Research in Ecology | Volume 07 | Issue 03 | Augest 2025

BILINGUAL Research in Ecology
PUBULISHING

GROUP https://journals.bilpubgroup.com/index.php/re

REVIEW

Impact of Emerging Contaminants on Aquatic Ecosystems: A
Mini-Review
EIl Mostapha Albou . Asmae Nouayti ~ , Ali El Mansour — , Ali Ait Boughrous

Biology, Environment and Health, Faculty of Science and Technology of Errachidia, Moulay Ismail University of Meknes,
Marjane 2, BP: 298, Meknes 50050, Morocco

ABSTRACT

Emerging contaminants, such as pharmaceuticals, pesticides, microplastics, and per- and polyfluoroalkyl substances
(PFAS), pose significant environmental and health risks due to their persistence, bioaccumulative nature, and ecological
toxicity. This mini-review examines their major sources, including industrial effluents, urban runoff, and landfill leachate,
and highlights their detrimental impacts on aquatic biodiversity and human health. By synthesizing current research, the
review emphasizes the urgent need for improved monitoring, regulatory interventions, and innovative mitigation strategies.
It provides a concise overview to guide future research and inform policies aimed at safeguarding aquatic ecosystems and
public health.
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1. Introduction

Aquatic ecosystems are increasingly threatened by a
variety of human-induced stressors, exacerbated by climate
change, pollution, and land-use changes!'-3!. While climate-
induced shifts in water temperature, acidity, and habitat
availability have garnered attention, anthropogenic activ-
ities remain the dominant drivers of ecosystem degradation,
with industrial discharges, urban expansion, and agricul-
tural practices identified as major contributors>=!. Among
these, the growing concern over emerging contaminants,
substances originating from human activities that disrupt
aquatic life, has led to increased scientific inquiry. These
contaminants include pharmaceuticals, personal care prod-
ucts, endocrine-disrupting chemicals, pesticides, microplas-
tics, and hormones, each carrying unique threats to aquatic
organisms and ecosystems[0-1%],

Emerging contaminants are typically persistent in the
environment, bioaccumulate in aquatic organisms, and can
exert significant ecological and public health risks[!! 121,
While some of these substances are not novel, their harmful
impacts, often previously unrecognized, have only recently

13,141 " A5 such, they are classified as contami-

come to light!
nants of emerging concern,” encompassing substances whose
environmental and biological effects are still being fully un-
derstood !> 161 A particularly alarming aspect of these con-
taminants is their resistance to conventional wastewater treat-
ment methods due to their persistence and varied chemical

1171 Although several advanced removal tech-

18]

compositions!

nologies, such as Advanced Oxidation Processes!
19,20

, mem-
brane filtration[!% 2] bioremediation?!), and adsorption[??],
have been developed, these approaches still require optimiza-
tion for wider application and cost-efficiency !> 23,

Though present in low concentrations (ng/L or pg/L),
emerging contaminants can accumulate in aquatic organ-

isms and disrupt food webs, altering animal behavior and

[24-27

destabilizing ecological functions 1. In particular, phar-

maceuticals, including antibiotics, contribute significantly

to the development and spread of antimicrobial resistance

28,29

in aquatic environments!?® 2°1 with even non-antibiotic con-

taminants creating selective pressures that favor the growth

30, 31

of resistant microorganisms 3% 311, The persistence of these

resistant bacteria in water poses a significant public health
threat, as they can lead to hard-to-treat infections via con-

taminated drinking water[3% 331,

The impact of emerging contaminants extends be-
yond individual organisms, affecting microbial communities
within biofilms in both natural water bodies and drinking
water systems. These communities are essential for main-
taining ecosystem balance, and the introduction of contam-
inants such as pesticides and microplastics disrupts their
composition and metabolic functions, threatening ecosystem
stability ?7- 3437 | Furthermore, the COVID-19 pandemic
significantly increased the use of personal protective equip-
ment, disinfectants, and pharmaceuticals, leading to a surge
in microplastics and chemical contaminants in the environ-

ment, further exacerbating pollution levels38].

