority as compared to other statistical indicators.
The model-derived IOPs that lie in the range of

0.001–5 m�1, only are used for the calculation of
statistical indicators. The model-derived IOPs
exceeding in one order of magnitude compared to
the measured subcomponent IOP value are also
excluded from the statistics calculation. These two
conditions are used to avoid unrealistic statistical
values and represent the actual performance of the
models.

3. Results

3.1 Comparison of absorption decomposition
algorithms

The performance of two ADAs, Zhang and Lin
models, in the retrieval of accurate absorption
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subcomponents from anwðkÞ is assessed using vari-
ous statistical indicators. For the CCRR dataset
(table 1 and Bgure 2), the absorption subcompo-
nents derived using Zhang’s model are 100% valid.
For Lin’s model, around 7–10% of the derived
absorption subcomponents are invalid. The MAPE
values of the absorption subcomponents, aphðkÞ
and adgðkÞ derived using Zhang’s model were 4–7%
lower in the 412–490 nm range compared to Lin’s
model. In the 510–665 nm range, absorption sub-
components derived from Lin’s model resulted in
4–30% lower MAPE values than Zhang’s model.
Zhang’s model exhibited lower RMSE values for
the derived absorption subcomponents at all
wavelengths except 665 nm. Similar to MAPE and
RMSE statistics, Zhang’s model’s bias values were
lower than Lin’s model for both aphðkÞ and adgðkÞ.
Zhang’s model-derived adgð665Þ exhibited higher
bias as compared to Lin’s model (Bgure 2B). A
possible reason for lower MAPE values exhibited
by Lin’s model in 510–665 nm can be related to its
lower number of valid IOP retrievals. Further,
higher MAPE values in longer wavelengths is
attributable to the difBculty faced by the algorithm
in partitioning anw at these wavelengths. This dif-
Bculty can be due to the smaller magnitudes of the
observed absorption coefBcients of subcomponents
at longer wavelengths (Zheng and Stramski 2013).
From these statistics, it can be observed that
Zhang’s model is capable of providing a higher

number of valid IOP retrievals with good perfor-
mance (lower RMSE and lower bias) at most of the
wavelengths for the CCRR dataset.
In the case of NOMAD (table 2 and Bgure 3),

MAPE values for Zhang’s model-derived aph are
22–30% lower compared to Lin’s model in the
412–510 nm range. At 555 and 670 nm, Lin’s model
derived aph obtained 7–8% lower MAPE values
compared to Zhang’s model. At all wavelengths
(except 670 nm), Zhang’s model-derived adg
obtained 9–18% lower MAPE values compared to
Lin’s model. At 670 nm, Lin’s model resulted in a
3% lower MAPE value for adg compared to Zhang’s
model. As compared to the other wavelengths,
Zhang’s model-derived adg at 670 nm exhibited
higher deviation from measured adg (Bgure 3B).
Both models resulted in 100% valid absorption

subcomponent retrievals at all wavelengths. The
bias values for Lin’s model-derived aph are higher
than Zhang’s model, and the deviation from mea-
sured values decreased toward longer wavelengths
(Bgure 3A). Overall, with lower bias and MAPE
values, Zhang’s model exhibited better perfor-
mance in retrieval of aph and adg at most of the
wavelengths than Lin’s model.
For the Kochi dataset (table 3 and Bgure 4), at

all wavelengths, Zhang’s model-derived aph exhib-
ited 2–30% lower MAPE values than Lin’s model.
The bias and RMSE values for Zhang’s model are
also lower than Lin’s model for the derived aph

Table 1. Statistical indicators calculated for Zhang (Zhang et al. 2015) and Lin (Lin et al. 2013)
model-derived and measured absorption subcomponents from the CCRR dataset.

k (nm)

Zhang et al. (2015) Lin et al. (2013)

MAPE

(%)

RMSE

(m�1) Na

Bias

(m�1)

MAPE

(%)

RMSE

(m�1) Na

Bias

(m�1)

aph 412 19.91 0.0402 348(0) �0.0078 23.18 0.0464 348(37) �0.0269

443 15.81 0.0341 348(0) �0.0045 23.68 0.0441 348(37) �0.0286

490 20.71 0.0290 347(0) 0.0052 27.45 0.0427 347(36) �0.0231

510 29.81 0.0283 344(0) 0.0059 21.51 0.0309 344(34) �0.0124

560 53.43 0.0165 340(0) 0.0048 24.72 0.0187 340(32) �0.0051

665 21.61 0.0102 323(0) 0.0032 17.60 0.0097 323(23) 0.0032

adg 412 16.41 0.0402 348(0) 0.0081 21.29 0.0525 348(37) 0.0315

443 21.31 0.0331 348(0) 0.0007 25.03 0.0440 348(37) 0.0254

490 32.81 0.0265 348(0) �0.0033 34.37 0.0330 348(37) 0.0168

510 34.82 0.0244 348(0) �0.0038 31.19 0.0281 348(37) 0.0125

560 48.42 0.0194 348(0) �0.0055 23.17 0.0198 348(37) 0.0054

665 77.77 0.0114 348(0) �0.0065 50.55 0.0096 348(37) �0.0030

The statistics in bold indicate the lowest value of the two models. Na indicates the total number of
positive observed or measured IOP at a speciBc wavelength and the value in brackets indicates the
number of invalid IOPs derived from the model.
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Figure 2. Comparison of Zhang (blue squares) and Lin (red circles) model-derived and measured (A) aph and (B) adg at 412, 443,
490, 510, 555 and 665 nm from the CCRR dataset. Slope and y-intercept are coefBcients from the linear Bt between model-derived
IOP and measured IOP values. Additional statistics are presented in table 1.
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(Bgure 4A). MAPE values for Zhang’s model-
derived adg are 3–25% lower compared to Lin’s
model-derived adg. As observed in statistics for aph,
lower RMSE and bias values were obtained for
Zhang’s model-derived adg at all wavelengths
compared to Lin’s model (Bgure 4B).
Zhang’s model resulted in a higher number of

valid adg retrievals than Lin’s model (table 3). Like
NOMAD and CCRR datasets, Zhang’s model
exhibited lower biases and MAPE values for both
absorption subcomponents at most wavelengths
than Lin’s model.

3.2 Performance evaluation of semi-analytical
algorithms in the retrieval of anwðkÞ
from RrsðkÞ

This subsection compares the performance of four
SAAs, GIOP-DC, GSM, QAA and LS2, in deriving
anwðkÞ from RrsðkÞ of three datasets. For the CCRR
dataset (Bgure 5A), QAA resulted in lower MAPE
values at most wavelengths than LS2, GIOP-DC
and GSM models. On the contrary, the RMSE
values from QAA are higher at all wavelengths
than the rest of the models. The higher RMSE
values of QAA is owing to a higher number (g%) of
valid anwðkÞ retrievals as compared to other mod-
els. Compared to QAA, anwðkÞ retrievals from LS2
model have higher MAPE and lower RMSE values.
In the case of bias, higher negative bias values are
observed in the 410–490 nm wavelength region for
QAA, LS2 and GIOP-DC models. The MAPE
values for all the models lie in the range of 19–56%.

The average spectral MAPE (average of MAPE
values across all wavelengths) of all models lies in
the range of 25–27%.
For NOMAD (Bgure 5B), QAA, GIOP-DC and

LS2 models exhibited similar MAPE values in the
range of 21–23% in the retrieval of anw for 412–490
nm. Highest MAPE values in the range 35–46%
were observed at 670 nm for all models. MAPE
values for the derived anwðkÞ from all models lie in
the range of 23–46%, with average spectral MAPE
values in the range of 28–30%. GIOP-DC and QAA
models resulted in 94–99% valid anw retrievals in
410–555 nm range. GSM model-derived anw are
10–15% invalid in the 410–555 nm range. LS2
model-derived anw are *99% valid in 410–490 nm,
and the number of valid anw retrievals decreased in
510–670 nm range. For all models, a higher number
of invalid retrievals of anw are observed at 670 nm
as compared to the rest of the wavelengths.
For the Kochi dataset (Bgure 5C), QAA and LS2

derived anw exhibited lower MAPE values at all
wavelengths compared to GIOP-DC and GSM
models. However, the range of observed MAPE
values for the Kochi dataset (42–78%) is higher
compared to the CCRR dataset (19–56%) and
NOMAD (21–46%). In the case of g%, GSM model-
derived anw are 100% valid at all wavelengths,
except 443 nm. GIOP-DC and QAA models
derived anw coefBcients are 92–100% valid. LS2
model-derived anw have lowest valid retrievals in
the range of 68–92%. Biases for all models derived
anw at all wavelengths lie in the range of –0.33 to

–0.1 m�1. This range is relatively higher compared

Table 2. Statistical indicators calculated for Zhang (Zhang et al. 2015) and Lin (Lin et al. 2013) model-derived and measured
absorption subcomponents from NOMAD.

k (nm)

Zhang et al. (2015) Lin et al. (2013)

MAPE (%) RMSE ðm�1Þ Na Bias ðm�1Þ MAPE (%) RMSE ðm�1Þ Na Bias ðm�1Þ

aph 412 28.93 0.0668 237(0) 0.0007 52.05 0.0536 237(0) –0.0242

443 19.99 0.0555 237(0) 0.0056 51.12 0.0509 237(0) –0.0238

490 19.62 0.0488 237(0) 0.0108 52.28 0.0403 237(0) –0.0156

510 23.36 0.0357 237(0) 0.0079 46.06 0.0304 237(0) –0.0105

555 51.02 0.0274 237(0) 0.0073 43.74 0.0177 237(0) –0.0026

670 12.69 0.0077 237(0) 0.0010 5.43 0.0056 237(0) 0.0000

adg 412 11.78 0.0666 237(0) –0.0005 29.49 0.0671 237(0) 0.0315

443 14.67 0.0590 237(0) –0.0073 31.52 0.0472 237(0) 0.0203

490 18.56 0.0429 237(0) –0.0089 33.35 0.0317 237(0) 0.0104

510 20.03 0.0356 237(0) –0.0083 33.56 0.0261 237(0) 0.0076

555 22.96 0.0228 237(0) –0.0063 31.91 0.0166 237(0) 0.0036

670 30.58 0.0066 237(0) –0.0023 27.59 0.0047 237(0) 0.0003

The statistics in bold indicate the lowest value of the two models. Na indicates the total number of positive observed or measured
IOP at a speciBc wavelength and the value in brackets indicates the number of invalid IOPs derived from the model.
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Figure 3. Comparison of Zhang (blue squares) and Lin (red circles) model-derived and measured (A) aph and (B) adg at 412, 443,
490, 510, 555 and 670 nm from the NOMAD dataset. Slope and y-intercept are coefBcients from the linear Bt between model-
derived IOP and measured IOP values. Additional statistics are presented in table 2.

J. Earth Syst. Sci.         (2021) 130:159 Page 9 of 20   159 



to CCRR (Bias range: –0.02 to 0.13) and NOMAD
datasets (Bias range: –0.1 to 0). Based on the
statistics from the three datasets and at all wave-
lengths, QAA and LS2 models resulted in better
performance with lower errors compared to GIOP-
DC and GSM models.

3.3 Performance evaluation of SAA+ADA
models in the retrieval of aphðkÞ and adgðkÞ
from RrsðkÞ

The performance of the four SAA+ADA models,
QAA-Zhang, QAA-Lin, LS2-Zhang and LS2-Lin
models, in deriving aphðkÞ and adgðkÞ from RrsðkÞ is
compared with GIOP-DC, GSM and QAA models.
For the CCRR dataset (Bgure 6A), the average
spectral MAPE for aphðkÞ and adgðkÞ derived by
QAA-Zhang (46% and 56%), QAA-Lin (48% and
33%), LS2-Zhang (59% and 44%), LS2-Lin (59%
and 35%), QAA (32% and 37%), GIOP-DC (31%
and 47%) and GSM (41% and 45%) indicate that
the SAA+ADA models resulted in *10% higher
MAPE values for both the absorption subcompo-
nents compared to the existing SAA’s (Bgure 6A).
The average spectral RMSE values for aphðkÞ and
adgðkÞ derived by QAA-Zhang (0.09 and 0.10 m�1),
QAA-Lin (0.08 and 0.09 m�1), LS2-Zhang (0.10
and 0.09 m�1), LS2-Lin (0.07 and 0.06 m�1), QAA
(0.06 and 0.09 m�1), GIOP-DC (0.03 and 0.06
m�1) and GSM (0.04 and 0.06 m�1) indicate a

similar trend as observed in average spectral
MAPE values (Bgure 6B). Among the seven mod-
els, lower bias values are exhibited by aphðkÞ
derived from QAA, QAA-Zhang and GIOP-DC
models.
LS2-Zhang and LS2-Lin model-derived adg have

lower RMSE values as compared to the other
models derived adg (Bgure 6C). QAA-Lin and LS2-
Lin models resulted in the lowest number of valid
IOP retrievals with a range of 19–25% for both
IOPs. QAA-Zhang and LS2-Zhang models resulted
in a slightly higher number of valid retrievals for
both IOPs with an overall range of 25–65%. Except
at 665 nm for QAA, the existing SAAs (GIOP-DC,
GSM and QAA) resulted in a higher number of
valid IOP retrievals than SAA+ADA models. The
number of valid absorption subcomponent retrie-
vals significantly aAects retrieval performance and
results in lower statistical error values.
For the NOMAD dataset, aphðkÞ derived from

GIOP-DC and QAA exhibited lower MAPE values
and a higher number of valid retrievals than
SAA+ADA models (Bgure 7A and D). Average
spectral MAPE values for aphðkÞ derived by QAA-
Zhang (47%), LS2-Zhang (45%), QAA-Lin (56%)
and LS2-Lin (49%) models are higher than GIOP-
DC (41%) and QAA (35%) models. QAA-Lin’s
model-derived adg exhibited lowest MAPE values
at most of the wavelengths. Average spectral
MAPE values for adg derived from LS2-Zhang,

Table 3. Statistical indicators calculated for Zhang (Zhang et al. 2015) and Lin (Lin et al. 2013)
model-derived and measured absorption subcomponents from the Kochi dataset.

k (nm)

Zhang et al. (2015) Lin et al. (2013)

MAPE

(%)

RMSE

ðm�1Þ Na

Bias

ðm�1Þ
MAPE

(%)

RMSE

ðm�1Þ Na

Bias

ðm�1Þ

aph 412 34.92 0.1578 25(0) –0.1432 45.82 0.2014 25(0) –0.1855

443 32.00 0.1373 25(0) –0.1193 34.26 0.1442 25(0) –0.1306

490 30.44 0.0891 25(0) –0.0689 43.58 0.1401 25(0) –0.1218

510 28.50 0.0714 25(0) –0.0510 47.97 0.1346 25(0) –0.1135

555 35.35 0.0682 25(1) –0.0486 64.55 0.1266 25(0) –0.1012

670 18.35 0.0336 25(1) 0.0094 28.32 0.0782 25(0) –0.0466

adg 412 49.51 0.1587 25(0) 0.1442 52.41 0.1631 25(1) 0.1518

443 50.88 0.1310 25(1) 0.1120 61.18 0.1553 25(2) 0.1397

490 47.20 0.0896 25(2) 0.0693 65.31 0.1307 25(6) 0.1109

510 44.59 0.0756 25(2) 0.0557 64.61 0.1188 25(7) 0.0979

555 39.78 0.0512 25(2) 0.0313 64.38 0.0982 25(7) 0.0766

670 36.66 0.0302 25(1) –0.0155 40.64 0.0430 25(5) 0.0227

The statistics in bold indicate the lowest value of the two models. Na indicates the total number of
positive observed or measured IOP at a speciBc wavelength and the value in brackets indicates the
number of invalid IOPs derived from the model.
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Figure 4. Comparison of Zhang (blue squares) and Lin (red circles) model-derived and measured (A) aph and (B) adg at 412, 443,
490, 510, 555 and 670 nm from the Kochi dataset. Slope and y-intercept are coefBcients from the linear Bt between model-derived
IOP and measured IOP values. Additional statistics are presented in table 3.
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QAA-Lin and LS2-Lin’s models are lower than
GIOP-DC and GSM models and lie in the range of
28–34%. In the case of g%, GIOP-DC and QAA
derived aph retrievals are [75% valid in 412–555
range (Bgure 7D). At 670 nm, GIOP-DC derived
aph are 64% valid and QAA are 30% valid only,

indicating a substantial decrease compared to the
rest of the wavelengths.
GIOP-DC and QAA derived adg coefBcients are

[92% valid at all wavelengths. GSM model-
derived aph and adg have g% in the ranges of
72–87% and 77–86%, respectively. The g% for

Figure 5. Spectra of statistical indicators calculated for model-derived and measured anwðkÞ from LS2, QAA, GIOP-DC and
GSM models for (A) CCRR, (B) NOMAD, and (C) Kochi datasets. The description of the statistical indicators is presented in
equation (1).

Figure 6. Spectra of statistical indicators (A) MAPE, (B) RMSE, (C) Bias, and (D) g% calculated for model-derived and
measured aphðkÞ and adgðkÞ from CCRR dataset.
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absorption subcomponents derived from QAA-
Zhang (30–58%), LS2-Zhang (45–72%) and LS2-
Lin (25–47%) are higher compared to QAA-Lin
(20–23%) model. Overall, g% values for
SAA+ADA model derived absorption subcompo-
nents are significantly lower than GIOP-DC, GSM
and QAA models. A possible reason for lower
average spectral MAPE values in derived adg from
LS2-Zhang, QAA-Lin and LS2-Lin’s models can be
attributed lower valid retrievals.

In the case of the Kochi dataset, LS2-Zhang and
QAA derived aph in 412–555 nm obtained lower
MAPE values in the ranges of 51–61% and 47–60%
as compared to GIOP-DC (64–71%), GSM
(55–92%), QAA-Zhang (79–89%), QAA-Lin (95–
97%), LS2-Lin (82–84%) models (Bgure 8A). Fol-
lowing the trend observed in MAPE statistics, bias
values (Bgure 8C) for aphðkÞ derived from LS2-

Zhang (–0.08 to –0.19 m�1) and QAA (–0.08 to

–0.24 m�1) are lower compared to GIOP-DC (–0.11

Figure 7. Spectra of statistical indicators (A) MAPE, (B) RMSE, (C) Bias, and (D) g% calculated for model-derived and
measured aphðkÞ and adgðkÞ for NOMAD dataset.

Figure 8. Spectra of statistical indicators (A) MAPE, (B) RMSE, (C) Bias, and (D) g% calculated for model-derived and
measured aphðkÞ and adgðkÞ for Kochi dataset.
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to –0.28 m�1), GSM (–0.12 to –0.36 m�1), QAA-

Zhang (–0.13 to –0.34 m�1), QAA-Lin (–0.15 to

–0.42 m�1) and LS2-Lin (–0.15 to –0.35 m�1)
models (Bgure 8C). GIOP-DC, GSM, QAA and
QAA-Zhang model-derived aph coefBcients are
[90% valid (Bgure 8D) at most of the wavelengths.
Lowest g% values are observed in aph derived from
QAA-Lin (36%) and LS2-Lin (16%) models. A
possible reason for observed lower MAPE values
for aphðkÞ derived from LS2-Zhang model can be
owing to slightly lower g (60–76%), as compared to
QAA and GIOP-DC models.
MAPE values for adg derived from all models are

relatively lower in 412–510 nm as compared to
555–670 nm range (Bgure 8A). QAA-Lin model
derived adg obtained lowest average spectral
MAPE of 36% as compared to GIOP-DC (69%),
GSM (61%), QAA (56%), QAA-Zhang (43%), LS2-
Zhang (54%) and LS2-Lin (62%) models. All adg
retrievals from SAAs are[84% valid at all wave-
lengths (Bgure 8D). Similar to g% values observed
in model-derived aph, QAA-Lin (28%) and LS2-Lin
(16%) model-derived adg obtained lowest g% com-
pared to rest of the models.
Summarizing various comparisons, Zhang and

Lin’s models resulted in 93–100% valid IOP
retrievals when measured anwðkÞ is used as input
(tables 1–3). The average spectral MAPE values
obtained for Zhang’s model in deriving aphðkÞ and
adgðkÞ from anwðkÞ of CCRR (26% and 38%),
NOMAD (25% and 19%) are lower compared to
Kochi dataset (29% and 44%). Similarly, for Lin’s
model, average spectral MAPE values for aphðkÞ
and adgðkÞ derived from anwðkÞ of CCRR (23%
and 30%) and NOMAD (41% and 31%) datasets
are lower compared to Kochi (44% and 58%)
(tables 1–3). Overall, Zhang’s model exhibited
lower errors compared to Lin’s model in deriving
absorption subcomponents from measured anwðkÞ.
The comparison of ADAs indicate that Zhang’s
model is capable of deriving absorption subcom-
ponents with reasonable accuracy (20–30%) when
provided with measured anwðkÞ inputs.
For the CCRR dataset, the average spectral

MAPE values for aphðkÞ and adgðkÞ derived using
SAA+ADA’s lie in the range of 46–59% and
33–56%, respectively, and are higher compared to
GIOP-DC (31% for aphðkÞ and 47% for adgðkÞ) and
QAA (32% for aphðkÞ and 37% for adgðkÞ) models.
For NOMAD, the average spectral MAPE values
for aphðkÞ and adgðkÞ derived from SAA+ADAs lies
in 45–56% and 28–45%, respectively. These ranges

encompass the MAPE values observed for GIOP-
DC (41% for aphðkÞ and 38% for adgðkÞ) and QAA
(35% for aphðkÞ and 32% for adgðkÞ) models. For the
Kochi dataset, average spectral MAPE values
observed for aphðkÞ and adgðkÞ derived using
SAA+ADAs fall in the ranges of 57–94% and
36–62%, respectively. As observed in the NOMAD
dataset, average spectral MAPE values for aphðkÞ
and adgðkÞ from GIOP-DC (66% for aphðkÞ and
69% for adgðkÞ) and QAA (55% for aphðkÞ and 56%
for adgðkÞ) models fall in these ranges. However,
the g% that inCuence the statistics of all models
are lower for SAA+ADAs compared to SAAs
(Bgures 6–8). Overall, the errors in anwðkÞ derived
from QAA and LS2 models partially contribute to
higher errors and a lower number of valid retrievals
from SAA+ADAs than SAAs alone.

4. Discussion

The results presented in the previous sections
indicate that Zhang and Lin’s models are capable
of deriving absorption subcomponents with rea-
sonable accuracy (20–30%), if accurate measured
anwðkÞ is provided as output. When coupled with
QAA and LS2 models, the four SAA+ADAs
(QAA-Zhang, QAA-Lin, LS2-Zhang and LS2-Lin)
exhibited higher MAPE values and a lower number
of valid retrievals for both absorption subcompo-
nents as compared to existing SAAs. The observed
higher errors are partially due to the error present
in anwðkÞ that is used as input to ADAs in
SAA+ADA combinations.
Both Zhang and Lin’s models used the NOMAD

dataset to evaluate the absorption subcomponent
retrieval capability; however, the present study
results are not directly comparable because of the
following reasons. For the present study, stations
that contain Rrs kð Þ and concurrently measured
subcomponents are extracted from NOMAD. Fur-
ther, some stations from the Florida site from
NOMAD were excluded as they overlap with the
CCRR dataset, resulting in a Bnal subset of 273
samples. Zhang’s model was proposed to invert
anwðkÞ to derive pico-, nano- and micro-phyto-
plankton absorption coefBcients along with adgðkÞ.
Hence, Zhang’s study uses a subset of the NOMAD
dataset with 270 samples that contain all these
parameters. Lin’s model was developed to partition
anwðkÞ into absorption subcomponents only; hence,
a higher number of samples (N = 1100) are avail-
able. Further, in Lin’s study, the NOMAD dataset

  159 Page 14 of 20 J. Earth Syst. Sci.         (2021) 130:159 



is divided into two subsets (with 550 stations in
each subset), wherein one subset is used to cali-
brate and the other to validate the model. As all
three studies use different subsets of NOMAD
data, results from them are not directly
comparable.
The performance of QAA, GIOP-DC and GSM

algorithms in retrieving IOPs from optically
complex waters such as coastal, estuarine and
turbid waters is limited (Shi and Wang 2019). To
improve the IOP retrieval performance in opti-
cally complex waters, QAA was regionally tuned
or modiBed (Le et al. 2009; Yang et al. 2013;
Mishra et al. 2014; Shi and Wang 2017, 2019;
Jiang et al. 2019). However, most of these algo-
rithms required RrsðkÞ measurement in wave-
lengths greater than 700 nm. The CCRR dataset
used in the present study consists of Rrs and
corresponding IOP measurements up to 683 nm
only, hence, QAAv6 is used. In the case of LS2
and other inversion algorithms, the IOP retrieval
performance in longer wavelengths (green to red)
reduces. The reduction in the performance is due
to dominant pure water absorption in longer
wavelengths leading to an accurate estimation of
anw that results in unacceptable uncertainties and
larger statistical errors (Loisel et al. 2018).
The present study evaluates the capability of

ADAs in deriving absorption subcomponents from
RrsðkÞ by combining them with two SAAs (QAA
and LS2). The results indicate that for remote-
sensing applications, the existing SAAs derive
anwðkÞ with good accuracy; however, higher accu-
racies are required in optically complex waters for
application of ADAs in deriving accurate absorp-
tion subcomponents. Few existing studies (Bricaud
et al. 2012; Zheng and Digiacomo 2017) combined
other ADAs with SAAs, to derive chlorophyll-a
concentrations from various aquatic environments
and study spatio-temporal variations of phyto-
plankton size classes. However, the present study is
carried out with a different purpose, i.e., to quan-
tify the error propagated in deriving absorption
subcomponents from RrsðkÞ using ADAs.

5. Conclusions

Absorption subcomponents provide valuable
information about various seawater constituents
such as phytoplankton, non-algal particulate
material and dissolved organic matter and their
interaction with incident sunlight. The

concentration of these water constituents is
essential in understanding the water quality of
coastal waters. Algorithms that use remote sens-
ing data as input and provide IOPs as outputs are
useful for studying regional, basin and global scale
ocean biogeochemical processes. In the present
study, we assessed the performance of two
absorption decomposition algorithms, Zhang and
Lin’s models, in the retrieval of absorption sub-
components from both measured anwðkÞ and
anwðkÞ derived from QAA and LS2 models. With
measured anwðkÞ as input, both Zhang and Lin’s
models derived the absorption subcomponents
with an overall average spectral MAPE in the
range of 19–41% (CCRR and NOMAD datasets).
In the case of anwðkÞ derived from QAA and LS2
models, the average spectral MAPE values
increased by nearly 10–23% for both the IOPs.
The four models, QAA-Zhang, QAA-Lin, LS2-
Zhang and LS2-Lin models, resulted in higher
MAPE values and a lower number of valid IOP
retrievals than existing SAAs, GIOP-DC, GSM
and QAA. These results indicate that although
the absorption decomposition algorithms can
derive the absorption subcomponents with lower
errors in optically complex waters (CCRR and
NOMAD datasets), their applicability is presently
limited in remote sensing applications for opti-
cally complex coastal waters. The high MAPE
errors of the derived absorption subcomponents
from QAA-Zhang, LS2-Zhang, QAA-Lin and LS2-
Lin models can be partially attributed to erro-
neous input anwðkÞ derived from QAA and LS2.
With an improvement in algorithms using ana-
lytical methods (Twardowski and Tonizzo 2018),
it is possible to obtain lower errors in deriving
anwðkÞ from Rrs kð Þ, thereby reducing the errors in
the derived subcomponent IOP errors from
absorption decomposition algorithms. Further
studies using other ADAs and SAAs can be pur-
sued to evaluate new SAA+ADA combinations
for deriving accurate absorption subcomponent
using ADAs from optically complex waters.
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Appendix

The steps of Quasi-Analytical Algorithm Version-6
(QAA-V6) (Lee et al. 2002; Lee 2014) are repre-
sented below (table A1).
The steps of LS2 (Loisel et al. 2018) are men-

tioned below (table A2).

Table A1. Steps of QAA-v6 model.

Step QAA-v6

1 rrs kð Þ ¼ RrsðkÞ=ð0:52þ 1:7Rrs kð ÞÞ

u kð Þ ¼ �g0þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g0ð Þ2þ4g1�rrs kð Þ

p
2g1

, where g0 = 0.0895 and g1 = 0.1245

If Rrsð670Þ\ 0.015 sr�1 (QAA-v5) (else)

2 v ¼ rrs 443ð Þþrrsð490Þ
rrs 55xð Þþ5ðrrs ð670Þ

rrs ð490ÞÞrrsð670Þ

a k0ð Þ ¼ a 55xð Þ ¼ aw k0ð Þ þ 10 h0þh1vþh2v2ð Þ

a k0ð Þ ¼ a 670ð Þ

¼ aw 670ð Þ þ 0:39 Rrsð670Þ
Rrs 443ð ÞþRrsð490Þ

� �1:14

3 bbp k0ð Þ ¼ bbp 55xð Þ ¼ u k0ð Þxaðk0Þ
1�u k0ð Þ � bbwð55xÞ bbp k0ð Þ ¼ bbp 670ð Þ ¼ u k0ð Þxaðk0Þ

1�u k0ð Þ � bbwð670Þ

4 g ¼ 2:0 1� 1:2exp �0:9 rrs 443ð Þ
rrs 55xð Þ

� �� �

5 bbp kð Þ ¼ bbp k0ð Þ k0
k

� �g

6 a kð Þ ¼ ð1� u kð ÞÞðbbw kð Þ þ bbp kð ÞÞ=uðkÞ

7, 8 f ¼ 0:74þ 0:2
0:8þrrs 443ð Þ=rrsð55xÞ

n ¼ eSð442:5�415:5Þ; S ¼ 0:015þ 0:002
0:6þrrsð443Þ=rrsð55xÞ

9, 10 ag 443ð Þ ¼ a 412ð Þ�fa 443ð Þ
n�f � aw 412ð Þ�fawð443Þ

n�f

adg kð Þ ¼ ag 443ð Þe�Sðk�443Þ; aph kð Þ ¼ a kð Þ � adg kð Þ � awð443Þ
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Table A2. Steps of LS2 model.

Step Description of each step of the LS2 model

1 RrsðkÞ and solar zenith angle (SZA), hw are inputs to the model.

Use hw to calculate lw using lw ¼ cos½a sinðsin hs=nwÞ� with nw = 1.34 (refractive index of water).

2 hKd kð Þi1, the average attenuation coefBcient of downwelling irradiance (m�1) is either calculated using a neural network

algorithm (Jamet et al. 2012; Loisel et al. 2018) or can be supplied with in-situ measurements. The number ‘1’ in subscript

indicates calculation of coefBcient between the surface and Brst attenuation depth, z1. z1 is the depth at which

downwelling reduces to 37% of its surface value.

3 Chlorophyll concentration estimated using OC4v4 (O’Reilly and Maritorena 2000) to obtain a rough estimate of the

particulate scattering coefBcient, bpðkÞ from (Morel and Loisel 1998; Morel and Maritorena 2001). Total scattering

coefBcient, bðkÞ is calculated as bwðkÞ + bpðkÞ where bwðkÞ is scattering of pure water calculated based on temperature and

salinity (Zhang et al. 2009).

4 gw ¼ bwðkÞ=bðkÞ
5 a ¼ hKdi1=½a1 g; lwð Þ þ a2 g; lwð ÞRrs þ a3 g; lwð ÞR2

rs þ a4 g; lwð ÞR3
rs�

The values of a1�4 are provided in look-up tables (Loisel et al. 2018).

6 anw kð Þ ¼ a kð Þ � awðkÞ. awðkÞ can either be supplied or obtained from the literature (Pope and Fry 1997; Mason et al.

2016).

7 bb ¼ hKdi1½bb1 g; lwð ÞRrs þ bb2 g; lwð ÞR2
rs þ bb3 g; lwð ÞR3

rs�
The coefBcients bb1�3 are provided in look-up tables.

8 bbp kð Þ ¼ bb kð Þ � bbwðkÞ. Here bbw kð Þ ¼ bwðkÞ=2. bwðkÞ is calculated in step-3.

9 Calculate kðkÞ based on the ratio of bb kð Þ and aðkÞ calculated in step-7 and step-5. Use kðkÞ and input RrsðkÞ to calculate

Raman scattering contribution corrected remote sensing reCectance from a look-up table. Use Raman scattering corrected

RrsðkÞ in step-1 and repeat the process until a convergence in successive estimates of IOPs is achieved.

Table A3. Description of steps in GIOP-DC and GSM models.

Step Description of each step of the GIOP-DC model. DC indicates default conBguration

1 Initiate algorithm by providing initial guess values for variables ½Chl�; adgðk0Þ and bbpðk0Þ where k0 is reference wavelength
usually set to 443 nm. [Chl] is chlorophyll concentration. These are the variable optimized in this model. A

Levenberg–Marquardt optimization technique (Levenberg 1944; Marquardt 1963) is used to Bnd optimal values of these

variables.

2 Calculate aphðkÞ by using the spectral shape model provided by (Bricaud et al. 1995), exponential shape model for adgðkÞ
with slope of 0.018 nm�1 and hyperbolic model for calculating bbpðkÞ with dynamic slope from (Lee et al. 2002).

3 Calculate bulk IOPs, aðkÞ and bb kð Þ by adding subcomponent IOPs and pure water absorption and backscattering

coefBcients. The pure water absorption and backscattering coefBcients are taken from (Pope and Fry 1997) and (Zhang

and Hu 2009).

4 Calculate rrs kð Þ ¼ g0�u kð Þ þ g1�u kð Þ2; u kð Þ ¼ bbðkÞ
a kð Þþbb kð Þ; g0 ¼ 0.0949 and g1 = 0.0794 are coefBcients from (Gordon et al.

1988).

5 Convert rrs kð Þ to RrsðkÞ using (Lee et al. 2002) relation; Rrs kð Þ ¼ 0:5rrsðkÞ
1�1:7rrsðkÞ.

6 Find optimal values of variables in step-1 by minimizing the sum of squares of differences between measured RrsðkÞ and
modelled R

0

rsðkÞ from step-5.

7 The outputs from the model are optimal values of variables speciBed in step-1. The spectral shapes for subcomponent

speciBed in step-2 are used to reconstruct subcomponent and bulk IOPs.

