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Abstract—The rapid escalation of ocean pollution
represents one of the most serious environmental
threats of the modern era. Plastics, microplastics, nano
plastics, chemical effluents, oil residues, and nutrient
overloads have permeated marine ecosystems at
unprecedented scales, affecting biodiversity, ecosystem
functioning, and human well-being. Despite global
initiatives such as the United Nations Ocean Decade and
UNESCO marine sustainability frameworks, existing
mitigation strategies remain largely prevention-
oriented and technologically driven, offering limited
solutions for pollutants already embedded within
marine systems.

This review critically examines ocean pollution through
an integrated lens, emphasizing marine biology—based
solutions as essential complements to conventional
engineering and policy measures. Drawing on global
scientific literature and Indian coastal contexts, the
study evaluates microbial biodegradation, seaweed and
macroalgal filtration, filter-feeding organisms (oysters
and mussels), and ecosystem restoration (mangroves
and coral reefs) as nature-based solutions (NbS). The
findings indicate that marine organisms possess
intrinsic capacities to filter, sequester, degrade, and
stabilize pollutants while simultaneously restoring
ecosystem resilience and supporting socio-economic co-
benefits.

The study concludes that while marine biology alone
cannot eliminate ocean pollution, its strategic
integration with waste management, governance, and
community participation offers a realistic and
sustainable pathway for long-term ocean recovery,
particularly for developing coastal nations such as
India.
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L INTRODUCTION

1.1 Background of the Study

Oceans cover more than 70% of the Earth’s surface
and are essential for life on our planet. They help
regulate Earth’s climate by absorbing large amounts
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of heat and carbon dioxide, which slows down global
warming. Oceans also produce more than half of the
oxygen we breathe, mainly through tiny marine
plants called phytoplankton (Falkowski et al., 1998).
Because of these roles, oceans are often described as
the “lungs” and “climate regulators” of the Earth.

In addition to supporting the environment, oceans are
very important for human life. They provide food to
billions of people through fisheries and seafood,
support jobs in fishing, shipping, and tourism, and
help coastal communities earn their livelihoods.
Many countries, including India, depend heavily on
healthy oceans for economic growth and food
security (FAO, 2022).

However, human activities have placed increasing
pressure on marine ecosystems. Rapid population
growth, industrial development, urban expansion,
and careless waste disposal have damaged ocean
health. One of the biggest problems affecting oceans
today is ocean pollution. Large amounts of waste
enter the ocean every year in the form of plastic
garbage, chemical waste, untreated sewage,
agricultural runoff, and industrial effluents (UNEP,
2021).

Plastic pollution is the most serious and visible form
of ocean pollution. Plastics were created because they
are strong, cheap, and long-lasting. Unfortunately,
these same qualities make plastics harmful in nature.
When plastic waste enters the ocean, it does not
easily break down. Instead, it slowly breaks into
smaller pieces called microplastics (smaller than 5
mm) and nanoplastics (extremely tiny particles
smaller than 1 micrometer). These tiny plastic
particles are very difficult to remove from the ocean
(Thushari & Senevirathna, 2020).

Recent studies show that plastic pollution is not
limited to coastal areas. Microplastics can travel
through air, water, and land. They can be carried by
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wind and rain and then settle into oceans, even in
places far away from human settlements (Allen et al.,
2022). Because of this, plastic pollution has been
found in deep oceans, polar regions, coral reefs, and
remote islands.

Scientific research has also shown that marine
pollution affects all levels of marine life. Small
organisms like plankton mistake microplastics for
food. Fish eat these organisms, and larger animals
then eat the fish. In this way, plastic pollution moves
through the marine food chain. Studies have found
plastic particles in fish, seabirds, turtles, and marine
mammals (Jambeck et al., 2015; Wright et al., 2013).

Another serious concern is that microplastics can
carry harmful chemicals such as pesticides and heavy
metals. When marine organisms swallow these
plastics, the chemicals can enter their bodies, causing
health problems like slow growth, weak immunity,
and reproductive issues. These harmful effects can
eventually reach humans through seafood
consumption (Rochman et al., 2013).

Today, ocean pollution is a global and long-term
problem, not just a local issue. Pollution travels
across countries and oceans, making it difficult for
any single nation to solve the problem alone. This
situation shows the urgent need for new and
sustainable solutions that work with nature.
Understanding the background and scale of ocean
pollution is therefore essential before exploring how
marine biology can help reduce pollution and restore
ocean health.

