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Holistic assessment of pesticide residues in Irish agricultural soil 

Mathavan Vickneswaran, MSc 

Agricultural industry highly dependent on pesticide usage, for boosting efficiency 
and productivity, however it can result in irreparable damage to the soil layers. 
Hence, it is essential to understand the current level of pesticide contamination 
in the Irish agricultural soil. This work focuses on establishing the level of 
contamination of ten pesticide compounds in the Irish agricultural soil. To obtain 
a holistic understanding, the determined pesticide concentrations were then 
correlated with the soil physicochemical properties and microbial activities. The 
analytical challenges to quantifying pesticides from soil were addressed by 
comparing QuEChERS and Dutch mini-Luke, where Dutch mini-Luke was 
determined to be the preferred extraction method for all the targeted analytes as 
it provides a superior analytical advantage over QuEChERS.  
 

In 2021, soil samples were collected from 25 fields, 24 agricultural lands 
and one commonage land. It was determined that 92% of the collected fields 
exceeded the parametric limit set for Irish drinking water for five pesticides. 
Interestingly, neonicotinoids we detected in 24 sites, including one with no history 
of pesticide application. Additionally, the correlation of total pesticides detected, 
and soil physicochemical properties indicated that pesticides correlate negatively 
with soil organic matter and positively with the percentage of clay. To further 
explore the correlation, the potential relationship between the microbial 
community and the pesticide concentration was assessed using MicroResp. 
Although the complete interaction between targeted pesticides and the 
agricultural soils is not fully understood, these results provide the baseline for a 
more detailed investigation of pesticides in the Irish soil environment.
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Agricultural practices are crucial in securing global food security and reducing 

hunger in an ever-increasing global population.1 However, crop cultivation faces 

a constant battle against pests such as insects, weeds, and diseases that can 

negatively impact yield. In this context, introducing synthetic pesticides has 

significantly contributed to overcoming pest-induced damage and helped farmers 

ensure improved agricultural yield for centuries.2 However, the use of pesticides 

presents a dilemma to the global community. Ideally, a pesticide should only 

affect the targeted pests, but in reality, chemical pesticide residues may persist 

in the soil and environment, impacting unintended targets even long after their 

application.3 

Once humans started cultivating food crop species for consumption, insects, 

other plants, and fungi became potential enemies. In large part, these organisms 

do not negatively impact human development; however, they are classified as 

pests when they compete for food resources, indirectly affecting the quality of 

human life.4 To completely comprehend the competition between humans and 

pests, a database of pests compiled by Centre for Agriculture and Bioscience 

International (CABI) recorded the presence of 1901 crop pests, with their 

distribution reaching as widely as 195 countries, whilst the estimated crop loss of 

certain crop types to pests can be as high as 80%.4,5 The need to control these 

pests and ensure sustainable crop production has resulted in the widespread use 

of pesticides in modern agriculture. Commercially, there are thousands of 

pesticide brands available for crop growers to choose from based on various 

criteria. Pesticides are typically classified based on criteria including target pest, 

pesticide compound chemical structure, or protection against a health hazard.6 



 

3 
 

Common targeted pests include insects, weeds, fungi, rodents, arachnids, 

molluscs, and algae.7  

Generally, pesticide formulations consist of two types of chemical ingredients: 

active and inactive substances (also known as adjuvants). Currently, there are 

1387 active substances (ASs) registered with the European Commission’s 

database, of which 466 are authorised for use in the European Union (EU).8 The 

AS in a pesticide formulation is specifically designed to prevent, destroy or control 

the intended pest.9,10 Therefore, this is the component of a pesticide formulation 

typically chemically and/or biologically active, accomplishing the expected results 

through a specific mode of action.11 Modern pesticide formulations, in the EU 

especially, undergo a rigorous regulatory assessment before the approval of the 

pesticide product,12 with importance given to avoiding PBT (persistent, 

bioaccumulative, and toxic) compounds. Nonetheless, these pesticides can be 

transported away from the initial application site during their persistence period. 

The extremeness of this transportation is reported in multiple studies where 

pesticides have been discovered in air and surface water samples in the 

Arctic.13,14 Additionally, in agricultural system, Sur and Tork approximated that 

only 5% of the total percentage of seed dressing or soil-applied pesticide would 

be available for translocation and pest interaction.15 It is estimated that upon 

application, almost all (99.9%) applied pesticides can be subjected to pesticide 

drift.16–18 Pesticide drift is a phenomenon where numerous simultaneous routes, 

including spray drift,19,20 volatilisation,21,22 and surface run-off,23–25 could result in 

a transfer away from the initial application site of the applied pesticides (Figure 

1.2). Of the applied pesticides that are not lost through pesticide drift, 

approximately 80-90% of AS are estimated to accumulate in soil.26,27 Depending 
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on various factors, ranging from cost and targeted pests, formulation of the AS 

typically involves either emulsifiable concentrates or solid particles (granules, 

dust, wettable powder, or soluble powder).28  

The inclusion of inactive substances into the pesticide formulation provides a 

vector or delivery mechanism for the formulated physical forms of AS.11,29,30 The 

role of inactive substances is to enhance the effectiveness of the active 

component and product performance,7 and since inactive substances do not 

have direct chemical or biological effect on the pest, they are labelled as 

“adjuvants” “co-formulants” or “inerts”.9,31 The inclusion of inert substances in the 

pesticide formulation could be in the form of liquid or solid, with objectives 

including improving the AS’s absorption, dissolution, stability and pesticidal 

activity, as well as facilitating the handling of the AS to create formulations that 

are more convenient, safer, easier and more accurate to apply.9,31,32 Despite its 

name, the inactive substance can still be chemically active. It is only classified as 

“inactive” since the substance’s mode of action is not to act directly on the pest.9 

Commonly, inactive substances will be included in commercial pesticide products 

as co-formulants, ready mixed and ready to be used. However, certain inactive 

substances can also be used separately and added during the on-site 

preparation of the pesticide mixture for agricultural application.9,29,33 The most 

widely used adjuvants are surfactants. Adding surfactant into the pesticide 

mixture promotes the formation of micelles, increasing the solubility and the half-

life (DT50)  of the active substances, with a resultant increase in the active 

substance efficacy.30,34,35 To understand the terms better, the term half-life is 

defined as the length of time required to reduce the concentration by 50% from 

initial concentration point in time. In contrast to half-life, DT50 is defined as length 
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of time required for the concentration to decline to half of the initial concentration. 

To further complicate matters, substances classed as inactive in one formulation 

can be classified as active in another. 

An example of this circumstance is the pesticide product registered for residential 

and commercial use, citric acid. Citric acid is used either as an inactive substance 

to reduce the pH of a formulation or as an AS in disinfectants and fungicides.36 A 

similar example relates to the formulation of a glyphosate-based herbicide called 

Glyphogan. Vanlaeys et al. reported that the ingredients labelled as “inert” in the 

formulation of Glyphogan have a higher potency than the AS glyphosate on its 

own.37 The author noted that after 24 hours, the “inert” formulant POE-15, from 

the family of polyethoxylated alkylamines, were observed to contribute to rapid 

cell mortality of the tested mouse Sertoli cell line. Furthermore, data on the 

inactive substances’ capability to independently exhibit toxic properties were also 

observed for pesticides of other classes and mechanisms of action, azoxystrobin 

and tebuconazole,38 carbaryl, malathion and imidacloprid,39 and bifenthrin and 

fipronil,40 where the commercial formulations were noted to have higher toxicity 

compared to ASs alone. Thus, it is essential to consider the formulation entirely 

rather than just considering the AS when attempting to assess the potential 

effects of specific pesticides.
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Pesticides are categorised by different classification terms, namely chemical 

classes, functional groups, mode of action, toxicity, and the targeted pests.41 In 

terms of chemical classes, pesticides are routinely divided into two main groups, 

chemicals, namely organochlorines, organophosphates, carbamates, 

dithiocarbamates, carboxylic acid derivatives and substituted ureas, and 

biopesticides, which contain biocontrol agents derived from natural organisms or 

substances extracted from natural materials, namely animals, plants, bacteria, or 

certain minerals.42,43 Within the chemicals grouping, compounds are further 

classified based on their target pest, with the three main chemical pesticide 

groups consisting of herbicides, which target weeds and unwanted plant growth; 

fungicides, which target fungi; and insecticides, administered to target insects 

and other arthropods. Other classes within this grouping are molluscicides, 

acaricides, nematicides, pheromones, plant growth regulators, repellents, and 

rodenticides.28,44 Alternatively, pesticides can be chemically categorized further 

based on the functional groups of their molecular structures.44 Accordingly, Table 

1.1 summarises the main pesticide groups and the pesticides that fall under those 

groups, described according to their chemical classes, chemical structure, 

general description and examples of those pesticides, based on global pesticide 

usage of the year 2017.45
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Table 1.1  Chemical classification and description of major pesticide groups, adapted from the Pesticides Use database of the Food 

and Agriculture Organization of the United Nations (FAO) of global pesticide usage of the year 2017.45 

Groups Chemical Classes Example of chemical 

structure 

Description Examples of 

pesticides 

Herbicides Phenoxy acid  

 

2,4-D 

Synthetic auxin is used as a plant growth 

regulator.46 Used as systemic, 

postemergence herbicides and to control 

annual and perennial broadleaf weeds in 

cereals, orchards, forestry, grassland, and 

as well as for crop protection.47 Major 

metabolites are phenol, with a chemical 

structure of a polar carboxylic side chain 

attached to an aromatic ring and lipophilic 

phenyl moiety.48–50 

 

2,4-

dichlorophenoxyace

tic acid (2,4-D), 

2,4,5-

trichlorophenoxyace

tic acid (2,4,5-T, 2-

methyl-4-

chlorophenoxyacetic 

acid (MCPA) and 

methylchlorophenox
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y-propionic acid 

(MCPP).47 

Urea 

 

 

 

Diuron 

Photosynthesis inhibiting weed regulator 

in both agricultural and non-agricultural 

practices, used as a pre-and post-

emergence herbicide.51 Almost all urea 

herbicides are trisubstituted ureas with 

free imino-hydrogen and urea bridge 

which can be substituted by sulfonyl, 

phenyl, triazine, benzothiazole, alkyl or 

other moieties.52 Two major derivatives of 

urea are phenyl ureas and sulfonylureas. 

As sulfonylurea herbicides are recently 

Chlorotoluron, 

diuron, isoproturon, 

linuron, dimefuron,  

methabenzthiazuron

, neburon, siduron, 

and tebuthiuron.51 
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developed, it has higher herbicidal activity 

than phenyl ureas.28 

Triazines  

 

 

Atrazine 

Phenoxy derivative herbicides are widely 

used to control pre- and post-emergence 

annual grasses and broadleaf weeds by 

inhibiting the photosynthesis process.53 

Triazine herbicides can be structurally 

found either asymmetrical or symmetrical. 

The general structure of triazine has a 

three-nitrogen aromatic ring. With 

symmetrical triazines, at the 2-position of 

the ring could be methoxy, thiomethyl or 

chlorine group, and alkylamino group at 4- 

and 6- positions. As for asymmetrical 

Atrazine, cyanazine, 

prometryn, 

simazine, 

propazine, 

terbuthylazine and 

metribuzin.28,54 
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triazines, the aromaticity of the compound 

is preserved with the carbonyl group.11,54 

Bipyridyl  

Paraquat 

Widely used in agriculture and gardening 

for rapid action to manage a broad 

spectrum of weeds, ranging from grasses 

to broad-leafed weeds. Bipyridyl 

herbicides are most effective when applied 

topically in the presence of sunlight.54–56 

This herbicide group contains a bipyridyl 

ring structure and exists as divalent 

cations linked with anions such as bromide 

and chloride, with very strong bases due 

to their quaternary ammonium 

structure.28,54,55 

Paraquat and diquat 
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Organophosphorus  

 

Glyphosate 

Broad-spectrum, nonselective and 

systemic herbicide effective against all 

annual and perennial plants, extensively 

used in both agricultural and non-

agricultural uses.11,57 most prevalent 

organophosphorus herbicides are 

phosphonomethyl amino acid 

derivatives57, produced through a formal 

oxidative coupling of the methyl group of 

methyl-phosphonic acid with the amino 

group of glycine.54 

Glyphosate and 

glufosinate.28,54 

Amide  Selective and systematic herbicides, used 

as pre-and post-emergence herbicides to 

control grasses and broad-leaf weeds, 

also have foliar contact activity.54 A key 

Alachlor, 

metolachlor, 

acetochlor, 

pretilachlor, 
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Alachlor 

highlight of the chemical structure of 

amide herbicides is the N-substituted 

chloroacetamides and the substituted 

anilides.28 

Propachlor, 

propanil, and 

butachlor.28,58 

Insecticides 

 

Organochlorine  

 

DDT 

 

Effective not only against pests in 

agriculture but also effective against a 

broad range of insects.59 Diverse group of 

chlorinated hydrocarbon derivatives 

compound contains at least one covalently 

bonded atom of chlorine, aliphatic or 

aromatic cyclical structure.60 These 

compounds can be characterized by three 

different chemicals: benzene hexachlorine 

Dichlorodiphenyltric

hloroethane (DDT), 

1,1-dichloro-

2,2bis(p-

chlorophenyl)ethane 

(DDD), dichloro 

diphenyl 

dichloroethane 

(DDE), dicofol, 

endrin, dieldrin, 
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(BHC) isomers, cyclodiene and DDT 

analog compounds.28 

methoxychlor, 

chlordane, 

heptachlor and 

lindane.61 

Organophosphate  

 

Malathion 

Organophosphates are compounds that 

contain side chains and other elements 

attached to phosphorus. Typically, 

amides, esters or thiol derivatives of 

phosphoric, phosphorothioic, phosphonic, 

or phosphinic acids contain three 

substituents connected to the phosphorus 

and oxygen group.54,62 Effective in 

controlling multiple species of agricultural 

Azinphos-methyl, 

chlorfenvinphos, 

chlorpyrifos, 

chlorpyrifos-methyl, 

coumaphos, 

diazinon, dichlorvos, 

dimethoate, 

fenitrothion, fenthion 

and malathion.28 
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pests and disease vectors, ranging from 

insect to mammal pests.11,62 

Carbamates  

 

Aldicarb 

Broad group synthetic compound 

derivatives of physostigmine, the alkaloid 

of the Physostigma venenosum plant63, 

composed of esters and thioesters of the 

carbamic acid. The most common 

substituent R of insecticidal carbamates is 

a methyl group.11 Extensively used to 

control a broad spectrum of arthropod 

pests.64 

Bendiocarb, 

aldicarb, carbofuran, 

carbaryl, 

ethienocarb, 

fenobucarb, 

methomyl, oxamyl 

and propoxur.57,59,65 

Pyrethroids  It is commonly used in commercial 

household insecticides and agriculture, as 

it has strong selectivity and is effective 

Acrinathrin, 

bifenthrin, cyfluthrin, 

cypermethrin, 
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Permethrin 

against a wide range of arthropods.59 

Pyrethroids are synthetic derivatives of 

naturally occurring pyrethrin compounds 

obtained from pyrethrum extracts.11,66 

Each pyrethroid compound consists of one 

to three asymmetric carbon atoms, four 

stereoisomers, and two or four 

diastereoisomer or enantiomer pairs.67,68 

deltamethrin, 

esfenvalerate, 

fenpropathrin, 

lambda-cyhalothrin, 

tau-fluvalinate, 

permethrin.28,67 

Neonicotinoid  

 

Acetamiprid 

Neonicotinoids are highly effective broad-

spectrum and systemic insecticides which 

target the pest’s nervous system.69 With 

the chemical association with nicotine, 

neonicotinoid compounds exist either as 

cyclic compounds, with five-membered 

ring systems, or noncyclic compounds. 

Acetamiprid, 

clothianidin, 

dinotefuran, 

imidacloprid, 

nitromethylenes, 
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These insecticides can be classified into 

three chemical groups, N-cyanoamidines, 

nitromethylenes and N-

nitroguanidines.70,71 

thiamethoxam, and 

thiacloprid.70 

 

Fungicides Dithiocarbamates  

 

Thiram 

Broad-classed fungicides are highly 

reactive due to their metal-chelating agent. 

Dithiocarbamates are sulfur-containing 

carbamates.72 Dithiocarbamates are 

prepared from ethylenediamine, and these 

chemicals are heavy metals salts of 

ethylenebisdithiocarbamate.28 These 

fungicides were applied on fruits and 

several post-harvested crops,73 and as 

seed protectants.28 

Mancozerb, maneb, 

metiram, nabam, 

thiram, zibeb and 

ziram.28,74 
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Benzimidazoles  

 

Carbendazim 

Benzimidazoles are an extensively used 

group of broad-spectrum organic systemic 

fungicides in agriculture for pre- and post-

harvest protection of crops against many 

fungal diseases, such as brown patches, 

fruit rot, grey mould, or anthracnose.11,75 

Benzimidazole is a bicyclic heteroaromatic 

compound linked together with both 

benzene and imidazole.76 

Benomyl, 

carbendazim and 

thiabendazole.28,74 

 

Inorganic  

 

Barium carbonate 

Broad-spectrum group of fungicides 

formulated from copper, potassium, and 

sulphur, approved to be used as foliar 

fungicides for both conventional and 

organic farming.77,78 In general terms, 

inorganic fungicides are pesticides that do 

Barium carbonate, 

sodium dichromate, 

copper sulfate, zinc 

chloride, zinc 

phosphide, 
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not have carbon as the basis of their 

molecular structure. Except for copper and 

sulfur-based compounds, most inorganic 

compounds, namely arsenic, cyanide and 

mercury, are banned.79 

cadmium chloride, 

and sulfur.11 

Triazoles  

 

Prothioconazole 

Triazole pesticide derivatives are highly 

effective and systemic fungicides against 

a broad spectrum of fungal diseases, 

namely powdery mildews, rusts, and leaf 

spotting, while providing excellent 

protection, curative and exterminating 

those fungal pests.80,81 All triazole 

compounds have a 1,2,4-triazole ring 

linked to a hydrophobic backbone through 

position 1. Commonly, the hydrocarbon 

Cyproconazole, 

flusilazole, flutriafol, 

metconazole, 

myclobutanil, 

propiconazole, 

Prothioconazole, 

tebuconazole, and 

tetraconazole.57,80 
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backbone would have substituted phenyl 

groups at both ends or an alkyl group at 

one of the ends.80 

Morpholines  

 

Dodemorph 

Derived from tetrahydropyran by replacing 

one methylene group with NH.82 Systemic 

fungicide that is highly effective in 

protecting and eradicating agricultural 

crop’s pathogenic fungi, such as powdery 

mildew.83 

Amorolfine, 

dodemorph, 

fenpropimorph, 

tridemorph.28,82 
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The effectiveness of the usage of pesticides to control pests, in the context of 

both agriculture and horticulture, is highly dependent on a few factors, namely 

environmental conditions, the crop stage and the mode of action of the pesticide 

in use.84,85 In terms of mode of action, it can be generalised as Figure 1.1, where 

any selection pesticide (herbicide, insecticide or fungicide) is applied to deter 

specific pests and results in the pests coming into contact and being exposed to 

the pesticides. Following exposure, the pesticide will affect the pest through a 

specific mode of action, resulting in various degrees of toxicity, utilising strategies 

such as endocrine disruptions, neurological disturbance, and hindering 

reproduction and development processes.86,87 The further analysis of the mode 

of action of pesticides, according to their types (herbicides, insecticides, and 

fungicides), is detailed in the next section. In addition to the discussion of mode 

of action according to the pesticide types, Table 1.2 highlights in detail the mode 

of action of the common and widely used pesticide chemical classes.45 

 

Figure 1.1  Generalised pesticide’s mode of action.86,88 
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Herbicides, or chemical weed killers, are a class of pesticides that are used in 

the agricultural industry to protect the crop and agricultural yield by eradicating 

undesired plants.88,89 In 2018, it is estimated that without the usage of herbicides 

in Europe, agricultural production could have been reduced by up to €16.7 

billion.90 To continuously protect and boost agricultural yields, total herbicide 

usage has been steadily increasing, especially in Europe, with the highest usage 

recorded in 2019 (the most recent year for which data is available) with 120,000 

tonnes.89 To achieve successful weed eradication, herbicides are designed to 

interact and interfere with metabolic and biochemical pathways, resulting in 

tissue injury, irreversible damage, and eventual death of the weeds.91 The 

general mode of action of herbicides revolves around disruption, inhibition, 

interruption or mitigation of the regular pest plant’s growth.92–94  The individual 

specific modes of action will be further discussed below.  

 

As amino acids are essential building blocks for healthy plant development and 

growth, amino acid synthesis inhibitors can be used to inhibit the production of 

specific amino acids. One of the essential enzymes in the branched-chain amino 

acid biosynthetic pathway is acetolactate synthase (ALS).95,96 ALS is involved in 

the biosynthesis of valine, leucine, and isoleucine, essential branched amino 

acids for plant growth.97 To inhibit the activity of ALS, the herbicides commonly 

used are from the sulfonylurea family, which both the roots and foliages can 

readily absorb and translocate in the xylem and phloem to the growing points of 

the plant.96,98 Considering ALS is an enzyme common in plants and 

microorganisms but not animals, ALS-inhibiting herbicides are highly selective, 
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and certain compounds are incredibly active in targeting the plant’s active sites.96 

Another vital pathway in plants is the shikimic acid pathway. The aromatic ring 

amino acids, such as phenylalanine, tryptophan, and tyrosine, are synthesised 

through this pathway.96,99 Glyphosate is the only known herbicide whose site of 

action is the specific and defined target that can effectively inhibit the 5-

enolpyruvoyl-shikimate-3-phosphate synthase (EPSP).100 Following the 

inhibition of EPSP, there is a reduction of aromatic amino acids, which are crucial 

for protein synthesis and plant growth.101,102 The herbicide glufosinate can also 

be used to effectively inhibit the activity of another essential enzyme in 

supplementing a plant’s development, glutaminate synthetase.103 The role of 

glutaminate synthetase is to catalyse the conversion of L-glutamate, ATP, and 

ammonia into L-glutamine, ADP, and PO4
3-. In addition, this enzyme also plays 

a vital role in the assimilation of nitrogen.104 Consequently, due to inhibition of the 

production of amino acids, the plant’s ability to produce proteins and essential 

metabolites will be restricted, eventually leading to the plant’s death.105  

 

Tubulin is an essential protein for building the intracellular skeleton forming the 

wall of microtubules in the plant.106 Various chemical classes, such as benzoic 

acids, dinitroanilines, and pyridines, are mitotic poisons that inhibit cell division in 

plants. These herbicides, when administered, will bind with tubulin and interfere 

with normal cell division.107,108 

 

As photosynthesis is essential for plants to obtain energy, inhibiting this process 

is a sure way of halting its growth. All the herbicides capable of photosynthesis 

inhibition actions are nitrogen-containing compounds, such as amides, nitriles, 
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phenyl ureas, phenyl carbamates, pyridazines, and triazines, with a diverse 

chemical composition.108,109 Most herbicides act through one particular means, 

by causing hindrance to the transfer of electrons by binding to a specific protein 

that regulates electron transfer. This binding then inhibits the electron transfer to 

plastoquinone, a low molecule quinone resulting in interference towards the 

photosynthesis of the pest plant.108,110 This is not the only mechanism however, 

as photosynthesis-inhibiting herbicides can also act through the generation of 

free radicals, blockage of the electron transport system, and inhibition-

destruction of protective pigments.108,111 

 

Globally it is estimated that insect pests reduce agricultural yields by 10-16% 

before and after harvest.112 To prevent and eliminate the threat posed by insect 

pests, insecticides have been used since the Middle Ages.113 Modern 

insecticides include novel compounds with various chemical structures capable 

of interacting with different target and nontarget sites, including the pest’s 

receptors and enzymes.114 As most developed insecticides are broad 

neurotoxicants, capable of eradicating a multitude of species of insect pests, and 

efforts have also been made to develop chemicals that are capable of inhibiting 

or enhancing the respiration activity, activating the acetylcholine receptor and 

gamma-aminobutyric acid (GABA) receptor of a selective group of insect 

pests.115 
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Insecticides that can disrupt the signal transduction in the nerves act rapidly, and 

they target the many sensitive nervous sites that are vulnerable to even a minor 

disruption, which may ultimately prove to be potent. Signal-inhibiting actions of 

insecticides happen through a number of mechanisms116–118; including 

preventing proper closing of the voltage-gated sodium channels, depolarization 

of calcium channels, causing distortion and excitation of nerve impulse 

transmission by interacting with pores of the insect’s lipoprotein structure, 

obstructing the GABA gated chlorine channels, and disruption of neural 

transmission in the nervous system of invertebrates. The signal inhibition action 

of the insecticide triggers a cessation of feeding and irreversible paralysis of all 

the affected insect pests.115 

 

The enzyme acetylcholinesterase (AChE) plays a crucial role in mediating 

synapses, myoneural functions, and ganglia of the nervous system of both 

insects and animals.108 By targeting this enzyme, insecticides can phosphorylate 

the esteratic active site of the AChE. This action then leads to the AChE being 

irreversibly inhibited and accumulation of the ester acetylcholine, which disrupts 

the normal functioning of the nervous system.117,119 

 

Chitin is the second-most abundant naturally occurring long-chain 

polysaccharide120, and is quite versatile, as it makes up a significant constituent 

in the exoskeleton of arthropods and the cell walls of fungi.121 Insecticides with 

chitin inhibitors are most effective against juvenile insects at the stage of 

metamorphosis. When administered, those inhibitors will impede the synthesis 
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of the new cuticle, thereby preventing them from moulting successfully to the next 

stage.108,122 Certain insecticides act much sooner than the insect’s 

metamorphosis by causing defects in egg hatching.123 

 

Like the undesired plant and insect pest infestation, fungi can also negatively 

affect agricultural yield. In 2011, it is estimated that the agricultural yield losses 

of the major crops and the fungi are enough to feed 8.5% of the global 

population.124 Fungicides are generally used to prevent and eliminate fungal 

infections by applying on fruits, tubers, and vegetables during storage, or directly 

applied to crops or soil.57 Mode of action of fungicides can be broadly grouped 

into sterol synthesis inhibitors, respiration inhibitors, and multi-site enzyme 

inhibitors.108 

 

Sulfhydryl groups are reactive and very often crucial in the active sites of many 

enzymes.108 Sulfhydryl targeting fungicides react with sulfhydryl-containing 

enzymes and coenzymes of fungal cells. The fungicide completely immobilises 

an enzyme through the complex formation of the active substance with the metal 

atoms of metal-containing enzymes. The sulfhydryl inhibitors are commonly 

mutagenically active, where they affect the structure and functions of the cell 

membranes and inhibit the enzyme system, which leads to tumour formation in 

the fungal mitochondria, leading to eventual death.28,108  

 

Similarly, to cell division inhibitors employed through herbicides, inhibitors of 

fungicides target the protein responsible as the building block of the intracellular 

skeleton in cells, tubulin. The tubulin exists in two forms, α- and β-tubulin, and 
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together a balance of assembly and disassembly maintains the microtubules. 