GSM GSM model follows the same procedure of GIOP-DC with the following major differences. The spectral shape model used

for modelling aphðkÞ is speciBed in (Maritorena et al. 2002), the value of adgðkÞ slope used is 0.0206 nm�1 and slope of

bbpðkÞ used is 1.03773.
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The steps involved in Generalized Inherent
Optical Property – Default ConBguration (GIOP-
DC) (Werdell et al. 2013) and Garver–Siegel–
Maritorena (GSM) (Maritorena et al. 2002) models
are presented in table (table A3).
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Toxicity bioassays measure the direct impacts of contaminants on aquatic environment. Sediment
toxicity bioassay using resident species with analysis of priority chemicals accomplish the reliable risk
assessment. Copepods are sensitive to environmental contaminants and widely applied for toxicity
bioassays. Therefore, present study demonstrates sediment toxicity bioassay on meio-benthic harpacti-
coid copepod Tisbe furcata. Sediment quality parameters, metals, and total petroleum hydrocarbons
(TPHs) are measured in the sediment. Pollution load index (PLI) and potential ecological risk index
(PERI) are determined from metal concentration. Biological responses of copepod and sediment microbe
are measured by hydrolysis of Cuorescein diacetate (FDA). Sediment quality is assessed by the rate of
FDA hydrolysis in comparison with sediment quality parameters. Absorbance of Cuorescein in sediment
extracts measured between 0.0437 and 0.0846 by copepods. Sediment toxicity response of copepods
exhibited that the estuarine sediments are highly toxic with considerable ecological risk attributing higher
PLI and PERI respectively. Interestingly, the toxicity bioassay exhibits moderate toxicity in the sedi-
ment samples of bar mouth and oA-shore of the estuary. However, PLI and PERI reveal that these
sediments are unpolluted with low ecological risk and even the impact from unknown emerging con-
taminants can be captured by sediment toxicity using copepod. High hydrolytic activities by sediment
microbes at main stream of estuary and coastal sediments are attributed to sewage discharges. These
assays are more environmentally relevant, reliable and cost-effective, and numerous tests can be
conducted with basic laboratory equipments to regulate pollution.

Keywords. Pollution; sediment toxicity; Cuorescein diacetate; risk assessment; environmental quality
assessment.
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1. Introduction

Coastal ecosystems are under serious threat by
anthropogenic pollution from activities like
urbanization and industrialization (Edem et al.
2018). The total input of pollutants in coastal
waters of India estimates that there is
1.1191010 m3/year of sewage, 1.35 million m3/day
of industrial waste, 34,500 ton/day of solid waste,
agriculture and aquaculture based eAluent is
around 2.37 million m3/day, 1.5691012 m3/year of
riverine discharges, and 18.37 million tons/year of
fertilizers (GESAMP 2001; Zingde 2001). These
pollutants ultimately sink into the coastal sedi-
ments from the water column. Most of the coastal
sediments are reported with higher levels of metal
and organic contaminants exceeding the sediment
quality guidelines (Rokade 2009). Thereby it
aAects the water, sediment quality and physiolog-
ical activities of the organism and leads to alter-
ation in community structure by loss of sensitive
species and proliferation of tolerant species (Catala
et al. 2016). Accumulation and presence of con-
taminants in sediments differ spatially due to the
inCuence of discharge points, load, the Cow of
water, depth and sediment texture (Cornelissen
and Gustafsson 2005). Release of nutrients enhan-
ces the algal growth and leads to eutrophication
(Pei et al. 2020). Sediment microbes are playing
major role in decomposing of organic matter,
however, higher load of organic matter causes
hypoxia which leads to anaerobic degradation and
release of toxic gases like ammonia and hydrogen
sulBde (Jiang et al. 2016). In this context, many
studies focused on measuring the level of priority
pollutants in sediment rather than water columns
since they are present at detectable levels due to
accretion and higher residential period (Fent
2004). Measuring pollutant levels and derivation of
ecological risk indices is a key to categorization of
polluted locations and chemical of concern. How-
ever, these are not appraising the impacts of pol-
lutants on resident organisms and ecosystem
(Allan et al. 2006).
Apparently many emerging chemicals are con-

tinuously being produced and reaching the coastal
environment. Those are not measured due to the
absence or the inadequacy of suitable analytical
techniques and/or facilities. Analytically, unde-
tectable toxic chemicals that go unmeasured can
pose environmental risks and they should be con-
sidered for sediment quality/risk assessment along
with priority chemicals. This can be done by

adopting a comprehensive risk assessment strategy
by the inclusion of toxicity bioassay data along
with monitoring of pollutant levels and micro/-
macro benthic biodiversity indices (Simpson and
Batley 2016). Sediment toxicity bioassay is an
emerging tool to assess the impact of pollutants
accumulated in the sediment irrespective of toxic
chemicals and organic enrichment (Schweizer et al.
2018). Toxicological analysis provides information
about bioavailability, cumulative eAects, interac-
tion and stress on the organism (Schlekat et al.
2016). Whole sediment toxicity bioassays are reli-
able for assessing coastal environments that are
inCuenced by multiple anthropogenic sources.
Determination of biological responses is a chal-
lenging task at environmental levels of contami-
nants in the fraction of sediment. This is conquered
by the application of biomarker Cuorescent dye like
Cuorescein diacetate (FDA) and dichloro Cuores-
cein diacetate (DC-FDA). These stains are widely
used to measure the physiological stress in test
organisms induced by stressors at environmentally
reliable levels (Guilherme 1997). FDA is a non-
Cuorescent, non-toxic chemical to living cells,
hydrolyzed to Cuorescent chemical Cuorescein by a
group of enzymes. FDA is hydrolyzed by the
enzymes of proteases and esterases in the living cell
and the amount of activity can be measured in the
living organism and/or extracellular media
(Welschmeyer and Maurer 2012; Jiang et al. 2016;
Edem et al. 2018). In this context, the sediment
toxicity bioassays on sensitivity species from dif-
ferent groups, e.g., microbes, rotifers, copepod and
polychaete worms help to assess realistic impact of
pollutants on the ecosystem. Toxicity of sediment
is determined using FDA on microbes and
microalgae (Welschmeyer and Maurer 2012; Jiang
et al. 2016; Edem et al. 2018). Bioassays involving
resident sensitive species of ecological significance
of the particular ecosystem provide reliable risk
assessment (Fontvieille et al. 1992). Copepods are
important component in benthic food-web and
sensitive to various pollutants. Hence, the sedi-
ment toxicity bioassays on benthic copepods may
enhance the reliability of risk assessment in addi-
tion to the microbial assays (Marco et al. 2016;
Edem et al. 2018). The microbial luminescence
inhibition assays are applied as a preliminary test
mostly for chemical toxicity and freshwater sys-
tems along with a battery of bioassays on other
species (Parvez et al. 2006). Sediment toxicity
testing kits available using the bioluminescent
bacteria Vibrio Bscheri is useful for a limited
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number of tests. However the microbial activity
differs with different factors other than the toxi-
cants like media composition, revival of freeze
dried microbe, temperature, etc. (Strotmann et al.
2020). Another Cuorescence biomarker, dichloro-
FDA is applied widely for quantifying the ROS due
to oxidative stress. Unlike DC-FDA, the FDA
captures the impacts of pollutants/stressors on
physiological inhibition along with oxidative stress.
An epibenthic harpacticoid copepod T. furcata is

chosen for assessing sediment toxicity. This species
is selected based on wide distribution, benthic
habitat, ecological importance, sensitivity to con-
taminants, and amenability to laboratory culture
(Hagopian et al. 2001; Victor and Simpson 2011;
Sivaleela and Venkataraman 2014; Isabella et al.
2018). This would help in cost and time cutting in
procuring the commercial assay kits for limited
number of assays with reliable results. The bioas-
say using mixed species would provide more reli-
able results but increased complexity may vary the
results of replicated experiment. Hence, the
advantage of mono-species toxicity test is easy, less
complex and reproducibility of results. Thus, the
present study aims to (1) develop a rapid sediment
toxicity bioassay using FDA hydrolysis by benthic
copepod, and (2) compare the results of toxicity
bioassay with sediment quality parameters sedi-
ment texture, bulk density, total organic carbon,
chlorophyll, metals, total petroleum hydrocarbons
and pollution load index.

2. Materials and methods

2.1 Study area

Sediment samples were collected from 10 sampling
sites at north Chennai coast and Ennore estuary
covering the area from Kasikovilkuppam
(13�.1870E; 80�.3190N) in the south to Buckingham
canal (12�.27248E; 80�.32170N) in the north. Five
sites are selected in the estuary and Bve sites in the
coastal and oAshore regions (Bgure 1). Anthro-
pogenic activities inCuencing in the sampling sta-
tions are (S1) port activities and Cy ash; (S2)
handling of crude oil and coal in Kamarajar port for
thermal power plants; (S3 and S4) thermal eAluent
discharges, dredging and operation of Bshing boats;
(S5 and S6) receiving the eAluents from industrial,
domestic activities and Bshing of polycheate worms;
(S7) impact of collective discharges from Ennore
estuary in oAshore sediment at 15 m water depth;

(S8–S10) receiving eAluents from marine outfalls,
Bshing and non-point domestic discharges.

2.2 Sampling and analysis of sediment quality
parameters

Surface sediment samples were collected using
Van-Veen grab (area 0.01 m2) in March 2019.
Totally, 30 sediment samples were collected in
three replicates from each sampling sites. Collected
samples were transferred into polythene bags,
transported to the laboratory in an ice box and
stored in a deep freezer at –20�C until the bioassay
and analysis. Aliquots of sediments were dried at
65�C for 24 h in a hot-air oven for analysis of sed-
iment quality parameters, viz., texture, TOC,
chlorophyll-a and pheophytin, TPH and metals.

2.2.1 Sediment texture, bulk density and TOC

Sediment texture was analyzed using a sieve shaker
(Retsch AS 200) for sandy sample and particle size
analyzer (Malvern Hydro 2000G) for clayey sam-
ples. The biogenic calcareous portion in the sedi-
ment samples were removed using concentrated

Figure 1. Map showing the study area around Ennore estuary
with sampling locations.
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hydrochloric acid before texture analysis. The
proportion of sand, silt and clay was derived based
on the quantity of different grain sized portions in
the sediment (Folk and Ward 1957; Friedman
1979). The dry bulk density (BD) was calculated
using the following equation of Dadey et al. (1992).
Volume and moisture content were measured
gravimetrically using 5 g of fresh sediment sample.

Dry BD ¼ 1� uð Þ � Ps;

where u is the porosity as volume, and Ps is the
grain speciBc gravity as weight.
Total organic carbon was analyzed by the wet

oxidation method described by Walkley (1935).
BrieCy, 0.5 g of dried sediment sample is added
into 500 ml Erlenmeyer Cask. Then, 10 ml of 1N of
K2Cr2O7 was added and mixed by swirling followed
by addition of 20 ml of concentrated H2SO4. This
mixture was incubated for 20 min at room tem-
perature, and then diluted to 200 ml with distilled
water. Following by 10 ml of phosphoric acid, 0.2 g
of sodium Cuoride and 15 drops of diphenylamine
indicator were added into the diluted sediment
mixture. The solution becomes a dark brown colour
and this sample was titrated with 0.5N ferrous
ammonium sulphate until the appearance of bril-
liant green colour. The TOC in the sample was
calculated using the following equation:

% Organic Carbon

¼ 10 1� T=Sð Þ 1:0N 0:003ð Þ 100=Wð Þ½ �;

where T is the Titre volume (ml) for sample and
S is the Titre volume (ml) for blank. 0.003: factor
value converting to carbon, 1.0N: normality of
K2Cr2O7, 10 volume (ml) of K2Cr2O7, W: weight
(g) of sediment sample.

2.2.2 Sediment chlorophyll-a and pheophytin

The chlorophyll-a content in sediment samples is
determined by the method described by Lorenzen
(1967). One gram of fresh sediment sample
incubated at 4�C under dark conditions overnight
after mixing with 4 ml of 90% acetone. Then the
samples were centrifuged at 4000 rpm for 5 min
and absorbance was measured in supernatants
using an UV-Vis spectrophotometer (Hitachi,
model F-2700) at 665 and 750 nm before and
after acidiBcation. The chlorophyll-a and pheo-
phytin were calculated following the equations
below:

Chl-a mg=gð Þ ¼ A�K � 665o� 66að Þ
g � l

� v;

Pheopigment mg=gð Þ

¼ A�K R 665a½ � � 665oð Þ
g � l

� v;

where A is the absorption coefBcient (11) of
chlorophyll-a, K: normalization factor (2.43), 665o:
absorbance before acidiBcation, 665a: absorbance
after acidiBcation, v: volume (ml) of acetone, g:
weight (gm) of sediment, l: path length (cm) of
cuvette, R: ratio (1.7) of 665o:665a in the absence
of pheophytin.

2.2.3 Total petroleum hydrocarbons (TPH)

TPH concentrations in the sediment samples were
determined using the method described by IOC-
UNESCO (1982). Eighty gram of fresh sediment
was saponiBed with 100 ml of methanol and 3 g of
KOH and heated in a reCux condenser apparatus at
75�C for 90 min. The mixture was Bltered through
Whatman No.1 Blter paper after cooling into room
temperture and transferred into separating funnels.
The TPHs in Bltrates were extracted into n-hexane.
The Cuorescence of the extracted sample was mea-
sured in a Cuorescence spectrophotometer (Hitachi,
F-2700) at 364 nm of emission and 310 nm of exci-
tation wavelengths. Chrysene was used as a cali-
bration standard and results were expressed as
chrysene equivalent. The extraction and analytical
methods were validated by spiked recovery of
known concentrations of chrysene. n-hexane used as
reagent and solvent blank after undergoing the same
extraction procedure without sediment sample.
Negligible Cuorescence value for blank was observed
and the recovery of 93–104% was obtained within
10% standard deviation of mean value.

2.2.4 Metals

The metals in sediment samples were determined
after the acid digestion (Tessier et al. 1979).
BrieCy, 0.2 g of powdered dry sediment samples
were mixed in nitric and perchloric acids in a ratio
of 4:1 and heated at 190�C for 1 h. The sample was
Bltered through Whatman No. 1 Blter paper and
made up to 25 ml using ultrapure water. Metal
concentrations in the extracted sediment were
measured using the Atomic Absorption
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Spectrometer in Came mode except for selenium in
hydride vapor method (Varian, SpectrAA 220FS).

2.3 Conduct of sediment toxicity bioassay

2.3.1 Copepod collection and culture
maintenance

Copepods were collected from shallow backwaters
in Chennai using a zooplankton net (150 l mesh).
Samples were packed in polythene bag with ambi-
ent seawater and oxygen gas. Multi-species cope-
pod culture was established in glass aquarium
tanks with seawater and mixed microalgae diet.
Meio-benthic harpacticoid copepod T. furcata was
isolated and identiBed using morphological identi-
Bcation key characters (Dahms et al. 1991). Mono-
species culture of T. furcata was established under
laboratory controlled conditions of 24 ± 2�C of
temperature, 30 psu of salinity, 5.5 ± 1 mg/l of
dissolved oxygen and photoperiod of 16-h light and
8-h dark adjusted with 2500 ± 500 lux of light
intensity. The mixed microalgae and diatom cul-
tures consisting of Isochrysis galbana and Thalas-
siosira sp. were fed during the culture of copepod.

2.3.2 Preparation of whole sediment extract
for toxicity bioassay

A fresh sediment of 2 g was mixed with 40 ml of
Bltered seawater in 50 ml centrifuge tubes in six
replicates. Replicated tubes were marked alpha-
betically from A to F. The sediment mixture in the
tubes was shaken well using a reciprocal shaker for
1 h at 280 rpm speed. Tubes marked with A, B
and C were heated in a hot water bath for 1 h at
80�C to seize the microbial activities in the sedi-
ment extract and allowed to cool to room tem-
perature (Everaert et al. 2016). Then, all the tubes
(A–F) were kept undisturbed for settlement for
24 h. Absorbance values of all the sediment
extracts were measured as blank (AbsBlank) and
10 ml aliquots of water from each sediment extract
was transferred into another set of 15 ml centrifuge
tubes for measuring the blank. Sediment toxicity
bioassay was initiated by the addition of 40 lM
FDA into the sediment extracts in four different
combinations (table 1). Tubes A and D were used
for measuring the chemical hydrolysis (combina-
tion 1) and sediment microbial activities, respec-
tively (where the copepods are not exposed,
combination 2). A customized toxicity test

chamber was used for exposing the copepods to
sediment extracts. Fifteen (15) ml plastic cen-
trifuge tubes were modiBed as copepod exposure
chambers by Bxing a piece of zooplankton net at
the bottom of tube as shown in Bgure 2. Ten
copepods were added into each tube while half
portions of tubes were immersed with Bltered
seawater in a beaker. These tubes with copepod
were exposed in the B, C, E and F tubes for 1 h to
determine the FDA hydrolysis by copepod activi-
ties alone (combination 3) and along with micro-
bial activities and autolysis (considered as total
hydrolysis by chemical hydrolysis, microbial and
copepod, combination 4) (table 1 and Bgure 2).
Ten copepods were exposed to 10 ml of Bltered
seawater as positive control for activity of cope-
pods. The copepods were removed from the sedi-
ment extracts after the exposure period of 1 h.
Then, FDA hydrolysis reaction was terminated by
the addition of 1 ml acetone in the sediment
extracts. The Cuorescence was measured at
495 nm in the extracts after centrifugation at
4000 rpm for 10 min (Green et al. 2006; Jiang et al.
2020) andnoted as absorption in sample (AbsSample).
The rate of hydrolysis amongdifferent combinations
is calculated as follows.

FDA hydrolysis by sediment chemicals HChemð Þ
¼ AbsSample Að Þ � AbsBlank Að Þ

FDA hydrolysis by sediment microbe HMicrobeð Þ
¼ AbsSample Dð Þ �AbsBlank Dð Þ

� �
� HChemð Þ

FDA hydrolysis by copepods HCopepod

� �

¼ AbsSample B orCð Þ � AbsBlank BorCð Þ
� �

� HChemð Þ

Total hydrolysis HTotalð Þ
¼ AbsSample E or Fð Þ �AbsBlank E orFð Þ:

2.4 Statistical analysis

The results of sediment quality parameters and
sediment toxicity tests are presented from triplicate
measurements. Principal component analysis
(PCA) was performed to identify the inCuencing
sediment quality parameters and contaminants like
metals and TPH on sediment toxicity using the
statistical tool, Primer (version 6). The relation-
ships among theparameters and toxicity of sediment
were determined using correlation coefBcient. Sedi-
ment toxicity data are analysed for their difference
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among the sampling stations by ANOVA using
SPSS (version 16).

3. Results

3.1 Sediment quality parameters

Results of texture, bulk density, TOC, TPH,
chlorophyll-a, pheophytin and metals are pre-
sented in table 2 and Bgure 3(a–d). Coastal sedi-
ments are sandy with silt-like texture at Ennore
port (S2), bar mouth of estuary (S4) and southern
coastal stations (S9 and S10). Coastal sediments
had lesser bulk density (1.45 g/cm3) than estuarine
sediments (2.17 g/cm3). Overall, sediment chloro-
phyll-a observed between 1.95 (S7) and 10.68 (S5)
mg/g and pheophytin from 2.33 (S3) to 21.37 (S4)
mg/g among the sampling stations. Higher levels of
total organic carbon are observed at mid-estuarine
sediments with 1.79 ± 0.72% than coastal and

oA-shore sediments with 0.25 ± 0.08%. TPHs
determined along the Ennore estuary and coastal
sediments ranged from 0.15 to 12.14 lg/g. Estu-
arine sediments are observed with higher TPHs
compared to the coastal sediments in the range
from 0.44 ± 0.12 (S1) to 12.14 ± 0.10 lg/g (S5).
The highest concentration was observed in mid-
estuary, estuarine mouth, and Kamarajar port.
Metal concentrations (lg/g) were found in the
range of 5.76 ± 0.9 to 114 ± 3.1 for Cr, 5.7 ± 1.2
to 39.5 ± 1.7 for Cu, 0.45 ± 0.05 to 5.93 ± 0.9 for
Cd, 6.7 ± 0.4 to 60.53 ± 2.0 for Pb, 7.2 ± 0.5 to
48.5 ± 2.7 for Ni and 0.17 ± 0.04 to 1.63 ± 0.08
for Se. Metal concentrations across all the stations
are illustrating the order of Cr[Pb[Ni[
Cu[Cd[Se. Sediment quality indices like pol-
lution load index (PLI) and potential ecological
risk index (PERI) were derived from the spatial
metal concentrations to assess the level of metal
pollution and their ecological risk (Bgure 3b). PLI
(1.32–1.93) indicates the main stream of estuary
(S3–S6) is polluted by metal contamination
(Bgure 3b). This reCects in the PERI between 24.6
and 348.2 among the sediments. In the Bucking-
ham canal (S5; PERI: 348.2) and urban sewage
(S6; PERI: 167.3) drains into the mid-estuary,
those sediments are under considerable to moder-
ate potential ecological risk (Bgure 3b). Strong
correlation between PLI and PERI shows the
relationship between the metal concentration and
the ecological risk.

3.2 Sediment toxicity bioassay

Whole sediment toxicity bioassay results with
three different components, viz., sediment chemical
hydrolysis, microbial hydrolysis, and benthic
harpacticoid copepod T. furcata are related with
sediment quality parameters. Hydrolysis of FDA
by copepod T. furcata on exposure to whole

Table 1. Details of whole sediment toxicity bioassay to capture the impact of sediment chemical composition, microbes, copepod in
the hydrolysis of FDA.

Test composition Sample processing FDA hydrolysis by

2g sediment + 40 ml seawater

+40 lM FDA

Heat treated at 80�C for 1 h to arrest

microbial activity

Sediment chemical composition

2g sediment+40 ml seawater

+40 lM FDA

Sediment mixture maintained at

room temperature

Sediment chemicals and microbial

activities

2g sediment+40 ml seawater

+10 copepod +40 lM FDA

Heat treated at 80�C for 1 h to arrest

microbial activity

Sediment chemicals and copepods

2g sediment+40 ml seawater

+10 copepod +40 lM FDA

Sediment mixture maintained at

room temperature

Sediment chemicals, microbial, and

copepod activities

Figure 2. Customized test chamber used for whole sediment
toxicity bioassay on copepods.

  141 Page 6 of 13 J. Earth Syst. Sci.         (2021) 130:141 



sediment extracts demonstrates that the estuarine
sediments are toxic. The higher FDA hydrolysis
by copepod and microbes in the estuarine sedi-
ments was related with TOC, TPH, metal, PLI
and PERI. However, higher hydrolysis by cope-
pod and sediment chemical at oAshore (S7) sed-
iment with lesser PLI is indicating the presence
of unknown stressor. Highest microbial activity
in southern coastal sediment (S10) indicates the
discharge of sewage waters. Lesser microbial
hydrolysis in the sediments of coastal and oA-
shore sediments (S2 and S7–S10) was accompa-
nied with lesser TOC and sediment algal
pigments than the estuarine sediments (1–5 fold).
High hydrolytic activity by sediment chemicals in
the mid-estuarine and coastal station of
Periyakuppam (S9) infers the impact of waste-
waters and marine outfalls. The correlation
between hydrolytic activities and TOC, chloro-
phyll-a and pheophytin conBrmed the relation-
ship of microbial activities and discharges of
wastewaters. Cluster analysis such as similarity
index and MDS analysis reveals the spatial
variations of sediment toxicity inCuencing sedi-
ment quality parameters. Similarity index sepa-
rates the Ennore oAshore sediment (S7) between
contaminated toxic sediments and unpolluted
sediments. MDS also revealed the similarity
index by categorizing the sediments into two
groups based on sediment toxicity and inCuenc-
ing parameters. Among these two groups, sedi-
ment of S7 is set aside from contaminated toxic
sediments.

4. Discussion

4.1 Sediment quality parameters and pollution
gradient

The estuarine sediments constitute more silt frac-
tions compared to coastal samples due to the con-
tinuous Cuvial input, landBlling and dredging
(Khan et al. 2012; Kunte et al. 2013). Sand varies
between 85% and 97.4% in the harbour and river
mouth sediments indicating that these locations
witness frequent erosion and accretion. Higher
density in estuarine sediment is due to tightly
packed organic matter with sediment. Looser por-
ous sandy texture with lesser bulk density in
coastal sediments facilitates re-suspension causing
lower accumulation of organic matter and con-
taminants. Photosynthetic production and degra-
dation in sediment are determined by the ratioT
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between Chl-a and pheo-pigment in the sediment.
This ratio more than 1 is indicating higher pro-
duction with lower degradation. Higher production
in coastal sediment near the bar-mouth of the
estuary attributes the optimum nutrients from the
discharge and adequate dilution.
The distribution pattern of the TPHs is related

with release of untreated sewage and industrial
waste waters. The hydrodynamic characters such
as water currents and tides inCuence the distribu-
tion in addition to sediment texture (Ran et al.
2014; Gurumoorthi and Venkatachalapathy 2017).
Similar ranges of TPH were recorded in the sedi-
ment samples across the Indian coast (Venkat-
achalapathy et al. 2010, 2013; Rajan et al. 2019).
The distribution of TPH in sediments is attributed
to the discharges from ports and harbours, indus-
tries, and urban sewage.
Higher concentrations of metals were observed

at estuarine and northern coastal (Ennore port)
sediments due to the inCuence of urban and
industrial wastewater discharges and their resi-
dential time. Southern coastal and oAshore sedi-
ments were recorded with lesser metal
concentrations, indicating the eAect of northward
shore currents and dispersion of metals in oAshore
sediments.
TOC is highly related with PERI indicating the

metal accumulation with organic matter in the
sediments.
The source of increasing metal concentration in

sediments is due to the Cuvial input from
Kosasthalaiyar River and Pulicat channel in
addition to anthropogenic inputs (Gonnelli and
Renella 2010; Magesh et al. 2013; Jayaprakash
et al. 2016). Metal concentrations observed in
this study (table 2) are well within the range of
previously reported concentrations along the
Indian coastal sediments, viz., Ennore estuary,
Kallar estuary, Korampallam Creek, Punnakayal
estuary, Pulicat lake, Cuddalore coast and Ganga

River (Jayaprakash et al. 2008, 2016; Muthuraj

and Jayaprakash 2008; Magesh et al. 2013; Khan

et al. 2017; Kavita and Jitendra 2019). Higher

concentration of metals in main stream of the

estuary are from the industries and petrochemi-

cals, and these are controlled by organic matter

and grain size of sediment (Kumar et al. 2001;

Lin et al. 2002; Loska et al. 2004; El Nemr et al.
2006).
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Figure 3. Graphs demonstrating spatial variations of sedi-
ment quality parameters, geochemical, ecological risk indices
and sediment toxicity in and around Ennore estuary. (a)
Sediment texture and bulk density, (b) Pollution Load Index
(PLI) and Potential Ecological Risk Index (PERI), (c) whole
sediment toxicity in terms of FDA hydrolysis by sediment
chemical, microbe; and (d) hydrolysis by copepod and total
hydrolysis after exposed to different combinations of sediment
extracts.
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4.2 FDA hydrolysis and sediment quality
parameters

FDA hydrolysis by sediment chemical, microbe
and copepod is used as a tool describing the rapid
sediment toxicity bioassay to amplify the reliabil-
ity of sediment quality assessment.
Totally, four different batches of sediment

extracts were prepared for measuring the hydrolysis
of FDA by sediment chemical, microbes, copepod
and total hydrolysis. The sediment was heated up at
an optimum temperature of 80�C and 1-h time to
arrest themicrobial activity. Sediment processing to
arrest the microbial activities by heating is an eD-
cient method and has an eAect on hydrolysis of FDA
by release of various chemical forms (Gumprecht
et al. 1995; Jiang et al. 2016). Considering this, study
was conducted by incubating the sediment extracts
at room temperature (28 ± 2�C) for 1 h to obtain
optimum absorbance values. Total FDA hydrolysis
in the sediment extracts by chemical, microbial and
copepod ranges from 0.0121 to 0.0867 with higher
values at mid-estuary and bar-mouth after 1-h
incubation.The total hydrolysis of FDA is dissimilar
to the sum of hydrolysis by chemical, microbial and
copepod. This is attributed to spatial variability of
biogeochemical properties in sediment by the inCu-
ence of land drains, tidal and wave forces of the sea.
Ionic strength and Cuxes in sediment with organic
carbon and alkaline condition have been reported for
increased hydrolysis of FDA (Young et al. 2008).
Sediments from estuarine (S6) and coastal (S2

and S9) beds are observed with higher rates of
chemical hydrolysis. These stations are directly
inCuenced by different activities like Kamarajar
port (S2), urban wastewater discharge (S6) and
marine out-fall (S9). Higher levels of TOC are
recorded at S1, S5 and S6 (Buckingham canal and

mid-estuarine stations) did not accompany the
chemical hydrolysis except mid-estuarine sediment
by inputs of urban wastewater in the mainstream
of the estuary (Jayaprakash et al. 2016). Higher
levels of abiotic hydrolysis with varying TOC
levels need further exploration to identify speciBc
indicators through FDA hydrolysis (Segnini et al.
2014; Gurumoorthi and Venkatachalapathy 2017).
Sediment carbon, nitrogen and phosphorus have
strong inCuence on FDA hydrolysis by sediment
microbial activities in the polluted and unpolluted
sites of River Ganges (Jaiswal and Pandey 2018).
Hydrogen ion concentration is an important
parameter on FDA hydrolysis which aAects protein
and enzyme reactions in the organisms (Green
et al. 2006). Pathogenic bacterial contamination
and infusion through sewage discharges are haz-
ardous to the environment and human health
(Avnimelech et al. 2001; Segnini et al. 2014). Thus,
sediment microbial activity is used to assess the
impact of nutrient pollution on health of aquatic
ecosystem (Redelstein et al. 2015). The absorbance
of Cuorescein was measured across the estuarine
and coastal sediments from 0.0006 to 0.0382 by
microbial activity. Higher microbial activity was
recorded at coastal sediment of Kasikoilkuppam
station followed by mid-estuarine and bar-mouth
sediments. Sandy substratum in oAshore sediments
(S7 and S8) with minimal organic carbon resulted
in limited microbial activity. This is conBrmed by
cluster analysis and negative correlation co-efB-
cient with oA-shore and estuarine sediment clusters
(table 3 and Bgure 4). Minimum absorbance value
was recorded by chemical hydrolysis at southern
sampling station (S10; Kasikoilkuppam coast)
ascribed by dispersal through shore current, wave
and tidal activities. In contrast, this station (S10)
is characterized by higher microbial activity than

Table 3. Correlation coefBcient between the sediments quality parameters, and sediment toxicity
bioassay.

Parameters TOC Chl-a Pheo TPH PLI PERI Copepod Total Chemical

Chl-a 0.67

Pheo 0.55 0.64

TPH 0.56 0.78 0.63

PLI 0.73 0.67 0.64 0.80

PERI 0.89 0.63 0.59 0.72 0.93

Copepod 0.25 0.12 0.39 0.55 0.59 0.49

Total 0.51 0.19 0.34 0.52 0.70 0.73 0.81

Chemical �0.12 �0.30 �0.13 �0.32 �0.06 0.01 �0.07 0.02

Microbe �0.02 0.16 0.08 0.06 0.25 0.04 0.05 0.06 �0.21
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the other sediment samples that are attributed to
discharges of domestic untreated sewage waters
(Bharathi et al. 2018). Decreasing microbial
activity along the northern coastal sediments (S9,
S8 and S7) is caused by dispersal of suspended
sewage particles along the seashore sediment by
northward shore current in the season (Pandian
et al. 2004).

4.3 FDA hydrolysis by copepod and sediment
quality indices

The hydrolytic assay results are based on stress of
living copepods, and metals in sediments aAect the
activity of meiobenthic copepods. The sampling
stations are categorized into three groups, viz., high
toxic sediments (S4[S3[S1), moderate toxic
sediments (S6[S7[S5) and non-toxic sediments
(S2, S8, S9 and S10) based on the response of cope-
pod on exposure to sediment extracts. However, the
mid estuarine sediments (S3–S6) polluted by metals

are under moderate to considerable risk (Bgure 3b).
Cluster analysis and MDS are reCecting this con-
trasting relationship among the risk indices and
sediment toxicity bioassay results (Bgure 4). High
toxicity of sediments in estuarinemouth (S3 and S4)
and Buckingham canal (S1) are due to the inCuence
of industrial and thermal plant activities. The
moderate toxicity in mid-estuarine sediments (S5
and S6) is explained by the discharges of urban
sewage and accumulation of higher amounts of
organic load. Maximum phyto-pigments at stations
4 and5 (Chl-a: 8.48 and10.68 mg/g;Pheo: 21.33 and
18.46 mg/g) indicate continuous supply of nutrients
stimulating excessive growth of tolerant phyto-
plankton and perhaps remediates metal toxicity
(Neelam and Ramaiah 1998). However these sedi-
ments are measured with higher metal, TOC and
TPH concentrations, while the moderate sediment
toxicity is ascribed by lesser bioavailability and/or
negative eAect on copepod by inhibition of activity
or mortality. However, mortality of copepods in the

Figure 4. Cluster dendrogram (a) and MDS diagram (b) showing similarity index between the sampling stations according to
the quality and toxicity of sediment.
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sediment extracts at higher levels of metals and
pollutants interfere in the hydrolysis of FDA
(Hagopian et al. 2001). The higher microbial
hydrolysis at the coastal sediment (S10), besides
lower hydrolysis by copepod with less metal and
TPH concentration, perhaps an indication of
anthropogenic sources for microbial contamination
by sewage discharges.

4.4 Precautions in FDA hydrolysis assay using
the copepod

Every experiment has their inherent uncertainties
through matrix interferences and certainly pre-
cautions will aid in improving the analytical qual-
ity. Likewise, the sediment toxicity bioassay
involves complex matrix and biological activity.
Even then, the accuracy of the bioassay results
could be ensured by clean test vessels, healthy
individuals of copepods, fresh stock of FDA, ade-
quate replicates and blanks for each sediment
samples. Higher temperature has the eAect on FDA
hydrolysis, hence, the experiment should be con-
ducted in room temperature. The reaction should
be arrested by the addition of acetone in all the test
vessels after the exposure period. Selection of ade-
quate quantity of sediment based on the pollution
level may be useful to survival of copepod during
the experiment to precisely record the response.