1.2 Problem Statement

Despite decades of scientific warnings and policy
interventions, ocean pollution continues to intensify.
Existing mitigation strategies—such as recycling
programs, cleanup drives, plastic bans, and waste-
management reforms—have achieved partial success
in reducing future waste leakage. However, they
remain largely ineffective in addressing the massive
volume of pollutants already present within marine
ecosystems.

Microplastics and chemical contaminants pose a
particular challenge, as they are too small for
mechanical removal and often bioaccumulate within
food webs. Furthermore, most mitigation efforts
operate in isolation, with limited integration between
engineering, governance, and ecological processes.
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As a result, marine ecosystems continue to degrade,
biodiversity declines persist, and ecosystem services
such as water filtration and nutrient cycling weaken.
The core problem addressed in this study is the
underutilization of marine biological systems in
mainstream pollution-control strategies, despite
strong evidence of their natural remediation
capabilities.

IL. RESEARCH QUESTIONS / HYPOTHESES

Ocean pollution is a complex and multi-dimensional
challenge, and numerous research questions exist
within this field. However, this study focuses
specifically on identifying effective and sustainable
solutions through biology—based
interventions. Guided by this objective, the research
seeks to address the following key questions:

marine

. Effectiveness of Biological Interventions
To what extent do marine biology—based
interventions—such as seaweed filtration, oyster and
mussel reef  restoration, and  microbial
biodegradation—reduce pollution levels in coastal
marine environments?

. Comparative Efficiency of Biological
Methods

Among seaweed filtration, filter-feeding organism
restoration, and microbial biodegradation, which
biological approach demonstrates the highest
efficiency in removing pollutants from marine
systems?

. Impact on Water Quality Parameters

How do marine biological interventions influence
key water quality indicators, including turbidity,
nutrient concentrations (nitrogen and phosphorus),
and microplastic levels?

. Biodiversity and Habitat Recovery

Do marine biology—based solutions contribute to
measurable improvements in marine biodiversity,
habitat stability, and ecosystem recovery in polluted
coastal areas?

. Ecological Co-Benefits

What additional ecological benefits—such as
increased fish abundance, recovery of benthic
organisms, and improved ecosystem resilience—
emerge following the implementation of biological
restoration measures?

. Community Perception and Acceptance
How do coastal communities perceive the feasibility,
effectiveness, and socio-economic benefits of marine
biology—based pollution mitigation strategies?

. Policy Alignment and Governance
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To what extent are existing coastal and marine
policies aligned with the large-scale implementation
of marine biology—based solutions?

. Barriers and Enablers for Scaling

What financial, environmental, technical, and
logistical factors facilitate or hinder the scaling of
marine biological interventions, particularly in
developing coastal regions?

. Integration with Conventional Approaches

How effectively can marine biology—based
interventions be integrated with conventional
pollution-control strategies such as engineering
solutions, waste-management systems, and cleanup
initiatives to achieve comprehensive marine
restoration?

Significance of the Study

This study provides an integrated scientific
perspective on marine biology—based solutions for
ocean pollution, addressing a critical gap in current
mitigation frameworks that largely prioritize
technological and regulatory interventions. By
synthesizing evidence across marine ecology,
biotechnology, and environmental management, the
research clarifies how biological systems function as
active, natural agents of pollutant removal and
ecosystem recovery.

From a policy standpoint, the study strengthens the
case for incorporating nature-based solutions into
marine governance, supporting ecosystem-based
management approaches alongside conventional
waste-control  strategies. This integration is
particularly relevant for regions where large-scale
mechanical remediation is economically or
logistically constrained.

The research also demonstrates the capacity of
structured, school-level scientific inquiry to engage
rigorously with complex environmental challenges,
highlighting the role of education in advancing
sustainability literacy and evidence-based thinking.

Focusing on the Indian coastal context, the study
identifies biologically driven, low-energy, and locally
adaptable  interventions—such as  seaweed
cultivation, mangrove restoration, and filter-feeding
organisms—aligned with socio-economic realities.
Overall, the study supports long-term, regenerative
pollution management and directly contributes to
Sustainable Development Goal 14 (Life Below
Water), reinforcing the role of marine biology as a
future-ready tool for ocean conservation.

III. GLOBAL LITERATURE ON OCEAN
POLLUTION

3.1 Global Status of Ocean Pollution

Global plastic production has increased dramatically
since the 1950s, rising more than 230-fold by 2020
(OECD, 2022). Rivers alone transported
approximately 1.4 million tonnes of plastic into
oceans in 2020, with projections indicating a possible
doubling by 2060 without intervention (OECD,
2025). Global assessments estimate that between 75
and 199 million tonnes of plastic currently exist in
marine environments (UNEP, 2021).

