


Oil spill: Causes, effects and impacts on marine organisms



Abstract:
Oil spills remain one of the most disruptive forms of marine pollution, posing severe risks to aquatic ecosystems, human health, and coastal economies. The reviewed literature highlights that oil spills arise from tanker accidents, drilling rig blowouts, operational discharges, and pipeline failures, with human error being the predominant cause. Upon release, crude oil undergoes complex physical and chemical transformations, influencing its dispersion, toxicity, and persistence. Polycyclic aromatic hydrocarbons (PAHs) are identified as the most harmful components due to their carcinogenicity, hydrophobicity, and long-term accumulation in marine organisms. The paper synthesizes the diverse biological impacts of oil contamination across multiple taxa, including fishes, marine mammals, birds, zooplankton, crustaceans, mollusks, and other invertebrates. Early life stages of fish and zooplankton exhibit heightened sensitivity, often experiencing developmental deformities, impaired physiology, and mortality. Marine mammals and birds face respiratory damage, hypothermia, and disruptions in feeding and reproduction, while benthic and filter-feeding invertebrates accumulate toxic compounds, impairing growth and immune responses. The review also evaluates remediation strategies such as mechanical containment, chemical dispersants, in-situ burning, sorbent materials, and bioremediation. Recent advancements emphasize polymer-based sorbents, autonomous monitoring systems, and microbe-driven degradation. However, the effectiveness of mitigation varies with oil type, environmental conditions, and ecosystem vulnerability. Overall, the paper underscores the urgent need for integrated, sustainable, and technology-driven approaches that minimize ecological damage and support long-term recovery of marine habitats.
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1.Introduction:
Oil spills occur when liquid hydrocarbons are released into the environment as a result of natural disasters, vandalism, system failures, and human activity, such as mishandling machinery. When oil is spilt, it develops a layer that is a few centimetres thick rather than instantly mixing with water. This slick must be eradicated since it damages the marine ecosystem and obstructs aquatic life's access to oxygen. When offshore rigs or oil tankers suffer an accident or are cleaning their tanks, oil may leak into the maritime environment. Workers who are exposed to chemicals during the containment procedure may have arterial congestion or cardiac collapse. Fish nervous systems are disrupted and intertidal species are intoxicated by the oil spill. Weather, currents, and ocean tide all alter the course of oil spills and make them unpredictable. Heavy or minor oil spills are both possible (Kapoor et al., 2019).
In general, an oil spill can occur in both onshore and offshore settings. An oil spill that occurs in a non-marine setting, such as when an underground pipeline leaks, is referred to as an onshore oil spill (Zhang et al., 2020). According to Delin and Herkelrath (2017), these oil spills initially travel vertically through the unsaturated zone before mixing with the groundwater-saturated system and contaminating the nearby groundwater aquifer.Based on the idea of "fluid flow through a porous media," the mathematical model for an onshore oil spill necessitates solving Richard's and Darcy's equations in the unsaturated and saturated zones, respectively, in order to determine the velocity profiles of the spilt oil (Berlin et al., 2015). However, based on the idea of wave hydrodynamics, the authors have attempted to concentrate on offshore oil spills, which are defined as oil spills connected to a marine environment. In order to determine the eventual trajectory of the oil spill, both onshore and offshore models necessitate solving the destiny and transport of the spilt oil in their respective physical domains (Barker et al., 2020). Due to the extremely low frequency of significant oil spills that often garner media attention, the general public is seldom aware of the risks involved and the depth of the harm they cause to the surrounding environment. It should be emphasised, nonetheless, that oil spills of a lower intensity happen every day, but those of a higher intensity happen relatively infrequently (Keramea et al., 2021). The issue of oil pollution appears to be unavoidable since the usage of crude oil and its related refined products continues to rise globally. These spills are more often the consequence of human error than of mechanical or machine failure (Michel and Fingas, 2016). Depending on the composition of the crude oil and the location of the spill, cleanup expenses for oil spills can range from $20 to $200 per litre of spilt oil (Fingas, 2011). The goal of this study is to give an overview of the rigorous modelling of an oil spill in a maritime environment because any spill on the shoreline appears to be the most costly cleanup procedure. According to Sedyaaw et al.,2024a, and Sedyaaw et al.,2024b Several industries, (chemical, petrochemicals, pulp, and paper) oil refineries, thermal power Plants and emissions from motor vehicles are the important sources that release precursor gasses such as oxides of sulfur and oxide of nitrogen responsible for the formation of acid rain, among which oil spill is one of the research due to which ocean water become acidic in nature and could be responsible to cause acid rain.
2.Causes and major oil spills
