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Abstract 

Freshwater is essential for sustaining the health of humans, animals, and ecosystems; 
however, agricultural activities remain a major source of water pollution globally. This 
review examines how crop production, livestock farming, and aquaculture contribute to 
water contamination, the effectiveness of current European policies, and the potential of 
sustainable mitigation strategies. Evidence from the research identified pesticides, herbi-
cides, veterinary antibiotics, nutrient runoff, aquaculture effluents, and microplastics as 
the primary agricultural pollutants affecting surface and groundwater quality. These con-
taminants have been linked to ecosystem degradation, biodiversity loss, endocrine dis-
ruption, antimicrobial resistance, and adverse human health outcomes. Despite extensive 
regulatory frameworks, including the Water Framework Directive, Nitrates Directive, 
Farm to Fork Strategy, and European Green Deal, significant implementation and moni-
toring challenges remain. Current evidence indicates that only 40% of European surface 
waters achieve “good” ecological status, highlighting persistent water quality concerns 
across the region. The review further identified precision irrigation, Internet of Things 
(IoT)-enabled monitoring, biopesticides, hydroponic systems, and integrated multi-
trophic aquaculture as promising solutions for reducing agricultural impacts on water 
resources. However, barriers, including high implementation costs, technological limita-
tions, and inconsistent policy enforcement, continue to hinder widespread adoption. 
Overall, the findings demonstrate that while existing policies have improved water gov-
ernance, stronger regulatory enforcement, greater investment in sustainable technologies, 
and increased adoption of nature-based solutions are required to reduce agricultural wa-
ter pollution. An integrated approach combining technological innovation, policy sup-
port, and sustainable farming practices is essential to protect freshwater resources and 
ensure long-term environmental sustainability. 

Keywords: natural solutions; circular economy; water use; contamination; pesticides; eco-
logical effects; species depletion; water legislation 
 

1. Introduction 
All animals, microorganisms, and plants require fresh, clean water for survival, tai-

lored to their specific needs. With the Earth comprising 70% water [1], all life forms de-
pend on the Earth’s water resources to coexist. The Earth’s hydrological cycle, encompass-
ing evaporation, condensation, and precipitation, facilitates the continuous reuse and re-
cycling of water [2]. Given the critical role of water in sustaining life, maintaining water 
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quality is essential. Humans, on average, need 1.8 to 1.9 litres of potable water daily to 
regulate body temperature, circulatory functions, and cellular homeostasis [3]. Contami-
nated water poses significant health risks, causing detrimental effects across all life forms. 
According to Li et al. (2022) [4], a reported 829,000 people globally die annually due to 
contaminated water and inadequate sanitation. In 2018, Europe recorded 14,252 cases of 
cryptosporidiosis [4], a protozoan parasite, and in 2023, the Health Service Executive (HSE) 
of Ireland noted an increase in norovirus cases [5], a very contagious virus, both linked to 
contaminated water. 

The human population currently stands at 8.1 billion and is projected to reach 8.5 
billion by 2030. As the population grows, so does the demand for freshwater, which hu-
mans have been overusing and polluting faster than it can be replenished. This misuse 
converts freshwater into grey water (from domestic households and industries, contain-
ing laundry detergents and cleaning products) [6] and black water (containing fecal mat-
ter, urine, and lavatory waste) [7]. Consequently, the importance of clean water extends 
beyond human consumption to all life forms. Despite advancements in agriculture, phar-
maceuticals, and industry, water remains fundamental to all existence and has often been 
overlooked. Thus, there is a need to critically examine the factors responsible for the deg-
radation of water resources and prioritize water conservation and replenishment to en-
sure sustainable growth and development. 

Agriculture is widely recognized as one of the most significant contributors to water 
quality degradation worldwide. While agricultural production is essential for food secu-
rity and economic development, intensive farming practices can result in the release of 
pollutants into freshwater systems. Nutrient losses from fertilizers and animal manures, 
pesticides, veterinary pharmaceuticals, sediments, and organic matter can enter rivers, 
lakes, groundwater, and coastal waters through surface runoff, drainage systems, and 
leaching processes [8–10]. Excessive nutrient inputs, particularly nitrogen and phospho-
rus, contribute to eutrophication, resulting in algal blooms, oxygen depletion, biodiversity 
loss, and reduced ecosystem resilience. In addition, emerging contaminants such as vet-
erinary medicines, antimicrobial residues, and microplastics are receiving increasing at-
tention due to their potential impacts on aquatic ecosystems and human health. Recog-
nizing these challenges, the European Union has developed a comprehensive legislative 
framework to protect water resources and promote sustainable agricultural practices. The 
European Union Water Framework Directive established an integrated approach to 
achieving good ecological and chemical status of water bodies across member states. 
Complementary legislation, including the Nitrates Directive, aims to reduce water pollu-
tion caused by agricultural nitrates, while the Common Agricultural Policy promotes en-
vironmentally sustainable farming through agri-environmental measures and eco-
schemes. More recently, the European Green Deal and Farm to Fork Strategy have rein-
forced commitments to reducing nutrient losses, pesticide use, and greenhouse gas emis-
sions while enhancing biodiversity and resource efficiency [11–13]. 

Alongside regulatory measures, a range of technological and nature-based solutions 
have emerged to mitigate agricultural water pollution. Precision agriculture technologies 
enable farmers to optimize fertilizer and pesticide application, reducing excess inputs and 
environmental losses. Nature-based approaches, including riparian buffer zones, con-
structed wetlands, cover cropping, and integrated nutrient management, can improve wa-
ter retention, filter pollutants, and enhance ecosystem services. However, the effectiveness 
and adoption of these solutions vary across regions and farming systems [14–16]. There-
fore, understanding the interactions between agricultural activities, policy interventions, 
and sustainable mitigation strategies is essential for developing effective pathways to-
wards improved water quality and long-term environmental sustainability. 



Earth 2026, 7, 115 3 of 27 
 

https://doi.org/10.3390/earth7040115 

The aim of this review paper is to critically evaluate the impact agriculture (crop, 
vegetable, animal, and aquaculture farming) has on water quality. With a focus on regu-
latory frameworks and sustainable solutions. This paper seeks to highlight the extent of 
water pollution from the impact of anthropogenic agricultural activities and to assess in-
novative technologies and strategies that could mitigate degradation. This paper proposes 
three research questions. 

• How do different farming practices contribute to agricultural water pollution, and 
what are the resulting impacts of pollutants, including pesticides, on freshwater eco-
systems and human health? 

• How effective are the existing policies and regulatory frameworks in addressing ag-
ricultural water pollution? 

• What technological and nature-based solutions have the most potential to reduce ag-
ricultural impacts on water, whilst being practical for widespread adoption? 

2. Materials and Methods 
This review examines the contribution of agricultural activities to water pollution in 

Europe and evaluates sustainable policy solutions aimed at mitigating these environmen-
tal impacts. The analysis was conducted using the PRISMA (Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses) methodology, which provides a systematic 
and transparent framework for identifying, screening, selecting, and synthesizing the rel-
evant scientific literature. A comprehensive search strategy was developed using the fol-
lowing predefined keywords: 

• Agricultural water pollution and Europe. 
• Nitrates/phosphates or pesticides and freshwater. 
• Agricultural runoff and water quality. 
• Water Framework Directive and agriculture. 
• Sustainable farming practices and water pollution. 
• Nature-based solutions and agricultural pollution. 

Relevant studies were identified through major academic databases (Google Scholar, 
Web of Science, Scopus) and screened according to established inclusion and exclusion 
criteria. Duplicate records were removed, and eligible articles underwent title, abstract, 
and full-text assessment before inclusion in the final review. Data from the selected stud-
ies were extracted and analyzed to identify the primary agricultural sources of water pol-
lution, assess their environmental impacts, and evaluate the effectiveness of existing and 
proposed policy interventions across Europe. By following the PRISMA approach (Figure 
1), this review ensures methodological rigour and transparency while providing a com-
prehensive synthesis of current evidence on agricultural water pollution and sustainable 
policy responses in the European context. 
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Figure 1. Prisma flow diagram. 