Meanwhile, microtubuli are responsible for the maintenance of cell movement, 

cell shape, intracellular transport, and secretion. Hence, with tubulin inhibiting 

fungicide in action, spindling of microtubules will be inhibited, interrupting the 

balance by binding to various sites of the β-tubulin.108 As a result, the fungal cell 

division will be impaired. This would then lead to inhibition of mitosis in fungal 

hyphae and killing of growing mycelia, and eventual death of the fungi.108,125 

 

Fungicides with ergosterol-inhibitors are effective against many different fungi. 

All inhibitor fungicides fall into the same group of fungicides, known as the 

demethylase inhibitors, where they are structurally diverse compounds but have 

a typical heterocyclic N-containing ring.126 These demethylase inhibitors target 

the enzyme cytochrome P450-sterol-14α-demethylase, which is essential for 

synthesising ergosterol. Ergosterol is the most common sterol in fungi, essential 

for maintaining cell membranes and fungal growth.127,128 As the synthesis of 

sterols is multistage and complex, various groups of fungicides can act on 

different targets of that synthesis.108
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Table 1.2  Mode of action of common pesticide chemical classes.45 

Pesticides Chemical 

Classes 

Mode of Action 

Organochlorine  Upon exposure, the insect’s sodium gates will be 

deactivated through the activation of potassium 

conductance and followed by destabilized negative after-

potential when leakage of Na+ ions happen through the 

nerve membrane. This action causes the insect to 

experience hyperexcitability and repetitive discharges in 

insect nerves, and finally, convulsions.129–131 

Organophosphorus Organophosphorus insecticides promote irreversible 

inhibition of the enzyme acetylcholinesterase (AChE) by 

binding with the esteratic site of cholinesterases through an 

electrophilic mechanism. This binding causes inhibition to 

the synaptic transmission of the nerve impulse in the insect 

nervous system. Due to the inability of phosphorylated 

AChE to hydrolyze the increasing concentration of 

acetylcholine in the synapse, acetylcholine’s binding to its 

postsynaptic receptor is prolonged. Eventually, this leads 

to signs of intoxication, including hyperexcitability, tremors, 

paralysis, and finally, death of the insect.132–134 

As for organophosphorus with herbicidal actions, they act 

as an amino acid synthesis inhibitor. The herbicides target 

the 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase 
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enzyme, preventing phosphoenolpyruvate (PEP) from 

binding into the binding site of the enzyme-shikimate-3-

phosphate complex.135,136 The binding of PEP to the 

enzyme is necessary for the generation of the EPSP from 

shikimate-3-phosphate and phosphoenolpyruvate as part 

of the shikimic acid pathway.136,137 Without it happening, it 

will lead to crucial aromatic amino acids for protein 

syntheses, such as phenylalanine, tyrosine, and 

tryptophan, being completely exhausted and biosynthetic 

metabolic pathways to halt, resulting in plant death.137 

Carbamates The mode of action is similar to organophosphorus 

insecticides, and even the signs of intoxication are 

identical, with interference toward the nerve impulse 

causing excessive neuroexcitation. However, compared to 

OPPs, the decarbamylation of acetylcholinesterase is 

much more rapid, and carbamates insecticides are 

considered reversible acetylcholinesterase 

inhibitors.117,133,138 

Pyrethroids Affect the nervous system of insects by causing multiple 

action potentials. Insecticidal actions of pyrethroids depend 

on their ability to modify the kinetics of voltage-sensitive 

sodium channels, increasing sodium's permeability into the 

nerve membrane. This action occurs through the 

retardation of the kinetics of sodium channel activation, 
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inactivation and deactivation.131 Two types of nerve 

excitability depending on the structure of the pyrethroid 

administered. Type I compounds cause continuous burst 

discharges of an action potential following a single 

stimulus, while type II compounds cause a use-dependent 

block of the action potential supplemented by 

depolarization of the resting potential.139 However, 

regardless of the pyrethroid structures, the exposed insect 

will quickly develop hyperexcitations, convulsions, 

paralysis, and death upon intoxication.139,140 

Neonicotinoids The insecticide neonicotinoid mimics acetylcholine in the 

insect nervous system. Nicotinic acetylcholine receptors 

are at each end of insects' synaptic nerve terminal and 

neurone cell bodies.141 When administered, nicotinic 

acetylcholine will act on the postsynaptic receptor, causing 

an influx of sodium ions and generation of action potentials. 

Without AChE terminating it, continuous stimulation would 

result in hyperexcitation, tremors, paralysis and 

death.117,142–144 

Phenoxy acid Phenoxy acid herbicides mimic and act as auxin hormones. 

Upon application, the herbicides will get absorbed through 

the leaves or roots and are translocated to the meristemic 

tissues of roots and shoots. Increased accumulation will 

stimulate the uncontrolled growth of the meristematic 
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tissues. On top of that, it will affect the plant at the 

molecular level preventing healthy plant growth and 

development by inhibiting the synthesis of DNA and 

protein.145,146 

Chloroacetamide Chloroacetamide herbicide is a shoot growth inhibitor. The 

mechanism occurs through the association of acetyl-

coenzyme A (CoA) and sulfhydryl-containing molecules via 

thiocarbamate sulfoxides, inhibiting the biosynthesis of 

nonsphingolipid long-chain fatty acids.147,148 The inhibition 

not only impacts the plasma membrane function but also 

leads to a lack of synthesis of lipids, lignin and protein, 

which is crucial during the seedling shoot growth stage of 

a plant.88 This impairment retards the weeds’ 

preemergence.  

Amide This class of herbicides inhibits the quinone binding site in 

photosystem II by binding onto the binding site of the 

protein complex present in the chloroplast thylakoid 

membrane.88 The binding causes disruption to the electron 

transport system, increasing the production of reactive 

oxygen species. This action then leads to substantial 

damage to the DNA, proteins and cellular membranes, 

resulting in the death of the pest plant.88,149,150 

Triazole This group of fungicides act by inhibiting the synthesis of 

sterol by immobilising the enzyme C14-demethylase.151 As 
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Although cropland soils are reservoirs for essential elements, minerals and 

biological components crucial in sustaining crop growth, they are also potential 

reservoirs of pesticides that have been previously applied.152 Kosubová et al. 

reported pesticides detected in soil samples, even though their application was 

not reported by farmers, concluding that up to 69% of quantified pesticide 

residues could have persisted from the previous growing season(s).153 Similarly, 

pesticides have been reported to be detected up to 10 years after application.154 

As highlighted before, most modern pesticide chemicals are developed to not 

persist in the environment. Therefore, the detection of pesticide residues years 

after application is concerning. This contradiction between pesticides' expected 

and real-world persistence could be because most pesticide behaviour studies 

are conducted in optimal laboratory conditions.153 In the real-world environment, 

pesticide compounds are exposed to a variety of conditions, which could modify 

the behaviour of pesticides to take multiple routes, as highlighted by Figure 1.2. 

When pesticide compounds are applied in the environment, they can go from 

their source of application to other components of the environment, namely the 

atmosphere, water and soil.155 Pesticide residues, in general, tend to reach soil 

layers through two pathways; either the residue reaches crop-planted soil during 

sterols are crucial in maintaining the fungal cell 

membrane’s structure and function, disrupting sterol 

synthesis would lead to weakened fungal cell membranes. 

Certain triazole compounds would also result in abnormal 

fungal growth and death.28,81 
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the period of pesticide application, or the accumulated residues on the aerial 

parts of the plant are washed off during rainfall and deposited into soil.156   

 

Figure 1.2  General depiction of pesticide movement and behaviour in the 

environment.157 

Pesticide compounds can exist in multiple forms in the environment, commonly 

referred to as pesticide residues. Pesticide residues are defined as “any 

substance or mixture of substances in food for man or animals resulting from the 

use of a pesticide and includes any specified derivatives, such as degradation 

and conversion products, metabolites, reaction products, and impurities that are 

considered to be of toxicological significance”.158 In general terms, pesticide 

transformation products result from the breakdown process of the parent 

compound either through chemical or microbiological means, which will be further 

discussed in Section 1.3.2. Meanwhile, metabolites refer to the conversion 
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product of the parent compound following cellular metabolic processing, 

generally by the targeted pests.159  

Different pesticide groups can interact differently with the immediate soil 

components they encounter when in soil. Most pesticides will undergo 

degradation, while others can persist in the soil aggregates in their initial form. 

The persistence of pesticide compounds in soil, either in their parent compound 

or their degradation product, is generally measured in terms of half-lives, where 

half-life is a measure of the pesticide compound reduced by 50% in the soil from 

any concentration point in time.160 Consequently, the longer the half-life of a 

compound, the longer the pesticide compound will stay in the soil in its parent 

form, therefore prone to continue to take multiple routes through the 

environment.161   Pesticide half-life can be categorised in three ways that are best 

used in estimating their level of persistence in the soil; ranging from low (less 

than 16 days), moderate (16-59 days), and high (over 60 days).162 Pesticides 

with low and moderate persistence levels dissipate faster from the soil layer 

where there is little to no build-up. Pesticides with high persistence levels present 

a higher risk of contaminating other components of the environment due to their 

longer half-lives, which could be the result of pesticide concentration build-up in 

the soil layers with repeated applications continuously.163  

In addition to the persistence level, all pesticide compounds fall into two 

categories, stable and unstable. Unstable pesticide compounds with short half-

lives undergo rapid decomposition when exposed to environmental factors 

representing a low to moderate persistence level. Meanwhile, a stable compound 

might be retained for longer in the soil layer, with a high half-life representing a 

high persistence level.161 Following decomposition, adsorption can occur, 
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involving binding the pesticide residue to soil organic or inorganic constituents. 

Adsorption occurs when the soil constituents attract the pesticide compound from 

its solution, causing the removal of the pesticide compound from the water in the 

soil, followed by its sequestration on the soil constituent’s surface.164 This 

sequestration process will then bind the pesticide residue to the soil. Pesticide 

binding to any soil constituents can happen through covalent and non-covalent 

bonding. Pesticide compounds or their degradation products which bind with soil 

constituents through chemical reactions, often form stable associations that 

increase soil persistence.6  

An additional process that can occur to pesticides in the soil is desorption, which 

involves the process where abound pesticide residue is volatilized, leached or 

removed from the soil.165 In comparison to adsorption, desorption is hysteretic 

and related inversely proportional to adsorption.166,167 Pesticide desorption into 

the soil solution is mainly initiated to reinstate the soil-aqueous solution 

equilibrium.168 For instance, when a pesticide compound is in equilibrium with the 

adsorbed pesticide and then removed from the soil solution via degradation or 

transport mechanism, another pesticide compound will desorb from the soil 

constituents and re-establish the initial solution equilibrium.167 However, the 

longer a pesticide compound resides in the soil layers, the harder it will be to 

desorb. This is not only due to the kinetics of pesticide desorption being slower 

than adsorption167, but it is also during the steady state of sorption that the 

compound is transferred to more restricted sites of soil constituents.169 In the 

instance when a pesticide residue binds with soil constituents, it balances the 

chemical equilibrium between soil constituents and soil water.  However, when 

changes caused by environmental factors result in the desorption of a pesticide, 
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it will cause an imbalance in soil chemical equilibrium. In exchange for the 

desorbed pesticide compound, another available pesticide or another soil 

component with the right functional group will adsorb into the soil layer, again 

balancing the soil's chemical equilibrium.164 Hence, adsorption and desorption 

processes dominate factors that affect the movement of pesticide residues in and 

out of the soil environment (Figure 1.3). 

 

Figure 1.3  Detailed flowchart of pesticide movement in soil environment; 

adapted from Langenbach.157 

Soil physicochemical properties impact the pesticide behaviour in soil layers. 

However, physicochemical properties of a particular pesticide, including 

molecular size, water-solubility, lipophilicity, ionisability, volatility and 

polarizability, also determine its behaviour in general.170,171 Adsorption-

desorption actions are the primary interactions pesticide compounds undergo 

with soil constituents. Differences in the molecular size of the pesticide also 

govern their solubility, even though they have the same polarity. With decreasing 
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molecular size, pesticides are typically increasingly more water-soluble.172 Water 

solubility of a pesticide compound can be used to determine the persistence of 

the pesticide in the environment, where very soluble pesticides adsorb strongly 

unto soil constituents and will not be readily available for degradation due to their 

strong polar nature.7 To predict the potential behaviour of a pesticide in an 

environment, several sensitive mathematical models can be used. These include 

half-life, as mentioned earlier, but in addition, distribution coefficient (KD), 

adsorption coefficient (KOC) and partition coefficient (Kow) models are used to 

determine the persistence level of a pesticide.173 When pesticides are applied by 

spraying, airborne pesticide droplets will be vulnerable to evaporation and 

volatilization. KD would be beneficial in estimating the losses of sprayed 

pesticides and vapour pressure, solubility, and physicochemical parameters of 

the applied pesticide, leading to atmospheric deposition.174  

Following atmospheric deposition, sprayed pesticides are susceptible to wind 

conditions, resulting in spray drift and the deposition of the pesticide far from the 

targeted site.175 In soil, pesticides with low KD values will be very mobile and 

highly soluble, potentially contaminating groundwater through surface run-off or 

leaching.176 However, the KD coefficient is a less sensitive mathematical model 

as it does not consider the soil's organic content, which is a crucial soil sorbent 

in the adsorption of pesticides.177 Contrary to the spray application, pesticides 

applied through seed dressings are directly inserted into the soil of the specified 

area. To predict pesticide mobility in this scenario, KOC is best used.  KOC is the 

soil organic carbon-water partitioning coefficient calculated by normalizing soil 

and water partition coefficient (Kd), which is a ratio of the pesticide concentration 

in the dry weight of organic matter to its dissolved concentration in the 
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water.178,179 As organic matter is one of the dominating sorbents in soil,  factoring 

in the adsorption coefficient could be crucial in predicting the mobility of 

pesticides in soil.180,181 Thus, the higher the KOC of a pesticide compound, the 

lower the concentration of the pesticide in soil solution, and higher KOC valued 

compounds are less mobile (Table 1.3).182 Therefore, chemicals with high KOC 

value are the same as those with high KD, where the higher the KOC, the greater 

the adsorption of the chemicals to the soil.183 

Table 1.3  Classification of chemical mobility in soil based on KOC value.184 

KOC Mobility in Soil 

0-50 Extremely mobile 

50-150 High mobility 

150-500 Medium mobility 

500-2000 Low mobility 

2000-5000 Slightly immobile 

>500 Entirely immobile 

 

KOW is the correlation coefficient of octanol-water partition and is determined by 

calculating the ratio of a specific pesticide’s concentration in octanol and water.185 

The KOW value helps predict the degree of affinity of a pesticide towards water or 

other soil constituents.186 This coefficient is also useful for predicting the 

environmental fate of a pesticide by measuring the lipophilicity or tendency of the 

pesticide compounds that exist in the aqueous phase to translocate into the soil 

organism’s lipid layers.182 Accumulation of increasing quantity of high KOW valued 
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pesticides in the soil organism’s body tissues leads to a phenomenon known as 

the bioaccumulation.187 

To account for the broad range of organic compound concentrations in soil, log 

KOW is generally used, which also has the advantage of being directly proportional 

to the energy contributions from the molecular structure of chemical 

compounds.188 For instance, log KOW value increases with an increasing number 

of hydrophobic structures such as benzene rings, chlorine atoms and methylene 

groups in a molecule. Hence, the hydrophilicity or hydrophobicity of a compound 

can be determined when its log KOW ranges are between -3 (extremely 

hydrophilic) and +10 (very hydrophobic).188 Furthermore, if a pesticide has a low 

log KOW value, it indicates that it is chemically polar and will, therefore, interact 

well with water and have high-water solubility. Pesticides with high log KOW must 

be treated cautiously as their low water solubility means they will readily be 

adsorbed by organic matter.172,189 Moreover, with increasing log KOW value, there 

is an increased risk of bioaccumulation occurring. United Nations Economic 

Commission for Europe (UNECE) noted that a log KOW value of four and above 

could lead to the pesticide compound persisting longer in the soil, subsequently 

leading to an increased chance for the chemical compound to be uptaken by the 

soil organisms.187 Miller et al. noted that log KOW increases when other physical 

factors, such as pesticide molecular surface area, molecular weight, density and 

boiling point, increase, which reduces their polarity.190 Additionally, it is essential 

to categorise pesticides based on their chemical nature to standardize the 

classification of pesticides worldwide. When it comes to chemical classification, 

pesticides are best characterised based on the chemical nature of their active 
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substance, allowing the user to access the details related to the efficiency and 

physicochemical nature of the pesticide.7 

 

Pesticides that accumulate in soil may experience transformation. Regardless of 

the possible transformation outcome, a pesticide compound has the potential to 

incorporate and adsorb strongly to suitable soil constituents.191 Adsorption and 

desorption of pesticides in the soil mainly depend on three key factors; sorbents, 

sorptive, and environmental (Figure 1.4).164,192,193 The sorbents in soil represent 

the organic and inorganic soil constituents which provide suitable polarity and 

functional group for the adsorption of any pesticide compounds, which represents 

the sorptives. Meanwhile, the physical and chemical properties of the sorptives, 

such as concentration, ionic charges and sorptive size, also determine the 

sorption interactions. Furthermore, environmental factors, namely soil texture, 

temperature, precipitation and soil pH, alter the sorption processes between the 

sorbents and sorptives.166,173,194 

 

Figure 1.4  Generalised relationship depicting factors that affect adsorption and 

desorption in the soil environment.166,173,194 
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There are three known types of soil sorbents that a chemical compound can 

adsorb to; metal-(oxyhydrl)oxides, clay and organic matter.192,195,196 Of the three 

sorbent classes, soil organic matter and clay minerals are identified as the most 

critical soil sorbents that play an essential role in pesticide adsorption in the soil 

layers, as they make up the significant layers of solid-phase materials in 

soils.192,197,198 Soil organic matter constituents are heterogeneous, with large 

components decomposing plant materials and soil organisms. In addition to their 

heterogeneity, different organic sources will have different functional groups 

capable of adsorbing diverse pesticide compounds.180,199 Owing to their 

heterogeneity, soil organic matter makes up the portion of soil that is an 

uncharged organic sorbent that exhibits a series of polarities, with extensive 

dispersal of an electron across the molecules.192 Kearney et al. suggest that due 

to the presence of numerous functional groups in and around soil organic matter, 

such as carbonyl, amino, imidazole, sulfonic, sulfhydryl, and carboxyl, it can 

adsorb pesticide residues well.164 Due to the heterogeneity of the functional 

groups in soil organic matter, pesticide compounds can adsorb to soil organic 

matter through various degrees of strengths, either through van der Waals forces, 

hydrogen bonding, ion exchange, dipole-dipole interactions, and covalent 

bonding (Figure 1.5).164 The chemical affinity of pesticide compounds toward soil 

organic matter is dictated by their chemical configuration and the soil organic 

matter’s size. With decreasing particle size, organic matter’s surface area 

increases, providing numerous sorption sites and prospects for the chemical 

compounds to adsorb onto it.200 Pesticide residue binding to the organic matter 

could benefit the environment as adsorbed pesticide residues typically have 

lower toxicity and are less prone to leaching and polluting groundwater.201,202 
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Nevertheless, pesticides and their metabolites bound to the organic matter would 

not be available from further degradation and dissipation from the environment, 

therefore increasing their persistence in soil.203 

 

Figure 1.5  Association of functional groups of soil organic matters with clay 

minerals; adapted from Kearney et al., and Koskinen and Harper.164,167 

The remaining sorbent class, metal-(oxyhydr)oxides, exist predominantly as 

coatings on clay minerals in soil.204 This increases the metal-binding sites in soil, 

increasing its affinity for heavy metals to be significantly higher than clay 

minerals.205 Meanwhile, pesticide residues are observed to have higher 

adsorption affinity for the clay minerals compared to metal-(oxyhydr)oxides.192,206 