2.1 Tanker accidents: Large-scale oil spills have historically been mostly caused by oil tanker accidents. The 1989 Exxon Valdez disaster, in which the tanker grounded on Bligh Reef in Prince William Sound, Alaska, and released around 11 million gallons of crude oil into the marine environment, is among the most notorious occurrences. The leak killed thousands of marine species and damaged more than 1,300 miles of coastline. The 1978 Amoco Cadiz spill off the coast of Brittany, France, was another noteworthy event. About 200 miles of coastline were contaminated when the ship broke apart during a storm, releasing 1.6 million barrels of oil. Fish, molluscs, and seabirds were among the marine creatures that died in large numbers due to the detrimental effects on the environment (Almeida, 2023).
2.2. Drilling rig blowouts: Catastrophic oil spills can result from blowouts from offshore drilling rigs. The biggest marine oil leak in history occurred at Deepwater Horizon in 2010. Over the course of 87 days, around 4.9 million barrels of oil were released from the Macondo well blowout in the Gulf of Mexico. Fish, birds, and marine animals were among the marine and coastal ecosystems severely harmed by the spill, which also had a major socioeconomic impact on the Gulf Coast communities (Almeida, 2023).
2.3 Pipeline ruptures: Significant oil spills can also result from pipeline ruptures, especially in offshore and coastal areas. Over 100,000 gallons of crude oil leaked into the Pacific Ocean in 2015 due to a pipeline break near Refugio State Beach in California, which had an adverse effect on coastal habitats and marine species. The leak brought attention to the dangers of outdated infrastructure and the necessity of routine pipeline maintenance and monitoring (Almeida, 2023).
2.4 Operational discharges: Smaller but more regular oil spills are caused by operational ship discharges such bilge pumping, tank cleaning, and ballast water release. In regions with high traffic, these emissions may build up over time and cause chronic pollution. Operational discharges can have a substantial cumulative effect on marine habitats, especially in delicate places like estuaries and coral reefs (Almeida, 2023).
3.Crude Oil Toxicity
Hydrocarbons and 10% of molecules containing heteroatoms like sulphur, oxygen, and nitrogen make up the majority of crude oil. Hydrocarbon combinations range from big, non-volatile polycyclic aromatic hydrocarbons to small, unstable, and explosive monocyclic aromatic hydrocarbons. The primary factor used to classify these hydrocarbons is their chemical structure. However, their availability, molecular weight, and solubility dictate their ultimate influence and condition in the marine environment. Aromatic hydrocarbons, especially polycyclic aromatic hydrocarbons, are the primary cause of oil poisoning. Despite being explosive, monocyclic aromatic compounds are less persistent and do not accumulate in water, sediments, or marine life tissues. Because of their high persistence, low solubility, and capacity to bind to DNA and proteins, PAHs are carcinogenic and have long-term, chronic effects on marine creatures even at low concentrations (Lin & Tjeerdema, 2008). Depending on the number of rings, PAHs are more common in fresh or aged oils. According to recent discoveries, the presence of oil droplets has severe effects in addition to the toxicity caused by PAHs (González-Doncel et al., 2008). When Atlantic haddock (Melanogrammus aeglefinus) shown exceptional sensitivity to dispersed oil, it was presumed that this was due to direct contact with oil droplets.
4.Properties of oil spill and oil slick
4.1 Physical characteristics
The physical characteristics of oil, including surface tension, density, pour point, water solubility, and viscosity, have a significant impact on how quickly oil or oil slicks spread (Clayton, 2005). The majority of oils floated and lay flat on the water's surface, tenting to spread and expand horizontally because their density, which was crucial in predicting and determining their behaviour in water, was lower and smaller than that of water (Cunneff et al., 2007). Because oils have a lower density, lighter materials and chemicals evaporate more readily, leaving behind heavier elements that sink in the water column and combine with water or other compounds in seawater to generate hazardous sedimentation on seawater bodies. Another metric used to assess the rate of oil spreading was oil viscosity. The information regarding the chocolate mousse was created because of the oil's increased viscosity, which makes treatment or degradation challenging (Berna et al., 2012). Additionally, when the temperature rose, the oil's viscosity and density decreased and its horizontal spreading capacity increased. The oil pour point was thought to be a function of temperature, and the cleaning method became challenging and complex when the oil spill turned semi-solid at temperatures higher than the freeze point. According to Deschamps et al. (2003), the solubility of oil in water was between 28 and 31 mg/l, which is related to the formation of the pollutant and bioremediation. This solubility is dependent on temperature and the chemical structure of the hydrocarbon. However, oil spread more readily in warmer waters because oil surface tension was inversely correlated with temperature. This index had a direct and rapid impact on the ability of oil to spread even in the event that wind or water currents vanished.Acid rain exemplifies a global transboundary pollution issue that demands international cooperation and sustainable solutions according to Meshre & Sedyaaw, (2025) which also could be due to the deposition of oil on surface of water of ocean surface.
4.2 Chemical characteristics
The complicated chemical characteristics of oil were dominated by hydrocarbons, which make up 50–98% of the total components of oil. Moreover, non-hydrocarbon substances like oxygen, nitrogen, sulphur, and trace metals were also present in oil. Table 1 lists the hydrocarbons found in oil components and is categorised using the International Union of Pure and Applied Chemistry's (IUPAC) nomenclature.
Table 1. Primary classes of hydrocarbons (Hoang et al.,2018)
	Primary class
	Compounds