Microplastics now dominate marine debris, forming
nearly 90% of floating plastic particles. Nanoplastics,
though less visible, are increasingly recognized as a
major concern due to their ability to penetrate
biological tissues and circulate through ecosystems
(Nature, 2023).
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Pollution pathways include river discharge,
atmospheric transport, fisheries waste, coastal
dumping, and stormwater runoff. The discovery of
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atmospheric microplastic transport has highlighted
the global and transboundary nature of marine
pollution (Allen et al., 2022).
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3.2 Impacts on Marine Ecosystems

Marine pollution significantly affects biodiversity.
Plastic ingestion and entanglement occur across all
trophic levels, reducing survival, growth, and
reproduction in marine species (Derraik, 2002;
Thushari & Senevirathna, 2020).

Coral reefs are particularly vulnerable. Lamb et al.
(2018) found that corals in contact with plastic debris
showed disease prevalence as high as 89%, compared
to less than 5% in unaffected corals. This accelerates
reef degradation and habitat loss.

Microplastics also transport toxic chemicals, which
accumulate through food chains and cause
physiological stress, liver damage, and oxidative
stress in marine organisms (Cverenkarova et al.,
2021).

Figure.3)

3.3 Impacts on Humans

Marine pollution affects human health through
seafood consumption and environmental exposure.
Microplastics and associated chemicals have been
detected in seafood, sea salt, and air, raising concerns
about long-term toxic effects (UNEP, 2021).
Fisheries suffer due to habitat degradation, ghost
fishing gear, and sublethal effects on fish populations,
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leading to reduced catches and economic losses
(FAO, 2022). Tourism-dependent coastal economies
also experience revenue loss due to polluted beaches
and degraded marine environments.

3.4 Major Findings and Contradictions in Global
Research

Global literature agrees that plastic pollution is
widespread, persistent, and present in all ocean
compartments (Jambeck et al., 2015). However,
studies vary widely in estimates of plastic quantities
due to inconsistent methodologies, sampling
techniques, and definitions (Wright et al., 2013).
These inconsistencies hinder cross-study
comparisons and slow policy adoption, highlighting
the need for standardized monitoring frameworks
(UNESCO-IOC, 2022).

Iv. GLOBAL LITERATURE ON MARINE
BIOLOGY-BASED SOLUTIONS

4.1 Microbial Biodegradation

Microorganisms can degrade certain plastics through
enzymatic pathways involving enzymes such as
PETase and MHETase. The discovery of Ideonella
sakaiensis demonstrated natural PET degradation
(Yoshida et al., 2016). However, most biodegradation
occurs under laboratory conditions, with limited
field-scale validation. Degradation rates in cold,
nutrient-poor marine environments remain slow (Wei
& Zimmermann, 2021).

4.2 Seaweed and Macroalgae Filtration

Seaweeds trap microplastics through physical
entanglement and biofilm adhesion, absorb nutrients,
and bind heavy metals. Integrated Multi-Trophic
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Aquaculture (IMTA) systems demonstrate improved
water quality and co-benefits for livelihoods (Duarte
et al.,, 2017). However, effectiveness depends on
species, biomass density, and harvest management.

4.3 Oyster and Mussel Filtration

Bivalves filter large volumes of water, removing
suspended particles and microplastics. Oyster reefs
improve water clarity and biodiversity but raise
concerns regarding bioaccumulation and food safety
(Beck et al., 2011).

4.4 Mangrove and Coral Reef Restoration
Mangroves physically trap debris, reduce water flow,
and sequester pollutants in sediments. Coral reefs
reduce wave energy and stabilize ecosystems.
Restoration projects show strong co-benefits but
require protection from excessive pollutant loading
(Alongi, 2014; Martin et al., 2019).

V. GAPS IN GLOBAL LITERATURE

Global research reveals several gaps: lack of long-
term monitoring, inconsistent methodologies, limited
biological focus, scarcity of field-scale experiments,
poor policy integration, and regional bias toward
Western datasets. These gaps limit the translation of
science into scalable solutions, particularly for
regions like India.

Conclusion of Literature Review

Overall, global literature confirms the severity of
ocean pollution and the promise of marine biology—
based solutions. However, significant gaps remain in
long-term data, field wvalidation, and policy
integration. Addressing these gaps forms the
foundation and justification for the present study.

5 Marine Biology—Based Solutions

5.1 Microbial Biodegradation

Marine microorganisms exhibit a wide range of
enzymatic capabilities that enable the breakdown of
hydrocarbons and selected synthetic polymers. A
major advancement in this field was the identification
of Ideonella sakaiensis, a bacterium capable of
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depolymerizing polyethylene terephthalate (PET),
which significantly altered prevailing assumptions
regarding the environmental persistence of plastics
(Yoshida et al., 2016).

