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Abstract 

The aquaculture industry is growing rapidly and plays a huge role in bridging the global demand gap for fish 
and other aquatic foods. It is a vital contributor of valuable nutrients and economic benefits. Aquaculture and fisheries 
provide a means of livelihood to an estimated 58.5 million people globally, according to the United Nations Food 
and Agriculture Organisation. However, the sector is impacted by the ubiquity of microplastics and toxic chemicals. 
Although many studies have reported plastic pollution in the aquaculture environment, less attention has been 
paid to the coexistence of toxic chemicals with plastic particles and the role of climate change in aquaculture food 
contamination. This review evaluates the occurrence of microplastics in organisms, feeds, water, and sediment 
in the aquaculture ecosystem and the detection and hazardous effects of toxic chemical contaminants. We 
also highlight novel insights into the role of climate change in plastic and chemical contamination of aquaculture 
organisms and ecosystems. We report that the extent of aquaculture’s contribution to global climate change 
and global plastic pollution is yet to be adequately quantified and requires further investigation for appropriate risk 
assessment and prevention of food safety crisis. Possible mitigation strategies for the highlighted pollution problems 
were suggested, and some identified gaps for future research were indicated. Overall, this work is one of the first 
efforts to assess the influence of climate change on aquaculture food contamination, emphasising its effects on food 
safety and ecosystem health.
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Introduction
Plastic materials’ low cost, flexibility, lightweight, 
water imperviousness, and durability have made 
them almost indispensable in everyday use. However, 
associated aesthetic, persistence, biological, chemical, 
and health problems arise from the indiscriminate use 
and disposal of plastics [30, 32]. The plastic industry’s 
global production has experienced significant growth, 
going from 1.5 × 106  Mt in the 1950s to approximately 
350 × 106 Mt in 2017, of which millions of tons of plastic 
waste are discarded into the environment annually [80, 
81, 88]. Plastic debris in the environment is classified by 
sizes; as large plastics are subjected to environmental 
factors such as mechanical abrasion, wave action, 
exposure to UV radiation and heat, they become 
brittle and breakdown to smaller sizes. Megaplastics 
are >100  mm, macroplastics range from 25 to 100  mm, 
mesoplastics are 5–25 mm, microplastics (MPs) refer to 
plastic particles that are greater than 1  μm but <5  mm, 
while nanoplastics are <1  μm in size [4]. Micro- and 
nanoplastics (MNPs) are emerging contaminants 
of concern because of their aggregation in many 
environmental matrices, including marine and freshwater, 
air, soils, sediments, and living biota. In addition, they 
provide active transportation for other environmental 
contaminants [33]. Microplastics found in the aquatic 
environment could be primary microplastics, which are 

either manufactured as less than 5  mm or are formed 
during intentional use, or secondary microplastics, which 
are formed by the fragmentation of larger plastics during 
environmental weathering [30, 32, 71]. As depicted in 
Fig.  1, plastic pellets, paint, wastewater, sewage sludge, 
artificial turf, rubber roads in cities, plastic running 
tracks in schools, and tyre wear particles from vehicles 
are primary sources of environmental microplastics. 
Secondary sources include municipal wastes like plastic 
bags and bottles, fishing wastes, farming film, and 
other large-sized plastic wastes [5]. Any increase in 
environmental microplastic concentrations increases the 
probability of ecosystem exposure and the possibility of 
contact, ingestion, and hazardous impacts across food 
webs [18]. A major factor in the growing amount of 
microplastic pollution in the aquatic ecosystem is the use 
of plastic mulch and sludge application in agricultural 
lands, textile production, everyday consumer goods, 
cleaning agents, and health and personal care products 
[82]. Aquatic animals, including aquaculture organisms, 
are exposed to MPs which may be incorporated through 
their gills and digestive tracts, ingestion of contaminated 
smaller creatures, or feeds. MPs may also adhere directly 
to the bodies of fish [19, 124]. Studies have indicated the 
uptake and accumulation of MNPs in aquatic species 
with attendant ecotoxicological effects such as oxidative 
stress, neurotoxicity, growth retardation, tissue damage, 
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and behavioural abnormalities [12]. Owing to the 
widespread use of plastics in manufacturing, packaging, 
agriculture, and other industries, they can be found in a 
variety of environmental matrices, including lakes, rivers, 
canals, sediments, and seas [81], and the aquaculture 
ecosystem is not exempted.

Aquaculture (aquatic agriculture) involves the 
breeding, rearing, and harvesting of fish, shellfish, algae, 
and other organisms in all types of water environments. 
Apart from food production, aquaculture is also 

used to produce other commercial products, restore 
habitat, replenish wild stocks, and rebuild populations 
of threatened and endangered species [83]. It is the 
production of aquatic organisms under controlled 
conditions throughout part or all of their lifecycle. Its 
development can help meet future food needs and ease 
the burden on natural resources [103]. According to 
the Food and Agriculture Organisation of the United 
Nations, 90% of monitored fish stocks are fully or 
overexploited [28]. Fish and other aquatic foods (also 

Fig. 1  Sources of environmental microplastics
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called blue foods) are a primary source of protein and 
other essential nutrients. They contain micronutrients 
such as zinc, calcium, phosphorus, iron, omega-3 
polyunsaturated fatty acids, vitamin A, and vitamin D. 
The consumption of aquatic food is critically important 
for foetal neurocognitive development and adult 
cognitive and cardiovascular health [29]. The growing 
demand for fish and other seafood raises questions 
about the sustainability of marine fish and other natural 
harvesting sources. The global demand for aquatic foods 
is expected to double by 2050, according to a series of 
scientific studies released by the Blue Food Assessment. 
The report indicated that increased aquaculture 
production, as opposed to capture fisheries, will primarily 
meet this demand [13]. It is the world’s fastest growing 
food industry, with over 600 aquatic species farmed 
globally [28]. Global aquaculture production retained its 
growth trend in 2020 in spite of the worldwide spread 
of the COVID-19 pandemic [29]. A recent study found 
a positive association between aquaculture production 
and aquatic food consumption at the national scale [100]. 
For aquaculture to meet the requirements of the future, it 
must be practised in a manner that fulfils the economic, 
social, and environmental pillars of sustainability. That 
is, it must be a viable business opportunity, contribute 
to community health and well-being, and not create 
significant ecosystem disruption. However, disruptions 
may occur in the form of plastic and chemical 
contamination and climate change effects. A number of 
studies have discussed the occurrence of microplastics 
and their effects on the aquaculture ecosystem and 
organisms [47, 49, 62, 63], but the co-occurrence of 
chemical contaminants with microplastics and the role 
of climate change in aquaculture food contamination is 
less considered. The changing climate has been reported 
to induce critical microplastic pollution and sediment 
resuspension in shallow lakes, which in turn exacerbate 
eutrophication and alteration of the aquatic ecosystem 
[123]. Korez et  al. [56] reported that sites close to 
aquaculture farms and facilities showed a prevalence 
of microplastic contamination. Furthermore, current 
evidence suggests that farmed fish typically contain 
more microplastic than wild-caught fish [110] and the 
changing use of chemicals in agriculture and aquaculture 
[15] are impacting the ecosystem, threatening food safety. 
In addition to fishing, fisheries, and shipping, aquaculture 
has also been identified as a sea-based source of plastic 
pollution [37]. This review therefore elucidates the 
co-occurrence of microplastic fibres, films, fragments 
and microbeads and chemical contaminants such as 
antibiotics, polycyclic aromatic hydrocarbons, pesticides, 
bisphenol A, per and polyfluoroalkyl substances and 
heavy metals in aquaculture feed and environment. 

We also highlight novel insights into the role of climate 
change through temperature rise, frequent rainfall and 
strong winds in aquaculture food contamination. The 
goals of the study were to (i) summarise the available 
information on the occurrence of microplastics in 
aquaculture organisms and environment; (ii) highlight 
the coexistence of plastics particles with chemical 
contaminants in the aquaculture ecosystem; and (iii) 
emphasise the role of climate change in aquaculture 
chemical and plastic pollution and food contamination, 
and consequent effects on food safety and ecosystems 
health.

Methodology
Data for this review were collected from original 
research articles, reports and reviews from databases 
including ScienceDirect, Web of Science, PubMed, 
Frontiers and online reports posted by United Nations 
Food and Agriculture Organisation. Based on the 
objectives of this article to identify and summarise 
studies that advance our understanding of microplastics 
and chemical pollution and how climate change drives 
aquaculture food contamination, the keywords/phrases 
used in the search included ‘microplastics in aquaculture’ 
‘toxicity of microplastics’, ‘aquaculture plastic pollution’, 
‘chemical pollutants in aquaculture’, ‘climate change and 
aquaculture’, and ‘climate change and aquaculture food 
contamination’. The search was limited to studies that 
were published between 2014 and 2024, to track the 
progress in research in recent years. However, a few older 
studies were considered for other relevant information. 
Over 2000 research publications were generated from 
the searches, but the articles were screened based on 
provision of useful parameters such as adequacy of 
analytical information and relevance to the discussion on 
microplastic pollution, chemical pollution, microplastics 
detection in aquaculture ecosystem, ecotoxicological 
effects of microplastics and climate change in aquaculture 
environment. A total of about 190 relevant publications 
were eventually used for this review. The summary of the 
literature search strategy is presented in Fig. 2.

Overview and sources of microplastics 
in aquaculture
Aquaculture extensively uses plastics for equipment 
and packaging, with plastic materials used in everything 
from polystyrene foam-filled fish cage collars and 
polymer-coated cage nets to plastic harvest bins and 
feed sacks, fishing nets, ropes, and foam buoys. These 
plastics degrade into smaller particles or are lost into the 
environment as a result of extreme weather, poor waste 
management, installation wear, and failure resulting from 
poor siting or lack of maintenance [62, 63]. High-density 
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polyethylene, which is used for buoys, floats, and storage 
tanks, is tough and chemically resilient, so it takes 
longer to fragment and abrade but can weather and lead 
to microplastic formation [47]. Expanded polystyrene 
(EPS), which is used for insulation and fish boxes, is 
extremely light and buoyant, so it can accumulate 
on beaches but breaks easily into smaller pieces [11]. 
Polyvinyl chloride (PVC), is a material that is frequently 
used in pipe and valve fittings for offshore cages. It is 
very durable but is not often recycled and requires a 
long time to abrade. The plastic materials (such as nylon, 
polyethylene (PE), polypropylene (PP), polyethylene 
terephthalate (PET), or polyester) used to make ropes, 
cords, and nets differ in terms of their strength, elasticity, 
and rate of fragmentation and breakdown [47]. The 
presence of microplastics has been reported in various 
matrices in aquaculture, including feeds, surface water, 
sediment, and organisms. Bordós et  al. [125] found 
polypropylene and polystyrene (PS) microplastics in 
fish ponds in the Carpathian basin, Europe, with the 
indication that fish ponds may act as a deposition area 
for MPs. A recent study reported that microplastics (PE, 
polytetrafluoroethylene (PTFE), PS, and polyamide (PA)) 
were present in head samples and the skin and muscle 
of sea bass samples. The results also showed lower 
concentration of MPs in the aquaculture tanks than in 
the source water inlet but purification treatment of the 
source water was effective in significantly reducing the 
MPs released into the tanks. However, new MPs were 

detected in the aquaculture tanks, which was indicative 
of contamination from fish feed [25]. Further evidence 
of MP detection in aquaculture environments is shown 
in Table  1. Fibres and fragments are the most detected 
particle types, while PE and PP are the most common 
polymer types.