These minerals can strongly adsorb dissolved organic matter unto their surface 

without difficulty, suggesting that pesticide residues also have the potential to 

bind to the mineral’s surface.207 Clay minerals can be divided into two distinct 
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types, crystalline and amorphous. However, amorphous minerals, namely silicate 

layers, provide hydrophobic sites for effective binding of pesticide residues.203 As 

with organic matter, clay minerals have key functional groups, siloxane ditrigonal 

cavities and inorganic hydroxyl, that contribute to pesticide adsorption unto their 

surface.164 Clay minerals in soil are predominantly negatively charged due to their 

layers of aluminium-oxygen, and silicone-oxygen sheets are often chemically 

substituted by ions of lower valence, making them a source of negative charge 

in soil.192 Being anionic sorbents, clay attracts cationic compounds, rendering 

them immobile. Even though clay minerals are one of the major sorbents in soil, 

Đurović et al. postulated that clay minerals preferentially adsorb pesticide 

residues only in soil layers with a low percentage of organic matter.208 This 

postulation is plausible as dissolved organic matter tends to mask the clay 

surface layer reducing the accessibility of pesticide residues to the clay mineral 

surface, thus preventing them from binding (Figure 1.5).209 Even though it has 

been observed that soil organic matter performs most efficiently in the adsorption 

of pesticide residues compared to clay minerals, both of these sorbents are highly 

associated with each other.210 For instance, soil organic matter that been mask 

with clay minerals, will remain protected from mineralisation. Through this 

masking process, concentration of soil organic matter is directly or indirectly 

governed by clay minerals. 210 Hence, it can be postulated in the soil layers with 

high organic matter and clay mineral percentage, has a higher probability of 

pesticide adsorption. Nevertheless, the sorption of pesticide residues by soil 

organic matter strongly depends on the pesticide’s hydrophilicity, while pesticide 

residue adsorption by clays depends on the type and properties of pesticide and 

clay minerals.211  
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With the availability of active adsorption sites on the sorbents, the principal factor 

that governs sorption in soils is the properties of the pesticide compounds.192,212  

The first determinant of the sorption of a pesticide compound, either onto soil 

organic matter or clay, is the ionisability of a pesticide compound. Pesticides with 

ionic equilibrium constants near the soil pH range have a KD that is quite sensitive 

to the pH of the sorbing soil since the adsorption of the pesticide will be a 

combination of both the ionized and non-ionized species. pH also affects the soil 

surface ionic charges, where each unit fluctuation in pH increases the ratio of 

adsorption of ionized and non-ionized compounds approximately tenfold.213–216 

Wauchope et al. noted one in three commercial pesticides to be either acidic or 

basic.217 Ionisation is pH dependent; hence if a pesticide is either acidic or basic, 

it can dissociate into ions in the soil solution with a pH range of 5-8. Following 

dissociation, ionized forms of a pesticide compound will behave differently 

compared to non-ionic pesticides.218 Acidic and basic compound dissociation can 

be measured using the pKa, or the log of acid dissociation constant value, and 

pKb, or the log of base dissociation constant value.183,218 The chances for 

volatilization of ionisable pesticide compounds are meagre, but there is a higher 

probability for the dissociated ions to get adsorbed strongly to the soil 

constituents.203,217,218 Table 1.4 summarizes the effects of acid and base pK 

values and their environmental fate. Ionisable pesticide compounds, such as 

weakly basic compounds, are easily protonated at low soil pH values. Following 

ionization, cationic pesticide species adsorb to the clay content.203 However, with 

increased soil organic matter, cationic species have a higher inclination to adsorb 

to the soil organic matter due to the presence of carboxylic and phenolic 

functional groups.219 As the weakly acidic pesticides exist either as undissociated 
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molecules or the corresponding anion. This form will result in anionic species 

repelled by the negative net charge of soil colloids, resulting in low Kd 

values.220,221 Nonetheless, acidic pesticides may be sorbed on soil organic matter 

via an anion exchange mechanism.11,218 As for the non-ionic pesticides, the 

compound’s polarity largely dictates their adsorption to the soil’s organic or 

inorganic constituents.222 Polar compounds can adsorb to both organic matter 

and clay particulate in the soil; however, non-polar compounds will adsorb to 

organic matter due to their inclination to adsorb through hydrophobic 

partitioning.203 

Table 1.4  Environmental fate of acidic and basic pesticides.183,218 

pKa and pKb 

value 

Ionic pesticide 

species within 

normal pH range 

(5-8) 

Potential environmental fate 

pKa>10 Neutral Except in alkaline conditions, it behaves as a 

non-ionic compound, has lower solubility than 

an anionic state, and has lower mobility in an 

anionic state, making volatilisation possible. 

pKa<3 Negative charge High mobility in the soil unless complex 

compounds are formed, very soluble, high 

mobility under alkaline conditions, low volatility.  
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pKa 3-10 Ratio X-/XH When soil pH is close to pKa, pH's influence is 

more significant on solubility, mobility and 

volatility. 

pKb>11 Neutral Except in acidic conditions, it behaves as a non-

ionic compound, with lower solubility than a 

cationic state, higher mobility in a cationic state, 

and possible volatilisation. 

pKb<4 Positive charge Very soluble, low mobility, low volatility, strong 

adsorption to the soil with a long half-life. 

pKb 4-11 Proportion 

X+/X(OH) 

When soil pH is close to pKb, there is a strong 

influence of pH on solubility, mobility and 

volatility. 

 

The dynamic liquid component of soil is known as the soil solution. Soil solution 

comprises dissolved gases, electrolytes, organic compounds, and labile 

substances from different soil sources.223,224 Adsorption and desorption of 

sorptive compounds to and from the soil sorbents highly depend on the 

concentration of these chemical compounds in the soil solution. This cause and 

effect can be explained based on Le Chatelier’s Principle of chemical equilibrium, 

which dictates that an increased chemical concentration in the soil will increase 

its adsorption rate.192 For instance, as one of the final degradation products of 

glyphosate, aminomethylphosphonic acid (AMPA),225 increased concentration of 

glyphosate in the soil will lead to an increase of AMPA’s concentration. This, in 

turn, will increase the adsorption of glyphosate or AMPA to the soil sorbents. 
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Conversely, removing mobile glyphosate or AMPA compounds from the soil 

solution will cause an imbalance in the soil solution chemical equilibrium, driving 

the desorption of glyphosate or AMPA compounds from the soil sorbents.192,226 

In this way, there would always be a particular concentration of glyphosate or 

AMPA persisting in the soil. Subsequently, when sorptive of equivalent ionic 

charges and concentrations compete for the active sites or functional groups for 

adsorption, the sorptive’s size will be the decisive factor.192 It is generally 

observed that adsorption affinity increases with the increasing ion radius of a 

sorptive compound. An ion that enters the soil solution will form a hydration 

sphere around the ion. The hydration sphere would become more susceptible to 

further association with other soil constituents. However, ions with smaller ionic 

radius have an energetic disadvantage compared to larger ions, as it requires 

more energy to remove the surrounding water molecule. Consequently, larger 

ions could form a covalent bond quickly with the sorbents. For instance, Sparks 

discusses how the adsorption affinity of ions of elements within a single group of 

periodic tables decreases with the ionic radii.212  

Soil solution’s pH, coupled with chemical degradation hydrolysis, influences the 

adsorption ability of soil constituents.227 Weber et al. confirmed in their study that 

soil solution’s pH does not necessarily correlate with soil organic matter or clay, 

making it an essential factor in determining the inclination of pesticide 

compounds to retain in soil.228 As the soil solution’s pH decreases, hydroxyl and 

carboxyl functional groups on the sorbents, mainly soil organic matter, will be 

protonated. This protonation then increases positive charge density on the 

sorbents, facilitating anion compounds' adsorption while decreasing cation 

compounds' adsorption. Cation exchange capacity, or the ability of a soil to retain 
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cations, generally increases with increasing soil pH.192 Nevertheless, pH alone 

would not be able to influence the increased adsorption of pesticide compounds; 

pH, soil organic matter and clay are a collection of soil properties that play their 

role as a collective. Increasing soil organic matter content and decreasing soil 

solution’s pH are observed to increase the retention time of pesticides in the 

soil.228  

Figure 1.5 generalises the close interconnectivity between the sorbents and the 

sorptives and the environmental factors that play key roles in regulating the fate 

of a pesticide in the soil environment. These environmental factors can be divided 

into biotic and abiotic properties. Biotic, or biological, factors consist of living 

organisms ranging from micro, meso and macro sizes. Environmental abiotic 

properties include light intensity, temperature, precipitation, and air 

movement.166,173,194 While it is essential to consider the biotic and abiotic 

properties of the environment to determine the behaviour of pesticide residue in 

the soil, it is also important to take into account soil physicochemical properties 

such as texture, permeability, soil temperature, soil moisture and soil pH, as all 

these properties also play a key role in determining the extent of pesticide 

persistence. For instance, soil structures such as texture and permeability 

generally affect the movement of air or water through soil layers, further 

controlling the movement of pesticide residues.164  Given that an increase in soil 

aggregates will affect pesticide movement, an increase in soil bulk density will 

decrease the rate of pesticide adsorption.229 In particular, soil layers that makeup 

particles of large size will increase the possibility of leaching occurring, which 

then eases the pathway for the pesticide to reach groundwater.221 Following that, 

temperature also plays a crucial function in the desorption of pesticide residues 
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from soil constituents. Adsorption of pesticides to soil organic matter or clay 

minerals is usually an exothermic reaction, where heat is given off when ionic or 

hydrogen bonds are formed.230 In general, an increase in soil temperature also 

increases pesticide solubility in water, which then increases the lability of the 

pesticide compound through the soil layers. 

Furthermore, mobile pesticide compounds have a strong desorption rate, 

increasing leaching or surface runoff, resulting in surface and ground water 

contamination.231 This is supported by observations that even though pesticides 

tend to remain stable in a lower temperature, desorption and mobility of 

pesticides increase at a higher temperature.232 Some pesticides do, however, 

behave differently by exhibiting endothermic adsorption in soils. This 

endothermic adsorption indicates that the adsorption of the chemical to soil 

constituents requires activation energy, also known as chemisorption. 

Furthermore, suppose the adsorption potential between pesticide and soil 

constituents increases with temperature. In that case, it could indicate an 

increase in surface area for adsorption and the creation of reactive and active 

sites. Nevertheless, exothermic adsorption more or less happens explicitly in 

nature.233 Ultimately, the adsorption and desorption of pesticide residue in the 

soil could not be fully comprehended without considering the linkage and 

interaction between all three main factors simultaneously.
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Along with sorption, degradation is the other prominent process for making any 

pesticide compound benign or dissipate from the environment.234,235 Pesticide 

degradation involves the breakdown of the pesticide’s chemical structure, which 

can be initiated either chemically or microbiologically.156 Chemical breakdown 

can be initiated by both abiotic and biotic components of the soil, while 

microbiological breakdown happens entirely through enzymatic activity.164 

However, the degradation mechanisms a pesticide would eventually undergo 

strongly depend on its vulnerability to chemical structure alterations.235 

Chemically mediated pesticide degradation processes can be generally divided 

into hydrolytic, redox, or photolytic reactions.  In hydrolytic reactions, water is the 

principal degrading agent, where the combination of water and pesticide at the 

molecular level results in a complete or partial breakdown of the pesticide 

compound.235 As many functional groups in pesticide compounds are vulnerable 

to changes in pH, degradation of these compounds through hydrolysis is 

ubiquitous in the environment. During hydrolysis, water molecules will react with 

the pesticide compound forming two individual and stable labile compounds.183 

For instance, pesticides that are derivatives of carboxylic acids have a carboxyl 

functional group and pesticide derivatives of carbamates have amide and ester 

linkages, all of which are vulnerable to hydrolysis. These transformations involve 

nucleophilic displacement when the organic molecule, RX, reacts with water, 

forming a carbon-oxygen bond and cleaving a Carbon-X bond in the parent 

pesticide to form ROH and a leaving group (X-) (Equation 1.1).156
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RX + H2O → ROH + X- + H+ 

Equation 1.1 

Similar to the adsorption and desorption of pesticide compounds, soil pH plays a 

vital role in supplementing degradation via hydrolysis. Pesticide stability may be 

pH dependent and can be easily influenced by fluctuations in soil pH and water, 

which increases the likelihood of the pesticide dissociating easily and forming 

separate compounds. An example is the pesticide atrazine, which rapidly 

degrades when the soil pH decreases as it readily donates electrons.236 Typically, 

pesticide compounds vulnerable to degradation through hydrolysis would have a 

strong polar nature. These compounds produce degraded substances that are 

water-soluble and susceptible to biodegradation or photolysis. Hence, as the 

resulting substances are also easily degraded and less persistent, it reduces the 

potential for the toxic compound to accumulate in the soil even with repeated 

application.183 

A redox reaction involves donating or gaining electrons between reactant and 

product, also known as oxidation or reduction reactions. Redox-mediated 

pesticide degradations are usually induced by another degradation process, 

typically a photolytic reaction.237 Ultraviolet light is quite potent in degrading 

pesticides in the environment.238,239 Photolytic reactions in natural environments 

typically involve either direct or indirect photodegradation. Direct 

photodegradation occurs when a pesticide compound is excited by absorbing the 

ultraviolet light, resulting production of a triplet state and breaking down through 

the means of either of three different processes, homolyses, heterolysis or 

photoionization.240 Indirect photodegradation is when another photon-absorbing 

environmental constituent reacts and transfers energy to a ground-state 
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pesticide.237 However, although ultraviolet light is a valuable source of energy in 

degrading pesticides, it is less effective in the photodegradation of pesticides in 

soils as sunlight is only able to penetrate the soil to a depth of less than 0.5 

mm.241 Examples of pesticides that are vulnerable to photodegradation are those 

weakly sorbed to soil constituents and water-soluble, where there is a higher 

chance for the pesticide to rise with capillary water to the soil surface.164 For 

instance, based on the mobility classification based on KOC values (Table 1.3), 

both clothianidin and thiamethoxam are classified as pesticide compounds with 

high mobility with KOC values of 60 and 68.4, respectively. Due to their weak 

interaction with the soil components, these compounds can rise with the water 

molecules and be exposed to sunlight for rapid degradation. This phenomenon 

is reported by Li et al., where the authors noted that with exposure to UV light, 

both in soil, clothianidin and thiamethoxam rapidly degraded within 97 to 112 

hours and 88 to 103 hours, respectively.  

 

Microbiological degradation can be initiated or assisted by numerous groups of 

microorganisms, mainly bacteria and fungi. The microbial degradation rate in soil 

is influenced by various environmental properties, namely temperature, moisture, 

physicochemical properties of the soil, and the presence of other carbon or 

nitrogen sources.242 The importance of soil microorganisms for the dissipation of 

pesticides in the soil environment is widely accepted.65,242–246 The general 

biodegradation mechanism can be condensed into three main parts. The first part 

would be the contact, where the microorganism adsorbs the pesticide compound, 

which takes place on the cell membrane surface. It is followed by the pesticide 

compound entering the cell through the cell membrane surface and, lastly, a rapid 
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enzymatic reaction in the membrane resulting in full or partial degradation of the 

compound.247 The pesticides' microbial degradation processes can be further 

divided into biodegradation, co-metabolism and synthesis.156 The biodegradation 

metabolism is the process where, in the effort to obtain nutrients for growth and 

energy, microorganisms metabolise pesticides into smaller and harmless 

compounds, namely H2O and CO2.156 This process of conversion of pesticide to 

completely oxidised end products is called mineralisation.248  

Biodegradation can be further classified into three different phases.156  Phase 

one involves introducing additional functional groups such as hydroxyl, amine, 

thiol and carboxyl groups through oxidation, reduction and hydrolysis of the 

pesticide compound. Following that, the products of phase one enter phase two, 

combining with endogenous molecules, becoming more hydrophilic via a 

conjugation reaction.249 During conjugation, a pesticide or its degraded 

substances form a bond with other available hydrophilic substrates, forming 

acetylated, alkylated, methylated, glycosidic or amino acid conjugates. Some 

pesticide compounds may also undergo oligomerization, a process where a 

pesticide associates with itself or other chemical compounds in the soil, forming 

a higher molecular weight compound than the parent compounds.156 Due to their 

stable nature, the oligomerized compound will remain labile among the soil 

constituents available for microbiological degradation, or it will eventually be 

incorporated into soil organic matter, which increases its persistence in soil.86 For 

instance, hydrophobic pesticides, such as metolachlor, acetamiprid, prochloraz 

or thiamethoxam, have very low solubility in water but high adsorption affinity 

toward organic matter. These pesticide compounds will then adsorb strongly to 

the surface and crevices of organic matter, becoming inaccessible for 
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microorganisms to degrade them. Hence, higher persistence in the soil 

layers.250,251 Figure 1.6 illustrates the biodegradation phases leading to 

mineralisation catalysed by microbial process, with the acetamiprid 

biodegradation pathway as an example. 

 

Figure 1.6  Biodegradation pathways of acetamiprid; adapted from Pang et al.252 

On the other hand, co-metabolism might occur when the available soil 

microorganisms lack the enzymatic capability to mineralise the pesticide 

compounds for energy directly.156 Co-metabolism would result in partial 

degradation because the enzymes involved lack substrate specificity. As a result, 

the pesticide compound undergoes minor structural modification without the 

microorganism deriving any nutrients or energy for growth.253 Consequently, co-

metabolic degradation can result in the mineralisation of the pesticide compound 

through sequential attacks, or the co-metabolic result of one microorganism is 

used by another microorganism as an energy and growth substrate.156 Kumar et 

al. noted that the efficiency of co-metabolic degradation of chlorpyrifos is higher 
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through the synergistic activities of multiple microorganisms compared to 

individual microorganisms. The author also reported that the enzymatic activity 

in a consortium containing three bacterial strains and a fungal strain is higher 

than individual strain activities, resulting in 100% degradation of chlorpyrifos. The 

higher pesticide biodegrading capability of co-metabolism through diverse and 

synergistic action compared to a single strain was also highlighted by Ortiz-

Hernández et al.254  

Although chemical degradation predominantly occurs in the natural environment, 

microbiological degradations are more efficient, and the rate of degradation 

mediated by microorganisms is more rapid.164 Most microorganisms degrade 

pesticide compounds to use degraded products as metabolites or nutrients. 

Additionally, microorganisms are highly adaptable in obtaining sustenance based 

on the environment they able to flourish.255,256 Porto et al. noted that soil 

microorganisms could adapt to utilising high-persisting pesticide compounds in 

their immediate surroundings for their energy source.243 For chemical 

degradation to occur in the soil, numerous environmental factors, such as 

temperature, moisture, light energy, and organic matter, must be combined and 

optimal. Meanwhile, many native soil microorganisms can develop complex and 

efficient metabolic pathways that can effectively biodegrade pesticides that end 

up in the soil, 209 while actively using the degraded metabolites for survival, which 

is more advantageous than depending solely on natural chemical 

degradation.257–259  
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All the elements in the soil environment, specifically pesticides, water, and soil, 

simultaneously affect the pesticide transport processes.221 Depending on the 

treatment applied to the soil, pesticides may undergo different transport 

processes that affect their behaviour and fate. There are a few possible transport 

mechanisms for pesticides to propagate from their applied site; transport by soil 

organisms, plant absorption, run-off, leaching, and volatilization (Figure 

1.2).164,260 Following their entrance into the soil, pesticide compounds are 

available for degradation, chemical or microbial, unless these compounds have 

an affinity toward other soil constituents and get absorbed. The soil matrix or soil 

biosphere will be a wall for these absorbed chemical compounds, preventing 

degradation.261,262 As discussed in the previous sections, adsorbed pesticides 

persist longer in soil and are excluded from further environmental transport. In 

certain circumstances, these persistent compounds evade biodegradation, even 

if they are not absorbed or labile when microorganisms fail to enter between soil 

microspores, limiting the capacity to promote degradation.263 However, the 

fluctuation of multiple biotic or abiotic factors in the soil environment will cause 

the pesticide residue to be desorbed and become labile.  

Following desorption, labile pesticides could pursue a different transport 

mechanism. Labile pesticides are readily absorbed or degraded by soil 

organisms.260 Most pesticide degradation process is undertaken by soil 

microorganisms, as discussed in Section 1.3.2.2. However, the negative impact 

of pesticide exposure to beneficial non-target soil meso- and macro-fauna had 

also been widely previously reported.175,264–270  Non-target organism refers to any 

organisms that are not the direct target of the pesticide application,271 and the 
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existence of affected non-target beneficial soil organisms are masses, namely 

soil invertebrates.266 As most soil organisms spend their life cycle in the soil, there 

is a probability that due to bioaccumulation, they may contain higher pesticide 

concentrations than their environment.260 Depending on the organism’s species 

characteristics, environmental settings, and the physical and chemical properties 

of both the pesticide compound and soil, the amount of absorbed pesticide will 

vary. Accordingly, the log KOW coefficient value of pesticides can be used to 

estimate the probability of that pesticide being absorbed by soil organisms.173,272 

Increasing log KOW value increases the probability of the pesticide compound 

accumulating in the tissues of soil meso- and macro-organisms.273,274 These non-

targeted soil organisms are often exposed directly to pesticides through either 

contact or ingestion.275 As the soil organisms frequently come in contact with 

pesticide compounds, these compounds can harm the sensitive organisms, 

resulting in a fatality. However, if the organism is not sensitive to the chemical 

compound, the absorbed chemical compound could be retained and 

accumulated in the organism’s body over time.275  

Even though the pesticide compound may not harm the insensitive soil organism, 

it could still harm animals that are higher on the trophic levels of the food 

chain.17,18,276 For example, Senthilkumar et al. reported that the concentration of 

organochlorine pesticides and polychlorinated biphenyls were found in the body 

tissue and eggs of local and migratory birds that prey on molluscs, earthworms 

and insects in the agricultural fields.277 Similarly, Yohannes et al. found high 

accumulation concentrations of the pesticide DDT’s metabolite, p,p’-DDE, in four 

bird species and their fish prey species.278 The author inferred that the bird 

species could have bioaccumulated the metabolite from consuming their fish 
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prey, and at the level p,p’-DDE detected in the liver lipid layers of the bird, it can 

result in eggshell thinning and reduction in the survival of young birds. This 

deformation can adversely impact the survival rate of the bird species.278 

Consequently, if the bioaccumulated chemical compounds do not harm the 

organisms or get metabolised in the body, the pesticide compounds can be 

eventually returned to the soil through excretion or following the organism’s 

demise.274,279 

Uptake by a plant is another possible mobility route for labile pesticide residues 

into crops. For pesticide residues to take this route, it is profoundly influenced by 

numerous factors, mainly environmental conditions, climate, physicochemical 

properties of the compounds and soil, degree of pesticide accumulation and crop 

type.260,275,280 For instance, Garcinuno et al. reported that the probability for a 

pesticide to be absorbed by crops increases with decreasing soil pH.281 However, 

the uptake of pesticides by crops decreases with a higher percentage of organic 

matter content in the soil.201,282 From the perspective of the properties of pesticide 

compounds in soil, pesticide compounds with a log KOW value of less than three, 

that are stable without any affinity to soil constituents and highly lipophilic, can 

be absorbed and bioaccumulate in the crop plant.275,280 With repetitive application 

and accumulation of pesticides in the agricultural field increases the odds that 

more compounds will be available for absorption by the plant crops.280 Moreover, 

the degree of absorption ranges from one crop species to another. For example, 

bioaccumulation of pesticides was observed to be higher in the pumpkin 

compared to the zucchini.283 Similarly, a comparison between zucchini and 

cucumber crop species reveals that zucchini can bioaccumulate 1.21% higher 

concentrations of the metabolite p,p’-DDE compared to the cucumber crop.284 



 

53 
 

Consequently, the uptake of pesticides by crop plants is probably the major route 

by which pesticide residues bioaccumulate in the food chain, leading to exposure 

to humans and animals.18,285 Lipophilic compounds normally bioaccumulate in 

the crop’s roots. However, a small amount of compounds would be translocated 

to the crop’s stems, leaves, and even fruits.283,286 Even if the pesticide residues 

are not accumulated in crop production, accumulation in other plant foliage can 

be released back into the soil when plant litter reaches the soil layer. When the 

plant litter breaks down, the accumulated pesticide residue will go through the 

transport cycle again.268 However, on the other hand, pesticide compounds that 

are adsorbed strongly into soil or taken up by plants will be unavailable from 

physical transport processes such as leaching or surface runoff. 