5. Conclusion

This study demonstrates whole sediment toxicity
bioassay using benthic copepod T. furcata along
with the activity of sediment microbe and inCu-
ence of sediment chemical composition. Responses
of copepod on exposure to sediment extracts
exhibited the level of sediment toxicity. Estuarine
sediments are more toxic and coastal sediments
are moderately toxic. High microbial activity is
identiBed by FDA hydrolysis at coastal sediment.
Sediment toxicity bioassay is a direct measure of
ecological impact even from the traces of con-
taminants, unknown emerging contaminants and
hence for reliable ecological risk assessment, one
must include this parameter in monitoring.
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The accumulation trends of Cu, Zn, Pb and Ni and their eAects on two native species, Etroplus suratensis
and Villorita cyprinoides from Cochin estuary and their biomarker responses were explored. Bioaccu-
mulation and metal selectivity index (MSI) in E. suratensis for gill and liver showed the highest accu-
mulation for Zn (209.33 ± 17.14 mg kg�1) followed by Cu (64.16 ± 8.07 mg kg�1), while in V. cyprinoides
Cu showed the highest accumulation (80.78 ± 6.92 mg kg�1) in gill tissue followed by Zn (65.28 ± 7.06 mg
kg�1). Histological alterations were evaluated in gill and liver tissues of E. suratensis using histopatho-
logical index (Ih) method. Lamellar hyperplasia and deformed lamellar architecture were the evi-
dent changes in gill tissue, while the alterations in liver tissues were marked by the presence of
melanomacrophage centers and necrotic lesions in liver parenchyma. The high target hazard quotient
(THQ) obtained for Pb (0.94) indicated that the daily consumption of aquatic products contaminated
with metals Pb, Cu and Zn has obvious health risk to human consumption. Thus, the elevated metal
accumulation rate in the tissues with supportive histological changes suggests that these alterations can
serve as definite signature of heavy metal contamination in native organisms of Cochin estuary.

Keywords. Etroplus suratensis; Villorita cyprinoides; biomarker changes; target hazard quotient.

1. Introduction

Although metals are ubiquitous in aquatic ecosys-
tems from natural sources, they are escalating with
global trends of urbanization and industrialisation
contributing significantly to anthropogenic share of
heavy metals in the environment (Machado et al.
2016). Being elements, metals can neither be cre-
ated nor destroyed and therefore, once extracted

from the core they are eventually dispersed into the
environment. In the present condition, the extrac-
tion from ores is significantly higher than the nat-
ural rate of renewal resulting in elevated heavy
metal content in the ecosystem, especially in the
coastal water bodies such as the Cochin estuary.
Several studies have documented the increasing
magnitude of trace metal contamination in Cochin
estuary and associated water bodies for the past
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few decades and it is considered as one among the
most vulnerable industrial hotspot of the world
(Ciji and Bijoy Nandan 2014; Bindu et al. 2015;
Don Xavier et al. 2019). The contaminants, espe-
cially heavy metals have caused serious concern in
aquatic bodies due to their inherent toxicity, vast
sources, persistence and non-degradability. Such
distinctive features of the contaminants help them
to propagate through the food web, eventually bio-
accumulating to dangerous levels posing potential
risk to aquatic health (Ali et al. 2019). The pre-
vailing restrictions on the hydrology of the estuary
and the coastal region at large, favour the long-
term accumulation of contaminants that get mag-
niBed along the trophic food chain of the ecosystem
(Bijoy Nandan and Nimila 2012; Anu et al. 2014).
Thus, it is essential to monitor the dispersal
pathways of contaminants and their eAects on the
organisms which are essential for environmental
forensic investigations and future mitigative
measures.
Despite extensive studies our knowledge on

metal pollution from various sources, uptake and
the detrimental eAects of heavy metal bioaccumu-
lation on native organisms is still elementary. So,
the accumulation trends of Cu, Zn, Pb and Ni
and their eAects on two native species, Etroplus
suratensis and Villorita cyprinoides were explored.
Also, the speciBc biomarker responses of these
metals on V. cyprinoides were conducted to assess
the Brst line of toxicity changes in the organisms.

2. Materials and methods

Fish Bngerlings of native Bsh, E. suratensis (length
3–5 cm; weight 2–3 g) and healthy black clams,
V. cyprinoides (25–30 mm) were collected from the
northern (Chittor), central (Bolgatty) and south-
ern (Thevara) region of Cochin estuary (Bgure 1)
during the pre-monsoon (PRM), monsoon (MN)
and post-monsoon (PM) seasons during 2015–2017
period. The samples collected were free from any
other contamination of other organic contaminants
such as organochlorine pesticides, PCBs and
PCDDs. The collected organisms were immediately
brought to the Marine Ecotoxicology Laboratory,
CUSAT in polythene bags with minimum stress as
per standard protocols (OECD 2002; USEPA
2007).
All the experiments were conducted based on the

standard protocols approved by the ethical com-
mittee of the Department of Marine Biology,

Cochin University of Science and Technology
(CUSAT). The tissue samples from organisms,
E. suratensis and V. cyprinoides for heavy metal
analysis were rinsed in milli Q water, weighed and
dried in oven at 60�C and was ground to Bne
powdered using mortar and pestle. The processed
samples were transferred to boiling tubes which
were then placed into a Kjeldhal digestion block
(KEL PLUS digester (model: KES 04L)) and
samples were digested by diacid 1:5 (HClO4:
HNO3) treatment at 1808C for 4.5 hr and the
supernatant solution was Bltered in Whatmann
Blter paper (1 lm) and made up to 25 ml for
measurement (GrasshoA et al. 2009). The accuracy
of organism sample analysis was assessed by
replicate analyses of the elements in the certiBed
reference materials, ERM-BB422 certiBed by the
Institute for Reference Materials and Measure-
ments (IRMM), Belgium. The analytical errors
observed were �2.5 to 11.1% for Cu, �7.8 to 11.0%
for Ni, �4.0 to 15.0% for Pb, and �7.1 to 8.2% for
Zn. Following the preparation, tissue samples of
organisms were analyzed in Atomic Absorption
Spectrophotometer (Model: Spectra AA 220 FS) at
NCCR, National Institute of Ocean Technology
campus (formerly ICMAM) and conformed in
Inductively Coupled Plasma Atomic Emission
Spectrometer (ICP-AES) (Model: Thermo Elec-
tron IRIS INTREPID II XSP DUO with detection
limit of ppb level: Cu 10, Mn 10 Ni 10, Pb 50 and
Zn 10 ppb) at Sophisticated Test and Instrumen-
tation Centre (STIC) of Cochin University of
Science and Technology. The heavy metal con-
centration in organisms is expressed in mg kg�1.
The tissue samples were checked by both atomic
absorption spectrophotometer (AAS) and later by
inductively coupled plasma atomic emission spec-
trometer (ICP-AES) in order to validate the
accuracy of tissue samples obtained from two dif-
ferent equipments and also in comparing the
recovery rates after the assay.
Fishes and clams have an innate homeostatic reg-

ulation of the metal concentration in tissues to a
certain level after which the bioaccumulation will
occur. The aDnity for bioaccumulation of heavy
metal in tissues is controlled by the total concentra-
tion of all the metals in the tissue which is directly
linked to the level of pollutants persisting in the sur-
rounding environment.Metal selectivity index (MSI)
was estimated for E. suratensis and V. cyprinoides
according to Nair et al. (2006). MSI is the percentage
of absolute concentration of a metal in a tissue to the
total concentration of all metals in that tissue.
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The histopathological studies and techniques
are based on the methods described by Costa
et al. (2009). Fixed tissues were passed through
ascending alcohol series, cleared in xylene and
embedded in parafBn wax. After tissue inBltra-
tion, tissue sections of 5–6 lM thickness were
ribboned using rotary microtome (Leica RM2125
RTS: Leica Biosystems). After deparafBnization,
sections were rehydrated, stained with DelaBeld’s
hematoxylin and eosin, mounted with DPX and
slides were photographed using light microscope
(Olympus CX2li) with attached digital camera
(Nikon Coolpix S3300). The assessment and
description of histopathological condition indices
(Ih) change for gill and liver was estimated using
weighed indices approach by Bernet et al. (1999)
and Costa et al. (2009). According to Bernet
et al. (1999), based on Bve reaction patterns,
histopathological (HP) changes are classiBed
accordingly to circulatory, regressive, progressive,
inCammatory and neoplastic changes (table 1).
Each histopathological alteration was assigned
an importance factor ranging from 1 (minimal
importance) to 3 (marked importance) depending
on the lesion and its pathological significance.
Score values are speciBed on the basis of degree
and extent of lesions ranging from 0 (unchanged)
to 6 (severe occurrence). The histopathological
alterations were calculated according to Costa
et al. (2009) using the formula:

Ih ¼
P j

i Wjajh
P j

i Mj

; ð1Þ

where Ih is the histopathological index for each
individual h; Wj is the relative weight of jth
histopathological alteration; ajh the score value
selected for the jh alteration and Mj is the
maximum for jth alteration.
The lysosomal membrane stability test in V.

cyprinoides collected from the Cochin estuary was
performedusing the protocol used for the neutral red
assay by Lowe et al. (1995). The haemocytes were
examined for both structural abnormalities and
neutral red retention time. The retention time of the
neutral red by the lysosomes is recorded by esti-
mating the proportion of cells displaying leakage
from the lysosomes into the cytosol and/or exhibit-
ing abnormalities in lysosomal size and colour.
When 50% or more of the cells exhibited leaking
lysosomes (recognisedby theneutral redprobebeing
distributed throughout the cytosol), the time was
noted and the examination of the cells was con-
cluded. Following a further 15min, each preparation
was observed at 30min intervals until a total time of
120 min. The stained sections were studied under a
compound research microscope (Olympus CX 2li),
and photomicrographs were taken using a pho-
tomicrography system (Nikon Coolpix S3 300).
Scoring process was carried out using the standard

Figure 1. Map of Cochin estuary showing sampling stations.
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procedure (Mart�ınez-G�omez 2015). For assessment
purposes, Neutral Red Retention time (NRRT)
was assessed against the background assessment cri-
teria (BAC = 120) and environmental assessment
criteria (EAC = 50) developed for the technique.
The human health risk assessment of heavy

metals (Cu, Zn and Pb) was estimated for human
consumption from the Beld samples of E. suratensis
collected on seasonal basis from Cochin estuary
during 2015–2017 period using the standard pro-
tocol of Liu et al. (2018). The health index was
estimated based on the target hazard quotient
(THQ) using the formula:

THQ ¼ EDI=RfD ; ð2Þ

where EDI is the estimated daily intake and RfD is
the oral reference dose.
The EDI was calculated using the formula:

EDI ¼ C �DCð Þ=BW ; ð3Þ

where C is the mean contaminant concentration;
DC is the daily aquatic products consumption for
the population; and BW is the average human body
weight.
If the THQ values are below 1, there is no

obvious risk in the consumption of aquatic prod-
ucts; if THQ value is greater than 1, the con-
sumption of aquatic products might impose a
health hazard to the consumers. E. suratensis was
selected for the human health risk assessment
because it is one among the major aquatic products
consumed and is an inCuential Bsh in the lifestyle of
Cochin estuary and Kerala.

2.1 Data analysis

The data obtained using various parameters
of bioaccumulation of metals in organisms,

histopathological changes in E. suratensis and
lysosomal membrane stability changes in V.
cyprinoides were statistically tested through anal-
ysis of variance (ANOVA), using SPSS version
17.0 software to determine the significance of the
results.

3. Results

3.1 Bioaccumulation and metal selectivity index
(MSI) in Etroplus suratensis

The tissue-speciBc bioaccumulation of heavy met-
als (Zn, Cu, Pb and Ni) were analysed for gill, liver,
muscle and bone tissues of E. suratensis. Signifi-
cant variations in accumulation rates for heavy
metals in speciBc tissues were observed on seasonal
basis (ANOVA F(5, 12) = 78.02, q = 0.000). The
highest accumulation rates in tissues were observed
in tissues during the non-monsoonal periods com-
pared to monsoon period. Zn showed the highest
accumulation (209.33 ± 17.14 mg kg�1) in gill tis-
sue during PRM followed by Cu in PM (64.16 ±

8.07 mg kg�1). The highest accumulation rates in
liver were observed in Zn during PM (157.75 ±

13.67 mg kg�1) followed by Cu in PRM (57.72 ±

15.34 mg kg�1). The muscle tissues showed the
highest accumulation of Zn (73.37 ± 6.40 mg kg�1)
during PRM followed by Pb (26.72 ± 4.46 mg
kg�1) during PM (Bgure 2). The bone tissue had
the highest accumulation rate represented by Cu
(36.23 ± 5.15 mg kg�1) in PRM followed by Zn
(14.53 ± 1.79 mg kg�1) in MN period (Bgure 2).
The highest MSI value for Zn (84.14%) in gill was
observed during PRM and for liver (73.47%) it was
in PM and based on MSI value, the aDnity for
metal was in the order as Zn[Cu[Ni[Pb for
gill tissues (ANOVA F(2, 9) = 68.04, q = 0.000)
and Zn[Cu[Pb[Ni for liver tissues (ANOVA

Table 1. Histopathological changes in gills and liver of Bsh and their importance weight (w) from
Cochin estuary during 2015–2017 period.

Organ Reaction pattern Histopathological alteration w

Gills Regressive changes Epithelial lifting 1

Deformation of lamellae 1

Progressive changes Lamellar fusion 1

Hyperplasia 2

Liver InCammatory responses Melanomacrophage centres 1

Regressive changes Necrosis 3

Progressive changes Hepatocytic vacuolation 1

Presence of Eosinophil bodies 2
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F(2,9) = 41.28, q = 0.004). The highest MSI value
for Zn (83.56%) was observed in muscle during
PRM. The bone tissues had the highest MSI value
(57.50%) for Cu in PRM and the metal aDnity for
muscle (ANOVA F(2,9) = 40.21, q = 0.001) and
bone (ANOVA F(2,9) = 27.86, q = 0.000) tissues
were in order as Zn[Pb[Cu[Ni and Cu[
Zn[Pb[Ni.

3.2 Bioaccumulation and metal selectivity index
(MSI) in Villorita cyprinoides

The tissue-speciBc accumulation of heavy metals
(Zn, Cu, Pb and Ni) exhibited significant varia-
tions on seasonal basis in gill and foot tissues of
V. cyprinoides (ANOVA F(5, 12) = 55.67, q =

0.000). The gill tissues showed the highest accu-
mulation of Cu (80.78 ± 6.92 mg kg�1) during
PRM followed by Zn (65.28 ± 7.06 mg kg�1) dur-
ing PM (Bgure 3). The highest accumulation rate
(99.35 ± 5.15 mg kg�1) in foot tissue was exhibited

by Zn (PRM) followed by Cu (56.21 ± 19.30
mg kg�1) in PM (Bgure 3). The highest MSI
value for Cu (57.20%) in gill was observed
during PM and foot reported the highest MSI
value for Zn (71.86%) in PRM. Based on the
MSI value, the metal aDnity for gill (ANOVA
F(2, 9) = 38.56, q = 0.004) and foot (ANOVA
F(2, 9) = 28.97, q = 0.009) were in the order as
Cu[Zn[Ni[Pb and Zn[Cu[Pb[Ni,
respectively.

3.3 Histopathological changes in Etroplus
suratensis during 2015–2017 period

Four major histopathological alterations in gill
structure of E. suratensis were observed during the
exposure of Cu and Zn were classiBed in two
reaction patterns and considered for weighed indi-
ces approach (Igill) as presented in table 1. The
alterations in gill and liver tissues showed a sig-
nificant relation with the seasonal variations

Figure 2. Bioaccumulation and metal selectivity index (MSI) in Etroplus suratensis (a) gill, (b) liver, (c) muscle, and (d) bone.
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(ANOVA F(5, 12) = 35.62, q = 0.004) with the
highest frequency during the non-monsoonal peri-
ods (PRM and PM). The alterations in the gill
tissue were marked by the presence of hyperplasia
of secondary lamellae (ANOVA F(5, 12) = 68.08,
q = 0.003) and the regressive changes of gill
lamellae represented by the deformation of primary
lamellae (ANOVA F(5, 12) = 121.57, q = 0.002)
(Bgure 4). Four histopathological perturbations of
liver were classiBed based on three reaction pat-
terns that were assessed based on weighed indices
approach (Iliver) and are provided in table 1. The
presence of melanomacrophage centers in liver
parenchyma (ANOVA F(5, 12) = 89.51, q =

0.000) and presence of necrotic lesions were evi-
dent with regressive changes in liver tissues
(ANOVA F(5, 12) = 66.30, q = 0.001) (Bgure 5).
Similar to gill tissues, the highest frequency of
hepatocyitc alterations were observed in non-
monsoonal periods. The unique observation was
the increased presence of melanomacrophage
centers in liver during the monsoonal period which
could have been due to the increased presence of
organic matter and eAluents from terrestrial
sources that reached the estuaries during monsoon
period.

3.4 Lysosomal membrane stability in Villorita
cyprinoides

The lysosomal membrane stability (LMS) in
haemocytes of V. cyprinoides from northern,

central and southern parts of Cochin estuary were
analyzed and compared with the control group of
bivalves collected from the unpolluted region of
Cochin estuary (Kadamakudy) (Bgure 1). The
LMS in haemocytes sampled from control group of
bivalves exhibited the highest percentage (100%)
of membrane stability and also the highest reten-
tion time of neutral red (NRRT) was observed (80
min). The highest LMS in haemocytes (100%) and
NRRT (72 min) was observed in V. cyprinoides
collected from the central region of the estuary and
the LMS (90%) and NRRT (70 min) were exhibited
by clams from the northern region of estuary
(Bgure 6). No significant alterations in membrane
stability of V. cyprinoides were observed during
lysosomal membrane stability (LMS) assay and
neutral retention assay.

3.5 Human health risk assessment

The human health risk assessment of heavy metals
from E. suratensis for human consumption in
Cochin estuary was estimated for Cu, Zn and Pb
(table 2). The concentration of heavy metals in the
muscles tissue of E. suratensis was found in a
decreasing order of Zn[Pb[Cu which was
within the WHO permissible limits that was safe
for human consumption. The estimation of daily
intake (EDI) also revealed that the permissible
tolerable daily intake (PTDI) of Cu, Zn and Pb by
the consumption of aquatic products was with
standard criteria. The estimated target hazard

Figure 3. Bioaccumulation and metal selectivity index (MSI) in Villorita cyprinoides (a) gill and (b) foot.
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quotient (THQ) for Cu, Zn and Pb were 0.46, 0.81
and 0.94, respectively. The THQ values for Cu, Zn
and Pb implied that there is no risk of consuming
Bsh from Cochin estuary for population with an
average weight equal to or higher than 70 kg.

4. Discussion

The study has estimated the accumulation trends
of Cu, Zn, Pb and Ni on two native species, Etro-
plus suratensis and Villorita cyprinoides from
Cochin estuary by assessing their biomarker
responses with regard to histopathological and
lysosomal membrane stability alterations. The
tissue-speciBc bioaccumulation and metal selec-
tivity index (MSI) of E. suratensis and V. cypri-
noides revealed higher accumulation of Cu and Zn
compared to Pb and Ni throughout the study with
significantly higher rates during non-monsoonal
periods. This could have been due to the increased
bioavailability of Cu and Zn caused by the active
metal mobilization with the higher salinity

gradients in non-monsoonal periods (Laing et al.
2008). Accumulation of severe toxic trace metals
represent long term sources of contamination to
higher trophic level and impart direct risk to
detrital and deposit-feeding benthic organisms.
The lower accumulation of Ni may be attributed to
the inCuence of physical factors such as nutrients,
light intensity and nitrogen (Lee and Wang 2001).
Tissue-speciBc bioaccumulation of Cu and Zn

observed during the study was concordant with the
observations of Liu et al. (2014), who reported
tissue-speciBc bioaccumulation in Bve different Bsh
species in Laizhou Bay, China. The present study
exhibited the tendency of liver to bioaccumulate
higher concentrations of Cu, while the gill tissues
accumulated a higher concentration of Zn than the
other tissues. The results also concurred with the
study conducted by Mahesh et al. (2012) in Cochin
backwaters based on metal selectivity index (MSI)
which indicated higher accumulation rate of Zn in
gill of E. suratensis compared to Cu, as well as E.
suratensis had the highest rates of zinc accumula-
tion compared to other native Bsh species. Studies

Figure 4. (a–d) Histopathological indices of gill of Etroplus suratensis from CES during 2015–2017 period (PL: Primary lamellae;
SL: Secondary lamellae; HYP: Hyperplasia; EL: Epitheliall lifting; IF: Interlamellar fusion).
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by Bu-olayan and Thomas (2005) reported a pat-
tern of bioaccumulation in different Bsh tissues
after 30 days of exposure and increasing heavy

metal accumulation was reported in liver followed
by gill and muscle tissues. Increased levels of Cu,
Zn, Fe and Mn in gills and alimentary canal

Figure 5. (a–d) Histopathological indices of liver of Etroplus suratensis from CES during 2015–2017 period (GV: Glycogen
vacuole; KC: Kuffer cell; ET: Endothelial cell; MMC: Melanomacrophage center; NECRO: Necrosis).

Figure 6. Lysosomal membrane stability (LMS) and neutral red retention time (NRRT) Villorita cyprinoides from Cochin
estuary.
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compared to the muscle were reported from Bshes
of Cochin estuary by Martin et al. (2008). Laksh-
manasenthil et al. (2013) also reported the
increasing bioaccumulation rates for Fe, Zn and Cd
in six different Bsh species from the estuarine sys-
tem from Bay of Bengal, India that also points to
the aDnity of heavy metals to accumulate in
organisms. Studies in Clarias anguillaris, Heterotis
niloticus, and Tilapia zilli from Lake Geriyo,
Nigeri by Bawuro et al. (2018) reported that liver
tissue was the target organ and the lowest accu-
mulation rates were observed in the muscle tissues
compared to gill and liver tissues for Zn, Cu, and
Pb accumulation, which is in conformity with the
present investigation.

The higher rate of accumulation of heavy metals
in Bshes compared to other fauna was also justiBed
in the study conducted by Ahmed et al. (2010)
from the mangrove forest mudskippers, Perioph-
thalmus argentilineatus compared to gastropods in
Sunderbans, India. Mitra et al. (2012) reported
that accumulation of heavy metals in order of
Zn[Cu[Pb[Cd on the crustaceans had an
adverse impact on industrialization and Nambisan
et al. (1992) reported that copper was found to be
the most toxic metal ion to black clam, Villorita
cyprinoides, yellow clam, Meretrix casta and
bivalve, Perna viridis from the Cochin estuary and
the order of toxicity was Cu+[Hg2+[Zn2+[
Pb+. Ragi et al. (2017) observed significant con-
centration of metals in gastropods and bivalves
collected from the coast of south India. The metal
selectivity index (MSI) estimation during the pre-
sent study also points to the significantly higher
accumulation of Zn and Cu in gill and liver tissues
of E. suratensis, while higher Cu accumulation was
observed in gill of V. cyprinoides. Previous studies
conducted by Ciji and Bijoy Nandan (2014) also
reported an extremely high concentration of metals
in organisms collected from the lower reaches of
Periyar river, that was in agreement with this
study. As Bsh and sediment-dwelling organisms
such as bivalves account for the major Bshery

resource, it is vital to study the metal contamina-
tion that could cause metabolic alterations and
change of community structure pattern in estuar-
ine biota.

The selective accumulation of metals in different
tissues of Bshes and clams may be attributed to the
proximity of the tissues to the availability of met-
als. In the present study, the presence of high MSI
in the liver and gill tissues of the Bshes and clams
clearly points to the quantity present in the sur-
rounding environment. Various studies conducted
in Cochin estuary (Martin et al. 2008; Anu et al.
2014; Bindu et al. 2015) have all elicited the
immense presence of heavy metal contaminants in
comparison to pesticides and other chlorinated
compounds. The study conducted by Mahesh et al.
(2012) which analysed the accumulation of heavy
metals in edible Bshes of Cochin estuary reported
that MSI obtained for all the metals except mer-
cury showed that both carnivores and omnivores
have almost same kind of aDnity towards the
metals especially Zn, Cu and Cd, irrespective of
their feeding habit. The study conducted by
George et al. (2012) on the metal concentration of
Fe, Co, Ni, Cu, Zn, Cd, and Pb in the muscle, gill
and liver of the Bshes Mugil cephalus, Etroplus
suratensis, Sillago sihama and Arius arius also
reported the aDnity of tissues to metals which
could be attributed to the bioavailability and
favourable absorption of metals arising from the
elevated exposure to industrial eAluents.
Histopathological analysis has been considered

as bioindicators to community and ecosystem-level
eAects of toxicity and vital tool in monitoring Bsh
health and environmental pollution in natural
water bodies (Authman et al. 2015). Gill is con-
sidered as a multifunctional organ with large sur-
face area in direct contact with the external
environment, sensitive to even minor changes and
a speciBc target organ for contaminants. The sig-
nificant histopathological alterations noticed in the
E. suratensis collected from Beld stations in Cochin
estuary in the present study had hyperplasia and

Table 2. Human health risk assessment of heavy metals from Bsh consumption.

Trace

elements

Estimated daily

intake (EDI)

(lg kg�1 day�1)

Permissible tolerable

daily intake (PTDI)

(lg kg�1 day�1)

Oral reference

dose (RfD)

(lg kg�1 day�1)

Target hazard

quotient

(THQ)

Cu 18.57 1000–1600 40.00 0.46

Zn 243.85 14000–20000 300.00 0.81

Pb 37.65 250 40.00 0.94
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deformed secondary lamellae. The results are in
agreement with the Bndings of Costa et al. (2009),
who established that different proBles of sediment
contamination cause distinct patterns of chronic
histological lesions in juvenile Bsh, Solea sene-
galensis. The fusion of secondary lamellar epithe-
lium and degeneration of primary lamellae
observed during the present study may be related
to similar observation reported in the gills of Bsh,
Labeo rohita exposed to tannery eAluents in Nigde,
Turkey (Fanta et al. 2003). Hyperplasia, mucous
hypersecretion and lamellar fusion could be bran-
chial defence mechanism for increasing the distance
between the external medium and blood to serve as
a barrier to the entrance of contaminants further
reducing the active branchial surface area which
result in hypoxia and respiratory distress (Hadi
and Alwan 2012; Selvanathan et al. 2012). Peura-
nen et al. (1994) also reported that epithelial rup-
ture of branchial epithelium could be considered as
direct dose-dependent deleterious eAect of the
pollutant which can cause a negative ion balance
resulting in the hematocrit and haemoglobin ratios
hampering the gill respiration.
The changes in hepatic parenchyma in E.

suratensis collected from Beld, in Cochin estuary
were contributed by the excessive presence of
melanomacrophage centres and necrotic lesions.
Studies carried out with different Bsh species have
also shown that heavy metals accumulate mainly
in metabolic organs such as liver that store metals
for detoxiBcation by producing metallothioneins
(Hogstrand and Haux 1991). The juveniles of Bsh,
S. senegalensis exhibited degeneration of gill Bla-
ments and presence of eosinophilic intrusions in
liver cells. Studies have proved that exposure to
metallic and organic contaminants has been
linked to acute lesions in gills, like aneurisms and
lamellar fusion and, simultaneously, to more sev-
ere, chronic hepatic alterations such as lipidosis
and neoplastic diseases (Roberts and Oris 2004;
Oliveira Ribeiro et al. 2005). The unique obser-
vation of increased occurrence of melanoma-
crophage centers in liver tissues during monsoon
season in the present study may have been caused
by the slightly acidic nature due to the presence
of industrial eAluents and oxidation of organic
matter in rainwater fed into the estuaries during
monsoon period. Liver and gill tissues are more
often recommended as environmental indicator
organs of water pollution than other Bsh organs.
This is possibly caused due to the tendency of
liver and gills to accumulate pollutants at

different levels from their environment (Al-Yousuf
et al. 2000; Canli and Atli 2003).
The lysosomal membrane destabilization is a

sensitive biomarker of aquatic pollution (Moore
2004; Nigro et al. 2015). A reduced lysosomal
stability is associated with the lysosome morpho-
logical changes, such as an increase in size asso-
ciated with fusion of the organelle (Moore et al.
1978). The morphological alterations of the lyso-
somal system basically due to the increase in
protein turnover, which in molluscs have been
considered as reliable signals of cellular stress and
damage, resulting from enhanced autophagy
additionally as a response to external stimuli such
as contaminants (Lowe et al. 1981). Various tox-
icological studies have pointed the deleterious
eAects of heavy metals on membrane stability on
exposure to Cu, Pb and Ni (Zorita et al. 2006;
Yancheva et al. 2017). In the present study, the
variations in LMS and NRRT were observed in
southern (Thevara) and northern (Chittor)
regions of estuary, although the changes were not
statistically significant.
Studying the eAect of pollutants on the Lysoso-

mal membrane stability (LMS) of marine organ-
isms to toxic substances in the Beld is complicated
due to the presence of multiple contaminants in the
water and sediments in a particular environment.
However, the NRR assay has been used previously
in the Beld trials to demonstrate the differences
between the polluted and non-polluted sites
(Wedderburn et al. 2000). In a study conducted by
Aliko et al. (2015), the destabilization of lysosomes
indicated by NRR assay in green crab, Carcinus
aestuarii on Cu exposure was observed at 70 lg
L�1. The study conducted by Don Xavier et al.
(2019) in the Cochin estuary, India reported the
metal content for copper, zinc, lead, cadmium,
nickel and chromium in water samples from the
seven study stations including the Thevara and
Chittor were in the range of 23.96 ± 7.75 to 126.56
± 20.18 lg L�1. The study conducted by Akhil and
Sujatha (2014) in Cochin estuary which analysed
the spatial evaluation of organochlorine contami-
nants reported below detectable values for selected
chlorinated pesticides such as Heptachlor epoxide,
4,40-DDT, 2,40-DDD, Endrin and Endosulfan. In
view of these studies, the variation of LMS values
could be due to the increasing magnitude of trace
metal contamination attributed to the discharges
from the industrial establishments in Cochin estu-
ary in comparison to other pollutants such as
chlorinated pesticides.
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Very few studies reported are related to the risk
of high metal consumption in Bshes by humans,
hence further studies are required to understand
the eAects of Cu, Zn and Pb in humans. In a study
conducted by Krishna et al. (2014), in Bsh species
from the Machilipatnam Coast, Andhra Pradesh,
India reported health risk to humans from con-
sumption of muscle in Bsh, Liza macrolepis for Pb
and Zn. In a recent study conducted by Bawuro
et al. (2018), the bioaccumulation of Zn, Pb, Cd,
and Cu in muscle tissues from benthic and pelagic
Bsh species, Clarias anguillaris, Heterotis niloti-
cus, and Tilapia zilli collected from Lake Geriyo,
Nigeria showed that Pb concentration in muscle
tissues of Bshes, Clarias anguillaris (3.5 mg kg�1)
and Tilapia zilli (3.78 mg kg�1) that was exceeding
the international legislation limits of World Health
Organisation (WHO) of 0.5 mg kg�1, resulting as
unsafe for human consumption. The higher levels
of Pb in muscle tissues of Bshes with the higher
anthropogenic inputs observed in previous inves-
tigations are in agreement with the present study.
The study conducted by Maurya and Malik (2019)
measured the concentration of Cd, Cr, Pb, Cu, and
Zn in various Bsh tissues (muscle, gills, and liver) of
18 Bsh species collected from Ganga river, India.
The study stated that Bve investigated heavy
metals (Cd, Cr, Pb, Cu, and Zn) were present at
concentration considerably higher than the per-
missible limits set by different international orga-
nizations, including WHO and FAO. Heavy metals
such as Cd and Pb were observed at a very high
concentration compared to other element points to
the unabated anthropogenic and industrial pollu-
tion in the Ganga River. A recent study conducted
by Shaifudin et al. (2019) in Karnaphuli River
estuary, Bangladesh on six commercially impor-
tant Bsh species revealed the potential health risk
on humans using Estimated daily intake (EDI),
target hazard quotient (THQ), hazard index (HI)
and carcinogenic risk (CR) indices. The study
reported that there are no potential human health
risk implications and the values were within the
acceptable threshold for humans, but the CR and
THQ values indicated that humans were not far
from the risk to non-carcinogenic and carcinogenic
health eAects from consumption of Bsh. Similar
results were also observed in the present study for
the THQ values for both Zn (0.81) and Pb (0.94),
which denoted a possible risk from consumption of
Bsh from the Cochin estuary.
Thus, the elevated metal accumulation rate in the

endemic organisms of Cochin estuary validated by

tissue-speciBc bioaccumulation indices with sup-
portive biomarker activity responses points to the
definite signature and footprint of heavy metal con-
tamination in the trophic food web system of Cochin
estuary. Such studies involving the metal selectivity
indices and other contemporary biomarkers along
with the use of benthic and benthopelagic organisms
as bioindicators would help in assessing the rampant
pollution in aquatic ecosystems in understanding the
eAect of pollutants in organisms.
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Contamination of potentially toxic metals (PTMs) can be detrimental to ecological processes,
diversity and physiology of biological components of the surrounding habitat of estuarine and
coastal environment. In our study, an inclusive approach to measure ecotoxicological parameters
was followed considering spatial concentration of PTMs in the sediment system, sediment quality
status, ecological risk level, bioconcentration in mangrove tissue and resulting biochemical and
antioxidative response in mangroves Avicennia alba and Excoecaria agallocha in eight locations in
and around Indian Sundarban. Sediments in location L4 and L8 showed highest concentration of
PTMs having maximum enrichment factors, geo-accumulation indices, contamination factors and
pollution load indices signifying progressively deteriorated sediment quality of the estuary and
considerable ecological risk for cadmium. Significant statistical correlation observed between
chlorophyll content, free radical scavenging activity, reducing ability and stress enzyme activity
(peroxidase, catalase and super oxide dismutase) of mangroves with PTM concentration in
respective study areas. This work will help to frame eAective prediction, assessment and man-
agement policies in this extremely eco-sensitive region by envisioning the status of augmented
human activities leading to considerable metal stress in the estuarine sediment and consequent
ecotoxicological response as the coping up mechanisms.
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1. Introduction