39-411 have underscored the need for

Recent studies!
updated exposure risk models and more accurate testing
methodologies, especially for contaminants in drinking wa-
ter. These reports indicate that current testing standards may
fail to capture long-term ecological effects, highlighting the
need for revised guidelines to address the growing threats
posed by these substances.

This mini-review focuses on emerging contaminants,
emphasizing their distinct impacts on aquatic ecosystems
and the urgent need for advanced management strategies.
By streamlining wastewater treatment methods, optimizing
emerging contaminant removal technologies, and implement-
ing regulatory measures, it is possible to mitigate the effects
of these contaminants, safeguarding both ecosystem health

and human well-being.

2. Emerging Contaminants: Sources
and Effects on Aquatic Ecosystems

Emerging contaminants, illustrated in Figure 1, include
a wide range of chemical substances that are not routinely
monitored but may pose significant risks to ecological and
human health. These include pharmaceuticals (e.g., antibi-
otics and painkillers), personal care products (such as soaps
and cosmetics), endocrine disrupting chemicals (which inter-
fere with hormonal systems), pesticides (commonly used in
agriculture and urban settings), microplastic particles (orig-
inating from the degradation of larger plastics), and per-
and polyfluoroalkyl substances (PFAS) (noted for their per-
sistence and industrial use). Their widespread occurrence,
persistence, and potential for bioaccumulation make them

contaminants of emerging concern.
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Figure 1. Category of Emerging Contaminants.

2.1. Pharmaceuticals

Pharmaceuticals have become integral to modern
healthcare, improving the quality of life and extending life
expectancy 2], However, their pervasive use has led to un-

[43-45]  Residues of

intended environmental consequences
these compounds are increasingly being detected in various
aquatic environments, raising concerns about their impact
on aquatic ecosystems*? 4. These substances enter water
bodies primarily through human excretion, improper dis-
posal of unused drugs, and effluents from pharmaceutical

manufacturing and healthcare facilities (Figure 2)3 471,
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Figure 2. Sources of Pharmaceutical Contaminants in Aquatic
Ecosystems.

Pharmaceuticals enter aquatic environments through
multiple pathways, including the use of veterinary drugs
in livestock, aquaculture treatments, improper disposal of
unused medications, and effluents from hospitals and phar-
maceutical manufacturing plants. Although wastewater treat-
ment plants are designed to reduce pollutants, many phar-
maceutical compounds, such as hormones, antidepressants,
and antibiotics, are not effectively removed and persist in
treated effluents. As a result, these substances have been
widely detected in surface and groundwater across the globe,
with elevated concentrations commonly found downstream
of pharmaceutical production facilities ¥, The inability
of conventional treatment systems to adequately eliminate

these contaminants leads to their continuous discharge into
aquatic ecosystems, posing significant environmental and
health risks ! 321,

Additionally, veterinary drugs used in agriculture and
aquaculture often reach water bodies untreated, further con-
tributing to environmental contamination [53-3%1,

The most detected pharmaceuticals in aquatic or-
ganisms are antibiotics, antidepressants, and antihyperten-
sivesP’®! | Fish are the main focus, followed by bivalves,
with less frequent studies on macroalgae and crustaceans .
Numerous studies show that antidepressants disrupt vari-
ous biological processes in fish, impacting gene expression,
neurotransmitters, hormones, growth, behavior, and repro-
duction71,

Potential effects of pharmaceuticals include cytopathol-
ogy, endocrine disruption, genotoxicity, mutagenicity, and
behavioral changes. Zebrafish are commonly used as a model
organism due to their similarities with humans, providing

valuable insights into human diseases®% 31,

2.2. Personal Care Products

Personal care products, including soaps, shampoos, de-
odorants, and cosmetics, are increasingly recognized as sig-
nificant environmental contaminants when they enter aquatic
systems[%% ¢ These products contain various chemical
compounds, such as synthetic fragrances, preservatives, and
antimicrobial agents, which can persist in water bodies and
potentially harm aquatic organisms % 631,

Personal care products have garnered significant at-
tention as emerging contaminants in aquatic environments,
largely due to their widespread presence and potential risks
to ecosystem health. These substances are frequently de-
tected in water bodies and pose a growing concern for the
well-being of aquatic organisms and overall ecosystem sta-
bility (64671,