3. Agricultural Contributions 
3.1. Vegetable and Crop Farming and Modern Pesticides 

Societies worldwide have culturally diverse diets influenced by regional factors, per-
sonal and lifestyle choices, and religious beliefs. Research indicates that the predominant 
diets in developed countries heavily rely on animal products [8], whilst developing coun-
tries rely on grains and beans. The food humans consume is largely produced through 
agriculture, which encompasses the cultivation of land for crop production and the raising 
of livestock for meat and other products. This agricultural activity accounts for the utili-
zation of approximately 38% of the world’s land surface [9]. 

Approximately 13% of the world’s agricultural land is dedicated to cropland. Within 
this area, 21% is equipped with irrigation systems and permanent crops, such as fruit 
trees, which alone account for 10% [9]. While irrigation systems enhance food productiv-
ity, they also consume substantial amounts of freshwater. According to Kahramanoglu et 
al. (2020) [13], producing 1 kg (kilogram) of fruit, such as carob, requires 24 L of water, 
whereas producing 1 kg of field lettuce or eggplant requires 10 to 16 L of water. In Europe, 
Greece, Spain, and Cyprus are the primary users of freshwater for agriculture [10], collec-
tively utilizing 40% of Europe’s freshwater for this purpose. Wheat is the most water-
intensive crop in Europe [11], particularly in France and the United Kingdom, where 
wheat production consumes 45–55% of crop water due to high demand and production 
levels. 

Being a resource-intensive sector affecting land and water usage, agricultural 
productivity in turn is affected by climate change and biological factors such as pests. 
Historically, farmers have employed various methods such as chemical pesticides (e.g., 
fungicides, herbicides, and insecticides), often applied via spraying or irrigation systems, 
to support crop survival and growth. These pesticides can contaminate water systems 
through wind drift, farm runoff, soil leaching, or direct discharge into streams and rivers, 
thus becoming part of the Earth’s water cycle. 

Pesticides are designed to deter, eliminate, and kill insects, rodents, diseases, and 
weeds [12]. Historically, in the 1930s, Paul Herman Müller developed Dichlorodiphenyltri-
chloroethane (DDT), a tasteless chemical within the organochlorine pesticides (OCPs) 
group, which contains compounds of carbon, hydrogen, and chlorine. Müller’s work, 
based on earlier research by Othmar Zeidler in the 1800s [13], led to the widespread use 
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of DDT and other OCPs like Benzene Hexachloride (BHC), Toxaphene, Dieldrin, and Kepone 
from the 1930s to the 1970s. Due to their low water solubility, these chemicals caused per-
sistent environmental harm. DDT, for instance, can persist in water systems for 2 to 15 
years [14]. A study by Jianxian Sun et al. (2020) [17] detected DDT in anchovies and Japa-
nese Spanish mackerel. A study by Guillette et al. (2016) [18] saw the continued effects 
DDT has on alligators, 3 decades after a DDT spill in Lake Apopka, Florida, USA (United 
States of America). The study by Guillette et al. (2016) [18] found endocrine abnormalities 
affecting the sex hormone, gonadal development, and reproductive functions of alligators 
in DDT-exposed waters. DDT has been present globally, including within Europe. Studies 
by Malisa et al. (2020) [19] and Tassello et al. (2023) [20] have found DDT in European soil 
in Poland and DDT present in the Toce river in Italy. These findings highlight DDT’s pen-
etration into aquatic ecosystems. The Centre for Disease Control and Prevention (CDC) 
(2022) [21] classifies DDT as a carcinogen with adverse effects on human health, including 
liver and reproductive damage, as well as contributions to breast and lymph node cancers, 
and impairments to the nervous and immune systems [17]. A further study by Chang et 
al. (2025) [22] found that a 22-year study showed exposure to DDT on a population in 
Taiwan and found damage to participants endocrines leading to an elevated risk of can-
cers. However, as of 2026, the European Food Safety Authority (EFSA) and the EU have 
put rigorous testing in place. A report by the EFSA in 2024 [18] tested 39,000 food samples, 
finding only 5.5% exceeded the EU limits. The limits depend on specific food groups; how-
ever, the limits are 0.01 mg/kg for the maximum residue limits for DDT. 

Dichlorodiphenyltrichloroethane (DDT) is an endocrine-disrupting chemical (EDC) that 
affects the physiological functions of organisms. When DDT-laden water is absorbed into 
soils, it reacts with organic matter [19] to produce Dichlorodiphenyldichloroethylene (DDE) 
and Dichlorodiphenyldichloroethane (DDD) [18]. These chemicals, known as persistent or-
ganic pollutants (POPs), have been shown to harm wildlife (Table 1), particularly birds, 
by causing eggshell thinning and disrupting their incubation periods [17]. Chemicals 
shown in Table 1 have been chosen due to their high use or relation to the agricultural 
industry. 

Modern pesticides, fungicides, herbicides, and insecticides, including chlorpyrifos, 
Glyphosate, Atrazine, Mecoprop, and Lindane, also pose significant environmental risks. 
France is a leading consumer of pesticides globally [20], with 65,000 tons used in 2020 
alone. These chemicals can leach into soil and contaminate water systems. A two-year 
study by Teagasc, conducted by Majid Khan et al. (2020) [23], investigated herbicide con-
tamination in Irish water systems. The study found that herbicides such as Atrazine, Lin-
dane, and Glyphosate were present year-round in Irish waters and had migrated further 
than expected, contaminating drinking water as well, whilst water in France has been 
found to be contaminated with Chlortoluron [21] years after its agricultural use. 

Atrazine, although not classified as a POP, is a persistent herbicide found frequently 
in drinking and groundwater in both the USA and Europe. According to Hu et al. (2023) 
[24], it has been shown to alter microbial and enzyme activity in soils, leading to a reduc-
tion in soil microbial biomass by 8.9% and respiration by 26.77%. Atrazine’s environmental 
impact includes causing hermaphroditism in amphibians (Table 1) and various cancers 
and hormonal disruptions in humans [25,26]. 

Glyphosate, one of the world’s most widely used herbicides, is a potent weed and 
grass killer. It contaminates soil, surface water, and groundwater, often ending up in 
drinking water. Glyphosate can persist in water bodies for 13 to 301 days and reach con-
centrations up to 164 µg/L and 275 µg/L, findings by Gomarasca et al. (2024) [27] within 
the Italian region of Cremona. According to Carles et al. (2019) [28], studies in the Republic 
of Ireland have detected Glyphosate in the blood of residents and in the drinking water 
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[29,30]. Research has shown that Glyphosate negatively impacts soil microorganisms, plant 
DNA (deoxyribonucleic Acid), and bird populations. 

Table 1. Agricultural pollutants, environmental impacts, mitigation measures, and limitations. 

Pollu-
tant 
Type 

Example 
Primary 
Use 

Environmental/Human 
Health Impacts 

Regulatory 
Limit/Moni-
toring 

Mitigation 
Measures and 
Policies 

Key Limita-
tions 

Refer-
ences 

Pesticide DDT 
Crop 
pest 
control 

Bird eggshell thinning, alliga-
tor reproductive abnormali-
ties, carcinogenic effects, and 
liver and reproductive toxicity 

0.1 µg/L 
Stockholm Con-
vention: EU ban 
on POPs 

Persistence in 
sediments 
and aquatic 
systems; leg-
acy contami-
nation re-
mains 

[23,30] 

Pesticide Chlorpyrifos 
Insect 
control 

Neurotoxicity in humans and 
a disruption of soil microbial 
communities 

0.1 µg/L 

Water Frame-
work Directive 
(WFD): pesti-
cide restrictions 

Environmen-
tal persistence 
and runoff 
continue 

[24] 

Herbi-
cide Atrazine 

Weed 
control 

Amphibian hermaphroditism, 
endocrine disruption, and car-
cinogenic potential 

0.1 µg/L 

WFD: ground-
water and sur-
face water mon-
itoring 

Frequently 
detected in 
groundwater 
and drinking 
water 

[29,30] 

Herbi-
cide Glyphosate 

Weed 
and 
grass 
control 

Impacts soil microorganisms, 
plant DNA, and bird popula-
tions 

0.1 µg/L 

Sustainable pes-
ticide reduction 
strategies: EU 
monitoring pro-
grammes 

Continued 
widespread 
use and re-
curring detec-
tion in water 
bodies 

[31] 