Groundwater or surface water contamination with pesticide compounds mainly 

occurs through leaching or surface runoff. The leaching process is the downward 

movement of hydrophilic contaminants through the soil layers, facilitated by 

preferential flow in soil.287,288 Preferential flow is defined as a physical process 

where there is fast transport of water and contaminants through small fractions 

in the soil pore system.289 These small fractions that enable preferential flows 

could be formed and transformed through various soil biological activities, 

including tunnelling activity by earthworms, termites, or ants, as well as through 

root movements.290,291 The movement of pesticides along with the leaching 

process is governed by two main mechanisms, dispersion and mass flow. In the 

dispersion mechanism, water flow through soil layers creates molecular diffusion, 

which occurs due to changes in concentration gradient and mechanical mixing. 

Molecular diffusion then enhances the desorption of pesticides from soil 

sorbents. Pesticide movement via mass flow happens when the compounds are 
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either dissolved or suspended, and vertical movement is enabled through the 

combined effect of gravitational and capillary forces.292 The leaching process is 

then further supported by soil composition and texture, where leaching tends to 

increase in soil layers with a higher percentage of sandy texture, which has large 

pores, but decreases with higher clay-textured soil, where the particles are 

compact and capable of holding more water.293 Additional to soil texture and 

porosity, soil properties such as organic matter and water content also play a vital 

role in facilitating the leaching of dissolved pesticide compounds into 

groundwater. Organic matter in the soil increases the soil’s ability to hold water, 

as well as providing an increased surface area for the adsorption of pesticides 

and a plethora of bacterial communities available to assist in degradation. 

Removal of this layer of organic matter significantly increases the leaching 

process of hydrophilic pesticide compounds.181,294,295 Moreover, together with 

leaching, surface runoff is another transport mechanism for pesticide compounds 

contaminating the nearby water source.  

Generally, pesticides from the soil surface leach through soil layers and end up 

in the groundwater. These chemical compounds contaminate surface water 

through the drainage processes from the groundwater. However, runoff from the 

soil surface also significantly increases the accumulation of contaminants in the 

surface water.296,297 Pesticide compounds adsorbed on the soil surface are most 

vulnerable to surface runoff. These compounds are easily extracted into the 

moving water through various mechanisms, including diffusion of dissolved 

pesticides from soil constituents into the runoff flow, dissolution of stationary 

pesticide compounds, or desorption from soil sorbents into the moving water.292 

Accordingly, Burgoa and Wauchope determined that surface runoff contributes 
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up to 5% of relative losses of applied pesticides, which increases under 

vulnerable conditions for surface runoff.298–301 In a natural environment, surface 

runoff occurs when the soil layers are saturated with water from precipitation, and 

small laminar flows along the surface lead to the formation of turbulent flows that 

carry pesticides to nearby water bodies.302 Alternatively, in anthropogenically 

modified environments, such as agricultural fields, surface runoff frequently 

occurs due to the inability of water to penetrate the soil surface. This inability may 

arise from the soil layer's compaction or increased soil bulk density resulting from 

field traffic.303–305 Ankenny et al. reported that the infiltration rate decreases as 

much as 95% in the field wheel tracks compared to uncompacted soil.306 

Consequently, either through leaching or surface runoff, persistent pesticide 

compounds that end up in the water sources may have an adverse effect on both 

the organisms in the water and organisms that utilise it. 

Another common dissipation pathway for pesticides is atmospheric transport. 

Through atmospheric transport, pesticides can be transported far from the initial 

site of application, leading to long-range contamination, a phenomenon known 

as pesticide drift.260,307 Atmospheric transport of pesticides begins through the 

volatilization process from the soil, followed by pesticide drift. Even though a 

higher percentage of atmospheric pesticide transport happens as soon as the 

pesticide droplets are aerially sprayed, pesticides that reach the soil can still 

dissipate through volatilization.307,308 This will result in volatilization starting as 

soon as the pesticide is administered, and the process continues for several 

weeks or months, which results in a significant amount of pesticide lost to the 

environment.309,310 Accordingly, Taylor and Spencer concluded that cumulative 

losses of pesticides from the soil through volatilization could be as high as 90% 
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of the total application dose.310 However, the exact percentage of losses would 

not be expected to be ubiquitous, as the author described, with significant 

temporal and spatial variation. The properties of the pesticide govern its potential 

volatility, such as vapour pressure of the compound on the soil solid or liquid 

surface, concentration in the soil, adsorption affinity with the soil particles, and 

the properties of the soil, namely texture, porosity, soil temperature, pH and water 

content.11,260 Additionally soil water content plays an essential role in volatilization 

as dissolved pesticides tend to vaporize more easily from moist soil than dry 

soil.311,312 Following pesticide application and incorporation into soil, the 

volatilization rate of the pesticide residues on the surface should be initially 

high.313 As the pesticide concentration on the surface depletes, volatilization 

becomes highly dependent on the pesticide movement from the deeper soil layer 

to the surface. This movement happens through a convective flow which 

intermingles with the movement of soil solution upward in response to changes 

in the concentration gradients and water evaporation.310,314  

Besides soil water content, soil temperature also governs the volatilisation rate, 

as higher temperature aids the soil solution transformation into a gaseous state 

more rapidly.260,309,315 Nonetheless, Wolters et al. reported that volatilisation of 

pesticides is more interconnected with soil water content. The authors found that 

higher soil temperature but decreasing soil water content resulted in a low 

volatilization rate, from which they concluded that water content on the soil top 

layer was the key driving force in pesticide volatilization.22 Pesticides can be 

categorised into different classes of volatility, ranging from low volatility to semi-

volatility, and most chemicals’ volatilization is considerably affected by the water 

evaporation from the soil layers.18,311 Therefore, the rate of a partition of 
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pesticides in the soil solution and the atmosphere can be most suitably 

determined using Henry’s constant (KH), which is subjected to Henry’s 

Law.309,316,317 Pesticides with a KH value of more than 2.5 x 10-5 have a higher 

tendency to volatilize rapidly from the soil. Meanwhile, soil with a KH value of less 

than 2.5 x 10-5 tends to accumulate on the soil surface as it does not have vapour 

pressure strong enough to break the layer of stationary air on the soil 

surface.18,316 Consequently, persistent airborne pesticides should eventually 

return to the soil or water surface through precipitation or fallout, which leads to 

exposure and uptake by humans, plants and animals.275,279,318  

 

In 2016, the total land area for agricultural production of countries in the 

European Union (EU) came to 173 million hectares, about 39% of the total EU 

land cover.319 Whilst the 2016 total land area for agriculture is a slight decrease 

of six million hectares from the previous year of 2015, in 2018 the utilised 

agricultural area increased by one million hectares to 174 million hectares.320 

Although the EU utilised agricultural areas were observed to fluctuate between 

years, in 2019, the EU agricultural industry generated a gross value added (GVA) 

of €181.5 billion, contributing 1.3% of the EU’s GDP.321 Interestingly, this 

fluctuation of the utilised agricultural land area also reflects sales of pesticides in 

the EU, where the total volume sold were noted to increase or decrease by 6%, 

around 350,000 tonnes, between 2011 and 2020. In 2020, the total volume of 

pesticides sold was approximately 346,000 tonnes, 12,582 tonnes higher than in 

2019 but 2% lower than in 2018.322  It is worth noting that, even though the total 

sale of pesticides does not necessarily reflect the total pesticide usage data, due 

to lack of data on pesticide usage in EU, using the sales data to assess the trend 
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of usage is a practical alternative. The practicality of this approach of assessment 

is highlighted by Bekarian et al., where in their study on using point-of-sale data 

for tracking the usage patterns of residential pesticides, the authors noted that 

even though utilising just the pesticides sales data has limitations, such as market 

coverage, it still provides a helpful snapshot of pesticide usage patterns.323 

Additionally, even though there is a fluctuation of pesticide sales volume in the 

EU, considering the annual sales of pesticides are 6% above or below 350,000 

tonnes, this high pesticide sale volume raises environmental concerns. 

The most recent comprehensive farm structure survey in the Republic of Ireland 

was conducted in 2016. The Irish total land area is approximately 6.9 million 

hectares, and 71% (4.4 million hectares) of the total land area was used for 

agricultural purposes.324 The farming area structure can be classified as follows; 

4.1 million hectares are used for grass silage, hay and pasture, 0.29 million 

hectares are devoted to crop production, including fruits, cereals, potatoes, and 

horticultural production, and finally, 0.016 million hectares is used for rough 

grazing.324 Figure 1.7 highlights the distribution of different agricultural land use 

types in the Republic of Ireland. With a heavy economic dependence on 

agricultural industry output, in 2019, this industry contributed €14.4 billion or 4.3% 

of GVA to the Irish national economy.325 Accordingly, between 2016 and 2019, 

the total utilised agricultural area in Ireland was noted to increase yearly, with a 

slight decline in 2020, but still 0.51 million hectares higher than in 2016 (Figure 

1.8).326 Even though there are no significant changes in the volumes of total 

pesticide use, with an average volume used of 2805 tonnes between 2016 and 

2020, the lack of clarity as to the difference in application rates of different classes 

and types of pesticides limits the overall usefulness of this level of data.  
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Figure 1.7  Distribution map of different agricultural land use types of the 

Republic of Ireland of 2015; usage permission obtained from Elsevier.327 

 

Figure 1.8  Total utilised agricultural area compared with the total pesticide used 

in the Republic of Ireland from 2009 to 2017, adapted from the FAOSTAT of land 

use and total pesticide usage from the year 2016 to 2020.326,328 
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As discussed earlier, utilising the sales record of pesticides can indicate the 

nature of pesticide usage in Irish agriculture. Based on Eurostat’s record of sales 

of pesticides by types in 2018, herbicides are the most substantial pesticide sold 

in the Republic of Ireland, followed by fungicides, insecticides, and molluscicides 

are the lowest sold pesticide type (Figure 1.9).329 This sales record also 

complements the area of usage and percentage applied in Irish arable crops, 

where the three main pesticide types are, in increasing usage area and 

application percentage, insecticides, fungicides and herbicides.330  However, with 

the crop types grassland and fodder, the application percentage of pesticide 

types are slightly different, with fungicides are the widely used pesticide type, 

followed by the herbicide and insecticides.330 

 

Figure 1.9  Total pesticide sales by types, adapted from the Eurostat database 

on Ireland’s pesticide sales record in 2018.329 
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As herbicides, fungicides and insecticides are the most widely used pesticide 

types, it is vital to give more attention to these types of pesticides. The five widely 

used herbicides in the Irish agricultural landscape are fluroxypyr, followed by 

glyphosate, 2-methyl-4-chlorophenoxyacetic acid (MCPA), tribenuron-methyl, 

and triclopyr.330 It is important to note that both fluroxypyr and glyphosate are the 

most prominently used herbicides, with the estimated usage per national basic 

area to exceed 200,000 hectares between 2014-2017.330 Both of these systemic 

herbicides are very effective against broadleaf weeds, and the application 

method is the foliar spray. However, compared to fluroxypyr, glyphosate is a non-

selective herbicide (Table 1.5). With the widespread usage of glyphosate, the 

formation of its primary degradation metabolite, aminomethylphosphonic acid 

(AMPA), is unpreventable.331,332 Even though MCPA is similar to fluroxypyr in 

terms of target and selectivity towards the target pest, MCPA is only applied in 

less than 150,000 hectares of Irish agricultural area.330  

On the other hand, the most widely used fungicides are chlorothalonil, followed 

by prothioconazole, epoxiconazole, pyraclostrobin, and prochloraz. The two top 

fungicides, chlorothalonil and prothioconazole, are mainly used to deter broad-

spectrum diseases, non-selective, and the preferred method of application is 

foliar spray or seed treatment. Regarding systemic properties, prothioconazole is 

a systemic fungicide, while chlorothalonil is not (Table 1.6). As the European 

Union (EU) imposed a ban on its sales and distribution in May 2020,333 this 

pesticide usage in Ireland has now halted. Although there is no recent data on 
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prothioconazole usage volume in Irish agriculture, chlorothalonil and 

prothioconazole had exceeded 200,000 hectares of usage between 2014 to 

2017, so Irish farmers might be depending on prothioconazole as the primary 

fungicide. This increased dependence on prothioconazole could result in higher 

usage since 2020.   

Finally, in Irish agriculture, lambda-cyhalothrin and clothianidin were the most 

widely used insecticides between 2014 to 2017 (Table 1.7), with lambda-

cyhalothrin being non-systemic and clothianidin systemic. In terms of application 

method, lambda-cyhalothrin and clothianidin can be applied as soil or foliar spray, 

334–336 at the same time, clothianidin can also be applied as a seed treatment.336 

However, similar to chlorothalonil, clothianidin has been banned for outdoor use 

in the EU since 2018.337  Even though the application of three neonicotinoid 

pesticides (clothianidin, thiamethoxam and imidacloprid) is currently banned for 

outdoor use, it is still permitted to be used in permanent greenhouses. In some 

instances, the banned neonicotinoids remain in use in some EU member states 

through the emergency derogation provision.338 Even if some of the neonicotinoid 

pesticides are currently under strict usage regulation, due to their long half-lives, 

26,339–343 their long presence in the environment had been previously observed,342 

hence, they are further discussed in section 1.5.5.
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Table 1.5  Overview of widely used herbicides in Irish agriculture.330 

 

Active Substances Target Type Chemical Class Application Reference 

Fluroxypyr Annual and 

perennial broadleaf 

weed and woody 

brush 

Systemic 

(Selective) 

Pyridine carboxylic 

acid 

Foliar spray 

 

344 

Glyphosate Annual and 

perennial broadleaf 

weeds 

Systemic (Non-

selective) 

Glycine derivative 

(phosphanoglycine) 

Foliar spray 

 

345 

2-methyl-4-

chlorophenoxyacetic 

acid (MCPA) 

Annual and 

perennial broadleaf 

weeds 

Systemic 

(Selective) 

Phenoxy carboxylic 

acid 

Foliar spray 

 

346 

Tribenuron-methyl Postemergence 

broadleaf weed 

Systemic 

(Selective) 

Sulfonylurea Foliar spray or 

directly to the soil 

 

347,348 

Triclopyr Broadleaf weeds 

and brush 

Systemic 

(Selective) 

Chloropyridine 

 

Foliar, ground, and 

aerial spray, tree 

trunk or stump and 

soil injection 

349 
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Table 1.6  Overview of widely used fungicides in Irish agriculture.330 

*Banned and withdrawn from the market since May 2020.333 

 

 

Active Substances Target Type Chemical Class Application Reference 

Chlorothalonil* Broad-spectrum 

fungal diseases 

Non-systemic 

(non-selective) 

Chlorinated 

isophthalic acid 

derivative 

Foliar spray 

 

350 

Prothioconazole Broad-spectrum 

fungal diseases 

Systemic (Non-

selective) 

Triazolinthione 

family 

Foliar spray or seed 

treatment 

 

351,352 

Epoxiconazole Broad-spectrum 

fungal diseases 

Systemic (Non-

selective) 

Azoles Foliar spray 

 

353,354 

Pyraclostrobin Broad-spectrum 

fungal diseases 

Systemic (Non-

selective) 

Strobilurin Foliar spray 355–357 

Prochloraz Broad-spectrum 

fungal diseases 

Non-systemic 

(non-selective) 

Urea and imidazole 

group 

Foliar spray or seed 

treatment 

 

358 
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Table 1.7  Overview of widely used insecticides in Irish agriculture.330 

*Banned for outdoor usage since 2018. 337 

Active Substances Target Type Chemical Class Application Reference 

Lambda-cyhalothrin Broad-spectrum of 

invertebrates 

Non-systemic 

(non-selective) 

Synthetic 

pyrethroid 

Ground and foliar 

spray 

 

334,359 

Clothianidin* Broad-spectrum of 

invertebrates of 

piercing-sucking 

pests 

Systemic (Non-

selective/selective) 

Neuro-active Ground, foliar 

spray or seed 

treatments 

 

69,336 

Cypermethrin Broad-spectrum of 

invertebrates 

Systemic (Non-

selective) 

Synthetic 

pyrethroid 

Foliar spray 

 

360,361 

Dimethoate Broad-spectrum of 

invertebrates 

Systemic (Non-

selective) 

Organophosphate Foliar spray 

 

362 

Esfenvalerate Broad-spectrum of 

invertebrates 

Non-systemic 

(non-selective) 

Pyrethroid Foliar spray 

 

363,364 
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Fluroxypyr is a pyridine derivative and systemic pesticide with two primary 

metabolites, fluroxypyr-methoxypyridine and fluroxypyr-pyridinol (Table 1.5). As 

it has a carboxyl group, it is characterised as an acidic compound. Moreover, 

fluroxypyr is a systemic and selective chemical that mimics the auxin, 

indoleacetic acid. This auxin plays a crucial role in the plant’s root and shoots 

development.365 Hence, the mode of action of fluroxypyr would be that upon 

administration, it will cause uncontrolled growth in the broadleaf weeds. The 

uncontrolled growth will put the weed under stress, eventually leading to the 

pest's death.366 When fluroxypyr is released into the soil, it is estimated that its 

persistence ranges between 28 and 78 days.367 Changes in the behaviour of 

fluroxypyr in the soil are observed when there is a fluctuation of abiotic factors 

such as pH, temperature or precipitation. Among the mentioned factors, the 

fluctuation of soil pH presents the most influential factor toward the pesticide 

compound’s ability to adsorb in the soil. In a high pH (6-8) soil, fluroxypyr, whose 

pKa constant of 2.94, will be very soluble, with low volatility and high mobility 

unless complex compounds are formed (Table 1.8).368,369 Consequently, 

increasing soil pH has been reported to increase the rate of leaching of fluroxypyr 

through the soil layers. This increased leaching rate is due to increased pH (2-

10), decreasing the compound’s ability to adsorb into the soil fivefold.368  

Pastrana-Martinez et al. studied how temperature affects the adsorption of 

fluroxypyr, determining that increasing temperature negatively affects adsorption 

capacity.370 Likewise, with KOC values of 136 (Table 1.8), fluroxypyr is expected 

to have high mobility even in normal soil solution pH (Table 1.3). Nevertheless, 

even though fluroxypyr is observed to be highly mobile, with low adsorption 
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capacity and increased leaching rate, biodegradation could attenuate the 

environmental impact of this compound. Accordingly, research by Tao & Yang 

suggested that the degrading of fluroxypyr decreased significantly with the 

removal of organic matter and soil microbes.259 Hence, it can be postulated that 

the dissipation of fluroxypyr is highly dependent on the availability of soil organic 

matter and bacteria. Microorganisms species, namely Actinomycetes and 

Pseudomonas, assist immensely in dissipating fluroxypyr as these microbes use 

fluroxypyr as their nutrient source, degrading the compound in the process.371 

Precipitation had been noted to assist in the dissipation of fluroxypyr from the 

environment.372 Pang et al. also found that higher precipitation increases the rate 

of fluroxypyr degradation, even though the reason for changes is not fully 

understood.372 However, it can be postulated that higher precipitation increases 

the soil moisture content enhancing the microbial community's growth and the 

higher degradation rate of fluroxypyr.373,374  

In the Irish context, fluroxypyr fate in the soil is hard to predict. The pH of Irish 

agricultural soil (arable and grassland) is measured to be in the range of 3.5-7.2 

(mean=5.5),375 indicating that fluroxypyr application could result in high mobility 

of the pesticide through the soil layers. As highlighted above, even though acidic 

soil would result in higher persistence of fluroxypyr in the soil layers, as the Irish 

agricultural soil has a high pH range, it could also lead to the leaching of 

fluroxypyr. On the other hand, Irish agricultural soil is determined to have organic 

carbon (g/kg) ranging between 15.5-492.7 g/kg (mean=67.3),375 and in the scale 

of organic carbon content of European soil, Ireland’s agricultural soil to have 

medium to high organic carbon content.376 Consequently, due to the high organic 

matter content of Irish agricultural soil and the log KOW value of 2.2 (Table 1.8), 
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fluroxypyr can be predicted to adsorb strongly to the soil organic matter, resulting 

in accumulation and high persistence of fluroxypyr. 

On the other hand, Ireland is noted to have high precipitation, with an average 

annual precipitation of 1230 mm.377 Accordingly, as highlighted by Pang et al., 

higher precipitation would increase the degradation rate of fluroxypyr, which 

could indicate the half-life of fluroxypyr to be short in Irish agricultural soil.372 

Additionally, multiple studies were able to establish that higher soil organic matter 

will increase the abundance and diversity of soil microorganism community,378–

380 which would catalyse further the degradation of fluroxypyr in the Irish 

agricultural soil. On the whole, fluroxypyr can be predicted to undergo rapid 

degradation in the Irish agricultural soil, due to higher soil microbial activity with 

high precipitation volume and organic matter content, with a slight possibility of 

leaching can accumulation.  

 

Glyphosate is a post-emergence, broad-spectrum and systemic herbicide which, 

upon degradation in the soil, forms the primary metabolite 

aminomethylphosphonic acid (AMPA) and minor metabolite, glyoxylate, where 

both of these metabolites can further degrade to release carbon dioxide (Table 

1.6).381,382 Glyphosate is a glycine derivative that requires foliar spray as the 

mode of application, where the active substance gathers at the growing points of 

a plant. Due to glyphosate's mode of action, upon application, the plant will not 

be able to biosynthesise the essential aromatic amino acids, namely 

phenylalanine, tyrosine, and tryptophan which is to inhibit the amino acid 5-

enolpyruvoyl-shikimate-3-phosphate synthase effectively.77 Without those amino 

acids, the plants will not be able to build proteins, leading to death by starvation. 
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Glyphosate’s behaviour in the soil is highly dependent on its form, where an acid 

form of glyphosate is very active in the soil layers, with the pKa constants of 2.27, 

5.57, and 10.86.383  With this range of pKa, it is postulated that glyphosate will 

have low mobility, nevertheless, because glyphosate ions always exist as 

complexes in the form of zwitterions, they will adsorb strongly to soil constituents 

and practically immobile in soil pH solution ranging between 7 and 8.5 (Table 

1.4).226,384  

It is also noted that increasing soil pH (7-8.5) would increase the negative charge 

of both the soil minerals and glyphosate, which decreases glyphosate 

adsorption.226,385 Glyphosate’s strong immobilisation in the soil is also supported 

by the fact that it has KOC values, which range from 1424 (Table 1.8).383 

Interestingly, the persistence of glyphosate in the soil is quite variable, where 

half-life is reported by Benniccelli et al. to be between 1 and 174 days.382 

Meanwhile, other literature noted glyphosate has a shorter half-life, between 1.5 

and 53.5 days.386 The variation between these reports could result from a 

difference in soil composition, as Grunewald et al. noted that even though 

glyphosate has a relatively short half-life (2 to 91 days) when mixed with soil 

particles, glyphosate tends to persist longer, with up to 215 days.387 As 

glyphosate’s adsorption and persistence in the soil is quite variable and affected 

by soil properties, such as soil organic matter and soil minerals,388 or climate 

conditions,386 it is challenging to determine glyphosate’s half-life in the soil 

environment. Compared to other transformation pathways, biodegradation is the 

key dissipation pathway for glyphosate in the soil.389,390 Biodegradation for 

glyphosate can happen through two main pathways. Both pathways are 

bacterially driven and involve C-P lyase to break the C-P bond.391 It is postulated 
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that the biodegradation pathways are specific to species, where different species 

of soil microorganisms would biodegrade glyphosate using either of the two 

pathways.391 The first pathway, the carbon-phosphorus (C-P) lyase enzyme, 

releases sarcosine (SRC) and phosphate, which bacteria use to meet metabolic 

requirements. Meanwhile, the second pathway requires oxidase to break down 

the carbon-nitrogen bond in GLP, which produces AMPA. The bacterial genus 

Pseudomonas has been shown to degrade glyphosate to SRC and AMPA, 

depending on P requirements. This bacterial genus cleaves the C-P bond with 

the sole purpose of obtaining phosphorus for its metabolic functions.392 

Consequently, a suitable soil environment also affects biodegradation. For 

instance, unsuitable pH, temperature, humidity or salinity in the soil would lower 

the degradation rate of glyphosate, as it will slow down the soil microbial 

activity.226,386 Even though glyphosate is primarily degraded through 

biodegradation, it is recently reported that glyphosate also can be dissipated 

through an abiotic pathway where glyphosate is observed to degrade into its 

primary metabolite through exposure to metallic ions.393 

Referring to the KOC value of glyphosate (1424), glyphosate is prone to strongly 

bind to soil organic matter.332 As previously established, glyphosate poses a high 

accumulation and persistence threat with Irish agricultural soil's high organic 

matter content. The accumulation risk is further supported considering the pH of 

Irish agricultural soil,375 with a more acidic to neutral soil environment, which 

would further increase the immobilisation potential of glyphosate in the soil 

layers. Additionally, with high polarity (log KOW = -6.28) and high-water 

solubility,394 glyphosate also poses a high leachability risk,226 however, with the 

GUS index of 0.21, glyphosate is more prone to persist in the soil than leach 
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through the soil layers. However, Irish agricultural soil's high organic matter 

content can house a higher abundance of soil microorganisms, leading to rapid 

biodegradation of the adsorbed glyphosate. Consequently, in terms of toxicity, 

partial biodegradation of glyphosate, not resulting in mineralisation, increases the 

risk of higher concentrations of AMPA. AMPA, which will be discussed further 

below (section 1.5.3), has been demonstrated by multiple studies that, compared 

to glyphosate, it persists longer in the soil and has higher toxicity.331,332,395 

 

Although glyphosate’s primary metabolite, AMPA, exhibits similar behaviour in 

adsorption and degradation in soil, it is noted that AMPA persists longer in the 

soil as it has a longer DT50 than its parent compound.386,396,397 In optimal 

laboratory conditions, glyphosate is observed to have a mean DT50 of 49 days; 

meanwhile, AMPA is more persistent, with a mean of 120 days.398  In contrast, 

Annett, Habibi, & Hontel reported that AMPA’s half-life might be higher than 

earlier findings, ranging from 76 to 240 days in soil.399 The variation in AMPA’s 

half-life is generally dictated by similar factors that affect glyphosate, except for 

the biodegradation factor. This variation is because AMPA possesses higher 

biological stability compared to glyphosate.387,400 As explored in Section 1.5.2, 

microorganisms actively biodegrade glyphosate to utilise the resulting 

phosphorus as their energy source. However, compared to glyphosate, AMPA 

biodegradation generally occurs at a lower rate, likely because AMPA has to be 

acetylated before a microorganism can utilise phosphorus.91 This postulation is 

supported by la Cecilia and Maggi, where the authors determined that even in 

optimal conditions for bacterial activity, AMPA was still observed to biodegrade 

at a slower rate.400 Moreover, the persistence of AMPA is expected to be higher 
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than glyphosate because it is being formed as the degradation product of AMPA; 

thus, AMPA has to be more than or similarly persistent to glyphosate.386 

Interestingly, Simonsen et al. reported that there were still residues of AMPA 

detected in their blank soil over two years of incubation. The authors also 

observed that the aged residues degraded slower than the newly added 

compounds' degradation rate.396 In the Irish context, the higher organic matter 

content of Irish agricultural soil would increase the adsorption rate and 

accumulation of AMPA, resulting in longer half-lives and persistence of AMPA. 