	Straight chain alkanes, n-alkanes
	Propane [C3H8]
n-Hexane [CH3(CH2)4CH3]
n-Dodecane [CH3(CH2)10CH3]

	Straight chain alkenes, n-alkenes
	Cis-but-2-ene [CH3CH=CHCH3]
Pent-1-ene [CH2CH=CHCH2CH3]
Trans-hept-2-ene [CH3CH2CH=CHCH2CH3]

	Cycloalkanes, a ring with single bond
	Cyclohexane [C6H12]
n-Propyl-cyclohexane [CH3CH2CH2C6H11]
Ethyl-cyclohexane [CH3C7H14]

	Cycloalkenes, a ring with double bonds
	Cycloheptene [C7H12]
3-Methyl-cyclopentene [CH3C5H7]

	Branched chain alkanes
	2-Methyl-propane [(CH3)2CH]
2,2-Dimethyl-butane [(CH3)3CCH3]
2,3-Dimethyl-butane [CH3CH(CH3)CH(CH3)CH3]
2,2-Dimethyl-propane [CH3C(CH3)3CH3]
2-Ethyl-hexane [CH3(CH2CH2CH3)CH2CH2CH3]

	Branched chain alkenes
	2-Methyl-but-1-ene [CH2C(CH3)CH2CH3]
4,4-Dimethyl-cis-pent-2-ene [CH3CH=C- HC(CH3)2CH3]

	(Alkyl) benzenes
	Benzene [C6H6]
Methyl benzene [CH3C6H5]
Ethyl benzene [C2H5C6H5]
(o-Xylene) o-Methyl-toluene [CH3C6H4(CH3)]
(m-Xylene) m-Methyl-toluene [CH3C6H4(m-CH3)]
(p-Xylene) p-Methyl-toluene [CH3C6H4(p-CH3)]
1,2-Dimethyl benzene [(CH3)2C6H4]
1,3-Dimethyl benzene [(CH3)2C6H4]
1,2,3-Trimethyl-benzene [(CH3)3C6H3]
n-Propyl-benzene [CH3CH2CH2C6H5]

	Other aromatic hydrocarbons
	Phenol [C6H5OH]
Cresol [RC6H4OH], R is alkyl
Hexachloro-cyclohexane [C6H6Cl6]

	Polycyclic aromatic hydrocarbons
	Acenaphthene with 2 rings of benzene and a ring of cycloalkane [C12H10]
Naphthalene with 2 rings of benzene [C10H8]
Anthracene with 3 rings of benzene, a ring of cycloalkane and a ring of cycloalkene [C14H10]
Chrysene with 3 rings of benzene, a ring of cycloalkane [C18H12]
Coronene with 4 rings of benzene, a ring of cycloalkane and a ring of cycloalkene [C24H12]
Pyrene with 3 rings of benzene, a ring of cycloalkene [C16H10]



