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Marine pollution has become a serious threat to oceanic ecosystems, biodiversity, and the livelihoods of people 
depending on the sea. This paper discusses the major sources of water contamination, which include land-based runoff, oil 
spills, chemical dumping, and emerging issues such as microplastics. The consequences of pollution for marine species and 
humans are also reviewed. Recent advances in sensor technology, forensic pollution analyses, and other innovative 
methodologies that facilitate the detection and assessment of contaminants and their impact on the environment are 
presented. Particular attention is devoted to modern treatment and management strategies, including waste reduction 
policies, mangrove restoration, bioremediation, biodegradable materials, and coral reef conservation. However, 
technological improvements are not sufficient to solve the problem, which requires multidisciplinary interventions at local 
and global levels. Awareness, engagement, and education of the general public and better governance are critically important 
to ensure effective action. Marine pollution is especially acute in coastal and developing countries, where urbanization, 
improper waste disposal, and inadequate surveillance infrastructures aggravate the effects of contaminants. Technological 
innovation, combined with sustainable and resilient practices, regulatory frameworks, and community participation, can help 
achieve the goal of effective pollution management and conservation of natural resources for future generations. Addressing 
this complex issue requires collaborative and multidisciplinary efforts on the part of scientists, governments, private 
industries, and communities. 
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Introduction 
Approximately 70 percent of Earth's surface is 

covered by oceans, which make up an important 
component of our biosphere. Oceans have many 
functions for regulating Earth's climate and for 
supporting biodiversity and livelihood of billions of 
people¹. However, today marine ecosystems suffer 
from anthropogenic influences; among them, 
pollution is the key threat for the survival and 
resilience of these ecosystems to environmental 
impacts². To address marine pollution, there should be 
not only environmental actions but also a complex 
approach combining ecological, social, economic, and 
political aspects of the problem³. Pollution does not 
affect marine ecosystems in isolation from other 
anthropogenic influences; rather, sometimes its 
effects become intensified in combination with others 
such as overfishing, unsustainability of marine 
resources harvesting, habitat loss, natural disasters, 

disease, and invasion by exotic species⁴. All these 
threats can change ecosystem structure and weaken its 
functioning. 

Aligned with global priorities, the central 
developmental framework addressing marine 
pollution is Sustainable Development Goal 14 (Life 
Below Water), which calls for the conservation and 
sustainable use of oceans, seas, and marine resources 
to support sustainable development. Specifically, 
Target 14.1 seeks to prevent and significantly reduce 
all forms of marine pollution by 2025, with particular 
emphasis on tackling pollution originating from land-
based activities such as marine debris and nutrient 
runoff5.  

Globally, it is estimated that up to 80 % of marine 
pollution originates from land-based sources. 
Agricultural runoff is a key driver of nutrient loading 
in coastal waters6. The Gulf of Mexico’s so-called 
“Dead Zone”, one of the largest hypoxic zones in the 
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world, is an alarming example of how excess nitrogen 
and phosphorus fertilisers from farmlands can trigger 
algal blooms that deplete oxygen levels and devastate 
marine life7. Similarly, urbanisation and poor solid 
waste management have produced shocking examples 
like the Great Pacific Garbage Patch a massive 
accumulation of plastic debris in the North Pacific 
Gyre that is estimated to cover an area twice the size 
of Texas8. 

In recent decades, research on marine pollution has 
evolved well beyond the traditional focus on oil spills, 
radioactive waste dumping, and chemical discharges. 
Recent research has expanded our understanding of 
marine pollution beyond traditional contaminants. 
Microplastics, pharmaceuticals, personal care 
products, pesticides, endocrine-disrupting chemicals, 
and complex mixtures of pollutants are now receiving 
increasing attention because their effects on marine 
organisms and ecosystems are not yet fully 
understood⁹. At the same time, researchers are using 
more advanced methods to track and monitor these 
pollutants. Remote sensing, in-situ sampling, and 
molecular techniques are helping scientists identify 
pollution pathways and assess environmental changes 
with greater speed and accuracy¹⁰. 

Plastic pollution is undoubtedly among the most 
extensive types of environmental pollution. Annually, 
approximately 8 million metric tons of plastics are 
added to oceans worldwide. This quantity may be 
represented by a garbage truck filled with plastics 
entering the ocean each minute¹¹. With the 
degradation of large plastics, microplastics occur, 
which may remain suspended in water and get 
deposited in sediments as well as ingested by marine 
animals¹². Microplastics were identified even in deep 
ocean trenches and Arctic sea ice¹³. 