Antibi-
otic 

Enrofloxacin 

Treat-
ment of 
bacterial 
infec-
tions in 
livestock 

Disruption of aquatic micro-
bial communities; antimicro-
bial resistance (AMR) 

Veterinary dos-
age controls 

EU veterinary 
medicinal prod-
ucts Regulation 
(EU 2019/6): im-
proved farm 
management 

Persistence in 
manure and 
water; AMR 
development 

[32–34] 

Antibi-
otic 

Trime-
thoprim 

Treat-
ment of 
respira-
tory in-
fections 

Alters microbial communities 
and promotes resistant patho-
gens 

100 ng/L 
(Watch List) 

Water quality 
monitoring and 
antibiotic stew-
ardship 

Limited re-
moval during 
wastewater 
treatment 

[34] 

Antibi-
otic 

Oxytetracy-
cline 

Disease 
control 
in live-
stock 
and aq-
uacul-
ture 

Toxicity to soil microbes, 
aquatic organisms, and hu-
mans 

Monitored un-
der AMR initi-
atives 

One Health Ac-
tion Plan: veteri-
nary controls 

High environ-
mental persis-
tence 

[35] 

Antibi-
otic 

Florfenicol 

Aqua-
culture 
disease 
treat-
ment 

Oxidative stress and cellular 
damage in fish 

250 ng/L 

Reduced antibi-
otic use: im-
proved aquacul-
ture manage-
ment 

Continued 
use in inten-
sive aquacul-
ture systems 

[30,36] 
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Antibi-
otic Macrolides 

Poultry 
and live-
stock 
disease 
treat-
ment 

Toxicity to wildlife and 
aquatic organisms; accumula-
tion in plastics 

EU Watch List 

Monitoring un-
der Water 
Framework Di-
rective 

Incomplete 
removal in 
wastewater 
treatment 
plants 

[34] 

Antibi-
otic 

Sulfametha-
zine 

Live-
stock 
disease 
treat-
ment 

Alters soil microbial commu-
nities 

EU agricultural 
monitoring 
programmes 

Reduced veteri-
nary antibiotic 
use: integrated 
disease manage-
ment 

Soil contami-
nation 
through ma-
nure applica-
tion 

[37] 

Aqua-
culture 
Feed 

Feeding Pel-
lets 

Fish nu-
trition 

Fatty liver, ovarian cysts, and 
reduced protein content in 
wild fish populations 

Not regulated 

Improved feed 
management: 
Integrated 
Multi-Trophic 
Aquaculture 
(IMTA) 

Feed waste 
remains com-
mon in inten-
sive systems 

[38] 

Micro-
plastics 

Irrigation 
tubing and 
agricultural 
plastics 

Agricul-
tural in-
frastruc-
ture 

Genotoxicity, bioaccumula-
tion, and ecosystem disrup-
tion 

No specific EU 
threshold 

Circular Econ-
omy Action 
Plan: plastic re-
duction 
measures 

Limited mon-
itoring and 
absence of 
regulatory 
limits 

[31,39] 

Petro-
leum 
Products 

Crude oil 
and fuels 

Farm 
machin-
ery and 
transpor
t 

Reduced dissolved oxygen, 
fish gill damage, and mortality 
of aquatic organisms 

15 ppm 

Spill prevention 
and environ-
mental protec-
tion measures 

Accidental re-
leases and 
long-term 
ecosystem 
damage 

[40] 

3.2. Animal Farming 

Animal farming significantly contributes to water pollution, with 340 million tons of 
meat produced in 2018 [38], which is a figure that continues to rise annually. Globally, 
48% of crops produced each year are used for animal feed [39]. The pesticides used in crop 
production can inadvertently contaminate water. Soybean, a major crop for animal feed 
due to its rapid growth and low production cost, with Brazil being its largest producer, 
and its cultivation in the country uses 69% herbicide and 16% insecticide per hectare [40]. 
In Europe, rapeseed is the top oilseed and meal producer for animal feed, with the conti-
nent being the highest global producer. According to Ewa et al. (2019) [41], 22 million tons 
of rapeseed are produced annually, with 63% used for oilseed, while oilseed meal, a by-
product of seed oil extraction, is used for animal feed. Glyphosate, a key pesticide in rape-
seed production, has been detected in drinking water. 

Animal farming also contributes to water pollution through the use of antibiotics 
(Table 1). These are employed to prevent and treat diseases in animals. According to Mar-
tin et al. (2020) [33], between 2011 and 2018, 90 to 100 tons of antibiotics were sold in the 
Republic of Ireland. 

The use of antibiotics can lead to bacterial resistance, making it harder to treat ill-
nesses. Various antibiotics are used for different purposes: Enrofloxacin (a fluoroquino-
lone) for bacterial infections in cattle, Trimethoprim for respiratory diseases in cattle and 
pigs, Macrolides for necrotic enteritis in chickens, and Ionophores to prevent intestinal in-
fections in chickens. 

Antibiotics from agricultural animals enter the environment through excretion. A 
portion of the administered antibiotic is excreted in urine and feces. Beef and dairy cattle 
that graze outdoors defecate on the land, leading to water pollution through farm runoff 
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during rainfall. Additionally, manure from dairy cattle is processed into organic fertilizer 
(slurry or dung) and spread on land. The result of this practice has been found to seep 
into soils [42]. Improper use of slurry, which contains phosphorus, can result in environ-
mental damage [42], with runoff leading to water contamination and nitrogen loss 
through gaseous emissions. There is a compression of the amount of antibiotics used in 
farming practices, such as organic and non-organic farming. Organic farming uses less 
antibiotics on animals compared to conventional farming [43], with a two to three times 
lower dose compared to conventional farming. Heard size also plays a factor in the use of 
antibiotics. 

Antibiotic Enrofloxacin impacts microbial communities in water, increasing drug-re-
sistant pathogenic genes. Fluoroquinolones, including Enrofloxacin, are prevalent in Euro-
pean wastewater treatment facilities [44,45], particularly in the Republic of Ireland and 
Spain. Research undertaken by Moles et al. (2022) [46] found Enrofloxacin concentrations 
of 1600 ng/L (nanograms per litre) in the Spanish river Ega, attributed to nearby poultry 
and pig farms. Trimethoprim, another antibiotic, has been detected in municipal water 
[47,48] at concentrations of 0.48 mg/L (milligrams per litre) and in surface waters at 2 
mg/L, similarly, disrupting microbial water communities and promoting drug-resistant 
pathogens. While a metagenomic study by Xiuli et al., (2024) [49] found Enrofloxacin 
aquatic foods. 

3.3. Aquaculture Farms and Fisheries and Their Impacts on Aquatic Lifeforms 

Over the past six decades, fish consumption has increased significantly [50], with 
one-quarter of consumers eating more fish and shellfish. This rise is attributed to cultural 
changes and economic factors, as fish and shellfish are affordable, high in protein, and 
polyunsaturated fats. Increased demand has led to higher production rates. According to 
the Food and Agriculture Organization [51], 178 million tonnes of aquatic animals and 36 
million tonnes of algae were caught or produced in 2020, comprising 90 million tonnes 
from fisheries and 88 million tonnes from aquaculture. Aquaculture production alone ac-
counted for 66 million tonnes of fish from inland waters. As of 2020, the global fisheries 
and aquaculture industry was valued at $406 billion USD (United States Dollar), with $141 
billion from capture fisheries and $265 billion from aquaculture. Of the total aquaculture 
production, 56% is used for human consumption, with the rest used for fish meal and oil. 
Leading global producers include China (61% of global share), India (16%), and Norway 
in Europe (1.28%) [52]. 

The aquaculture industry heavily relies on water and soil treatments, formulated 
feeds, fertilizers, pro- and prebiotics, disinfectants, pesticides, antibiotics, and algaecides. 
Norway is one of the top producers of farmed salmon, followed by Chile [52], which used 
334,100 kg of antibiotics in 2019 compared to Norway’s 201 kg. Scotland and England also 
produce significant quantities of farmed salmon, with antibiotic usage of 18.6 kg [47] used 
for farmed salmon in Scotland as of 2022. Farmed salmon, seabream, and seabass aqua-
culture rely on the usage of antibiotics, with the Republic of Ireland holding a 96% market 
share in the EU for farmed salmon and Greece holding a 69% market share for farmed 
seabream and a 53% market share in seabass. 