5.Effects of oil spill on aquatic organisms
Numerous living forms, including bacteria, plants, algae, invertebrates, and vertebrates, can be found in the marine ecosystem. Major food webs are mostly produced by plants, algae, and some types of plankton, which also provide food for other creatures at higher trophic levels. They support significant commercial fisheries and are a vital component of the human diet, giving the body the food it needs. They support ecotourism as well. Among other exquisite marine creatures, marine tetrapods like birds, turtles, and mammals are typically on display for tourists to see in aquariums. Ecological and ecosystem functions are provided by the majority of marine organisms. Among other things, zooplanktons aid in biogeochemical cycling and the evolution of the marine food web. Marine invertebrates provide a variety of purposes. For instance, crustaceans like krill and copepods are crucial to the pelagic food web because they support commercial fisheries like prawns, lobsters and crabs and supply food and nourishment to large vertebrate and invertebrate predators as well as huge forage fish (Rasmuson, 2013). Crabs increase the amount of oxygen and nutrients that are available in sediments and aid in the turnover of sediments (Blackburn et al., 2014). Additionally, they serve as an ecological bridge between terrestrial, marsh, and marine environments. As herbivores and prey for higher vertebrates and invertebrates, several amphipods also play an important part in the food webs. They also aid in the breakdown of plant and animal materials to make nutrients available to other marine ecosystem members. Certain molluscs also have important environmental roles, including as improving the water system's clarity and quality, giving fish a place to live and hunt, and serving as a significant source for commercial fisheries.
5.1 Fish
Fish are impacted by oil spills in a number of ways, such as increased mortality (Fodrie et al., 2014), killing or causing sublethal damage to fish eggs and larvae, such as morphological deformities, reduced feeding and growth rates, increased vulnerability to predators and starvation (Hicken et al., 2011), habitat degradation, loss of egg hatching ability, fouling of gill structures, impaired reproduction, growth, development, feeding, and respiration (Blackburn et al., 2014). It has been shown that fish populations are vulnerable to significant oil spills (Fodrie et al., 2014). However, because of their underdeveloped membrane and body structure, as well as their detoxifying structure (Langangen et al., 2017), this susceptibility is primarily felt in the early stages, such as eggs and larvae (Bellas et al., 2013). Even at low concentrations, fish in their early life stages are vulnerable to polycyclic aromatic hydrocarbons, which can result in mortality, deformed morphological structures, circulatory failure, stunted development, and reduced appetite (Sørhus et al., 2016). According to Sorhus et al. (2017), these changes resulted from the influence of crude oil on the genes (change in expression) that regulate the ion, water content, and function or morphogenesis of particular tissues and organs. The effects are also connected to changes in the life history, composition, and structure of marine fish eggs and larvae. According to Sørhus et al. (2017) and Fodrie et al. (2014), polycyclic aromatic hydrocarbons also disrupt the heart's normal growth and function, which can lead to circulation failure and defects in pace and contractility at the scale of the developing heart. Juvenile pink salmon (Oncorhynchus gorbuscha) exposed to crude oil showed startled reactions, sluggish and low movement, lack of stability and balance, melanosis, and inconsistent swimming, according to Barron et al. (2005). 
According to Sedyaaw et al.,2025 the destructive impact of certain fishing practices, notably bottom trawling, is highlighted for its role in devastating coral reef habitats, leading to the loss of essential breeding and feeding grounds for countless marine species.Becasue of this oil spill fish from one area migrate to other areas, due to which fisherman man involves in overfishing which leads to a devasting condition.
However, because of its high skin pigmentation, phototoxicity did not intensify these reactions (Incardona et al., 2014, Barron et al., 2005). The fish species most frequently utilised in crude oil toxicity experiments include haddock, cod, and zebrafish (Sørhus et al., 2016; Sørhus et al., 2017; Sørensen et al., 2017). According to Sorhus et al. (2017), oil stains were discovered on haddock chorions after crude oil droplets were introduced. The sticky surface of the chorion, which facilitates the binding of oil stains, is known to decrease from the early stages of development to hatching. When the embryos are exposed at a late stage of embryo growth, the oil droplets attach to different parts of the chorion. Both haddock and cod are susceptible to oil toxicity at very low doses (<10 μg/L tPAH), although haddock is more susceptible to oil droplets than cod. Cods are more vulnerable to the water-soluble fraction of PAHs, although this is due to the additional membrane of adhesive material covering the major egg envelop of haddock eggs and the unique shape of the haddock chorion, allowing oil droplets to interact and stick to it.PAHs were detected in the internal embryo of haddock and cod samples. This was linked to the binding of oil to the chorion in haddock, which exposed and increased the embryo's uptake of PAHs, resulting in severe and elevated toxicological reactions like deformation and cardio-toxicity (Sørensen et al., 2017).