Microbial biodegradation primarily occurs through
enzyme-mediated depolymerization, in which
extracellular enzymes cleave large polymeric
structures into smaller molecular units that can be
assimilated by microbial cells. Although controlled
laboratory  experiments  have  demonstrated
measurable  degradation  of  plastics and
hydrocarbons, degradation rates in natural marine
environments remain comparatively low. Factors
such as reduced temperature, limited nutrient
availability, low dissolved oxygen, and the
physicochemical stability of synthetic polymers
constrain microbial activity in situ. Nevertheless,
when integrated with physical removal and chemical
treatment  strategies,  microbial  remediation
represents a sustainable and long-term approach to
mitigating plastic and hydrocarbon persistence in
marine ecosystems.

Methodology: Microbial Biodegradation of Plastics,
Oil, and Industrial Organic Pollutants

1. Conceptual Overview (Mechanistic Summary)
Microbial biodegradation follows a sequential
biological pathway comprising:

(1) surface conditioning and biofilm development on
pollutant substrates;

(2) enzymatic depolymerization or oxidative
cleavage of high-molecular-weight compounds into
oligomers and monomers;

(3) cellular uptake of these smaller molecules; and
(4) intracellular metabolic processing that converts
pollutants into carbon dioxide (CO:), water (Hz20),
microbial biomass, and non-toxic byproducts.

In hydrocarbon degradation, the process begins with
emulsification and dispersion of oil droplets,
followed by colonization by hydrocarbon-degrading
microorganisms. Subsequent oxidation is mediated
by monooxygenase and dioxygenase enzymes,
enabling assimilation into central metabolic
pathways (Hazen et al., 2010; Prince et al., 2013; Wei
& Zimmermann, 2021).
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Oil-Eating Bacteria: A Tool for Bioremediation -
microbewiki

5.2 Seaweed and Macroalgal Filtration

5.2.1 Seaweeds and Microalgae as Natural Biofilters
in Marine Remediation

Seaweeds (macroalgae) and microalgae play an
increasingly recognized role in marine pollution
mitigation by functioning as natural biological filters.
Through their high surface area, complex thallus
architecture, and chemically active cell surfaces,
these photosynthetic organisms can remove excess
nutrients, immobilize heavy metals, and retain
microplastic particles from the surrounding water. In
integrated coastal systems, large-scale seaweed
cultivation has demonstrated substantial potential to
reduce nutrient enrichment while simultaneously
supporting coastal economies, particularly within
Integrated Multi-Trophic  Aquaculture (IMTA)
frameworks (Duarte et al., 2017).

By assimilating dissolved nitrogen and phosphorus
for growth, seaweed farms help suppress
eutrophication, enhance water transparency, and
indirectly promote oxygen balance. In addition,
macroalgae contribute to blue carbon sequestration
by fixing atmospheric carbon into biomass.
Importantly, the periodic harvesting of algal biomass
enables the physical removal of accumulated
contaminants, offering a practical and nature-based
remediation strategy for coastal and nearshore
environments.

5.2.2Methodology: Pollutant  Filtration Using
Seaweeds and Microalgae

Conceptual Overview :Macroalgae and microalgae
reduce pollutant loads through a combination of
physical interception, surface adsorption
(biosorption), biological aggregation
(bioflocculation), and, in the case of living cells,
active uptake and metabolic transformation. These
processes collectively decrease the concentration of
microplastics, nutrients, and dissolved contaminants
in the water column.

The effectiveness of algal filtration is governed by

morphological  characteristics  (e.g.,  thallus
complexity, filamentous structures), biochemical
composition (polysaccharides, extracellular
polymeric  substances), and electrochemical

interactions between algal surfaces and pollutant
particles.
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1. Algal Selection and Biomass Preparation

Representative macroalgal and microalgal species are
selected based on growth rate, surface complexity,
and pollutant-binding capacity. In controlled studies,
microalgae such as Chlorella vulgaris and
species are cultivated under
standardized light and nutrient conditions to ensure
reproducibility. Biomass may be used in a live state
to capture both passive and active mechanisms, or in
an inactivated form to isolate adsorption-based

Scenedesmus

processes.

Rationale: Species-specific differences in cell wall
composition and extracellular secretions strongly
influence pollutant retention efficiency.

2. Physical Entrapment and Surface Adhesion
Macroalgae
morphologies create localized low-flow zones that
enhance contact between algal surfaces and
suspended particles. Microplastic retention occurs
through mechanical interception, surface friction,
and entanglement within algal structures.
Filamentous algae are particularly effective, as
particles adhere to or become encapsulated within
mucilage layers on algal surfaces.