Florfenicol is a primary antibiotic used in aquaculture to treat infections in over-
crowded fish populations to reduce the spread of illness (Table 1). Oxytetracycline is also 
used to promote the growth of farmed fish. However, Florfenicol can be toxic to water 
microorganisms; a study by Shiroma et al. (2020) [53] found oxidative damage in Nile 
Tilapia exposed to Florfenicol within 48 h, even at low concentrations (1–1000 LC50). Both 
Oxytetracycline and Florfenicol have been detected in soil sediments [54,55] near Greek aq-
uaculture farms. Additionally, fish excrete a portion of administered antibiotics and chem-
icals back into the water, contributing to pollution. 
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Algaecides are employed to control algae growth in water, but their use, particularly 
copper-based algaecides (Copper Sulfate, Copper Chelates), can lead to copper accumulation 
in soil sediments, creating ecotoxicological effects [56] such as impacting planktonic crus-
taceans. Feeding pellets in aquaculture also pollute water through feed droppings, affect-
ing wild cod near Norway [57] by causing fatty liver and altering their lipid and protein 
content. Research focused on integrating multi-trophic aquaculture (IMTA) could facili-
tate reduced application of these chemicals and provide sustainable solutions. IMTA has 
the potential to enhance resource efficiency by using fewer chemicals and additives. 

Aquatic organisms are significantly impacted by water pollution due to direct expo-
sure to contaminated waters. For instance, pharmaceuticals enter waterways through hu-
man excretion, turning water into grey water. Estrogen from female contraceptive pills 
(Estrogen (E1) also known as 17-Alpha-Ethinylestradiol (EE2), Beta-Estradiol (E2)) has been 
detected in aquatic species like the Climbing Perch [58], causing physiological issues such 
as decreased liver function, ovarian tissue enlargement, cysts, and feminization of male 
fish. Plastic waste, including Bisphenol A (BPA) and microplastics (MPs) from agricultural 
sources (e.g., silage wrap, pesticide containers, irrigation tubing) and single-use plastics, 
severely affects both water quality and life forms. Several polymeric compounds have 
been found in human blood [59] and the gastrointestinal tracts of fish species such as 
Chelidonichthys Lucerna and Pegusa Lascaris [60], with a 95% presence of microplastics, 
leading to cell damage and allergic reactions in humans and genetic damage (genotoxi-
city) in marine life [61,62]. New advancements are being made to aid in the detection and 
removal of microplastics and pharmaceuticals in water, such as physical (sand filtration, 
membrane separation), chemical (coagulation), and microbiological (microbial degrada-
tion) [63]. 

Farm machinery, including tractors and ship vessels, also contributes to water pollu-
tion, especially through the extraction and use of crude oil (Table 1) and its derivatives 
(gasoline, kerosene, diesel, petroleum). These substances are used in engines and as com-
ponents in chemical pesticides. Crude oil extraction involves two processes: the primary 
process uses 0.21 litres of freshwater, while the secondary process (waterflooding) re-
quires 8.6 litres of water to produce one litre of crude oil [64]. The spent water is then 
reinjected into the water, increasing water salinity in oceans, lakes, and streams, leaving 
behind significant salt deposits in soils and water beds. Further disposal methods include 
releasing spent water into surface waters or burying it in disposal wells. The presence of 
oil in water depletes oxygen levels necessary for marine life, increases carbon dioxide 
emissions, leading to ecological and environmental harm. Crude oil presence can result 
in marine life death [65], reduced movement, and adverse effects on reproductive and 
neurological systems, as well as fish gill damage. 

4. Regulations and Policies Relevant to the EU 
Regulations and policies play a critical role in preserving water quality and safe-

guarding ecosystems and natural environments. These guidelines provide countries with 
standards to follow, ensuring consistent efforts to protect, renew, and reuse water sources. 
As of 2024, Europe is making concerted efforts in this regard, with a variety of regulations, 
initiatives, and directives aimed at enhancing both surface and groundwater quality. The 
regulatory framework includes comprehensive measures for human drinking water, such 
as the Drinking Water Directive (EU) 2021/1119 [11], as well as for agricultural use. This 
results in a complex and multi-layered legislative environment. The following sections 
outline the most current regulations and policies in place in Europe as of 2024. 

The Sustainable Development Goals (SDGs) (Table 2) were introduced in 2012 by the 
United Nations (UN) and agreed upon by 193-member states in 2015 [66]. These SDGs 
consist of 17 goals aimed at creating a better world for all by establishing a foundation for 
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achieving a circular economy by 2030. While not legally binding treaties or regulations, 
the UN uses these goals to educate and guide both country leaders and civilians. Relevant 
to this paper are several specific SDGs. Firstly, Goal 6, “Clean Water and Sanitation” [67] 
asserts that everyone should have access to clean drinking water and water for sanitation 
and hygiene. It also emphasizes the removal of hazardous chemicals and wastewater 
treatment, aiming for improved wastewater management systems by 2030 to reduce water 
pollution. However, Goal 6 does not specify which chemicals are considered hazardous. 
Goal 12, “Responsible Consumption and Production”, pertains to the circular economy by 
encouraging mindful consumption and production practices [9]. For example, reducing 
the use of pesticides and antibiotics in agriculture can help decrease water pollution. An-
other closely related goal is Goal 14, “Life Below Water” [9], which aims to reduce marine 
pollution from sources such as agriculture, pharmaceuticals, and microplastics. 

Additionally, the SDGs contributed to the Paris Agreement Climate Action Plan, 
which is a European Union legislation focused on achieving zero greenhouse gas emis-
sions and reducing emissions by 2030. Although the Paris Agreement primarily addresses 
greenhouse gas emissions and does not explicitly mention water or the hydrological sys-
tem, according to the United Nations (2019) [10], adequate water resources are essential 
for its implementation. 

Table 2. Strategies, initiatives, directives, and regulations. 

Category  Policy/Agreement Description Year Reference 
Strategies     

 
SDGS: Sustainable De-
velopment Goals 

Global framework adopted by all UN member 
states, setting 17 goals to achieve social, environ-
mental, and economic sustainability by 2030. 

2015 [10,11] 

 European water Resil-
ience strategy 

EU policy framework to build resilience in Europe’s 
water systems, restore and protect the water cycle, 
ensure access to clean and affordable water, and 
promote water-smart economies. 

2025  

Initiatives     

 Farm to Fork 

EU initiative under the Green Deal aims to make 
food systems fair, healthy, and environmentally 
friendly by reducing pesticides, fertilizers, and 
waste. 

2023 [67] 

 Biodiversity Strategy 
Guidelines for reducing biodiversity loss and how 
to restore ecosystems by 2030. 2023 [68] 

Directives     

 European Nitrate Di-
rective (91/676/EEC) 

Aims to protect water quality by reducing nitrate 
pollution from agriculture and promoting good 
farming practices. 

1991 [69] 

 Water Framework Di-
rective (2000/60/EC) 

Establishes a framework for protecting and improv-
ing all EU water bodies, with the goal of achieving 
“good status.” 

2000 [70] 

 

Water Framework Di-
rective-Environmental 
Quality Standards Di-
rective(2013/39/EU) 

Supplements the WFD by setting specific pollutant 
limits and quality standards for surface waters. 2008 [70] 

 
Watch List—Water 
Chemicals and Pollu-
tants 

A dynamic monitoring list to identify emerging pol-
lutants of concern in EU waters for future regula-
tion. 

2013 [11] 

Regulations     
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 Stockholm Conven-
tion 

Global treaty eliminating or restricting persistent or-
ganic pollutants (POPs), implemented in EU law. 

2001–
2004 

[71] 

 Paris Agreement 

Landmark international treaty under the United Na-
tions Framework Convention on Climate Change 
(UNFCCC) to limit global warming to well below 
2 °C, with EU binding targets. 

2016 [72] 

 European Green Deal Aims to achieve climate neutrality by 2050. 2019 [73] 

 
Chemical Strategy for 
Sustainability 

Aims to phase out POPs and harmful chemicals, 
support safe innovation, and protect health and eco-
systems. 