Land-based sources remain the major origin of plastic 
pollution in marine and freshwater environments, but 
a recent study has indicated that the contribution of 
aquaculture activities to microplastic pollution could be 
substantially underestimated [121, 122]. The sources of 
plastic pollution in aquaculture systems are highlighted 
as follows:

Fish feed
Small pelagic fish are more susceptible to accumulating 
microplastics [66]. These small fish are typically caught 
in fishing nets as non-target species and used as the 
main ingredients in fish feed for aquaculture and 
livestock animal production. Fish feed is rich in protein 
and is mainly produced with small pelagic species, 
by-catches, excess allowable catch quota trimmings, 
and fish processing wastes. A total of up to 81% of non-
food fisheries are used to produce fish feed [29]. Some 
of the species that are used for producing fish feed are 
Peruvian anchoveta (Engraulis ringens), blue whiting 
(Micromesistius poutassou), lesser sand eels (Ammodytes 
tobianus), menhaden (Brevoortia tyrannus), Atlantic 
herring (Clupea harengus), mackerel, capelin, and Pacific 

Fig. 2  Flow diagram for literature search
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sardine (Sardinops sagax). Feeding farmed fish regularly 
with MP-contaminated feed makes fishmeal and fish 
feed entry points for microplastics into aquaculture 
species. In a recent study, MP particles were found in 
all five commercially produced fish feeds purchased in 
Bangladesh [75]. Another study reported the detection 
of anthropogenic particles, including microplastics and 
cellulosic microfibres, in all ten aquaculture feeds tested, 
with an average of 1070–2000 particles per kg across 
fishmeal and soybean meal [107]. The level of plastic 
pollution in fish feed corresponds with the feeding 
behaviour of the organism used for the production of the 
feed. For instance, feeds containing a high percentage 
of carnivorous fish species, such as eels, were found 
to have a substantially higher risk of plastic intake than 
others [41]. These studies show that anthropogenic 
particle contamination of aquaculture feed introduces 
an additional exposure pathway for farmed species, 
which may have adverse effects on fish health as well 
as nutritional value, profitability, and ultimately food 
security and safety.

Abandoned or decommissioned coastal pond farms
There are many abandoned aquaculture farms in different 
parts of the world, and this is a growing issue. When 
this happens, bulky items such as pond liners and other 
plastic infrastructure are left to disintegrate and disperse 
into the environment. Abandoned, lost, or otherwise 
discarded fishing gear (ALDFG), also called “ghost gear”, 
constitutes a significant part of marine plastic pollution 
in the world’s oceans and seas [36]. Up to 46% of the 
species on the International Union for Conservation of 
Nature’s (IUCN) Red List of Threatened Species have 
been impacted by ALDFG, mainly through entanglement 
or ingestion, which impacts biodiversity [29]. Examples of 
ALDFG include trawls, gill nets, handlines, and longlines. 
PVC tubes, net caps, plastic bands, zip ties, oyster bags, 
and nets on shellfish beds have been recorded [67]. 
Over time, these materials disintegrate into secondary 
microplastics. In Thailand, after the introduction of 
intensive shrimp aquaculture between 1972 and 1987, up 
to 80% of farms were forced to abandon their operations 
after a few years due to the high mortality rates of shrimp 

Table 1  Detection of microplastics in aquaculture farms

Matrix Particle abundance Particle size Dominant particle 
types

Polymer type Analytical methods References

Sediment
Water

47 ± 4.875 particles/g
127.92 ± 14.99 
particles/100 L

0.05–0.5 mm Fibres Nylon, PE, PP. PS SEM, FTIR [45, 46]

Crab
Water
Sediment

23.9 ± 15.9 items/
individual
4.4–10.8 items/L
28.6–54.3 items/100 g

100–300 µm Fibre, grain, film, 
fragments

PE, PP, PVC, PET ATR-FTIR [116]

Sediment
Water

3.33–137 items/kg
16.67–100 items/L

0.5–1 mm Film, fibre, microbeads, 
foam

PP, PE, PET FTIR [45, 46]

Fishmeal 550 ± 45.45 
to 11,600 ± 56.1 MPs/kg

14–4480 µm Filament, film PP, Nylon 66, PET, PS KOH digestion, FESEM–
EDS, FTIR

[75]

Fishmeal 1070–2000 particles/
kg (including other 
anthropogenic 
particles)

25–100 µm Fibres, fragments PA, polyester, PP, PS 10% KOH digestion, 
FTIR

[107]

Fishmeal 5.5 ± 1.6 particles/g 500–1000 µm Fibres Cellophane, PP, PET Microscope, µ-FTIR [108]

Sediment 2767 ± 240–2833 ± 176 
items/kg

0.1 µm–5 mm Fibres, fragments PE, PP Raman [59]

Fish
Water
Mussels

7.1 items/fish
523 items/m3

0.36 ± 0.81 items/
individual

0.5–5 mm Foam PS Raman, µ-FTIR [62, 63]

Fishmeal 12.9 mg/kg 80–1550 µm Fibres PS, polyolefin, PET Gravimetry, SEC-UV, 
solvent extraction, 
HPLC

[20]

Fishmeal 0–526.7 particles/kg Average 
of 4.2 ± 0.3 mm

Fragments, fibres, 
filament, film, foam

PE, PP, polyacrylic acid, 
PET

Microscope, Raman [41]

Water 42.1 particles/L <100 µm Fibre PP, PE Microscope, FTIR [68]

Fish 13.54 ± 2.09–
22.21 ± 1.70 items/
individual

<5 mm Fibre, fragments cellophane Stereomicroscope, FTIR [124]



Page 7 of 17Fred‑Ahmadu et al. Environmental Sciences Europe          (2024) 36:181 	

recorded [22]. Several abandoned aquaculture farms also 
exist in China [16, 17], the Philippines [69], as a result 
of devastating tsunamis, and Nigeria [52], largely due to 
socio-economic factors. Some of the pathways through 
which plastics are introduced into the aquaculture 
ecosystem are summarised in Fig. 3. As shown in Fig. 3, 
both marine and freshwater aquaculture are affected by 
the influx of microplastics from ALDFGs, feeds, poorly 
installed plastic facilities, land sources and climate 
related releases [29] to which aquaculture products are 
exposed. The final step before aquaculture products are 
moved from the ecosystem to retailers and consumers is 
packaging. Aquaculture products are often packaged in 
corrugated plastic boxes, expanded polystyrene boxes, 
and plastic trays [111]. Research has indicated that 
microplastic fibres can be emitted from plastic packaging 
materials, with polystyrene plastics having the maximum 
release abundance [23]. In another study, polystyrene 
packaging was found to release microplastics to rainbow 
trout fillet, depending on the storage temperature [3].

Poor waste management
Aquaculture may generate significant amounts of 
plastic waste, including feed sacks, plastic-wrapped 
consumables, and disposable equipment such as gloves 
made out of plastic and plastic-coated. These different 
waste streams require responsible disposal and a safe 
and secure collection of waste that is not vulnerable to 
scavengers or blown away by strong winds. Since the 
recycling of aquaculture plastic waste is complicated and 
limited, waste management can be challenging, especially 
when operations are taking place at sea (e.g., on cage 
sites) or on large, often exposed coastal pond sites [47].

Plastic release due to climate and weather issues
The push to move aquaculture further offshore means 
that sea cages are often fixed in exposed sites that 
are vulnerable to intense winds and high waves. The 
increasingly unpredictable weather caused by climate 
change could exacerbate this issue. Coastal ponds 
are susceptible to storm surges and inland flooding, 
which can wash unsecured equipment into the sea and 
potentially damage adjacent coral reefs, mangroves, 
and coastal wetland areas. Aquaculture infrastructure 
is impacted by sea level rise, sea surges, typhoons, 
and rainfall intensity, which results in water and food 
security issues from changing rainfall patterns and ocean 
acidification [6]. The well-being of the system is also 
affected by rising temperatures, peak wind speeds, and 
changes to ocean circulation patterns. Unfortunately, 
the magnitude and frequency of these hazards are 
expected to increase, especially impacting the most 
vulnerable populations such as small-scale fish farmers. 
Microplastics have been found in cloud water samples 
in China [113]. The researchers warn that airborne MPs 
could affect cloud formation, global temperatures, and 
weather.

Poor installation and maintenance of plastic equipment 
and materials
In selecting a site for aquaculture, a number of factors 
must be considered including, ecological, biological, 
operational, and socio-economic factors [57]. The supply 
of water, water quality, climate, land, hydrological and 
soil characteristics are crucial ecological factors that 
will determine the success or otherwise of the system. 
The adequacy of the equipment for the environment 
into which it is placed, and the subsequent installation, 

Fig. 3  Pathways by which microplastics enter aquaculture products and ecosystem
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maintenance, and replacement will influence (i) 
how much plastic will abrade (leading to secondary 
microplastic formation) and (ii) the risk of equipment 
failure and loss of plastic components to the aquatic 
environment.

Plastic flow from the external environment
Plastic pollution in surrounding land and water finds its 
way into the aquaculture ecosystem. Several studies have 
demonstrated that microplastic pollution of aquaculture 
areas in estuaries and coastal areas near estuaries is 
associated with a high abundance of microplastics in local 
rivers and freshwater sources [58, 68]. Land pollution 
also impacts aquaculture ecosystems. For instance, due 
to the accumulation of garbage around, high microplastic 
abundances (103.8 ± 20.7 and 90.7 ± 17.4  particles/L) 
were found in the water of Marunda and Muara Kamal 
aquaculture ponds [89]. Although aerial deposition of 
MPs has been widely reported in many environments, 
it is yet unknown whether this avenue is a significant 
contributor to aquaculture microplastic pollution.

Chemical contaminants in aquaculture
Like other parts of the environment, the aquaculture 
ecosystem is affected by many environmental pollutants. 
Some of the pollutants are airborne, present in the 
surrounding water, or in soil and sediment. Sediment is 
a known sink for heavy metals and organic pollutants 
[8]. Some pollutants occur as natural components of 
soil or sediment, while others are introduced by human 
activities around the ecosystem. The pollutants that 
bind to sediment particles may be released into the 
water by resuspension during massive fish activities. 
Some of the pollutants are also able to bind to plastic 
particles and be transported within and outside the 
aquaculture environment. For example, antifoulants, 
antibiotics, parasiticides, anaesthetics, and disinfectants 
are employed in salmon aquaculture [15]. These 
chemicals are regulated differently in each country, as 
are their uses and possible side effects. The ecological 
balance of aquatic ecosystems can be disrupted due 
to the negative responses of primary producers like 
algae when exposed to various contaminants, including 
pesticides, heavy metals, industrial chemicals, and 
synthetic nano/microparticles [60]. A recent study 
demonstrated the significant ways in which aquatic 
ecosystem imbalance can be induced by anthropogenic 
inputs of chemical contaminants [60]. The study 
showed that Bisphenol A can negatively impact algae by 
inhibiting biochemical and physiological processes, with 
effective concentration varying from 1.0 to 100  mg/L. 
Furthermore, the combined contaminant exposure of 
per- and polyfluoroalkyl substances concentrations up to 

1000 ng/L, leads to significant toxic effects and is unsafe 
for the ecosystems. Per- and polyfluoroalkyl substances 
could impede algal growth through damage to the 
photosynthetic processes, inhibition of deoxyribonucleic 
acid replication, and reactive oxygen species metabolism. 
The ecotoxicity of chemicals to algae is influenced by 
chemical, biological, and physical factors, creating 
complex effects on biological communities [60]. Some of 
the chemical contaminants which have been reported in 
the aquaculture environment are discussed as follows:

Antibiotics
Wastewater from aquaculture was shown to have 
negative environmental impacts because of antibiotic 
residues and other chemicals. Antibiotics are designed 
to inhibit growth (bacteriostatic activity) and kill 
pathogenic bacteria (bactericidal activity). They are orally 
administered to aquaculture animals against lice, local 
eutrophication, and oxygen depletion. However, shrimp 
aquaculture source water and wastewater were found 
to contain antibiotic resistance genes (ARGs) [98, 119]. 
Similarly, MPs were reported to accumulate ARGs and 
harbour pathogens in an aquaculture ecosystem, posing 
potentially critical health and ecological risks [112]. An 
antibiotic resistance gene confers resistance to antibiotics 
when it is present or increases susceptibility to antibiotics 
when it is absent, which has led to the suggestion that 
there is a high risk that these genes will spread to bacteria 
that cause human infections [72]. When transferred to 
humans, ARGs lower the ability to fight infections. A 
recent study found that antibiotics selectively adsorb 
on aged MPs originating from aquaculture, and risk 
assessment indicated potential health risk to humans 
consuming the seafood contaminated by antibiotics-
laden microplastics [117].