Microalgae,  although possess
chemically reactive cell surfaces enriched with
functional groups such as hydroxyl, carboxyl, and
phosphate moieties. These groups promote adhesion
of microplastics and other particulates through
electrostatic attraction and hydrogen bonding,
especially when extracellular polymeric substances
(EPS) are present.

with  branched or filamentous

microscopic,

3. Biosorption and Bioaccumulation Processes
Biosorption involves the passive binding of
pollutants to algal cell walls and EPS matrices. This
mechanism dominates the removal of microplastics,
heavy metals, and hydrophobic organic compounds,
resulting in the formation of particle—algae
aggregates that are more easily separated from the
water column.

In living microalgae, bioaccumulation further
contributes to pollutant removal. Dissolved
contaminants may be transported across cell
membranes and  compartmentalized  within
intracellular structures or enzymatically transformed
into less reactive forms. This active uptake is
particularly relevant for nutrients and low-molecular-
weight organic pollutants.
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4. Bioflocculation and Sedimentation

As algal cells bind particles, biological flocs
composed of algae, EPS, and pollutants form. These
aggregates possess increased effective size and
density, enhancing gravitational settling or
sedimentation. This process reduces the residence
time of microplastics in the water column and limits
their bioavailability to pelagic organisms.

5. Removal of Nutrients and Dissolved Contaminants
In addition to particulate pollutants, seaweeds and
microalgae efficiently remove dissolved nutrients
through direct assimilation for photosynthesis.
Concurrently, heavy metals and  organic
contaminants bind to functional groups on algal
surfaces or are metabolically processed within cells.
These combined mechanisms contribute to nutrient
immobilization, and overall

regulation, metal

improvement in water quality.

6. Biomass Harvesting and Pollutant Extraction

For applied remediation, algal biomass—particularly
macroalgae—is periodically harvested to prevent
pollutant re-release. Harvesting physically removes

adsorbed and accumulated contaminants from the
aquatic system and enables safe disposal or
secondary use of biomass, such as conversion into
biochar or controlled waste treatment.

Rationale: Biomass removal is essential to ensure
permanent pollutant extraction and avoid secondary
contamination.

5.2.3. Integrated Mechanism

Filtration

Effective algal remediation systems operate through

a sequence of interconnected processes:

1. Contact between pollutants and algal surfaces
facilitated by water movement,

2. Surface adsorption and binding
chemical functional groups and EPS,

3. Aggregation into bioflocs that enhance settling,

4. Biological uptake and
dissolved contaminants, and

5. Periodic harvesting to permanently remove
pollutants from the ecosystem.

System performance is influenced by algal species

traits, pollutant characteristics, water chemistry, and

of Algal-Based

through

transformation of

hydrodynamic conditions.
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5.3 Filter-Feeding Organisms

Oysters and mussels filter large volumes of water
daily, removing suspended particles, organic matter,
and microplastics. Restored oyster reefs improve
water clarity, stabilize sediments, and enhance
biodiversity.
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However, bioaccumulation of pollutants in edible
tissues necessitates careful management. Despite this
limitation, filter-feeding organisms provide valuable
ecosystem services and support fisheries recovery.
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Figure.9): Schematic demonstrating the cycling of pollutants in coastal ocean systems, including uptake and
exchange in ocean ecosystems. Here, CECs (chemicals of emerging concern), microplastics (uPs) and/or
persistent organic pollutants enter the water column through the ocean surface, river input, waste water treatment

plants, etc., before undergoing various processes outlined in the schematic. Pollutants are cycled through both
pelagic and benthic ecosystems, biomagnifying as they move up the food chain and various trophic levels.
Source: Pollution and Water Quality - Hibernian Marine System

METHOD & MECHANISMS: Pollution Filtration
by Filter-Feeding Organisms

Filter-feeding organisms — including bivalves such
as oysters (Ostrea edulis, Saccostrea cuccullata,
Crassostrea gigas), mussels (Mytilus edulis), clams
and other suspension feeders — play a unique
biological role in aqueous ecosystems by
continuously filtering large volumes of water to
extract food particles. In the process, they also
capture microplastics and other pollutant particles
suspended in the water column, unintentionally
acting as natural biological filters. Studies have
demonstrated that the very mechanisms these
organisms use to feed on plankton and detritus also
make them highly effective at intercepting suspended
contaminants, including microplastics, which often
overlap with the size range of their natural food
items.