Studies on ecotoxicological response to environ-
mental stressors is an integrated biomarker based
approach, which facilitate a clear understanding of
the potential environmental risk and hazards in
dynamic estuarine and coastal ecosystems (Maul-
vault et al. 2019). Unfortunately, there is a gap of
knowledge regarding ecotoxicological study reports
in tropical and subtropical regions unlike the
temperate one (de Almeida Duarte et al. 2017).
Since the inception of industrial revolution,
anthropogenic activities have caused release of
toxic pollutants into the environment at gradually
increasing level. Pollutants like metals pose serious
concern not only because they are toxic but also
because they can be persistent in the ecosystem
through the processes of bioaccumulation and
biomagniBcation leading to serious impact and
potential risk to various living organisms (de
Almeida Duarte et al. 2017). Even essential metals
required for metabolism could be toxic, if ingested
at higher concentration and non-essential metals
may cause toxicity at very low concentration (He
et al. 2005; Crichton 2016). Potentially toxic met-
als (PTMs), to be precise, heavy and trace metals
eventually tend to deposit into water and sediment
system after they reach to coastal and estuarine
areas either due to natural processes or from
sources like mining, metalliferous ore smelting,
industrial processing, burning of fossil fuels, wastes
and sewage, fertilizers, automobiles, etc. (Yuan
et al. 2012; Alloway 2013). Several complex mul-
tilayered factors including sediment composition
and formation, grain size, hydrodynamic parame-
ters govern these processes causing changes in
degree of metal deposition in sediment over the
period (Liu et al. 2011; Watts et al. 2017). Plants
grown in PTM contaminated soil have evolved
with highly speciBc as well as selective mechanism
and biochemical responses to uptake, transfer and
accumulate toxic metals (Lasat 2002; Verbruggen
et al. 2009). Intracellular accumulation and
sequestration of metals, exclusion or eAlux into the
xylem and intracellular detoxiBcation mechanism
have major role in metal tolerance, metal home-
ostasis and/or metal-induced oxidative stress in
plants (Montarg�es-Pelletier et al. 2008). Both
redox active and non-redox active metals are cap-
able of either inducing reactive oxygen species
(ROS) by Fenton and Haber–Weiss reactions or
generating organellar ROS by disrupting photo-
synthetic and photorespiratory systems (Halliwell

2006; Rodr�ıguez-Serrano et al. 2009). These might
also lead to enzyme inactivation and disruption,
conformational modiBcations, dysfunctional mem-
brane integrity, inhibition of metabolic processes
and disturbed redox homeostasis (Sharma and
Dubey 2007; Sharma and Dietz 2009). Excessive
toxic metal stress can dismantle the balance
between ROS and the quenching properties of
antioxidants (AOX) which might cause lipid per-
oxidation, oxidative damage, DNA breakage or cell
death (Braconi et al. 2011; Kandziora-Ciupa et al.
2013).
Monitoring biochemical response of living spe-

cies against these metal stressors can be eDciently
used to design predictive tools in modern ecotoxi-
cology (Skaldina and Sorvari 2017). In estuarine
environment, metal biomonitors can bridge
between degree of pollution of the ecosystem and
resulting biochemical eAects in plants for framing
eDcient mitigation strategies. With both enzy-
matic and non-enzymatic defense systems, strong
antioxidant potential, metal avoidance and scav-
enging potential of ROS; mangroves have been
established as a promising biomonitor of metal
stress (Bandaranayake 2002; Yan et al. 2017).
Their characteristic physiological activities like
generation of speciBc proteins, activation of per-
oxidase–catalase–Cavonoid–phenolics, and also the
antioxidant feedback loop might be explored as
potential biomarkers of PTM contamination in the
sediment system (Duarte et al. 2013; Bakshi et al.
2019). Mangrove sediments being anoxic in nature
with negative redox potential, high sulBde, iron
and organic content; favour retention of metals
that makes sediment a long term sink for various
PTMs (Bakshi et al. 2017; Yan et al. 2017). Studies
on accumulation of toxic metals in mangrove sed-
iments thriving ecotoxicological risk have been
conducted globally (Nath et al. 2013, 2014a, b;
Bakshi et al. 2018).
The Sundarban delta is the world’s largest single

block mangrove habitat shared by India and Ban-
gladesh. A part of it, situated on the dynamic
Hooghly–Matla estuarine system in West Bengal,
India, has been consistently subjected to environ-
mental degradation due to extensive industrial-
ization and rapid urbanization in the upstream
(Banerjee et al. 2012a, b; Ghosh et al. 2016). Both
natural weathering process and anthropogenic
interferences have led to unwanted PTM deposi-
tion and interruption in usual ecosystem processes
throughout this habitat (Antizar-Ladislao et al.
2015). The ecotoxicological response to this
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increasing environmental stress needs to be thor-
oughly investigated and explored as a significant
indicator to enumerate the degree of pollution.
Biological response of mangrove vegetation
exposed to toxic metals have been mostly investi-
gated in controlled laboratory conditions (Zhang
et al. 2007; Huang and Wang 2010; Huang et al.
2010; Cheng et al. 2017), whereas minimal reports
are available on natural mangrove population
(MacFarlane 2001; Caregnato et al. 2008; Harish
and Murugan 2011; Bakshi et al. 2018). In our
study, the relationship between ecotoxicological
risks of PTM distribution in eight randomly
selected study areas in and around Indian Sunda-
ban with consequent biotic response in two com-
monly found mangrove species in this region
namely, Avicennia alba and Excoecaria agallocha
have been studied.

2. Methodology

2.1 Study area and sampling method

Indian Sundarban situated at South Bengal within
the imaginary Dampier and Hodges line is a vul-
nerable and sensitive eco-region characteristically
comprised of a complex conglomeration of various
conCuences, tributaries, distributaries and tidal
creeks. Eight sampling locations along this habitat
namely, L1, L2, L3, L4, L5, L6, L7 and L8 were
randomly selected to evaluate the ecotoxicological
response of PTM pollution in Avicennia alba and
Excoecaria agallocha (Bgure 1). Rhizospheric sur-
face sediment contains Fe–Mn oxyhydroxides, clay
particles and organic content which may aggregate
toxic metal by adsorption onto clay particle surface
or absorption into the oxides (Chaudhuri et al.
2014; Ghosh et al. 2019a, b). The ecotoxicological
response of mangroves due to the accumulation of
potentially toxic metals in the rhizospheric horizon
could be investigated as the stress enzymes and
chlorophyll content are the suitable bioindicators
(Bakshi et al. 2018). Hence, fully grown and heal-
thy leaves from 10 plants with similar height,
health condition, light exposure and tidal ampli-
tude at each site were collected and pooled into one
sample to reduce the sampling bias as remobiliza-
tion of metals could also be varied depending on
physical conditions of the plants. Though several
mangrove species have been reported in the sam-
pling region, two species Avicennia alba and Ex-
coecaria agallocha were uniformly distributed in all

sampling locations and hence selected for the
study. For both these species, three pooled leaf
samples were collected and prepared. From each
location, surface sediment samples were collected
in triplicate at depth within 10–15 cm. All samples
were kept in clean zip lock pouch, placed within ice
box and quickly taken to the laboratory. Respec-
tive co-ordinates of all locations were designated by
Trimble Juno SD hand-held GPS (supplementary
table S1). Fresh leave samples were processed and
analyzed immediately to avoid sample handling
error as much as possible following Bakshi et al.
(2018). Rest of the sediment and leaf samples were
dried, ground and sieved through 63 l nylon mesh
and kept for further analysis.

2.2 Physico-chemical properties of sediment
samples

pH, conductivity and oxidation reduction potential
(ORP) of sediment samples were analyzed using
HANNA multi-parameter probes after standard-
ization with standard solutions for the same (Birch
et al. 2011). Organic carbon content was deter-
mined by titrimetric method (Walkey and Black
1934).

2.3 Analysis of PTM

Dried and ground samples were used for acid
digestion (USEPA 1997) and analyzed in Induc-
tively Coupled Plasma Optical Emission Spec-
trometer (ICP-OES) (Thermo Fisher iCAP 7400)
following the method described by Bakshi et al.
(2018) to determine the concentrations of 10 metals
and trace elements namely, Aluminum (Al), Cad-
mium (Cd), Cobalt (Co), Chromium (Cr), Copper
(Cu), Iron (Fe), Manganese (Mn), Nickel (Ni),
Lead (Pb) and Zinc (Zn). Complete data acquisi-
tion process using ThermoFisher Qtegra software
was conducted in axial mode except from Al and
Fe, which were performed in radial mode. The
quality control of the study was ensured by run-
ning Standard Reference Materials simultaneously
(SRM 1645 for sediment sample and NIST 1573a
for leaf samples). Analytical accuracy, reported as
recovery, was 94–106% and precision was \5%
relative standard deviation for all target elements,
expressed as mg/kg dry weight. Multi-element
Standard Solution IV and IX (Merck, Germany)
were used at different dilutions as calibration
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standard solutions. The details of the quality con-
trol data are given in supplementary table S2.

2.4 Ecotoxicological response

2.4.1 Sediment quality indices analysis

Sediment quality indices are established indicator
of metal pollution status comparing with geo-
chemical background values in soil and sediment
system. It also helps us to quantify the degree of
anthropogenic interference at a speciBc study
area (Bakshi et al. 2018, 2019; Ghosh et al.
2020). Either Wedepohl (1995) shale values and/
or upper continental crust (UCC) values of
Taylor and McLennan (1985) have been mostly
used as geochemical background in Indian

sub-continental estuarine system (Ghosh et al.
2016; Bakshi et al. 2017, 2018). In our study, we
have considered UCC (Taylor and McLennan
1985) values as geochemical background as no
speciBc geochemical background value is avail-
able for the speciBc region (supplementary
table S3). Most commonly used indices for sedi-
ment health quality such as enrichment factor
(EF), geo-accumulation index (Igeo), contamina-
tion factor (CF), pollution load index (PLI) have
been studied. Details of calculation of these
indices are provided in supplementary table S4
(Spencer and Macleod 2002; Caeiro et al. 2005;
Birch et al. 2013). Sediment quality in the
study locations has been enumerated by following
the standard classiBcation system based
on EF (Zhang and Liu 2002; Gu et al. 2012;

Figure 1. Map of the study locations.
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Kumar et al. 2013), Igeo (Muller 1969), CF
(Hakanson 1980) and PLI values (table S5 in
supplementary materials).

2.4.2 Potential ecological risk

To understand the correlation between ecological
risk and antioxidative response in mangroves A.
alba and E. agallocha, potential ecological risk
index (PERI) has been calculated for a toxic metal
in a speciBc study area (supplementary table S4)
(Gong et al. 2008; Guo et al. 2015). To identify the
locations having toxicity risk, sediment quality
guideline (SQG) supported by the eAect range
low (ERL)–effect range median (ERM) and the
threshold eAect level (TEL)–probable eAect level
(PEL) values have been applied (MacDonald et al.
1996; Long and MacDonald 1998) (table 1). Loca-
tions with metal concentration within TEL or ERL
value indicate less adverse eAects and low ecologi-
cal risk. On the other hand, locations having meal
concentration higher than PEL and ERM value are
considered to bear greater ecological risk (Long
et al. 1995, 1998).
Mean probable eAect level quotient (mPELq)

ratio has been used to express the amount of bio-
logical impact of coupled toxicity eAect of the
stress metals in the ecosystem (Long et al. 1998) as
described in supplementary table S3. The sediment
has been categorized based on the classiBcation
system of probability of being toxic according to
the respective mPELq value (Long et al. 2000)
(supplementary table S4).

2.4.3 Metal bioaccumulation in mangrove

Bioconcentration factor (BCF) of PTMs in man-
grove leaves is an indicator of elemental accumu-
lation in leaf tissues from habitat sediment and
calculated as BCF = Cplant/Csediment, where Cplant

and Csediment are total metal concentrations
(mg/kg) in plant and sediment, respectively
(MacFarlane et al. 2007).

2.4.4 Biochemical response in mangroves

Chlorophyll content (Chl a, Chl b, total Chl and
Chl a/Chl b) of mangrove leaves were estimated
spectrophotometrically. Calculations have been
done using Arnon’s equation and chlorophyll con-
tent is expressed as mg/g fresh weight (Arnon
1949).
Bound and soluble forms of polyphenols are

plant derived secondary metabolites playing cru-
cial role in natural defense system. Antioxidant
property in terms of total soluble phenolics and
Cavonoids in leaves of A. alba and E. agallocha
were assessed. The amount of total phenolics in leaf
extracts was measured following Folin–Ciocalteu
procedure (Singleton and Rossi 1965) and expres-
sed as gallic acid equivalents (GAE) in mg GAE/g
dry leaf. Another group of plant derived polyphe-
nolics, Cavonoids possessing antioxidant properties
has reduction potential lower than alkyl peroxyl
radical. Hence, Cavonoids can be eDcient to pre-
vent detrimental eAects of these species by induc-
ing their inactivation. Flavonoid concentration
expressed as mg Quercetin/g dry leaf is quantiBed
using aluminium chloride (Zhishen et al. 1999).
The reducing ability of leaf extracts was mea-

sured following the procedure described by Oyaizu
(1986) and expressed as ascorbic acid equivalent
(AAE) in mg AAE/g of dry leaf. The free radical
scavenging activity of leaf extracts was determined
using stable radical DPPH (1,1-diphenyl-2-picryl-
hydrazyl), where butylated hydroxyl toluene
(BHT) was taken as positive control (Blois 1958;
Yıldırım et al. 2001). The antioxidant activity of
the extract was expressed as IC50, which was
expressed as the concentration in mg of dry leaf/ml
which inhibits the formation of DPPH radicals by
50%.
Soluble peroxidase (POD) activity of the leaf

tissues was estimated by slightly modiBed method
of Bashir et al. (2007) and Zhang et al. (2007) and
expressed POD units/min/mg protein (Bakshi
et al. 2018). Protein concentration of the mangrove
leaves was determined using Bradford method
(Bradford 1976; Kruger 2009). Catalase (CAT)
activity was also measured spectrophotometrically
and expressed as CAT units/min/mg protein
(Chandlee and Scandalios 1984). Super-oxide

Table 1. Physico-chemical properties of sediment samples.

Location pH EC (lS/cm) TOC (%) ORP

L1 7.5 ± 0.2 1723 ± 16 0.891 ± 0.16 170 ± 27

L2 7.7 ± 0.2 981 ± 11 0.863 ± 0.07 173 ± 9

L3 7.5 ± 0.5 793 ± 31 0.847 ± 0.03 177 ± 13

L4 7.8 ± 0.1 1620 ± 21 0.916 ± 0.09 131 ± 19

L5 7.7 ± 0.5 977 ± 8 1.210 ± 0.04 85 ± 15

L6 7.8 ± 0.4 789 ± 9 0.984 ± 0.05 79 ± 11

L7 7.9 ± 0.2 791 ± 16 0.933 ± 0.02 46 ± 10

L8 7.9 ± 0.3 490 ± 24 1.440 ± 0.08 29 ± 2
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dismutase (SOD) activity was analyzed using
nitroblue tetrazolium (NBT) in the presence of
riboCavin (Beauchamp and Fridovich 1971;
Cipollini 1998) and expressed as SOD units/mg
protein (Zhang et al. 2007). Details of all enzymatic
and antioxidative analysis methods have been
described in supplementary table S6.

2.5 Statistical analysis

All analysis was done in triplicates and the mean
value was taken with the standard deviation (SD).
The variance in the dataset was checked by one-
way analysis of ANOVA (Bakshi et al. 2017, 2018).
Significant statistical differences in all variables
were also conBrmed by Duncan’s multiple range
test at p \ 0.05 in SPSS16. The Pearson’s corre-
lation coefBcient significant at p\ 0.05 and
p\ 0.01 was tested to understand the association
within and among PTM concentration in sediment
and mangroves, physico-chemical properties of
sediment and ecotoxicological response of the
plant. Similarities and relations within metal level
and antioxidative response of A. alba and E. agal-
locha were evaluated using principal component
analysis (PCA) in SPSS16 (Watts et al. 2017).

3. Results and discussion

3.1 Physico-chemical properties of sediment
samples

Here, eight sampling locations in and around
Indian Sundarban can be broadly classiBed into
two categories: L1–L4 belongs to the Hooghly
estuarine region and L5–L8 comes under Matla
estuarine region. pH, conductivity, ORP and
organic carbon content in sediment samples of
location L1–L8 ranged 7.5–7.9, 490–1620 (lS/cm),
29–177 and 0.847–1.440%, respectively (table 1).
The pH values at the locations close to the river
Matla esuary (L5–L8) are little higher than the
intertidal sediment samples of river Hooghly estu-
ary (L1–L4), which might be due to the existing
CO2-carbonate system in the surrounding of Matla
estuary (Frontier et al. 2008). Similarly, the Matla
estuarine locations were found to have higher
organic carbon (OC) values (1.44% at L8) indi-
cating the anaerobic and reduced nature of the
sediment with presence of sulBde complexes and
organic matter (Bayen 2012; Bakshi et al. 2017)
sourced from agriculture, aquaculture and

domestic sectors (Banerjee et al. 2012a, b). Lower
OC content in Gangetic estuary (0.847% at L3)
reCects dynamic microbial activity and vigorous
tidal cycle as well as poor adsorptionability of the
organic carbon to embedded quartz grains of the
recipient habitat (Rogers et al. 2013). This varia-
tion also goes along with the observations Banerjee
et al. (2012a) and Dhame et al. (2016). The reduced
nature of Matla estuarine locations (L4–L8) being
closer to the denser and true mangrove habitat
have resulted to lower ORP (29–85 mv) comparing
to Hooghly estuary (131–177 mv) (Lyimo and
Mushi 2005). Significant correlation between trace
metal accumulation with organic carbon and Bne
sediments reported by many researchers signiBes
how it acts like a sink of metals (Chaudhuri et al.
2014; Dhame et al. 2016). Similar Bndings were also
observed in our study between OC with Cd, Pb,
Zn, Ni and Cr and Mn (supplementary table S7).

3.2 Analysis of PTM

Table 2 reCects the distribution of PTM concentra-
tion at locations L1–L8 in the extended river
Hooghly and Matla estuarine region. The highest
concentration of PTMs were found in L8: for Cad-
mium (0.212mg/kg), Chromium (97mg/kg),Nickle
(68.1 mg/kg), Lead (35.3 mg/kg), Zinc (141.83 mg/
kg) and L4: for Cobalt (12.52mg/kg), Copper (89.33
mg/kg), Iron (53019mg/kg), and L7: for Aluminum
(51131.33 mg/kg). Location L7 was considered as
the control site as it had theminimumconcentration
for most of the metals including Cd, Cu, Fe, Ni and
Pb. The second-most deposition was observed in
location L4. The major source of PTMs in this area
include agricultural and aquaculture practices,
human waste, port activities, tourism activities,
vehicular exhaust, construction work, industrial
eAluent from thermal power plants, jutemills, paper
mills, brick kilns, tanneries, pesticide and fertilizer
factories, etc. (Ghosh et al. 2016; Bakshi et al. 2017).
Kulti river lock gate, which is 35 km away from
Kolkata metro city located at the North border of
Dampier–Hodges line in Sundarban, receives a large
section of toxic eAluent, run oAs from around 11516
different factories in Kolkata Megacity (Akhand
et al. 2012). Being close to river Bidyadhari and
situated on this exit point of sewage canal system in
city Kolkata, location L8 is subjected to year-long
deposition of high organic content loaded sediments
which might cause this higher accumulation of
PTMs in that location. The variation in distribution
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and accumulation of PTMs across the study area
have been governed by various geochemical, geo-
morphological and natural factors like variable
depositional and erosional rate, coagulation–silta-
tion–sedimentation, vigorous tidal hydrodynamics,
weathering process, grain size, etc. (Antizar-Ladis-
lao et al. 2015; Ghosh et al. 2018).
Two mangrove species A. alba and E. agallocha

have been chosen to understand the PTM accu-
mulation and consequent biotic responses. The
plant E. agallocha showed elevated level of PTM
concentration comparing to A. alba probably
because of the difference in their uptake potential
internal physiology (Bakshi et al. 2017). However,
for both the plants maximum PTM accumulation
was observed for species grown in L8 which
complements the results of sediment metal dis-
tribution. The only exceptions are Al and Mn for
A. alba and Co and Mn for E. agallocha (table 3).
The association among the metals in sediment
and plant samples can be envisaged through
the Pearson correlation analysis (supplementary
table S7) suggesting their common source of origin
and closely related process of metal transporta-
tion, metal deposition and metal accumulation
(Bastami et al. 2014). Negative and non-signifi-
cant correlation between all studied PTMs (ex-
cept of Al) and Mn indicates towards poor
retention potential of Mn-oxide complexes and
inCuence of peripheral parameters (Ray et al.

2006; Bhattacharya et al. 2015). Positive associa-
tion between PTMs in both sediments and plants
emphasizes on the potential of using A. alba and
E. agallocha plants as a bio-monitor or indicator
of PTM contamination in estuarine ecosystem of
Sundarban.

3.3 Ecotoxicological response

3.3.1 Sediment quality indices

The primary investigation on ecotoxicological
response of mangroves in terms of metal uptake,
accumulation, translocation, tolerance, chelation
or sequestration, enzymatic and non-enzymatic
antioxidative mechanisms can be thrived by the
sediment quality of surrounding habitat. Sediment
quality indices are indicative of the metal con-
tamination scale and human interference respon-
sible for it, by comparing with the respective
geochemical background.
In this study, Al has been selected as refer-

ence element for calculating enrichment factor
(EF) which is one of the most eDcient indica-
tors to estimate the magnitude of human-in-
duced and/or natural changes by standardizing
the target PTM against the reference element
having low occurrence variation (for example,
Mn, Ti, Al and Fe) and categorizing them
as per the standard classiBcation system

Table 2. Mean concentration of PTMs (mg/kg) in sediment samples in location L1–L8.

New L1 L2 L3 L4 L5 L6 L7 L8 ERL ERM TEL PEL

Al 50144.95 49971.52 50386.71 50048.29 49940.57 50035.90 51131.33 49797.81

SD 296.79 623.83 348.24 362.32 332.77 627.81 258.11 413.53

Cd 0.08 0.07 0.12 0.16 0.09 0.07 0.05 0.212 1.2 9.6 0.68 4.2

SD 0.01 0.01 0.01 0.02 0.02 0.01 0.00 0.03

Co 10.41 8.6 12.1 12.52 10.4 11.6 8.9 11.4

SD 1.15 0.99 1.51 0.70 0.76 0.92 1.22 1.46

Cr 71.8 51.1 61.62 77.8 83.7 75.8 60.6 97 81 370 52.3 160

SD 3.80 3.70 5.19 1.79 6.56 6.81 4.75 3.80

Cu 72.03 70.67 81.47 89.33 73.62 66.67 48.4 84.67 34 18.7 18.7 108.2

SD 3.61 5.86 3.56 4.51 4.10 4.04 3.42 4.04

Fe 45281.00 44805.00 48305.67 53019.00 43045.67 43747.67 34603.00 51449.33

SD 2227.66 4412.85 3930.93 4319.50 3874.25 4565.92 1637.34 3831.36

Mn 567.8 768.54 690.7 605.2 608.2 565.20 738.7 457.3

SD 70.45 91.14 60.17 49.54 38.71 52.28 55.77 41.46

Ni 50.7 41.9 49.3 54.72 59.3 54.3 32.3 68.10 20.9 51.6 15.9 42.8

SD 2.52 3.12 4.73 3.84 3.29 3.40 1.74 3.00

Pb 19.53 23.3 21.7 24.4 23.3 19.2 15 35.30 46.7 218 30.2 112

SD 2.78 1.59 2.52 1.56 2.46 2.45 1.84 5.29

Zn 78.03 80.3 105.20 98.3 126 115.1 118.3 141.8 150 410 124 271

SD 7.44 4.16 11.79 7.26 9.80 6.88 4.75 13.75
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(supplementary table S5) (Reimann and de
Carital 2000; Sutherland 2000; Gu et al. 2012).
The highest EFs observed in L8: Cd, Cr, Cu, Ni,
Pb and Zn) and L4 (Co and Fe) indicates the
role of anthropogenic contribution in metal
enrichment besides natural weathering processes
in these two locations (Kumar 2013; Bakshi
2017). The stack columns in Bgure 2 have been
used to compare numeric values between levels
of a categorical variable for better visual

understanding. As per the standard classiBca-
tion, two PTMs namely, Cr and Ni possessed
moderate enrichment in sediment system resulting
from non-crustal or non-natural weathering
processes. On the other hand, PTMs like Cd, Co,
Cu, Fe, Pb and Zn have significant enrichment
in the studied locations. Mn is the only PTM
which had highest EF in location L2 implying
its enrichment to be moderate level in that
location. All PTMs except Mn, showed their

Table 3. Mean concentration of PTMs (mg/kg) in leaves of A. alba and E. agallocha.

Mangrove PTM L1 L2 L3 L4 L5 L6 L7 L8

A. alba Al 399.71 516.96 328.61 1005.47 253.48 221.42 248.25 505.20

SD 11.23 6.01 15.36 13.99 7.32 3.91 8.48 6.96

Cd 0.0040 0.0103 0.0047 0.0208 0.0047 0.0034 0.0042 0.0607

SD 0.0008 0.0008 0.0002 0.0045 0.0005 0.0007 0.0012 0.0033

Co 0.66 0.26 1.21 0.69 0.45 0.12 0.42 1.07

SD 0.08 0.02 0.31 0.05 0.03 0.01 0.01 0.07

Cr 5.76 7.77 11.04 19.09 8.68 9.59 5.26 26.53

SD 1.60 0.54 1.98 1.13 1.60 2.08 0.38 4.06

Cu 25.63 29.58 19.30 42.35 28.39 24.29 12.09 43.48

SD 3.14 4.86 1.14 6.14 2.14 1.64 1.36 1.79

Fe 149.36 186.69 156.02 344.62 141.09 102.08 115.34 364.43

SD 23.17 10.75 10.92 21.25 14.58 25.17 20.67 18.58

Mn 227.13 380.61 256.64 273.65 142.84 167.72 194.39 210.32

SD 9.26 23.58 10.83 31.11 14.59 8.16 5.05 10.34

Ni 2.57 1.34 1.97 1.64 2.61 0.07 0.19 4.13

SD 0.60 0.09 0.34 0.05 0.57 0.00 0.13 0.60

Pb 2.09 3.23 1.91 2.76 2.46 1.92 1.84 5.44

SD 0.32 0.55 0.36 0.25 0.06 0.45 0.07 0.82

Zn 15.04 30.71 14.59 13.21 19.77 13.17 6.76 35.46

SD 1.57 3.50 5.07 1.07 1.83 2.07 2.64 2.71

E. agallocha Al 515.51 653.83 423.81 1309.67 326.92 294.60 320.17 651.56

SD 14.49 7.76 19.81 18.04 9.44 5.05 10.93 8.97

Cd 0.0036 0.0094 0.0043 0.0189 0.0042 0.0031 0.0038 0.0552

SD 0.0008 0.0008 0.0002 0.0041 0.0005 0.0006 0.0011 0.0030

Co 0.76 0.30 1.39 0.80 0.52 0.14 0.48 1.23

SD 0.09 0.02 0.35 0.05 0.04 0.01 0.01 0.08

Cr 4.07 5.49 7.20 13.49 6.14 6.77 3.72 18.75

SD 1.13 0.38 1.40 0.80 1.13 1.47 0.27 2.87

Cu 8.27 10.35 6.75 14.82 9.94 8.50 4.23 15.22

SD 1.10 1.70 0.40 2.15 0.75 0.58 0.48 0.63

Fe 162.94 203.66 170.20 375.95 153.91 101.36 125.83 397.56

SD 25.27 11.73 11.91 23.18 15.91 27.45 22.55 20.27

Mn 86.31 144.63 97.52 103.99 53.52 63.73 73.87 79.92

SD 3.52 8.96 4.12 11.82 5.55 3.10 1.92 3.93

Ni 2.96 1.55 2.28 1.89 3.01 0.08 0.22 4.23

SD 0.40 0.10 0.39 0.06 0.65 0.00 0.15 0.69

Pb 1.64 2.54 1.50 2.17 1.93 1.51 1.45 4.27

SD 0.25 0.43 0.29 0.20 0.05 0.36 0.06 0.64

Zn 25.67 59.84 24.91 22.55 32.75 20.77 11.54 60.54

SD 2.68 5.98 8.66 1.83 3.12 3.54 4.51 4.63
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lowest EFs in location L7 and L2 reCecting the
non-polluted nature of these locations comple-
menting the metal distribution data. The high-
est enrichment was observed for Cu among all
elements.
The Igeo value was analyzed to classify the sedi-

ment as per seven enrichment classes based on
degree of contamination (M€uller 1969). Elements
including Al, Co, Cr, Fe and Mn were seen to have
negative Igeo values signifying their uncontaminated
condition in all the study sites (Bgure 2). Cu showed
positive Igeo values 0.4 (L7)–1.2 (L4) throughout
eight locations, out of which L1, L2, L5, L6 and L7
were found to have uncontaminated to moderately
contaminated level and L3, L4 and L8 expressed
moderate contamination for Cu (supplementary
table S5) (M€uller 1969). For Cd, Ni and Pb, the
uncontaminated to moderately contaminated sites
were L4 and L8 (Cd); L8 (Ni and Pb); L5, L6, L7 and
L8 (Zn), respectively. Derived Igeo values of sedi-
ment samples harmonize with the values of EF, i.e.,
PTMs with significant enrichment and higher EF
numnbers (Cd, Cu, Ni, Pb and Zn) showed moder-
ate contamination and positive Igeo values. Deci-
pherable contamination from these PTMs might be
attributed on agricultural run-oA, domestic and
industrial eAluents, vehicular emission, weathering

processes and/or related anthropogenic hindrances
(Ghosh et al. 2016; Bakshi et al. 2018).
Another prominent sediment quality index,

contamination has been used to express the degree
of elemental contamination (Hakanson 1980). The
CF values as shown in Bgure 2 reCects low con-
tamination grade for Al, Cr, Co and Mn in almost
every location and moderate contamination status
for Cd, Fe, Ni, Pb and Zn. Location L4 was found
to be considerably contaminated with Cu and also
possessed highest CF values for Co and Fe. Pre-
cisely, Cu had highest CF values in all eight loca-
tions ranging from 2 to 3.5. On an average, all
locations were found to have moderate level of
contamination for the potentially toxic metals as
per Hakanson (1980) where the calculated CF
values range within 1–3. Location L8 has been
identiBed as the most contaminated study area
with reference to Cd, Cr, Ni, Pb and Zn contami-
nation in the sediment system.
On the whole, status of PTM pollution in the

sampling locations has been recognized by calcu-
lating the PLI scores (Tomlinson et al. 1980),
which ranged from 0.9 (L7) to 1.5 (L8). The
increasing order of calculated PLI is L7[ L2[
L1[ L6[ L5[ L3[ L4[ L8. As PLI values in
most of the locations except of L7, lie on or above

Figure 2. Sediment quality indices (enrichment factor, geo accumulation index, contamination factor, pollution load index).
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the baseline (1), it is clearly indicative of progres-
sively deteriorated nature of the sediment quality
(Bgure 2).
The results show consistency in the way as all

sediment quality indices harmonized with each
other and precisely pointed the sediment system
to be moderately contaminated and progressively
deteriorated. It was undoubtedly established that
L4 and L8 are the most contaminated locations
where the increased enrichment of the PTMs like
Cd, Co, Cu, Fe, Pb and Zn might be consequence
of upstream natural weathering along with
ampliBed rapid urbanization, industrialization and
developmental activities in the surrounding. In
contrast, the least contaminated location is L7
(with the minimum enrichment, geo-accumulation
and lowest pollution level) having no significant
industries in larger surrounding except that of few
brick kilns.

3.3.2 Potential ecological risk

The potential risk of different individual PTMs
(Er) and as a whole, their comprehensive potential
ecological risk index (PERI) in the sediment have
been depicted in Bgure 3. The maximum Er for Cd,
Cr, Pb and Zn were observed at L8 as 64.29, 2.28,
10.29 and 2, respectively. For Cu, it was 17.53 at
L4. The range of Er for Cd was appeared to be
under moderate risk class (L4 and L8), whereas Er
for Cr, Cu, Pb and Zn were under low risk class.
The study locations showed a wide range of

comprehensive risk factor, PERI, from 31.83 (L7)
to 95.46 (L8). The risk factors imply that the
overall potential ecological risk remain under low
risk category. Sediment quality guidelines com-
prising of TEL, PEL and ERL, ERM categories can
be used as an eDcient tool to enumerate the degree

of ecological risk posed by the PTMs (Long et al.
1995; Long and MacDonald 1998). Our study
reveals that, despite of being at moderate risk
category at location L4 and L8, in all eight sam-
pling spots Cd concentration is lower than pre-
scribed ERL and TEL limit (table 2). Cr
concentration is lower than ERL level at all loca-
tions except of L8 and L5, whereas it is below TEL
limit only at location L2. Concentration of Cu has
crossed both TEL and ERL levels, but is much
below the PEL and ERM limits. Ni concentrations
in all eight locations have gone beyond PEL and
ERL levels and even crossed the ERM limit in four
locations (L4, L8, L5, L6). On the contrary, Pb
concentration is above TEL and ERL limits only at
location L8. Similarly, Zn concentration is also
under TEL limit in all locations except L8 and L5.
Overall, in location L7, PTM concentrations can be
clubbed as ‘low range’ distribution (i.e., values
within TEL or ERL limit) suggesting less adverse
eAects and lower ecological risk. On the other
hand, PTM concentration in locations like L4 and
L8 falls within ‘high range’ values (i.e., exceeding
PEL and ERM limit) and thrives adverse eAect on
the ecosystem and higher ecological risk potential
(Long and MacDonald 1998). This heterogeneity in
the level of probable adversity level and conse-
quent ecological risk in the study locations is also
inCuenced by their closeness to the pollutant
source, adjacent physico-chemical properties, etc.
The mean PEL quotient (mPELq) value is

another significant indicator to estimate the cou-
pled toxicity eAect of the PTMs in the sediment
system (Long et al. 1998). The calculated mPELq
in eight locations ranges from 0.4 (L7) to 0.6 (L8)
(Bgure 3). When the values are compared with the
classiBcation system prescribed by Long et al.
(2000), it has been observed that locations L1, L2,

0.00 0.20 0.40 0.60 0.80
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L7

L6
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Figure 3. Ecotoxicological risk in sediment: Potential risk of individual metal and potential ecological risk index in habitat
sediments, mean PEL quotient.
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L3, L6 and L7 have acquired 21% probability of
being toxic in terms of PTMs, whereas, for location
L4, L8 and L5 probability of being toxic is 49%.
Following the similar pattern as derived from the
sediment quality indices, location L4 and L8 are
found to pose bigger threat to the living commu-
nities as they score highest adversity and ecological
risk potential values.