Additionally, studies indicate that conventional wastew-
ater treatment plants are largely ineffective at completely
removing personal care products-related contaminants, al-
lowing these compounds to enter rivers, lakes through treated
effluent!68: &1,

Ecotoxicological studies on personal care products and
pharmaceuticals use ecological, chemical, physiological, and
genetic indicators. Key concerns include disrupted physiol-

ogy, reproductive harm, increased cancer risk, development
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of antibiotic-resistant bacteria, and toxicity from combined
contaminants "%, These compounds consistently release ac-
tive and inactive ingredients into the environment, affecting
the air, soil, and water, and posing risks to human health,

wildlife, and aquatic ecosystems!’!].,

2.3. Endocrine Disrupting Chemicals

Endocrine-disrupting chemicals span a diverse group
of synthetic and natural compounds that interfere with the

body’s hormonal system, potentially impacting health and

(72,73

development 1. Moreover, endocrine-disrupting chemi-

cals pose significant risks to aquatic ecosystems, primarily
due to their ability to interfere with hormone regulation in

organisms [+ 731,

Endocrine-disrupting chemicals affect aquatic ecosys-
tems significantly by altering hormone systems in fish, am-
phibians, and invertebrates[’® 771, These effects include dis-
rupted reproduction, impaired development, and altered be-
havior, leading to population-level changes!”” 78], These dan-
gerous compounds often enter aquatic environments through
wastewater discharge, agricultural runoff, and industrial ef-
fluents, where they persist and bioaccumulate, impacting

79,801 These contaminants contribute

various trophic levels!
to widespread environmental contamination, affecting both
wildlife and human populations through various exposure
pathways: ingestion, inhalation, and skin contact!® 81,821
The following table (Table 1) summarizing key types of
Endocrine-disrupting chemicals, their sources, and associ-

ated health and environmental concerns:

Table 1. Types of Endocrine-Disrupting Chemicals (EDC) and their impact on aquatic ecosystems and human health.

Type of EDC Primary sources Health and Environmental concerns References
Organochlorine Compounds Pesthldes, industrial Persistent in environment; bioaccumulate; disrupt reproduction 183, 84]
chemicals and hormonal systems
Halogenated Aromatic Combustion processes, Affect reproductive hormones; potential neurodevelopmental 852 . 86]
Hydrocarbons industrial waste toxicity
H hol Di hyroid function; ici ially i
Brominated Flame Retardants ouseho d products, isrupt t yroid unction; neurotoxicity, especially in [88-90]
electronics developing organisms
Per- and Polyfluoroalkyl Non-stick and Persistent; linked to thyroid dysfunction, developmental and [91,92]
Substances water-repellent products immune effects
Plasti 1 . ..
Alkylphenols and Phthalates pril)fhl:(::i; personal care Impact androgen and estrogen receptors; reproductive toxicity — [93-95]
. . . Mimic est ; linked to devel tal and metaboli
Bisphenol A and Analogues Plastics, food packaging di;g;hce:: rogen; linked to developmental and metabolic [74, 96]
Pharmaceuticals and Personal L . Affect aquatic life hormonal systems; interfere with 97-99
Medications, cosmetics . [ 1
Care Products reproductive processes
Organotins Mar‘iqe paints, PVC Cause obesity, immune dysfunction by affecting nuclear [100, 101]
stabilizers receptors
Medical therapies, Contaminate water sources, affecting aquatic life reproduction [102, 103]

Steroid Hormones

recreational drugs

and development

2.4. Pesticides

organophosphates, carbamates, and pyrethroids.