1. Biological Filtration Mechanisms

Water Intake and Ciliary Transport

Filter feeders draw water through inhalant siphons or
openings using coordinated beating of cilia on their
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gills. This action creates a continuous unidirectional
water current, pulling large volumes of seawater into
the organism. The gill structures are lined with fine
cilia and mucus layers that trap particles — including
phytoplankton, zooplankton, organic detritus, and
incidentally, microplastic particles suspended in the
water.

Particle Sorting and Capture

Once particles encounter the gill surfaces, different
sizes and densities are sorted. Fine particles adhere to
mucus on the gill filaments and are transported by
cilia toward the labial palps. The palps then sort
particles by size and composition, directing food-
sized particles toward ingestion and rejecting others
that are too large or not recognized as food.
Microplastics in the 20—150 um size range, which
often coincide with the typical size of plankton, are
effectively intercepted during this sorting process.

Ingestion and Egestion
Particles that pass the sorting process are ingested
and enter the digestive tract, while others are expelled
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as pseudofeces — aggregates of non-nutritive
particles bound by mucus that are expelled from the
organism without being digested. These processes
collectively remove contaminants from the water
column by transferring them into organisms or into
settled biodeposits.

2. Microplastic Retention and Accumulation

Studies show that microplastics do not simply pass
through filter feeders without consequence —
instead, these organisms can accumulate
microplastics in their tissues and digestive systems,
providing evidence of pollutant interception. In
controlled sampling of Ostrea edulis, microplastic
concentrations correlated with environmental levels
and reflected the local contamination profile,
indicating that bivalve filtration directly mirrors
ambient pollutant loads.

Field studies of filter-feeding oysters (Saccostrea
cuccullata) along the Gujarat coast found widespread
microplastic contamination, with fibers and
fragments present at measurable abundances per
gram of soft tissue. This demonstrates how filter
feeding unintentionally ingests microplastics along
with organic matter.

Mussels and other bivalves show similarly high
prevalence of microplastics in their tissues. Research
indicates that their high filtration rates (multiple liters
per hour per individual) make them susceptible to
accumulating microplastics and associated chemicals
adsorbed onto those plastics.

3. Ecological and Pollutant Pathways

Microplastics as Vectors

Microplastic particles often adsorb hydrophobic
organic pollutants, heavy metals, and persistent
organic compounds on their surfaces. Filter feeders,
by ingesting these particles, can indirectly capture
those associated pollutants. Because microplastics
have high surface area-to-volume ratios, they can
concentrate contaminants such as PCBs or phthalates.
When organisms ingest them, these pollutants may
then partition into their tissues, contributing to
bioaccumulation and trophic transfer. Sustainable
Environment Research+1

Sedimentation via Biodeposition

Particles that are not ingested are bound into
pseudofeces and feces that settle to the seabed. This
process effectively transfers suspended microplastics
from the water column to benthic sediments, where
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they may be buried or interact with sediment
biogeochemistry. This biodeposition mechanism is a
key component of how filter feeders transfer and
sequester pollutants from surface waters into
sedimentary layers. JSSM

4. Ecosystem Impacts and Limitations

While filter feeders remove microplastics and
pollutants from the water column, this mechanism
has dual ecological implications:

a. Indicator Function

Because filter feeders concentrate microplastics
within their tissues, they are widely used as
bioindicators of environmental contamination —
meaning that microplastic loads in bivalves can be
used to infer water quality and pollutant levels in their
surrounding habitats. MDPI

b. Physiological Stress

The ingestion and retention of microplastics can
negatively affect filter feeder health. For example,
high microplastic exposure has been linked to
reduced filtration efficiency, inflammation in gill
tissues, and reduced feeding rates or energy reserves.
These physiological stresses can diminish the
organisms’ ability to process water over time and may
reduce ecosystem filtration capacity. Aqua Publisher

c. Trophic Transfer and Human Exposure

Because many filter feeders are part of human diets
(e.g., oysters, mussels), microplastics and associated
pollutants can enter food webs, raising concerns
about human exposure to toxins bound to or within
microplastic particles. Sustainable Environment
Research

5. Summary of Filter Feeding as a Biological
Pollution Mitigation Pathway

In summary, filter feeding by marine bivalves and
similar organisms removes suspended particles —
including microplastics and pollutant-laden particles
— from the water column through active filtration,
sorting, ingestion, and biodeposition. While this
process does reduce the concentration of pollutants in
seawater locally, it also means that contaminants can
accumulate within organisms and enter food webs.
Despite these complexities, the collective action of
filter feeders represents a natural removal and
sequestration mechanism that affects pollutant
dynamics in coastal ecosystems and can be leveraged
for monitoring and environmental assessment.
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5.4 Mangrove and Coral Reef Restoration
Mangroves trap plastic debris within complex root
networks, reduce hydrodynamic energy, and host
pollutant-degrading microbes. Coral reefs act as
ecosystem engineers, supporting biodiversity and
reducing coastal erosion.