Marine mammals are mostly exposed to oil on the beach and sea surface, which can harm their eyes and adenoidal tissue, impair their immunity, and cause lung and adrenal disorders. Oil spills primarily damage marine otters, dolphins, whales, and sea turtles. The dirty fur of sea otters makes it difficult for them to repel water and provide insulation. It harms tissue by consuming oil during cleanup. Despite the paucity of studies on the effects of oil spills on mammals, the US National Oceanic and Atmospheric Administration's Office of Response and Restoration (NOAA, 2011) documented the several ways that marine biota responded to the Deepwater Horizon oil leak. Following an oil spill, dolphins, sea turtles, and whales are known to breathe at sea level and consume oil, which can cause respiratory irritation, inflammation, Emphysema/pneumonia, gastrointestinal inflammation, ulcers, bleeding, diarrhoea, and even organ damage. Mammals with fur, such as seals and sea otters, are susceptible to hypothermia, whereas those without fur, such as manatees and cetaceans, are not. Carmichael et al. hypothesised that bottlenose dolphin deaths were caused by stress from bacterial assaults and decreased dietary supplies. Live bottlenose dolphins exposed to oil were shown to have lung and adrenal problems in addition to other bad health conditions (Carmichael et al., 2011, Schwacke et al., 2014).
According to several studies, dolphins are susceptible to bacterial infections and other illnesses that may be fatal (Van Dolah et al., 2015, Venn-Watson et al., 2015). Because sea turtles can breathe in for long periods of time, ingested oil may be highly absorbed into their bodies and cause esophageal papillae in their throats. Sea turtles that are forming in eggs are hampered in their ability to grow and survive by the oil components that female turtles pass on to their offspring. In addition to having trouble diving, foraging, and mating, oil-coated sea turtles are also more susceptible to respiratory issues, which can lead to exhaustion and dehydration. Even while some studies (Antonio et al., 2011; Drabeck et al., 2014) have not found a direct connection between oil contamination and turtle death, it is improbable that sea turtles substantially smeared with oil will survive without medical care.
5.2 Tetrapod vertebrates (birds, mammals, turtles)
In addition to harming the lungs, liver, and kidneys when ingested, oil exposure can have a negative impact on the health and behaviour of birds. The ensnaring of birds' feathers, which modifies the feather microstructure, is one of the frequent effects of oil on birds (O'Hara & Morandin, 2010). Birds' feathers keep them from sinking to the bottom and aid in producing warmth. Because of their compressed plumage, entangled organisms lose their capacity to float and fly (Leighton, 1993), and water can come into contact with their skin, leading to hypothermia and ultimately death, particularly in cold climates. Aspergillosis, haemolytic anaemia, ulcerations, and cachexia are among the health problems that birds exposed to oil face (Balseiro et al., 2005). After the deep-water horizon oil disaster, coastal birds were most impacted, according to Antonio et al. (2011). Bird species that were impacted were Pelecanus occidentalis, Thalasseus maximus, Morus bassanus, North America loon Gavia immer, dunlins, and Calidris alpine. The effects ranged from high rates of oiling to elevated PAH levels in plasma to disruption of local populations. When Finch et al. (2011) investigated the effects of weathered oil on mallard duck Anas platyrhynchos embryos, they found that even minute amounts of weathered oil (0.5 mg/g egg) killed the 7-day-old bird embryo (Finch et al.,2011, Haney et al.,2014).According to Pandey et al.,2025 ghost fishing which was caused by abandoned fishing gear material. Oil spill which occurs on surface make the fisherman not to fish catch fish properly due to which a part of fishing gear will be lost and settles at benthic region leads to ghost fishing and dame to fish. Kawade et al.,2025 described climate change in oceans leads to disturbing situations in ocean environment. Due to oil spills which long last over years on top of oceanwater creates an unfavorable climate change on the persisting location causing deleterious effects to ocean animals.
5.3  Impacts of Oil Spills on Invertebrates
In order to assist minimise both short-term and long-term consequences of oil in the marine environment, biological remediation techniques like biodegradation have received a lot of attention (White et al., 2012). It has been observed that biological entities, such as bacteria, require some adaptation when huge amounts of oil are present because they are accustomed to tiny and gradual releases from natural seeps (Hart et al., 2014). Although oil is present throughout the oceanic ecosystem, the rate of degradation cannot stop it from reaching the coasts, deep seas, and estuarine communities, which provide habitat for the majority of invertebrate communities and have a detrimental effect on them by upsetting their food webs and causing acute and chronic toxicity. Invertebrates' responses to oil differ according to their living conditions, feeding habits, and reactions to ingested pollutants (Joye, 2015). Even if some spills don't kill invertebrates, they can have a lasting impact on their physiological processes, including breathing and reproduction (Incardona et al., 2014).However, the organism's features, its capacity to migrate, its developmental stage, and the properties of the oil spilt can all affect how severe the impact is.