Pesticides are extensively used worldwide on a daily
basis, providing substantial benefits by enhancing health,
nutrition, and the economy through lower food costs. Their
primary applications include crop protection, food preserva-
tion, and the control of disease-carrying insects, leading to
improved agricultural productivity and public health out-

comes [54 104, 105]

Pesticides encompass a wide range of
chemical agents, each designed to target specific types of
pests that threaten crops, human health, or structures[!%61,

These include:

a. Insecticides: Target insects. Examples include

b. Herbicides: Used to kill or inhibit the growth of un-
wanted plants (weeds). Glyphosate and atrazine are
common herbicides.

c. Fungicides: Control fungal problems like molds and
mildew. Examples include chlorothalonil and man-
cozeb.

d. Rodenticides: Used to kill rodents such as rats and
mice. Common examples include anticoagulants like
warfarin.

e. Bactericides: Target bacteria. Copper sulfate is a
widely used bactericide.

f. Nematicides: Control nematodes (parasitic worms).

Fumigants like methyl bromide fall into this category.
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While their primary aim is to improve agricultural yield
and manage vector-borne diseases, pesticides are increas-
ingly recognized as emerging contaminants due to their per-
sistence, bioaccumulative potential, and widespread ecolog-
ical impacts, their use also brings about harmful environ-
mental consequences!!?7- 18] They often fail to differentiate
between target pests and other non-target organisms, posing
a significant threat to a wide range of anim al species!!?% 1101,
The environment has experienced the spread of pesticide
residues, leading to significant mortality among various non-
human species, including bees, birds, amphibians, fish, and
small mammals 3> 110 1111,

Pesticides are increasingly recognized for their sig-
nificant role in endocrine disruption among aquatic fauna,
influencing both individual organisms and entire popula-

tions[llZ, 113]_

Moreover, pesticides such as organophos-
phates and organochlorines have a high lethal impact on
aquatic community biota, leading to cascading effects on
food webs!!% 1141 Pesticides can drastically reduce pop-
ulations of primary producers like algae and phytoplank-
ton, which are essential food sources for many aquatic

species!!!3],

2.5. Microplastics Particles

Despite the surge in research on plastic pollution, sig-
nificant knowledge gaps remain, with a notable bias favoring
microplastics studies over macroplastics research. Microplas-
tics, defined as plastic particles smaller than 5 millimeters, are
increasingly recognized as a global environmental threat due
to their persistence and widespread distribution in terrestrial
and aquatic systems. Originating from various sources, includ-
ing the breakdown of larger plastic debris and direct release
from products like cosmetics and textiles, these particles can

persist in the environment for decades (Figure 3)[116-118],

Figure 3. Sources of Microplastic Pollution.

Their small size allows them to be easily ingested by a

wide range of organisms, from plankton to marine mammals,

leading to physical and chemical harm ("],

In aquatic environments, microplastics can act as vec-
tors for pollutants, adsorbing toxic chemicals like heavy met-
als, inorganic contaminants and persistent organic pollutants
onto their surfaces!12% 1211,

The ecological impact of microplastics includes re-
duced feeding efficiency, altered reproductive success, and
impaired growth in affected organisms, indicating a pressing
need for comprehensive research and mitigation strategies
to address this pervasive contaminant!’!> 1221,

Microplastics migrate, transform, and disperse widely
through wind, runoff, and currents, spreading across ecosys-
tems. They undergo physical, chemical, and biological
changes, such as fragmentation and contaminant adsorption,
altering their properties and interactions. These particles
can serve as surfaces for the attachment of biofouling or-
ganisms, much like natural surfaces (rocks, ship hulls, etc.).
Microplastics are often covered by biofilms made up of mi-
croorganisms, including bacteria, algae, and other small or-
ganisms. This biofouling can increase the size and weight of
microplastics, affecting their buoyancy and behavior in the
water. The biofouling of microplastics complicates efforts
to assess and mitigate the risks associated with microplastic

pollution 1231251,

2.6. Per- and Polyfluoroalkyl Substances

Per- and polyfluoroalkyl substances are a group of syn-
thetic chemicals increasingly identified as emerging contam-
inants due to their widespread use, persistence, and toxi-
city[126: 1271 However, their strong carbon-fluorine bonds
make them highly resistant to degradation, allowing them
to persist in the environment for years[!?8]. The most well-
known sources of per- and polyfluoroalkyl substances in-
clude: non-stick cookware, waterproof fabrics, and firefight-

1291 Per- and polyfluoroalkyl substances can reach

ing foams!
aquatic ecosystems through several pathways (Table 2).