Restoration of these habitats enhances ecosystem
resilience, stabilizes sediments, and mitigates
pollution impacts over long timescales. For India,
mangrove restoration offers particular promise due to
favorable climatic conditions and extensive coastal
regions.

METHOD & MECHANISMS: Mangrove and Coral
Reef Restoration for Pollution Mitigation

A. Mangrove Restoration — How It Reduces Ocean
Pollution

Mangrove ecosystems play a crucial role in
mitigating ocean pollution due to their unique three-
dimensional root structure, high biological
productivity, and position at the land—sea interface.
The complex network of aerial and prop roots found
in species such as Rhizophora, Avicennia, and
Bruguiera functions as a mechanical filter for
floating debris, including plastics carried by river
runoff and tidal currents. As water moves through
mangrove stands, buoyant and suspended materials
become entangled in the labyrinth of roots and
pneumatophores. This physical trapping is not
passive; it reflects a hydrodynamic reduction in water
velocity, which promotes settling of particles that
would otherwise disperse into the open ocean. Meta-
analyses of global mangrove systems indicate that
sediments  often

mangrove contain  high

concentrations of macroplastics and microplastics,
reflecting the importance of these ecosystems as
natural sinks for marine debris. PubMed

Once trapped, plastics and other particulates are
subject to biogeochemical processing. The sediments
beneath mangrove forests are rich in organic matter
and support diverse microbial communities capable
of degrading certain organic pollutants, including
hydrocarbons, through enzymatic pathways.
Although plastics themselves are resistant to rapid
microbial breakdown, their entrapment in sediments
reduces their mobility and exposure to open waters,
effectively isolating them. Scientific reviews have
shown that protected mangrove ecosystems exhibit
measurable reductions in macroplastic abundance
compared to open coastal waters, underscoring the
trapping effect of root structures. ScienceDirect

Mangroves also function as ecosystem engineers that
alter sediment dynamics and enhance pollutant
sequestration. The continuous deposition of fine
sediments rich in organic carbon creates conditions
where microplastics, heavy metals, and persistent
organic pollutants (POPs) become incorporated into
the benthic layer. These buried contaminants are less
likely to reenter the water column, serving a long-
term sink function in coastal pollution dynamics.
Because mangroves occupy transitional zones
between terrestrial watersheds and open seas, they
serve as a critical buffer, filtering land-based
pollution and reducing the load of contaminants that
would otherwise impact downstream ecosystems,
such as coral reefs and seagrass beds. ScienceDirect
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Figure.10)From: Plastic pollution in mangrove ecosystems: A global meta-analysis - ScienceDirect

Therefore, mangrove restoration contributes to ocean
pollution reduction through a combination of
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physical trapping, sediment stabilization, microbial
processing, and ecosystem Dbuffering. Their
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effectiveness as natural filters makes them essential
components of integrated coastal management
strategies aimed at controlling plastic and chemical
pollutants in nearshore waters. This understanding
highlights the dual role of mangroves as both
conservation targets and active participants in
pollution mitigation.

B. Coral Reef Restoration — How It Enhances
Pollution Mitigation

Coral reef restoration contributes to pollution control
through both direct and indirect ecological
mechanisms. Unlike mangroves, coral reefs do not
function as mechanical traps for debris in the same
way; rather, they influence pollution dynamics
through water filtration, sediment attenuation,
nutrient cycling, and biological interactions. Coral
reefs provide a highly structured habitat with
extensive surface area created by calcium carbonate
skeletons, which supports a rich diversity of
organisms, including filter feeders, herbivores, and
detritivores, all of which contribute to water
purification processes.

One direct effect of coral reef structures on pollution
is their influence on sediment dynamics and water
clarity. Reef frameworks break wave energy and
reduce current velocity nearshore, which promotes
the settlement of suspended particles, including
sediments and microplastics, into reef-associated
sediments. Slower water movement near reefs allows
fine particles to settle out of suspension rather than
remaining mobile and transporting pollution further
into coastal waters. Research indicates that
microplastics can accumulate in reef sediments and
biota, suggesting that reef environments act as sinks
for certain particle sizes and types. PubMed