2020 [74] 

 
European Climate 
Law ((EU) 2021/1119) 

Makes the EU’s 2050 climate neutrality target legally 
binding and sets out governance for emissions re-
duction. 

2023 [75] 

 
Veterinary medicinal 
products ((EU) 2019/6) 
and Medicated Feed 

Establish stricter rules on veterinary medicines and 
feed to reduce environmental impacts and antimi-
crobial resistance. 

2023 [76] 

 Circular Economy  
Policy packages to reduce resource use, promote re-
cycling, and foster sustainable product design and 
consumption. 

2023 [77] 

 Nature Restoration 
Law((EU) 202/1991) 

Legally binding regulations require restoration of 
degraded ecosystems, including forests, wetlands, 
and agricultural land. 

2024 [69] 

Agencies     

 EEA- European Envi-
ronment Agency 

EU agency based in Copenhagen providing inde-
pendent data, analysis, and assessments to support 
evidence-based environmental and climate policy 
across Europe. 

1994 [77] 

 EPA- Environmental 
Protection Agency 

U.S. agency (included here for comparative rele-
vance) responsible for regulating environmental 
protection and sustainable practices. 

1993 [78] 

4.1. National and European Water Monitors and Policies 

The Irish National Environmental Protection Agency (EPA) is an independent Irish 
public body responsible for monitoring water systems in Ireland through regular testing 
[79] to ensure surface and groundwater quality standards are maintained. Established in 
1993, EPA Ireland conducts routine assessments of Irish waterways, whilst working with 
the European Environment Agency (EEA), including Uisce Èireann (Irish Water), to safe-
guard human, animal, and environmental health. The results of these assessments are 
published and reported to the European Union for further action. The EEA gathers data 
throughout Europe on its Environment, not solely on water. 

The endocrine-disrupting chemical Dichlorodiphenyltrichloroethane (DDT), along with 
its derivatives Dichlorodiphenyldichloroethylene (DDE) and Dichlorodiphenyldichloroethane 
(DDD), was gradually phased out and banned [17] between 1970 and 2001 due to its sig-
nificant ecological, wildlife, and human health impacts. Between 2001 and 2004, 152 coun-
tries, including Canada (2001), Germany (2002), and Spain (2004), signed the Stockholm 
Convention, making it a global treaty [17] to protect human health and the environment 
from persistent chemicals. However, Ireland did not enforce this treaty until 2010, and 
Italy delayed enforcement until 2022. The treaty targets persistent organic pollutants 
(POPs), which have long-lasting effects on humans and wildlife, resist natural decompo-
sition, and spread across long distances through the atmosphere and oceans. 
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As of 2024, 186 countries signed and implemented the Stockholm Convention. This 
treaty mandates countries to reduce or eliminate the production and importation of POPs 
and ensure proper disposal of their waste. The United Nations monitors and publishes 
each country’s compliance and progress. Notably, DDT is still used today to combat ma-
laria [61] and in marine paint, which can lead to its presence in oceans through direct 
migration from painted vessels and human excretion. Studies, such as those by Li et al. 
(2020) [49] and Kivenson et al. (2019) [80] have detected DDT in sediments around ship-
ping routes and dockyards in China and within oceanic beds off the Californian coast due 
to improper disposal. This highlights the ongoing presence of DDT in marine environ-
ments due to both past and present use. Research by Vigano et al. (2023) [81] shows that 
DDT remains detectable at levels of up to 0.075 µg/L in marine environments in Europe, 
particularly in the Po River in Italy and the Adriatic Sea. 

In Europe, one of the primary water regulations is the Water Framework Directive 
(WFD) (2000/60/EC) (Table 2), which sets acceptable levels for water pollutants, including 
agricultural pesticides, herbicides, and organic pollutants, across various water bodies 
such as rivers, lakes, groundwater, and coastal waters. This directive aims to reduce and 
eliminate pollutants to sustain water quality for human and wildlife survival. It is supple-
mented by two sub-directives: Groundwater and Surface Waters. The Groundwater di-
rective oversees the maintenance of groundwater quality, which is crucial as 75% of Eu-
ropeans rely on it for their water supply [82], while the Surface Waters directive focuses 
on the condition of surface waters in Europe. For pesticides, the maximum allowable lev-
els are 0.075 µg/L, covering chemicals such as Atrazine, Glyphosate, and DDT. However, 
research by Triassi et al. (2022) [83] found Atrazine levels in the Volturno River estuary in 
southern Italy exceeding these limits at 0.082 µg/L, whilst research by Simon et al. (2023) 
[84] reported Glyphosate concentrations of 3.0 µg/L in Portuguese waters, and Melendez-
Pastor et al. (2021) [85] found Glyphosate concentrations of 6.2 µg/L in the southeast coast 
of Spain (Alicante province). The European Union (EU) discussed the persistent presence 
of Glyphosate in waterways and its adverse health and environmental impacts in 2023, 
ultimately extending its use in Europe for another 10 years, with plans to review its pres-
ence again in 2033 [82]. 

Furthermore, the WFD has a directive related to this: the European Nitrate Directive 
(91/676/EEC). The European Nitrate Directive is in place to protect water quality in Eu-
rope, concentrating on the amount of nitrates agriculture produces [83,86]. Nitrates can 
be found in pesticides and herbicides that are sprayed on crops and land with the aim of 
helping growth. The European Nitrate Directive works integrally with the WFD. 

As of 2024, there are no specific regulations for antibiotics in European waters, mean-
ing their impact on microorganisms in water bodies lacks minimum or maximum testing 
levels [86]. However, the Water Framework Directive—Surface Waters implements a 
grading system (“moderate,” “good,” and “high” status), as each status has a description 
for quality elements for biological (life and living things), hydromorphogical (physical 
elements of the environment that holds water in place), and physico-chemical (physical 
and chemical) properties [87] to manage the potential health or environmental disruptions 
from contaminants like antibiotics or pesticides. The Environmental Quality Standards 
Directive (2008) and the Watch List (2013) were established to monitor priority chemicals 
in surface waters. Currently, only 40% of Europe’s surface waters meet the “good status” 
[74], indicating that 60% are in “moderate status,” affecting the topsoil, groundwater, and 
biodiversity. 

As of January 2024, Ireland holds a “moderate” status for water quality, failing to 
meet the Safe Drinking Water Directive’s standards and risking fines from the European 
Union Court of Justice [65]. This issue remains ongoing. However, since 2022, limits for 
estrogen compounds (Estrogen-E1, E2, E22) have been set at 1 ng/L under both the Water 
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Framework and Drinking Water Directives and have been placed on the Drinking Water 
Watch List [71,88], following studies showing their endocrine-disrupting effects on 
aquatic life and humans. 

The European Green Deal (Table 2), introduced in 2019, aims to transition Europe to 
a green economy and achieve climate neutrality by 2050 [77]. This deal is part of the legally 
binding European Climate Law and includes policy initiatives to reach EU goals. Relevant 
to water quality is the “Farm to Fork” strategy, which promotes sustainable farming, fish, 
and seafood production [67] to reduce hazardous chemicals entering waterways. This in-
itiative also aims to reduce reliance on pesticides and antibiotics in agriculture, leading to 
new regulations on veterinary medicinal products and medicated feed [76], which enforce 
a 50% reduction in antibiotic use in animals. The Biodiversity Strategy under the Farm to 
Fork initiative aims to protect 30% of Europe’s water and marine biodiversity and restore 
ground and surface waters, enforced by the Nature Restoration Law starting in 2024 [69]. 

The Circular Economy regulation under the European Green Deal seeks to reduce 
waste from food production and packaging, leading to directives like the Waste Frame-
work Directive and minimum requirements for water. These regulations aim to improve 
water availability and usage through better infrastructure for agricultural irrigation and 
urban wastewater systems [89]. The Circular Economy also targets single-use plastics, ag-
ricultural chemicals, and pharmaceutical waste, promoting reuse and refill infrastructure 
and mandatory deposit systems for plastic bottles [67]. This regulation also led to the 
Chemical Strategy for Sustainability [74], aiming to reduce harmful chemical releases into 
ecosystems, including microplastics. The EU’s pioneering sustainability regulations posi-
tion it as a global leader, influencing countries like the United States to adopt similar leg-
islation, such as the Green New Deal for Health Act, enacted in 2023 [90]. 