Polycyclic aromatic hydrocarbons (pahs)
PAHs are a group of organic compounds with two or 
more fused aromatic rings that are highly ubiquitous, 
persistent, and hydrophobic. PAHs have carcinogenic, 
mutagenic, and toxic effects on organisms. They are 
mainly derived from two sources: pyrogenic and 
petrogenic. Pyrogenic PAHs are formed from fossil fuel 
combustion, waste incineration, wood, tobacco, biomass 
burning, and asphalt production, while petrogenic PAHs 
are associated with crude and refined oil. Pyrogenic 
PAHs are characterised by 4–6 aromatic rings (high 
molecular weight), and petrogenic PAHs mainly consist 
of 2–3 rings (low molecular weight). Atmospheric PAHs 
(gaseous phase as aerosols) are deposited in water, soil, 
and plants in the particulate phase through dry and wet 
deposition processes [1]. The accumulation of PAHs in 
soil or sediment is responsible for the further transport 
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of pollution to surface water, groundwater, plants, 
aquatic organisms, and food. Furthermore, human 
long-term exposure to PAHs could induce oxidative 
stress, immune responses, cataracts, kidney and liver 
damage, and functional abnormalities of the respiratory 
system. Eighteen PAHs detected in farmed giant sea 
perch were reported to have a mean concentration of 
573.66 ± 47.56  ng/g dry weight, but the concentration 
was within acceptable limits recommended by USEPA 
[76]. Another study assessed USEPA-priority PAHs in 
Taiwanese aquaculture-farmed fish (Mugil cephalus 
and Oreochromis mossambicus) and shellfish (Corbicula 
fluminea Formosa and Meretrix lusoria). The level of 
PAHs detected ranged from 20.0 ± 0.8 to 43.0 ± 11.3 ng/g 
wet weight and posed a low hazard risk to consumers of 
the farmed fishes [53]. However, farmed fish, shrimps, 
and crabs from the Yellow River Estuary of China were 
also reported to accumulate 3-ring PAHs, and risk 
assessment indicated that PAHs in mature aquatic 
products posed carcinogenic risks to humans [119]. In the 
few available studies, low-molecular-weight PAHs were 
dominant, indicating higher petrogenic inputs. Marine 
oil spills could be responsible for the presence of the 
petrogenic PAHs in the tested ecosystems. Additionally, 
many studies have demonstrated the adsorption and 
transport of PAHs by microplastics [21, 34, 53]. Overall, 
this suggests that plastic particles may continue to retain 
and transport PAHs within and outside the aquaculture 
ecosystem. Contamination should be monitored to keep 
their levels within acceptable limits.

Pesticides and herbicides
The use of herbicides and pesticides for the control of 
weeds, pests, algae, and bacteria in crop farming is a 
common practice in agriculture. In applying herbicides 
and pesticides, residues accumulate in the crops and 
soils. The contaminated crops are processed into fish 
feed for commercial aquaculture farms. Despite the 
ban on organochlorine pesticides in many countries, 
they are still detected in environmental samples [54]. 
Organophosphorus pesticides such as chlorpyrifos-
methyl (CPM) were detected in feeds used in Atlantic 
salmon aquaculture [86]. CPM is known to be highly toxic 
to fish. In commercially available Atlantic salmon feeds 
surveyed in 2017, the levels of CPM reported ranged 
from 11 to 26 μg/kg [95]. A study detected the presence 
of atrazine (a herbicide) in farmed catfish and fish feed 
in Nigeria, with mean concentrations ranging from 1.3–
1.5 to 1.4–1.8 µg/kg in fish feed and catfish, respectively 
[85]. Since microplastics are present in the aquaculture 
ecosystem, they may also act as vectors of organochlorine 
pesticides (OCPs) and dichlorodiphenyltrichloroethane 
(DDTs) [33, 96, 120].

Heavy metals
Heavy metals are naturally occurring elements that 
have a high atomic weight and a density at least five 
times greater than that of water. Heavy metals are 
naturally found throughout the earth’s crust, but most 
environmental contamination and human exposure 
result from anthropogenic activities such as mining 
and smelting operations, industrial production, and 
domestic and agricultural use of metals and metal-
containing compounds [101]. Metal corrosion, 
atmospheric deposition, soil erosion of metal ions 
and leaching of heavy metals, sediment resuspension, 
and metal evaporation from water resources into soil 
and groundwater are also sources of environmental 
contamination by metals. Heavy metals are also 
considered trace elements because of their presence in 
trace concentrations (ppb range to less than 10  ppm) 
in various environmental matrices [101]. Sediments in 
aquatic ecosystems are known repositories as well as 
sources of several inorganic contaminants, including 
toxic heavy metals [8]. Aquaculture and agricultural 
practices contribute to worldwide metal pollution due to 
diverse applications of metals in feed additives, organic 
and inorganic fertilisers, pesticides, and anti-fouling 
products [15]. Potentially toxic metals such as Cd, Cr, 
Pb, Cu, Zn, Mn, As, Hg, and Ni, due to their long-term 
persistence in the environment, allow them to accumulate 
in the food chain. Heavy metal toxicity negatively affects 
the growth, reproduction, and physiology of fish and 
other aquatic organisms, which threatens sustainable 
production in the aquaculture sector. An assessment of 
metal contamination in aquaculture showed higher levels 
in plastic materials than in the surrounding water [74], 
which suggests that inherent metal levels in plastics are 
significantly high. The presence of heavy metals such as 
Hg, Cd, Cu, and Zn was reported to promote antibiotic 
resistance through co-selection in aquaculture soil and 
water [94]. These studies suggest that the coexistence 
of plastic particles and potentially toxic metals presents 
a higher risk of toxic effects on organisms and the 
aquaculture environment.

Bisphenol A (BPA)
BPA is an endocrine disrupting chemical. With its two 
benzene rings and two (4,4′)-OH substituents, BPA fits 
within the binding pockets of both oestrogen receptor 
(ER)α and (ER)β. BPA also binds to several organ 
receptors, including the oestrogen-related receptor γ 
as well as the aryl hydrocarbon receptor [55]. The large 
number of receptors and signalling pathways affected by 
BPA led the US National Toxicology Programme (NTP) 
to assign it the third highest toxicological priority index 
(TPI) score of more than 300 chemicals examined [91]. 
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BPA is used primarily in the production of polycarbonate 
plastics as an additive to act as an antioxidant, hardening 
agent, or a stabiliser. Examples of such plastic products 
are shatterproof windows, water bottles, toys, and epoxy 
resins for the coating of metal food cans, bottle tops, and 
water supply pipes. The primary source of exposure to 
BPA in humans is through diet. Exposure is also possible 
through air, dust, and water. BPA can leach into food 
and water from protective coatings, especially at high 
temperatures [78]. Low levels of BPA exposure have 
been shown to induce adverse health effects in both 
animal and human studies, including obesity, metabolic 
disease, impaired glucose tolerance, cardiovascular 
disease, and many more [91]. A study reported the 
levels of BPA in fish species, T. blochii (0.322  ng/g), L. 
calcarifer (0.124 ng/g), and L. campechanus (0.023 ng/g) 
from aquaculture farms in Malaysia [50]. Another study 
surveyed freshwater and marine water cultured green 
mussels (Perna viridis) for the occurrence of BPA and 
high levels of BPA, and 17β-estradiol were detected 
in the mussels and the surrounding water samples. 
Furthermore, the mature green mussels were found 
to accumulate higher concentrations of BPA than the 
juveniles [84]. In a recent study simulating marine 
conditions, Gulizia et al. [39] reported that the leaching 
of BPA from PVC microplastics accelerates at higher 
temperatures, and smaller plastic particles diffuse BPA 
at a much higher rate than larger particles. The study 
suggests that leaching will be further exacerbated by 
rising and fluctuating water temperatures, such as those 
predicted with global warming.

Per and polyfluoroalkyl substances
Perfluoroalkyl and polyfluoroalkyl substances (PFASs), 
otherwise known as ‘forever chemicals’, are emerging 
environmental contaminants that have gained 
considerable attention among researchers in recent 
times. They are chemically similar to persistent organic 
pollutants (POPs), except that they are hydrophilic 
compounds. They are persistent and bioaccumulative 
and have been detected in matrices like food contact 
materials, water, air, sediment, and soil in different 
parts of the world [16, 17, 106]. PFASs were found in 
the effluent and influent water, and sediment of bullfrog 
aquaculture ponds, with concentrations ranging from 
50.26 to 364.25  ng/L and 2.89 to 162.26  ng/g·dw, 
respectively. Bullfrog tissues also had concentrations 
ranging from 3.36 to 84.07 ng/g dw [99]. Another study 
surveyed PFAS in farmed and wild-caught marine fish 
and found that the levels of PFAS (<13  ng/g) in farmed 
fish was lower than in wild-caught fish [118]. Although 
the studies showed that frequent consumption of the 
farmed animals did not pose any severe health risks on 

consumers in terms of PFASs, it is important to continue 
to monitor the chemicals to ensure food safety.

Impact of climate change on microplastics 
and chemical contaminants
According to the Intergovernmental Panel on Climate 
Change (IPCC), climate change refers to any change in 
climate over extended periods due to natural variability 
or as a result of human activities. Greenhouse gas 
emissions have a significant effect on Earth’s climate, 
raising average global temperatures and causing global 
warming. Greenhouse gases (GHGs) such as water 
vapour, CO2, CH4, O3, chlorofluorocarbons (CFCs), 
and N2O, trap photons of wavelengths in the infrared 
(IR) region and are therefore important temperature 
regulators of our atmosphere [14]. This results in the 
greenhouse effect, which is necessary to keep the 
earth’s climate comfortable [77]. However, since the 
industrial revolution, the concentrations of most GHGs 
have substantially increased in the atmosphere, thereby 
increasing the amount of trapped heat and emitting 
ultraviolet radiation, resulting in climate change [14]. 
Human activities including power generation, industrial 
production and transportation utilising fossil fuels 
such as coal, oil or gas which produces CO2 and N2O 
contributes to climate change. Instances of mangrove 
clearing for the purpose of aquaculture have also reduced 
carbon sinks, thereby increasing the persistence of 
GHGs [38, 92]. These changes are evidenced by rises in 
average temperatures, more variable weather patterns, 
rising sea levels, warmer oceans, frequent forest fires, 
and extreme events such as floods, storms, cyclones, 
landslides, and droughts [10]. For instance, the negative 
effects of GHG emissions and climate change indirectly 
affect aquaculture production by influencing output and 
consumption [79].

The role of climate change in aquaculture food 
contamination is an emerging topic of discourse; hence, 
more research is still required to improve knowledge 
and develop mitigation and risk assessment strategies. 
Like most sectors, aquaculture production is susceptible 
to the impact of climate change occasioned by changes 
in weather patterns such as temperature rise, intense 
and frequent rainfalls and strong winds, leading to 
floods and transport of microplastics and chemical 
contaminants (Fig.  4). Several other factors have been 
suggested to drive the transport of plastic from land into 
the ocean, including river hydrodynamics, wind speed 
and direction, river morphology, and tidal dynamics [26], 
however, the focus here is on flood-mediated transport. 
According to estimates by Hurley et  al. [48], the 2015 
floods in the United Kingdom caused a 70% transport 
of microplastics in river sediments. Although the extent 
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of MPs transport was not known, it was determined 
that microplastic contamination is efficiently flushed 
from river catchments during flooding. In a study by 
Gündoğdu et al. [40], it was reported that the amounts of 
microplastics carried into the North-East Mediterranean 
sea increased by 14-fold after multiple flood events. 
Another study by van Emmerik et al. [105] demonstrated 
that fluvial floods drive macroplastic (>2.5 cm) transport 
and accumulation in river systems. Organic pollutants 
and metals bound to plastic and sediment can also 
be transferred by floods and constitute a significant 
threat to the environment [70]. Climate change-related 
flooding also transports more microplastics and causes 
sediment resuspension in shallow lakes [123]. Increased 
temperatures cause a lower solubility of oxygen in water 
[low dissolved oxygen (DO)] and encourage the growth 
of bacteria and parasites, which is damaging to organisms 
and the ecosystem. Warmer oceans and surface waters 
facilitate the methylation of mercury and subsequent 
uptake of methyl mercury (a neurotoxin) in fish and 
other aquatic organisms, which in turn increases human 
dietary exposure to methyl mercury [121, 122]. Frequent 
and intensive forest fires result in the release of POPs 
like PAHs and dioxins, which can be aerially deposited 
into aquatic environments [27]. Because of drought 
or excessive rainfall, the use of fertilisers, pesticides, 
and veterinary medicines is changing. Excess and 
residues of these chemicals can be carried by floods and 
stormwater into aquaculture ponds leading to nutrient 
enrichment and eutrophication. Excessive growth of 
algae and plankton in a water body are indicators of the 

eutrophication process. Harmful algal blooms (HABs) 
have a greater impact on aquaculture than on wild 
capture fisheries [102]. This is because cultivated species 
are unable to relocate from areas where HABs are present 
and could die from toxins or water deoxygenation. HABs 
are frequently found in estuaries or coastal waters which 
are used for aquaculture, and global aquaculture growth 
has been found to be closely associated with rising 
instances of toxic algal blooms [43, 102]. Increased 
winds and air currents, such as the Gulf Stream, may also 
impact the global distribution of POPs and microplastics 
[104]. These factors, if unabated, will cause a decline in 
fish survival, impact natural food sources, and affect the 
sustainability, growth, and reproductive success of wild 
populations and farmed species.