Furthermore, coral polyps and their symbiotic algae
(zooxanthellae) play roles in nutrient cycling and
pollutant uptake. While corals do not metabolize
plastics, they take up dissolved nutrients (such as
nitrogen and phosphorus) that are associated with
anthropogenic pollution. Restored reefs with healthy
coral cover can more effectively process these
nutrients, thereby reducing eutrophication and
lowering the risk of harmful algal blooms that
exacerbate water quality issues. Research using in
situ  observations and biochemical assays
demonstrates that reef ecosystems with greater
structural complexity and biological activity have
enhanced capacity for nutrient removal and sediment
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attenuation compared to degraded reef systems.
MDPI

Indirectly, healthy coral reefs contribute to the
resilience of adjacent ecosystems, including
mangroves and seagrasses. Reefs act as ecological
barriers that reduce wave energy and protect coastal
zones from erosion, which in turn lowers sediment
loads entering nearshore waters and improves
conditions for seagrass and mangrove restoration.
This ecosystem interconnectivity enhances overall
coastal water quality and reinforces a feedback loop
where restored reefs help maintain the environmental
conditions necessary for adjacent biological filtration
systems to function effectively. GNA

In essence, coral reef restoration helps mitigate ocean
pollution by (1) enhancing the settling and retention
of suspended particles, (2) promoting biological
nutrient cycling, and (3) improving ecosystem
stability and resilience. While reefs may not
physically trap large debris like mangroves, their
influence on water movement, sedimentation, and
nutrient dynamics plays a significant role in reducing
the mobility and biological availability of pollutants
in coastal environments.

VI. INDIAN CONTEXT AND APPLICABILITY

India’s long coastline and dense coastal populations
make it particularly vulnerable to marine pollution.
Rivers transport large quantities of plastic and
chemical waste into seas, while limited waste-
management infrastructure exacerbates the problem.
Marine biology-based solutions offer cost-effective
and locally adaptable approaches for India. Seaweed
farming, mangrove restoration, and oyster reef
projects can simultaneously reduce pollution, restore
ecosystems, and generate livelihoods for coastal
communities.

VII. PROPOSED INTEGRATED FRAMEWORK

This study proposes an integrated framework
combining:

e Policy and governance reforms

e  Waste-management improvements

e Marine biological interventions

e  Community participation and education

Such integration aligns with global sustainability
goals and enhances long-term effectiveness.
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VIII. CONCLUSION

Ocean pollution is a multidimensional environmental
challenge that cannot be effectively addressed
through technological interventions or regulatory
frameworks alone. This review highlights that marine
biological systems offer robust, regenerative, and
scientifically validated solutions that complement
conventional  pollution  control strategies.
Microorganisms, seaweeds, filter-feeding organisms,
and coastal habitats such as mangroves and coral
reefs collectively function as natural remediation
units by degrading pollutants, filtering contaminants,
and stabilizing ecosystems over long timescales.

Marine microorganisms demonstrate the capacity to
biodegrade hydrocarbons, plastics, and industrial
organic pollutants through enzymatic and metabolic
pathways, providing
environmentally benign alternatives to chemical
treatments. Seaweeds and microalgae act as efficient
biofilters, removing excess nutrients, heavy metals,
and microplastics while simultaneously contributing

low-energy and

to carbon sequestration and livelihood generation
through aquaculture. Filter feeders reduce suspended
particulate loads, and restored mangroves and reef
systems function as long-term sinks for pollutants
while enhancing coastal protection and biodiversity.

Importantly, these biological solutions operate with
minimal secondary pollution, low infrastructure
demands, and high compatibility with ecosystem
restoration. Their scalability through aquaculture
systems, bioreactors, and integrated coastal
management frameworks makes them particularly
relevant for developing coastal nations such as India,
where economic feasibility and environmental
sustainability must progress together.

Beyond  environmental remediation, marine
biological approaches support circular economy
models by converting waste into valuable by-
products such as bio-enzymes, biofertilizers,
bioplastics precursors, biomaterials, and biofuels.
Their applications extend to wastewater treatment,
industrial effluent management, and oil-spill
response, reducing reliance on energy-intensive and
chemical-based methods.

From a global sustainability perspective, marine

biological solutions directly align with multiple
United Nations Sustainable Development Goals

1JIRT 189783

(SDGs)—notably SDG 6 (Clean Water and
Sanitation), SDG 12 (Responsible Consumption and
Production), SDG 13 (Climate Action), SDG 14 (Life
Below Water), and SDG 15 (Life on Land). By
integrating marine biology with biotechnology,
environmental engineering, and policy planning,
these approaches emerge as future-ready,
interdisciplinary tools essential for sustainable
pollution management and long-term ocean health
preservation.

In conclusion, marine biological solutions should be
recognized not as supplementary options, but as core
components of global and national strategies for
ocean restoration, environmental resilience, and
sustainable development.
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