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INTRODUCTION

Plastics account for ~80% of the litter in many marine environments (Morales-Caselles et al., 2021)
and, a suitable example of a transboundary problem. Several decades of waste mismanagement have
made plastics ubiquitous in the global ecosystem and one of the largest growing environmental
problems (Kershaw, 2016). Given the growing evidence of the threats caused by plastics and the
projected alarming accumulation in the oceans, environmental managers are urgently pursuing
sustainable solutions to reduce plastic.

One solution to plastic pollution is identifying the accumulation zones (i.e., hotspots of plastic
accumulation). Accumulation zones are also critical for our long-term understanding of the
dynamics of plastics in the marine system and identifying vulnerable ecosystems (Lebreton et al.,
2017). However, few reports have focused on this aspect of plastic research, particularly from the
Indian coast. At the same time, there was a surge in marine plastic publications (80 articles);
however, 65% of the study was from beaches. This article addressed this gap by identifying potential
plastic accumulation zones along the Indian coast based on published literature. Studies in the
field of oil dispersion, plankton connectivity, and marine safety recovery provide an opportunity
to understand how oceanographic features may govern the transport of plastic in the ocean (Van
Sebille et al., 2020).

FACTORS AFFECTING THE DISTRIBUTION OF PLASTIC

Once the plastics enter the ocean (e.g., rivers, land runoff, and atmospheric deposits) many
factors including oceanographic processes, degradation (fragmentation, photooxidation, and
biodegradation), and the characteristics of plastics (e.g., size, density, and surface area) influence its
fate (Evangeliou et al., 2020; Wayman and Niemann, 2021). Buoyant polymers (e.g., polyethylene
and low-density polystyrene) contribute to 74% of global plastic production. Positively buoyant
plastics could be transported for long periods by wind and water currents until they are beached,
trapped in different coastal habitats, sink due to loss of buoyancy, or biologically removed (Kvale
et al., 2020; Wayman and Niemann, 2021). Negatively buoyant polymers (e.g., polystyrene and
polyamide) are likely to sink to the seafloor.

Plastic shapes vary from elongated shapes (fibers and ropes) to shapes with a lower surface
area to volume ratio (fragments and spheroids) (Ryan, 2015). Small-size plastics of all types are
common in the open ocean because of low buoyancy, while large plastics accumulate in coastal
waters (Morales-Caselles et al., 2021). Among the large plastic, fishing debris, including discarded
and abandoned fishing gear in commercial fishing zones, constitute a high percentage of total litter
and have a wide range of ecological and economic impacts (Richardson et al., 2019). While studies
have reported substantial quantities of smaller plastics in the deep-sea sediment suggesting that this
vast ecosystem is a hotspot for plastic accumulation and accounts for some of the “missing” plastics
(Woodall et al., 2014; Kane and Clare, 2019).
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THE DYNAMICS OF PLASTICS IN THE
NORTH INDIAN OCEAN

The Indian Ocean (IO) has unique oceanographic features, and
how these conditions affect plastic transport and its interactions
with biota is largely unknown and may differ from those in the
other ocean. Moreover, Asian countries contribute significantly
to plastics that enter the IO (Jambeck et al., 2015; Schmidt et al.,
2017). However, there are huge uncertainties regarding the plastic
generation and release, hence, warranting detailed investigations.
The Indian peninsula divides the North Indian Ocean (NIO)
into the Arabian Sea (AS) and Bay of Bengal (BoB) basin
(Supplementary Figure 1). The distinct geographic position of
the NIO (landlocked to the north by Asian landmass) drives
the strongest monsoonal winds, which reverses seasonally. The
boundary currents along the east (East Indian Coastal Currents-
EICC) and west (West Indian Coastal Currents-WICC) coast
of India also reverses seasonally and play a critical role in
connecting the AS and BoB (Shankar et al., 2002; Schott et al.,
2009). The IO connects to the Pacific Ocean through the
Indonesia throughflow. Because the NIO is landlocked, there is
no northern subtropical gyre and associated garbage patch, as
observed in the Pacific and Atlantic Ocean (van der Mheen et al.,
2019). Numerical modeling studies show a garbage patch forming
in the BoB (Lebreton et al., 2012; van der Mheen et al., 2019) and
corroborates with the study of Ryan (2013) and Li et al. (2021).

COASTAL HABITATS-A TRAP FOR
PLASTICS

Coastal habitats are a major sink of marine plastic (Onink
et al, 2021). The overall habitat complexity, such as the
pneumatophore roots of mangroves, architectural complexity
of seaweeds, seagrass, and coral reefs, facilitates plastic
accumulation. Moreover, rocky and sandy shores may form
either a final sink or represent temporary storage. The backshore
can strand plastics in the vegetation and deeper sediments
(Brennan et al., 2018).

The mangrove cover in India (~4,975 sq. km) includes
the world’s largest mangrove ecosystem, Sundarbans. The Gulf
of Mannar, Gulf of Kachchh, Andaman and Nicobar, and
Lakshadweep Islands are the major coral reef ecosystems of India.
In addition, patchy and submerged reef systems are present
along the coast (e.g., Grand Island and Angria Bank). Seagrass
ecosystems (cover of ~500 sq. km) are located at isolated
locations along the coast. Therefore, the diverse coastal habitats
along the Indian coast (Figure 1) constitute potential trapping
sites for plastics.