Additionally, because Irish agricultural soil pH range between 3.5-7.2 

(mean=5.5),375 could also increase the accumulation of AMPA.401 Hence, with 

variation in half-lives of AMPA and continuous application of glyphosate in the 

Irish agricultural industry, it could lead to higher accumulation in the soil, leading 

to adverse impact on the environment.402 
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Table 1.8  Chemical properties of widely applied pesticides (>150,000 hectares) 

in the Irish agricultural industry.330,394,403–405 

*Banned for outdoor use but still used in permanent greenhouses.337 Notations. 

Vp = vapour pressure; pKa = dissociation constant; NI = non-ionisable; log Kow = 

partition coefficient; Koc = soil adsorption coefficient; DT50 = half-life; WS = water 

solubility; GUS = Groundwater Ubiquity Score. 

 

Prothioconazole, one of the less well-studied pesticides, is a systemic 

triazolinthione fungicide used to deter a broad spectrum of fungal diseases (Table 

1.6). The most effective method of prothioconazole application is through seed 

treatment or foliar spray. Prothioconazole is quite effective in deterring 

Ascomycetes, Basidiomycetes, and Deuteromycetes, which can be economically 

crippling in cereal farming. CYP51 is a cytochrome enzyme crucial for mediating 

ergosterol synthesis.406 Upon application, prothioconazole inhibits CYP51, 

obstructing ergosterol synthesis in the pest fungi. Without ergosterol production, 

the fungi experience morphological and functional changes in the cell membrane 

due to demethylation at C14 of lanosterol or 24 methylene dihydrolanosterol, 

Pesticides Vp 

(mPa) 

pKa log 

KOW 

KOC DT50 

(days) 

WS 

(mg/L) 

GUS 

index 

Fluroxypyr 4.00E-

06 

2.94 2.2 136 21 91 2.42 

Glyphosate 1.31E-

02 

2.34 -6.28 1424 16.11 100000 0.21 

Prothioconazol

e 

4.00E-

04 

6.9 3.82 1765 1336 300 -0.18 

Epoxiconazole 3.50E-

04 

NI 3.3 280-

2647 

353.5 7.1 2.09 

Lambda-

cyhalothrin 

2.00E-

04 

NI 5.3-7.0 283707 175 5.00E-

03 

-2.09 

Clothianidin* 0.00E+0

0 

11.9 0.905 60 1155 327 3.74 
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which leads to the death of the fungi.407,408 Prothioconazole is a weak acid active 

substance with a dissociation constant of 6.9.405 With that value, 

prothioconazole’s mobility, solubility and volatility are highly dependent on the pH 

of the soil solution, where the compound will exist as an anion, and anions do not 

adsorb strongly to soil organic matter or soil mineral constituents (Table 1.4).  

However, with a KOC value of 1765 (Table 1.8), prothioconazole has low mobility 

in the soil (Table 1.3). 

Furthermore, with a Vp value of 4 x 10-04, prothioconazole on the soil surface will 

not be transported through volatilization (Table 1.8). Upon degradation, 

prothioconazole-desthio is the main metabolite for this pesticide. In plants, when 

prothioconazole metabolises, it extensively forms several compounds. However, 

the most prominent is prothioconazole-desthio.409 Prothioconazole was found 

quite difficult to hydrolyse in a buffer solution, and it takes 120 days for complete 

degradation.352 However, it is observed that prothioconazole undergoes rapid 

degradation with half-lives below 5.82 days in an optimum aerobic environment 

with a pH range of 5.9 – 7.9 identified to be the optimal pH for the degradation of 

prothioconazole.409 Bayer, a manufacturer of prothioconazole-based herbicides, 

had stated in their hazards statement that prothioconazole usage in areas where 

soils are permeable would result in the chemical’s main metabolite, 

prothioconazole-desthio, leaching into groundwater.410 Microbiological 

degradation is determined to be the primary degradation mechanism of 

prothioconazole in the soil environment.411 As microbiological degradation is the 

main transformation pathway, soil organic matter can be inferred to affect the 

degradation rate of prothioconazole. Zhang et al. noted that soil samples with the 

lowest organic carbon content record the lowest prothioconazole degradation 
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rate.411 This result further supports the notion that soil microbial communities 

dominate the degradation rate of prothioconazole. This correlation is because a 

higher concentration of soil organic matter will increase the labile carbon for the 

microorganisms to use as an energy source. This increase of labile carbon then, 

in turn, increases the microorganism community in the soil, which can actively 

degrade prothioconazole.409  

As Irish agricultural soil has high organic matter content with organic carbon 

within the range of 15.5-492.7 g/kg (mean=67.3),375 prothioconazole was 

observed to have the same accumulation risk as fluroxypyr, glyphosate and 

AMPA. Increased accumulation risk and lower leaching risk are further supported 

by high log KOW (3.82), high KOC value (1765), and low GUS index (-0.18). 

However, referring to the pH value of Irish agricultural soil ranges between 3.5 to 

7.2 (mean=5.5),375 it approaches the optimal pH (5.9-7.9) for the degradation of 

prothioconazole.409 Furthermore, as postulated earlier, with higher microbial 

abundance and diversity, the potential for rapid biodegradation of 

prothioconazole in Irish agricultural soil is very high. Consequently, similar to 

glyphosate and AMPA, prothioconazole’s main degradation product, 

prothioconazole-desthio, had been previously established to be of higher potency 

than the parent compound.412,413 Therefore, even though prothioconazole could 

rapidly degrade in Irish agricultural soil, the resulting prothioconazole-desthio is 

more persistent (half-life = 16.3-72.3 days), warranting continuous monitoring of 

both the parent and degradation product in the environment.414,415 
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Clothianidin is the only recorded neonicotinoid that was one of the broadly used 

insecticides in the Irish agricultural industry between 2014-2017.330 However, in 

this section, clothianidin will be discussed together with other neonicotinoids due 

to their worldwide use.416 Neonicotinoids are a family of pesticides, with their 

derivatives including acetamiprid, clothianidin, dinotefuran, imidacloprid, 

nitenpyram, thiacloprid, and thiamethoxam.142 Neonicotinoid takes effect when a 

pest comes in contact with any neonicotinoid. The insecticide will act selectively 

on the insect's nicotinic acetylcholine receptor, which stimulates the postsynaptic 

receptors. Upon stimulation, the receptors will increase Na+ ingress and K+ 

egress, paralyzing nerve conduction and finally leading to the death of the 

insect.69,417 With the estimated half-lives of neonicotinoids ranging between 3 to 

6931 days in the soil, the persistence of neonicotinoids is a considerable 

concern.26 In the soil layers, the behaviour of neonicotinoids is dominated by 

various soil properties, namely organic matter, clay minerals, temperature, pH 

and cation exchange capacity are essential to determine the behaviour of 

neonicotinoids in the soil.418,419   

Looking further at the pKa values of the neonicotinoids, it ranges from no 

dissociation to dissociation constant as high as 12.6 (No dissociation: 

imidacloprid, thiamethoxam, and thiacloprid; Dissociation: acetamiprid: 0.7, 

clothianidin: 11.1, dinotefuran: 12.6, and nitenpyram: 3.1).420 Based on these 

values, it can be predicted that all neonicotinoids will have high solubility and 

mobility in anionic form, except in alkaline conditions (Table 1.4). Nevertheless, 

KOC values of neonicotinoids vary from one pesticide to the other, ranging from 

low to high values, 60 (clothianidin), 68 (thiamethoxam), 267 (acetamiprid), 800 
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(imidacloprid), and 1584 (thiacloprid), indicating the range of mobility in the soil 

(Table 1.3).394 Even though neonicotinoids are indicated to have a range of 

mobility, they are not vulnerable to volatilization.26,420 At the same time, 

neonicotinoids have high water solubility,26 which can cause the pesticide to 

leach through the soil quite easily to surface or groundwater systems. However, 

the optimum hydrolysis of neonicotinoids in the soil is highly dependent on the 

soil pH. Todey et al. noted that the pH range between 5 to 8.5 is optimal for the 

hydrolysis of neonicotinoids.421 However, as soil pH is prone to severe fluctuation 

in the environment, hydrolysis might not be the primary degradation pathway for 

neonicotinoid compounds. In terms of other degradation pathways, 

biodegradation is the most common form of dissipation of neonicotinoids in the 

environment, assisted by various soil and environmental physicochemical 

properties, namely, temperature, pH, and initial concentration of 

application.418,422–424 In neutral pH (7-8), moisture and temperature conditions, 

soil microbial activities are boosted. Hence, rapid degradation of bioavailable 

neonicotinoids is possible; however, such suitable environmental conditions are 

rarely constant in real field conditions.246,425–428 Hence, even though rapid 

degradation is theoretically possible, it is not the reality in most environmental 

situations.  

Apart from degradation, neonicotinoids are mainly retained in the soil layers 

through adsorption, causing neonicotinoids to be less bioavailable for degrading. 

For instance, the sorption of imidacloprid and its metabolites are affected mainly 

by organic matter and clay minerals.206,423 As highlighted above, adsorbed 

neonicotinoids could result in the pesticide compound being protected from 

biodegradation, potentially increasing their persistence in the agricultural soil. 
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This postulation is supported by the findings of Jones et al., where the author 

reported the detection of neonicotinoid compounds in the soil three years after 

application.429 This finding is also strengthened by Bonmartin et al., where the 

persistence of neonicotinoids was observed to be highest under cold, dry 

conditions and low organic matter, with a half-life in the soil exceeding 1000 

days.420 Interestingly, neonicotinoids, especially clothianidin, imidacloprid and 

thiacloprid, were detected in organic farming land in Switzerland with no 

neonicotinoids application history of up to 10 years.430   

Based on the available Irish agricultural soil properties, it can be inferred that 

neonicotinoids have a high risk of leaching and accumulation. All three banned 

neonicotinoids, clothianidin, imidacloprid and thiamethoxam, were observed to 

have low log KOW values, 0.9, 0.6 and -0.13, respectively. 394 Furthermore, these 

pesticides were also determined to have high GUS index, 3.74, 3.69, and 3.74, 

respectively, confirming high leaching risk in Irish agricultural soil, further 

strengthening the need to ban them for outdoor use. On the other hand, 

thiacloprid is determined to be an accumulation risk in high organic matter 

content of Irish agricultural soil, with high log KOW and KOC values, 1.26 and 1584, 

respectively, with relatively low water solubility (185 mg/L) and low GUS index 

(1.1).  

As highlighted, the agricultural land of Ireland is determined to have high organic 

matter content, with organic carbon ranging between 15.5 and 492.7 g/kg 

(mean=67.3).375 As most of the widely used pesticides have high KOC values 

(Table 1.8), it can be inferred that pesticide accumulation in the soil layers is a 

significant risk facing Irish agricultural industry. Of all the current widely used 

pesticides, lambda-cyhalothrin was determined to pose the highest risk of 



 

79 
 

accumulation. Even though lambda-cyhalothrin is moderately persistent with a 

half-life of 175 days, it poses a high persistence risk with an extremely high KOC 

value of 283707, high log KOW, very low water solubility and low GUS index.394 

This postulation is further supported by Ali and Baugh, where they noted that 

lambda-cyhalothrin is not significantly affected by soil pH, but the percentage of 

organic matter content dominates adsorption capacity.431 Similar to lambda-

cyhalothrin, epoxiconazole is also observed to have the chemical characteristics 

of a high-persisting pesticide. In their monitoring study of European agricultural 

soil, Silva et al. noted that epoxiconazole is one of the most frequently detected 

at the highest concentrations in the soil samples.152 The frequent detection of 

epoxiconazole is a testament to their long persistence in the soil, strengthened 

by the high log KOW and KOC values and their low water solubility (Table 1.8). 

Together with epoxiconazole, glyphosate and AMPA were also frequently 

detected at the highest concentrations in European-wide agricultural soil samples 

by Silva et al., which could lead to the assumption that Irish agricultural soil 

currently faces a similar level of contamination risks.432
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As much as agricultural food production is essential for the continued survival of 

all living organisms, it cannot happen at scale without soil. The soil layers not 

only serve as primary natural resources in the agricultural industry but are also 

essential in recycling and detoxifying organic materials, nutrients and global 

gases. With the continuous usage of pesticides and soil being the endpoint of 

most pesticides, accumulating pesticide residues in soil is an ever-increasing 

risk. Therefore, pesticide concentrations in Irish agricultural field soils must be 

assessed. Evaluating concentrations of existing and commonly used pesticide 

residues in soil would not only give an overview of the soil health but also assess 

the extent of soil contamination. Contamination in soil can have a knock-on effect 

that potentially damages soil's precious biomass and nutrient cycle, leading to 

contamination of other natural resources, namely water and air. Additionally, 

there are possibilities of pesticide residues taken up by crops grown on soil with 

a high concentration of pesticide residue, ending up in the food chain.  

Silva et al. noted that in Europe, agricultural soils with multiple mixtures of 

pesticide residues are common, that out of the sampled 317 agricultural sites, 

183 sites were determined to contain two or more pesticide residues. This 

observation revealed the extent of pesticide contamination in European 

agricultural soils, raising many concerns. Nevertheless, as the Republic of Ireland 

was not included in the study by Silva et al., it is impossible to extrapolate the 

status of pesticide contamination in Irish agricultural soil based on other 

countries' pesticide detection records. This underscores the need for assessment 

of national and local conditions, focusing on widely used pesticides in the Irish 

context, comparison of different soil types and classes of Irish agricultural soils 



 

81 
 

and considering Irish land use and crop types. Establishing the extent of soil 

contamination specific to Irish agricultural soil can provide valuable insight, 

supporting future decisions with regard to future legislative developments and 

accurate risk assessments of pesticide residues in Irish agricultural soil, 

ultimately enabling sustainable pesticide use while protecting the soil resources.   

 

Establishing an effective soil policy directive for sustainable pesticide use in the 

agricultural industry requires a baseline knowledge of the current levels of 

contamination, an understanding of the soil’s physicochemical and biological 

properties, and what is required to maintain healthy, high-quality agricultural soil. 

To our knowledge, monitoring or assessing the contamination level of widely 

used pesticides has not been carried out for Irish soils. Currently, our 

understanding of pesticide occurrence in the Republic of Ireland is based on 

studies conducted as meta-analyses of the literature,330,433 on food and 

products,434–436 on groundwater,437 and even wastewater, 438 but not on Irish 

agricultural soil. Therefore, it is anticipated that the findings of this thesis will 

provide novel insight into the current level of pesticide contamination in Irish 

agricultural soil, providing a baseline reference for future monitoring efforts in the 

Republic of Ireland. Therefore the main objectives of this thesis are to (a) 

compare, validate and establish an accurate and reproducible extraction method 

of a single mixed analysis of neonicotinoids, triazoles, and synthetic auxin 

pesticides, (b) provide a baseline overview of pesticide contamination in Irish 

agricultural soil and establish a baseline reference for future monitoring, and (c) 

baseline understanding of the impact of pesticide application on the microbial 

functional properties of Irish agricultural soil.  
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Chapter 2 presents the development of a suitable extraction for the pesticides of 

interest in Irish agricultural systems. It also includes a systematic comparison of 

Quick, Easy, Cheap, Effective, Rugged, and Safe (QuEChERS) and Dutch mini-

Luke (DLM) on the effectiveness of quantification of the target seven pesticides 

(acetamiprid, clothianidin, fluroxypyr, imidacloprid, prothioconazole, thiacloprid, 

and thiamethoxam). Whilst QuEChERS are the most widely used pesticide 

extraction techniques globally, their limitations with regard to prothioconazole are 

highlighted here. DLM is demonstrated to overcome these limitations, enabling 

prothioconazole’s accurate quantification in a variety of soil samples. 

Chapter 3 provides a comprehensive insight into the presence and concentration 

of widely used pesticides in Irish agricultural soil. These widely used pesticides, 

five pesticides and five neonicotinoids, were elucidated from the soil samples 

collected from 25 agricultural sites representing different soil types and classes, 

and the soil samples were collected within 24 hours and a week after pesticide 

application. Based on the pesticide application record, prothioconazole was 

highlighted as the most widely applied pesticide, where it was applied in 18 of the 

25 studied fields. However, while ten sites had detections above the Limit of 

Quantification (LOQ), within a week, only four fields had detections above LOQ. 

In contrast, fluroxypyr was not detected above LOQ in either sampling timepoint. 

Additionally, neonicotinoids were detected in 96% of the sampled sites, even 

though it was banned in 2018. Furthermore, whilst theoretical risk assessment 

indicated that prothioconazole posed an accumulation risk, its concentration 

decreased by 72% within a week.   

Chapter 4 highlights the impact of pesticide application on the fluctuation of soil 

microbial functional properties. Soil organic matter (SOM) was determined to be 
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the only soil property that correlated significantly positive with the soil microbial 

functional properties; hence this study focused on the impact of pesticide 

application on soil microorganisms in different classes of SOM. The importance 

of agricultural practices that preserves SOM was highlighted here, where soil 

microbial biomass and functional diversity were noted to be the highest in the soil 

samples with high SOM. Additionally, a week after the pesticide application, 

microbial biomass, respiration activities and functional diversity of the soil class 

with higher SOM were observed to decline, while the stress indicator (qCO2) 

increased significantly.  

Chapter 5 concludes the thesis based on the works presented in the thesis. 

Additionally, as the studies in this thesis aim to provide a baseline knowledge on 

the current level of pesticide contamination and the effect of pesticide application 

on microbial functional properties in Irish agricultural soil, future research 

possibilities were suggested to explore for further development of this thesis’s 

findings. 
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2.0 Simultaneous determination of 

pesticides from soils: A comparison 

between QuEChERS extraction and 

Dutch Mini-Luke extraction methods 

 

 

 

 

 

 



 

108 
 

The expanding nature of the agricultural sector has fuelled the intensification of 

plant protection products usage, including pesticides. These pesticides may 

persist in soils, necessitating their accurate determination in a variety of soil 

types. However, due to their complex nature, the effective extraction of pesticide 

residues from soil matrices can present challenges to pesticide detection and 

quantification. This research compared two well-known extraction methods, 

QuEChERS and Dutch mini-Luke, by assessing their specificity, sensitivity, 

accuracy, precision and reproducibility in extracting seven distinct pesticides with 

a range of chemico-physical characteristics from Irish soils. The HPLC-UV 

conditions were optimised to separate the seven pesticides, and it was shown 

that both extraction methods successfully extracted neonicotinoids with recovery 

values ranging between 85 to 115%. Fluroxypyr and prothioconazole could not 

be efficiently extracted using QuEChERS, however, the recovery values of both 

the analytes ranged between 59 to 117% using Dutch mini-Luke. Furthermore, 

with the exception of prothioconazole using Dutch mini-Luke, both extraction 

methods resulted in reproducibility and precision values below or equal to 20%. 

Lastly, Dutch mini-Luke is noted to have a lower matrix effect than QuEChERS, 

except for prothioconazole. The comparison results showed that Dutch mini-Luke 

resulted in superior method sensitivity, better recovery, and lower matrix effect 

towards most investigated analytes and was the only extraction technique that 

successfully extracted all pesticides analysed in soil matrices. 
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Pesticide usage in the agriculture sector is prevalent as plant protection products 

are considered integral to increasing agricultural productivity food production.1,2 

It is estimated that in 2019, the global usage of pesticides is approximately 2 

million tonnes annually, with an approximate increase of 75% the following year.3 

In Europe alone, pesticide sales volume was 333 418 tonnes in 2019.4 It is 

projected that in 2050, the world population will increase to between 9.4 and 10.1 

billion people, and arable land use and pesticide application will likely increase 

accordingly. With extensive and increasing agrochemical use and increased 

prevalence of crop pests and diseases in combination with inappropriate 

pesticide use, there exists considerable potential for environmental pollution. The 

unintended fate of those polluting pesticide compounds occurs through 

numerous simultaneous transfers, including spray drift,5,6 surface runoff,7–9 

volatilisation,10,11 degradation and leaching.12–14  Even if the pesticide transfer in 

the environment does not occur during the application of the chemicals, some 

studies show that pesticides can give rise to contamination through non-direct 

processes, such as the generation of airborne clouds of dust during the sowing 

of pesticide coated seeds,15–17 or during litter breakdown, where pesticide 

residues, systemically persistent in the plant material are released into the 

environment.18,19 As most applied chemicals end up settling on the soil, pesticide 

residues can get deposited and persist in the soil layers.20,21 The persistence of 

pesticide residue depends on how strongly they adsorb to the available soil 

sorbents, and there are typically three available soil sorbents; soil organic matter, 

metal-(oxyhydrl)oxide, and clay.22–24 Clay and organic matter make up the major 

constituents of soil,22,25,26 and are associated with numerous functional groups, 
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such as carbonyl, amino, imidazole, sulfonic, sulfhydryl, carboxyl, inorganic 

hydroxyl, and siloxane ditrigonal cavities, which increases the affinity of pesticide 

residues to chemically adsorb to soil components.13 Once adsorbed, these 

pesticide residues are usually excluded from further degradation or transport 

through the environment.20,21 However, fluctuations of biotic and abiotic factors 

in the soil environment could induce desorption of the adsorbed pesticide back 

into the environment again.27–29 Following their desorption, these pesticide 

residues can be transported around the environment through multiple routes.  