Marine pollution adversely affects humans' well-
being since its consequences extend far beyond 
ecosystems¹⁴. Coastal populations are especially prone 
to suffering the adverse effects of pollution, as many 
rely on the sea for their food, work, earnings, and 
leisure time¹⁵. Marine pollution may compromise the 
safety of seafood, introduce toxins and pathogens into 
the food chain, impact fishing and aquaculture 
production, and negatively influence tourism, etc.¹⁶. 

Effective monitoring and pollution control 
techniques are essential to solving these problems. 
The use of remote sensing, in-situ monitoring 
networks, and autonomous systems may assist in the 
identification of the pollution events and sources. In 
addition, solutions such as biodegradable materials, 

improved waste management, bioremediation, and 
innovative water treatment methods are also 
applicable¹⁷. 

It is obvious, however, that the use of technology 
alone is not enough. Environmental policies and 
regulations, the involvement of the industry and 
community are crucial for solving the problem as 
well. Bringing all these factors together would allow 
improving prevention and response to pollution, 
enhancing the resilience of marine ecosystems and 
protecting oceans and the resources they contain for 
future generations. 
 
Methodology 

A literature search was done in PubMed and 
Google Scholar databases for literature published 
from 2010 to 2025 using the following keywords: 
"marine pollution", "tracking", "marine monitoring", 
and "restoration". The preliminary search resulted in 
3,530 papers. Title and abstract screening was carried 
out to eliminate duplicates, followed by full-text 
screening. Inclusion criteria for articles are listed 
below: (i) relevant to marine pollution tracking, 
monitoring, and restoration; (ii) published in English; 
(iii) full text available. A total of 68 articles are 
selected for review. 
 
Sources and types of marine pollution 

Marine ecosystems are among the most 
biologically diverse and productive environments on 
Earth. They provide habitat for countless species, 
regulate carbon and nutrient cycles, and act as buffers 
against extreme weather events. However, these 
ecosystems are increasingly threatened by a wide 
array of pollutants introduced through human 
activities. 
 
Land-based pollution 

Marine pollution occurs as a result of land-based 
activities whereby the contaminants get to the sea via 
water currents or drainage systems. Agricultural 
practices are significant contributors to pollution in 
the ocean. Fertilizers, pesticides, and animal manure 
get to the water systems then to the coastal waters. 
Nutrients especially nitrates and phosphates facilitate 
the growth of algae in a process known as 
eutrophication. As the algae die, the levels of oxygen 
in the water reduce to such an extent that the living 
things cannot get enough to sustain their lives. There 
are more than 400 cases of such zones reported in 
various parts of the world¹⁸. 
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Urbanization and industrialization are other factors 
contributing to marine pollution. Raw sewage from 
homes and industries, as well as untreated stormwater 
runoff, transport disease-causing pathogens like E. 
coli, Vibrio Cholera and Salmonella bacteria in water 
systems and to the coast where people use the water. 
Wastewater from industrial operations may contain 
harmful heavy metals such as mercury, cadmium, and 
lead, and organic pollutants such as polychlorinated 
biphenyls (PCBs) in marine environment¹⁹. Such 
substances build up in the marine creatures then get 
transferred up the food chain leading to high levels of 
contaminants in marine animals like tuna, swordfish, 
and whales which in turn pose health risks to humans 
consuming the seafood. 
 
Oil pollution 

Oil spill incidents, whether large-scale accidents or 
normal operations, remain a serious concern to marine 
life. As dramatic accidents such as Exxon Valdez 
(1989) and Deepwater Horizon (2010) attract media 
attention, the fact that most cases of oil pollution 
come from small incidents, namely oil shipping, bilge 
discharge, pipelines leakage, and runoffs is often 
overlooked. Oil contamination causes insulation 
problems for birds and mammals, whereas toxic 
hydrocarbons may poison fish and invertebrates as 
well as coastal vegetation20.  
 

Plastic pollution 
Plastics make up the bulk of marine debris that 

people can actually see. Plastic litter from shopping 
bags, discarded fishing lines and gear, micro-beads, 
and synthetic fibres finds its way into the ocean via 
rivers, storm sewers, direct dumping, and even 
through atmospheric deposition. Due to their 
resistance and slow degradation process, plastics can 
last in the marine environment for hundreds of years. 
Turtles, birds, and marine animals mistake plastic 
litter for food or become entangled in old fishing nets 
resulting in serious injuries or even death21. 
 