POTENTIAL ACCUMULATION ZONES IN
THE INDIAN SEAS

The first potential accumulation zone along the Indian coast
is the Marine Protected Area of Gulf of Mannar (GoM;
Figure 1). The GoM is a highly-populated area, center for
fishing and tourism, industrial belt, and religious significance.

Circulation in the GoM shows a distinct seasonal variation. The
currents become strong during the Southwest monsoon and flow
from west to east, while the Northeast Monsoon and Spring
Intermonsoon (March-May) ocean currents are relatively weak.
As a result of the weak currents and subsurface barrier effect
of the Palk Strait, there is a lack of strong mixing of GoM and
the Palk Bay (north) waters (Rao et al., 2011; Jagadeesan et al.,
2013). The limited southern flow of BoB water also implies the
possibility of plastics getting trapped in this region. The fate of
plastics in the GoM will depend upon the coastal currents and
characteristics of plastic. Floating plastics may be transported
out of GoM during the southwest monsoon period. However,
most plastics are highly likely to be retained due to the weak
circulation, shallow depth, subsurface barrier effect, and diverse
habitat. Higher microplastics in the coral reef and seagrass
sites than the nearshore locations in the Rameswaram Island
confirms the sedimentation of plastics in the region (Jeyasanta
et al, 2020a). Beach plastics surveys from the area confirm
multiple sources of litter (Jeyasanta et al., 2020b). The presence of
foreign litter indicates that along with local sources, currents and
circulation also plays an important role in plastic accumulation
in the GoM (Ganesapandian et al., 2011).

The Gulf of Kachchh (GoK) and the Gulf of Khambhat
(GoKB) in Gujarat are also potential plastic accumulation sites.
The GoK and GoKB are two highly energetic, macrotidal systems
of the northeastern Arabian Sea (Babu et al., 2005). The GoK
shows complex features of a macrotidal region, marked by
shoals, channels, inlets, creeks, and islands. Sediment routing
studies observed that the Indus River, Kachchh mainland coastal
rivers, and Saurashtra peninsular rivers are the primary sediment
sources to the Gulf (Prizomwala et al., 2014). The Indus River is
among the top ten rivers that contribute to the continental plastic
waste to the ocean (Schmidt et al., 2017). Studies based on fish
larvae (Babu et al., 2005; George et al., 2011) and oil spill models
(Kankara and Subramanian, 2007) indicate the redistribution of
larvae and oil within the GoK. The GoKB is characterized by
a funnel-shaped indentation, shallow depth (maximum 30 m),
and a large tidal flat. The Lagrangian modeling studies showed
that the particles released into the Gulf do not leave the system
except for a few particles from the south of the region, suggesting
restricted water-mass exchange between the Gulf and the AS
(Mitra et al., 2020). Gujarat accounts for around 65% of the
total plastic production of India. Therefore, the potential of
a generation of high plastics waste and the longer residence
times of floating particles due to the gulf’s local oceanography
and coastal geomorphology makes the area a potential plastic
accumulation zone. Due to the slow oceanography flushing,
semi-enclosed seas are potential sites for trapping plastics, as
confirmed from studies in other regions (Cozar et al., 2015; Li
et al., 2018; Sharma et al., 2021).

The islands (Andaman and Nicobar and Lakshadweep) are
biodiversity hotspot regions of India. However, the island is
becoming a hotspot for litter from local sources and neighboring
countries (Dharani et al., 2003; Kaviarasan et al., 2020). The
coastal circulation around the Andaman and Nicobar is primarily
driven by equatorial forcing, with the local winds forcing a weak
sea-level signal along the continental boundaries and around the
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FIGURE 1 | Map of India showing important biodiversity regions, maritime routes, and potential plastic accumulation zones.

islands (Chatterjee et al., 2017). Generally, the surface circulation
follows the seasonal reversing of currents observed in the 10;
however, oceanographic features may be more complex due to
the regions’ topography. The islands also have a wide range of
habitats (coral reef, mangroves, seagrass) and are influenced by
four rivers (Ganga, Brahmaputra, Irrawaddy, and Salween) that
show strong seasonal variability in the discharge rate. Multiple
sources of plastic pollution, complex oceanographic features, and
diverse habitats make the islands a potential plastic accumulation
zone. Remote islands need to be considered to understand the
dynamics of plastic as litter was also reported from many islands
of the IO (Duhec et al., 2015; Bouwman et al., 2016; Imhof et al.,
2017; Dunlop et al., 2020).