Gaps in Strategies and Existing Measures 

Current legislation within Europe is strong and is a step in the right direction; how-
ever, it can be disconnected and flawed. Testing water quality can be flawed, as it does 
not have limits for microplastics (plastic pieces smaller than 5 mm) within water. The 
(E.U) 2024/1441 legislation has a methodology for monitoring water quality set at 20 mm, 
yet does not set out any limits [91,92]. A 20 mm (millimeters) monitoring limit is high, 
especially for microplastics, as 5 mm can enter the human bloodstream [91,93]. Water pol-
lution is still happening in the EU from agricultural run-off. Certain parts of the EU over-
consume and extract water for both tourism and agricultural purposes; stresses from such 
extraction are high, with no enforcement of the abstraction limitations. Water policies 
have a cross-sectoral governance stance between agriculture, energy, and the environ-
ment. This can create conflicts and debates, leading to regulation being slow and behind 
in adaptation. Currently, the EU has limited implementation and uptake of digital moni-
toring, e.g., LoT, satellite data, and nature-based solutions, in comparison to the United 
States, where 80% of American farmers use smart technology for farming; however, coun-
tries such as Germany, Sweden, and Denmark show a high uptake of smart technologies. 
This leaves a great opportunity for Ireland to follow, as most of Ireland’s farmland is grass, 
producing dairy and ruminants; such an uptake has the potential to aid in Ireland’s agri-
cultural and water usage. 

Strategies to overcome these challenges are to have a stronger united stance on the 
enforcement of legislation within EU countries, with fines and sharing publicly 
places/companies that have been found to breach these regulations. 
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5. Sustainable Solutions 
5.1. Better Irrigation Systems and Smart Technologies 

Human activities, particularly in agricultural contexts, are significantly disrupting 
the Earth’s water cycle through pollution. This disruption is contributing to climate 
change and ongoing ecological decline. Adopting sustainable practices for water reuse 
and pollution reduction by developing products and solutions that minimize water con-
tamination is crucial for maintaining ecological balance and supporting life. Agricultural 
farms, heavily dependent on consistent water supplies, often face challenges when rain-
water is scarce and irregular. Various irrigation systems address these needs, ranging 
from surface irrigation, also known as rain-fed farming, which relies on gravity but in-
creases the risk of water contamination through physical debris like bird droppings, dead 
animals, and insects. Other irrigation methods include manual, localized, drip, sprinkler, 
and center pivot systems. Among these, drip and sprinkler systems are particularly pop-
ular due to their ability to deliver low water rates, thus reducing overall water usage due 
to their efficiency in simulating rainfall by spraying croplands. Drip irrigation, which in-
volves watering plants at the root level using underground or above-ground tubing, min-
imizes runoff and evaporation losses. 

Despite several advantages of irrigation systems, research by Gloria et al. (2020) [94] 
indicates that 30% of water in irrigation systems is wasted due to damaged pipes and poor 
management, leading to significant water loss in irrigation canals. These canals, designed 
to transport water from rivers or dams to users, can experience seepage losses of up to 
50%, as observed in Portugal by Cunha et al. (2019) [95]. Mitigating these losses involves 
using polymer linings and concrete; according to Han et al. (2020) [96], concrete linings 
can reduce seepage by 68%, polymer linings by 11%, and a combination of both by 82%. 
However, these materials require maintenance due to potential cracks, with a life expec-
tancy of about 10 years, as calculated by Han et al. (2020) [96]. Reducing seepage and 
repairing damaged tubing can be costly. The development of the Internet-of-Things (IoT) 
and Artificial Intelligence (AI) has been developed to help reduce such costs and water 
loss. 

Advancements in the Internet of Things (IoT), Artificial Intelligence (AI), and preci-
sion farming offer promising solutions to these challenges. IoT technology, such as remote 
sensing and the use of cropland surveying using unmanned aerial vehicles (drones), pro-
vides farmers with real-time data on weather, humidity, and soil moisture, enabling more 
efficient water use and better alignment with environmental conditions [97]. This data can 
also identify leaks in irrigation tubing and pinpoint their locations. According to a report 
by Gloria et al. (2020) [94], such systems can save up to 34% of water, with an additional 
26% saved through temperature inputs, including soil temperature. These technologies 
support crop development by delivering precise water requirements and reducing the 
risk of over-watering, which can hinder plant growth. However, implementing these tech-
nologies can be expensive, requiring digital literacy education and improved infrastruc-
ture for rural 5G (generation) network access. Currently, the adoption rate of IoT in Eu-
rope stands at 30–55% [98], whilst farming equipment sold in Europe has had 70% of 
smart technologies within it. 

5.2. Biodegradable Pesticides 

Biodegradable “green” pesticides, or biopesticides, differ from synthetic pesticides 
as they are derived from natural materials such as bacteria, minerals, plants, and animals 
[99] (Table 3). These biopesticides can decompose and integrate harmlessly into water and 
the environment. 
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Micro-organism-derived pesticides, a type of biopesticide, utilize toxic metabolites 
produced by bacteria to deter and eliminate pests. One popular example is Bacillus thurin-
giensis, a Gram-positive, spore-forming bacterium found naturally in soil and food [100]. 
Bacillus thuringiensis produces a toxic compound called crystal-protein (Cry), along with 
biodegradable vegetative insecticidal protein (VIP) and secreted insecticidal protein (Sip), 
which are lethal to insects like caterpillars, beetles, and mosquitoes. Another plant-based 
insecticide is Azadirachtin, a tetranortriterpenoid from the citrus family found in neem tree 
seeds, which acts against bees, flies, and crickets [100,101]. Beauveria Bassiana, a fungus 
found in silkworms and mosquitoes [102], targets and grows on hosts such as whiteflies, 
aphids, and thrips (Table 3). Mineral pesticides are naturally occurring substances in the 
environment with minor side effects in comparison to POPs. For instance, boric acid, a 
sodium borate salt found in lakes, oceans, rivers, and soils, is effective against mites and 
fungi [102–104]. 

Plant-based pesticides (Table 3) are derived from plants. Seaweed and algae, for ex-
ample, contain polyphenolic compounds like flavonoids, phenolic terpenoids, and phlo-
rotannins, which are extracted and diluted for use in agriculture. Seaweed extracts not 
only deter pests but also enhance plant growth and yield due to their antimicrobial, anti-
inflammatory, and antiviral properties [105]. They can also remove pollutants such as ni-
trogen, phosphorus, and ammonia from water, making them useful in wastewater treat-
ment and agricultural runoff. A study by Anton et al. (2023) [106] showed that applying 
seaweed to tomato plants improved root length by 25% and leaf circumference by 40%, as 
well as enhancing the plants’ nutrient content. Another plant pesticide is Azadirachta indica 
(neem tree), native to India, which is effective against aphids and the cowpea bruchid 
[107]. 

Animal-derived pesticides also play a role in biopesticides (Table 4). Fish bones, for 
instance, can promote plant growth and increase yields, as seen with strawberry plants 
[94], and enhance seed germination. Nile tilapia fish bones are effective in wastewater 
treatment. Additionally, animal toxins such as bee and spider venom serve as bioinsecti-
cides against pests like cockroaches and moths [108–110]. 

Currently, there are mixed views on biopesticides. The market shares from 2024 to 
mid-2025 show a growth in global sales by 6.4 billion U.S. dollars [97], with an estimated 
market growth of 10% (3.5 million) by 2030. Despite push-back from farmers who want 
more education, financial help, and studies showing that biopesticides work. 

Table 3. Types of biopesticides, their uses, and deterrent types. 