Radioactive pollution 
Despite being a rare source of marine 

contamination compared to others, radioactive 
pollution may cause serious and lasting effects. 
Sources of radioactive pollution include nuclear 
power plants, hospitals, and historic nuclear weapons' 
testing sites. Radioactive compounds may be 
accumulated in sediments and organisms and may 
later reach the human food chain through infected 
shellfish and predatory fish²². 

Thermal and noise pollution 
Thermal pollution is often related to industrial 

plants where warm water is used for cooling purposes. 
Even a slight change in water temperature may affect 
the distribution, reproduction, metabolism, and 
viability of temperature-sensitive marine creatures. 
The problem of noise in underwater environment 
becomes more serious each year because shipping, 
seismic surveys, offshore constructions and some 
other human activities create long-lasting and loud 
noises which prevent marine mammals and fish to 
communicate, navigate, feed themselves and 
reproduce²³ (see Fig. 1). 

Cumulative impact of these various types of 
pollution is significant. Some pollutants may depress 
immunity and reproduction of marine organisms and 
affect the food web interactions, together with other 
environmental stresses. Coral reefs which suffer from 
sea temperature increase and acidification of oceans 
can experience additional stresses in the form of 
sediments and chemical contamination. Mangroves 
and salt marshes which play an important role in 
protecting shorelines from erosion and functioning as 
nursery areas for many species, can be damaged due 
to oil pollution and runoff²⁴. These problems affect 
not only the life in oceans but also fisheries, coastal 
communities, food safety and living of people 
depending on the healthy ocean²⁵. Knowledge of ways 
of pollutant's entrance into the marine ecosystems, 
their movements and accumulation is therefore 
necessary to develop integrated strategies of 
prevention, monitoring and mitigation of the 
pollution²⁶. 
 
Microplastic pollution: An emerging problem 

Microplastics have emerged as one of the most 
ubiquitous pollutants in the world's oceans and 
constitute a key focus of environmental studies today. 
Microplastics may be referred to as plastic particles 
that are less than 5 mm and can be produced both 
intentionally and unintentionally from larger plastic 
products. They have been found in many marine 
locations, such as polar sea ice and deep sea 
trenches²⁷. 

Microplastics may be classified as primary and 
secondary microplastics. Primary microplastics are 
artificially produced particles for special purposes. 
These include microbeads formerly utilized in 
personal care products as well as abrasive 
microplastics²⁸. There are efforts made to regulate the 
production and use of microbeads. For example, the 
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U.S. Microbead-Free Waters Act of 2015 was a 
crucial piece of legislation passed by the United 
States to limit their use²⁹. 

Secondary microplastics emerge as a result of 
disintegration of larger plastic products through 
exposure to sunlight, mechanical forces and other 
environmental factors. The most common sources of 
secondary microplastics include discarded packaging 
materials, fishing equipment, textile products, and tire 
wear³⁰. According to estimations, millions of tons of 
plastic are dumped into the oceans every year. A 
considerable part of them is broken down into 
secondary microplastics³¹. Because of low weight and 
longevity of plastic materials, microplastic particles 
can travel vast distances across the ocean and 
atmosphere³². Their presence in Arctic sea ice and 
deep-water locations more than 10,000 meters deep 
illustrates their ubiquity³³. 
 
Ecological and human health implications 

Microplastics may have an effect on marine life at 
various trophic levels. Zooplankton might consume 

plastic particles since the latter resemble their natural 
food. Thus, they impair the feeding, development, and 
reproduction of zooplanktons and, consequently, 
organisms that rely on zooplankton as a source of 
food³⁴. Filter-feeding species, such as mussels, 
oysters, and clams, are prone to the effect since they 
filter significant amounts of water constantly. 
Microplastics have been found in commercially 
valuable shellfish, posing a dietary threat to those who 
eat seafood³⁵. Some estimates state that regular 
consumers of shellfish may ingest thousands of 
microplastics annually³⁶. The impact of microplastics 
is not restricted only by their physical presence. 
Microplastics' surfaces may interact with chemicals 
present in the sea water, namely, PCBs, PAHs, and 
pesticides³⁷. In addition, microplastics may serve as a 
surface for microorganisms to attach and move 
around with water. When consumed, chemicals might 
be released under the influence of conditions in the 
digestive system of animals and contribute to the 
contamination³⁸. There is also information on the 
inflammatory and endocrine-related impacts of 

 
 

Fig. 1 — Major sources and types of marine pollution 
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microplastics on certain marine species. The effect on 
humans requires further investigation but includes 
gastrointestinal issues, chemical contamination, and 
possible reproductive and metabolic effects³⁹. 
 