In addition, fronts (coastal fronts, river plumes, upwelling
fronts, shelf-sea tidal fronts, shelf breakfronts, and fronts formed
through interaction between flow and topography) can influence
the transport of plastics (Hinojosa et al., 2011; Maximenko et al.,
2012; Ribic et al., 2012; Pattiaratchi et al., 2021). Coastal fronts
have a higher concentration of plastics than the surrounding

waters (Pattiaratchi et al., 2021). The west coast of India is
characterized by upwelling during the southwest monsoon and
downwelling during the northeast monsoon (Rao et al., 2008).
Compared to the west, the upwelling along the east coast is
mild and confined close to the coast (Murty and Varadachari,
1968; Shetye et al., 1991). Coastal fronts and upwelling regions
are important nurseries and foraging grounds. The upwelling
of cold, nutrient-rich bottom waters and runoff generate high
primary productivity that forms abundant high-quality food for
the larvae. However, along with nutrients, riverine runoff also
carries pollutants, including plastics, to the coastal system. Since
the fronts are also sites for accumulating buoyant particles, it
forms a potential site for higher interaction between biota and
plastics. Plastics may be temporarily removed from the water
column due to ingestion or aggregating in organic materials and
sink to the seafloor.

Five of the world’s 50 largest rivers discharge into the BoB
(Sengupta et al.,, 2006). Except for the Indus, Narmada, and
Tapti, runoff into the AS is mostly from minor seasonal rivers.
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Meijer et al. (2021) highlighted that relatively small polluted
river basins contribute proportionally more compared to large
river basins with equal amounts of mismanaged plastic waste
generation within the river basins. Furthermore, small urban
rivers are among the most polluting. India was the second-largest
contributor to mismanaged plastic in the ocean (Meijer et al.,
2021). The Ganges-Brahmaputra ranked sixth among the 10 top-
ranked rivers transporting the highest plastic loads to the sea
(Schmidt et al., 2017). Therefore, in terms of large and small
polluting rivers, the Indian rivers may significantly contribute to
ocean plastic pollution.

The Lagrangian particle tracking simulation of plastics
indicates that under the influence of the reversing monsoonal
currents, plastics move back and forth between the AS and the
BoB (Van Der Mheen et al.,, 2020). As a result, a large number
of particles are present in the AS during the Northeast monsoon
(December to February), while during the Southwest Monsoon
(June-September), particles are higher in the BoB (Van Der
Mheen et al., 2020). However, the particles are present year-
round in the BoB, probably due to the annual mean eastward
flow in the equatorial region and the anti-cyclonic and cyclonic
gyres that develop throughout the year (Paul et al,, 2009; Van
Der Mheen et al.,, 2020). Li et al. (2021) also concluded that the
BoB is a potential microplastic hotspot as it receives massive
input of land-based plastics and the presence of multiscale
recirculation gyres.

Although the coastal currents connect the water masses of
the AS and the BoB, they show a spatiotemporal variability
(Durand et al., 2009; Amol et al., 2012; Mukherjee et al., 2014).
The EICC is highly discontinuous and forms re-circulating loops
(Durand et al, 2009). On the other hand, although WICC
shows an equatorial flow during SWM, the overall flow along
the south (7°N) is poleward while it weakens toward the north
of 20°N (Amol et al., 2012). This could probably retain more
plastics toward the southwest coast of India. Robin et al. (2020)
observed an increase in abundance from north to south of the
Kerala coast.

Most plastic entering the NIO is likely to end up on
the coastline within a few years, and some cross into the
southern hemisphere of the IO (Van Der Mheen et al,
2020). However, plastic litter abundance on the Indian coast
(Kaladharan et al, 2017; Goswami et al., 2020) is lower
than in other areas (e.g., Vianello et al, 2013; Maes et al,
2017). Therefore, there is a considerable disparity between
the estimated plastic waste entering the NIO and the amount
recorded. A low abundance of plastics could also be due
to the relatively limited studies or that various processes
are at play that removes or transport the debris from
the source.

Maritime and navigation activities are also important sources
and areas of plastic accumulation. Since the IO is one of
the busiest international maritime transportation routes and
neighbors some of the largest plastic polluters (e.g., China,

Indonesia, and Sri Lanka) (Jambeck et al., 2015), shipping-related
debris could be another important source of plastics to the Indian
coast. Plastics of foreign origin are reported in India (Dharani
etal., 2003; Ganesapandian et al., 2011) and vice versa. Therefore,
the Indian seas, as an important navigation route, warrant the
close analysis of these zones as a potential accumulation area
of plastics.

CONCLUSION AND WAY FORWARD

The Government of India has taken several concrete
initiatives to combat plastic pollution. These efforts will
also contribute to global commitment, such as UN SDG
14. Hence, improved knowledge, sharing of information,
and best practices are central to achieving these targets.
Identifying plastic accumulation zones is one of the key tools
to understand marine plastic dynamics. We propose the
following research directions to improve the understanding of
accumulation zones:

e Mapping the distribution of marine plastics based on in situ
sample collection, citizen science, or the latest scientific tools.

e Modeling studies to confirm the identified accumulation zones
and identify additional zones that will help to develop an
effective plastic removal program.

e Developing a platform to support the integration and the
analysis of all monitoring data.

e Harmonizing the monitoring protocols
allow comparison.

e Promoting detailed studies on smaller polluting rivers to
develop removal strategies, as removing litter from smaller
rivers will be more practical than larger river basins.

that  will
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