In order for thorough assessments of the levels of chemical residues and their 

persistence in the soil to be conducted, reproducible and robust methods and 

protocols for extracting and identifying pesticides are required. However, 

pesticide residue extraction from the soil remains challenging, and the 

quantification of persisting pesticide residues is difficult due to the complex 

interactions between the soil sorbents and the sorptive pesticide compounds.10,30 

A number of extraction methods have proven effective in extracting pesticides 

from soils, namely single-drop and liquid microextraction,31 supercritical and 

pressurised liquid extraction (PLE),32 microwave-assisted extraction (MAE),33 

solid-phase microextraction (SPME),34 sorptive-phase extraction,35 hollow-fibre 

membrane solvent microextraction,36 ultrasonic solvent extraction (USE),37 and 

Soxhlet extraction.38 However, these methods have associated disadvantages, 

including considerable time requirements in their set up, excessive solvent 

consumption or limited success for specific compounds.39 The QuEChERS 

(Quick, Easy, Cheap, Effective, Rugged, and Safe) method, which significantly 

simplified pesticide extraction, was welcomed by modern analytical labs to 

overcome these issues. Anastassiades et al. first developed the QuEChERS 
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extraction method in 2003 to analyse pesticide residues in food products,40 but 

since then, it has been adapted to extract pesticides from many other matrices.41–

46 The QuEChERS method is not the only economised version of the previously 

described extraction methods, but it also has more environmentally friendly 

procedures that align with current green chemistry and analytical ethics. In 

addition, this method allows for large sample throughput and consistent 

reproducibility with high recoveries of the broad spectrum of compounds.39 

QuEChERS extraction only requires three steps to obtain pesticide residue 

extracts; partitioning, salting-out, and clean-up.40,47,48  

One of the main challenges associated with the analytical analysis of 

environmental samples, particularly soils, is the interference encountered in the 

form of matrix effects. Based on the European Guidelines document (SANTE),49 

the matrix effect can be unfamiliar to the analytical system adopted, inconsistent 

in presence and intensity, and may not be obvious. As it affects method selectivity 

and sensitivity, in the form of enhancement of suppression effect on the detection 

system response, eliminating matrix effects during pesticide residue analysis is 

critical. A complex matrix like soil requires robust clean-up steps to remove any 

co-eluting compounds, which are often quite numerous in the soil matrix, whilst 

still ensuring a reproducible and effective extraction of analytes of interest. The 

clean-up steps in QuEChERS extraction involve dispersive solid-phase 

extractions (d-SPE), involving three of the most widely used solid sorbents; 

primary and secondary amine (PSA), C18, and graphitised carbon black (GCB).40 

Usage of these solid sorbents aids the removal of contaminants and prevents 

unwanted co-extractants from the matrix, where the addition of PSA enhances 

the removal of polar compounds, such as sugars, organic acids, and fatty acids; 
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C18 removes lipids, sterols, and other non-polar compounds; and GCB removes 

pigments.40,50 Even though these clean-up components are crucial, QuEChERS 

does not have one fixed procedure for eliminating matrix effects from different 

matrices. Usage of d-SPE cleaning components in any QuEChERS extraction 

requires additional optimisation study. An inclusion of d-SPE during clean-up 

steps requires consideration of their suitability to the analytes of interest,39,51,52 

the particular matrix,40,53 quantity of d-SPE required,54,55 the combinations of d-

SPE to be used,39,56 and standing time for the mixture of d-SPE components in 

sample extracts.57 Only then can the most appropriate clean-up procedure that 

maximises the efficiency of pesticide residue recovery be selected.  

Compared to d-SPE based clean-up of QuEChERS, dissolution using 

liquid/liquid extraction methods employed through Dutch mini-Luke58,59 is one of 

the oldest and most effective means of reducing matrix effects. Despite 

liquid/liquid partitioning disadvantages, namely the higher volumes of solvents 

and waste, the Dutch mini-Luke extraction provides relatively cleaner extracts 

even without additional clean-up step.58,60. Additionally, as Dutch mini-Luke uses 

a combination of acetone/petroleum ether/dichloromethane (v/v 1/1/1), it 

presents a lower co-extractive concentration than acetonitrile and ethyl acetate. 

Lower concentrations of co-extractives result in fewer contaminants being 

introduced to the instrument systems.61 Given that there is no requirement for 

clean-up step optimisation, Dutch mini-Luke represents a robust extraction 

method that can be successfully employed on multiple matrices effectively 

without the additional modification.  

We present here a systematic comparison of the QuEChERS and Dutch Mini-

Luke extraction methods for the quantification of multiple classes of pesticides 



 

113 
 

from blank soils through fortified recovery experiments using High-Performance 

Liquid Chromatography (HPLC) coupled with ultraviolet detection. The extraction 

methods were fully validated and evaluated based on extraction efficiency, limits 

of detection and quantification, and pesticide recoveries. The target analytes 

which included five insecticides, one herbicide, and one fungicide, were selected 

based on their abundance in pesticide usage records for Ireland. To our 

knowledge, a comparison between QuEChERS and the Dutch mini-Luke 

pesticide extraction method for soil matrix has not been reported. The 

comparison provided the most effective way for a single mixed extraction and 

analysis of widely used pesticides in soil. 

 

 

HPLC grade acetonitrile (MeCN), HPLC grade methanol (MeOH), HPLC grade 

dichloromethane (DCM), HPLC grade acetone, HPLC grade ethyl acetate, 

reagent grade MeOH, formic acid 98%, acetic acid (HAc) 100%, ammonium 

formate, anhydrous sodium sulphate, citrate salt extraction tube (sodium 

chloride: 1 g, sodium citrate dibasic sesquihydrate: 0.5 g, sodium citrate tribasic 

dihydrate: 1 g), primary-secondary amine (PSA), anhydrous magnesium 

sulphate (MgSO4), and the certified reference standards, all of >97% purity, of 

acetamiprid, clothianidin, imidacloprid, thiacloprid, thiamethoxam, fluroxypyr, 

prothioconazole and the internal standard of triphenyl phosphate were purchased 

from Sigma-Aldrich (Ireland). A 25 kg pack of sand of 50-70 mesh particle size 

were obtained from Lennox (Ireland). HPLC grade petroleum ether was obtained 

from Fisher Scientific (Ireland). Millipore Millex syringe filters with hydrophilic 

PTFE membrane (pore size 0.22 µm and 20 mm diameter) and 1.5 mL 
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autosampler vials were purchased from Sigma-Aldrich. The ultrapure water, 

deionised to a resistance of < 18 MOhm, used throughout the study was 

generated using ELGA Purelab Ultra SC MK2 (ELGA, UK). 

 

Individual stock standard solutions (1000 ng µL-1) of acetamiprid, clothianidin, 

imidacloprid, thiacloprid, thiamethoxam, fluroxypyr, prothioconazole and the 

internal standard of triphenyl phosphate (TPP) were prepared monthly in HPLC 

grade acetonitrile and stored glass vials in -20oC. The working standard solutions 

(10 ng µL-1) were prepared by diluting in 25% HPLC grade MeOH in ultrapure 

water. 

 

Blank soil samples were collected from the Dublin City University (DCU) 

community garden, a small-scaled pesticide use free biologically intensive 

vegetable farm. The same extraction methods were performed on the blank soil 

samples to ensure there was no potential interference. 

 

The surface soil samples were collected at 15 cm to 20 cm depths. The collected 

blank soil samples were air-dried for 24 h at room temperature, ground and 

sieved through a 1 mm mesh to remove any plant roots, rocks, etc. Prepared soil 

samples were then stored in zip-lock bags at -4oC until analysis.
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Five grams of each soil sample were weighed into 50 mL PTFE centrifuge tubes 

and spiked at the required fortification level of pesticide standard solution. Then 

the centrifuge tube was hand-shaken for homogeneous mixing of the pesticide 

standard and the soil and left standing for 45 min in a fume hood. After 45 min, 5 

mL of deionised water was added to the mixture to hydrate the soil, followed by 

10 mL acetonitrile with 1% acetic acid. The mixture then was shaken vigorously 

for 1 min and sonicated for the next 10 min. Following sonication, the citrate salt 

mixture (sodium chloride: 1g, sodium citrate dibasic sesquihydrate: 0.5g, sodium 

citrate tribasic dihydrate: 1g) was added into the centrifuge tube. The centrifuge 

tube was then vortexed for 1 min before being centrifuged at 4000 rpm for 10 

min. Nine mL of supernatant was transferred to a 15 mL PTFE centrifuge tube 

containing 300 mg PSA and 900 mg MgSO4. The extract was vortexed for 1 min, 

followed by 10 min centrifugation at 4000 rpm. 5.0 mL of supernatant was then 

transferred into a silanised glass vial and then concentrated to dryness under a 

gentle stream of nitrogen. The concentrated extract was then reconstituted in 500 

µL of mobile phase solution. Finally, the extract was filtered through a 0.22 µm 

hydrophilic PTFE syringe filter into an autosampler vial for HPLC-UV analysis.
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15 g of blank soil samples were weighed into 250 mL PTFE centrifuge tubes and 

spiked at the required fortification level of pesticide standard solution. 

Subsequently, 15 mL of deionised water was added and shaken vigorously for 1 

min, followed by adding of 30 mL of 1% acetic acid in acetone, and the mixture 

was then homogenised using IKA Ultra-Turrax T-25 homogeniser for 30 s at 1500 

rpm. 30 mL petroleum ether and 30 mL dichloromethane were added to the 

homogenate, and the sample mixture was homogenised again using the 

homogeniser for 30 s at 1500 rpm to induce phase separation. After 

centrifugation at 4000 rpm for 10 min, 60 mL of the obtained supernatant was 

carefully transferred into a 100 mL conical flask. The extracts were evaporated 

to reduce the volume before being transferred to a 10 mL volumetric flask made 

up to volume with ethyl acetate. Following that, 0.5 mL of the ethyl acetate was 

then diluted into 10 mL volumetric flask topped up with methanol. Finally, 1 mL 

of methanol extract then filtered through 0.22 µm hydrophilic PTFE syringe filter 

into an autosampler vial for HPLC-UV analysis. 

 

The HPLC-UV analysis was carried out using the Shimadzu SPD-20A 

Prominence HPLC system coupled with a UV-Vis detector (Tokyo, Japan), set at 

a wavelength of 254 nm. The chromatographic separation was performed using 

an XBridge UPLC BEH column (4.6x100 mm i.d., 3.5 µL 3.9 X 5 mm). The 

analytes were separated using a gradient of 5 mM ammonium formate with 0.1% 

formic acid in ultrapure water (mobile phase A) and 0.1% formic acid in 

acetonitrile (mobile phase B). The mobile phase gradient was as follows: 10% B 

from 0 to 0.5 min; a gradient increase to 98% B in 28 min; composition maintained 
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at 98% B for 4 min, followed by returning to the starting mobile phase and re-

equilibration time for 4 min. The flow rate used was kept constant at 0.5 mL min-

1. The injection volume was 10 µL. 

 

 

Method specificity was validated by analysing blank soil samples (n = 3) to 

determine whether any interference was occurring for any of the targeted 

analytes. 

 

Pesticide standards were injected individually at seven concentrations 

incrementally. The lowest point of concentration for each analyte was the method 

quantification limit (MQL). The linearity of each of the targeted analytes was 

measured based on their response in the solvent and soil calibration ranges 

(matrix-matched calibration). 

 

Recovery and precision assessment were carried out by fortifying blank samples 

at three concentration levels, MQL, five times MQL and ten times MQL, for three 

replicates. Recoveries between 70-120% with RSD% lower than 20% were 

considered satisfactory.49 Recoveries of the three concentrations were further 

evaluated using multiple unpaired t-tests of an analyte between both extraction 

methods to determine significant differences between the means of an analyte’s 

recoveries. The method precision was validated in terms of reproducibility and 

repeatability, represented by the relative standard deviation (RSD%). 
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MDL and MQL evaluated method sensitivity. The MDL was considered 

acceptable when the signal to noise ratio (S/N) was ≥3. MQL was deemed 

satisfactory when quantified with acceptable accuracy with the lowest fortification 

level when recoveries are between 70-120%, with RSD% lower than 20%. The 

significant difference of a respective analyte’s MDL and MQL in both extraction 

methods was evaluated using multiple unpaired t-tests. 

 

Matrix effect (ME%) was calculated to assess the influence of co-extracted 

compounds from the soil on analytical signals. ME% were calculated based on 

equation 2.1, comparing the slopes in the matrix (Sm) (blank extracts) calibration 

solutions and the pure solvent (Ss) (in acetonitrile) calibration solutions.  

ME (%) = ((Sm/Ss) - 1) x 100%)                  

Equation 2.1 

 

Quality control was carried out by using TPP as an internal standard for each 

batch of sample analysis and fortified before each extraction to reach a 

concentration of 1 ng µL-1 in the final extract.
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A series of procedural blank sand and blank soil samples for the two extraction 

methods were performed to check for potential contamination or co-elutants 

respective to each extraction procedure. The inclusion of blank sand samples in 

each extraction method was to assess if any co-elutants arise from the extraction 

components themselves rather than from the soil matrix. These checks were 

performed to confirm no co-elutants from the blank samples and the extraction 

components eluted at the same retention time as the targeted analytes (Appendix 

A). Overall, the specificity of the method was confirmed, with no other 

contamination observed at the same retention time as the targeted compounds 

from all the blanks using the two extraction methods. 

 

The linearity of the calibration curves was evaluated using seven procedural 

calibration points (ranging between 0.1 to 3 ng  

µL-1), which were performed by spiking the blank samples before extraction. 

Correlation coefficients (r2) were evaluated for both methods (Tables 2.1 and 

2.2). For the QuEChERS extraction, the r2 value for most analytes ranged 

between 0.901 and 0.939 in blank sand samples and between 0.914 and 0.961 

in soil samples (Table 2.1). For both blank samples, the linearity of the fluroxypyr 

and prothioconazole could not be determined due to a failure to detect both 

analytes through the procedural calibration line. For the Dutch mini-Luke 

extraction, all targeted analytes were successfully resolved using a procedural 

calibration line, with r2 values ranging between 0.938 and 0.991 and 0.934 and 

0.992 for the sand and soil samples respectively (Table 2.2). Although the r2 
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ranges obtained for both QuEChERS and Dutch mini-Luke were acceptable and 

allowed for the accurate determination of the MDL and MQL in both substrates, 

the failure to identify fluroxypyr and prothioconazole from the QuEChERS 

extracted samples highlights a limitation with this method in comparison to Dutch 

mini-Luke.  

The sensitivity of each extraction method was assessed in terms of MDL and 

MQL, which were estimated based on the standard deviation of the response and 

slope of the constructed procedural calibration line. The QuEChERS extraction 

only successfully assessed the MDL and MQL for neonicotinoids in blank sand 

and soil samples. In the blank sand samples, QuEChERS extraction resulted in 

MDL values QuEChERS extracted blank sand samples ranged between 0.31 to 

0.36 ng µL-1, while the MQL ranged from 0.95 to 1.08 ng µL-1. In the blank soil 

samples, QuEChERS resulted in MDL values ranging between 0.56 and 0.85 ng 

µL-1 and MQL values ranging between 1.7 and 2.58 ng µL-1. On the other hand, 

Dutch mini-Luke extractions provided complete information on MDL and MQL for 

all the targeted analytes. In the blank sand samples, the MDL ranged between 

0.18 to 0.48 ng µL-1 and the MQL ranged between 0.53 to 1.46 ng µL-1, whereas 

in blank soil samples, the MDL of analytes ranged between 0.20 to 0.42 ng µL-1 

and the MQL ranged between 0.60 to 1.27 ng µL-1.  

When the MDL and MQL values were compared, it was determined that Dutch 

mini-Luke allows the detection and quantification at lower pesticide concentration 

values than the QuEChERS method (Figure 2.1 and 2.2). Even though Dutch 

mini-Luke’s MDL values for most analytes are observed to be lower, only the 

analytes acetamiprid and thiamethoxam records significant difference (p-

value<0.01). On the other hand, the MQL value for all the neonicotinoids were 
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observed to be significantly different, with either p-value less than 0.01 or 0.001. 

As the MDL and MQL are estimated through the procedural calibration line, the 

value obtained could broadly vary from one method to another as it known to be 

affected by interference from the matrix.62–64 In the specificity study, analysis of 

sand blank extract using QuEChERS extraction still shows the presence of co-

elutants, while Dutch mini-Luke displays a baseline that indicates low to no 

presence of co-elutants. Considering, sand blanks should not have any possible 

elutants, indicating the elutants could be from the QuEChERS extraction 

component themselves. Hence, the lower MDL and MQL from Dutch mini-Luke 

ultimately translate to better method sensitivity.
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Figure 2.1. Comparison of MDL values obtained through QuEChERS and DML 

using blank sand and blank soil samples. Asterisks show statistical significance 

(**p < 0.01, ***p < 0.001) 

 

Figure 2.2.  Comparison of MQL values obtained through QuEChERS and DML 

using blank sand and blank soil samples. Asterisks show statistical significance 

(***p < 0.001, ****p < 0.0001). 
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Table 2.1.  QuEChERS range, correlation coefficient (r2), MDL and MQL of targeted pesticides through procedural calibration line 

Pesticides Solvent  Sand  Soil 

 Range  

(ng µL-1) 

r2 MDL  

(ng µL-1) 

MQL 

(ng 

µL-1) 

 Range 

 (ng µL-1) 

r2 MDL 

(ng µL-1) 

MQL 

(ng µL-1) 

 Range 

 (ng µL-1) 

r2 MDL 

(ng µL-1) 

MQL 

(ng µL-1) 

Acetamiprid 0.05 – 3 0.999 0.13 0.39  0.1 -3 0.917 0.31 0.95  0.1 -1.5 0.961 0.56 1.7 

Clothianidin 0.05 – 3 0.999 0.13 0.38  0.1 -3 0.901 0.32 0.97  0.1 -3 0.914 0.85 2.58 

Fluroxypyr 0.1 – 3 0.999 0.22 0.68  ND ND ND ND  ND ND ND ND 

Imidacloprid 0.05 – 3 0.999 0.18 0.54  0.1 -3 0.934 0.31 0.95  0.1 -0.7 0.942 0.69 2.08 

Prothioconazole 0.05 – 3 0.999 0.15 0.44  ND ND ND ND  ND ND ND ND 

Thiacloprid 0.05 – 3 0.999 0.13 0.39  0.1 -3 0.919 0.36 1.08  0.1 -1.5 0.927 0.78 2.35 

Thiamethoxam 0.05 – 3 0.991 0.15 0.46  0.1 -3 0.939 0.31 0.95  0.5 - 3 0.915 0.85 2.56 

Not Detected (ND) 

Table 2.2.  Dutch Mini Luke range, correlation coefficient (r2), MDL and MQL of targeted pesticides through procedural calibration line 

Pesticides Solvent  Sand  Soil 

 Range 

(ng µL-1) 

r2 MDL 

(ng µL-1) 

MQL 

(ng µL-

1) 

 Range 

(ng µL-1) 

r2 MDL 

(ng µL-1) 

MQL 

(ng µL-

1) 

 Range 

(ng µL-1) 

r2 MDL 

(ng µL-1) 

MQL 

(ng µL-1) 

Acetamiprid 0.05 – 3 0.999 0.13 0.39  0.05-3 0.962 0.37 1.13  0.05 -2 0.961 0.32 0.97 

Clothianidin 0.05 – 3 0.999 0.13 0.38  0.1-3 0.985 0.26 0.80  0.05 -3 0.992 0.20 0.60 

Fluroxypyr 0.1 – 3 0.999 0.22 0.68  0.05-3 0.983 0.25 0.74  0.05-1.5 0.935 0.42 1.26 

Imidacloprid 0.05 – 3 0.999 0.18 0.54  0.05-2 0.946 0.44 1.34  0.05 -1.7 0.939 0.40 1.22 

Prothioconazole 0.05 – 3 0.999 0.15 0.44  0.05-2 0.938 0.48 1.46  0.5-1.7 0.934 0.42 1.26 

Thiacloprid 0.05 – 3 0.999 0.13 0.39  0.05-3 0.977 0.29 0.87  0.05 -3 0.952 0.42 1.27 

Thiamethoxam 0.05 – 3 0.999 0.15 0.46  0.05-3 0.991 0.18 0.53  0.05 - 3 0.978 0.28 0.85 
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Recovery efficiency is a critical property of any extraction method as it signifies 

the methods’ accuracy and performance. The recovery experiments were 

performed by fortifying blank soil and sand samples at three levels, 

corresponding to low, medium, and high concentrations of pesticide analytes in 

the soil, based on the MQL values calculated from the linearity. Pesticide 

recovery was reported as a percentage of the spiked concentration. Both blank 

soil and sand samples were fortified at the same concentration levels to be 

comparable. Based on the SANTE guidelines, acceptance criteria of the 

validation parameters of the method should have an average recovery in the 

range of 70-120% with RSD% less or equal to 20%.49 Three different fortification 

concentrations, the MQL, five times MQL, and ten times MQL, were chosen for 

each extraction method. The fortification at these three concentrations levels 

gives a complete evaluation of the method’s robustness in efficiently recovering 

all the targeted analytes over a range of concentrations. 

Evaluation of the extraction efficiencies achieved using QuEChERS shows that 

the recovery percentage from the blank sand matrix had a slightly higher or 

similar recovery percentage than the recovery in blank soil samples. Recovery of 

the neonicotinoids from the blank sand and blank soil samples were deemed 

satisfactory, with recovery values of 85 to 111% (Fig. 2.3). However, the analytes 

fluroxypyr and prothioconazole were not detected at any of the three fortified 

levels. Comparing the recovery of analytes in the blank soil, at MQL level, Dutch 

mini-Luke’s extraction method is observed to have significantly higher recovery 

percentages for all the neonicotinoids compared to QuEChERS, where the 

multiple unpaired t-tests depict comparison p-value is either between 0.05 or 
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0.01. Meanwhile, the fortification at five times MQL level in blank soil, only 

acetamiprid and thiamethoxam were noted to have significantly different recovery 

percentages (p<0.05), and Dutch mini-Luke performed consistently better in the 

recovery of neonicotinoids from blank soil samples at ten times MQL, with 

clothianidin, imidacloprid, thiacloprid, and thiamethoxam noted to have significant 

difference of either p<0.05 or p<0.01 (Fig. 3).  

The failure of QuEChERS to extract detectable fluroxypyr and prothioconazole 

from the blank soil samples could be due to the presence of organic matter and 

clay components. The amounts of organic matter and clay in soil matrices are 

directly proportional to the adsorption of pesticide analytes.65–67 Fluroxypyr and 

prothioconazole have log KOW values of 2.20,68,69 and 4.05,70,71, respectively, 

which indicates their greater affinity to organic matter. Therefore, it can be 

assumed that both residues are adsorbed strongly to the organic matter or clay 

components in the blank soil samples as soon as they are spiked. Hence, sample 

preparation remains a crucial step in any extraction method, which presents a 

challenge for the QuEChERS extraction to trigger the desorption of pesticide 

analytes from soil constituents. In addition, the soil is a complex matrix that 

requires extra attention on the clean-up step during an extraction. Hence, the 

clean-up step in QuEChERS extraction on soil matrix is essential for removing 

any co-extractants that might also have been extracted. As much as dispersive 

SPE (d-SPE), namely PSA, is crucial for the matrix clean-up step, it can inhibit 

the recovery of analytes.  Sack et al. had shown that PSA inclusion during sample 

clean-up during acidic pesticide analysis increases the loss of free acids.52 The 

results of this study support this finding as we failed to quantify fluroxypyr and 

prothioconazole using QuEChERS extraction, and it seems that using d-SPE 
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comes with a trade-off between obtaining a cleaner extract and comprehensive 

analyte recovery. 