Monitoring, research, and policy response 

The identification of the sources of pollution, their 
migration, and locations where particles accumulate is 
an important prerequisite to comprehending 
microplastic pollution. Monitoring programs have 
begun to investigate microplastics in seawater, 
beaches, sediment, and marine life. Methods like 
FTIR and Raman spectroscopy can be used to 
distinguish various types of plastic and characterize 
microplastics isolated from environmental samples⁴⁰. 

There has also been an increase in policy actions. 
The EU Strategy for Plastics in a Circular Economy 
set out policy steps to help limit plastic waste and 
minimize plastic leakage into the environment. 
Countries such as Canada, the UK, India, and New 
Zealand have initiated measures to prohibit 
microbeads and particular single-use plastic products. 
But the increase in global production of plastic is a 
formidable problem⁴¹. However, improvements are 
always possible and public participation plays an 
important role in this matter. Citizen science and 
beach cleaning programs will not only gather 
information about the scope of the issue and types of 
plastic pollution but raise people’s awareness. The 
International Coastal Cleanup program has inspired 
people to take action by registering for the cleanup of 
marine debris. Responsible consumption, segregation, 
and recycling of waste in addition to other materials 
as alternatives to conventional plastic waste will be 
useful in this respect. 
 
Toward solutions 

Prevention of microplastics from being deposited 
into the sea necessitates interventions on multiple 
fronts, ranging from plastic production and usage to 
wastewater treatment and waste management 
practices. Upgrading wastewater treatment facilities, 
using membrane treatment techniques and other forms 
of filtration could allow for the interception of 
microplastic particles prior to their discharge into 
rivers and coasts⁴⁴. One promising area of 
bioremediation research involves the search for 
bacteria, fungi, and enzymes capable of breaking 
down some plastics. 

However, no single intervention would be enough. 
Interventions such as reduced production of plastic 

when possible, product redesign, enhanced waste 
management and recycling efforts, increased 
consumption sustainability, regulation, among others 
should all play a part. The combination of all of these 
actions with efficient monitoring and engagement of 
communities would provide a more realistic approach 
to mitigating microplastic leakage⁴⁵ (Fig. 2). 
 

Tracking and monitoring marine pollution 
Effective management begins with knowing where 

pollution comes from, how it moves, how much is 
present, and what effects it has on marine ecosystems. 
Reliable monitoring data help researchers understand 
contamination patterns and allow policymakers and 
environmental agencies to assess whether control 
measures are working⁴⁶. Advances in monitoring 
technologies over the past two decades have expanded 
the ability to observe marine pollution across both 
large and difficult-to-access areas. 
 

Traditional in situ sampling 
Direct sampling remains an important part of 

marine pollution monitoring. Researchers collect 
water, sediment, and biological samples and analyse 
them in laboratories for chemical, physical, and 
biological indicators. These methods can be used to 
measure contaminants such as heavy metals, 
petroleum residues, nutrients, microplastics, and 
pathogens⁴⁷. Although in situ sampling provides 
detailed information from specific locations, it can be 
time-consuming and expensive when large areas need 
to be surveyed. 
 

Remote sensing technologies 
Remote sensing systems have greatly increased our 

ability to monitor large areas of the oceans, beyond 
the capability of ship-based observations to identify 
any environmental anomalies. Through remote 
sensing from high altitudes, one can easily detect oil 
slicks, algal blooms, murky water masses, and 
discrepancies in surface temperature of the sea⁴⁸. The 
Synthetic Aperture Radar (SAR) proves useful in 
tracking activities such as oil spills because it operates 
on all-weather and around-the-clock basis and does 
not get affected by weather or light conditions. In 
addition to SAR, multispectral and hyperspectral 
sensors make it possible to detect particular 
biochemical factors such as chlorophyll and others 
related to algal blooms and changes in water quality⁴⁹. 

Remote sensing satellites, such as the NASA Aqua 
satellite with its Moderate Resolution Imaging 
Spectroradiometer (MODIS) system, are crucial in 
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recognizing harmful algal blooms and monitoring 
changes in the coastal regions⁵⁰. Remote sensing, even 
though highly efficient in detecting surface pollution 
and oceanographic changes, is limited by some 
technical factors that make the process impossible to 
conduct. The sensors can detect only the topmost 
layer of the ocean; hence they cannot be used to 
detect pollutants buried within the sediments⁵¹. 
 