Microbial    

 Bacillus Thuringiensis Caterpillar, beetles, and mos-
quitoes [100] 

 Azdirachtin Bees, flies, and crickets [107] 
 Beauveria Bassiana Whitefly, aphids, and thrips [102] 
Mineral    
 Boric Acid Mites and fungi [103] 
Plant    

 Seaweeds Multi-usage, pests, plant 
growth, and water treatment [104–106] 

 Siparuna Guiansis oil Aphids and lady beetles [97] 
Animal    
 Fish Bones Plant growth [81] 
 Bee Venom Cockroaches [109] 
 Spider Venom Moths [110] 
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5.3. Hydroponics and Integrated Multi-Trophic Aquaponic and Aquaculture (IMTA) 

Hydroponics is a method of growing plants vertically without soil, using a nutrient-
rich water solution in a temperature-controlled environment. This technique has been 
shown to produce higher yields [111,112] and faster growth rates compared to conven-
tional soil farming, as reported by Majid et al. (2021) [23]. Additionally, hydroponics has 
shown great success in the growing of plants (lettuce, herbs) in space (method used by 
NASA) and is a potent cultivation technology for enabling human aspirations of settling 
in outer space [106,113]. The benefits of higher yields and faster growing rates help both 
farmers and consumers by ensuring a consistent food supply and increased profitability. 
The efficiency of hydroponics stems from the precise delivery of nutrients directly to the 
plant roots, bypassing soil as a medium. Historically, hydroponics can be traced back to 
ancient times, such as the Hanging Gardens of Babylon in 660 BC [114]. Vertical farming 
offers several advantages: it requires less land space, can be implemented in areas with 
poor soil quality, reduces pesticide use by tailoring water solutions to specific crops, and 
conserves 70–80% more water than traditional soil-based farming [115]. 

Hydroponic systems recycle their water, reducing the need for freshwater supplies. 
Frequent water testing in hydroponics ensures optimal filtration, enhanced by smart tech-
nologies like sensors and real-time data, which provide farmers with detailed insights into 
their crops and water quality. Additionally, growing plants indoors minimizes pest issues 
(rats and beetles) and isolates crops from climate variability. Real-time data can identify 
unhealthy plants and guide nutrient adjustments or removal, further optimizing growth 
conditions. However, hydroponic farming has its drawbacks, including the high cost of 
infrastructure, the need for farmer education on system use and smart technologies, inter-
net access, and limitations on the types of crops that can be grown (e.g., root vegetables 
like carrots and potatoes). 

Integrated Multitrophic Aquaponics. 

Aquaculture involves farming fish, shellfish, and seaweed, while aquaponics com-
bines fish farming with utilizing aquaculture waste to nourish plants and other aquatic 
species. An integrated multitrophic aquaponic system uses specific fish, shellfish, or sea-
weed to contribute various nutrients to the system, creating a self-sustaining ecosystem 
[116]. For example, seaweed can clean water, while mussels or oysters feed on the nutri-
ents produced by seaweed. Other combinations include seaweed with trout or salmon, 
and shrimp with tilapia. This integrated approach reduces disease prevalence found in 
large-scale aquaculture, decreases the need for pesticides, fungicides, and growth hor-
mones, and minimizes environmental impacts. It also enhances the survival efficiency of 
both animals and plants and provides farmers with an additional income source. 

5.4. Effective, Scalability, and Adoption of Sustainable Solutions 

While sustainable technologies and nature-based solutions demonstrate considerable 
potential for reducing agricultural water pollution, their effectiveness, scalability, and eco-
nomic feasibility vary considerably across farming systems. Precision irrigation technolo-
gies, including Internet of Things (IoT) sensors, remote sensing, and artificial intelligence-
based decision support systems, have been shown to reduce water consumption by up to 
34% while improving nutrient-use efficiency and reducing runoff losses [95,106]. How-
ever, widespread adoption remains constrained by high initial investment costs, digital 
literacy requirements, and uneven broadband and 5G coverage in rural regions [95]. Sev-
eral European countries have demonstrated successful implementation of smart water 
management technologies. Spain’s horticultural sector has adopted precision irrigation 
systems to address water scarcity, while Denmark and the Netherlands have integrated 
digital farming technologies to optimize fertilizer and water applications [95,96,98,99]. 
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These examples highlight the potential for technology-driven solutions to improve both 
environmental and economic performance when supported by appropriate infrastructure 
and policy incentives. 

Biopesticides offer another promising alternative to synthetic agrochemicals. Com-
pared with conventional pesticides, microbial and plant-derived biopesticides generally 
exhibit lower environmental persistence and reduced toxicity to non-target organisms 
[117,118]. The French Ecophyto programme has promoted reductions in pesticide use 
through integrated pest management and biological control strategies, demonstrating that 
sustainable alternatives can contribute to lower chemical inputs while maintaining crop 
productivity [112,116]. However, market uptake remains relatively limited due to con-
cerns regarding efficacy, farmer awareness, and product availability [119]. Hydroponic 
and vertical farming systems can significantly reduce water consumption, often using 70–
80% less water than conventional agriculture [120] (Figure 2). The Netherlands has 
emerged as a global leader in greenhouse horticulture, demonstrating how controlled-
environment agriculture can enhance resource efficiency while reducing nutrient losses 
to surrounding water bodies [23,115,120]. Nevertheless, the high capital costs associated 
with infrastructure, energy requirements, and technical expertise may limit adoption 
among smaller producers [116,121]. 

 

Figure 2. Conceptual framework illustrating the major agricultural pollution sources, transport 
pathways, and environmental and sustainable mitigation measures. 

Similarly, Integrated Multi-Trophic Aquaculture (IMTA) systems have shown prom-
ise in Norway, Ireland, and Scotland by combining fish production with seaweed and 
shellfish cultivation. These systems improve nutrient recycling, reduce waste outputs, and 
lower dependency on antibiotics and chemical treatments [62,122]. Despite these environ-
mental benefits, commercial implementation remains limited due to regulatory complex-
ity, investment requirements, and knowledge gaps [119]. Overall, sustainable solutions 
can substantially reduce agricultural water pollution, but their long-term success depends 
on supportive policies, financial incentives, farmer education, digital infrastructure, and 
stronger knowledge transfer between research institutions, industry, and policymakers 
[116,117,122]. 
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Table 4. European examples of sustainability for reducing agricultural water pollution. 

Sustaina-
ble Solu-

tion 

European Case 
Study 

Environmental 
Benefits 

Evidence of Effective-
ness 

Scalability Poten-
tial 

Key Chal-
lenges/Limita-

tions 
References 

Precision 
Irrigation 

Spain’s horti-
cultural sector 
(Murcia and Al-
mería) 

Reduces water 
abstraction, nu-
trient leaching, 
and runoff 

Smart irrigation and pre-
cision water manage-
ment have reduced wa-
ter consumption by up to 
20–34% while maintain-
ing crop productivity 

High potential 
across irrigated ag-
riculture in South-
ern Europe 

High installa-
tion costs, 
maintenance 
requirements, 
and digital in-
frastructure 
needs 

[98,99] 

Smart 
Farming 
(IoT, AI, 
Remote 
Sensing) 

Denmark’s dig-
ital agriculture 
initiatives 

Improves water 
and fertilizer effi-
ciency and re-
duces nutrient 
losses to water-
ways 

Real-time monitoring 
supports the precision 
application of water and 
fertilizers, reducing envi-
ronmental losses 

High where broad-
band and technical 
support are availa-
ble 

Digital literacy 
requirements, 
investment 
costs, and data 
management 
concerns 

[87,98,99] 

Biopesti-
cides and 
Integrated 
Pest Man-
agement 

France’s 
Ecophyto Pro-
gramme 

Reduces syn-
thetic pesticide 
use and chemical 
contamination of 
water bodies 

Ecophyto aims to reduce 
pesticide use by 50% 
through alternative crop 
protection methods and 
integrated pest manage-
ment 

Moderate to high 
across European 
crop systems 

Variable effi-
cacy, farmer 
acceptance, 
and limited 
product availa-
bility 

[33,97] 

Hydropon-
ics and 
Vertical 
Farming 

The Nether-
lands green-
house horticul-
ture sector 

Uses 70–80% less 
water than con-
ventional agri-
culture and mini-
mizes nutrient 
runoff 

Dutch greenhouse and 
hydroponic systems 
achieve water efficien-
cies of 90–95% through 
recycling and closed-
loop irrigation systems 

High in intensive 
and urban produc-
tion systems 

High capital 
investment, 
energy re-
quirements 
and technical 
expertise re-
quirements 

[23,120] 

Integrated 
Multi-
Trophic 
Aquacul-
ture 
(IMTA) 