Aquaculture is also identified as a contributor to 
climate change. According to Ahmed et al. [2], aquafeeds 
contribute the largest GHG emissions in aquaculture. 
Increased production of fish feed, some of which is 
animal-based contributes to GHG emissions via livestock 
production. However, the contribution of aquaculture 
to climate change is deemed to be relatively small 
despite being significant when compared to other food 
production sectors. For example, the contribution of 
aquaculture to global GHGs, particularly CO2 emissions 
in 2010 was estimated at ~7% of the agricultural 
sector’s contribution that year [6]. But the pathways and 
contribution of aquaculture production to global GHGs 
emission is still poorly understood and requires further 
investigation. Furthermore, the production of plastics 
adds to the greenhouse gas emissions that drive climate 

Fig. 4  The role of climate change in aquaculture food contamination
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change. For instance, in Europe, the production of plastic 
materials uses 4–6% of gas and oil consumption, and 
in 2014, 39.5 percent of post-consumer plastic waste 
was utilised for energy recovery [87]. Climate change 
is likely to impact human exposure to environmental 
contaminants from aquaculture foods; however, the 
extent of the change is yet to be quantified due to the 
assortment of pathways and mechanisms involved. 
To achieve sustainability in aquaculture, the issues of 
pollution (plastic and chemical) and climate change 
require attention.

Implications for food safety and the ecosystem
Climate change is considered a risk to global food 
production and a major threat to the quality and 
quantity of production [73]. Studies show that eating 
aquatic food can decrease the risk of heart attack, stroke, 
obesity, and hypertension due to the presence of low 
saturated fat and higher polyunsaturated fat, including 
omega-3 fatty acids [64]. However, aquatic foods may 
be contaminated with microplastics through ingestion 
of natural prey, adherence to the organism’s surface, 
or during the processing and packaging phases. MPs 
ingestion is harmful to aquatic organisms as it can cause 
a false sense of satiety, gut blockage, and inflammation 
of tissues. A sustained decrease in feeding may result in 
diminished mobility, weight loss, impairment of growth 
and reproduction, or even the death of organisms [109]. 
As MPs aggregate in the digestive tract of organisms, 
smaller particles can enter and stay in the circulatory 
system [24]. Nearly 700 species of aquatic organisms 
are known to be impacted by MPs, and MPs have been 
detected at various trophic levels [9]. MPs will migrate 
through the food web in tandem with aquatic organism 
predation. Since humans are the ultimate consumers 
in the aquatic food web, the introduction of MPs into 
humans has been proven inevitable in several studies. 
Besides, MPs have been detected in human placenta, 
faeces, colon, lungs, sputum, liver, breastmilk, and blood 
[7, 51, 90, 114]. Furthermore, when an aquatic organism 
is consumed intact by humans, there is a higher chance of 
exposure than when the digestive tract is removed [18]. 
The knowledge of the effects of microplastics on humans 
is still very limited. However, animal studies indicate that 
their translocation to different organs occurs, leading 
to adverse effects. The key factors contributing to MPs 
toxicity are their physical and chemical properties, 
concentrations, and the presence of microbial biofilms 
[93].

Synthetic plastics are non-biodegradable, so they 
persist for a long time in the environment. Microplastics 
can leach toxic chemicals into the environment. They 
attract and concentrate heavy metals and organic 

pollutants dissolved in the water, thereby introducing 
more layers of harm to organisms and the ecosystem. 
The association between plastics/MPs and chemical 
pollutants such as PCBs, OCPs, PAHs, and heavy metals 
has been established by several studies [31, 33, 65]. 
A study found that the abundance of plastic particles 
like PE and PVC in sediment could affect enzymatic 
activities, microbial diversity, and aquatic plant growth. 
Furthermore, physicochemical parameters such as 
total organic carbon (TOC), total nitrogen (TN), and 
pH decreased, potentially altering the diversity and 
stability of the aquatic ecosystem [61]. Another study 
reported that the concentration of microplastic in the 
sediment had a greater influence on the sediment’s 
temperature than the colour of the microplastic [35]. 
Sediment with higher microplastic concentrations 
had greater increases in temperature relative to the 
control, with the black 30% v/v treatment having the 
highest mean difference in temperature at 0.58  °C. This 
increase could significantly alter sea turtle hatchling 
sex ratios, physiological performance, and embryonic 
mortality [35]. Microplastics contain additives such 
as phthalate esters, BPA, pigments, UV stabilisers and 
so on, that have toxic effects on microalgae and other 
organisms in water [30, 32, 42]. In a recent study, high-
throughput sequencing revealed the alpha diversities 
of bacterial and fungal communities were reduced by 
microplastics, and bacterial community structures were 
significantly altered under all microplastic treatments, 
with clustering for the same size class for polystyrene and 
polyethylene. Fungal community structures were also 
considerably affected for all MPs, with polystyrene (PS) 
and polyethylene (PE) exhibiting different effects [115]. 
These alterations in fungi and microbe communities 
are indicative of the ability of microplastics to perturb 
microbial-involved carbon and nitrogen cycling in the 
ecosystem. These findings imply that the presence of MPs 
and chemical pollutants may alter the ecological balance 
of the aquaculture ecosystem and impact its sustainable 
production if not monitored and controlled.

Mitigation strategies and recommendations
Based on the foregoing, the following mitigation 
strategies are recommended:

(1)	 Many coastal pond systems are found in developing 
countries, where there may be little awareness about 
the impacts of lost plastics and the need to ensure 
they are stored and disposed of responsibly, along 
with a lack of infrastructure for plastic collection 
and recycling. Making the local community aware 
of these impacts will guide their actions and 
choices.



Page 13 of 17Fred‑Ahmadu et al. Environmental Sciences Europe          (2024) 36:181 	

(2)	 Microplastics monitoring and remote sensing 
technology are proactive measures against MP 
contamination [111]. The majority of aquaculture 
farms only monitor their gear after severe storms, 
not on a regular basis, and there are currently no 
standards or standardised processes in place for 
these farms to monitor gear loss [97]. Standards 
and regulations guiding the quality and durability of 
the materials used in aquaculture should be put in 
place. The standards contribute greatly to reduction 
in the lost gears and equipment at sea. As an 
example, Scotland has set standard guiding Finfish 
aquaculture that specifies the specific standard of 
gears and equipment [44].

(3)	 Controlling the use of chemicals and plastic fishing 
gears in aquaculture and increasing the recovery 
rate of the fishing gears, reducing or replacing the 
use of plastic packaging if aquaculture is to stem its 
contribution to the global plastics problem.

(4)	 Climate change mitigation and adaptation measures 
to build resilience in fisheries and aquaculture 
systems must be implemented in a multi-
dimensional and multi-sectoral manner across all 
regions.

(5)	 Practice of sustainable and responsible aquaculture. 
Since our oceans and waterways are interconnected, 
any actions in one location affect the ecology in 
another. Practitioners must engage in responsible, 
sustainable aquaculture if we are to guarantee the 
continuous farming of these habitats for food.

Areas for future research

(1)	 Studies have indicated that the contribution 
of aquaculture to global plastic pollution is 
underestimated. An appropriate estimation will 
aid monitoring and abatement efforts. Most of the 
available current studies are from Asia, especially 
China. It is important to have more studies from 
other regions around the world including Africa, 
Europe, the Americas and Australia.

(2)	 During the literature search for this review no 
studies indicating aerial deposition of MPs in 
aquaculture were found. The contribution of aerial 
deposition could also provide further information 
on estimation and impacts of MPs to the 
aquaculture ecosystem.

(3)	 The pathways and contribution of aquaculture 
production to global GHGs emission and climate 
change is yet to be adequately elucidated and 
measured and requires further investigation.

(4)	 Chemical pollution in aquaculture needs further 
investigation to provide a robust model for accurate 

assessment of risks and impact of consuming 
contaminated species.

(5)	 More studies are required to clearly explain and 
quantify the role of climate change in aquaculture 
food contamination.

Conclusion
The nexus between plastic pollution, persistent toxic 
chemicals, and climate change in the aquaculture 
ecosystem is elucidated in this review. While the impacts 
of this tripod link may not be immediately obvious 
(largely due to underestimation and underinvestigation), 
it is important to know that they exist and are capable of 
presenting more severe layers of potential exposure and 
threats to aquaculture organisms and the ecosystem. The 
aquaculture industry is still growing rapidly; therefore, 
the problems highlighted cannot be overlooked since the 
sector is a vital avenue for meeting global food security 
goals. However, the safety of aquaculture products, which 
is pivotal to the well-being of consumers, is threatened 
by the effects of climate change and its impact in driving 
chemical and plastic contamination. Hence, appropriate 
steps must be taken to ensure that aquaculture is not 
unduly exposed to environmental contaminants like 
microplastics, toxic chemical pollutants, and climate 
change effects.

Abbreviations
AMAP	� Arctic Monitoring and Assessment Programme
ARGs	� Antibiotic resistance genes
As	� Arsenic
BPA	� Bisphenol A
Cd	� Cadmium
CFCs	� Chlorofluorocarbons
COVID-19	� Coronavirus disease
CPM	� Chlorpyrifos methyl
Cr	� Chromium
Cu	� Copper
DDTs	� Dichlorodiphenyltrichloroethane
DO	� Dissolved oxygen
EIT	� European Institute of Innovation and Technology
EPS	� Expanded polystyrene
FAO	� Food and Agriculture Organisation
GESAMP	� Group of Experts on the Scientific Aspects of Marine 

Environmental Protection
GHGs	� Greenhouse gases
Hg	� Mercury
IPCC	� Intergovernmental Panel on Climate Change
IR	� Infrared
Mn	� Manganese
MNPs	� Micro(nano)plastics
MPs	� Microplastics
Ni	� Nickel
NOAA	� National Oceanic and Atmospheric Administration
NTP	� National Toxicology Programme
OCPs	� Organochlorine pesticides
PAHs	� Polycyclic aromatic hydrocarbons
Pb	� Lead
PCBs	� Polychlorinated biphenyls
PE	� Polyethylene
PFAS	� Perfluoroalkyl and polyfluoroalkyl substances
POPs	� Persistent organic pollutants



Page 14 of 17Fred‑Ahmadu et al. Environmental Sciences Europe          (2024) 36:181 

PVC	� Polyvinyl chloride
SDGs	� Sustainable Development Goals
TN	� Total nitrogen
TOC	� Total organic carbon
UNEP	� United Nations Environment Programme
USDA	� United States Department of Agriculture
USEPA	� United States Environmental Protection Agency
UV	� Ultraviolet
Zn	� Zinc

Author contributions
O.H.F. conceptualised, curated data, and wrote the original draft of the 
manuscript; F.A. participated in data curation, preparation of figures and 
graphics; A.A. and I.A.O. were major contributors in writing the manuscript; 
O.O. edited and reviewed the manuscript; and N.B. was involved in the 
conceptualisation, review, editing, and supervision of the manuscript. All 
authors read and approved the final manuscript.

Funding
This research received no specific grant from any funding agency in the 
public, commercial, or not-for-profit sectors.

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Competing interests
Omowunmi Fred-Ahmadu (the Corresponding Author) is a Guest Editor in this 
Special Issue.

Author details
1 Department of Chemical Sciences, Afe Babalola University, Ado‑Ekiti, 
Nigeria. 2 Department of Sociology, Afe Babalola University, Ado‑Ekiti, Nigeria. 
3 Department of Chemistry, Covenant University, Ota, Nigeria. 4 Department 
of Chemistry, Federal University, Oye‑Ekiti, Nigeria. 5 Department of Chemical 
Sciences, Topfaith University, Mkpatak, Nigeria. 