Autonomous and robotic technologies 

The use of autonomous and robotic technology is 
improving the possibility of observing the oceanic 
environment that proves difficult with respect to 
logistics, safety, or costs for traditional research 
techniques. AUVs and ROVs have sensors for 
monitoring oceanographic parameters such as 
temperature, salinity, dissolved oxygen, turbidity, and 
certain contaminants at various depths of water. The 
use of these sensors is supplemented by profiling 
floats used in projects like Argo to observe the 
physical and biogeochemical properties of oceans⁵². 

The ocean glider is another innovative technology 
being employed in autonomous ocean monitoring. By 
altering buoyancy, they propel themselves in both 
horizontal and vertical directions, thus reducing their 

energy consumption. Due to their endurance and 
autonomous nature, they prove extremely useful in 
geographically distant locations like polar regions and 
deep sea areas⁵³. 
 
Fixed sensor networks and real-time monitoring 

Infrastructure of fixed sensors, which are part of 
buoys, moorings and coastal observatory systems, 
provides for continuous monitoring of the 
environment. Stationary stations accommodate 
different types of sensors, which allow monitoring the 
variables such as temperature, pH level, level of 
dissolved oxygen, nutrients' concentration, and 
turbidity. When the information is provided in real 
time, unusual situations like the cases related to 
harmful algal bloom, chemical discharges and oil 
spills can be detected in time, which allows 
authorities to conduct necessary investigations⁵⁴. 

Additional sources of information on the issues 
connected with the pollution of the marine 
environment are provided by citizen science 
programs. The participants of these programs use 
special applications, such as Marine Debris Tracker, 
to provide information regarding marine debris, 
pollution incidents and other ecological phenomena⁵⁵. 

 
 

Fig. 2 — Future strategies for microplastic mitigation 
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Integrating data and new frontiers 
New avenues for monitoring maritime pollution 

have been made possible by the rise of big data and 
Artificial Intelligence (AI). Machine learning 
algorithms are quicker and more accurate than 
traditional methods alone, and they can identify 
pollution hotspots and predict contamination trends 
by analysing large datasets from satellites, sensors, 
and field samples56. AI models, for instance, can 
predict how oil slicks will spread depending on wind 
and ocean currents, enabling more efficient 
containment and cleanup efforts. Blockchain 
technology is being tested to enhance plastic waste 
traceability, ensure supply chain accountability, and 
promote ethical waste management57. There are still 
issues despite these technological advancements. 
Funding and infrastructure for long-term monitoring 
projects are still lacking in many areas. 
Standardisation and data sharing are essential for 
facilitating cross-border collaboration, especially 
when it comes to transboundary environmental 
problems like plastic waste that is transported from 
one country's coast to another by ocean currents58. The 
best course for reliable marine pollution monitoring is 
to combine conventional techniques, state-of-the-art 
technologies, and community involvement. The 
capacity to identify, monitor, and react to pollution in 
real time will be essential for safeguarding marine 
ecosystems and the communities that rely on them as 
environmental stresses increase. 
 
Emerging trends and technologies 

The rapid advancements in data science and 
technology have opened previously unexplored 
opportunities to transform the way we observe, 
understand, and address marine pollution. In addition 
to improving detection and response capabilities, 
these technologies enable communities and politicians 
to make well-informed decisions based on up-to-date 
evidence. 
 
Artificial intelligence and machine learning 

Artificial intelligence (AI) and machine learning 
(ML) are transforming the methodologies employed 
in monitoring and interpreting marine pollution.  
The conventional way usually required the extensive 
manual processing of oceanographic and environmental 
data sets that could take weeks or even months to 
complete. With the use of AI, the process becomes 
faster as this technology allows for the quick analysis 
of large-scale and multi-dimensional data sets 

obtained with the help of satellites, unmanned aerial 
and underwater vehicles, drones and distributed 
sensors to identify patterns and predict pollution 
accidents⁵⁹. 

With the help of the AI algorithm, one can analyze 
the satellite imagery and distinguish between the oil 
spillages and natural phenomena like seaweed 
concentrations and algae blooms. Besides, machine 
learning allows predicting the movement of the 
marine garbage using information about ocean 
currents, tides and wind patterns. Such a prediction 
makes it possible to plan better the process of oil 
spills containment and remediation⁶⁰. The same 
progress is made in the field of monitoring of the 
microplastics. Using image recognition with the help 
of AI, scientists can automatically classify 
microplastics based on their morphology, size 
distributions and polymer composition⁶¹. 
 