In aquatic ecosystems, per- and polyfluoroalkyl sub-
stances accumulate in water bodies, sediments, and biota,

130. 1311 ' These substances

posing significant ecological risks!
can disrupt endocrine functions, impair reproduction, and al-
ter growth in aquatic organisms such as fish, amphibians, and
invertebrates!’? 771, Furthermore, per- and polyfluoroalkyl
substances can biomagnify through the food chain, leading

to higher concentrations in top predators and potential expo-
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sure risks for humans (3% 1331 The vast number of per- and means many remain unassessed and under-regulated, creat-

polyfluoroalkyl Substances chemicals on the global market ing large data gap!

92]

Table 2. Major pathways of per- and polyfluoroalkyl substances contamination in aquatic ecosystems.

Pathway

Description

Industrial Discharge

Urban Runoff

Wastewater from factories using Per- and Polyfluoroalkyl Substances is released into nearby rivers and lakes[!30],
Rainwater washes Per- and Polyfluoroalkyl Substances-containing products from surfaces into storm drains leading to
water bodies [134],

Runoff from firefighting foam applications carries these contaminant compounds into local water systems during

Firefighting Foam Use training or emergencies [13%],

Landfills are common disposal sites for waste materials, including products containing Per- and Polyfluoroalkyl

Landfill Leachate
filtration [136- 1371
Atmospheric Deposition

Agricultural Runoff water bodies [139].

Substances. These contaminants from waste products leach into groundwater and surface water through rainwater

Per- and Polyfluoroalkyl particles travel via air and deposit into aquatic systems through rain or snow 138,
Runoff from fields treated with Per- and Polyfluoroalkyl Substances-containing biosolids transports chemicals to

3. Mechanisms of Impact on Aquatic
Ecosystems: Bioaccumulation and
Biomagnification

Bioaccumulation occurs when chemicals accumulate
in organisms through various environmental exposure routes,
while biomagnification refers to the increasing concentration
of toxic substances as they move up the food chain. As preda-
tors consume prey contaminated with pollutants like heavy
metals or persistent organic pollutants, these substances ac-
cumulate in the predators’ tissues, leading to higher toxin
concentrations in top predators compared to organisms at
lower trophic levels[140- 1411,

Understanding bioaccumulation and biomagnification
mechanisms is essential for assessing how contaminants im-

[142,143] ' The extent of bioaccumula-

pact aquatic ecosystems
tion is influenced by several factors, including the chemical
proper ties of contaminants, the dietary patterns of aquatic
organisms, and environmental conditions ['44146] For exam-
ple, many fish species exhibit high bioaccumulation levels
due to their ability to ingest or absorb contaminants from their

147, 148

environment! 1. On the other hand, biomagnification

describes the gradual increase in contaminant concentration
as they ascend the food web[!143].

Future research on bioaccumulation and biomagnifica-
tion of emerging contaminants must consider top predators
and obtain comprehensive data on the distribution of these
contaminants across the entire aquatic ecosystem, includ-

ing water, sediment, and biota. It is expected that predator

species will exhibit greater bioconcentration of these sub-
stances than herbivores, especially when biomagnification
is at play[14% 1501,

The bioaccumulation of pharmaceuticals, particularly
antibiotics, in aquatic organisms has far-reaching con-
sequences. Residual antibiotics in water bodies select
for resistant bacterial strains, promoting the spread of
antibiotic-resistant genes (ARGs) through horizontal gene

transfer [30: 31

1. For example, fluoroquinolones and B-lactams
detected in fish tissues correlate with elevated ARG levels
in gut microbiomes, posing risks to humans who consume
contaminated seafood >’ . Alarmingly, ARGs can biomag-
nify: resistant bacteria ingested by plankton transfer resis-
tance traits to predators, amplifying resistance up the food
web 32191 This creates ecological traps where top preda-
tors, including commercially important fish species, become

reservoirs for multidrug-resistant pathogens 331,

4. Policy and Management Measures
for Emerging Contaminants

Effective management of emerging contaminants is
vital to prevent their persistence in the environment, bioaccu-
mulation, and toxic effects on aquatic life and human health.
Conventional treatments often fail to eliminate these contami-
nants (13!, Addressing this issue requires advanced detection,
regulatory measures, and innovative remediation methods to
protect water quality and ecosystem health. This part high-
lights key policy measures essential for managing emerging
contaminants effectively (Table 3).
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Table 3. Strategic policy and management initiatives for emerging contaminants.