Received: 14 June 2024   Accepted: 22 September 2024

References
	 1.	 Abdel-Shafy HI, Mansour MSM (2016) A review on polycyclic aromatic 

hydrocarbons: source, environmental impact, effect on human health 
and remediation. Egypt J Pet 25(1):107–123. https://​doi.​org/​10.​1016/j.​
ejpe.​2015.​03.​011

	 2.	 Ahmed N, Thompson S, Glaser M (2019) Global aquaculture 
productivity, environmental sustainability, and climate change 
adaptability. Environ Manage 63(2):159–172. https://​doi.​org/​10.​1007/​
s00267-​018-​1117-3

	 3.	 Alak G, Köktürk M, Atamanalp M (2021) Evaluation of different 
packaging methods and storage temperature on MPs abundance and 
fillet quality of rainbow trout. J Hazard Mater 420:126573. https://​doi.​
org/​10.​1016/j.​jhazm​at.​2021.​126573

	 4.	 AMAP (2021) Litter and microplastics monitoring guidelines. Arctic 
Monitoring & Assessment Programme (pp 1–266). www.​amap.​no

	 5.	 An L, Liu Q, Deng Y, Wu W, Gao Y, Ling W (2020) Sources of microplastic 
in the environment. Handb Environ Chem 95:143–159. https://​doi.​org/​
10.​1007/​698_​2020_​449/​COVER

	 6.	 Barange M, Bahri T, Beveridge MCM, Cochrane KL, Funge-Smith S, 
Poulain F (eds) (2018) Impacts of climate change on fisheries and 
aquaculture: synthesis of current knowledge, adaptation and mitigation 
options. FAO Fisheries and Aquaculture Technical Paper 627:1–628

	 7.	 Barceló D, Picó Y, Alfarhan AH (2023) Microplastics: detection in 
human samples, cell line studies, and health impacts. Environ Toxicol 
Pharmacol 101:104204. https://​doi.​org/​10.​1016/j.​etap.​2023.​104204

	 8.	 Benson NU, Adedapo AE, Fred-Ahmadu OH, Williams AB, Udosen ED, 
Ayejuyo OO, Olajire AA (2018) New ecological risk indices for evaluating 
heavy metals contamination in aquatic sediment: a case study of the 
Gulf of Guinea. Reg Stud Mar Sci 18:44–56. https://​doi.​org/​10.​1016/j.​
rsma.​2018.​01.​004

	 9.	 Benson NU, Agboola OD, Fred-Ahmadu OH, De-la-Torre GE, Oluwalana 
A, Williams AB (2022) Micro(nano)plastics prevalence, food web 
interactions, and toxicity assessment in aquatic organisms: a review. 
Front Mar Sci 9(March):1–19. https://​doi.​org/​10.​3389/​fmars.​2022.​851281

	 10.	 Benson NU, Nwokike C, Williams AB, Adedapo AE, Fred-Ahmadu 
OH (2019) Spatial and temporal trends in diurnal temperature and 
precipitation extremes in North Central Nigeria. J Phys Conf Ser 
1299(1):012062. https://​doi.​org/​10.​1088/​1742-​6596/​1299/1/​012062

	 11.	 Bergami E, Pugnalini S, Vannuccini ML, Manfra L, Faleri C, Savorelli 
F, Dawson KA, Corsi I (2017) Long-term toxicity of surface-charged 
polystyrene nanoplastics to marine planktonic species Dunaliella 
tertiolecta and Artemia franciscana. Aquat Toxicol 189(June):159–169. 
https://​doi.​org/​10.​1016/j.​aquat​ox.​2017.​06.​008

	 12.	 Bhuyan S (2022) Effects of microplastics on fish and in human health. 
Front Environ Sci 10:1–17. https://​doi.​org/​10.​3389/​fenvs.​2022.​827289

	 13.	 Blue Food Assessment Report (2021). Building Blue Food Futures for 
People and the Planet, pp 1–44. https://​doi.​org/​10.​25740/​rd224​xj7484

	 14.	 Borduas N, Donahue NM (2018) Chapter 3.1—The natural atmosphere. 
In: Török B, Dransfield T (eds), Green chemistry (pp 131–150). Elsevier. 
https://​doi.​org/​10.​1016/​B978-0-​12-​809270-​5.​00006-6

	 15.	 Burridge L, Weis JS, Cabello F, Pizarro J, Bostick K (2010) Chemical use 
in salmon aquaculture: a review of current practices and possible 
environmental effects. Aquaculture 306(1):7–23. https://​doi.​org/​10.​
1016/j.​aquac​ulture.​2010.​05.​020

	 16.	 Cai L, Weng B, Zhan L, Zhang J, Yan Y, Hu G, Yu R, Li Y (2023) In 
abandoned aquaculture ponds, the anammox process contributes 
relatively more to nitrogen removal. Aquaculture 572:739527. https://​
doi.​org/​10.​1016/j.​aquac​ulture.​2023.​739527

	 17.	 Cai W, Navarro DA, Du J, Srivastava P, Cao Z, Ying G, Kookana RS (2023) 
Effect of heavy metal co-contaminants on the sorption of thirteen 
anionic per- and poly-fluoroalkyl substances (PFAS) in soils. Sci Total 
Environ 905:167188. https://​doi.​org/​10.​1016/j.​scito​tenv.​2023.​167188

	 18.	 Carbery M, O’Connor W, Palanisami T (2018) Trophic transfer of 
microplastics and mixed contaminants in the marine food web and 
implications for human health. Environ Int 115:400–409. https://​doi.​
org/​10.​1016/J.​ENVINT.​2018.​03.​007

	 19.	 Carlos L, Sá D, Oliveira M, Ribeiro F, Lopes T, Norman M (2018) Studies 
of the effects of microplastics on aquatic organisms: What do we know 
and where should we focus our efforts in the future? Sci Total Environ 
645:1029–1039. https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​07.​207

	 20.	 Castelvetro V, Corti A, Bianchi S, Giacomelli G, Manariti A, Vinciguerra 
V (2021) Microplastics in fish meal: contamination level analyzed by 
polymer type, including polyester (PET), polyolefins, and polystyrene. 
Environ Pollut 273:115792. https://​doi.​org/​10.​1016/j.​envpol.​2020.​
115792

	 21.	 Chen C-F, Ju Y-R, Lim Y-C, Hsu N-H, Lu K-T, Hsieh S-L, Dong C-D, 
Chen C-W (2020) Microplastics and their affiliated PAHs in the sea 
surface connected to the southwest coast of Taiwan—ScienceDirect. 
Chemosphere 254:126818. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2020.​126818

	 22.	 Dorber M, Verones F, Nakaoka M, Sudo K (2020) Can we locate shrimp 
aquaculture areas from space? – a case study for Thailand. Remote 
Sens Appl Soc Environ 20:100416. https://​doi.​org/​10.​1016/j.​rsase.​2020.​
100416

	 23.	 Du F, Cai H, Zhang Q, Chen Q, Shi H (2020) Microplastics in take-out 
food containers. J Hazard Mater 399:122969. https://​doi.​org/​10.​1016/j.​
jhazm​at.​2020.​122969

	 24.	 Du S, Zhu R, Cai Y, Xu N, Yap P-S, Zhang Y, He Y, Zhang Y (2021) 
Environmental fate and impacts of microplastics in aquatic ecosystems: 
a review. RSC Adv 11(26):15762–15784. https://​doi.​org/​10.​1039/​d1ra0​
0880c

	 25.	 Egea-Corbacho A, Martín-García AP, Franco AA, Albendín G, Arellano 
JM, Rodríguez-Barroso R, Coello MD, Quiroga JM, Cabello JF, Iglesias 
Prado I, Malta E (2023) Microplastic in industrial aquaculture: 
occurrence in the aquatic environment, feed and organisms 

https://doi.org/10.1016/j.ejpe.2015.03.011
https://doi.org/10.1016/j.ejpe.2015.03.011
https://doi.org/10.1007/s00267-018-1117-3
https://doi.org/10.1007/s00267-018-1117-3
https://doi.org/10.1016/j.jhazmat.2021.126573
https://doi.org/10.1016/j.jhazmat.2021.126573
http://www.amap.no
https://doi.org/10.1007/698_2020_449/COVER
https://doi.org/10.1007/698_2020_449/COVER
https://doi.org/10.1016/j.etap.2023.104204
https://doi.org/10.1016/j.rsma.2018.01.004
https://doi.org/10.1016/j.rsma.2018.01.004
https://doi.org/10.3389/fmars.2022.851281
https://doi.org/10.1088/1742-6596/1299/1/012062
https://doi.org/10.1016/j.aquatox.2017.06.008
https://doi.org/10.3389/fenvs.2022.827289
https://doi.org/10.25740/rd224xj7484
https://doi.org/10.1016/B978-0-12-809270-5.00006-6
https://doi.org/10.1016/j.aquaculture.2010.05.020
https://doi.org/10.1016/j.aquaculture.2010.05.020
https://doi.org/10.1016/j.aquaculture.2023.739527
https://doi.org/10.1016/j.aquaculture.2023.739527
https://doi.org/10.1016/j.scitotenv.2023.167188
https://doi.org/10.1016/J.ENVINT.2018.03.007
https://doi.org/10.1016/J.ENVINT.2018.03.007
https://doi.org/10.1016/j.scitotenv.2018.07.207
https://doi.org/10.1016/j.envpol.2020.115792
https://doi.org/10.1016/j.envpol.2020.115792
https://doi.org/10.1016/j.chemosphere.2020.126818
https://doi.org/10.1016/j.chemosphere.2020.126818
https://doi.org/10.1016/j.rsase.2020.100416
https://doi.org/10.1016/j.rsase.2020.100416
https://doi.org/10.1016/j.jhazmat.2020.122969
https://doi.org/10.1016/j.jhazmat.2020.122969
https://doi.org/10.1039/d1ra00880c
https://doi.org/10.1039/d1ra00880c


Page 15 of 17Fred‑Ahmadu et al. Environmental Sciences Europe          (2024) 36:181 	

(Dicentrarchus labrax). Sci Total Environ 904:166774. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2023.​166774

	 26.	 van Emmerik THM (2024) The impact of floods on plastic pollution. 
Glob Sustain 7:e17. https://​doi.​org/​10.​1017/​sus.​2024.​14

	 27.	 Faboya OL, Sojinu SO, Oguntuase BJ, Sonibare OO (2020) Impact of 
forest fires on polycyclic aromatic hydrocarbon concentrations and 
stable carbon isotope compositions in burnt soils from tropical forest. 
Nigeria Scientific African 8:e00331. https://​doi.​org/​10.​1016/J.​SCIAF.​2020.​
E00331

	 28.	 FAO (2018) The State of World Fisheries and Aquaculture 2018 (SOFIA). 
https://​www.​fao.​org/​docum​ents/​card/​en/c/​I9540​EN/

	 29.	 FAO (2022) The State of World Fisheries and Aquaculture 2022. United 
Nations. https://​www.​fao.​org/3/​cc046​1en/​online/​sofia/​2022/​utili​zation-​
proce​ssing-​fishe​ries-​produ​ction.​html

	 30.	 Fred-Ahmadu OH, Ayejuyo OO, Benson NU (2020) Microplastics 
distribution and characterization in Epipsammic sediments of tropical 
Atlantic Ocean, Nigeria. Reg Stud Mar Sci 38:101365. https://​doi.​org/​10.​
1016/j.​rsma.​2020.​101365

	 31.	 Fred-Ahmadu OH, Ayejuyo OO, Tenebe IT, Benson NU (2021) 
Occurrence and distribution of micro(meso)plastic-sorbed heavy 
metals and metalloids in sediments, Gulf of Guinea coast (SE Atlantic). 
Sci Total Environ 813:152650. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​
152650

	 32.	 Fred-Ahmadu OH, Bhagwat G, Oluyoye I, Benson NU, Ayejuyo OO, 
Palanisami T (2020) Interaction of chemical contaminants with 
microplastics: principles and perspectives. Sci Total Environ 706:135978. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​135978

	 33.	 Fred-Ahmadu OH, Tenebe IT, Ayejuyo OO, Benson NU (2022) 
Microplastics and associated organic pollutants in beach sediments 
from the Gulf of Guinea ( SE Atlantic ) coastal ecosystems. 
Chemosphere 298:134193. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2022.​134193

	 34.	 Frias JPGL, Sobral P, Ferreira AM (2010) Organic pollutants in 
microplastics from two beaches of the Portuguese coast. Mar Pollut 
Bull 60(11):1988–1992. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2010.​07.​030

	 35.	 Fuentes MMPB, Beckwidth V, Ware M (2023) The effects of microplastic 
on the thermal profile of sand: implications for marine turtle nesting 
grounds. Front Mar Sci 10:23–58. https://​doi.​org/​10.​3389/​fmars.​2023.​
11465​56

	 36.	 Gallagher A, Randall P, Sivyer D, Binetti U, Lokuge G, Munas M (2023) 
Abandoned, lost or otherwise discarded fishing gear (ALDFG) in Sri 
Lanka – a pilot study collecting baseline data. Mar Policy 148:105386. 
https://​doi.​org/​10.​1016/j.​marpol.​2022.​105386

	 37.	 GESAMP (2024) Sea-based sources of marine litter. http://​www.​gesamp.​
org/​work/​groups/​wg-​43-​on-​sea-​based-​sourc​es-​of-​marine-​litter