Low-cost and community-based monitoring systems 

With the advances in affordable technology, the 
monitoring of pollution is becoming increasingly 
possible. Community-level initiatives will allow 
members of the local communities, including students 
and citizens themselves, to become active participants 
in the process of observing the environment⁶². The 
inexpensive sensors may monitor key parameters such 
as pH level, turbidity, and water temperature in the 
coastal waters, rivers, and estuaries thus allowing 
tracking changes in the water quality. When 
connected to the cloud system, the data collected will 
be available for use by researchers, regulators, and the 
public at large⁶³. 

The example of such tools includes the Marine 
Debris Tracker application, as well as such projects as 
Global Ocean Observing System. These approaches 
do not only help collect additional data but raise the 
environmental awareness among people and allow 
them to take a more active part in protecting their 
environment⁶⁴. 
 
Bioremediation and green technologies 

The tracking of pollution is merely one of many 
concerns facing researchers. Alternative methods of 
reducing contamination are being studied, as well. An 
example of such an effort involves the use of biological 
processes to reduce or eliminate pollution via the use of 
living organisms, including bacteria, fungi, and algae, in 
a process known as bioremediation⁶⁵. 

These organisms are able to attack such 
contaminants as petroleum hydrocarbons, heavy 
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metals, and organic pollutants. Certain types of 
bacteria that are capable of consuming oil could be 
used to assist in the decomposition of petroleum 
hydrocarbons released into the water due to oil spills, 
for example. The ability of microbes and enzymes to 
digest plastic waste is currently being researched by 
scientists. Experiments in laboratories with the use of 
genetically engineered bacteria to break down PET 
have demonstrated some promising results⁶⁶. 
 
Circular economy and product innovation 

Preventing pollution at the source is equally 
important. The shift towards a circular economy system 
seeks to delink economic growth from higher material 
input. This involves using materials for as long as 
possible through processes such as reuse, repair, recycle, 
and better design⁶⁷. Researchers and industries are 
working on alternative biodegradable packing materials 
and other compostable products that replace some 
plastics. Moreover, there is a growing interest in 
developing materials through mechanistic understanding 
for subsequent use and recycling. 

Meanwhile, new recycling technologies capable of 
addressing the challenges presented by current 
approaches are also being explored. For example, 
chemical recycle technologies can break plastics into 
chemical building blocks. Furthermore, pyrolysis 
processes can be used to generate transport fuels and 
other products from plastic waste⁶⁸. 
 
Integrating forensic science in pollution source 
identification 

Identifying where marine pollution comes from is 
often difficult, particularly when contaminants have 
travelled long distances before being detected. 
Environmental forensic methods are increasingly 
being used to trace pollutants back to their sources. 
Techniques originally associated with criminal 
investigations are now helping scientists investigate 
environmental contamination and provide evidence 
that can support regulatory action. 
 
Environmental forensics: tools and techniques 

Environmental forensics involves the use of a 
number of approaches including molecular markers, 
stable isotope analysis, chemical fingerprint, and 
DNA-based methods69. For example, the chemical 
fingerprint of hydrocarbon pollutants can be 
compared to that of suspected sources based on their 
unique mixture of characteristic hydrocarbons and 
trace metals70. On the other hand, stable isotope 

analysis can be used to differentiate between natural 
and man-made materials. For example, the nitrogen 
and phosphorus isotope composition can be used to 
establish the source of nutrient pollution in coastal 
waters71. 
 
DNA analysis and marine forensics 

Genetic methods are also expanding the role of 
forensic science in marine environmental research. 
DNA barcoding can help identify marine species 
affected by pollution, even when only small tissue 
samples or fragments are available⁷². Environmental 
DNA, or eDNA, provides another useful approach by 
detecting genetic material that organisms leave behind 
in water or other environmental samples. Comparing 
eDNA collected before and after a pollution event can 
help researchers identify changes in species presence 
and assess possible ecological damage. This 
information can support decisions about restoration 
and long-term ecosystem monitoring⁷³. 
 
Supporting governance and legal accountability 

Environmental forensics can also be used to 
enforce regulatory policies. Proof that connects 
environmental pollutants to a specific ship, facility, or 
action makes it easier for the regulatory agencies to 
assign responsibility and avoid passing on the cost of 
cleanup to taxpayers⁷⁴. The use of forensics in 
environmental monitoring would lead to better 
databases of pollution information, prevent illegal 
dumping of pollutants, and make industries 
accountable for their environmental performance. 
 