5.4 Crustaceans
According to Rasmuson (2013), marine crustaceans are classified as either benthic (deep sea, terrestrial, estuaries, mobile, attach to substrates and rocky places) or planktonic (open seas, free living, mobility).Crustaceans are known to be extremely sensitive to pollutants and to have a high mortality rate following oil spills (Cormack et al., 2013). They can be exposed to oil through direct contact, food consumption, and burrowing into oily sediments (Montagna et al., 2013). According to Culbertson et al. (2007) and Kristensen (2008), crabs are most exposed to oil toxicity through reduced feeding, coating on their bodies and surfaces that suffocates them, and eating on oil-polluted sediments that ensnare them and obstruct their gills.A thick layer of oil on the crab's body has negative effects, including altered physiology and behaviour, disruption of ecological functions, and transfer to crab predators. Numerous studies have shown that crabs exposed to oil spills die at significant rates, and those that survive have reduced mobility and digging capacity (Krebs & Burns, 1977). Findings revealed that these effects are persistent and that occasionally complete recovery is never achieved (Culbertson et al., 2007).Amphipods are widespread in the marine environment and serve as predators, scavengers, herbivores, nutrient carriers, and prey for fish, tetrapods, and other invertebrates. When exposed to oil, amphipods typically die off and show a sharp shift in population size.Exposure to oil has a detrimental effect on reproduction, resulting in extremely aberrant embryos. These effects take longer to recover. For instance, after the Amoco Cadiz spill, the population of amphipods never recovered to pre-spill levels after 11 years (Juanes et al., 2007). As a result, creatures that typically rely on them would suffer greatly. The primary causes of amphipods' increased susceptibility to oil spills are their absence of a planktonic larval stage and their incapacity to migrate and disperse throughout their surroundings. Additionally, laboratory research demonstrated the immediate effects of oil exposure (0.8 μg/l) on amphipods' early life stages as well as its long-term effects on growth and reproduction.
5.5 Mollusks
Although all three types of mollusks—bivalves, cephalopods, and gastropods—are impacted by oil spills, the majority of studies have concentrated on bivalves and gastropods (Culbertson et al., 2008). According to Culbertson et al. (2008), gastropods exposed to less lethal concentrations of oil are known to exhibit altered physiological function, behaviour, and eventually death following prolonged exposure. Following the Amaco Cadiz spill, species of periwinkles, top shells, and limpets were discovered dead. Laboratory studies also confirmed a low concentration of 11.7 ppm, which is lower than that measured on the shore and salt marshes following the Florida spill, causing mortality within a 96-hour period (Krebs & Burns, 1977). Because they are unable to break down the components of crude oil, particularly PAH, mussels acquire oil during filter feeding primarily through their gills, exposing their tissues to extremely high amounts of PAH relative to the surrounding environment (Culbertson et al., 2008).Continuous oil buildup causes mussels to have lower cell and general immunity, less growth and nourishment, fewer resident groups, interference with their ability to withstand airborne pollutants, and damage to their DNA. According to Banni et al. (2010), mussels' DNA deteriorated within 48 hours of exposure and dramatically increased by 72 hours. Additionally, their cellular immunity was compromised (Hannam et al., 2010; Banni et al., 2010; Croxton et al., 2012). Because mussels are an important source of food for other creatures in the marine ecosystem, their reduction and lack of immunity also have a significant impact on the marine food web. For instance, sea otters (Enhydra lutris), which depend on Mytilus trossulus for sustenance, may have been affected. It takes years for complete recovery and the restoration of population abundance because of the long-term buildup of oil (Culbertson et al., 2008). Similar to mussels, oysters also store oil components for extended periods of time. During suspension feeding, where nutrients and other materials are filtered, they may be directly coated in oil or stuck in their gills (Jeong & Cho, 2007). Oysters may partially degrade PAHs, however both short-term and long-term exposure have long-term repercussions, including detrimental effects on their physiological processes (development, feeding, and reproduction). When Crassostrea gigas oysters were exposed to 200 μg/l of PAHs for an extended period of time, their capacity to feed was hindered, which reduced their absorption of the pollutant and slowed their development rate (Barça-Boyer et al., 2004). The oyster's immune system was known to be compromised in its early life stages because oil exposure destroyed its haemocytes.