3.3.3 Metal bioaccumulation in mangrove

The ratio of PTMs in leaf to PTM concentration in
sediments, deBned as bioconcentration factors, is
an indicator of the potential of metal bioaccumu-
lation in plant and the interaction between plant
and sediment system (Bakshi et al. 2018). In our
study, in the case of A. alba and E. agallocha, the
uppermost BCF for Cd, Cr, Cu, Fe, Ni, Pb were
found in location L8, the extremely contaminated
location with highest concentration of these PTMs
indicating appreciable PTM bioaccumulation and
uptake potential of both mangroves (Bgure 4). The
results also complement the Bndings of previous
researchers (MacFarlane et al. 2007; Chowdhury
et al. 2015). However, in station 2, concentration of
Zn in sediment was 80.3 mg/kg, but the BCF was
much higher comparing the other locations. This
might be due to uptake mechanisms by membrane
transporters which are generally selective. In
response to metal exposure, plants either under-
take exclusion or eAlux of metals into the xylem
(xylem loading) or intracellular accumulation and
sequestration. Beside eAlux of metal ligands from
root into xylem vessels, intracellular detoxiBcation
mechanisms potentially leading to plant metal
tolerance are linked to metal homeostasis and/or
metal-induced oxidative stress. The uptake and

accumulation potential in plant species is also
controlled by their genotype (Bakshi et al. 2017).

3.3.4 Biochemical response in mangroves

3.3.4.1 Chlorophyll content: Studies have shown
that the physiological and metabolic processes as
well as the stress tolerance of mangroves are
aAected by heavy metal contamination in habitat
sediment (Zhang et al. 2007; Huang and Wang
2010). Photosynthetic system of the plants also
gets disturbed by augmented metal stress (Cheng
2017). Concentration of the photosynthetic pig-
ments chorophyll a (Chl a) and chlorophyll b (Chl
b) in plants A. alba and E. agallocha have been
depicted in Bgure 5(a). Plants in locations L4 and
L8 (with higher PTM concentration and pollution
load) showed lower concentration of Chl a and Chl
b along with total chlorophyll content. Signifi-
cantly negative correlation (p\ 0.01) was estab-
lished between chlorophyll content with PTMs like
Cd, Cr, Cu and Pb in mangrove leaves as presented
in Pearson correlation study in table 4. Photosyn-
thetic pigments in A. alba and E. agallocha sub-
jected to varied PTM stress have responded in a
metal concentration dependent way. Here, higher
chlorophyll pigment in mangrove leaves sampled
from locations with lower PTM concentration (L2,
L3, L5 and L6) and lower amount of pigment in the
plants grown at locations having higher ecological
risk and pollution load (L4, L8) reveals the PTM
induced stress aAecting chlorophyllase/d-aminole-
vulinic acid dehydratise activity and inCuencing
chlorophyll activation (Morsch et al. 2002), also
supported by the Bndings of Huang and Wang
(2010) and Cheng (2017).

Figure 4. Bioconcentration factor in A. alba and E. agallocha.
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3.3.4.2 Total phenolics and Cavonoid con-
tent: Equilibrium between ROS and antioxidants
(enzymatic and non-enzymatic) play the major role
in quenching any oxidative injury resulting from

any biotic or abiotic source of stress. Polyphenols
and Cavonoids are those in the forefront of defense
mechanisms, which play the crucial role to combat
environmental stress induced free radicals (Li et al.
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Figure 5. (a) Chlorophyll content, (b) total phenolic content (mg GAE/g dry leaf ) and Cavonoid content (mg Quercetin/g dry
leaf) and (c) antioxidant activity of mangroves. AA: A. alba; EA: E. agallocha.

Table 4. Correlation coefBcients between mangrove biotic response and metal in mangroves.

Al Cd Co Cr Cu Fe Mn Ni Pb Zn

Chl a �0.055 �0.454 0.31 �0.543 �0.690* �0.315 �0.417 0.012 �0.584 0.054

Chl b �0.348 �0.646* 0.065 �0.637* �0.606 �0.595 �0.371 �0.108 �0.659* �0.05

[Chl a/Chl b]T 0.578 0.625* 0.354 0.524 0.237 0.722* 0.118 0.256 0.463 0.195

Total Chl �0.168 �0.533 0.238 �0.593 �0.689* �0.425 �0.423 �0.023 �0.627* 0.031

Phenolics 0.722* 0.803* 0.25 0.692* 0.273 0.889* �0.109 0.48 0.664* 0.584

Flavonoids 0.628* 0.628* 0.047 0.487 0.177 0.711* �0.186 0.462 0.556 0.690*

IC50 �0.265 �0.534 0.244 �0.581 �0.468 �0.429 �0.076 �0.022 �0.504 �0.181

Reducing ability 0.563 0.603 �0.073 0.469 0.237 0.687* �0.181 0.481 0.583 0.662*

Peroxidase 0.705* 0.835* 0.47 0.705* 0.127 0.918* �0.194 0.49 0.641* 0.609

CAT 0.883* 0.625* 0.568 0.588 0.136 0.908* �0.137 0.582 0.445 0.463

SOD 0.619 0.751* 0.222 0.569 0.062 0.815* �0.346 0.423 0.563 0.541

*Correlation is significant at the 0.01 level.
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2012; Dasgupta et al. 2015). In our study, total
phenol and Cavonoid content in A. alba and E.
agallocha varied along with the PTM concentration
in study locations. Maximum amount of total
phenol (TP) concentration and Cavonoids (TF)
content in A. alba has been observed in sampling
locations L4 and L8: TP: 44.27 (L4) and 49.44 mg
GAE/g dry leaf (L8), TF: 28.91 (L4) and 32.48 mg
Quercetin/g dry leaf (L8) as depicted in Bgure 5b.
The similar trend was also evident in case of E.
agallocha. Concentration of TP and TF were
observed to gradually increase with the PTM
content in both the mangroves, where significant
positive association (p\ 0.01) observed precisely
with metals like Al, Cd, Cr, Fe, Pb and Zn
(table 4). The results show their sensitivity
towards these metals and also matched with stud-
ies by Lavid et al. (2001) and Guangqiu et al.
(2007).

3.3.4.3 Reducing ability and free radical scaveng-
ing activity: Figure 5(c) represents reducing ability
of mangroves ranging from 1.52 (L3) to 3.97 (L8)
mg AAE/g dry leaf for A. alba and 1.44 (L3)–4.87
(L8) mg AAE/g dry leaf in E. agallocha. TP con-
tent expressed a significant positive correlation
(p \ 0.001) with reducing ability of respective
mangroves. The highest reducing ability in man-
grove leaves were observed in the same location
(L8) having maximum phenolic content as also
reported in the study by Banerjee et al. (2008).
Table 4 represents the significant positive correla-
tion (p\ 0.01) of PTMs Fe and Zn in plants with
their respective reducing ability. The free radical
scavenging properties was assessed using the
DPPH radical scavenging assay and expressed as
50% inhibition of DPPH radical (IC50). Interest-
ingly, significant negative correlation was observed
between free radical scavenging properties and
corresponding reducing ability. A. alba and E.
agallocha mangroves grown in location L6 were
found to have lowest IC50 (0.27 and 0.23 mg/ml,
respectively). Moreover, free radical scavenging
activity of mangroves expressed significant corre-
lation with PTMs like Cd, Cr, Mn and Pb.

3.3.4.4 Stress enzyme activity: ROS (H2O2 and
O2

�) produced due to any environmental stress on
plants can successfully be eradicated and modu-
lated by antioxidant enzymes including peroxidase
(POD), catalase (CAT), super-oxide dismutase
(SOD) (Zhang et al. 2007; Doganlar and Atmaca

2011). Researchers have documented plants cap-
able of producing excess level of ROS after expe-
riencing toxicants and antioxidative system
enabling active detoxiBcation mechanism. Stress
enzyme levels in A. alba and E. agallocha grown in
eight different locations have been represented in
Bgure 6. Guaiacol peroxidase showed varied con-
centration in leaves of both the species, the highest
value was found at location L8 (748.89 POD unit/
mg protein) and lowest value at location L1 (348.09
POD unit/protein) for A. alba, whereas the same
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Figure 6. Enzymatic activity (a) peroxidase, (b) catalase,
(c) super-oxide-dismutase of mangroves. AA: A. alba; EA: E.
agallocha.
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was 663.33 POD unit/mg protein (L4) and 414.44
POD unit/mg protein (L5) for E. agallocha
(Bgure 6a). Activation of CAT was much higher at
L4 (10.18 CAT unit/mg protein) comparing with
mangroves grown in other spots (Bgure 6b). Fig-
ure 6(c) represents the super-oxide dismutase val-
ues in leaves of A. alba and E. agallocha which was
lowest at L3 (198.18 and 242.22 SOD unit/mg
protein, respectively) and highest at L8 (397 and
495.56 SOD unit/mg protein, respectively). Sig-
nificant positive correlation (p\ 0.01) has been
established between derived stress enzyme con-
centrations and PTMs like Al, Cd, Cr, Fe and Pb
(table 4). The increased activity of POD, CAT and
SOD were mostly observed in leaves sampled from
location L4 and L8, where probability of being
toxic was more than 49% as per mPELq classiB-
cation. This emphasized on the formation of ROS
in mangroves grown in these locations due to
excess PTM stress level (Harish and Murugan
2011) as also evident from sediment quality anal-
ysis, higher PLI and ecological risk where Cd con-
centration was of more concern.
On being exposed to potentially toxic metals at

higher concentration, plants are subjected to
exclusion or eAlux of metals into the xylem or
intracellular accumulation and sequestration
(Montarg�es-Pelletier et al. 2008). Metal home-
ostasis and/or metal-induced oxidative stress are
significant functions for metal tolerance in plants
in addition of eAlux of metal ligands from root into
xylem. Direct activation of reactive oxygen species
(ROS) by Fenton and Haber–Weiss reactions, or
indirect induction of oxidative stress, both can

occur upon PTM pollution (Halliwell 2006; Bakshi
et al. 2018). The photosynthesis and photorespi-
ration processes also might get disturbed by
organellar ROS generation due to metal exposure
(Rodr�ıguez-Serrano et al. 2009). PTM toxicity in
plants interrupts the physiological and metabolic
processes by inactivation and denaturation of
enzymes, conformational modiBcations and dis-
ruption of membrane integrity, inhibition of pho-
tosynthesis, respiration, altered activities of several
enzymes and disruption in redox homeostasis.
Whereas PTMs lead to imbalance in redox home-
ostasis and oxidative damage, presence of certain
elements like phosphorus can improve plant resis-
tance and the ability to cope up with ambient
environment by promoting growth and having
synergistic or antagonistic eAects on metal accu-
mulation (Dai et al. 2017). This study clearly oAers
an insight to the variation in biochemical, antiox-
idantive activity and ecotoxicological response in
two mangrove plants in and around Indian Sun-
darban, which could be correlated to the level of
PTM stress. As very few researchers have docu-
mented such response in natural mangrove vege-
tation (MacFarlane 2002; Caregnato et al. 2008;
Bakshi et al. 2018), this study shows the potential
of using these ecotoxicological parameters as
potential real time biomarkers to estimate PTM
pollution in natural mangrove ecosystem.

3.4 Statistical analysis

All 10 PTMs in sediment and mangrove samples
had statistical significance at 95% conBdence

Component Matrixa

Component

1 2 3

Al -0.628 0.203 -0.152

Cd 0.792 0.014 0.399

Co 0.691 -0.310 -0.207

Cr 0.817 0.442 -0.060

Cu 0.745 -0.526 0.286

Fe 0.725 -0.466 0.278

Mn -0.798 -0.239 0.123

Ni 0.951 0.102 0.007

Pb 0.751 0.147 0.587

Zn 0.397 0.783 -0.086

OC 0.654 0.711 0.128

POD -0.875 0.222 0.334

CAT -0.743 -0.075 0.632

SOD -0.752 0.447 0.358

Extraction Method: Principal Component Analysis.

a. 3 components extracted.

(a) (b)

Figure 7. Principle component analysis: (a) component plot of factors 1, 2, 3, and (b) component matrix.
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interval as implied from one-way ANOVA. PTM
distribution throughout the study region along
with the ecotoxicological response against PTM
stress in A. alba and E. agallocha showed wide
variation (supplementary table S8). Factor analy-
sis study has been performed in SPSS V16 to Bnd
out the interrelationship between major ecotoxi-
cological parameters including organic content,
metal concentration and stress enzymate activity
(Bgure 7). Cumulative percentage of total variance
explained as 55.869% for 1st component 72.219%
for 2nd component and 82.297% for 3rd
component.

4. Conclusions

Present work conducted in greater Sundarban
area, has successfully compiled the ecotoxicological
response in two mangrove species naturally grown
in eight different locations contaminated with a
varied level of potentially toxic metals sourced
from both natural and anthropogenic origin. Here
an inclusive approach to measure ecotoxicological
parameters was followed considering distribution
of potentially toxic metals in the sediment system,
sediment quality status, ecological risk, biocon-
centration in mangroves and their biochemical and
antioxidative response. Location L4 and L8 with
higher concentration of PTMs are typically char-
acterized with higher enrichment factor, geo-accu-
mulation index and contamination factor sourced
from anthropogenic origin and natural weathering
processes. The gradual deterioration in the estu-
arine health poses serious threat with reference to
sediment quality guidelines and ecological risk
category (Cd, Cu, Cr and Pb). The chlorophyll
content, antioxidative activity and stress enzy-
matic response in both the species A. alba and E.
agallocha having significant statistical correlation
with elevated PTM concentration in the polluted
study areas indicate towards the active detoxiB-
cation capability of mangroves (Zhang et al. 2007).
Elevated level of POD, CAT and SOD enzymes
also reveal their eDcient ROS scavenging activity.
Study on increasing human interferences leading to
toxic metal stress in sediment system and coping
up mechanisms of mangroves will also help to
frame eAective prediction, inspection, assessment
and management policies on this extremely sensi-
tive region. Studies in natural and dynamic estu-
arine ecosystem facing constant and rapid changes
might have many limitations. Crossing those

barriers, our study explores the potential of
biomonitoring PTM pollution in mangrove habi-
tats exploiting ecotoxicological biomarkers.
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BioBlm forming and heavy metal resistant marine bacterial strain Pseudomonas chengduensis PPSS-4
was isolated from the contaminated marine sediment of Paradip Port, Odisha, India. The strain showed
bioBlm formation up to 100 mg/L of multi-metal [Pb(II), Cr(VI), and Cd(II)] supplementation in the
culture medium. Scanning electron microscopy (SEM) showed aggregation of rod-shaped cells in the
extracellular polymeric substance (EPS) matrix of bioBlm. Confocal laser scanning microscopy (CLSM)
exhibited a higher nucleic acid to the a-polysaccharide ratio in the bioBlm, and the observed thickness was
*21 lm. The metal uptake potential of bioBlm culture was higher than planktonic culture both in single
and multi-metal solutions. FESEM-EDS analysis revealed the sequestration of multi-metals by bacterial
cells and bioBlm-EPS. FTIR analysis of bacterial EPS further ensured the interaction of functional groups
such as –OH, –NH, and P=O with the metal ions. The maximum removal of Pb, Cr, and Cd by the
bacterial biomass was observed at 37�C within 4 h of contact time at pH 6, and 4% salinity for Pb and Cr,
and 6% salinity for Cd. The present study revealed that the marine bacterium P. chengduensis PPSS-4
can remove multi-metals, and this bacterium could be eDciently utilized for the remediation of heavy
metals in the contaminated environment.

Keywords. Heavy metals; marine bacteria; bioremediation; biosorption; bioBlm; EPS.

1. Introduction

BioBlm formation is a strategy developed by
microbes to survive and adapt to adverse envi-
ronmental conditions. BioBlm is the complex
communities of microbes that are attached to a
substratum and sheltered within a matrix of
extracellular polymeric substances (EPS). Bacteria
form bioBlm in the marine environment to cope

with the dynamic changes, such as variation in sea
surface temperature, alternation in pH, imbalance
of osmotic pressure, and desiccation (Dash et al.
2013). In the marine environment, colonization of
bacterial cells occurs in the submerged substratum
such as rock, ship, etc. BioBlm formation is regu-
lated by quorum sensing (QS), a density-dependent
cell-to-cell communication mechanism that pro-
vides enhanced assemblage of cells, higher nutrient

This article is part of the topical collection: Advances in Coastal Research.

J. Earth Syst. Sci.         (2021) 130:125 � Indian Academy of Sciences
https://doi.org/10.1007/s12040-021-01627-w (0123456789().,-volV)( 0123456789().,-vol V)

http://crossmark.crossref.org/dialog/?doi=10.1007/s12040-021-01627-w&amp;domain=pdf
https://doi.org/10.1007/s12040-021-01627-w


availability, and increased tolerance of bioBlm
community to environmental stresses (Salta et al.
2013). QS also regulates the EPS synthesis,
chemotaxis, horizontal gene transfer, and catabolic
gene expression for the degradation of toxic com-
pounds (Mangwani et al. 2016). Microbial bioBlm
has been applied for bioremediation of recalcitrant
materials as bioBlm provides greater tolerance to
dynamic environmental changes, including toxic
pollutants and several other abiotic factors like pH,
temperature, and salinity.
Ports play a pivotal role in the global economy,

providing over 70% by value of international trade
through marine transport (UNCTAD 2015). Due
to rigorous transportation activities, port sites face
enhanced environmental pressure from heavy
metal contamination, oil spills, ballast water,
domestic waste, ship paint, and other pollutants.
Besides, various anthropogenic activities, including
mining, smelting, household waste, agriculture,
and aquaculture discharges, are dumping different
hazardous chemicals into the marine ecosystem.
Compared to the various pollutants, heavy metals
pollution in coastal zones is regarded as one of the
major environmental problems because of their
long-term persistence, non-degradability, multiple
sources of pollution, and bioaccumulation in the
food chain. Industrial activities have immensely
enhanced the release and subsequent accumulation
of several hazardous heavy metals in the natural
environment, causing a severe threat to the health
and productivity of the natural biome (Hosono
et al. 2011).
Among various hazardous metals, lead (Pb),

cadmium (Cd), and chromium (Cr) were reported
as systemic toxicants that have adverse eAects on
several organs, even at lower concentrations
(Tchounwou et al. 2012). Generally, Pb contami-
nation occurs through anthropogenic activities
such as, manufacturing and recycling of batteries,
book printing, synthesis of pigments, lead-con-
taining paints and pipes, etc. Long-term exposure
to Pb aAects nearly all organs in humans, mainly
associated with blood disorders and chronic dam-
age to the nervous system (Ara and Usmani 2015).
The Cd contamination in the environment gener-
ally occurs due to the combustion of metal-
containing ores, burning of fossil fuels, and
electroplating industries (Rahimzadeh et al. 2017).
The accumulation of Cd in the food chain causes
several ailments like mutations and deletions in
chromosomes (Joseph 2009), induces apoptosis and
ROS generation (Rani et al. 2014), and cancer

(Kellen et al. 2007). However, Cr pollution is
caused due to several natural and human-made
activities, specifically discharge of industrial eAlu-
ents, mineralization of metals, irrigation of sewage
water, and excessive application of chemically
synthesized pesticides and fertilizers (Vimercati
et al. 2017). Thus, it is necessary to establish
eAective measures to remove toxic heavy metals
that are accumulated in the natural environment.
The conventional physico-chemical processes

that have been employed for the treatment of
metal pollutants are expensive for separating
toxic metals from dilute solutions (Vullo et al.
2008; Muñoz et al. 2012) and cause environmental
pollution due to the synthesis of secondary toxic
chemical sludge (Barkat 2011). Hence, the appli-
cation of environment-friendly, cost-effective,
feasible cleaning methods with little or no residual
by-products is of utmost importance (Das and
Dash 2014).
Microbe–metal interaction has gained the most

pursued area in recent years for heavy metal
bioremediation among the various promising
methods. In this context, the application of marine
bacteria in removing heavy metal from metal-
contaminated sites is more eDcient for enhanced
bioremediation (Dash et al. 2013). Besides, the
application of bacterial bioBlm in metal removal is
advantageous because of their higher sorption
eDciency and low production cost (Kurniawan and
Yamamoto 2013). Generally, the heavy metals
accumulated in the environment are positively
charged, and these cationic toxic heavy metals can
adsorb onto the negatively charged sites of bioBlm
by electrostatic attraction. Hence, bioBlms of var-
ious microbes have been observed as potential
adsorbents for heavy metals (Gupta and Diwan
2017). Additionally, biomass generated from bac-
terial origins is feasible and cost-effective and can
be eDciently used for the biosorption of metal ions
(Vijayaraghavan and Yun 2008). Thus, appropri-
ate applications of living as well as non-living cells
of bacteria under customized physico-chemical
parameters, including temperature, pH, salinity,
concentrations of biomass, and metal ions, make
them suitable agents for heavy metal bioremedia-
tion. However, it can be hypothesized that the
bioBlm environment may provide a protective
milieu for bacterial cells to thrive under multi-
metal stress. EPS, the protective covering of
bioBlm, may add increased sequestration and
immobilization of metal ions. Moreover, the opti-
mization of environmental parameters may
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contribute to the enhanced remediation of heavy
metals by the bacterial biomass from the metal-
contaminated aqueous solution.
There are various studies on the utilization of

bacterial biomass for the uptake of single metal
ions, but a few studies have reported the use of
bacterial biomass and bioBlm-EPS in multi-metal
removal. Therefore, this study was carried out for
isolation and characterization of multi-metal tol-
erant bioBlm forming bacterial strain from the
polluted coastal environment for bioremediation of
toxic metals like lead, chromium, and cadmium.
The study also explored the mechanisms of metal
uptake and the optimal conditions for maximum
metal removal by the marine bacterium P. cheng-
duensis PPSS-4.

2. Materials and methods

2.1 Isolation of bacterial strain and growth
conditions

The sediment samples were collected from con-
taminated sites of Paradip Port, Odisha, India, and
were aseptically transported to the laboratory. The
salinity of the water collected from the sampling
site was recorded as 35 ppt. For isolation of multi-
metal resistant bacteria, Luria Bertani (LB) agar
(HiMedia, India) plates were prepared by supple-
menting varying concentrations (10, 20, 30, 40, and
50 mg/L) of Pb(II) as Pb(NO3)2 (HiMedia, India),
Cr(VI) as K2Cr2O7 (HiMedia, India) and Cd(II) as
CdCl2 (Merck, India). Sediment samples were
serially diluted, followed by spreading over multi-
metal appended LB agar plates and were incubated
at 37�C till the visible bacterial colonies appeared.
The pure culture of the isolates was grown
in the LB agar medium and screened for bioBlm
formation ability.
BioBlm development by the bacterium was

examined by both qualitative and quantitative
assay. The microtiter plate assay was carried out
following Jordjevic et al. (2002) with slight modi-
Bcations (Mangwani et al. 2014). BrieCy, the bac-
terial culture was inoculated into the freshly
prepared LB medium followed by incubation at
37�C for overnight in a shaker incubator up to the
optical density of 0.5 (OD600). From this, 2 ll of
the bacterial culture suspension was appended to a
96-well microtiter plate containing 200 ll of LB
medium, with and without supplementation of
different concentrations (25, 50, 100, and 150 ppm)

of multi-metals. The microtiter plate was kept at
37�C for 48 h in the static state. Negative control
was taken in the well as sterile LB medium without
the addition of bacterial culture. Following incu-
bation, the microtiter plate wells were washed by
using 19PBS to take away the unattached cells.
Crystal violet solution of 0.2% was used for stain-
ing the bioBlm. The visible thick ring formation at
the air–water interface suggests that the strain is a
good bioBlm former. Further, the bioBlm formed by
the bacterium was destained with 95% ethanol and
quantiBed in a multi-plate reader (BioBase, PR
China) by taking the absorbance of destained
ethanol. The bioBlm forming ability of the strain
was examined by comparing it with the cut-oA
value (ODC) of the negative control. The ODC can
be calculated by the formula, ODC = average OD
of negative control + (3 9 standard deviations of
negative control). Depending upon the ODC value,
the strain can be designated as weak (ODC\
OD B 2 9 ODC),moderate (2 9 ODC\OD B 4 9

ODC), or strong (4 9 ODC\OD) bioBlm former
(Stepanovi�c et al. 2007).

2.2 Metal analysis and MICs of heavy metals

The heavy metals present in the collected sediment
samples were checked by Atomic Absorption
Spectrometer (AAnalystTM 200, Perkin-Elmer,
USA). Prior to the analysis, the soil samples were
acid digested by following the protocol of Edgell
(1988). Minimum inhibitory concentrations (MIC)
of the isolate towards Pb(II), Cr(VI), and Cd(II)
were determined by micro-broth dilution technique
(CLSI 2006) using the salts of Pb(NO3)2 (HiMedia,
India), K2Cr2O7 (HiMedia, India) and CdCl2
(Merck, India) respectively. For this, in a 96 welled
Cat-bottom microtiter plate, 150 lL of Mueller
Hinton broth (MHB) (Himedia, India) containing
different concentrations of Pb(II) was taken in the
1st to the 10th well. The 11th column with 150 lL
of MHB was taken as the positive control, and the
12th column with metal appended MHB as the
negative control. 20 lL of overnight grown cultures
of bacteria with optical density 0.5 (OD600) was
inoculated in each well of the microtiter plate
except the last well taken as the negative control.
The microtiter plate was incubated at 37�C for 48
h. After incubation, absorbance was taken at
600 nm using a multi-plate reader (Biobase, PR
China). A similar procedure was followed to
determine MIC towards the other two metals, i.e.,
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Cr(VI) and Cd(II). The lowest concentration of the
metals completely inhibiting bacterial growth was
designated as the MIC of the respective metals.
Based on the result of bioBlm formation and the
metal tolerance, the bacterial strain P. cheng-
duensis PPSS-4 was selected and identiBed by the
partial sequence of the 16S rRNA gene. The
nucleotide sequence of this strain was submitted to
NCBI GenBank under the accession number
MT661599.

2.3 Characterization of the bacterial bioBlm

The surface morphology of P. chengduensis PPSS-4
cells was analyzed by Scanning Electron Micro-
scope (FEI Quanta FEG 250 SEM, USA). For this,
the bacterium culture was inoculated into the
sterile LB medium and kept at 37�C for incubation.
The OD of the bacterial culture was adjusted to 0.5
at 600 nm wavelength, and 40 ll of this bacterial
suspension was added over cut glass slides (1 9 1
cm) submerged in 4 ml of LB medium in a 6-well
plate. The cell morphology under multi-metal
treated conditions was analyzed by adding
100 mg/L of all the metal to the sterile LB med-
ium. The plate was incubated for 48 h in a static
condition at 37�C. The glass slides were then
thoroughly rinsed by using 19 PBS to remove the
planktonic cells. Further, the cells attached over
the glass slides were Bxed by adding 2.5% glu-
taraldehyde (HiMedia, India) followed by incuba-
tion for 12 h at 4�C. The Bxed cells were then
dehydrated using a series of increasing ethanol
gradient concentrations, i.e., 20%, 40%, 60%, 80%,
and 100%, and allowed to dry in a desiccator. The
glass slides containing bioBlm samples were taken
for platinum coating and visualized under SEM
at 200009 magniBcation (Chakraborty and Das
2014).
The bioBlm components of P. chengduensis

PPSS-4 were visualized under Confocal laser
scanning microscopy (CLSM). Different compo-
nents of bioBlm, i.e., cells and EPS, were observed
using the stain 5 lmol l�1 Syto9 (Invitrogen, USA)
and 100 lg ml�1 ConA Alexa Fluor 633 conjugate
(Invitrogen, USA), respectively. Syto9 was used to
stain the nucleic acid of bacterial cells, and ConA
Alexa Fluor 633 conjugate was used to stain the
a-polysaccharide of EPS. As the bacterial EPS is
composed of different carbohydrates in a higher
amount, ConA Alexa Fluor 633 conjugate was
used to stain the cell-bound EPS. The bioBlm

architecture was then detected under the Leica
TCS SP8 confocal system (Leica Microsystems,
Germany). BioBlm images were analyzed by using
ImageJ 1.52.

2.4 Analysis of metal uptake by bacterial cells
and EPS through SEM-EDS analysis

SEM and EDS analysis were performed to analyze
the uptake of heavy metals by the cells and EPS of
P. chengduensis PPSS-4. In the case of cells, a
colony of the bacterium was inoculated in LB broth
medium and was allowed to grow at 37�C over-
night. In a 6-well plate, 40 ll of this overnight
grown bacterial suspension was appended over
small glass slides (1 9 1 cm) submerged in 4 ml LB
broth medium with and without supplementation
of metals, i.e., Cr(VI), Pb(II), and Cd(II) at a
concentration of 100 mg/L each. The plate was
incubated at 37�C for 48 h at a static state. After
48 h, the glass slides from the six-well plates were
removed and washed with 19 PBS to wash out the
unattached cells, followed by Bxation with 2.5%
glutaraldehyde. Then the glass slides were kept at
4�C for 12 h. The Bxed cells on the slides were
dehydrated using increasing concentrations of
ethanol gradients, i.e., 20%, 40%, 60%, 80%, and
100%, and were observed under Field Emission
Scanning Electron Microscope (NOVA FEI450,
Switzerland) at 100009 magniBcation and ana-
lyzed through Quantax EDS attachment (Bruker
AXS Ltd., Coventry, UK) (Chakraborty and Das
2014).
In the case of EPS, overnight grown culture of

P. chengduensis PPSS-4 was diluted 100 times with
sterile LB medium. From this, 50 ml of the culture
suspension was dispensed to two separate Casks
containing sterile glass beads (2 mm diameter), one
with supplementation of all the metals (100 mg/L
each) and another without any metal. The Casks
were then incubated in a static condition at 37�C
for 48 h, followed by the removal of planktonic cells
by washing with 19 PBS. Then, the disintegration
of bioBlm was done by vigorously vortexing the
glass beads, and the collected samples were cen-
trifuged at 6500 rpm for 10 min at 4�C. The
supernatant was taken and Bltered by 0.2 lm
membrane Blter. Then to the supernatant, a double
volume of 90% chilled ethanol was added and kept
at 4�C for EPS precipitation. The EPS were
acquired by centrifugation at 12,000 rpm at 4�C for
10 min. The pellet was taken and dried at 60�C to
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remove ethanol. The collected EPS was lyophi-
lized, followed by coating with gold and visualized
under Field Emission Scanning Electron Micro-
scope (NOVA FEI450, Switzerland) at 100009
magniBcation and analyzed through Quantax EDS
attachment (Bruker AXS Ltd., UK).

2.5 Uptake of heavy metals by living cells
in planktonic and bioBlm mode

One ml of freshly grown bacterial culture with
optical density 0.5 (OD600) was added into a
Cask containing 100 ml LB broth medium and
glass beads. The Casks were incubated at 37�C
under static conditions for 48 h. Free plank-
tonic cells and the spent medium were cau-
tiously decanted by washing the Casks gently
with PBS. For each metal, 100 ml of LB
medium was supplemented with 100 mg/L of
Pb, Cr, and Cd separately and poured over the
bioBlm containing Cask followed by incubation
for 24 h at 37�C. Similarly, for multi-metal ion
solution, 100 mg/L of all the metals were added
to the 100 ml of LB broth and incubated at the
same condition. After incubation, the bioBlm
cultures were vortexed, followed by centrifuga-
tion for 10 min at 12,000 rpm. The supernatant
was taken and analyzed by AAS. To evaluate
the multi-metal biosorption potential of plank-
tonic cells, 1 ml of the overnight grown culture
of bacterial strain was inoculated in 100 ml LB
medium supplemented with 100 mg/L of each
metal. The Casks were incubated in shaking
condition at 120 rpm at 37�C for 24 h. After
incubation, the bacterial cultures were sepa-
rated by centrifugation at 12,000 rpm for 10
min. The supernatants were collected, and
residual metals were quantiBed by AAS.

2.6 Functional groups of bacterial EPS by FTIR

The multi-metal treated EPS of the strain,
extracted by exposing the bacterial bioBlm to
Pb(II), Cr(VI), and Cd(II) 100 mg/L each, and was
characterized for the functional groups that are
involved in the adsorption of heavy metals. The
lyophilized EPS samples, both in the presence and
absence of multi-metals, were pelletized with IR
grade KBr powder (HiMedia, India) and were used
for FTIR analysis. Then, FTIR spectra of
untreated and metal-treated EPS were recorded
within the wavenumber range of 400–4000 cm�1

using the FTIR spectrometer (Perkin-Elmer,
USA).

2.7 Preparation of biosorbent

For the biosorption study, a single bacterial col-
ony was inoculated into a 500 ml Cask having
200 ml of LB broth medium and allowed to grow
for 48 h in an aerobic condition at 37�C. Then
the biomass was collected by centrifuging the
culture medium at 7000 rpm for 15 min. The
bacterial biomass was then rinsed twice with
deionized water, and the cell pellet was air-dried
and used as biosorbents.