Mitigation and management 

Improved monitoring will help us to know what the 
sources of pollution are, how the pollution is being 
spread, but ultimately, real change lies in decreasing 
pollution at the source⁷⁵. 
 
Reducing plastic use and improving waste management 

Decreasing the quantity of plastic that enters the 
waste stream is a very practical method for reducing 
marine plastic pollution. Regulations limiting the 
production of unnecessary single-use plastics, coupled 
with the adoption of more sustainable, reusable and 
compostable products, can be helpful in preventing 
the leaking of plastic materials⁷⁵. Efficient waste 
management is also very critical. Inadequate waste 
management systems in coastal regions make it 
possible for large amounts of waste to end up in 
waterways and finally reach the oceans⁷⁶. 
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Sustainable industrial and agricultural practices 
In addition to reducing pollution from chemicals 

and nutrients, efforts are required from agriculture 
and industries. Precision fertilization, vegetated  
buffer strips, and constructed wetlands can help 
farmers reduce nutrient runoff⁷⁷. Improved wastewater 
management and substitution of harmful substances 
with safer ones are among the measures that 
industries can take⁷⁷. 

Prevention should be the key strategy in addressing 
oil pollution as well, rather than just cleaning up after 
the spillage. Safe oil shipping, frequent vessel 
inspections, double hulls of oil tankers, and efficient 
contingency plans can help prevent oil spills⁷⁸. 
 

Protected areas and ecosystem-based management 
MPA’s could contribute towards the conservation 

of biodiversity and offer damaged ecosystems a 
chance to rejuvenate themselves. This is done through 
the limiting of certain human activities that place 
pressures on marine environments, including oil 
exploration, dredging, and destructive fishing 
practices⁷⁹. ICZM is more holistic in its approach as it 
places the government, industry, local community, 
and scientists under one management scheme. This 
could assist in reconciling the needs of economic 
development with conservation of coastal 
environments and ecosystems⁸⁰. 
 

Public engagement and education 
However, there is a need for improvement in the 

long run, and this will require public engagement, 
specifically, the role of education. In general, 
education, as well as community and school-based 
programmes, can ensure that people behave and act 
responsibly regarding consumption and waste 
disposal and actively participate in community 
programmes aimed at restoring the environment. 
Conducting community activities such as clean-up of 
beaches, waste analysis and surveillance programmes 
can promote the involvement of the public in 
restoration and protection of coastal ecosystems. 
Moreover, businesses and government can take an 
active part in tackling the issue of plastic pollution in 
oceans. Environmental accreditation, eco-labelling 
and codes of conduct, corporate social responsibility 
programmes and innovative technologies can all help 
tackle the negative impact on marine ecosystems. It 
should be noted, however, that this complex issue 
needs a comprehensive approach that will take into 
consideration interaction of communities, businesses, 
government and science organizations. 

Marine habitat recovery and restoration 
Although prevention, monitoring, and management 

are key to preventing pollution in the future, the 
simple truth is that decades of pollution have caused a 
lot of damage to marine habitats and they need to be 
restored. The process of doing so can be very difficult 
but is absolutely necessary. 
 
Natural recovery vs. active restoration 

Natural recovery of some marine ecosystems is 
possible if the pollution sources are identified and 
reduced, and minimal stress from humans is assured. In 
such circumstances, rapidly growing coral colonies  
can colonize damaged reefs in less than ten years if  
there is improved water quality and a reduction in 
physical disturbance. Likewise, seagrass meadows and 
mangroves will naturally recover if there is less 
sedimentation and improved hydrology. Unfortunately, 
there is often not enough time allowed for natural 
recovery to achieve conservation objectives, particularly 
in habitats such as deep-water corals, salt marshes, and 
reef communities that take centuries to form. 
 
Techniques for active restoration 

The active restoration methods differ depending on 
the type of ecosystem and its state. Some widely used 
restoration methods include: 

i. Rehabilitation of Coral Reefs: Methods  
like coral gardening and transplantation imply 
growing coral colonies in a nursery and transplanting 
them into damaged coral reefs for further recovery. 
The latest trends in this field include the development 
of heat-resistant coral strains in order to make coral 
reefs more resilient to increased sea water 
temperature81. 

ii. Mangroves and seagrass bed restoration: 
Mangroves and seagrass beds are important 
ecosystems which protect shorelines and act as 
nursery grounds for many marine creatures. 
Restoration methods include planting native species, 
removal of invasive species, as well as restoring 
natural water flow through the area82. 