	 38.	 Grellier S, Janeau J-L, Hoai ND, Kim CNT, Phuong QLT, Thu TPT, Tran-Thi 
N-T, Marchand C (2017) Changes in soil characteristics and C dynamics 
after mangrove clearing (Vietnam). Sci Total Environ 593–594:654–663. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2017.​03.​204

	 39.	 Gulizia AM, Philippa B, Zacharuk J, Motti CA, Vamvounis G (2023) 
Plasticiser leaching from polyvinyl chloride microplastics and the 
implications for environmental risk assessment. Mar Pollut Bull 
195:115392. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2023.​115392

	 40.	 Gündoğdu S, Çevik C, Ayat B, Aydoğan B, Karaca S (2018) How 
microplastics quantities increase with flood events? An example from 
Mersin Bay NE Levantine coast of Turkey. Environ Pollut 239:342–350. 
https://​doi.​org/​10.​1016/j.​envpol.​2018.​04.​042

	 41.	 Gündoğdu S, Eroldoğan OT, Evliyaoğlu E, Turchini GM, Wu XG (2021) 
Fish out, plastic in: global pattern of plastics in commercial fishmeal. 
Aquaculture 534:736316. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2020.​
736316

	 42.	 Hahladakis JN, Velis CA, Weber R, Iacovidou E, Purnell P (2018) An 
overview of chemical additives present in plastics: migration, release, 
fate and environmental impact during their use, disposal and recycling. 
J Hazard Mater 344:179–199. https://​doi.​org/​10.​1016/j.​jhazm​at.​2017.​10.​
014

	 43.	 Hallegraeff GM, Anderson DM, Belin C, Bottein M-YD, Bresnan E, 
Chinain M, Enevoldsen H, Iwataki M, Karlson B, McKenzie CH, Sunesen 
I, Pitcher GC, Provoost P, Richardson A, Schweibold L, Tester PA, Trainer 
VL, Yñiguez AT, Zingone A (2021) Perceived global increase in algal 
blooms is attributable to intensified monitoring and emerging bloom 

impacts. Commun Earth Environ 2(1):1–10. https://​doi.​org/​10.​1038/​
s43247-​021-​00178-8

	 44.	 Hipolito C, Vale M, Paramio L, Devriese L (2020) Policy 
recommendations to tackle aquaculture debris: Deliverable 5.1, 
developed by FRCT under the AQUA-LIT Project. FRCT- Regional Fund 
for Science and Technology: Azores, 32.

	 45.	 Hossain MB, Banik P, Nur A-A, Choudhury TR, Liba SI, Albeshr MF, 
Yu J, Arai T (2023) Microplastics in fish culture ponds: abundance, 
characterization, and contamination risk assessment. Front Environ Sci. 
https://​doi.​org/​10.​3389/​fenvs.​2023.​12511​58

	 46.	 Hossain S, Ahmad Shukri ZN, Waiho K, Ibrahim YS, Minhaz TM, 
Kamaruzzan AS, Abdul Rahim AI, Draman AS, Khatoon H, Islam Z, Kasan 
NA (2023) Microplastics pollution in mud crab (Scylla sp.) aquaculture 
system: first investigation and evidence. Environ Pollut 329:121697. 
https://​doi.​org/​10.​1016/J.​ENVPOL.​2023.​121697

	 47.	 Huntington T (2019) Marine litter and aquaculture gear. In: White Paper. 
Report produced by Poseidon Aquatic Resources Management Ltd for 
the Aquaculture Stewardship Council (Issue November, p 20).

	 48.	 Hurley R, Woodward J, Rothwell JJ (2018) Microplastic contamination 
of river beds significantly reduced by catchment-wide flooding. Nat 
Geosci 11(4):251–257. https://​doi.​org/​10.​1038/​s41561-​018-​0080-1

	 49.	 Iheanacho S, Ogbu M, Bhuyan MS, Ogunji J (2023) Microplastic 
pollution: an emerging contaminant in aquaculture. Aquac Fish 
8(6):603–616. https://​doi.​org/​10.​1016/J.​AAF.​2023.​01.​007

	 50.	 Ismail NAH, Wee SY, Aris AZ (2018) Bisphenol A and alkylphenols 
concentrations in selected mariculture fish species from Pulau Kukup, 
Johor, Malaysia. Mar Pollut Bull 127:536–540. https://​doi.​org/​10.​1016/j.​
marpo​lbul.​2017.​12.​043

	 51.	 Jenner LC, Rotchell JM, Bennett RT, Cowen M, Tentzeris V, Sadofsky LR 
(2022) Detection of microplastics in human lung tissue using μFTIR 
spectroscopy. Sci Total Environ 831:154907. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2022.​154907

	 52.	 Jimoh A, Adedigba K (2020) Investigation into the abandonment of 
fish farms in Lagos State, southwest Nigeria. Int J Fish Aquat Stud 
8(1):186–191

	 53.	 Ju Y-R, Chen C-F, Wang M-H, Chen C-W, Dong C-D (2022) Assessment 
of polycyclic aromatic hydrocarbons in seafood collected from coastal 
aquaculture ponds in Taiwan and human health risk assessment. J 
Hazard Mater 421:126708. https://​doi.​org/​10.​1016/J.​JHAZM​AT.​2021.​
126708

	 54.	 Kafilzadeh F (2015) Assessment of organochlorine pesticide residues in 
water, sediments and fish from Lake Tashk. Iran Als 9:107–111. https://​
doi.​org/​10.​1016/j.​als.​2015.​12.​003

	 55.	 Kitamura S, Suzuki T, Sanoh S, Kohta R, Jinno N, Sugihara K, Yoshihara 
S, Fujimoto N, Watanabe H, Ohta S (2005) Comparative study of 
the endocrine-disrupting activity of bisphenol A and 19 related 
compounds. Toxicol Sci 84(2):249–259. https://​doi.​org/​10.​1093/​toxsci/​
kfi074

	 56.	 Korez Š, Gutow L, Saborowski R (2019) Microplastics at the strandlines 
of Slovenian beaches. Mar Pollut Bull 145:334–342. https://​doi.​org/​10.​
1016/J.​MARPO​LBUL.​2019.​05.​054

	 57.	 Kövári J (1984) Chapter 1. Considerations in the Selection of Sites for 
Aquaculture. Food and Agriculture Organization of the United Nations. 
https://​www.​fao.​org/3/​x5744E/​x5744​e02.​htm

	 58.	 Lam TWL, Fok L, Ma ATH, Li H-X, Xu X-R, Cheung LTO, Wong MH (2022) 
Microplastic contamination in marine-cultured fish from the Pearl River 
Estuary, South China. Sci Total Environ 827:154281. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2022.​154281

	 59.	 Le ND, Hoang TTH, Duong TT, Lu X, Pham TMH, Phung TXB, Le TMH, 
Duong TH, Nguyen TD, Le TPQ (2022) First observation of microplastics 
in surface sediment of some aquaculture ponds in Hanoi city, Vietnam. 
J Hazard Mater Adv 6:100061. https://​doi.​org/​10.​1016/j.​hazadv.​2022.​
100061

	 60.	 Le V-G, Nguyen M-K, Nguyen H-L, Thai V-A, Le V-R, Vu QM, Asaithambi 
P, Chang SW, Nguyen DD (2024) Ecotoxicological response of algae to 
contaminants in aquatic environments: a review. Environ Chem Lett 
22(2):919–939. https://​doi.​org/​10.​1007/​s10311-​023-​01680-5

	 61.	 Li W, Wang Z, Li W, Li Z (2022) Impacts of microplastics addition on 
sediment environmental properties, enzymatic activities and bacterial 
diversity. Chemosphere 307:135836. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2022.​135836

https://doi.org/10.1016/j.scitotenv.2023.166774
https://doi.org/10.1016/j.scitotenv.2023.166774
https://doi.org/10.1017/sus.2024.14
https://doi.org/10.1016/J.SCIAF.2020.E00331
https://doi.org/10.1016/J.SCIAF.2020.E00331
https://www.fao.org/documents/card/en/c/I9540EN/
https://www.fao.org/3/cc0461en/online/sofia/2022/utilization-processing-fisheries-production.html
https://www.fao.org/3/cc0461en/online/sofia/2022/utilization-processing-fisheries-production.html
https://doi.org/10.1016/j.rsma.2020.101365
https://doi.org/10.1016/j.rsma.2020.101365
https://doi.org/10.1016/j.scitotenv.2021.152650
https://doi.org/10.1016/j.scitotenv.2021.152650
https://doi.org/10.1016/j.scitotenv.2019.135978
https://doi.org/10.1016/j.chemosphere.2022.134193
https://doi.org/10.1016/j.chemosphere.2022.134193
https://doi.org/10.1016/j.marpolbul.2010.07.030
https://doi.org/10.3389/fmars.2023.1146556
https://doi.org/10.3389/fmars.2023.1146556
https://doi.org/10.1016/j.marpol.2022.105386
http://www.gesamp.org/work/groups/wg-43-on-sea-based-sources-of-marine-litter
http://www.gesamp.org/work/groups/wg-43-on-sea-based-sources-of-marine-litter
https://doi.org/10.1016/j.scitotenv.2017.03.204
https://doi.org/10.1016/j.marpolbul.2023.115392
https://doi.org/10.1016/j.envpol.2018.04.042
https://doi.org/10.1016/j.aquaculture.2020.736316
https://doi.org/10.1016/j.aquaculture.2020.736316
https://doi.org/10.1016/j.jhazmat.2017.10.014
https://doi.org/10.1016/j.jhazmat.2017.10.014
https://doi.org/10.1038/s43247-021-00178-8
https://doi.org/10.1038/s43247-021-00178-8
https://doi.org/10.3389/fenvs.2023.1251158
https://doi.org/10.1016/J.ENVPOL.2023.121697
https://doi.org/10.1038/s41561-018-0080-1
https://doi.org/10.1016/J.AAF.2023.01.007
https://doi.org/10.1016/j.marpolbul.2017.12.043
https://doi.org/10.1016/j.marpolbul.2017.12.043
https://doi.org/10.1016/j.scitotenv.2022.154907
https://doi.org/10.1016/j.scitotenv.2022.154907
https://doi.org/10.1016/J.JHAZMAT.2021.126708
https://doi.org/10.1016/J.JHAZMAT.2021.126708
https://doi.org/10.1016/j.als.2015.12.003
https://doi.org/10.1016/j.als.2015.12.003
https://doi.org/10.1093/toxsci/kfi074
https://doi.org/10.1093/toxsci/kfi074
https://doi.org/10.1016/J.MARPOLBUL.2019.05.054
https://doi.org/10.1016/J.MARPOLBUL.2019.05.054
https://www.fao.org/3/x5744E/x5744e02.htm
https://doi.org/10.1016/j.scitotenv.2022.154281
https://doi.org/10.1016/j.scitotenv.2022.154281
https://doi.org/10.1016/j.hazadv.2022.100061
https://doi.org/10.1016/j.hazadv.2022.100061
https://doi.org/10.1007/s10311-023-01680-5
https://doi.org/10.1016/j.chemosphere.2022.135836
https://doi.org/10.1016/j.chemosphere.2022.135836


Page 16 of 17Fred‑Ahmadu et al. Environmental Sciences Europe          (2024) 36:181 

	 62.	 Lin F, Zhang Q, Xie J, Lin Y, Chen Y, Mao K, Qin Y, Diao X (2022) 
Microplastics in biota and surface seawater from tropical aquaculture 
area in Hainan, China. Gondwana Res 108:41–48. https://​doi.​org/​10.​
1016/j.​gr.​2021.​11.​008

	 63.	 Lin L, Chen CC, Zhu X, Pan K, Xu X (2022) Risk of aquaculture-derived 
microplastics in aquaculture areas: an overlooked issue or a non-issue? 
Front Mar Sci 9:923471. https://​doi.​org/​10.​3389/​fmars.​2022.​923471

	 64.	 Liu C, Ralston NVC (2021) Seafood and health: what you need to know? 
Adv Food Nutr Res 97:275–318. https://​doi.​org/​10.​1016/​bs.​afnr.​2021.​04.​
001

	 65.	 Liu S, Shi J, Wang J, Dai Y, Li H, Li J, Liu X, Chen X, Wang Z, Zhang P 
(2021) Interactions between microplastics and heavy metals in aquatic 
environments: a review. Front Microbiol 12:6525. https://​doi.​org/​10.​
3389/​fmicb.​2021.​652520

	 66.	 Lopes C, Ambrosino AC, Figueiredo C, Caetano M, Santos MM, Garrido 
S, Raimundo J (2023) Microplastic distribution in different tissues of 
small pelagic fish of the Northeast Atlantic Ocean. Sci Total Environ 
901:166050. https://​doi.​org/​10.​1016/j.​scito​tenv.​2023.​166050

	 67.	 Lusher AL, Hollman P, Mendoza-Hill J (2017) Status of knowledge on 
their occurrence and implications for aquatic organisms and food 
safety (615). FAO.