5.6 Zooplankton
Organisms that either permanently or partially reside in the water column make up zooplanktons. They are exposed to both liquid droplets and floating oil (Almed et al., 2014), however because of their proximity, zooplanktons at the sea surface are more susceptible to liquefied oil and photodegraded oil compounds (Bellas et al., 2013).Zooplanktons are often stranded in oil-polluted waters due to their incapacity to move against currents. They are also susceptible to decreased physiological functions and mortality when directly exposed to oil, which has an impact on other organisms that depend on them for food (Bellas et al., 2013; Anselmo et al., 2011).Invertebrate communities' planktonic larvae are more vulnerable to the effects of oil spills than their adult communities (Bellas et al., 2013). Reduced physiological activities, including growth, egg production, and feeding, were seen in free-floating embryos and larvae that came into contact with oils. This ultimately had an impact on the mature communities' health (Bellas et al., 2013, Jiang et al., 201). Compared to other planktonic assemblages, planktonic copepods have been found to be significantly impacted by oil spills; as a result, they can be utilised as an indicator to evaluate the consequences of oil spills in marine environments. For instance, larger copepods and crustacean larvae are less sensitive than Oithona and Paracalanus (Molisani et al., 2013). According to Almed et al. (2014), oil plus dispersants are more hazardous to zooplanktons than just oil. For example, coastal mesozooplankton populations were severely killed by the chemical dispersant Corexit 9500A.
Table 2: Aquatic Species Affected by Major Oil Spills with Damage Areas and Geographic Locations
	Serial
	Species Type
	Damage Area
	Country