iii.  The creation of artificial reefs: Artificial 
reefs made of environment-friendly materials may 
serve as additional habitats for marine organisms, 
increasing their biodiversity and fish population while 
natural reefs restore themselves83. 

iv. Bioremediation: In highly polluted 
environments, some specialized specialised 
microorganisms may be used for the degradation of 
toxic substances like oil and heavy metals84. 
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Role of microbes in restoration 
The rehabilitation of marine ecosystems depends 

heavily on microbial communities, which are 
underappreciated. Microbes cycle nutrients, break 
down organic contaminants, and promote primary 
productivity. Hydrocarbon-degrading bacteria, for 
instance, are frequently the first line of defence in oil-
contaminated environments, breaking down complex 
contaminants into simpler, less dangerous chemicals. 
An emerging tactic is the use of microorganisms 
through field inoculation and laboratory cultivation. 
This approach provides a low-cost, low-impact tool 
for speeding recovery in polluted environments, but it 
is currently in the experimental stage85. 

Restoration faces numerous obstacles. Lack of 
funding, technical expertise, or long-term monitoring 
can all hinder projects. Furthermore, an additional 
stressor brought on by climate change is that years of 
restoration progress can be undone in a single 
catastrophic event due to rising water temperatures, 
ocean acidification, and bigger storms. However, 
successful restoration projects around the globe show 
that when people, scientists, and governments work 
together, recovery is achievable. Large-scale wetland 
restoration in the Gulf of Mexico, the Great Barrier 
Reef's coral nurseries, and the massive mangrove 
replanting initiatives in Southeast Asia all serve as 
examples of what may be accomplished with consistent 
work. Engaging the public is equally vital. Volunteers 
who take part in local monitoring, debris removal, or 
replanting develop a sense of care and ownership that 
supports long-term conservation objectives.  
 
Challenges, limitations, and the way forward 

This review points out some significant progress in 
our understanding of, monitoring and management of 
marine pollution; however, there remain a number of 
obstacles yet to be overcome. Evaluations, especially in 
the developing countries, are hampered by data 
deficiency, technological discrepancies and the lack of 
studies of new pollutants. The complex relations 
between pollution, overfishing, destruction of habitats 
and global warming create uncertainties in making 
predictions about the recovery of ecosystems. Even if 
the restoration processes appear promising, they will be 
hampered by the lack of financing and global warming. 

For progress towards a solution, policies need to 
link up the local with the global, by ensuring 
compatibility with goals such as SDG 14, enhancing 
integrated monitoring involving remote sensing, AI, 
and citizen science, and promoting community 

stewardship. By broadening the scope of the circular 
economy, developing new treatment processes, and 
using environmental forensics, waste can be further 
reduced at the source. Through continued efforts, the 
findings of this review will contribute to the future of 
healthy oceans. 
 
Conclusion 

Oceans, covering 70 % of Earth’s surface, regulate 
climate, generate oxygen, sequester carbon dioxide, and 
provide sustenance and livelihood to billions of people. 
Human actions such as pollution, exploitation, and 
destruction of habitats have put pressure on marine 
ecosystems. Life in oceans, as well as people living 
around it, are threatened by pollution in different forms, 
ranging from noise pollution, thermal pollution, waste 
pollution, oil pollution, plastics, chemical pollutants, and 
micro-plastics. In today’s world, contaminants can be 
detected and tracked down with the help of advanced 
tools, such as satellite imagery, autonomous vehicles, 
forensics, and big data analytics. However, technology 
alone cannot solve this problem. The combination of 
effective waste management, legislation, industrial 
accountability, and sustainability in production and 
consumption is a necessary component for the solution. 
Healing damaged ecosystems is also crucial. The 
capacity of nature to rejuvenate itself with help from 
conservation activities on site, microorganism-based 
cleaning methods, and artificial coral nurseries proves 
that the healing process is possible with timely and 
cautious measures. We have to take care of each other. 
Governments are obliged to dissuade deter pollution and 
enforce environmental laws. Industries have to invest in 
sustainable activities and waste reduction. Scientists 
should keep up the good work and share their 
knowledge. We have to reduce waste, demand action, 
and hold our leaders accountable. The state of our 
oceans is the result of our daily choices of what to buy, 
what waste management measures to undertake, and 
how to lobby for change. We can restore the marine 
environment to balance and ensure that its vast blue 
expanses sustain life for years to come by combining 
technology, sound governance, and public will. 
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