	 68.	 Ma J, Niu X, Zhang D, Lu L, Ye X, Deng W, Li Y, Lin Z (2020) High levels 
of microplastic pollution in aquaculture water of fish ponds in the 
Pearl River Estuary of Guangzhou, China. Sci Total Environ 744:140679. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​140679

	 69.	 Mariano H, Aguilos M, Dagoc FL, Sumalinab B, Amparado R (2022) 
Abandoned fishpond reversal to Mangrove forest: will the carbon 
storage potential match the natural stand 30 years after reforestation? 
Forests 13(6):847. https://​doi.​org/​10.​3390/​f1306​0847

	 70.	 Marques M, Hogland W (2001) Stormwater run-off and pollutant 
transport related to the activities carried out in a modern waste 
management park. Waste Manag Res 19(1):20–34. https://​doi.​org/​10.​
1177/​07342​42X01​01900​104

	 71.	 Jekel EM (2019) Scientific report on tyre and road wear particles. TRWP, 
The aquatic environment, TU, Berlin

	 72.	 Martínez JL, Coque TM, Baquero F (2015) What is a resistance gene? 
Ranking risk in resistomes. Nat Rev Microbiol 13(2):116–123. https://​doi.​
org/​10.​1038/​nrmic​ro3399

	 73.	 Maulu S, Hasimuna OJ, Haambiya LH, Monde C, Musuka CG, Makorwa 
TH, Munganga BP, Phiri KJ, Nsekanabo JD (2021) Climate change effects 
on aquaculture production: sustainability implications, mitigation, and 
adaptations. Front Sustain Food Syst 5:60–95. https://​doi.​org/​10.​3389/​
fsufs.​2021.​609097

	 74.	 Mohsen M, Lin C, Tu C, Zhang C, Xu S, Yang H (2022) Association 
of heavy metals with plastics used in aquaculture. Mar Pollut Bull 
174:113312. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2021.​113312

	 75.	 Muhib MI, Rahman MM (2023) Microplastics contamination in fish 
feeds: characterization and potential exposure risk assessment for 
cultivated fish of Bangladesh. Heliyon 9(9):e19789. https://​doi.​org/​10.​
1016/j.​heliy​on.​2023.​e19789

	 76.	 Nasher E, Heng LY, Zakaria Z, Surif S (2016) Health risk assessment 
of polycyclic aromatic hydrocarbons through aquaculture fish 
consumption, Malaysia. Environ Forensics 17(1):97–106. https://​doi.​org/​
10.​1080/​15275​922.​2015.​11337​33

	 77.	 National Geographic Society (2023) Greenhouse effect. https://​educa​
tion.​natio​nalge​ograp​hic.​org/​resou​rce/​green​house-​effect

	 78.	 National Institute of Environmental Health Sciences (2023, August 31). 
Bisphenol A (BPA). National Institute of Environmental Health Sciences. 
https://​www.​niehs.​nih.​gov/​health/​topics/​agents/​sya-​bpa/​index.​cfm

	 79.	 Ngarava S, Zhou L, Nyambo P, Chari MM, Bhungeni O (2023) 
Aquaculture production, GHG emission and economic growth in Sub-
Sahara Africa. Environ Chall 12:100737. https://​doi.​org/​10.​1016/J.​ENVC.​
2023.​100737

	 80.	 Nguyen MK, Lin C, Quang Hung NT, Hoang H-G, Vo D-VN, Tran H-T 
(2023) Investigation of ecological risk of microplastics in peatland areas: 
a case study in Vietnam. Environ Res 220:115190. https://​doi.​org/​10.​
1016/j.​envres.​2022.​115190

	 81.	 Nguyen M-K, Lin C, Nguyen H-L, Le V-G, Haddout S, Um M-J, Chang SW, 
Nguyen DD (2023) Ecotoxicity of micro- and nanoplastics on aquatic 
algae: facts, challenges, and future opportunities. J Environ Manage 
346:118982. https://​doi.​org/​10.​1016/j.​jenvm​an.​2023.​118982

	 82.	 Nguyen M-K, Lin C, Nguyen H-L, Le V-R, Kl P, Singh J, Chang SW, Um 
M-J, Nguyen DD (2023) Emergence of microplastics in the aquatic 
ecosystem and their potential effects on health risks: the insights into 
Vietnam. J Environ Manage 344:118499. https://​doi.​org/​10.​1016/j.​jenvm​
an.​2023.​118499

	 83.	 NOAA (2023) What is aquaculture? National Ocean Service Website. 
https://​ocean​servi​ce.​noaa.​gov/​facts/​aquac​ulture.​html

	 84.	 Ocharoen Y, Boonphakdee C, Boonphakdee T, Shinn AP, 
Moonmangmee S (2018) High levels of the endocrine disruptors 
bisphenol-A and 17β-estradiol detected in populations of green 
mussel, Perna viridis, cultured in the Gulf of Thailand. Aquaculture 
497:348–356. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2018.​07.​057

	 85.	 Olatoye IO, Okocha RC, Oridupa OA, Nwishienyi CN, Tiamiyu AM, 
Adedeji OB (2021) Atrazine in fish feed and African catfish (Clarias 
gariepinus) from aquaculture farms in Southwestern Nigeria. Heliyon 
7(2):e06076. https://​doi.​org/​10.​1016/J.​HELIY​ON.​2021.​E06076

	 86.	 Olsvik PA, Larsen AK, Berntssen MHG, Goksøyr A, Karlsen OA, Yadetie 
F, Sanden M, Kristensen T (2019) Effects of agricultural pesticides in 
aquafeeds on wild fish feeding on leftover pellets near fish farms. Front 
Genet 10(September):1–18. https://​doi.​org/​10.​3389/​fgene.​2019.​00794

	 87.	 PlasticsEurope (2018) Plastics – the facts.
	 88.	 PlasticsEurope (2019) Plastics-the Facts 2019, pp 1–42
	 89.	 Priscilla V, Patria MP (2020) Comparison of microplastic abundance 

in aquaculture ponds of milkfish Chanos chanos (Forsskål, 1775) at 
Muara Kamal and Marunda, Jakarta Bay—IOPscience. The 4th EMBRIO 
International Symposium and the 7th International Symposium of East 
Asia Fisheries and Technologists Association, 404. https://​doi.​org/​10.​
1088/​1755-​1315/​404/1/​012027

	 90.	 Ragusa A, Svelato A, Santacroce C, Catalano P, Notarstefano V, Carnevali 
O, Papa F, Rongioletti MCA, Baiocco F, Draghi S, D’Amore E, Rinaldo D, 
Matta M, Giorgini E (2021) Plasticenta: first evidence of microplastics 
in human placenta. Environ Int 146:106274. https://​doi.​org/​10.​1016/j.​
envint.​2020.​106274

	 91.	 vom Saal FS, Vandenberg LN (2021) Update on the health effects 
of Bisphenol A: overwhelming evidence of harm. Endocrinology 
162(3):171. https://​doi.​org/​10.​1210/​endocr/​bqaa1​71

	 92.	 Sabdaningsih A, Adyasari D, Suryanti S, Febrianto S, Eshananda Y 
(2023) Environmental legacy of aquaculture and industrial activities in 
mangrove ecosystems. J Sea Res 196:102454. https://​doi.​org/​10.​1016/j.​
seares.​2023.​102454

	 93.	 Sajid M, Ihsanullah I, Tariq Khan M, Baig N (2023) Nanomaterials-based 
adsorbents for remediation of microplastics and nanoplastics in 
aqueous media: a review. Sep Purif Technol 305:122453. https://​doi.​org/​
10.​1016/j.​seppur.​2022.​122453

	 94.	 Seiler C, Berendonk T (2012) Heavy metal driven co-selection of 
antibiotic resistance in soil and water bodies impacted by agriculture 
and aquaculture. Front Microbiol 3:399. https://​doi.​org/​10.​3389/​fmicb.​
2012.​00399

	 95.	 Sele V, Sanden M, Berntssen M, Storesund JE, Lie KK, Espe M, Lundebye 
A-K, Hemre GI, Waagbø R, Ørnsrud R (2019) Program for overvåking av 
fiskefôr—Årsrapport for prøver innsamlet i 2018. 47. https://​imr.​brage.​
unit.​no/​imr-​xmlui/​handle/​11250/​26116​18

	 96.	 Shi J, Sanganyado E, Wang L, Li P, Li X, Liu W (2020) Organic 
pollutants in sedimentary microplastics from eastern Guangdong: 
spatial distribution and source identification. Ecotoxicol Environ Saf 
193:110356. https://​doi.​org/​10.​1016/j.​ecoenv.​2020.​110356

	 97.	 Skirtun M, Sandra M, Strietman WJ, van den Burg SWK, De 
Raedemaecker F, Devriese LI (2022) Plastic pollution pathways from 
marine aquaculture practices and potential solutions for the North-East 
Atlantic region. Mar Pollut Bull 174:113178. https://​doi.​org/​10.​1016/j.​
marpo​lbul.​2021.​113178

	 98.	 Su H, Liu S, Hu X, Xu X, Xu W, Xu Y, Li Z, Wen G, Liu Y, Cao Y (2017) 
Occurrence and temporal variation of antibiotic resistance genes 
(ARGs) in shrimp aquaculture: ARGs dissemination from farming source 
to reared organisms. Sci Total Environ 607–608:357–366. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2017.​07.​040

	 99.	 Sun Q, Xiong Y, Bi R, Zhan X, Fan Y, Su C, Chen Z, Zheng Z, Diao J, Wang 
T (2021) Occurrence, profile, and potential risks of novel and legacy 
polyfluoroalkyl substances in bullfrogs: pilot study in an intensive 
Aquaculture Region, China. Front Environ Sci. https://​doi.​org/​10.​3389/​
fenvs.​2021.​786297

https://doi.org/10.1016/j.gr.2021.11.008
https://doi.org/10.1016/j.gr.2021.11.008
https://doi.org/10.3389/fmars.2022.923471
https://doi.org/10.1016/bs.afnr.2021.04.001
https://doi.org/10.1016/bs.afnr.2021.04.001
https://doi.org/10.3389/fmicb.2021.652520
https://doi.org/10.3389/fmicb.2021.652520
https://doi.org/10.1016/j.scitotenv.2023.166050
https://doi.org/10.1016/j.scitotenv.2020.140679
https://doi.org/10.3390/f13060847
https://doi.org/10.1177/0734242X0101900104
https://doi.org/10.1177/0734242X0101900104
https://doi.org/10.1038/nrmicro3399
https://doi.org/10.1038/nrmicro3399
https://doi.org/10.3389/fsufs.2021.609097
https://doi.org/10.3389/fsufs.2021.609097
https://doi.org/10.1016/j.marpolbul.2021.113312
https://doi.org/10.1016/j.heliyon.2023.e19789
https://doi.org/10.1016/j.heliyon.2023.e19789
https://doi.org/10.1080/15275922.2015.1133733
https://doi.org/10.1080/15275922.2015.1133733
https://education.nationalgeographic.org/resource/greenhouse-effect
https://education.nationalgeographic.org/resource/greenhouse-effect
https://www.niehs.nih.gov/health/topics/agents/sya-bpa/index.cfm
https://doi.org/10.1016/J.ENVC.2023.100737
https://doi.org/10.1016/J.ENVC.2023.100737
https://doi.org/10.1016/j.envres.2022.115190
https://doi.org/10.1016/j.envres.2022.115190
https://doi.org/10.1016/j.jenvman.2023.118982
https://doi.org/10.1016/j.jenvman.2023.118499
https://doi.org/10.1016/j.jenvman.2023.118499
https://oceanservice.noaa.gov/facts/aquaculture.html
https://doi.org/10.1016/j.aquaculture.2018.07.057
https://doi.org/10.1016/J.HELIYON.2021.E06076
https://doi.org/10.3389/fgene.2019.00794
https://doi.org/10.1088/1755-1315/404/1/012027
https://doi.org/10.1088/1755-1315/404/1/012027
https://doi.org/10.1016/j.envint.2020.106274
https://doi.org/10.1016/j.envint.2020.106274
https://doi.org/10.1210/endocr/bqaa171
https://doi.org/10.1016/j.seares.2023.102454
https://doi.org/10.1016/j.seares.2023.102454
https://doi.org/10.1016/j.seppur.2022.122453
https://doi.org/10.1016/j.seppur.2022.122453
https://doi.org/10.3389/fmicb.2012.00399
https://doi.org/10.3389/fmicb.2012.00399
https://imr.brage.unit.no/imr-xmlui/handle/11250/2611618
https://imr.brage.unit.no/imr-xmlui/handle/11250/2611618
https://doi.org/10.1016/j.ecoenv.2020.110356
https://doi.org/10.1016/j.marpolbul.2021.113178
https://doi.org/10.1016/j.marpolbul.2021.113178
https://doi.org/10.1016/j.scitotenv.2017.07.040
https://doi.org/10.1016/j.scitotenv.2017.07.040
https://doi.org/10.3389/fenvs.2021.786297
https://doi.org/10.3389/fenvs.2021.786297