In contrast to QuEChERS, the Dutch mini-Luke extraction successfully extracted 

fluroxypyr and prothioconazole with recovery efficiency values between 59 to 

117% and good recovery values (between 102 and 115%) were obtained for the 

neonicotinoids. The Dutch mini-Luke extraction method also has better recovery 

efficiencies across all the targeted analytes in comparison to QuEChERS (Fig. 

3). Even though, under the SANTE guidelines, fluroxypyr extracted using Dutch 

mini-Luke with MQL fortification concentration level gives a lower percentage 

(59%) than the acceptance criteria (70-120%), it still outperforms QuEChERS 

where fluroxypyr was not quantified at all. Compared to QuEChERS, Dutch mini-

Luke has additional advantages. Dutch mini-Luke not only includes mechanical 

energy through high rpm homogeniser, but it also provides chemical energy, with 

the inclusion of higher organic solvents such as acetone, dichloromethane, and 

petroleum ether. Mechanical grinding in immiscible organic solvents breaks the 

soil constituents into much smaller particles, exposing more extensive surface 

area for extraction, which helps to expose the adsorbed pesticide analytes in the 

humic substances or the inter-crystalline layers of clay minerals, subsequently 

breaking their bonds and improving partitioning into the organic phase.72   

Furthermore, fluroxypyr and prothioconazole with pKa values of 2.94,73 and 6.9,74 

respectively, are most stable at low pH values. With this in mind, both of these 

analytes are expected to be extracted most efficiently using acidified solvents.75 

While salt is required to extract polar analytes, such as neonicotinoids, it inhibits 

the extraction of fluroxypyr and prothioconazole. QuEChERS cannot offer flexible 

modification towards the pH of extraction solvents without sacrificing the overall 



 

127 
 

performance of multi-class pesticide extraction. However, even when using 

acidified solvents, such as 1% acetic acid in acetonitrile (as used in this study), 

fluroxypyr and prothioconazole were still not extracted using QuEChERS. The 

usage of PSA during QuEChERS d-SPE clean-up is crucial as PSA helps to 

efficient removal of sugars, pigments, and organic acids.76  

However, as Lehotay et al. had shown, the usage of the PSA clean-up step during 

extraction decreases the acidity of the extracts by 2-3 pH units.75 This drastic 

change in pH could lead to loss of fluroxypyr and prothioconazole through 

degradation or be retained, as PSA interacts with both labile acidic analytes. This 

reasoning is supported by published studies demonstrating that the recovery of 

acidic analytes’ improves when PSA is not used for clean-up.44,77,78 

 

Due to the failure to quantify fluroxypyr and prothioconazole using QuEChERS, 

the RSD% of both these analytes were unsuccessfully measured. However, 

QuEChERS provided good reproducibility for the neonicotinoids with values 

ranging from 2.6 to 10.1%, below the RSD% acceptance threshold of 20% (Table 

2.3). On the other hand, the RSD% percentage of all the targeted analytes was 

successfully measured using Dutch mini-Luke, with values less than or equal to 

20%, except for prothioconazole, where there was a higher variability observed 

for the fortification level of MQL and ten times MQL. To fully interpret the reason 

behind this variability, the RSD% percentages of prothioconazole extracted using 

Dutch mini-Luke were compared in the blank sand and blank soil extracts, where 

high variability was only observed in the prothioconazole fortified soil sample 

(Figure 2.4). The higher than acceptable RSD% value could have resulted from 
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their unpredictable behaviour toward the organic matter components in the soil. 

This explanation is supported by assessment of the matrix effect, which for 

prothioconazole was more affected by soil matrix components than for the other 

analytes (Figure 2.5).
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Figure 2.3  Comparison of recovery efficiencies using three different fortification concentrations extracted from blank sand and soil 

samples. Asterisks show statistical significance (*p < 0.05, **p < 0.01). 
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Table 2.3.    Recoveries and RSD% of the seven targeted pesticides fortified at MQL, five times MQL, and ten times MQL 

concentrations in blank sand and soil samples using QuEChERS and Dutch Mini Luke extractions.40,58,59  

 

Pesticides Fortification level QuEChERS % Recovery  

RSD% 

 Dutch mini-Luke % Recovery  

RSD% 

Blank sand Blank soil  Blank sand Blank soil 

Acetamiprid MQL 90  4.9 90  4.9  97  1.4 107  9.8 

5xMQL 105  11.1 87  9.9  90  1.5 106  8.1 

10xMQL 93  9.3 97  7.0  101  3.1 108  5.8 

Clothianidin MQL 86  2.6 86  2.6  99  6.7 102  3.4 

5xMQL 100  4.9 92  9.6  99  1.4 110  19.6 

10xMQL 87  7.3 85  3.9  96  0.3 102  10.3 

Fluroxypyr MQL ND ND  84  2.8 59  6.8 

5xMQL ND ND  99  7.1 90  12.5 

10xMQL ND ND  99  7.6 103  8.0 

Imidacloprid MQL 93  3.6 93  3.6  95  5.9 109  4.5 

5xMQL 111  5.1 91  10.1  94  5.8 111  20.3 

10xMQL 95  8.4 89  4.3  95  5.8 106  11.9 
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ND: Not Detected 

RSD%: relative standard deviation 

 

 

 

 

 

 

 

Prothioconazole MQL ND ND  91  1.9 100  27.8 

5xMQL ND ND  99  7.4 97  15.5 

10xMQL ND ND  106  8.3 117  21.8 

Thiacloprid MQL 90  4.6 90  4.6  97  8.1 105  6.1 

5xMQL 105  7.2 94  9.9  93  1.2 104  1.0 

10xMQL 85  8.9 83  4.2  96  9.1 107  1.9 

Thiamethoxam MQL 85  5.4 85  5.4  94  3.0 107  7.7 

5xMQL 93  8.5 93  9.5  97  2.6 115  7.3 

10xMQL 86  8.6 85  3.3  97  8.3 102  7.0 
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Figure 2.4   Comparison of RSD% value obtained using three different fortification concentrations extracted from blank sand and soil 

samples.
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Matrix matched calibration was carried out by reconstituting increasing pesticide 

concentrations in dried sand and blank soil extracts. Matrix effect (ME) was 

calculated by comparing the slopes of the calibration curves of standards in 

solvent and samples. MEs with values between +20% and -20% are considered 

to represent low matrix effects, values between +20% and +50% represent a 

medium matrix effect, and values less than -50% or higher than +50% represent 

high matrix effects.79,80 In the blank sand sample, QuEChERS extraction 

displayed a low matrix effect consistently across most analytes, except for 

prothioconazole, which was not detected in both blank sand and blank soil. The 

highest matrix effect using QuEChERS was exhibited by imidacloprid with 19%, 

and the lowest is fluroxypyr with 11%. However, in QuEChERS’s blank soil 

extract, fluroxypyr shows a high matrix effect with a value of 291% (Figure 2.5). 

The failure to detect prothioconazole and the high matrix effect value for 

fluroxypyr are examples of matrix effects signal suppression (loss in response) 

and signal enhancement (increase in response). Lin et al. also reported signal 

suppression for prothioconazole but could eliminate the matrix effects by 

performing calibration using an external matrix-matched standard.81  

Additionally, the author Kaczyński et al. noted that the inclusion of PSA in the 

clean-up step not only failed to provide the expected recovery range for fluroxypyr 

from a soil matrix but also the matrix effect could not be reduced.44 In theirs study, 

the inclusion of PSA had enhanced the signal of fluroxypyr by 47.2%, compared 

to not including a clean-up step at all.44 Due to these matrix effects, signal 

suppression of prothioconazole could lead to a false-negative measurement,82 

whereas an enhanced signal for fluroxypyr could lead to a false-positive 
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measurement.83,84 The ever-present issue with pesticide quantification from 

complicated matrices such as soil is the presence of co-eluting compounds that 

negatively affect the extraction method’s precision, sensitivity, and accuracy.85 

Under the matrix effect experiment, all the analytes are reconstituted in the dried 

blank extracts, so failure to detect them is not due to failure to extract them. The 

specific mechanism of matrix effects is uncertain, although it is thought to arise 

from competition between an analyte and undetectable matrix components that 

co-elute.86 A number of factors can produce signal suppression or enhancement, 

but they are mainly caused by endogenic compounds already present in the 

sample and remain in the extract after sample preparation or extraction. 

Endogenic compounds can be ionic compounds, such as inorganic electrolytes 

or salts, polar compounds, such as amines, carbohydrates, lipids, peptides or 

urea.83 As discussed earlier, soil organic matter and PSA are the main affecting 

factors for analytes with the QuEChERS extraction method. Even though it is 

hard to determine which factor plays a more prominent role, the inclusion of a 

blank sand matrix in the comparison experiments can represent the suppression 

or enhancement effect presented by the components used during the extraction 

procedure. The suppression of prothioconazole’s signal is an indication that the 

QuEChERS extraction components, namely PSA, are interfering with the 

quantification of this base-sensitive analyte.52,75,77  

Even though the ME values for all the analytes in the Dutch mini-Luke blank sand 

were observed to be negative in value (Figure 2.5), they still represent low matrix 

effects. As stated before, as the analytes were reconstituted in dried blank 

extracts, the only possible factor in the blank sand extract that suppresses the 

analytes’ signal would be the carry-over from the Dutch mini-Luke extraction 



 

135 
 

components. However, as the analyte’s signal suppression values range 

between -1 and -11%, based on the SANTE guidance document, it is classified 

as subtle interference, and the extraction method does not require additional 

modification for sample analysis.49 In addition, prothioconazole was successfully 

quantified using Dutch mini-Luke, although a high matrix effect of 140% was 

observed. The low matrix effects in the blank sand matrix extract allow us to 

conclude that the high matrix effect for prothioconazole is not due to any of the 

Dutch mini-Luke extraction components. Therefore, the high matrix effect for 

prothioconazole is most likely due to the soil matrix itself, with a strong possibility 

it is caused by the soil organic matter.  

Compared to d-SPE clean-up of QuEChERS, Dutch mini-Luke employs a more 

straightforward means of reducing or eliminating the matrix effect through sample 

dilution. The main advantage of using sample dilution to reduce or eliminate the 

matrix effect is that it introduces less matrix load into the chromatographic system 

with every injection. Ferrer et al. had stated that in the analysis of a multi-residue 

method, the sample extract injection would be similar to the amount of the matrix 

injection, that is, 1 g of sample per mL.87  In contrast, this study’s Dutch mini-

Luke extraction method has a sample dilution factor of 1/20. This means that 1 g 

of sample extract injection would only introduce the chromatographic system of 

0.05 g of matrix load. This translates to better sensitivity and does not require 

additional extraction components that could compromise the quantitative 

analysis of the targeted analytes. With reduced levels of matrix components 

being injected into the analytical system, the life of sensitive equipment can be 

prolonged.87–89 
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Figure 2.5  Comparison of matrix effect using a matrix-matched calibration curve 

with blank sand and blank soil samples. 

 

 

In addition to the validation parameters described above, a number of additional 

parameters were considered, such as sample weight requirement, extraction 

time, number of extraction steps and procedures, and volume of solvent usage 

(Table 2.4).  

The selection of extraction parameters, general characteristics and solvent 

requirements was based on established protocols, as reported in the literature 

and standard operating procedures (SOPs) in place in governmental bodies.40,58 

Both methods vary considerably, are advantages to using each method. For 

example, QuEChERS requires lower amounts of starting sample, lower volumes 

of solvent, fewer extraction steps, and a more rapid method overall. Due to these 

differences, the extraction conditions are not directly comparable between these 

two extraction methods.  

The potential shortcomings of Dutch mini-Luke include longer times and higher 

costs in comparison to QuEChERS. Figure 2.6 depicts the estimated cost for the 
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dedicated equipment required for both extraction methods. The high cost for 

employing Dutch mini-Luke extraction comes in the form of homogeniser, and its 

disperser tool, where during the time of writing this article, the total cost for both 

of the equipment comes to a total of €3690.50.90,91 QuEChERS does not require 

a specific tool to assist in the extraction, and it only requires a vortex mixer to 

ensure thorough mixing of the extraction components. During the time of 

purchase in 2019, the vortex mixer cost €153.13.92 In addition, the use of higher 

volumes of organic solvents, namely acetone, dichloromethane, and petroleum 

ether, for Dutch mini-Luke extractions also presents a certain degree of risk to 

the user and additional waste handling requirements. When using these 

extraction solvents, the user must practise extra vigilance when handling and 

changing between solvents in various steps. 

 

Figure 2.6  Comparison of equipment costs required for QuEChERS and Dutch 

mini-Luke extraction methods. 
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Selected examples of the health risks associated with each solvent include; 

acetone can cause severe eye irritation and toxicity to specific target organ of 

category three with a single exposure,92 dichloromethane is suspected of causing 

cancer,93 petroleum ether can cause specific target organ toxicity of category two 

with repeated exposure and can be fatal if swallowed or enters the airway.94 

Table 2.4  Comparison of additional parameters for the QuEChERS and Dutch 

mini-Luke extractions 

 

These health risks can be avoided if the user is attentive during every extraction 

while following recommended exposure controls, using the required personal 

protective equipment (PPE), and disposed of in accordance with the national and 

local regulations. On the other hand, acetonitrile would be the only non-polar 

solvent used in QuEChERS extraction, where it can be toxic when in contact with 

skin, causes serious eye irritation and harmful if inhaled or swallowed, and can 

be avoided with proper use of PPE and cautiousness was practised. Moreover, 

Parameters QuEChERS extraction Dutch mini-Luke extraction 

Sample weight 5 g 15 g 

Extraction time (a 

batch of four) 

1 hour 3 hours 

Extraction steps to 

analysis 

Eight steps (Extraction, salting-

out, phase partitioning, 

centrifugation, clean-up, second 

centrifugation, concentrating, 

reconstitution) 

Six steps (Extraction, phase 

partitioning, centrifugation, 

concentrating, dissolutions into 

ethyl acetate, dissolutions into 

MeOH) 

Sequential or 

simultaneous 

procedure 

Two sequential extraction 

containers 

Four sequential containers 

Solvent usage 15 mL (deionised water and 

acetonitrile) 

105 mL (deionised water, 

acetone, DCM, and petroleum 

ether) 
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as Dutch mini-Luke requires the usage of additional tools, namely a homogeniser 

and its attachment, a certain level of technical training is required before the tools 

can be used efficiently during extraction. For these reasons, carrying out Dutch 

mini-Luke extractions requires a higher user skill level in comparison to 

QuEChERS.  

 

Even though the QuEChERS extraction method complements recent trends 

toward “green” pesticide extraction techniques by providing faster, more 

straightforward, and cost-efficient approaches, it is not always suitable for 

determining pesticides belonging to certain chemical groups. To explore this 

further, we compared QuEChERS and the traditional Dutch mini-Luke and 

assessed their extraction efficiencies for seven pesticide analytes representing a 

number of different chemical groups of insecticide, herbicide, and fungicide. 

Table 2.5 summarises our findings, demonstrating that all targeted analytes could 

be successfully recovered from both blank sand and soil samples, with good 

recovery (59-117%), except fluroxypyr at MQL fortification level with 59%. As for 

the repeatability of Dutch mini-Luke, all analytes had an RSD% value lower than 

or equal to 20%, except for prothioconazole at MQL and 10xMQL fortification with 

27.8% and 21.8%, respectively.
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Table 2.5  Summary of the method validation parameters comparison between 

QuEChERS and Dutch mini-Luke 

Method validation 

parameters 

QuEChERS Dutch mini-Luke 

Blank sand Blank soil Blank sand Blank soil 

Method Detection 

Limit (MDL) (ng µL-1) 

0.31 – 0.36 0.56 – 0.85 0.18 – 0.48 0.20 – 0.42 

Method Quantification 

Limit (MQL) (ng µL-1) 

0.95 – 1.08 1.7 – 2.58 0.53 – 1.46 0.60 – 1.27 

Accuracy 

(recovery%) 

85 - 111 83 - 97 84 - 106 59 - 117 

Precision (RSD%) 2.6 – 11.1 2.6 – 10.1 0.3 – 9.1 1.0 – 27.8 

Matrix Effect (%) 11 - 19 -11 – -1 2 - 291 -9 - 140 

On the other hand, the QuEChERS extraction method had a satisfactory recovery 

for all the fortified neonicotinoids with percentages ranging between 85 to 111% 

and RSD% values of 2.6 to 10.1%. However, QuEChERS could recover neither 

fluroxypyr nor prothioconazole in any blank samples or at any fortification level. 

Compared to QuEChERS, Dutch mini-Luke does present analytical advantages, 

where it offers better sensitivity in the form of lower MDL and MQL, better 

recovery, and lower matrix effects in relation to most analytes. Hence, Dutch 

mini-Luke was determined to be the preferred extraction method for a single 

mixed analysis of neonicotinoids, triazoles and synthetic auxin pesticides from 

soil samples.   
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3.0 Establishing the extent of pesticide   
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To establish meaningful and sustainable policy directives for sustainable 

pesticide use in agriculture, baseline knowledge of pesticide levels in soils is 

required. To address this, five pesticides widely used in Irish agriculture and five 

neonicotinoid compounds pesticides were screened from soils from 25 fields. 

These sites represented diversity of soil and land use types. Prothioconazole was 

detected in 16 of the 18 sites where it had been recently applied, with the highest 

maximum concentration quantified of 45.66 µg/kg. However, a week after 

application only four fields had prothioconazole concentrations above the limit of 

quantification (LOQ). Fluroxypyr was applied in 11 sites but was not detected 

above LOQ. Glyphosate and AMPA were not detected. Interestingly, 

neonicotinoids were detected in 96% of all sampling sites, even though they were 

not reported as recently applied. Excluding neonicotinoids, 60% of sites were 

found to contain pesticide residues of compounds that were not previously 

applied, with boscalid and azoxystrobin detected in 15 of the 25 sites sampled. 

The total pesticide concentrations detected in Irish soils were significantly 

negatively correlated with clay fraction, while average pesticide concentrations 

were significantly positively correlated with log Kow values. A comparison to the 

parametric limit set for Irish drinking water revealed that 17 fields exceeded the 

limit for total pesticide concentrations, even when recently applied pesticides 

were removed from calculations. Theoretical environmental risk assessment of 

quantified pesticides determined that azoxystrobin has high leaching risk, while 

boscalid, which was detected but not applied, has an accumulation risk. This 

information provides insight into the current level of pesticide contamination in 
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Irish agricultural soil and contributes to the European-level effort to understand 

potential impacts of pesticide contamination in soil.  

 

Plant protection products in the form of herbicides, fungicides, and insecticides 

have become a ubiquitous component of global agricultural management 

practices, responsible for increased crop productivity and yield and driving 

agricultural intensification.1–3 They can be applied throughout all phases of crop 

cultivation, including as seed treatments prior to planting or after seed 

germination,4 during the crop growth period when pests or diseases are at their 

highest levels,5,6 or before the shipment of the crop products.7–9 Agriculture is 

vital to the economies of many countries, including Ireland, where it directly 

contributed 4.3% of gross value added (GVA) or €14.4 billion to the national 

economy in 2019.10 The total land area of Ireland is approximately 6.9 million 

hectares, of which 4.4 million hectares, or 71%, are used for agriculture.11 The 

majority of this farmed area (4.1 million hectares) is used for pasture, hay, and 

grass silage, with 0.016 million hectares used for rough grazing and 0.29 million 

hectares devoted to crops, including cereals, potatoes, fruit and horticultural 

production.11 To sustain and improve the productivity of the Irish agricultural 

industry, the utilised agricultural area would reflect the amount of pesticide usage. 

For instance, between 2016 and 2017, the area of Irish land used for agriculture 

was 28.31 thousand hectares, whereas the total pesticide usage in 2017 was 

2861 tonnes, an increase of 323 tonnes from the previous year.12–14 Despite the 

increased costs that arise from pesticide use, their use has consistently 

increased over the past decades. More than 3000 different types of pesticides 

used in Europe over the past 55 years, raising serious environmental concerns 
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regarding the intensive release of synthetic chemicals into the environment.2,15–

19 

The assumption that pesticides dissipate from the environment after achieving 

their function has been shown to be invalid. It is estimated that about 99.9% of 

applied pesticides are subjected to off-site transfer,20–22 through numerous 

simultaneous routes, including volatilisation,23,24 spray drift,25,26 surface run-

off,27–29 degradation and leaching,30–32  while only 0.1% of the applied pesticides 

reach their intended target 20. Additionally, Lechenet et al. reported that current 

recommended pesticide application rates exceed what is necessary for efficient 

crop protection,33 which could result in higher soil contamination than intended. 

Pesticide presence in soils can originate from multiple sources; either through 

aerial spray onto crops where the soil can be exposed to pesticides from drips 

from the crop,34,35 direct treatment of the soil,36,37 or through seed-coating.37–39 

Once the pesticide is incorporated into the soil, it enters a dynamic environment 

in which it can display highly variable behaviour, depending on one of the four 

main processes, adsorption, desorption, degradation or transformation, and 

leaching.40–42 However, the efficiency of the process is fundamentally influenced 

by numerous factors, including the physicochemical properties of the pesticide 

compound and the soil layer, the climatic condition and soil biotic properties.42–46 

The adsorption and desorption potential of a pesticide residue can be inferred 

based on their physicochemical properties, namely dissociation constant (pKa), 

partition coefficient (log Kow), solubility, adsorption coefficient (Koc) and vapour 

pressure,47–50 or based on the soil physicochemical properties such as pH, soil 

organic matter, and the soil texture.43,47,51 However, organic matter and clay 

mineral content principally dictate the levels of pesticide persistence.52–54 These 
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components are linked,55 and present multiple functional groups onto which 

pesticide residues can adsorb. In addition, their relatively large and chemically 

active surface areas increase their chemical affinity for pesticide residue 

adsorption,56 and although soil organic matter is usually thought to represent a 

better adsorption matrix compared to clay minerals,57–59 both of these matrices’ 

presence are highly associated with each other.55 Although they can exist 

independently, organic matter in the soil is directly or indirectly governed by clay 

minerals.55 Once organic matter interacts with clay minerals, it remains protected 

from mineralisation, consequently increasing the organic matter content in the 

soil.55 Hence, it can be postulated that soil with high clay or high organic matter, 

or both, has a higher risk of pesticide accumulation. On the other hand, high soil 

organic matter content would be expected to increase microbial activity,60–63 

which increases microbial degradation, the primary degradation route of soil 

pesticides. Soil microbes can break down pesticides through metabolic 

processes such as polymerisation, accumulation and conjugation, co-

metabolism, and mineralisation.43 Even though microbial degradation correlates 

positively with the soil organic matter content,64 the efficiency of the process is 

affected by abiotic properties of the soil, such as aeration, pH moisture, and 

temperature.47 Additionally, the uncertainties of climatic conditions, such as 

rainfall, relative humidity, evaporation, air movement, light and temperature, add 

to the complexity of predicting pesticide mobility in soil.65 

To date, our knowledge of pesticide occurrence on the island of Ireland derives 

from studies on groundwater,66 wastewater,67 food and products,68–70 and meta-

analyses of the literature.71,72 Although pesticide contamination of agricultural 

soils has been assessed for Northern Ireland,2 no equivalent records or studies 
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exist for the Republic of Ireland. The principal aim of our study was to provide a 

baseline overview of pesticide contamination in agricultural soils from 25 sites 

across the Republic of Ireland and use this information to establish a baseline 

reference for future monitoring. In total, ten pesticides (five neonicotinoids and 

five non-neonicotinoids) were selected for analysis. The selected pesticides’ 

structures were further highlighted in Table A1.1. Although neonicotinoids have 

been banned for outdoor use in Ireland since 2018;73–75 their long half-lives 

(ranging from 3-6931 days) and environmental persistence resulted in their 

inclusion.76–81 The other pesticides were selected based on their widespread and 

large-scale use in Irish agriculture.72 Finally, the glyphosate metabolite 

aminomethylphosphonic acid (AMPA) was included in the monitoring, given that 

it can accumulate rapidly and persist in soil environments.82  

To the best of our knowledge, the characterisation of such widely used pesticides 

has not been conducted for Irish soils or sites. Our study also evaluates potential 

correlation between applied pesticide concentration to their chemical properties, 

the soil physicochemical properties, and the land-use type to provide a broader 

and more holistic interpretation of the fate of specific pesticides in specific 

contexts. Finally, a comparison was made between the individual and total 

pesticide concentrations to the safety limits set for Irish drinking waters and 

groundwaters and assessed their potential for leaching from agricultural soils 

based on the properties of the individual chemicals and specific soil types. It is 

anticipated that the results of our study will offer insights into pesticide 

contamination levels in Irish agricultural soils and form the basis for future 

pesticide monitoring and management actions. 
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All salts and solvents were analytical or LC-MS grade. Acetone, acetonitrile, 

acetic acid (Hac) 100%, dichloromethane, petroleum ether, formic acid 98%, 

sodium hexametaphosphate, anhydrous sodium sulphate, ammonium 

bicarbonate, ammonium formate, methanol, Millipore Millex syringe filters with 

hydrophilic PTFE membrane (pore size 0.22 µm and 20 mm diameter), PTFE 

centrifuge tubes (15 mL and 250 mL), and total nitrogen and phosphorus cell test 

kits were purchased from Merck Life Science (Ireland). Ultrapure water, 

deionised to the resistance of <18 MOhm, was generated using ELGA Purelab 

Ultra SC MK2 (ELGA, UK). Certified reference analytical standards, >97% purity, 

of acetamiprid, azoxystrobin, boscalid, clothianidin, fluroxypyr, glyphosate, 

imidacloprid, prothioconazole, thiamethoxam, thiacloprid, and the internal 

standards, acetamiprid-d3, clothianidin-d3, imidacloprid-d4, thiacloprid-d4, 

thiamethoxam-d3, triphenyl phosphate (TPP), MCPA-d6 and malathion-d10 were 

purchased from Merck Life Science (Ireland). Deuterated MCPA was used as an 

internal standard for fluroxypyr, while malathion-d10 was used as an internal 

standard for azoxystrobin, boscalid and prothioconazole. The internal standards 

Glyphosate-13C2, 15N, and AMPA-13C, 15N were purchased from LGC standards 

(LGC, UK). Pesticide stock solutions were prepared in LCMS grade acetonitrile, 

except for glyphosate and AMPA, which were prepared in deionised water. 