	1
	Seabirds
	1,300 miles (~2,090 km²)
	USA (Alaska)

	2
	Marine Fish
	794,924 m³
	USA (Gulf of Mexico)

	3
	Benthic Invertebrates
	Up to 20 km coastline
	India (Goa)

	4
	Sea Turtles
	529,961 m³
	Mexico

	5
	Mollusks & Seabirds
	245,675 m³
	France

	6
	Dolphins
	Coastal zone
	USA (Gulf)

	7
	Mangroves
	Large-scale habitat
	Panama

	8
	Seabirds & Benthos
	10,977 m³
	South Korea

	9
	Marine Fish & Wetland
	94.6-499.7 m³
	USA (California)




6.Mitigation strategies of Oil spill
6.1 In situ burning
One popular oil spill response technique is in situ burning, which aims to remove oil slicks from water surfaces. It needs certain environmental conditions for safety and fresh oil with volatile hydrocarbons for ignition. Although it releases smoke and PAHs, which affect air quality and pose health hazards, continuous monitoring regulates the burn rate and emissions. Efficiency varies; estimates range from 85% for DWH spills to 95% for Exxon Valdez spills. The temperature range of flames is 900 to 1200°C (Bullock et al., 2019). In situ burning complies with EPA air quality guidelines and the Clean Air Act.
6.2 Chemical remediation
By preventing oil from spreading, chemical remediation reduces the effects of oil spills in conjunction with mechanical techniques. In order to prevent the creation of big slicks, dispersants, emulsion breakers, herding agents, surfactants, and solidifiers break down oil into tiny droplets (Bolan et al., 2023).To preserve stability and efficacy, they include stabilisers, solvents, and surfactants. During the DWH catastrophe, dispersants were employed extensively. For simpler removal, solidifiers such as cross-linking agents and polymer sorbents transform spilt oil into a semisolid phase (Bullock et al., 2019).However, solidifiers are banned on a broad scale to prevent worsening environmental impacts since they may result in harmful secondary contamination (Motta et al., 2018).
6.3 Mechanical remediation
Booms, skimmers, vacuum trucks, adsorbent materials and shovels are examples of common mechanical techniques for cleaning up oil spills, also referred to as physical methods. The goal of these techniques is to extract oil without changing its characteristics (Fritt-Rasmussen & Brandvik, 2011; Dave et al., 2011; Hoang et al., 2018). Booms are employed to stop the spread of oil, but how well they work depends on the state of the sea. Different problems are addressed with fire-resistant booms, curtains, and fences. Using booms, skimmers extract oil from the water's surface without changing it. Non-oleophilic skimmers use gravity to extract oil from water, but oleophilic skimmers efficiently absorb oil. Suction skimmers move oil to storage tanks, however they work less well in choppy waters or with dispersants. The qualities of the oil and the sea conditions affect how effective skimmers perform.
6.4 Chemical remediation
By preventing oil from spreading, chemical remediation reduces the effects of oil spills in conjunction with mechanical techniques. In order to prevent the creation of big slicks, dispersants, emulsion breakers, herding agents, surfactants, and solidifiers break down oil into tiny droplets (Bolan et al., 2023). To preserve stability and efficacy, they include stabilisers, solvents, and surfactants. During the DWH catastrophe, dispersants were employed extensively. For simpler removal, solidifiers such as cross-linking agents and polymer sorbents transform spilt oil into a semisolid phase (Chakrabortty et al., 2022).However, solidifiers are banned on a broad scale to prevent worsening environmental impacts since they may result in harmful secondary contamination (Motta et al., 2018).
6.5 Biological remediation
According to current research, bioremediation is one of the best techniques for cleaning up oil spills. The oil is broken down by microorganisms, frequently with the help of dispersants or biosurfactants (Baniasadi & Mousavi, 2019).The effectiveness of bioremediation has been improved by additional approaches such as surface modification, immobilisation, bio-augmentation, and bio-stimulation (Pete et al., 2021; Zhang et al., 2018; Hoang et al., 2021), which provide an inexpensive, energy-efficient substitute for burning or chemical procedures. Because they break down hydrocarbons effectively, bacteria and fungus are preferred. Despite its benefits, good marine bioremediation necessitates resolving issues such moderating elements that impede microorganisms' activity and adapting them to marine circumstances.
6.6 Sorbent materials
By changing the characteristics of oil, adsorbents—such as those based on synthetic polymers—can effectively remove oil spills and facilitate cleanup. They can be used to remove leftover oil after employing the mechanical or chemical methods mentioned above, or they can be used as a remediation approach for significant oil spills (Karan et al., 2011).Natural materials with limitations, such rice husk, maple biochar, and gliricidia wood biochar, and synthetic materials with greater costs but better performance are examples of adsorbents. Because of their high porosity, hydrophobicity, and chemical stability, polymer-based solutions—like carbon nanotubes and metal-organic framework (MOF) sponges—are efficient and economical for cleaning up oil spills (Kohli & Bhatt, 2020).
7.Current trends and future prospectus
India and the world are seeing a convergence of traditional mechanical responses with faster, technology-driven detection and greener remediation strategies to manage increasingly complex oil-spill threats, and this blended approach is reshaping both operational practice and policy. Historically, booms, skimmers and sorbents have remained core first-line responses, but recent years have seen rapid uptake of remote sensing (particularly SAR-based satellite monitoring and automated deep-learning detection) to provide near-real-time slick mapping and early warning that speed decision-making and direct assets more efficiently (Purohit, 2024; Zakzouk, 2025). At the same time, international and industry guidance is refining when chemical options like dispersants or in-situ burning are appropriate and how to weigh ecological trade-offs, while national contingency frameworks India’s NOS-DCP and Indian Coast Guard coordination mechanisms are being updated to integrate private response partners, pre-positioned equipment and clearer notification. On the remediation front, greener techniques such as engineered bioremediation (microbial consortia, biosurfactants) and phytoremediation are maturing from laboratory promise to field trials, offering scalable options for shoreline and intertidal recovery that reduce secondary pollution compared with some chemical tools (Matilda, 2024). Emerging operational trends also include use of autonomous surface and underwater vehicles for targeted recovery, improved modelling of oil weathering to choose the best response mix, and cross-sector incident command structures that better coordinate fisheries, tourism and conservation interests during response (Jayarathna, 2024). Recent incidents in Indian waters underscore the urgency: sinkings and container losses have shown how mixed cargo and hazardous materials complicate containment and demand faster salvage-plus-pollution responses, reinforcing the need for pre-arranged salvage agreements and integrated coastal monitoring. Looking forward, the most promising prospects combine (1) expanded satellite + AI early warning networks to reduce detection latency, (2) standardized regional stockpiles and private response organizations to cut mobilization time, and (3) investment in low-impact biological and thermal options where appropriate—together with strengthened legal and financial mechanisms to ensure prompt cleanup funding and ecological restoration—so that responses are faster, less damaging, and more resilient to the larger shipping volumes and climate-driven storm risks expected in coming decades (Zakzouk, 2025; Matilda, 2024). 
8.Conclusion
Oil spills continue to represent a significant threat to marine ecosystems, affecting organisms at every trophic level and disrupting ecological balance for years or even decades. The review clearly demonstrates that the magnitude of ecological damage depends on several interlinked factors oil composition, environmental conditions, spill volume, and the sensitivity of exposed species. Marine organisms ranging from plankton to marine mammals experience acute and chronic impacts, with early life stages consistently being the most vulnerable. Developmental abnormalities in fish larvae, respiratory impairment in marine mammals, hypothermia in birds, and long-term population declines in crustaceans and mollusks underline the far-reaching biological consequences of oil contamination. These effects ripple through food webs, reducing ecosystem resilience and altering habitat functions. The review further highlights that while numerous mitigation techniques exist, no single method is universally effective. Mechanical recovery is limited by weather, chemical dispersants may generate additional toxicity, in-situ burning produces hazardous emissions, and sorbent materials vary in efficiency. Biological remediation remains promising due to its eco-friendly nature, yet is influenced by microbial adaptability, temperature, nutrient availability, and hydrocarbon composition. Ultimately, an integrated response—combining mechanical, chemical, biological, and emerging technological tools—is essential for effective spill management. Current advancements point toward a future where oil-spill mitigation is increasingly automated, data-driven, and environmentally conscious. Polymer-based sorbents, autonomous drones, AI-assisted monitoring, and enhanced bioremediation strategies demonstrate strong potential. However, challenges remain in scaling technologies, ensuring ecological safety, and preparing developing coastal regions with adequate resources.In conclusion, preventing and mitigating oil spills requires a multidisciplinary approach involving policymakers, scientists, industry stakeholders, and local communities. Strengthening regulatory frameworks, improving oil-handling practices, investing in research on eco-friendly cleanup materials, and enhancing real-time monitoring systems are key steps toward minimizing the frequency and impact of future spills. The reviewed evidence emphasizes that sustainable marine protection depends not only on effective response strategies but also on proactive risk reduction and long-term ecosystem rehabilitation.
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