Page 17 of 17Fred‑Ahmadu et al. Environmental Sciences Europe          (2024) 36:181 	

	100.	 Garlock T, Asche F, Anderson J, Ceballos-Concha A, Love DC, 
Osmundsen TC, Pincinato RBM (2022) Aquaculture: the missing 
contributor in the food security agenda. Glob Food Sec 32:100620

	101.	 Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ (2012) Heavy metals 
toxicity and the environment. EXS 101:133–164. https://​doi.​org/​10.​
1007/​978-3-​7643-​8340-4_6

	102.	 Trainer VL, Moore SK, Hallegraeff G, Kudela RM, Clement A, Mardones JI, 
Cochlan WP (2020) Pelagic harmful algal blooms and climate change: 
lessons from nature’s experiments with extremes. Harmful Algae 
91:101591. https://​doi.​org/​10.​1016/j.​hal.​2019.​03.​009

	103.	 USDA (2023) Aquaculture. https://​www.​usda.​gov/​topics/​farmi​ng/​aquac​
ulture

	104.	 USEPA (2024). Persistent organic pollutants: a global issue, a global 
response. https://​www.​epa.​gov/​inter​natio​nal-​coope​ration/​persi​stent-​
organ​ic-​pollu​tants-​global-​issue-​global-​respo​nse

	105.	 van Emmerik THM, Frings RM, Schreyers LJ, Hauk R, de Lange SI, 
Mellink YAM (2023) River plastic transport and deposition amplified 
by extreme flood. Nature Water 1(6):514–522. https://​doi.​org/​10.​1038/​
s44221-​023-​00092-7

	106.	 Vázquez Loureiro P, Nguyen K-H, Bernaldo R, de Quirós A, Sendón R, 
Granby K, Niklas AA (2024) Identification and quantification of per- and 
polyfluorinated alkyl substances (PFAS) migrating from food contact 
materials (FCM). Chemosphere 360:142360. https://​doi.​org/​10.​1016/j.​
chemo​sphere.​2024.​142360

	107.	 Walkinshaw C, Tolhurst TJ, Lindeque PK, Thompson R, Cole M (2022) 
Detection and characterisation of microplastics and microfibres in 
fishmeal and soybean meal. Mar Pollut Bull 185:114189. https://​doi.​org/​
10.​1016/j.​marpo​lbul.​2022.​114189

	108.	 Wang Q, Li J, Zhu X, Sun C, Teng J, Chen L, Shan E, Zhao J (2022) 
Microplastics in fish meals: an exposure route for aquaculture animals. 
Sci Total Environ 807:151049. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​
151049

	109.	 Wang W, Gao H, Jin S, Li R, Na G (2019) The ecotoxicological effects of 
microplastics on aquatic food web, from primary producer to human: 
a review. Ecotoxicol Environ Saf 173:110–117. https://​doi.​org/​10.​1016/J.​
ECOENV.​2019.​01.​113

	110.	 Wootton N, Reis-Santos P, Gillanders BM (2021) Microplastic in fish – a 
global synthesis. Rev Fish Biol Fish 31(4):753–771. https://​doi.​org/​10.​
1007/​s11160-​021-​09684-6

	111.	 Wu H, Hou J, Wang X (2023) A review of microplastic pollution in 
aquaculture: sources, effects, removal strategies and prospects. 
Ecotoxicol Environ Saf 252:114567. https://​doi.​org/​10.​1016/J.​ECOENV.​
2023.​114567

	112.	 Xiao S, Zhang Y, Wu Y, Li J, Dai W, Pang K, Liu Y, Wu R (2023) Bacterial 
community succession and the enrichment of antibiotic resistance 
genes on microplastics in an oyster farm. Mar Pollut Bull 194:115402. 
https://​doi.​org/​10.​1016/j.​marpo​lbul.​2023.​115402

	113.	 Xu X, Li T, Zhen J, Jiang Y, Nie X, Wang Y, Yuan X-Z, Wang X, Xue L, Chen 
J (2023) Characterization of microplastics in clouds over Eastern China. 
Environ Sci Technol Lett. https://​doi.​org/​10.​1021/​acs.​estle​tt.​3c007​29

	114.	 Yan Z, Liu Y, Zhang T, Zhang F, Ren H, Zhang Y (2022) Analysis of 
microplastics in human feces reveals a correlation between fecal 
microplastics and inflammatory bowel disease status. Environ Sci 
Technol 56(1):414–421. https://​doi.​org/​10.​1021/​acs.​est.​1c039​24

	115.	 Yao Y, Zhao J, Adyel TM, Liu Y, Liu J, Miao L (2023) Sediment bacterial 
and fungal communities exhibit distinct responses to microplastic 
types and sizes in Taihu lake. Environ Pollut 320:121092. https://​doi.​org/​
10.​1016/j.​envpol.​2023.​121092

	116.	 Yu F, Pei Y, Zhang X, Wu X, Zhang G, Ma J (2023) Occurrence and 
distribution characteristics of aged microplastics in the surface water, 
sediment, and crabs of the aquaculture pond in the Yangtze River Delta 
of China. Sci Total Environ 871:162039. https://​doi.​org/​10.​1016/J.​SCITO​
TENV.​2023.​162039

	117.	 Yu X, Du H, Huang Y, Yin X, Liu Y, Li Y, Liu H, Wang X (2022) Selective 
adsorption of antibiotics on aged microplastics originating from 
mariculture benefits the colonization of opportunistic pathogenic 
bacteria. Environ Pollut 313:120157. https://​doi.​org/​10.​1016/j.​envpol.​
2022.​120157

	118.	 Zafeiraki E, Gebbink WA, Hoogenboom RLAP, Kotterman M, Kwadijk 
C, Dassenakis E, van Leeuwen SPJ (2019) Occurrence of perfluoroalkyl 
substances (PFASs) in a large number of wild and farmed aquatic 

animals collected in the Netherlands. Chemosphere 232:415–423. 
https://​doi.​org/​10.​1016/j.​chemo​sphere.​2019.​05.​200

	119.	 Zhang J, Zhang X, Hu T, Xu X, Zhao D, Wang X, Li L, Yuan X, Song C, 
Zhao S (2022) Polycyclic aromatic hydrocarbons (PAHs) and antibiotics 
in oil-contaminated aquaculture areas: bioaccumulation, influencing 
factors, and human health risks. J Hazard Mater 437:129365. https://​doi.​
org/​10.​1016/j.​jhazm​at.​2022.​129365

	120.	 Zhang W, Ma X, Zhang Z, Wang Y, Wang J, Wang J, Ma D (2015) 
Persistent organic pollutants carried on plastic resin pellets from two 
beaches in China. Mar Pollut Bull 99(1–2):28–34. https://​doi.​org/​10.​
1016/j.​marpo​lbul.​2015.​08.​002

	121.	 Zhang X, Li S, Liu Y, Yu K, Zhang H, Yu H, Jiang J (2021) Neglected 
microplastics pollution in the nearshore surface waters derived from 
coastal fishery activities in Weihai, China. Sci Total Environ 768:144484. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​144484

	122.	 Zhang Y, Dutkiewicz S, Sunderland E (2021) Impacts of climate change 
on methylmercury formation and bioaccumulation in the 21st century 
ocean. One Earth 4(2):279–288. https://​doi.​org/​10.​1016/j.​oneear.​2021.​
01.​005

	123.	 Zhang Y, Liang J, Zeng G, Tang W, Lu Y, Luo Y, Xing W, Tang N, Ye S, Li X, 
Huang W (2020) How climate change and eutrophication interact with 
microplastic pollution and sediment resuspension in shallow lakes: a 
review. Sci Total Environ 705:135979. https://​doi.​org/​10.​1016/J.​SCITO​
TENV.​2019.​135979

	124.	 Feng Z, Zhang T, Li Y, He X, Wang R, Xu J, Gao G (2019) The 
accumulation of microplastics in fish from an important fish farm and 
mariculture area, Haizhou Bay, China. Sci Total Environ 696:133948

	125.	 Bordós G, Urbányi B, Micsinai A, Kriszt B, Palotai Z, Szabó I et al. (2019) 
Identificationof microplastics in fish ponds and natural freshwater 
environments of the Carpathian basin, Europe. Chemosphere 216:110–
116. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2018.​10.​110

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.1016/j.hal.2019.03.009
https://www.usda.gov/topics/farming/aquaculture
https://www.usda.gov/topics/farming/aquaculture
https://www.epa.gov/international-cooperation/persistent-organic-pollutants-global-issue-global-response
https://www.epa.gov/international-cooperation/persistent-organic-pollutants-global-issue-global-response
https://doi.org/10.1038/s44221-023-00092-7
https://doi.org/10.1038/s44221-023-00092-7
https://doi.org/10.1016/j.chemosphere.2024.142360
https://doi.org/10.1016/j.chemosphere.2024.142360
https://doi.org/10.1016/j.marpolbul.2022.114189
https://doi.org/10.1016/j.marpolbul.2022.114189
https://doi.org/10.1016/j.scitotenv.2021.151049
https://doi.org/10.1016/j.scitotenv.2021.151049
https://doi.org/10.1016/J.ECOENV.2019.01.113
https://doi.org/10.1016/J.ECOENV.2019.01.113
https://doi.org/10.1007/s11160-021-09684-6
https://doi.org/10.1007/s11160-021-09684-6
https://doi.org/10.1016/J.ECOENV.2023.114567
https://doi.org/10.1016/J.ECOENV.2023.114567
https://doi.org/10.1016/j.marpolbul.2023.115402
https://doi.org/10.1021/acs.estlett.3c00729
https://doi.org/10.1021/acs.est.1c03924
https://doi.org/10.1016/j.envpol.2023.121092
https://doi.org/10.1016/j.envpol.2023.121092
https://doi.org/10.1016/J.SCITOTENV.2023.162039
https://doi.org/10.1016/J.SCITOTENV.2023.162039
https://doi.org/10.1016/j.envpol.2022.120157
https://doi.org/10.1016/j.envpol.2022.120157
https://doi.org/10.1016/j.chemosphere.2019.05.200
https://doi.org/10.1016/j.jhazmat.2022.129365
https://doi.org/10.1016/j.jhazmat.2022.129365
https://doi.org/10.1016/j.marpolbul.2015.08.002
https://doi.org/10.1016/j.marpolbul.2015.08.002
https://doi.org/10.1016/j.scitotenv.2020.144484
https://doi.org/10.1016/j.oneear.2021.01.005
https://doi.org/10.1016/j.oneear.2021.01.005
https://doi.org/10.1016/J.SCITOTENV.2019.135979
https://doi.org/10.1016/J.SCITOTENV.2019.135979
https://doi.org/10.1016/j.chemosphere.2018.10.110

	Microplastics and chemical contamination in aquaculture ecosystems: The role of climate change and implications for food safety—a review
	Abstract 
	Introduction
	Methodology
	Overview and sources of microplastics in aquaculture
	Fish feed
	Abandoned or decommissioned coastal pond farms
	Poor waste management
	Plastic release due to climate and weather issues
	Poor installation and maintenance of plastic equipment and materials
	Plastic flow from the external environment

	Chemical contaminants in aquaculture
	Antibiotics
	Polycyclic aromatic hydrocarbons (pahs)
	Pesticides and herbicides
	Heavy metals
	Bisphenol A (BPA)
	Per and polyfluoroalkyl substances

	Impact of climate change on microplastics and chemical contaminants
	Implications for food safety and the ecosystem
	Mitigation strategies and recommendations
	Areas for future research
	Conclusion
	References