2.8 Batch biosorption and optimization
of environmental parameters

Biosorption of Pb(II), Cr(VI), and Cd(II) by
the biomass of P. chengduensis PPSS-4 was
optimized under several crucial environmental
factors, including temperature, pH, and salin-
ity. The eAect of temperature was studied at
25�, 37�, and 45�C in a shaker incubator at 150
rpm. The residual heavy metal concentrations
were analyzed for every 1 h interval until heavy
metal removal attains a saturation point. The
biomass of the bacterium was constant (2 g/L)
for all the experiments, and the concentrations
of each metal were Bxed at 10 mg/L. The pH of
the biosorption medium was maintained at 2, 4,
6, 8, and 10 by adding 0.1M HCl and 1M
NaOH. The centrifuge tubes were kept at 37�C
in a shaking condition at 150 rpm for 4 h, as
the saturation of the biosorption process was
observed after 4 h of contact time. The eAect of
salinity on the biosorption of metal ions was
studied under different NaCl concentrations,
i.e., 2%, 4%, 6%, 8%, and 10% at 37�C, pH 6,
and 150 rpm for 4 h.
To determine the eAect of temperature, pH,

and salinity in biosorption, aliquots of each
reaction were taken aseptically and Bltered. The
Bltrates were analyzed for estimation of metal
concentration using AAS. The heavy metal ion
solutions without bacterial biomass were taken
as control. The heavy metal removal eDciency
of bacterial biomass was calculated from the
following equation: % Removal = (C0 – Ce)/
C0 9 100, where C0 and Ce are the initial and
residual metal ion concentrations (mg/L) in the
solution, respectively.
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2.9 Statistical analysis

All the experiments were done in triplicates and
were expressed as mean ± SD. The heavy metal
ion solutions (10 mg/L) without bacterial biomass
were taken as control to normalize the metal
removal rate under all conditions. For all the
experiments, P\ 0.05 was considered a statisti-
cally significant value. Statistical analyses were
carried out by Graphpad Prism version 7.00. Two-
way ANOVA and Sidak’s multiple comparison test
was carried out for metal uptake by living cells of
the bacteria in bioBlm and planktonic mode. A
two-way ANOVA and Tukey’s multiple compar-
isons test was done to estimate the eAect of tem-
perature and contact time on biosorption of metal
ions. One-way ANOVA and Tukey’s multiple
comparisons test were done for pH and salinity-
dependent biosorption by the bacterial biomass.

3. Results

3.1 Metal analysis and MICs of heavy metals

The molecular identiBcation of the strain was car-
ried out using 16S rRNA partial gene sequencing,
and the strain was identiBed as P. chengduensis
PPSS-4. The phylogenetic tree was constructed by
the Neighbour-Joining method, and evolutionary
distances were calculated using the Tamura-Nei
model clustered together in the bootstrap test of
1000 resamplings (Bgure 1). The concentrations of
heavy metals such as, Pb, Cr, and Cd in the sedi-
ment sample were given in table 1. The MICs of

these metals against the isolate were found to be
2300, 2000, and 1300 mg/L, respectively.

3.2 BioBlm assay

BioBlm formation by qualitative assay showed a
thick ring formation in the air–water interface, which
suggested that P. chengduensis PPSS-4 is a strong
bioBlm former. BioBlm formation in the presence of
different concentrations of each metal (25, 50, 100,
and 150 mg/L) in multi-metal supplemented media
was also observed (Bgure 2a). The bacterium exhib-
ited weak to strong bioBlm formation up to 100 mg/L
of each metal. However, there is no bioBlm growth at
150 mg/L of the multi-metal treated condition. A
similar result was observed in the case of quantitative
bioBlm assay (Bgure 2b).

3.3 Characterization of bacterial bioBlm

Scanning electron micrographs of untreated
P. chengduensis PPSS-4 bioBlm displayed that the
smoothed surfaced rod-shaped cells inside the
bioBlm matrix were encapsulated within the dense
EPS layer. However, the surface morphology of
P. chengduensis PPSS-4 bioBlm treated with mul-
ti-metals showed a bunch of cells loosely packed
inside disintegrated EPS matrix (Bgure 3a). Con-
focal microscopy images of the P. chengduensis
PPSS-4 bioBlm showed the cells stained with syto9
and the EPS stained with conA AlexaCuor 633
conjugate (Bgure 3b). ImageJ analysis exhibited
a higher proportion of nucleic acids than
a-polysaccharides in the P. chengduensis PPSS-4

Figure 1. Phylogenetic analysis of the bioBlm-forming metal resistant bacterium Pseudomonas chengduensis PPSS-4 based on
partial sequence of 16S ribosomal RNA (rRNA) gene using MEGA 6.0. The tree was constructed using the neighbour joining
method. Numbers at nodes are bootstrap values (%) based on neighbour joining analysis of 1000 replicates.
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bioBlm (Bgure 3c). The thickness of the bacterial
bioBlm was *21 lm.

3.4 Analysis of metal uptake by bacterial cells
and EPS through SEM-EDS analysis

The cell morphology of P. chengduensis PPSS-4
was smooth before the treatment of heavy metals
(Bgure 4a, b). EDS elucidated the elemental com-
positions of the bacterial cells. This analysis con-
Brmed the Pb, Cr, and Cd signals in their
respective spectra of biomass loaded with multi-
metal ions (Bgure 4c, d). However, no such signals
were observed in the spectrum of pristine biomass.
Further, in the case of bacterial EPS, no such sig-
nal appeared in the control condition (Bgure 4e, f),
and the metal-loaded EPS showed salt-like
deposition of heavy metals (Bgure 4g, h).

3.5 Uptake of heavy metals planktonic
and bioBlm mode of the living cells

The removal of Pb(II), Cr(VI), and Cd(II)
by bioBlm and free planktonic cells of the
multi-metal resistant bacterium P. chengduensis

PPSS-4 under the single and multi-metal system
was shown in Bgure 5(a, b). In the bioBlm mode,
the bacterium showed significantly (P\ 0.0001;
two-way ANOVA and Sidak’s multiple compar-
ison test) more removal of metal ions than the
planktonic mode in single as well as ternary
metal solutions. In single metal ion solutions,
uptake of Pb(II), Cr(VI), and Cd(II) observed by
planktonic cells of the bacterium was 84.73%,
85.35%, and 65.71%, respectively. The removal
of the above metals by the bioBlm cultures was
92.91%, 91.14%, and 74.5%, respectively. In
ternary metal ions solution, the percentage of
removal by planktonic and bioBlm culture of the
bacterium towards Pb(II), Cr(VI), and Cd(II)
were (56.43 and 79.32), (80.17 and 86.73) and
(13.09 and 46.36), respectively.

3.6 Analysis of functional groups of bacterial
EPS

Various functional groups exist on the bacterial
EPS promote binding with the heavy metals. The
FTIR spectra of metal loaded and pristine EPS
showed the occurrence of a number of functional
groups such as phosphate, amino, and hydroxyl

Figure 2. BioBlm formation assay of P. chengduensis PPSS-4 grown at 37�C. (a) Qualitative bioBlm assay in the presence of
multi-metals (Cr + Pb + Cd) at different concentrations of each (25, 50, 100 and 150 mg/L), and (b) quantiBcation of bioBlm
growth in the presence of multi-metals (Cr + Pb + Cd) at different concentrations of each (25, 50, 100 and 150 mg/L) by
microtiter plate assay.

Table 1. Concentration of the heavy metals in the collected samples from
Paradip port, Odisha and the minimum inhibitory concentration
of Pb(II), Cr(VI) and Cd(II) for the bioBlm-forming bacterium
Pseudomonas chengduensis PPSS-4.

Heavy

metals

Metal concentration found in

collected sample (mg/L)

MIC (mg/L) of

heavy metals

Lead 0.124 2300

Chromium 0.042 2000

Cadmium 0.254 1300
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in the metal loaded EPS of P. chengduensis
PPSS-4, which may be involved in the uptake of
heavy metals (Bgure 6). A stretching of the band
illustrating the vibration of the –OH groups of
the carbohydrate and the –NH group of amide II
were detected in the wavenumber range of
3424.79–1656.17 cm�1 in the pristine EPS,
respectively. The absorption band assigned for the
P=O stretching vibration of phosphate groups
was detected at 1070.67 cm�1 in the pristine EPS
extracted from the isolate. However, the interac-
tion of EPS with Pb(II), Cr(VI), and Cd(II)
resulted in significant shifting of hydroxyl, amine,
and phosphate positions in the FTIR spectrum.
Upon exposure with multi-metals, the peaks were
shifted distinctly from 3424.79 to 3390.78 cm�1,
from 1656.17 to 1648.88 cm�1, and from 1070.67
to 1063.38 cm�1 indicating the contribution of
hydroxyl, amide, and phosphate groups in metal
binding, respectively.

3.7 InCuence of temperature on biosorption
of heavy metals with respect to contact time

The eAects of temperature on biosorption of
Pb(II), Cr(VI), and Cd(II) were observed at
three different temperatures such as 25�, 37�,
and 45�C with respect to contact time for 5 h.
The dose of the bacterial biomass for each
reaction was constant, i.e., 2 g/L and the con-
centrations of metals taken were 10 mg/L. The
residual metal concentrations for each metal
were analyzed every hour by AAS (Bgure 7).
The rate of uptake of metals increased signifi-
cantly (P\ 0.0001, two-way ANOVA and
Tukey’s multiple comparisons test) with the
increase in contact time with the biomass and
the saturation point observed after 4 h of con-
tact time for all the metals at different tem-
perature. The increase in temperature from 25�
to 37�C increased the uptake of metals, from

Figure 3. Analysis of P. chengduensis PPSS-4 bioBlm grown at 37�C after 48 h of incubation. (a) Scanning electron microscopy
(I) control [LB medium] and (II) 100 mg/L each of Pb(II)+Cr(VI)+Cd(II) treated cells, (b) Confocal Laser Scanning
Microscopy, bioBlm stained with (I) Syto9, (II) ConA AlexaCour 633 conjugate, (III) merged images, and (IV) 3D surface plot
and (c) raw integrated density of the amount of nucleic acid and a-polysaccharides calculated using ImageJ.
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76.56% to 89.26%, 55.62% to 72.29%, and 56.5%
to 72.76% for Pb(II), Cr(VI), and Cd(II),
respectively. However, further increases in
temperature from 378 to 458C declined the rate
of removal of the same metal ions to 39.67%,
54.97%, and 64.53%, respectively.

3.8 InCuence of pH on biosorption of heavy
metals

pH is an important factor in solution chemistry. Hence,

different pH ranges (2, 4, 6, 8, and 10) were taken into

consideration for the uptake of Pb(II), Cr(VI), and

Figure 4. Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) of (a and b) Bacterial cells without
any heavy metals, (c and d) Bacterial cells with Pb + Cr + Cd, (e and f) Bacterial EPS without any heavy metals, and (g and
h) Bacterial EPS with Pb+Cr+Cd.
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Cd(II) at 37�C for 4 h of contact time using 2 g/L
of biomass and 10 mg/L of metal concentration
(Bgure 8). Removal eDciency by the bacterial biomass
was significantly (P\0.0001, one-way ANOVA, and
Tukey’s multiple comparisons test) higher at pH 6.

3.9 InCuence of salinity on biosorption of heavy
metals

The eAect of salinity on biosorption of Pb(II),
Cr(VI), and Cd(II) was observed under different
salt concentrations (2%, 4%, 6%, 8%, and 10%) at
the optimum temperature (37�C) and pH (6) for 4 h
of contact time (Bgure 9). The Pb(II) and Cr(VI)
removal by the bacterial biomass was significantly
(P\ 0.0001, one-way ANOVA, and Tukey’s mul-
tiple comparisons test) higher in 4% NaCl solution
than C 6% NaCl solution. The maximum removal
of Pb and Cr at 4% NaCl concentration was 65.85%
and 79.65%, respectively. However, maximum Cd
(69.03%) removal was observed in 6% NaCl solu-
tion, which was significantly (P\ 0.0001, one-way
ANOVA, and Tukey’s multiple comparisons test)

C 8% NaCl solution. The least removal of metal
ions by P. chengduensis PPSS-4 biomass was
observed at 10% NaCl solution, 12.53% for Pb,
28.23% for Cr, and 52.63% for Cd.

4. Discussion

Marine environments act as a natural sink for
various types of pollutants, including toxic heavy
metals. The pollution at coastal zones is increasing

Figure 5. Uptake of Pb(II), Cr(VI) and Cd(II) by living cells of P. chengduensis PPSS-4 in planktonic and bioBlm mode.
(a) With single metal solution and (b) ternary metal solution.

Figure 6. Fourier-transform infrared spectroscopy (FTIR)
analysis of P. chengduensis PPSS-4 EPS for biosorption in
presence and absence of multi-metals (Pb + Cr + Cd).

Figure 7. Effect of temperature (25�C, 37�C, and 45�C) with
respect to contact time (1–5 h) for biosorption of (a) lead,
(b) chromium, and (c) cadmium.
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immensely by the gradual accumulation of these
pollutants into the sea sites (Dharmendra et al.
2020). However, marine ecosystems accommodate
a huge group of micro-organisms, and these micro-
organisms have developed various resistant mech-
anisms to resist the changing conditions. Most of
the bacterial species that have been isolated from
these indigenous metal polluted environments
showed greater tolerance to heavy metals (Matyar
et al. 2008; Choi�nska-Pulit et al. 2018). The bac-
teria develop bioBlm to protect the cells from dif-
ferent hostile conditions such as heavy metal stress
(Meliani and Bensoltane 2016). BioBlm formation
is an inherent property of bacteria in which the
microbial population within the bioBlm is enclosed
within a chemically complex EPS matrix. EPS is
enriched with several negatively charged functional

groups such as carboxyl, hydroxyl, phosphate, etc.,
and acquires adsorptive as well as adhesive prop-
erties that facilitate binding with heavy metals
via electrostatic interaction (Vimalnath and
Subramanian 2018).
In comparison to other adsorbents used for the

sorption of heavy metals, the biomass from the
microbial origin acts as an eDcient, cost-effective
tool for utilization in bioremediation. Biomass
derived from bacteria has been proved to be an

Figure 8. Effect of pH (2–10) on metal biosorption after 4 h at
37�C for (a) lead, (b) chromium and (c) cadmium.

Figure 9. Effect of salinity (2–10% NaCl) on metal biosorption
after 4 h at 37�C and pH 6 for (a) lead, (b) chromium and
(c) cadmium.
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eDcient agent in removing toxic metals from the
metal-polluted sites (Luo et al. 2014; Mohapatra
et al. 2019). Besides, the microbial cells have
developed diverse mechanisms to retaliate against
metal stress conditions, which include biosorption
to the cell wall, sequestration through the EPS
matrix, precipitation, and internalization of the
metal ions (Das et al. 2016). Additionally, envi-
ronmental factors such as temperature, pH, and
salinity can significantly inCuence the sequestra-
tion of heavy metals by the microbes (Rodr�ıguez-
Tirado et al. 2012). Thus, it is crucial to explore
endemic microbes, which are inhabitants of metal-
polluted sites to remediate toxic metal ions. In
addition, the application of microbial sorbents in
bioBlm mode along with EPS can be advantageous
to remediate heavy metals from the marine envi-
ronment. Furthermore, the utilization of bacterial
biomass by controlling environmental para-
meters can provide better results for metal
bioremediation.
The present study reports the bioremediation

eDciency of bioBlm forming multi-metal tolerant
bacterium P. chengduensis PPSS-4 towards Pb,
Cr, and Cd under various environmental condi-
tions. The bacterium was isolated from the sedi-
ment sample of Paradip port, Odisha coast, India.
As the ports are repeatedly polluted with various
metal-related activities, the area was chosen for
sampling with the aim of obtaining metal tolerant
marine bacterium. A number of studies have pre-
viously revealed that the bacteria isolated from the
port sites showed more resistance to heavy metals
(Zampieri et al. 2016; Mohapatra et al. 2017). MICs
of Pb(II), Cr(VI), and Cd(II) were evaluated
against the bacterial strain. The marine isolate
showed tolerance towards high concentrations of
each metal. In an earlier study, Devika et al. (2013)
reported multi-metal resistance bacterial strains
isolated from the Indian Ocean, and they found the
maximum tolerance of isolates towards Pb(II) and
Cd(II) were 800 and 150 mg/L, respectively. In the
present study, the isolate exhibited resistance up to
2200 mg/L of Pb(II), 1900 mg/L of Cr(VI), and
1200 mg/L of Cd(II) (100 mg/L lower than the
MIC values). Similarly, the isolate from Hurghada
harbour, Red Sea, showed tolerance towards mul-
tiple metals (Moselhy et al. 2013). Several marine
bacterial strains such as Pseudomonas aeruginosa
JP-11 (Chakraborty and Das 2014), Bacillus
arsenicus, Bacillus pumilus, Bacillus indicus,
Bacillus clausii, Planococcus maritimus, and
Staphylococcus pasteuri (Nithya et al. 2011),

Pseudomonas aeruginosa, Brevibacterium iodinium,
Bacillus pumilus and Alcaligenes faecalis (De et al.
2008) showing resistance to multi-metals have been
reported. Thus, the isolated bacterial strain
P. chengduensis PPSS-4 could be an ideal agent for
bioremediation of Pb, Cr, and Cd under high metal
stress conditions.
BioBlm is the colonization of sessile communities

of bacteria on a substratum that gives bacteria an
enhanced protective milieu by shielding them in
the EPS matrix, which contributes to the enhanced
tolerance of bacteria towards heavy metal stress.
Chien et al. (2013) showed that the bacteria that
reside in the bioBlm environment are more pro-
tected from the deleterious eAects of heavy metals.
The metal sequestration eDciency of bacterial
bioBlm and EPS was reported earlier by Dash et al.
(2017), where they have found that the bioBlm-
EPS of Bacillus cereus BW-201B was able to
accumulate inorganic mercury via interaction with
surface functional groups. Various studies also
reported that the metal uptake potential of the
bacterial bioBlm cultures was greater than their
planktonic counterpart (Pan et al. 2014; Andreasen
et al. 2018; V€olkel et al. 2018). In the present study,
the isolate showed comparatively higher uptake of
Pb(II), Cr(VI), and Cd(II) in bioBlm mode as
compared to the free planktonic cells both in single
and multi-metal ion solution. The Bnding of this
study was in accordance with Black et al. (2014),
where the removal rate of Pb(II) by bioBlm-form-
ing bacteria was 83.7% and by suspended cells was
72.6%. However, removal of each metal from their
single ion solution was observed greater than the
ternary metal ion solution both in bioBlm and
planktonic mode of the bacterial culture in the
present study. As the uptake of the single metal
takes place preferentially over another metal ion,
the presence of multiple metal ions in a system
lowers the removal of each of the metal ions (Wang
and Sun 2013; Sati et al. 2014). The bioBlm culture
of P. chengduensis PPSS-4 revealed a greater
aDnity for Pb, Cr, and Cd removal than the
planktonic cells.
FTIR spectrum revealed the presence of hydro-

xyl, amino, and phosphate groups in the bacterial
EPS that interact with Pb, Cr, and Cd. The band
at 3424.79 cm�1 indicated the –OH group,
1656.17 cm�1 refers to the amide II group, and
1070.67 cm�1 represents the organic P–O group.
However, the EPS treated with Pb(II), Cr(VI), and
Cd(II) revealed the shifting of bands, which sug-
gests that the hydroxyl, amide, and phosphate
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functional groups were associated with the metal
removal. The involvement of various negatively
charged functional groups such as hydroxyl, car-
boxyl, amine, phosphate, and sulphate from bac-
terial cells and EPS were shown to be eAectively
sequestering lead, chromium, and cadmium ions
(Naik et al. 2012; Chakraborty and Das 2014; Yue
et al. 2015; Kumari et al. 2017; Vimalnath and
Subramanian 2018). This inherent property of
microbes towards metallic elements provides a
suitable approach for remediation of metal-pol-
luted sites. The SEM-EDS analysis also showed the
precipitation of metals over the bacterial cells and
EPS, which conBrmed the involvement of func-
tional groups in the metal accumulation. Similar
result was observed by Saranya et al. (2018) for
bio-removal of multi-metals. The changes in the
cell morphology of the bacteria after the treatment
with Pb(II), Cr(VI), and Cd(II) suggested the
protective mechanism shown by the bacterial
strain against the metal stress. Such a change in
cell morphology was reported earlier in the Acid-
iphilium symbioticum H8 strain treated with mul-
tiple metal ions (Chakravarty and Banerjee 2008).
The EPS extracted from P. chengduensis PPSS-4
was enriched with various anionic functional
groups with the aDnity to bind or sequester
positively charged heavy metal ions from the
metal-contaminated solution.
In case of in-situ bioremediation of toxic heavy

metals, microbes withstand varied environmental
conditions. Hence, it is crucial to analyze their
metal uptake eDciency under different environ-
mental settings. The present study reports the
utilization of P. chengduensis PPSS-4 biomass for
the removal of Pb(II), Cr(VI), and Cd(II). Among
the different temperature ranges taken for the
biosorption experiment, the optimum temperature
for maximum sorption of all the three metals was
observed at 37�C. The eAect of temperature on the
biosorption process revealed that the removal rate
of metal ions was enhanced as the temperature of
the medium raised from 25� to 37�C, and a further
increase in temperature resulted in the declined
rate of metal uptake. The result was corroborating
with the biosorption eDciency of other mesophilic
bacteria (Okeke 2008; Kumar et al. 2009;
Mubashar and Faisal 2012). According to Burnett
et al. (2006), over different temperature ranges, the
protonation response of bacterial cells may vary,
which in turn alters the metal removal eDciency
with changing temperature. The rise in tempera-
ture enhances the uptake of metals due to the

activation of functional sites on the biomass. But, a
further increase in temperature above the optimum
condition resulted in the degradation of functional
sites on the biosorbent (Zouboulis et al. 2004). The
optimum temperature within a range of 25�–40�C
is preferable for higher removal of metal ions, as
temperature regulates the kinetic state of the
reaction and surface activity of the solute (Uslu
and Tanyol 2006; Congeevaram et al. 2007). Hence,
at an optimized temperature, the biomass of
P. chengduensis PPSS-4 can uptake Pb, Cr, and Cd
with high eDciency.
The uptake rate of metal ions by P. chengduensis

PPSS-4 biomass is very rapid during the initial 2 h
and approached equilibrium after 4 h of contact
time. Further, with the increase in contact time,
uptake rate was decreased for all the metals. Sim-
ilar adsorption was observed by Alteromonas
macleodii, which showed maximum biosorption of
Cd(II) within 5 h of contact time (Moselhy et al.
2013). Bacillus spp. has displayed maximum metal
removal within a contact time of 5 h (Pun et al.
2013), and Pantoea sp. TEM18 showed more rapid
biosorption of Cr(VI) and Cd(II) within an initial
contact time of 5 min (Ozdemir et al. 2004). In
addition, the Pantoea sp. TEM18 biomass exhib-
ited more rapid removal in the initial stage of
biosorption followed by a slow removal phase until
it reaches equilibrium. A similar eAect of contact
time on biosorption of toxic heavy metal was
observed by different researchers (Selatnia et al.
2004; Odokuma and Akponah 2010). The eAect of
contact time on metal biosorption depends upon
the biomass used and the target metal ion and also
varies from a few minutes to several hours.
The pH of the reaction medium is a crucial factor

that inCuences the adsorption of heavy metals to
the bacterial biomass. Uptake of Pb(II), Cr(VI),
and Cd(II) was carried out at different pH (2, 4, 6,
8, and 10) at optimum temperature, i.e., at 37�C.
The highest removals of all the above metals were
observed at pH 6 compared to the other pH values.
Similar result was observed by Halttunen et al.
(2007), where they showed maximum removal of
Pb(II) and Cd(II) at pH 6. The maximum removal
of Cr(VI) at pH 6 was obtained by P. aeruginosa
biomass (Sethuraman and Balasubramanian 2010).
However, in the present study, pH-dependent
biosorption showed relatively less removal of met-
als in the reaction medium with a pH below 6. The
observed reduced sorption rate at lower pH values
could be due to the competition among hydrogen
ions and the heavy metals for binding sites of the
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functional groups on the biosorbents (Sahmoune
2018). Besides, the high concentration of H+ ions
at lower pH conditions protonates the functional
binding sites of the biosorbents, and the reduction
of the negative charge intensity on the biomass
results in the inhibition of binding with the heavy
metals (Bai et al. 2013). The increase in pH of the
solution saturates the H+ ions in the reaction
medium. As a result, surface negative charges of
the biomass increase that make it more eDcient in
binding with the positively charged metal ions
(Wierzba and Latal�a 2010). The observed uptake
rate of Pb(II), Cr(VI), and Cd(II) by the P.
chengduensis PPSS-4 biomass at pH 8 and 10 were
relatively lower than the pH 6. Further increase in
the solution above pH 6 reduced the metal removal
rate by the bacterial biomass. Similar to the cur-
rent Bnding, Oves et al. (2013) reported the
biosorption behaviour of Bacillus thuringiensis
strain OSM29 biomass for Pb, Cr, and Cd removal
and reported that increasing pH of the medium C 8
decreased the sorption rate. The reduction in metal
uptake occurs at a higher alkaline pH medium due
to decreased metal solubility in this condition
(Puranik and Paknikar 1999). At high pH, the
solution may result in deformation of the binding
sites of the biosorbent that causes inhibition of
metal uptake (Bab�ak et al. 2013). The medium pH
of the solution favours maximum sorption of the
heavy metals by contributing metal solubility and
activation states of the functional groups (Kumar
et al. 2009). The P. chengduensis PPSS-4 biomass
showed substantial biosorption of Pb, Cr, and Cd
at all the tested pH medium. However, optimiza-
tion of the pH in the reaction medium increased the
rate of uptake significantly.
The salinity of the reaction medium exhibits an

essential factor in the biosorption of metal ions.
Biosorption of Pb(II), Cr(VI), and Cd(II) was
studied at different salinity levels (2, 4, 6, 8, and
10% of NaCl) at 378C and pH 6. The maximum
removal of Pb and Cr was observed at 4% of NaCl.
However, there was no significant variation
observed in the removal of Pb and Cr in 2% and 4%
NaCl supplemented medium. The rate of biosorp-
tion for all metals was significantly reduced after
6% NaCl. Similar result for the Pb removal by
Bacillus xiamenensis sp. PbRPSD202 was observed
at 4% NaCl medium with maximum uptake of
89.32% (Mohapatra et al. 2019). Okeke (2008) also
showed 76.5% of Cr removal at 5% NaCl concen-
tration by Exiguobacterium sp. GS1 and the
uptake eDciency were decreased with the further

increase in salt concentrations. The removal of Cd
was also not aAected by 2–6% of NaCl. However,
the greater removal of Cd was observed at 6%
NaCl. Zhou et al. (2013) also showed more than
90% removal of Cd up to 5% NaCl by Pseudo-
alteromonas sp. SCSE709-6. In the present study,
the rate of metal uptake reduced significantly at a
salinity level C 8%. The observed declined uptake
rate at higher saline conditions could be due to the
competition among Na+ and the heavy metals for
binding sites of the functional groups on the
biosorbents. However, Na+ competes with the
metal cations at higher saline medium and binds
with the maximum functional sites on the biomass,
while at lower saline medium Na+ is less competi-
tive and allows binding of the metals to the
biosorbent surface (Green-Ruiz et al. 2008). The
bacterial biomass was also able to remove Cd
(52.63%), Cr (28.23%), and Pb (12.53%) at a very
high concentration of NaCl, i.e., 10%. Hence, the
biomass originated from P. chengduensis PPSS-4
can act as a potential adsorbent to remove multi-
metal ions in low to high saline medium.
The marine isolate P. chengduensis PPSS-4

showed high tolerance against Pb, Cr, and Cd with
MICs of 2300, 2000 and 1300 mg/L, respectively.
The bacterium was able to form bioBlm in the
multi-metal appended medium. Both the bacterial
biomass and EPS have shown Pb, Cr, and Cd
sequestration ability. The bioBlm culture of the
bacteria more eDciently removed the metals com-
pared to the planktonic cells. The involvement of
functional binding sites in the EPS, i.e., –OH, –NH,
and P=O towards metal ion binding, was con-
Brmed. The environmental parameters such as
temperature, pH, and salinity exhibited significant
inCuence on Pb, Cr, and Cd removal by P.
chengduensis PPSS-4 biomass, with greater uptake
eDciency at 37�C, pH 6 and salinity 4% for Pb and
Cr and 6% for Cd. Hence, the strain P. cheng-
duensis PPSS-4 could be suitably applied to re-
move Pb, Cr, and Cd under varied environmental
conditions.

5. Conclusion

The marine bacterium P. chengduensis PPSS-4
was a strong bioBlm former and showed tolerance
to the high concentration of Pb, Cr, and Cd. The
strain has been found to be a competent agent for
the removal of toxic metal ions. The uptake
behaviour of bacterial cells in bioBlm mode is
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greater than the planktonic mode for all three
metals. The presence of prominent functional
groups on the EPS helps in binding to the posi-
tively charged metal ions. The dried biomass of the
bacteria showed higher removal of the toxic metals
at 37�C, pH 6, 4% salinity for Pb and Cr and 6% for
Cd within 4 h of contact time. Thus, the bioBlm-
EPS and biomass of bacterium P. chengduensis
PPSS-4 have exhibited great potential for multi-
metal removal in diverse conditions and could be
applied as an eco-friendly, eDcient, and cost-
effective substitute over conventional physico-
chemical approaches for heavy metal remediation.
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Present study revolves around the assessment of basic physicochemical parameters, dissolved PTEs, and
microplastics (MPs) in riverine water to illuminate the policies for better sustainable management
practices in river Hooghly. The samples were analysed in ICP-OES and Cuorescence microscope to
enumerate PTEs and MPs. The distribution of PTEs indicates that highest concentration of Al, Co, and
Cu was in estuarine zone; Cd, Cr, Fe, Mn, Ni, and Pb in mixo-haline zone and Zn in freshwater zone. The
maximum concentration of MPs was observed near Bali Khal, which acts as a sewage canal of the urban
conglomerate of Howrah. Overall, the size of MPs was observed between 150 and 4560 lm with an
abundance frequency of 1000 pieces/m3 near the mouth of the sewers. Dissolved PTEs concentration was
found to be lower than previous works, which can be attributed towards GoI approved Cagship program
‘Namami Gange Mission’. The study emphasizes the necessity of a uniform national water policy for
better management of Indian rivers and estuaries.

Keywords. River Hooghly; potentially toxic elements (PTEs); microplastics (MPs); water quality
management (WQM).

1. Introduction

Fresh riverine water is significant for sustaining
healthy human civilization. In last quadrant of the
century, a large volume of toxic contaminants has
been accumulated in the world’s water reservoirs
(Pozo et al. 2019; Zhou et al. 2020a, b). The rapid

growth of cities with all sorts of modern amenities
and industrial revolution have maximised the
release of semi or untreated urban and industrial
wastewater into freshwater sources (Ghosh et al.
2016). This semi or untreated wastewater and
urban sewages are the major contributors of pol-
lutants like potentially toxic elements (PTEs) and

This article is part of the Topical Collection: Advances in Coastal Research.
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microplastics (MPs) in aquatic systems (Cole et al.
2011; Bakshi et al. 2018; Ghosh et al. 2019a; Pozo
et al. 2019). In general, PTEs might be sourced in
rivers from both natural processes like erosion and
rock weathering or from anthropogenic contribu-
tions like industrial processes, mining activities,
agricultural and aquacultural waste, municipal
wastewaters, etc. (Ji et al. 2018; Ghosh et al. 2020;
Hoang et al. 2020; Singh et al. 2020). After PTEs
are released in the riverine system, they undergo
multitudinous Cuvial diagenetic processes like
absorption, complexation, Cocculation, precipita-
tion under varied temperature and pressure, and
get accumulated in soil or sediment (Li et al. 2020).
Toxic metals might get accumulated in the soil-
plant system when agricultural lands get irrigated
with the PTE contaminated riverine water. The
bioavailability and mobility of PTEs generated
from anthropogenic contributions are more than
natural origin, thereby, poses increased degree of
potential threat towards human health and
hygiene (Hoang et al. 2020). However, unlike PTEs
plastics have only anthropogenic contributors like
industrial releases and municipal wastewater (Cole
et al. 2011; Pozo et al. 2019).
Plastics are synthetic organic polymers like nylons

and polyethylene terephthalate (PET), polyvinyl
chloride (PVC), polyvinyl alcohol (PA), polypropy-
lene (PP), polyethylene (PE), polystyrene (PS), and
polyamide (PA) derived from oil or gas by several
optimised inexpensive techniques, which consists
*80% of total marine waste (Cole et al. 2011; Avio
et al. 2015; Auta et al. 2017). Since 1940, the industrial
production of plastic has been increased rapidly due to
its durability, light weight, inert and corrosion-free
nature. In the last decade, the global production of
plastic has been increased by*56% from 230 million
tonnes in 2009 to 360million tonnes in 2018 (Cole et al.
2011; PlasticsEurope 2019). It was assessed that out of
*2.75 9 1011 kg produced by 192 coastal nations in
2010, about 0.5 9 1010 to 1.27 9 1010 kg of plastic
wastes were deposited in the Cuvial system (Jambeck
et al. 2015).Thewastes are subjected tomultitudinous
mechanical, chemical, biological and hydrodynamic
processes along with solar ultraviolet radiation in
the aquatic system causing slow disintegration of
plastics into smaller fragments (\5 mm), known as
microplastics (MPs) (Wright et al. 2013). They are
present in several domestic products like synthetic
clothing, toothpaste, facial cleansers, scrubs, and get
into the aquatic environment through domestic and
industrial releases (Coleetal.2011;Murphyetal.2016;
Auta et al. 2017).