Key Policy Method
To mitigate the accumulation of emerging contaminants in water sources, policies must address every stage of a
Lifecycle Approach to product’s lifecycle. This includes minimizing the release of contaminants at the source by improving industrial

Pollution Prevention

Promoting Circular
Economy Innovations

Role of Government in
Supporting Research

Comprehensive
Monitoring Programs

Using Advanced
Treatment Methods

processes and enhancing wastewater treatment systems. Additionally, stricter controls should be implemented on
chemicals that persist in the environment, to limit their accumulation and environmental impact 8- 1521,

Adopting a circular economy model involves designing products for durability, reuse, and recycling, which reduces
waste and maximizes resource efficiency. By reprocessing waste materials into new products, this approach
minimizes environmental impact and fosters a sustainable, closed-loop system [133 1541,

Governments have a pivotal role in encouraging research and development aimed at converting byproducts into
useful materials, as well as redesigning processes to minimize pollutants that cannot be reused >3],

Establish comprehensive monitoring systems to regularly detect and track emerging contaminant levels across various
water bodies. Additionally, perform ongoing assessments to identify new pollutants and evaluate their potential
environmental impact [26].

To effectively remove emerging contaminants from polluted water, employ modern remediation techniques such as
adsorption, advanced oxidation processes, and membrane bioreactors. Integrating multiple treatment methods
significantly improves the efficiency of contaminant removal, providing a more thorough purification process and
effectively minimizing the environmental risks posed by these persistent pollutants 107> 156, 157],

Raise public awareness about the risks of emerging contaminants and promote the responsible use of pharmaceuticals

Raising Public Awareness

and personal care products. Educate both industries and consumers on proper disposal practices to prevent

contaminants from entering water systems, helping to reduce pollution and protect aquatic environments ['33,

The strategic measures outlined in Table 3 represent a
multi-tiered framework essential for addressing the complex-
ity of emerging contaminants (ECs) in aquatic environments.
A lifecycle approach ensures upstream control by integrating
pollution prevention into product design and industrial pro-
cesses, reducing the burden on downstream treatment infras-

[158] Meanwhile, circular economy principles com-

tructure
plement this by transforming waste into a resource, thereby
limiting the release of persistent chemicals into water sys-

tems %9

1. Governmental support in funding research and
scaling innovations is vital for bridging laboratory successes
with real-world applications, especially in resource-limited
regions. Furthermore, the establishment of comprehensive
monitoring networks enables timely detection of ECs and
helps prioritize regulatory interventions based on ecological
and public health risk. Advanced treatment technologies,
while effective, must be implemented strategically due to
their operational costs and energy demands!'%% 1611, Finally,
public engagement plays a pivotal role, as consumer behavior
directly affects the prevalence of contaminants like pharma-
ceuticals and personal care products in domestic wastewa-
ter. Together, these integrated approaches not only enhance
contaminant management but also reinforce the need for
collaborative governance among policymakers, scientists,
industries, and communities to protect aquatic ecosystems

and ensure water safety.

5. Conclusions and Recommendations

Emerging contaminants such as pharmaceuticals, mi-
croplastics, PFAS, and endocrine disruptors pose significant
risks to aquatic ecosystems through persistent pollution and
bioaccumulation. Despite growing awareness, limitations
in monitoring methods, toxicological data, and regulatory
frameworks hinder effective management. These pollutants
threaten biodiversity, ecosystem services, and human health.

To address these challenges, interdisciplinary efforts
are needed. Innovations in green chemistry, bioremediation,
and real-time monitoring must be paired with stricter poli-
cies and public engagement. Future research should focus
on long-term impacts, standardized detection methods, and
the interplay between contaminants and climate stressors.
A coordinated global approach is essential to protect water

resources and ensure ecological resilience.
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