Norway 
salmon–sea-
weed–mussel 
systems 

Improves nutri-
ent recycling and 
reduces waste 
discharge from 
aquaculture 

Seaweed and shellfish 
absorb nutrients released 
from fish production, re-
ducing environmental 
impacts 

Moderate in coastal 
aquaculture regions 

Regulatory 
barriers, site 
suitability, and 
infrastructure 
costs 

[63,120,121] 

Nutrient 
Manage-
ment and 
Advisory 
Services 

Ireland’s Agri-
cultural Sus-
tainability Sup-
port and Advi-
sory Pro-
gramme (AS-
SAP) 

Reduces phos-
phorus and ni-
trogen losses to 
rivers, lakes, and 
groundwater 

Catchment-based advi-
sory programmes im-
prove nutrient manage-
ment and farmer engage-
ment in water protection 
measures 

High-throughput 
knowledge transfer 
and advisory sup-
port 

Voluntary par-
ticipation and 
reliance on be-
havioral 
change 

[9,74] 

Con-
structed 
Wetlands 

Denmark and 
Sweden nutri-
ent removal 
projects 

Capture sedi-
ments, phospho-
rus, and nitrogen 
before entering 
watercourses 

Demonstrated reduc-
tions in nutrient loading 
and improved water 
quality in agricultural 
catchments 

Moderate to high in 
suitable landscapes 

Land availabil-
ity, establish-
ment costs, 
and ongoing 
maintenance 

[74,122] 

Circular 
Water Re-
use Sys-
tems 

The Nether-
lands green-
house sector 

Reduces fresh-
water demand 
and nutrient-rich 

Closed-loop greenhouse 
systems recycle irriga-
tion water and improve 

High in protected 
horticulture sys-
tems 

Infrastructure 
costs and mon-
itoring require-
ments 
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wastewater dis-
charge 

overall water-use effi-
ciency 

Precision 
Nutrient 
Applica-
tion 

Denmark and 
the Netherlands 
precision fertili-
zation pro-
grammes 

Reduces excess 
fertilizer applica-
tion and nitrate 
leaching 

Improved nitrogen-use 
efficiency and reduced 
nutrient losses through 
targeted nutrient appli-
cation 

High across arable 
and grassland sys-
tems 

Equipment 
costs, training, 
and technol-
ogy adoption 
barriers 

[87,98,111] 

Nature-
Based 
Buffer 
Zones 

Germany, 
France, and Ire-
land’s riparian 
buffer pro-
grammes 

Reduce sedi-
ment, nutrient, 
and pesticide 
runoff, and im-
prove biodiver-
sity 

Effective in intercepting 
pollutants before they 
enter waterways and 
supporting ecosystem 
restoration 

High potential 
through Agri-envi-
ronment schemes 

Loss of pro-
ductive land 
and ongoing 
management 
requirements 

[67,122] 

Note: IoT = Internet of Things; AI = Artificial Intelligence; IMTA = Integrated Multi-Trophic Aqua-
culture; ASSAP = Agricultural Sustainability Support and Advisory Programme. 

6. Discussion 
This review synthesizes evidence on how agricultural activities contribute to water 

pollution in Europe and evaluates the effectiveness of current policy and technological 
responses. Overall, agriculture remains a major source of freshwater pollution, mainly 
through nutrient runoff, pesticide use, and intensive farming practices such as monocul-
ture and high livestock density systems. These practices significantly affect both aquatic 
ecosystems and human health. A key driver of water pollution is the excessive use of fer-
tilizers, which leads to nitrogen and phosphorus runoff into rivers, lakes, and groundwa-
ter. This nutrient enrichment causes eutrophication, resulting in excessive algal growth. 
When algae decompose, oxygen levels in the water decrease, creating conditions that 
harm fish and other aquatic organisms and reduce biodiversity. Pesticide use contributes 
to water contamination, as chemical residues can persist in the environment, accumulate 
in sediments, and enter food chains. These substances may cause long-term ecological 
damage, including disruption of aquatic species reproduction and loss of invertebrate 
populations. 

In addition to environmental impacts, agricultural water pollution poses risks to hu-
man health. Contaminated drinking water may contain nitrates and pesticide residues. 
High nitrate exposure, as well as long-term exposure to certain pesticides, has been asso-
ciated with endocrine disruption and possible carcinogenic effects. Although regulatory 
limits exist in Europe, pollution levels still exceed safe thresholds in some high-intensity 
farming regions, highlighting the influence of farming practices on pollution severity. 

European policy frameworks, including the Water Framework Directive and the Ni-
trates Directive, have contributed to improvements in water quality in some areas by set-
ting environmental targets and monitoring requirements. However, their effectiveness is 
inconsistent across member states. Differences in enforcement, agricultural intensity, and 
governance capacity reduce overall impact. Furthermore, existing policies focus mainly 
on nutrient pollution, while less attention is given to pesticide mixtures and emerging 
contaminants. Technological and nature-based solutions offer strong potential to reduce 
agricultural water pollution. Precision agriculture technologies, such as GPS-guided fer-
tilizer application and soil sensors, improve input efficiency and reduce excess nutrient 
use. Nature-based solutions, including buffer strips, wetlands, and riparian zones, help 
filter pollutants before they reach water bodies while also supporting biodiversity and 
ecosystem resilience. However, adoption remains limited due to financial barriers, lack of 
knowledge, and insufficient policy incentives, particularly for smaller farms. 
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Key research gaps remain. There is limited understanding of the long-term combined 
effects of multiple pollutants, especially pesticide mixtures, on ecosystems and human 
health. Emerging contaminants such as microplastics and veterinary pharmaceuticals are 
also under-researched in agricultural contexts. In addition, more comparative studies are 
needed to evaluate policy effectiveness across different European regions and farming 
systems. However, agriculture is a significant contributor to water pollution in Europe, 
with serious ecological and health consequences. While existing policies have achieved 
partial success, their effectiveness is limited by inconsistent implementation and a narrow 
focus. Technological innovations and nature-based solutions offer promising pathways, 
but wider adoption and stronger policy integration are essential for achieving long-term 
improvements in water quality. 

7. Conclusions 
Freshwater resources are under unprecedented pressure from agricultural activities, 

including crop production, livestock farming, and aquaculture. This review highlights the 
complex pathways through which pesticides, herbicides, antibiotics, and emerging con-
taminants, such as microplastics, infiltrate aquatic ecosystems, disrupt microbial commu-
nities, harming wildlife, and pose significant human health risks. Despite the European 
Union’s comprehensive regulatory framework—including the Water Framework Di-
rective, European Nitrate Directive, Chemical Strategy for Sustainability, and the Euro-
pean Green Deal—persistent challenges remain, particularly regarding enforcement, 
monitoring of emerging contaminants, and cross-sectoral governance. Current measures 
are insufficient to fully address the ecological and health impacts of agricultural pollu-
tants, and large portions of Europe’s surface waters continue to fail “good status” assess-
ments. 

Promising mitigation strategies, including smart irrigation technologies, biodegrada-
ble pesticides, hydroponics, and integrated multi-trophic aquaponics, offer practical ave-
nues for reducing water contamination while enhancing agricultural productivity. These 
solutions, particularly when combined with digital monitoring, real-time data collection, 
and stronger policy enforcement, have the potential to transform water management prac-
tices and advance sustainable agriculture. 

Safeguarding freshwater systems requires a holistic, multi-dimensional approach 
that integrates innovative technologies, nature-based solutions, and robust policy frame-
works. Achieving this balance is critical not only for ecological integrity and biodiversity 
conservation but also for human health, food security, and long-term sustainability. The 
European Union, with its pioneering policies and initiatives, is well-positioned to lead 
global efforts; however, coordinated action, continuous monitoring, and adaptive govern-
ance are essential to ensure that freshwater resources are protected for current and future 
generations. From a scientific perspective, this review contributes to the literature by syn-
thesizing current evidence across agricultural pollution sources, policy responses, and 
sustainable mitigation measures within a single European context. Future research should 
focus on emerging contaminants, long-term effectiveness of mitigation strategies, digital 
monitoring technologies, and the development of integrated policy frameworks capable 
of balancing food production, environmental protection, and water security. Achieving 
sustainable water management will require coordinated action between policymakers, re-
searchers, industry stakeholders, and farmers to ensure the protection of freshwater re-
sources for future generations. 
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