MPs are dispersed throughout the global aquatic
system and observed in sediments, shorelines,
beaches, wastewater, and frozen ice (Lusher et al.
2015). As MP beads can easily get mixed in the
aquatic food chain which makes them available for
ingestion and transfer via trophic level by multi-
tudinous aquatic organisms like mussels, zoo-
planktons, shrimps, Bshes, oyster, and whales
(Lusher et al. 2015; Ferreira et al. 2016; Auta et al.
2017). The study of Sutton et al. (2016) and Fossi
et al. (2016) reported that the ingestion of MPs
might cause false satiations, pathological and
oxidative stress, reduced growth and immune
response, cancer, and reproductive complications
in marine organisms. Moreover, ingested MPs
might cause fatal injuries by sharp objects or
blockage of digestive system (Wright et al. 2013).
They can also adsorb toxic chemicals and PTEs
from the surrounding environment, and MPs will
persist in aquatic environments due to their non-
biodegradable nature (Reisser et al. 2013). Fur-
thermore, large quantities of plastic debris endingup
in the oceans, as studies predict, by 2050 oceans
could have more plastic than Bsh (Auta et al. 2017).
In the last decade, significant attention was

given on the conservation of riverine freshwater
resources in India. In June 2014, Government of
India (GoI) approved its Cagship program ‘Na-
mami Gange Mission’ as an initiative to clean river
Ganga under the budget of $ 3000 million USD
(Chaudhary and Walker 2019). River Ganga is a
significant and spiritual river in India, which serves
as a lifeline for *44% of the Indian population
(Chaudhary et al. 2017). The river is significantly
emphasized in Indian culture and folklore. In order
to provide livelihood for almost half of Indian
population, the river gradually becomes one of the
highly polluted rivers in the world due to rapid
industrialization and unplanned economic growth
(Ghosh et al. 2016; Bakshi et al. 2019; Chaudhary
and Walker 2019). The urban centres and settle-
ments along the bank alone contribute *75% of
total pollution load in the river (Das 2011). More-
over, a study by CPCB (2014) revealed that 29
cities along the bank of river Ganga contribute
*9,30,750 million litres per annum of untreated
waste or eAluent directly into the river. These
untreated municipal wastes or eAluents are the
primary contributor of PTEs and MPs to the river
Ganga and its distributaries like river Hooghly
(Auta et al. 2017; Pozo et al. 2019; Ghosh et al.
2020). Hence, the river Hooghly has gradually
transformed into a cesspool due to constant inCow
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of urban wastewater and industrial eAluents from
upstream cities along the banks of Ganga river
system and also from the cities and towns along its
banks. The major objective of the present study are
as follows: (a) to evaluate the distribution of PTEs
in river Hooghly; (b) to estimate the presence of
MPs in the water of river Hooghly; and (c) to
illuminate the potential sources of contamination
for better sustainable management practices.

2. Study area

Ganga is a sacred river in hindu culture, originates
from Gangotri glacier system in the upper Hima-
layas in Uttarakhand at an altitude of 4100 m. It
travels *2525 km through Bve Indian states, e.g.,
Uttarakhand, Uttar Pradesh, Bihar, Jharkhand
and West Bengal, and discharges into Bay of
Bengal. The drainage basin of river Ganga is
ranked 29th in the world covers 8,61,404 km2,
which is more than one-fourth of the total area of
India (Dwivedi et al. 2018; Chaudhury and Walker
2019). The river bifurcates near Mithipur village
of Murshidabad district, West Bengal into two
branches: (a) Bhagirathi (India) and (b) Padma
(Bangladesh). The Bhagirathi branch of river
Ganga which Cows southward below Nabadwip is
termed as river Hooghly (Ghosh et al. 2016). The
river Hooghly Cows between populous cities like
Kolkata and Howrah. Since the British India per-
iod, multitudinous industries like jute, medicinal,
battery, breweries, metallurgical, thermal power
plant, paper and fertilizer have grown alongside
the bank of the river. This industrial surge has
attracted migrant workers from distant places to
settle near the bank of river Hooghly which causes
the growth of unplanned urbanization or urban
expansion at expense of natural habitats. However,
these industries and urban centres have signifi-
cantly contributed to the gradual deterioration of
riverine water quality. Furthermore, there is a
regular inCow of fertilizer and pesticide mixed run-
oAs from adjacent croplands and aquacultural
ponds, causing irreversible ecological damages
(Ghosh et al. 2020). It is noteworthy to mention
that the fast growth of port and industrial complex
near Haldia, East Midnapur and special economic
zone at Falta, South 24 Parganas along with pro-
posed GreenBeld deep seaport in Sagar Island
might increase the threat towards local biota from
PTEs and MPs. The river Hooghly was divided
into three zones depending upon the salinity of the

river water: (a) freshwater zone (salinity \0.5);
(b) mixo-haline zone (0.5 \ salinity \ 10); and
(c) estuarine zone (salinity [10) (Bgure 1). Ten
random sampling locations were selected in the
freshwater zone, four each in mixo-haline and
estuarine zones for the estimation of water quality
in terms of basic physicochemical parameters
and PTEs. The samples for the estimation of
microplastics were collected from 10 random sam-
pling locations in the freshwater zone of the river.
The details of the sampling locations are given in
supplementary table S1.

3. Sampling and preservation

The major problems associated with sampling are
unbiasness and integrity of sampling locations. We
collected water samples from 18 sampling locations
in river Hooghly. In each sampling location, water
samples were collected from a depth of *15 cm
with Van Dorn water sampler during low tide in
winter 2018 to evade dilution of PTEs, MPs and
other parameters due to intrusion of sea water.
Moreover, water sample was collected thrice in
triplicate *50 m apart from each other. The
samples were collected in pre-cleaned polythene
air-tight sampling bottles. Some of the physico-
chemical parameters of water like pH, electrical
conductivity (EC) and dissolved oxygen (DO)
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were estimated on the spot using a Hannah mul-
tiparameter water quality probe (HI-9829–13102).
A portion of the sample was stored in an ice box
to estimate some physicochemical parameters like
total hardness, alkalinity, chemical oxygen demand
(COD) and salinity. Few drops of conc. HNO3 were
added as preservative to the remaining water
samples for analysis of PTEs. The geographical
coordinates of the sampling locations were marked
using a GPS.
We have also collected water samples from 10

sampling locations, upstream and downstream of
Kolkata to estimate MPs. The surface water was
collected with a 10 L stainless-make water collector
to avoid any kind of contamination from the bed
sediment. 100 L of collected water was sieved
through a 100-lm steel sieve. All visible macro-
objects were removed with the help of forceps and
the residue sample was kept in a 15-ml glass vial.
All the samples were collected in triplicate with
utmost precautions to prevent any kind of cross-
contamination. Pre-cleaned water collector, glass
vial, sieve and other equipments were kept over-
night in 2% HNO3 solution and washed with dis-
tilled water. Samples were preserved with 4%
formalin solution and stored at 48C for further
analysis of MPs.

3.1 Laboratory analysis for basic physicochemical
parameters and potentially toxic elements
(PTEs)

Basic surface water quality parameters like total
dissolved solids (TDS), salinity, hardness, alkalin-
ity and chemical oxygen demand (COD) and total
dissolved PTEs (Al, Cd, Co, Cr, Cu, Fe, Mn, Ni,
Pb and Zn) were estimated following the methods
described in APHA (2017). All the reagents and
chemicals used are procured from Merck, Ger-
many. The PTEs were measured in an inductively-
coupled plasma optical emission spectrometer
(ICP-OES) (Thermo Fisher iCAP 7400 ICP-OES).
The limit of detection of PTEs (Al, Cd, Co, Cr, Cu,
Fe, Mn, Ni, Pb and Zn) in ICP-OES are (25, 0.19,
0.32, 1.4, 0.99, 3.1, 0.28, 1.1, 3.2 and 0.2) lg/L,
respectively. We have used certiBed standard ref-
erence material (SRM 1643f) in water in triplicate,
procured from National Institute of Standard and
Technology (NIST) to ensure the quality control,
precision and accuracy of the experiment. Analyt-
ical accuracy and precision were observed as
94.9–104.4% and \2.5% relative standard

deviation for all measured PTEs, respectively. The
details of the procedure of PTE estimation and
quality control data were given in supplementary
tables S2 and S3.

3.2 Laboratory analysis for microplastics (MPs)

The 15 ml of sieved water sample was incubated
overnight at room temperature in darkness with
30% of hydrogen peroxide to remove the organic
substances (Yan et al. 2019). In the study, we used
H2O2 as an oxidising agent because of its capability
of rapid dissolution of organic substances. After
incubation, the resulting solution was Bltered using
Whatman Filter Paper-42 (pore size: 2.5 lm;
diameter: 25 mm). The Blter paper was dried at
room temperature and stained with Nile red stain
(5 mg/L) (SRL-47353; CAS No.: 7385-67-3). The
Nile red stock solution (5000 mg/L) was dissolved
in acetone and stored in an amber colour container.
The working solution was prepared by diluting the
stock solution by n-hexane. Each Nile red stained
Blter paper was observed under Cuorescence
microscope (Olympus IX 71, Olympus Corpora-
tion, Tokyo, Japan) with Cuorescein isothiocyanate
(FITC) Blter set at excitation and emission wave-
length of 535–560 and 515–565 nm (Shim et al.
2016). A blank Blter paper was also stained, dried
and observed under Cuorescence microscope to
ensure the quality of the data obtained by Cuo-
rescence microscopy (Bgure 2). Bright green Cuo-
rescence of MPs was easily spotted and recognized
without any background staining in samples con-
taining spiked microplastics, whereas any sort of

Figure 2. Comparison of Cuorescence observed in blank and
samples containing spiked microplastic after staining with Nile
red.
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Cuorescence was not observed in blank Blter paper
(Bgure 2).

3.3 Statistical analysis

The physicochemical parameter and dissolved
PTEs concentration of water were statistically
analysed. Pearson product correlation coefBcients
and analysis of variance (ANOVA) single factor
method along with post-hoc comparison test, i.e.,
least significant difference (LSD test) were per-
formed in software SPSS (V16.1) to understand the
variation in characteristics and relationship
between the different analysed parameters.

4. Results and discussion

4.1 Characterization and regulation of
physicochemical properties of water

The physicochemical parameters of any aquatic
system were governed by the combination of
multitudinous physical, chemical, biological, and
anthropogenic processes (Mitra et al. 2018). The
statistical distributions of the examined physico-
chemical parameters of river Hooghly are given in
Bgures 3 and 4. The measured physicochemical
parameters of river Hooghly in freshwater zone,
mixo-haline zone and estuarine zone vary in the
range of 7.4–7.8, 7.6–7.7, 7.4–7.6 for pH;
188.3–649.3, 471.7–1055.7, 1545.3–1639.1 lS/cm2

for EC; 0.08–0.29, 1.9–8.8, 16.2–22.5 for salinity;
448.7–939.9, 983.0–1632.6, 1439.8–1913.6 mg/L
for TDS; 93.4–192.2, 302.0–775.3, 1545.3–1639.1
mg/L for hardness; 158.0–444.7, 559.0–737.3,
729.7–1062.6 mg/L for alkalinity; 3.7–4.8, 3.7–4.4,
3.9–4.5 mg/L for DO; 27.8–47.8, 30.3–35.8,
26.2–39.3 mg/L for COD, respectively.
pH is an indicator of aquatic health and severity

of pollution in the aquatic system. It is a significant
physicochemical parameter that governs the suit-
ability of water for usage in drinking and irrigation
purpose (S�ener et al. 2017). The slight change in
pH can be correlated with the release of ions and
decrease in solubility of metals in aquatic system
(Singh and Kumar 2017). Elevated or alkaline pH
causes change in taste of water, aAects teeth,
mucous membrane and aquatic life (Narasimha
et al. 2014; Seth et al. 2016). The observed pH
in river Hooghly is subalkaline (7.4–7.8) that is
within the prescribed limit for safe drinking water
as per WHO guidelines and Indian Standards and

supports the region’s natural aquatic life (WHO
2011; BIS 2012). However, the observed pH was
higher in downstream than upstream, might be
because of the strong tidal inCux and accumulation
of released wastewater from the upstream indus-
trial region (Matta et al. 2017).
The average measured EC, TDS, salinity, hard-

ness and alkalinity value also shows steep increase
towards the mouth of the river and suggests that
without treatment, the water of river Hooghly is
not appropriate for drinking (WHO 2011; BIS
2012). Moreover, in the downstream because of
high salinity and hardness, the water of river
Hooghly is also unBt for irrigation of agricultural
lands (Seth et al. 2016). The Pearson correlation
analysis indicates strong relationship between EC,
TDS, salinity, hardness and alkalinity (0.804\R2

[ 0.968; p\ 0.001) (table 1). Except for pH, DO,
and COD, the calculated ANOVA results indicate
statistically significant variation in the measured
physicochemical parameters like EC, TDS, salin-
ity, hardness and alkalinity between the sampling
locations of different zones of river Hooghly at
99.995% conBdence level (table 2). Post-hoc anal-
ysis also supports the Bndings that EC, TDS,
salinity, hardness and alkalinity, show significant
variation between freshwater, mixo-haline and
estuarine regions (LSD test; p \ 0.05) (supple-
mentary table S5).
The increased water salinity is mainly because

of the dissolution of salt deposits and seawater
intrusion. The prolonged exposure to saline water
may lead to osteoporosis, hypertension, asthma and
nephrological disorders (McCarty 2004). However,
the elevated hardness in river Hooghly might be due
to the presence of cations like Ca2+, Mg2+, Fe2+,
Mn2+ and anions HCO3

�, CO3
2�. The water of river

Hooghly is very hard, suggesting prolonged exposure
may lead to heart and nephrological disorders (Na-
pacho and Manyele 2010; BIS 2012). Higher TDS in
the downstream might be because of sediment re-
suspension from the intertidal mudCats in river
Hooghly (Batabyal et al. 2014). TDS also plays a
crucial role in regulating the water hardness and
osmoregulation in aquatic organism (Seth et al.
2016). The increased alkalinity in the downstream
mixo-haline and estuarine zone than upstream
freshwater zone might be due to the excessive pres-
ence ofHCO3

�, CO3
2� andOH� constituents (Ghosh

et al. 2019b). The DO value suggests that in river
Hooghly hypoxia condition does not prevail (Satpa-
thy et al. 2013). Furthermore, higher COD values in
the upstream freshwater zone of river Hooghly might
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be because of the inCow of urban sewage along with
industrial wastewater and surface rub-oA (Pati et al.
2014).

4.2 Distribution and regulation of PTEs

River Hooghly Cows amidst cities Kolkata and How-
rah, which are densely populated along with the
presence of several industries. The municipal and
industrial wastewaters from these two cities are the
major contributor of PTEs in river Hooghly. A large
volume (49 108m3) of PTE containing liquid eAluent
is inCuxed into the river at regular interval from the
adjoining urban conglomerates like Kolkata and
Howrah (Mukhopadhyay et al. 2006). The statistical
descriptions of the examined PTEs in river Hooghly
are depicted in Bgures 5 and 6. The measured PTEs
in different segments of river Hooghly, viz., fresh-
water zone, mixo-haline zone and estuarine zone are
ranged between (6379.9–14800.0, 9993.4–14500.0,

8158.1–10800.1) lg/L for Al; (3.6–9.1, 6.8–13.0,
5.6–9.4) lg/L for Cd; (13.2–44.1, 22.0–41.1,
19.0–44.1) lg/L for Co; (15.1–45.1, 24.9–45.3,
24.1–41.70) lg/L for Cr; (31.4–71.9, 33.5–73.6,
36.5–70.5) lg/L for Cu; (5577.9–18000.0,
9299.47–12300.1, 7030.7–10200.0) lg/L for Fe;
(116.7–258.8, 162.5–269.6, 121.2–280.8) lg/L for
Mn; (30.9–67.1, 35.6–70.2, 28.6–47.9) lg/L for Ni;
(9.5–30.4, 11.6–19.3, 8.1–19.2) lg/L for Pb;
(47.9–97.9, 52.2–71.9, 37.7–100.1) lg/L for Zn,
respectively. The mean observed highest concentra-
tion of Al, Co, and Cu was observed in estuarine zone;
Cd, Cr, Fe, Mn, Ni, and Pb inmixo-haline zone; Zn in
freshwater zone. The upstream freshwater zone of
river Hooghly was comparatively less contaminated
with PTEs than mixo-haline and estuarine zones
which can be attributed to the release of urban and
industrial wastewater into the upstream of river
Hooghly that accumulates in the lower regions
(Kumar et al. 2019).

E
le

ct
ri

ca
l C

on
du

ct
iv

ity
 (µ

S/
cm

2 )
 

Fresh water
Zone

Mixo-haline
Zone

Estuarine
Zone

Fresh water
Zone

Mixo-haline
Zone

Estuarine
Zone

Fresh water
Zone

Mixo-haline
Zone

Estuarine
Zone

Fresh water
Zone

Mixo-haline
Zone

Estuarine
Zone

To
ta

l D
is

so
lv

ed
 S

ol
id

 (m
g/

L
)

To
ta

l H
ar

dn
es

s (
m

g/
L

)
pH

(a) (b)

(c) (d)

Figure 3. Box–Whisker plots of distribution of physicochemical parameters in different regions of river Hooghly. All the boxes
represent the 25th percentile and the 75th percentile of elemental concentration, and the whiskers express the minimum and the
maximum coefBcients (5% and 95%), while the line within the boxes shows the median. Outliers are represented with ‘x’ mark.
(a) pH; (b) electrical conductivity; (c) total hardness; and (d) total dissolved solid.
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The Pearson correlation analysis indicates
strong relationship among the dissolved PTEs (Al,
Cd, Co, Cu, Cr, Fe, Mn, Ni, Pb, and Zn) (p\0.01;
p \ 0.05) (supplementary tables S7, S8 and S9).
Except for Ni and Zn, the estimated ANOVA
result suggests statistically significant variance in
the measured PTE concentrations amidst different
zones of river Hooghly at 99.95% conBdence level
(supplementary table S4). Post-hoc analysis also
reveals significant variation for most of the studied
PTEs except Zn between the freshwater, mixo-
haline and estuarine regions (LSD test; p\ 0.05)
(supplementary table S5). The mean concentra-
tions of PTEs are observed to be in the following
order in freshwater, mixo-haline and estuarine
zones: Cd\Pb\Co\Cr\Cu\Ni\Zn\Mn\
Fe\Al; Cd\Pb\Co\Cr\Ni\Cu\Zn\Mn
\Fe\Al and Cd\Pb\Cr\Co\Ni\Cu\Zn
\Mn\ Fe \ Al, respectively. The higher stan-
dard deviation of PTE concentration suggests
greater inCuence of anthropogenic activity on the
distribution of toxic elements (Cai et al. 2015).
However, strong tidal inCux in river Hooghly

homogenizes the PTE distribution (Stucker and
Lyons 2017). The mean concentration of Al and Fe
are abundant in all the examined samples because of
their crustal abundance (Mitra et al. 2018). The
concentration of Al, Cd, Fe, Ni, and Pb were found
to exceed Indian standards for drinking and surface
water (IS 10500: 2012 and IS 2296: 1982), and WHO
standards for drinking water (WHO 2011; BIS 2012)
by 47.8, 2.4, 29.9, 2.2, and 1.5 folds, respectively.
The processes that involve and regulate the
enrichment of PTEs in water column includes Coc-
culation, formation of organic ligands, oxy-hydrox-
ides, and aluminosilicates. The abundance of PTEs
like Al and Fe in water column are not only because
of the release of huge load of industrial and urban
wastewater from adjacent Al and Fe alloy indus-
tries, dumping of garbage including Al containing
foils, electrical wires, and cans (Mitra et al. 2018),
but also due to crustal abundance and geological
processes like weathering, and erosion of upstream
Precambrium metamorphic rocks on which the river
Cows (Heroy et al. 2003). The prevalence of dis-
solved PTEs like Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn

(a) (b)

(c) (d)

Figure 4. Box–Whisker plots of distribution of physicochemical parameters in different regions of river Hooghly. All the boxes
represent the 25th percentile and the 75th percentile of elemental concentration, and the whiskers express the minimum and the
maximum coefBcients (5% and 95%), while the line within the boxes shows the median. Outliers are represented with ‘x’ mark.
(a) Dissolved oxygen; (b) chemical oxygen demand; (c) salinity; and (d) alkalinity.
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might have sourced from multitudinous societal
practices like industrial and agricultural practices.
However, Cd might be sourced from atmospheric
deposition from upstream coal-based thermal power
plant near Titagarh, Kolaghat, and Haldia, coal Cy
ash, alloy industries, and industrial waste incinera-
tion; Co from natural weathering and erosion of
upstream rocks and industrial releases; Cr from
natural chemical weathering of rocks, releases from
tanneries and textile industries near Kolkata; Cu
from storm water run-oA, corrosion of copper alloy
containing pipelines from urban settlements, dis-
charge from alloy industries, and pesticides from
adjacent agricultural lands; Mn from adjacent paper
and pulp mill near Falta, Titagarh and Tribeni,
thermal power plants, discharges of refrigeration
and welding industries; Ni from paints, glass and
ceramic industries, alloy industries and battery
recycling unit; Pb from burning of fossil fuel, paints,
discharges from adjacent battery industry and sur-
face run-oA; Zn from fertilizer mixed agricultural
run-oA from adjacent Belds, immersion of idols and
paints (Shezilli et al. 2006; Giri and Singh 2014;

Ghosh et al. 2016, 2019a, c; Karamanov et al. 2018;
Mitra et al. 2018; Bakshi et al. 2017, 2019; Zhou
et al. 2020a, b).
The PTE concentration observed in the present

study was compared with the previous works on
different rivers of India and other distributaries of
river Ganga. The concentration of dissolved PTEs
is found to be much higher than the other rivers of
India except Kabini river (table 3). When com-
pared with past data of river Hooghly, except for
Cd, Co, Cu in mixo-haline and estuarine zones, Ni
in freshwater and mixo-haline zones, and Zn are
observed to be lower than the Bndings of Mitra
et al. (2018); except for Cd and Zn, the observed
values are lower than Bhattacharya et al. (2015).
However, the concentration of Zn is three times
lower than Sarkar et al. (2007). This reduction in
PTEs concentration might be attributed towards
GoI approved Cagship program ‘Namami Gange
Mission’. Furthermore, when Bndings were com-
pared with the data of river Padma, the concen-
tration of PTEs are found to be very low which
might be because of more freshwater inputs from
the upstream tributaries. The elevated concentra-
tion of PTEs in river Hooghly is not only because of
increasing anthropogenic contribution, but also for
natural Cuvial dynamics. The Ganga river system
of which river Hooghly is a part, is a major con-
tributor of sediment and metal Cuxes to the ocean,
which is highest among all the estuaries (Samanta
and Dalai 2018). Furthermore, the water is not
only used for drinking and bathing purpose after
proper treatment in facilities located at the bank of
river Hooghly, but also used to irrigate adjacent
agricultural and aquaculture Belds, where PTEs
can be bio-magniBed through the food chain. The
regular uptake of PTEs through the food chain and
drinking water may have detrimental eAects on
human and animal health (Ugulu et al. 2019).

Table 2. ANOVA results for studied physicochemical
parameters.

F Sig.

pH 2.01 0.137

EC 1.06E+03 0.005

Hardness 564.11 0.005

TDS 255.324 0.005

DO 1.025 0.361

COD 0.614 0.542

Salinity 575.758 0.005

Alkalinity 411.099 0.005

Degree of freedom Between Group 2

Within Groups 159

Total 161

Table 1. Pearson correlation analysis of studied physicochemical parameters.

pH EC Hardness TDS DO COD Salinity Alkalinity

pH 1

EC �0.14 1

Hardness �0.1 0.941** 1

TDS �0.066 0.804** 0.830** 1

DO 0.025 �0.055 �0.052 �0.017 1

COD 0.025 �0.14 �0.076 �0.055 0.141 1

Salinity �0.056 0.956** 0.968** 0.820** �0.002 �0.049 1

Alkalinity �0.152 0.863** 0.884** 0.923** �0.08 �0.155* 0.865** 1

*Correlation is significant at 0.05 level (2-tailed).

**Correlation is significant at 0.01 level (2-tailed).
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4.3 Evaluation of abundance and distribution
of microplastics

The distributions of identiBed microplastics in
river Hooghly are shown in Bgure 7. MPs are
observed in all of the analysed water samples in
the river Hooghly. The abundance of MPs was

ranging from 153 to 2069 pieces/m3 (Bgure 7). The
distribution of microplastics depends on multi-
tudinous factors like precipitation, artiBcial barri-
ers, wastewater treatment plants, proximity of
sewers and sewage canals (Sruthy and Ramasamy
2017; Amrutha and Warrier 2020). The maximum
concentration of MPs was observed near the sam-
pling location (MP5), located in the mouth of Bali
Khal, which acts as a sewage canal of the urban
conglomerate of Howrah. The sampling locations
MP8, MP9 and MP10, where the abundance of
microplastics is greater than 1000 pieces/m3, are
located near the mouth of the sewers which carries
wastewater of the city. The shape and size of the
identiBed microplastics are shown in Bgures 8, 9
and 10. The physical estimation showed that the
size of the microplastics varied between 150 and
4560 lm. The shapes of MPs were observed as
lines, spheres, Bbres, beads and fragments. In the
present study, the green emission Cuorescence was
clear enough to identify the MPs particles after
Nile red staining. It was observed in the study that
the microplastics with large surface areas with
irregular shapes were stained more brightly with
Nile red than spherical and Blamentous MP
particles.

Table 3. Comparison with different riverine systems.

Al Cd Co Cr Cu Fe Mn Ni Pb Zn References

Padma river, Bangladesh 2 3 20 199 15 8.14 1.5 7.26 Jolly et al. (2013)

Rivers of India

Brahmani–Koel river 8.7 10.9 6.7 481.8 30.3 24.8 1.7 31.6 Sundaray (2010)

Kabini river 21800 27400 63500 21700 5400 Hejabi et al.

(2011)

Gomti river 100 20 30 40 20 70 Gupta et al.

(2014)

Kali river 5.2 13 44 59 79 Malik and Maurya

(2014)

Swarnamukhi river 60 30 170 260 20 Patel et al. (2018)

Godavari river 0.99 10.12 42.8 180 17.29 4.11 94 Hussain et al.

(2017)

Previous study on river Hooghly

River Hooghly 20.2 185.8 204.4 29.3 190.3 Sarkar et al.

(2007)

River Hooghly and

Sundarban coastal water

0.64 41.56 56.05 48.4 21.25 58.94 Bhattacharya

et al. (2015)

River Hooghly 55458 2.06 17.18 60.88 47.34 55109 813 41.42 30.49 54.84 Mitra et al. (2018)

Water Quality Standard 200 3 40 50 2000 300 500 20 10 3000 WHO (2011) and

BIS (2012)

Present study

Freshwater zone 8977.5 6.1 23.2 26.3 43.2 8453.6 180.4 44.5 16.6 64.2

Mixo-haline zone 11478.7 9.2 30.5 32.4 49.8 10484.3 217.4 48.0 15.5 61.7

Estuarine zone 9117.6 7.8 31.9 30.7 51.1 8725.4 184.5 38.1 12.5 62.0

Figure 7. Distribution of microplastics in different sampling
locations in freshwater zone of river Hooghly.
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There are several studies, e.g., Wang et al. (2017),
Kataoka et al. (2019), Amrutha and Warrier (2020),
which report a comparatively higher abundance of
microplastics in riverine water near the densely popu-
lated modern urban, and industrial centres and indi-
catea stronger relationbetweenpopulationgrowthand
abundance of MPs. The river banks are also heavily
littered with plastic waste materials. The storm water
run-oA due to excess rainfall and atmospheric deposi-
tion can transport plastic waste into the river
(Dris et al. 2017). Moreover, there are several bathing
ghats and religious places on both banks of river
Hooghly. Pilgrims and local inhabitants prefer to bath
and wash their clothes made up of synthetic materials,
like polyethylene, polyester, or nylon in these ghats,
which add up microBbres (Amrutha and Warrier
2020). River Hooghly ends in the Bay of Bengal like
othermajor rivers, possibly discharges high amounts of
plastics particles (high magnitude during monsoon),
hence long-term threats to pelagic and benthic biota,
indeed more studies are needed in this concern.

4.4 Policy framework for better water quality
management

River Hooghly was profoundly aAected by con-
tamination and environmental degradation

because of excessive anthropogenic contributions
(Guzzetti et al. 2018; Ghosh et al. 2019c). The river
and its tributaries are overexploited because of
elevated demands for clean energy and irrigational
water. Several dams and reservoirs have been
constructed to regulate the stream Cow causing
disturbance among the species (Ghosh et al. 2020;
Raha et al. 2020). Every year economy worth US$
*1265 million was lost alone in Asia PaciBc region
because of marine litters (Bruch et al. 2016).
However, policy framework in regulating pollution
in river Hooghly was primarily focused on waste
management strategies. International treaties and
rules impose obligations on state as a stakeholder
to take proper mitigative measures to address
threats and risks associated with PTE laden mar-
ine litters (Schroeder 2010). It is the dominion of
the countries to exploit their natural resources
within their own environmental legislation and
policies without causing harm to the environment
of any other country (Raha et al. 2020). In the last
Bve decades, several international conventions
were held to address the elevated pollution in
aquatic resources. The United Nation Conventions
on the Law of the Sea 1982, Basel convention 1989
and Stockholm Convention 2001 are the most sig-
nificant international regulations to reduce marine
plastic pollution. Moreover, London Convention

Figure 8. Shapes of microplastics identiBed in Cuorescence microscope in different sampling locations (MP1–MP4) in freshwater
zone of river Hooghly.
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1972 and International Convention for the
Prevention of Pollution from Ships 1973/1978
prohibited the state and ship to dump the garbage

into the maritime aquatic resources (Goldberg
2011; Raha et al. 2020).
The present study infers that the pollution in

river Hooghly comprises both organic and inor-
ganic pollutants originated from multitudinous
point and non-point sources (Chaudhary and
Walker 2019; Ghosh et al. 2019b). However, ini-
tiatives to protect the sanctity and cleanliness of
river Ganga can be traced back to its roots in the
colonial period. The agreement of 1916 ‘Ganga
Mahasabha’ was signed for the elementary right
of the Hindus for the uninterrupted Cow of the
river Ganges. In 1986, GoI launched Ganga
Action Plan (GAP) covering 25 Class I cities that
spread across Uttar Pradesh, Bihar and West
Bengal to improve the riverine water quality by
preventing, diverting, and treating urban munic-
ipal sewage and chemical waste from identiBed
industrial units. In 2009, GoI declares river Ganga
as National River and established the National
Ganga River Basin Authority u/s 3(3) of the
Environment Protection Act (1986) (Chaudhary
and Walker 2019). Moreover, in 2014, GoI laun-
ched Namami Gange Mission to achieve long-term
objectives, programs based on suggestions of
Ganga River Basin Management Plan, which is
a consortium of seven Indian Institute of

Figure 9. Shapes of microplastics identiBed in Cuorescence microscope in different sampling locations (MP5–MP8) in freshwater
zone of river Hooghly.

Figure 10. Shapes of microplastics identiBed in Cuorescence
microscope in different sampling locations (MP9–MP10) in
freshwater zone of river Hooghly.
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Technology to formulate a long-term management
plan (IIT-Consortium 2015). Alongside cleansing
mechanism of polluted streams, the basic policies to
regulate water pollution are legislative.
The Water (Prevention and Control of Pollu-

tion) Act (1974) and Environmental Protection
Act (1986) play a pivotal role in the regulation of
contamination status of aquatic resources of India
(MoEFCC 1974, 1986). GoI established Central
Pollution Control Board and State Pollution Con-
trol Board u/s 3 and 4 of Water (Prevention and
Control of Pollution) Act (1974) to exercise the
duties assigned to the board under the act. How-
ever, the status quo of the river suggested that
there is a slight improvement in the water quality
from the past. Programs initiated for the abate-
ment of pollution must be transparent with
accountability. Dialogues must be initiated with
the local stakeholders for better and sustainable
management practices. Furthermore, with the
gradual increase in population pressure in cities,
GoI must develop an uniform national water policy
and initiatives must be taken to enhance the
number of urban sewage and wastewater treatment
facilities along with capacity enhancement of
established treatment plants.

5. Conclusion

Water is a significant natural resource, crucial for
maintaining human health and hygiene. The
study has potentially shown the status of ele-
mental and microplastic contamination in river
Hooghly. pH of river Hooghly is slightly alkaline,
but the mean observed EC, TDS, salinity, hard-
ness and alkalinity value showed steady increase
towards the downstream. The mean concentration
of Al, Cd, Fe, Ni, and Pb were observed to exceed
the Indian standards for drinking and surface
water. The distributions of MPs are observed
throughout the river Hooghly and abundance was
found between as low as 153 pieces/m3 to as high
as 2069 pieces/m3. The physical evaluation
reveals that the size of MPs was ranged between
150 and 4560 lm. The distribution of PTEs and
microplastics depends on several anthropogenic
and natural factors like erosion, precipitation,
embankments, eAluent treatment plants, proxim-
ity of sewers and sewage canals, magnitude of
industrial releases, and hydrodynamic condition.
Our study indicates that without treatment the

water of river Hooghly is appropriate neither for

drinking nor for irrigational purposes. The present
study also attempted to give an overview of existing
policies and legislations, international conventions,
and GoI programs related to the mitigation of pollu-
tion in the Ganga river system. There are ample
number of opportunities for stakeholders, policy
makers and researchers to combat the elevated PTE
andmicroplastic contamination.The lackof scientiBc
knowledge and inadequate communication between
the policy makers and local stakeholders are the
major cause behind the dumping of garbage in the
river Hooghly. Hence, to mitigate pollution in river
Hooghly, governmental organizations and non-gov-
ernmental organizations must co-operate with each
other to conduct successful community outreach
programs to make local stakeholders aware of waste
minimization techniques and various policies for
pollution abatement. Furthermore, the present work
indicates the necessity of a uniform national water
management policy along with community outreach
programs to impart environmental responsibility
among the participants.
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The dynamic coastal environment comprising of near-shore zone and beach continuously undergoes
substantial morphological changes due to man-made and natural processes. These processes are always
mutually dependent and therefore understanding their physical mechanisms is complicated. In this study,
an attempt has beenmade to understand the physical interactions between the waves, tides and currents in
the near-shore regions of four major tourist beaches of Goa using Beld measurements and numerical mod-
elling. The state-of-the-art instruments were deployed at 6 m water depth, for a fortnight at each beach for
two seasons in 2018. In-situ depth data were collected along the 8 km stretch covering Baga to Sinquerim
using a mechanised boat equipped with an Echo sounder and a differential global positioning system. A
coupledDelft3Dmodelwas set upwith themodel domain created using in-situ bathymetry soundings, beach
proBles’ elevation and naval hydrographic chart data. Model simulations were performed for two seasons
(Jan–Feb) for calibration and (Oct–Nov) for validation by forcing theFLOWandWAVEmodels with time-
varying water levels obtained from the TOPEX/POSEIDON global tide model, wave parameters from
European Centre for Medium-range Weather Forecasting data and the measured wind data. The model
results were validated by comparing the significant wave height, current speed and water level with the in-
situ data. From these experiments, it has been observed that near-shore parameters change significantly
with the season and are mutually interactive. Especially, the near-shore currents are varying according to
the wave heights and water level variations (due to tides). The Delft3D model is capable of addressing the
near-shore processes with a good level of accuracy. However, Bne-tuning the model parameters with more
seasonal data would help in addressing several coastal processes for any future datasets and therefore could
be utilised for investigating and forecasting near-shore processes.

Keywords. Near-shore processes; delft3D; currents; waves; tides; beach changes.
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1. Introduction

Since ancient times, coastal and near-shore areas
have been used by man for many activities such as
Bshing, navigation, transportation, mineral explo-
ration, entertainment, etc. Dynamic coastal envi-
ronments are frequently aAected by anthropogenic
processes, coastal exploitation and climate changes
(Zarzuelo et al. 2015; Dai et al. 2016; Xu et al.
2016). The potential impact on the coast due to
these local and global forces include coastal ero-
sion, Cooding, storm surge, sea level and tempera-
ture rise, altering coastal biodiversity, etc. (Feagin
et al. 2005; Parab et al. 2011; Sydeman et al. 2014;
Klingbeil et al. 2018). The coastline is naturally
acted upon by the waves, tides, currents and winds;
thereby undergoing continuous changes. Coastal
physical processes are related to several factors
aAecting near-shore hydro and morphodynamics
(Carter 1988). Wave propagation and transforma-
tion in the near-shore region generate wave-
induced currents and the associated sedimentCuxes,
which in turn produce a speciBc response of coastal
morphology (Horikawa 1988; Short 1992; Wolf and
Prandle 1999; R�o _zy�nski, et al. 2001; Treffers 2008).
The near-shore currents are of particular interest in
coastal engineering as they are the primary trans-
port mechanisms of materials in the coastal envi-
ronment (Sasaki and Horikawa 1978; Basco 1983;
Karambas and Samaras 2017). These processes are
always mutually dependent and constitute a
sophisticated system of non-linear interactions.
Accurate monitoring and management require
repetitive data collection. Long-termmeasured data
on any one of the above driving forces is rarely
available oAshore or near the coast. The traditional
surveying techniques may not be optimal in coastal
environments because the instruments used are
typically constrained by sea state, logistic restric-
tions and operating costs (Leu and Chang 2005).
Therefore, to understand the accurate physical
mechanisms, one should employ combined eAorts of
Beld observations and numerical modelling.
Numerical models oAer an in-depth analysis of

coastal hydrodynamics, morphological changes due
to waves, currents and other oceanic processes with
the input of sufBcient and accurate data collected
from Beld measurements (Ji 2008; Zalesny et al.
2016; Belibassakis and Karathanasi 2017; George
and Kumar 2019). It also acts as an eAective tool
to reconstruct past events and capable to forecast
the dynamic coastal and near-shore states
(Klingbeil et al. 2018). A complete coastal dynamic

characterisation and future conditions assessment
could be achieved through results from numerical
models (Iglesias et al. 2019). Numerical modelling
suites can simulate several physical processes such
as bathymetry, tidal dynamics, current velocity,
bed friction, river discharge, sediment transport,
etc. Hydrodynamic models can accurately repro-
duce water levels and current velocity (Ren et al.
2015; Rueda et al. 2020a; Iglesias et al. 2019) and
are able to study the shoreline response on sandbar
dynamics (Bouvier et al. 2017). Small-scale coastal
models are extensively used in the simulation of
coastal processes, including waves, currents, water
level changes in addition to the regional circula-
tions that involve the interaction of ocean current
with the irregular bathymetry and complex
boundaries (Fringer et al. 2006).
This study aims to understand the physical

interactions of various near-shore processes and
simulate the hydrodynamic environment of the
near-shore region of the North Goa coast, using
Delft3D software. Many researchers worldwide
have successfully implemented Delft3D to study
various coastal processes (Elias et al. 2001; Lui-
jendijk 2001; Van Rijn and Walstra 2003; Treffers
2008; Rueda et al. 2020a, 2020b). The wave, tidal
and current information are equally useful in
designing various coastal development including
recreational activities, construction of coastal pro-
tection measures, etc. (Mishra et al. 2014; Chi-
trakar et al. 2020). This research also aims to
compare the in-situ measurements with the results
from Delft-3D FLOW and WAVE models.

2. Study area and climate

The state of Goa is located in south-western India
between the states of Karnataka and Maharashtra
encompassing an area of 3702 km2. It lies between
the latitudes 14�5305400–15�4000000N and longitudes
73�4003300–74�2001300E. The coast hosts some of the
Bnest beaches in India attracting many tourists
worldwide mainly from European countries. Most
people visit beaches during November–March. It is
bordered by the Western Ghats on the east and the
Arabian Sea on thewest. The 165 km coast trends in
the NNW–SSE direction and consists of sandy bea-
ches interrupted by rocky headlands and river
mouths of Zuari and Mandovi (Wagle 1995; Chan-
dramohan et al. 1997). These rivers are fed by the
southwest monsoon rain and their basin covers 69%
of the state’s geographical area.
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The study area contains four beaches from Baga
on the north and Sinquerim on the south lying
between 15�3305000–73�4405100N and 15�2902600–
73�4601100E stretching around 7.5 km (Bgure 1).
This coastal stretch is exposed to high-energy
ocean swells approaching from 230�to 270�with the
variation of significant wave height between 0.8
and 5 m (mean = 1.8 m) (Kumar et al. 2000;
Vethamony et al. 2011). During the southwest
monsoon, wave heights exceed 2.5 m at Candolim,
whereas at other beaches it is around 1.5 m
(Chandramohan et al. 1992b, 1997). In general, the
beach foreshore is wide and steep at its extreme
ends. It is backed by well-developed dunes at some
places. The beach width varies between 50 and
180 m and trimmed with 1�10 m high dunes
(Mascarenhas 1998; Wilson et al. 2014). Candolim
beach has a well-developed backshore with a
prominent berm than Calangute beach. The dunes
at Calangute beach vary in length from 0.5 to 10m
height. The foreshore width of Calangute ranges
around 40�60 m, whereas Baga beach is relatively

narrow with a backshore of few meters wide and
moderately steep foreshore (Veerayya and Varad-
achari 1975; Murty et al. 1982; Tripati 2002).
Earlier studies reveal the existence of prominent
rip current occurrence along this stretch (Antony
1976; Kumar et al. 1989; Chandramohan et al.
1992a, b, 1997). The region experiences mixed
semi-diurnal tides in the meso-tidal range of 2.3 m
(Veerayya et al. 1981). The tidal range varies
between 2 and 3 m. The coastline is almost straight
with sediment ranging from Bne to gravel sized in
Calangute and Bne to silty sand up to 7.5 m water
depth in Baga (Ansari and Ingole 2002). As the
entire 7 km stretch is popular for water sport
activities recreation, and many beach resorts, it is
ideal to study the surf zone dynamics as a concern
for public safety.

3. Field measurements

A systematic collection of hydrodynamics data
over different locations of the coast of different
seasons is a critical element in any study, since
the information on the hydrodynamic forcing
factors such as waves, currents, etc., plays an
important role in evaluating the present condi-
tion. The understanding of near-shore dynamics
yet remains limited, partly because synoptic
coverage for a long duration is still tedious and
expensive. This section presents the details of the
extensive Beld measurements undertaken along
North Goa beaches.

3.1 Waves, currents and tide data

All the near-shore parameters such as waves, tides,
currents weremeasured for 15 days in each season at
each beach station during the two phases by
employing various sophisticated instruments. An
InterOcean� S4ADWDirectional wave and current
meter (hereafter S4) and Seabird� SBE26 wave and
tide recorder (hereafterWTG)were used tomeasure
waves, currents and tides (water level). They use
high-precision pressure sensors tomeasure thewater
surface elevations. These water surface elevations
are then subjected to spectral analysis to obtain the
wave parameters. Wave parameters (significant
wave height, mean wave period and wave direction)
were recorded at 30min intervals. In addition to S4
instrument, currents were also measured using
Aanderaa� Recording Current Meter 9 (hereafter
RCM) at 10 min intervals. Tides were measured

Figure 1. Goa study region with red circles showing the beach
locations; the shaded region shows the gridded in-situ
bathymetry collected during the Beld campaign. The locations
of the instrument moorings at 6 m depth are shown in crossed
green circles. The background image is the RGB composite of
Sentinel-2 data.
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using WTG at 10 min intervals. The WTG has a
standard Quartzonix pressure sensor and a tem-
perature sensor that can accurately record data by
continuously integrating the pressure samples to
obtain the water level measurements unaffected by
the wave action. The details of instruments used,
deployment locations and time periods are provided
in table 1. Instruments being ready just before
the deployment are shown in Bgure 2. All the
instruments were tested and calibrated before each
deployment.
The instrumentswere deployed simultaneously at

the same location at 6 m water depth, with spacing
around 1000 m in the alongshore direction, for a
fortnight oASinquerim–Candolimbeach stretch and
another fortnight oA Calangute–Baga beach stretch
(totalling 30 days Beld measurements per season).
Thesemeasurements were carried over two different
seasons, i.e., Jan–Feb 2018 and Oct–Nov 2018. As
the west coast is extremely vulnerable during the
monsoon season (June–September) (Chandramo-
han et al. 1997), Beldmeasurements were not carried
out during the season. One month of Beld observa-
tions is enough to understand the physical interac-
tions of various coastal and near-shore processes in

any beach. To obtain information about these pro-
cesses for other seasons, a well-calibrated numerical
model can be used.

3.2 Beach and near-shore morphology

Beach proBles were taken along few selected tran-
sects within the study region, at a monthly interval
to study the beach dynamics. These proBles were
monitored using a surveyor’s dumpy level
(Theodolite) mounted on a tripod stand and a staA
system covering the berm, beach face, shore face
and intertidal zones of the beach, by establishing
permanent benchmarks at each beach and by
measuring the height of the beach level at every
2 m in the cross-sectional direction. When the
beach is relatively Cat, cross-sectional measure-
ments were taken at 5–10 m intervals. Around Bve
beach proBles were monitored at each beach to
reconstruct the beach morphology. A hand-held
global positioning system (GPS) was used to
occupy the same benchmark every time during Beld
campaigns.
Near-shore morphology (bathymetry) was mea-

sured during the high-tide period in January 2018

Table 1. Deployment strategy of several instruments at Baga, Calangute, Candolim and Sinquerim beaches in two seasons of
2018.

Instrument

Nearest

station Latitude Longitude

Deployed on

(UTC)

Retrieved on

(UTC) Waves Tides Currents

S4 Baga 15�33013.100N 73�44051.800E 2/7/2018 09:21 2/15/2018 10:00 X – –

WTG Baga 15�33013.100N 73�44051.800E 2/7/2018 09:21 2/15/2018 10:20 – X –

RCM Baga 15�33013.000N 73�44051.000E 2/7/2018 09:44 2/15/2018 09:58 – – X

S4 Calangute 15�33013.100N 73�44051.800E 2/7/2018 09:21 2/15/2018 10:00 X – –

WTG Calangute 15�32029.600N 73�4504.900E 1/31/2018 14:30 2/7/2018 08:55 – X –

RCM Calangute 15�32028.400N 73�45002.800E 1/31/2018 14:34 2/7/2018 08:44 – – X

S4 Candolim 15�30043.600N 73�45039.900E 1/24/2018 10:30 1/31/2018 08:30 X – X

WTG Candolim 15�30043.600N 73�45039.900E 1/24/2018 10:20 1/31/2018 12:30 – X –

RCM Candolim 15�30039.100N 73�45038.100E 1/24/2018 10:09 1/31/2018 13:29 – – X

S4 Sinquerim 15�30008.400N 73�45050.800E 1/16/2018 17:00 1/24/2018 09:00 X – X

WTG Sinquerim 15�30017.200N 73�45057.700E 1/17/2018 16:49 1/24/2018 13:30 – X –

RCM Sinquerim 15�30009.800N 73�45048.100E 1/16/2018 17:14 1/24/2018 08:59 – – X

S4 Baga 15�33014.400N 73�44053.900E 11/7/2018 10:00 11/14/2018 10:35 X – X

WTG Baga 15�33035.800N 73�44058.300E 11/7/2018 10:20 11/14/2018 09:40 – X –

RCM Baga 15�33035.800N 73�44058.300E 11/7/2018 10:09 11/14/2018 9:40 – – X

S4 Calangute 15�32031.300N 73�45005.200E 10/30/2018 10:30 11/7/2018 08:30 X – X

WTG Calangute 15�32029.100N 73�44059.500E 10/30/2018 10:20 11/7/2018 09:30 – X –

RCM Calangute 15�32029.100N 73�44059.500E 10/30/2018 10:03 11/7/2018 8:48 – – X

S4 Candolim 15�30043.800N 73�45037.200E 10/23/2018 10:23 10/30/2018 9:31 X – X

WTG Candolim 15�3100.300N 73�45045.800E 10/23/2018 10:30 10/30/2018 08:40 – X –

RCM Candolim 15�30046.500N 73�45032.300E 10/23/2018 11:04 10/30/2018 9:12 – – X

S4 Sinquerim 15�30014.400N 73�45046.100E 10/15/2018 11:50 10/23/2018 9:44 X – X

WTG Sinquerim 15�30016.800N 73�45058.100E 10/15/2018 12:00 10/23/2018 9:30 – X –

RCM Sinquerim 15�30016.800N 73�45058.100E 10/15/2018 12:10 10/23/2018 9:50 – – X
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and November 2018 using a CEESCOPE� system,
which contains a differential GPS (DGPS) and an
echo sounder. The vertical accuracy of the echo
sounder is 1 cm ± 0.1% of depth; the horizontal
accuracy of position from DGPS is around ± 1 m.
The echo sounder is equipped with an inertial
motion unit (IMU) sensor to record the three-
dimensional motion. This sensor oAers an accuracy
of ±0.1�in roll and pitch over 360�, 1 degree in
heading and ± 5 cm in heave. The impact of waves
has been accounted for by correcting the echo-
sounder depths using the heave data from the IMU
sensor following the procedure adopted by Dugan
et al. (2001). The tidal oAset correction in depth
was carried out by using nearby tide gauge data at
Mormugao Port (15.375�N, 73.839�E). The mea-
surements of beach proBles and near-shore depths
were taken simultaneously during the wave and
current instrument deployment periods.

3.3 Wind data

Wind speed and direction were obtained from an
Automated Weather Station (AWS) installed at
the National Institute of Oceanography, Dona

Paula, which is nearly 20 km away from the study
site. The data are available from January 2017 to
March 2019 at 10 min intervals. AWS also gives air
temperature (�C), relative humidity (%), atmo-
spheric pressure (hPa), solar radiation (mW/
sq.cm) and rainfall (mm). However, only wind
speed and direction data were used in this study for
the modelling analysis.

4. Numerical modelling

4.1 Model description and setup

The Delft3D modelling suite was developed by
Deltares for multi-disciplinary and multi-dimen-
sional computation of estuarine, coastal and river
areas (Deltares 2016). Delft3D is a sophisticated
three-dimensional modelling system with an inte-
grated depth option (2D) capable of providing
wave, current and sediment transport depictions
(Dykes et al. 2003; Hsu et al. 2006; Gerritsen et al.
2007). Delft3D is a modular build numerical
modelling program in which different modules
interact with each other. Each module focuses on
a different process, i.e., the Cow of water, waves,
sediment transport, morphological behaviour and
ecology and water quality. As the focus of the
present study is to predict the hydrodynamic
parameters within the near-shore region, FLOW
and WAVE modules were used in this study in
online coupling mode. This mode enables the two-
way interaction between the FLOW and WAVE
modules at a speciBc interval. The online
coupling is important since these processes are the
consequence or enhanced by the wave�current
interaction.
The model grid was set up in a spherical coor-

dinate system and prepared using the RGFGRID
tool of Delft3D. The grid was spatially discretised
with grid size varying dx = 85 m, dy = 191 m in the
oAshore region, dx = 81 m, and dy = 81 m in the
near-shore. It covers 453 grid points in the M
direction (i.e., eastward) and 201 grid points in the
N direction (i.e., northward) totalling an area of
11.48 km916.64 km. The bathymetry of the study
area was obtained by merging the near-shore
measured bathymetry data (up to 10 m depth),
beach elevation data (all land points) and a digi-
tised naval hydrographic chart no. 2020 as shown
in Bgure 3. This was generated using the QUICKIN
tool. In this study, the maximum depth is limited
to 35 m.

Figure 2. (a) InterOcean� S4DW for measuring waves and
currents, (b) Aandera� RCM9 for measuring currents, and
(c) Seabird� WTG inside a frame for measuring waves and
tides before deployment.

J. Earth Syst. Sci.         (2021) 130:242 Page 5 of 19   242 



The ultimate goal was to run the FLOW and
WAVE model for the Sinquerim�Baga stretch in
the North Goa region, which would simulate water

level, currents and waves spatially and temporally.
The western part of the model domain was treated
as an open boundary, with water level and zero

Figure 3. Model domain prepared using in-situ depth data, beach elevation data and NHO chart data covering the study region.
Depth data are referenced to chart datum.

Figure 4. Time-series plot of tide height (water level), current vectors (u and v velocities), significant wave height, mean wave
period and wave direction at Baga during February 2018. Highlighted portions are the periods, where a stronger relationship
between waves, tides and currents observed.
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reCection parameters as inputs. Hydrodynamic
forcing type was taken as time-series input for the
Cow module. The time-series water level data were
obtained from TPXO global tide model and used to
force the FLOW model boundary.
Only one layer in the vertical direction was

selected to make the model a true shallow water
equation model. The Earth’s acceleration due to
gravity was set to 9.81 m/s2 and the water density
was set at 1024 kg/m3. The processes of wind,
waves and sediments that inCuence the hydrody-
namic simulations were activated. Non-cohesive

sediment with a mean diameter (D50) of 200 lm
and a speciBc density of 2650 kg/m3 were used in
the morphological simulations. The eAect of wind
for the study region was activated by giving time-
series wind data (wind speed and direction)
obtained from the NIO AWS at 10-min intervals.
The roughness formula used was Chezy’s formula
with uniform U and V components having a value
equal to 120. Stress formulations due to wave
forces were calculated as per Bijker, and wall
roughness was taken as the free-slip condition.
Background horizontal eddy viscosity and

Table 2. Statistics of measured wave, current and water level (tide) parameters at 4 locations during Jan–Feb 2018.

Parameter
Baga Calangute Candolim Sinquerim

Min. Max.

Mean/

Stdev Min. Max.

Mean/

Stdev Min. Max.

Mean/

Stdev Min. Max.

Mean/

Stdev

Hs (m) 0.15 0.68 0.38 0.08 0.77 0.38 0.32 1.13 0.52 0.26 0.86 0.45

Tz (s) 6.57 11.99 9.67 7.19 13.06 10.13 4.23 7.90 5.70 4.05 8.19 5.75

Dir (deg.) 224.7 276.4 262.1 196.5 270.9 247.6 5.56 356.6 255.0 8.7 357.5 256.5

Current speed

(m/s)

0.0 0.32 0.05 0.0 0.24 0.06 0.0 0.31 0.08 0.0 0.20 0.05

Current

direction

(deg.)

0.35 359.6 189.0 0.0 359.7 205.2 0.0 359.7 177.8 0.0 359.7 160.5

u-velocity

(m/s)

� 0.14 0.20 0.03 � 0.24 0.11 0.02 � 0.22 0.19 0.03 � 0.14 0.17 0.02

v-velocity

(m/s)

� 0.26 0.17 0.05 � 0.10 0.19 0.04 � 0.20 0.27 0.08 � 0.19 0.17 0.05

Water level (m) 0.45 2.07 – 0.06 2.31 – 0.08 2.23 – 0.32 2.16 –

Table 3. Statistics of measured wave, current and water level (tide) parameters at 4 locations during Oct–Nov 2018.

Parameter
Baga Calangute Candolim Sinquerim

Min. Max.

Mean/

Stdev Min. Max.

Mean/

Stdev Min. Max.

Mean/

Stdev Min. Max.

Mean/

Stdev

Hs (m) 0.28 0.55 0.40 0.24 0.74 0.43 0.01 0.98 0.56 0.30 0.97 0.51

Tz (s) 4.5 8.8 6.09 4.2 9.6 6.99 4.4 10.4 7.49 5.1 9.1 6.91

Dir (deg.) 58.8 284.4 253.8 42.4 355.9 258.5 42.8 348.7 249.4 146.8 268.5 237.8

Current speed

(m/s)

0.0 0.17 0.04 0.0 0.23 0.06 0.0 0.21 0.07 0.0 0.18 0.05

Current

direction

(deg.)

0.0 359.3 198.5 0.0 359.7 198.2 0.0 359.68 175.2 0.28 359.9 161.1

u-velocity

(m/s)

� 0.12 0.12 0.02 � 0.12 0.11 0.03 � 0.14 0.10 0.03 � 0.11 0.06 0.02

v-velocity

(m/s)

� 0.16 0.10 0.03 � 0.19 0.22 0.07 � 0.17 0.21 0.07 � 0.13 0.18 0.06

Water level (m) 0.13 2.18 – 0.26 2.11 – 0.13 2.20 0.62 1.94
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diffusivity were set to 1 and 10m2/sec, respec-
tively. The mean sediment diameter (D50) was set
at 200 lm, and the initial sediment layer thickness
at bed was taken as 5 m. The wind drag coefBcients
at three breakpoints were set to 0.0025.
The wave module was coupled with the Cow

module, to allow transferring information from Cow
and morphology modules to the wave module and
back again. Wave data were obtained from the
European Centre for Medium-Range Weather
Forecasting (ECMWF) that include significant
wave height, mean wave period, mean wave
direction and directional spreading; given as the
wave boundary condition in a wavecon Ble of
Delft3D. Hydrodynamic Cow results of water level,
currents, bathymetry and the wind were used in
the wave domain and vice versa. The model was
recursively calibrated for various physical pro-
cesses to match the computed data with the mea-
sured waves, water level and currents data with
Bnal constants discussed above. The model was
calibrated from January to February 2018; while
the model was validated from October 2018 to
November 2018 based on the new set of the wave,
current and tide data (Bgure 4).

4.2 Statistical evaluation

The performance of the model with respect to the
measured data was assessed by computing Bve
statistical parameters, i.e., bias, root mean square
error (RMSE), mean absolute error (MAE), mean
normalised bias (MNB) and difference median
(DM) (Brando et al. 2009).

Bias ¼ mean xmð Þ �mean xoð Þ; ð1Þ

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
i¼1 xm � xoð Þ2

n

s

; ð2Þ

MAE ¼ 1

n

X

n

i¼1

xm � xoj j; ð3Þ

MNB ¼
Pn

i¼1
xm�xo
xo

� �

n
; ð4Þ

DM ¼ median xmð Þ �median xoð Þ: ð5Þ

Here xm represents the model variable and xo rep-
resents the observed variable. The above parame-
ters were derived for each model and observed

Figure 5. Time-series plot of tide height (water level), current vectors (u and v velocities), significant wave height, mean wave
period and wave direction at Sinquerim during January 2018.
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variables, i.e., wave height, water level and current
velocity. This method permits for a better under-
standing of the performance of the model that
contributes more to the model’s uncertainty.

5. Results and discussion

5.1 Field observations

The statistics of each physical parameter, i.e., tidal
water level, current velocity vectors, significant
wave height, mean wave period and mean wave
direction at all the four locations during Jan–Feb
2018 and Oct–Nov 2018 are given in tables 2 and 3.
The time series of the same parameters at Baga
and Sinquerim locations are shown in Bgures 4–8.
During Jan�Feb 2018, most of the waves approa-
ched the coast with mean wave direction ranging
between 247�and 262�, having mean wave height
between 0.38 and 0.52 m and mean wave period
between 5.7 and 10.1 s. Candolim recorded the
highest wave height of 1.13 m, where Calangute
recorded the highest wave period of 13.06 s during
this period. The mean current velocity ranges
between 0.05 and 0.08 m/s with the highest

recorded in Baga of around 0.32 m/s. The tidal
range varies between 1.6 and 2.2 m. The highest
tidal range of more than 2 m was observed at all
stations during spring tide, while the range was less
than 1 m during neap tide. The mixed semidiurnal
tide is observed at all the stations, which is typical
along this coast. During Oct–Nov 2018, waves are
approaching predominantly from 250�, with mean
wave heights higher than the previous period
ranging between 0.4 and 0.6 m, highest at Can-
dolim. The mean wave period ranges between 6
and 7 s, shorter than the previous period.
During Jan–Feb, the current with higher

intensity Cow (current [0.2 m/s) towards the
southeast direction (positive u-current and neg-
ative v-current) during spring tide shows the
inCuence of tides, strong waves (wave height
[0.8 m) at Baga (Bgures 5 and 6). In particular,
a strong relationship between wave height and
the tide has been observed on 8th, 11th, 12th and
13th February, where u and v currents are
stronger than the remaining period, which were
under the inCuence of stronger wave heights and
water level change as shown in highlighted
regions in the Bgure. At Sinquerim, the inCuence

Figure 6. Time-series plot of tide height (water level), current vectors (u and v velocities), significant wave height, mean wave
period and wave direction at Baga during November 2018.
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of tides is seen stronger than the waves (Bgure 5),
where the v-currents are exactly following the
patterns of the rising�falling tidal levels. Stron-
ger currents[ 0.5m/s were observed as a result
of tides. For larger-scale current variations, the
observed modiBcations of the sea state are mostly
explained by refraction of waves over the near-
surface current (Ardhuin et al. 2012). When the
wave height becomes[0.5 m, its inCuence on the
current pattern is felt. For example, a stronger
positive v-current was observed as a result of the
stronger wave with height[0.9 m on 24th Jan at
Sinquerim. Waves occur in a range of directions
from 190�to 315�at all the stations (Bgure 6),
with higher wave heights recorded at Baga and
Calangute and lower wave heights at Candolim
and Sinquerim during this period.
Similarly, during the Oct–Nov period, stronger

currents were noticed from 7th to 9th Nov at
Baga (Bgure 7), however, wave heights were
\0.4 m. These strong currents might have been
produced due to a stronger tidal level as the
period is closest to the spring tidal phase. During
this period, the wave direction is predominantly
from the same direction (h = 250�) along the

entire stretch excepting Calangute (Bgure 9),
where waves propagate along the coast from the
SSE direction. This could be due to some local
eAects. However, at all the remaining stations,
waves were mostly directed from the SSW
direction with the almost same intensity in wave
energy. The waves are predominantly coming
from 250�and the currents Cow towards
south–southeast direction during the Oct–Nov
period as compared to the Jan–Feb period. These
observations are consistent with the earlier
studies along this coast (Yadhunath et al. 2014).
The intensity and direction of the sea swell and
wind might be the factors that govern near-shore
wave propagation (Kumar et al. 2019). This
proves that the near-shore region is so dynamic
with all the physical parameters that inCuence
each other to form a systematic circulation.

5.2 Beach processes

Due to the combined action of waves, currents and
tides, the beach gets aAected sometimes positively
leading to deposition and negatively leading to

Figure 7. Time-series plot of tide height (water level), current vectors (u and v velocities), significant wave height, mean wave
period and wave direction at Sinquerim during October 2018.
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Figure 8. Wave height rose plots at four locations during (a–d) Jan–Feb 2018 and (e–h) Oct–Nov 2018.
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erosion and shoreline recession. It can be better
noticedwhen the cross-sectional beach proBles at any
place are considered over at least two-time frames.
Figure 9 shows the beach proBles observed at four
locations along the study region in January and
November 2018. It can be observed that the beach is
relatively stable along the berm region at Baga but
eroding in the foreshore. The shoreline was shifted
around 60 m landward during the study period.
Calangute beach seems relatively stable than the
other beaches. On the other hand, the beach at
Candolim shows deposition from the berm to the
shoreface, whereas Sinquerim shows erosion in the
foreshore region and deposition in the berm. The
shoreline was also shifted landward, however, at a
less distance of around 30 m. This beach elevation
data were used to generate the model domain for
simulations.

5.3 Model results

The Delft3D FLOW and WAVE modules were
recursively calibrated for various physical pro-
cesses to match the computed results with the
observed wave height, water level and current
data. The Bnal coefBcients or constants used to

calibrate the wave and hydrodynamic models are
discussed in section 4.1. The model was calibrated
from January to February 2018 and validated from
October to November 2018. Time-series waves,
currents and tidal water level data were extracted
at mooring locations (refer table 1) from the model
results and used for calibration and validation
purposes.
The simulated and measured wave heights at

stations Baga, Calangute, Candolim and Sinquerim
are shown in Bgure 10 during the calibration phase
and are shown in Bgure 11 for the validation phase.
The RMSE in wave height during the calibration
phase ranges between 0.04 and 0.13 m, while it
ranges between 0.02 and 0.05 m during the valida-
tion phase (table 4). Lower absolute values of
RMSE indicate less residual variance between
model and observation. Very negligible bias
between model and observed wave heights was
observed. The correlation coefBcient varies from
0.72 to 0.99 during the calibration phase. The wave
model performed well with the values very close to
the observations at all the stations with an excep-
tion to the Calangute (Bgure 11b) during the cali-
bration phase. The model predicted slightly higher
waves as compared to the observed ones before 3rd

Figure 9. Cross-sectional beach proBles measured at Baga, Calangute, Candolim and Sinquerim beaches between January and
November 2018. Horizontal distance is measured from a permanent benchmark at each station and the vertical height of the
beach is referenced to the mean sea level.
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Feb and after 5th Feb at this location. This could
be due to any local phenomenon. The same is also
observed in different current patterns at Calan-
gute (not shown). The relationship between the
modelled and measured wave heights can also be
observed in the scatter plots, where the scatter at
Calangute is broad as compared to the other
scatters. At Baga, the model is slightly underes-
timating the wave heights for heights above 0.4 m
(Bgure 11a). During the validation phase, the
model has performed excellently with the least
RMSE of 0.02 m observed at three locations, and
correlation coefBcient[ 0.98. The other statisti-
cal parameters like bias, MAE, MNB, DM also
show that the model results are consistent with
the observations. Figure 11 shows the time series
of wave heights between observed and modelled
results during the validation phase. It can be
observed that the model has performed excel-
lently during this phase at all the locations under
study. Instantaneous spatial maps of significant

wave height derived from the model are shown in
Bgure 12.
The modelled and observed tidal water levels at

all four locations during the calibration and vali-
dation phases are shown in Bgures 13 and 14. The
resulting discrepancies were checked using the
RMSE and coefBcient of determination (R2). It has
been observed that at all the stations, a good
agreement between the simulated and observed
water level was found, with a similar trend of
waxing and waning oscillation; and with RMSE of
less than 0.07 m and R2 greater than 0.95 during
both calibration and validation phases of the
model.
For comparison with the model currents, the

measured currents have been smoothed at the
hourly interval by taking a running average. Since
the model is calibrated well for waves and water
level, currents have been compared at Baga and
Sinquerim locations and shown in Bgure 15. The
magnitudes of the currents time series show a close

Figure 10. Time-series and scatter plots of significant wave height at (a) Baga, (b) Calangute, (c) Candolim, and (d) Sinquerim
during model calibration phase (Jan–Feb 2018).
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agreement between the model results and the
measurements at these stations. Ardhuin et al.
(2012) observed that introducing currents in wave
models can reduce the errors on significant wave
heights by more than 30% in some macrotidal
environments. Despite some discrepancies, the
trend of Cuctuations between the modelled and
measured currents matched. Also, it is to be noted
that we have considered depth-averaged current
velocities for the comparison,whichmaybedifferent
from the currents at actual depth. Current output at
a particular depth is possible from the Delft3D
model in three-dimensional space, which would be
attempted in future studies. The RMSE of the cur-
rent velocity at the Baga station was less than
0.15 m/s and the correlation coefBcient is around
0.7. Similarly, the RMSE at Sinquerim was around
0.25 m/s with a correlation coefBcient of around
0.72. Fine tuning the model parameters with more
data are necessary to get accurate results. However,
the model showed a satisfactory agreement between

the simulated and observed current velocities and
highly accurate performance in wave heights and
water levels during the validation period.

6. Conclusions

The wave, tidal and current characteristics in the
near-shore region of North Goa, India were studied
using Beld measurements and Delft3D numerical
model. Field measurements exhibited a mixed
semidiurnal tide, with a tidal range of around 2 m
during the spring tide and 1 m during the neap tide
in the study area. The near-shore currents were
found to be inCuenced by waves and tides, and the
dominance is persistent throughout the study. The
highest wave height recorded was approximately
1.1 m with a wave period of around 11 s. The waves
are predominantly coming from 250�and the cur-
rents Cow towards south–southeast direction dur-
ing the Oct�Nov period as compared to the
Jan–Feb period. These observations are consistent

Figure 11. Time-series and scatter plots of significant wave height at (a) Baga, (b) Calangute, (c) Candolim, and (d) Sinquerim
during model validation (Oct–Nov 2018).
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with the earlier studies along this coast. The
coupled Delft3D WAVE and FLOW models have
been used to simulate the hydrodynamics along
this coastal stretch. The boundary conditions from

ECMWF were imposed on the model domain with
measured winds and TPXO tide data. Modelled
simulations were carried out in two phases, i.e.,
calibration and validation. The measured data on

Figure 12. Spatial maps of modelled significant wave height (m) over the study region on (a) 31 October 2018 and (b) 15
November 2018.

Figure 13. Observed and modelled tidal water level for the coastal model during calibration phase at four stations.
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waves and tides were used to calibrate the model to
get satisfactory results and then implemented on
the model to validate with new measured datasets.
The calibration and validation of the model simu-
lations showed an excellent agreement with the
observed waves (RMSE\ 0.02 m; R2[ 0.98) and

observed tidal water level (RMSE\ 0.07 m;
R2[ 0.95); and satisfactory agreement with the
current measurements (RMSE\ 0.25 m/s). The
comparison of model results with the measured
data showed that Delft3D is capable of reproducing
the hydrodynamics quite accurately. Combining

Figure 14. Observed and modelled tidal water level for the coastal model during validation phase at four stations.

Figure 15. Validation of modelled currents with respect to measured currents at 6 m depth oA Baga and Sinquerim.
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a numerical model and Beld observations can fur-
ther be used to enrich the knowledge related to the
surf zone and near-shore coastal processes. The
calibrated and validated numerical-model data can
be used for experimental prediction of near-shore
surf zone processes.
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