Working standard solution then diluted from stock solution before analysis. All 

working standard solutions were freshly prepared from stock on the analysis day 

and filtered through 0.45 µm pore-sized PTFE membrane filters before analysis. 

2 mL silanised amber autosampler vials were obtained from Agilent (Germany). 
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XBridge UPLC BEH column (4.6x100 mm i.d. 3.5 µm particle size) and VanGuard 

cartridge holder were all purchased from Waters Chromatography (Ireland). 

HILICpak VT-50 2D column (2.0x150 mm, 5 µm particle size) was purchased 

from Shodex (Germany).  

 

Sites were selected to represent the variety of soil conditions and agricultural 

practices across Ireland using the Irish Soil Information System (SIS),83,84 and 

the spatially integrated Land use and Soil Inventory for Ireland (LUSSI).85 All 

communications and contact complied with General Data Protection Regulations 

(GDPR). Soil samples were collected i) from sites within 24 hours of pesticide 

application and ii) from sites with no recent human or agricultural activities or 

history of pesticide use to serve as non-pesticide controls. 

 

In total, 25 soil samples were obtained from 25 sites (Figure 3.1) between April 

to July 2021. These 25 sites were sampled within 24 hours of pesticide 

application and the sites revisited a week after for the collection of samples one 

week after application. Five soil cores (15 cm depth; topsoil) were collected 

randomly across each field, combined, and homogenised to produce a single 

sample from each site. Approximately one kilogram of the soil mixture was 

packed in clean plastic Ziplock bags, placed in an icebox (temperature of 

approximately 4oC and below), kept in the dark, and transported to the lab. All 

samples were then stored at -20oC. Prior to further analysis, soils were defrosted, 

air dried and sieved using a stainless-steel sieve with a mesh size of 2 mm. Large 

objects such as roots and stones were removed, and where necessary, a pestle 
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and mortar were used to process soils further. Sieved soil samples were stored 

in Ziplock bags and restored at -20oC.  

 

Soil physicochemical properties were determined in triplicate for each site by 

measuring pHCaCl2, texture, organic matter, moisture content, water holding 

capacity, total nitrogen (TN) and total phosphorus (TP). Clay, silt and sand 

content were measured using a standard hydrometer (152H ASTM) after 

dispersion in sodium hexametaphosphate (50 g/L). Fractions were classified as 

sand, silt and clay following the US Department of Agriculture (USDA) system to 

distinguish particle size.86,87 A pH meter was used to measure the pH of air-dried 

soil samples mixed with 0.01M CaCl2 (at the ratio of 1:5) and left overnight (ISO, 

2005). Moisture content was determined by calculating the difference in weight 

before and after oven drying fresh soil samples for three days (72 h) or until the 

soil samples achieved constant weight.88,89 Water holding capacity was 

measured using the Haines-funnel system, where the soil samples were 

saturated with 100 mL of water for 30 min, then the water was drained, and the 

amount of water retained in the soil was calculated.90 Oven-dried samples were 

used for determining total soil organic matter by the loss-on-ignition method. The 

samples were subjected to 550oC in a muffle furnace for 6 hours and left in the 

furnace overnight. The total soil organic matter percentage was then calculated 

from the difference before and after ignition.91 Cell test kits determined total 

nitrogen and phosphorus photometrically after digestion. Total nitrogen was 

determined following Koroleff’s digestion method, while total phosphorus was 

analysed through digestion in sulfuric solution.92,93  



 

155 
 

 

Figure 3.1 Sampling point map of the research area (Republic of Ireland), 

callouts are for the counties Kildare and Kilkenny. The label for each point 

indicates the field’s label: EGL: Extensive grassland.; IGL: Intensive grassland.; 

CL: Cropland.; CA: Commonage Area.  

 

The targeted pesticides, acetamiprid, AMPA, azoxystrobin, boscalid, clothianidin, 

fluroxypyr, glyphosate, imidacloprid, prothioconazole, thiacloprid, and 

thiamethoxam, were extracted using two different extraction methods, decided 

based on compound polarity. Glyphosate and AMPA were extracted using the 

modified QuPPe-PO method,94 while all the other analytes were extracted using 

the Dutch mini-Luke method.95
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An aliquot of 15 g air dried and sieved soil sample was weighed into a 250 mL 

PTFE centrifuge tube, and 15 mL deionised water was added and shaken 

vigorously for 1 min. Then, 30 mL of 1% acetic acid in acetone were added and 

homogenised using IKA Ultra-Turrax T-25 homogeniser at 1500 rpm for 30 s. 

Following the homogenising, 30 mL dichloromethane and 30 mL petroleum ether 

were transferred to the tube, and the sample mixture was homogenised again 

using the homogeniser at 1500 rpm for 30 s to induce phase separation. Then, 

the centrifuge tubes were centrifuged at 4000 rpm for 10 min, and 60 mL of the 

supernatant was carefully decanted into a 100 mL conical flask. The supernatant 

then evaporated under N2 gas flow to circa 2 mL before being transferred to a 10 

mL volumetric flask and made up to volume with ethyl acetate. Subsequently, 0.5 

mL of the ethyl acetate sample was diluted into a 10 mL volumetric flask made 

up of volume with methanol. Finally, 1 mL aliquot of the methanol extract was 

filtered through a 0.22 µm hydrophilic PTFE syringe filter into a silanised 

autosampler vial for liquid chromatography-tandem mass spectrometry (LC-

MS/MS) analysis. 

 

Two grams of homogenised air-dried soil samples were weighed into a 15 mL 

Falcon centrifuge tube. 2 mL of acidified deionised water (1% formic acid) were 

added and vortex mixing for 1 min, followed by 10 mL of acidified methanol (1% 

formic acid) addition and 1 min of vortex mixing. The centrifuge tube was then 

centrifuged at 4500 rpm for 10 min. Approximately 10 ml of supernatant was 

transferred into a silanised glass vial and concentrated to dryness under an N2 

stream. The concentrated residue was re-dissolved in 1 mL of MeOH: H2O 



 

157 
 

(50:50) solution before being filtered through a 0.22 µm hydrophilic PTFE syringe 

filter into a silanised autosampler vial for LC-MS/MS analysis.  

 

The pesticides, acetamiprid, azoxystrobin, boscalid, clothianidin, fluroxypyr, 

imidacloprid, prothioconazole, thiacloprid, and thiamethoxam, were analysed 

with the C18 column method, while glyphosate and AMPA were analysed using 

a novel HILIC column method. Two multi-reaction monitoring (MRM) transitions 

were monitored for all the targeted compound, and the data acquisition are 

detailed in Table 3.1.  

 

LC-MS/MS analysis was performed using liquid chromatography (Agilent 1290 

Infinity II) coupled with a triple quadrupole mass detector (Agilent 6470A) and 

XBridge UPLC BEH C-18 analytical column of 4.6 x 100 mm, 3.5 µm particle size. 

The sheath gas temperature was kept at 340oC, and the sheath gas flow was 11 

L/min. 5 mM ammonium formate with 0.1% formic acid in deionised water (mobile 

phase A) and 0.1% formic acid in acetonitrile (mobile phase B) were used for the 

gradient program, which started at 30% B and increased to 50% in 5 min, was 

linearly increased to 100% B in 7 min, and it was held at 100% for 2 min before 

the column reconditioned back to 30% in 2 min. The flow rate was maintained at 

0.5 mL/min, the column temperature was kept constant at 30oC, and the injection 

volume was 10 µL. 
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Similar LC-MS/MS system used as above, and a Shodex HILICpak VT50-2D 

analytical column of 2 x 150 mm, 5 µm particle size. 10 mM ammonium 

bicarbonate in deionised water (mobile phase A) and pure acetonitrile (mobile 

phase B) were used for the gradient program. The flow rate was constant at 

0.1mL/min, with an injection volume of 30 µL. The gradient program started at 

80% A and increased to 100% A in 5 min. The A% concentration was held for 8 

min before the column was re-equilibrated back to 80% in 3 min. The sheath gas 

temperature was kept at 350oC, and the sheath gas flow was 12 L/min.  

Table 3.1  Acquisition and chromatographic parameters for the targeted 

pesticides. 

No. Pesticide TR (min) MRM 1 CE 1 MRM 2 CE 2 Polarity 

1 Acetamiprid 4.39 223.2 > 
126.1 

20 223.2> 
56.1 

20 + 

2 AMPA 5.71 110.0 > 
63.0 

20 110.0> 
79.0 

36 - 

3 Azoxystrobin 9.66 404.0 > 
372.0 

19 404.0> 
344.0 

27 + 

4 Boscalid 9.89 343.0 > 
307.0 

20 343.0> 
272.0 

32 + 

5 Clothianidin 3.82 250.0 > 
169.0 

12 250.0> 
132.0 

12 + 

6 Fluroxypyr 5.90 255.0 > 
181.0 

24 255.0> 
209.0 

12 + 

7 Glyphosate 12.56 168.0 > 
63.0 

32 168.0> 
150.0 

8 - 

8 Imidacloprid 4.14 256.2 > 
175.2 

25 256.2> 
209.0 

20 + 

9 Prothioconazole 10.52 344.0 > 
326.0 

8 346.0> 
328.0 

20 + 

10 Thiacloprid 5.37 253.0 > 
126.0 

36 253.0> 
90.0 

50 + 

11 Thiamethoxam 3.27 292.0 > 
211.1 

15 292.0> 
181.0 

24 + 
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The extraction method and analytical performance validation were adapted from 

SANTE Guidance Document on analytical quality control and method validation 

procedures for pesticide residue analysis in food and feed.96 Matrix-matched 

calibration standards for each targeted pesticide were prepared in a composite 

soil sample encompassing all the collected soil samples, with linearity ranging 

between 0.05 µg/L to 100 µg/L. Two internal standards (IS) were used, stable 

isotopically labelled IS for quantitative analysis, while TPP used quality control 

for extraction performance. The performance of the Dutch mini-Luke extraction 

method was evaluated using accuracy (recovery%) and precision (RSD%) 

studies. The sensitivity of the extraction method was assessed by determining 

the Limit of Detection (LOD) and Limit of Quantification (LOQ), calculated by 

taking into the slope of the calibration curve and the standard deviation of the 

slope, and multiplying by 3.3 and 10, respectively. Recovery and precision 

assessment were measured by fortifying pesticide-free soil samples at two 

concentrations, 2.66 µg/kg, which is the standardised LOQ for all the pesticides, 

and five times the standardised LOQ, 13.3 µg/kg. Nearly all the targeted 

pesticides fulfilled the acceptance criteria of the validation parameters based on 

SANTE guidelines,96 where the average recovery was recommended to be in the 

range of 70-120%, with RSD% less or equal to 20% (Table 3.2), except for 

prothioconazole at LOQ level (61.7%), and both fortification levels for glyphosate 

(53.3% and 67.9%, (respectively) and AMPA (59.8% and 68.7%, respectively). 

The unsatisfactory recovery% and RSD% can be explained based on the 

instrumental matrix effect (ME%) experienced by AMPA, glyphosate and 

prothioconazole (Table 3.2). ME% was calculated using the response of targeted 
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pesticide response and the response of matching isotopically labelled IS, where 

100% of the ME% value indicates no instrumental matrix effect. In comparison, 

values below 100% indicate a loss in response (ion suppression), and value 

above 100% indicates an increase in response (ion enhancement).97 Hence, 

based on the ME% value, AMPA, glyphosate and prothioconazole experience 

ion suppression from the soil matrix resulting in unsatisfactory recovery% and 

RSD%. However, as all the targeted pesticides achieved good linearity and 

reproducibility of calibration curves (r2 > 0.890) and the response compensation 

with matching isotopically labelled IS, the quantitation analysis of this study is 

valid.  

 

The data management, analysis and visualisation using three software; Microsoft 

Office Excel, R statistical software (version: 4.2.1) and Graphpad Prism (version: 

9.4.1). Only pesticide concentrations quantified at or above LODs were used for 

data analysis. Soil samples with pesticide concentrations below LOQs but above 

LODs were recorded based on each method’s individual pesticides’ LODs to 

minimise bias of left-censored data.98–100 Pearson correlation coefficients were 

used to study the relationship between concentration and frequency of soil 

pesticides detection to soil physicochemical properties and pesticide properties. 

The hierarchical cluster heatmap was determined using the pheatmap package 

in R, where it was performed using the log concentration of the quantified 

pesticides’ concentration profile. The dendrogram of the heatmap influences the 

clustering pattern, where Euclidean distance metrics were used for complete 

clustering. 



 

161 
 

Table 3.2  Linearity, Recoveries%, RSD%, LOD, LOQ and ME% for all the target pesticides in the composite soil sample (n=3). 

 

 

No Pesticides Linearity (r2) Fortification Levels (µg/kg) LOD 

(µg/kg) 

LOQ 

(µg/kg) 

ME% 

2.66 13.3 

Recovery% RSD% Recovery% RSD% 

1 Acetamiprid 0.999 105.7 11 96.57 18.9 0.11 0.33 114.9 

2 AMPA 0.890 59.8 44.9 68.7 31.1 1.74 5.28 71.5 

3 Azoxystrobin 0.996 101.3 14.3 97.7 26 0.3 0.91 94.4 

4 Boscalid 0.999 118.1 9.2 99.7 25 0.13 0.39 147 

5 Clothianidin 0.999 118.6 3.8 105.7 5.6 0.07 0.23 86.6 

6 Fluroxypyr 0.987 74.7 20.1 112 25.3 0.88 2.67 15.6 

7 Glyphosate 0.943 53.3 47.1 67.9 27.6 1.03 3.11 58.8 

8 Imidacloprid 0.999 108.6 15 96.8 4.6 0.09 0.27 81.6 

9 Prothioconazole 0.998 61.7 31.4 95.6 25.9 0.44 1.32 79.2 

10 Thiacloprid 0.999 115.6 9.3 98.8 11.7 0.08 0.24 80.7 

11 Thiamethoxam 0.992 108.4 7.5 94.7 4.5 0.41 1.23 88.57 
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Pesticide compounds that reside within the soil can behave differently depending 

on their physicochemical properties, which include sorption coefficient, water 

solubility, and vapour pressure. In addition, their behaviour may be dictated by 

the physicochemical properties of the soil itself, such as soil pH, texture, organic 

matter, moisture, total nitrogen and phosphorus content.47 Hence, for monitoring 

purposes, measuring and correlating the pesticide concentrations and 

physicochemical properties of both components is crucial to understanding the 

distribution observed here for a number of Irish agricultural soil.  

 

Most soils studied here ranged from highly acidic to slightly basic, with pHCaCl2 

values ranging between 3.3 to 7.5 (mean=6) (Table 3.3). Clay percentage ranged 

between 11 to 29% with a CoV of 27.62% (mean=18.4%), and the maximum silt 

percentage being 49% with a CoV of 52.53% (mean=16.16%). However, the 

percentage of sand indicates a high degree of variability between the sites, with 

a CoV of 13.60% with a range of 36 to 82%. Soil organic matter (%) ranged from 

3.583% to 42.91%, with CoV values of 89.92%, indicating high degrees of 

uniformity. The  mean value for % soil organic matter was 9.142 which is deemed 

to be high (i.e. > 5%;  (Durovic et al.), total nitrogen values (mg/kg) were more 

diversified, from 23.27 to 137.1 mg/kg (mean=56.01 mg/kg), CoV=47.11)), 

compared to total phosphorus (mg/kg), which was more uniform across the sites 

with a CoV of 96.54% and a range of 1.489 to 52.64 mg/kg (mean=11.06 mg/kg). 
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Table 3.3 Summary of the physicochemical properties for a selection of Irish soils 

(n= 25). 

 Soil Properties min Max. Med Me SD CoV LQ. UQ 

%Clay 11 29 18 18.4 5.083 27.62% 14 21 

%Silt 5 49 15 16.16 8.489 52.53% 11.5 19 

%Sand 36 82 64 65.6 8.921 13.60% 62 71.5 

Soil pHCaCl2 3.303 7.467 6.37 6.031 1.134 18.80% 5.149 7.117 

Soil Organic Matter 

(%) 3.583 42.91 6.225 9.142 8.221 89.92% 5.695 8.696 

Soil Moisture (%)  2.841 11.71 5.032 5.395 1.842 34.15% 4.348 5.835 

Soil Water Holding 

Capacity (%)  5 31 9 12.45 6.77 54.37% 7 16.85 

Total Phosphorus 

(mg/kg) 1.489 52.64 9.496 11.46 11.06 96.54% 5.436 11.95 

Total Nitrogen 

(mg/kg) 23.27 137.1 54.32 56.01 26.39 47.11% 36.08 72.88 

Notation. Min = minimum; Max = maximum; Med = median; Me = mean; SD = 

standard deviation; CoV = coefficient of variance; LQ = lower quartile; UQ = upper 

quartile. 
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Of the 25 sampling sites, 18 had been sprayed with prothioconazole, 11 with 

fluroxypyr, 4 with azoxystrobin, and 1 with glyphosate, with 14 sites with more 

than one active ingredient applied. No sites had been sprayed with boscalid or 

any of the five neonicotinoids. A summary of the nine pesticide residue 

concentrations detected at the 25 sampling sites is presented in Table 3.4. 

Overall, nearly all the targeted pesticides were detected, except for glyphosate 

and AMPA, even though glyphosate was applied in one of the 24 agricultural 

fields (Figure 3.2) and both were removed from subsequent analyses. The total 

pesticide concentrations ranged from below the level of detection (n.d.) to 45.66 

µg/kg; the highest concentration detected was the pesticide prothioconazole at 

45.7 µg/kg. As for the detection rates, fluroxypyr is the least frequently detected, 

at 16% of all the sampled sites, while prothioconazole was detected at the rate 

of 64%. Interestingly, neonicotinoids were detected and quantified in the 

collected soil samples at detection rates ranging from 28-76%, with the lowest 

neonicotinoid maximum concentration detected was 0.178 µg/kg, acetamiprid, 

and the highest maximum concentration detected was thiamethoxam at 1.466 

µg/kg.  

Based on the spraying record, azoxystrobin, glyphosate, fluroxypyr, and 

prothioconazole were all applied within 24 hours of sampling. However, in terms 

of detection, not all pesticides that were reported as being applied at the sampling 

site were detected in our analysis. As mentioned, glyphosate was not detected 

in the soil from the site where it was exclusively applied. Azoxystrobin, fluroxypyr 

and prothioconazole were detected in 50%, 36% and 89% of the sites where they 

had been reported to be applied, respectively. However, even though fluroxypyr 
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were detected in four sites, all of them were found to be below the LOQ. 

Incidentally, prothioconazole was the most frequently and successfully detected 

pesticide in 16 of the 18 sites where it was applied, with only six sites above the 

LOQ. The fact that pesticides were not always detected in field soils where they 

were recently applied could be due to their failure to reach the soil within 24 hours 

or reflect that the concentrations were below the detection limit in the soil samples 

collected. In addition, rapid biodegradation of the pesticides to CO2 and H2O or 

other degradation routes to partial metabolites may also result in a failure to 

detect them, also resulting in decreased toxicity.101,102   

Table 3.4  Summary of the concentrations of analysed pesticides in Irish soils 

(n=25). 

Pesticides 

(µg/kg) Min Max Me Med SD CoV 

Detection 

rates (all 

sites) (%) 

Relative 

detection 

(Sites 

Detected: 

Sites 

Applied) 

Acetamiprid n.d. <LOQ <LOQ <LOQ - - 28 7:0 

Azoxystrobin n.d. 2.523 0.823 0.283 0.933 113.4% 24 2:4 

Boscalid n.d. 2.72 1.09 0.987 0.847 77.75% 40 10:0 

Clothianidin n.d. 0.279 0.193 0.201 0.068 35.24% 32 8:0 

Fluroxypyr n.d. <LOQ <LOQ <LOQ - - 16 4:11 

Imidacloprid n.d. 0.383 0.177 0.163 0.083 46.79% 36 9:0 

Prothioconazole n.d. 45.66 3.278 0.913 9.546 291.2% 64 16:18 

Thiacloprid n.d. 0.24 0.194 0.2 0.043 22.03% 76 19:0 

Thiamethoxam n.d. 1.466 1.349 1.429 0.195 14.43% 72 18:0 
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Notation. Min = minimum; Max = maximum; Me = mean; Med = median; SD = 

standard deviation; CoV = coefficient of variance; n.d. = not detected; and LOQ 

= Limit of Quantification. 

As mentioned previously, Irish soils generally have a high organic matter 

percentage (Table 3.3), which could contain a more extensive microbial 

community,60–63 resulting in rapid pesticide degradation. Even if pesticides were 

not degraded completely, partial degradation could result in higher mobility of the 

degraded product in the soil layers, a phenomenon observed for azoxystrobin 

and its more water-soluble degradation product.103  

Neonicotinoids were detected in 96% of the sampled fields, despite not being 

applied to all sites (Figure 3.2). Our findings, although unexpected in the context 

of what compounds were applied, are consistent with the half-lives reported for 

neonicotinoids, i.e., that they are exceptionally long, and can differ significantly 

(31-450 days for acetamiprid, 148-7000 days for clothianidin, 28-1250 days for 

imidacloprid, 3.4-1000 days for thiacloprid and 7-335 days for thiamethoxam; 

which highlights the extent of their persistence in terrestrial environments.79,104 

Interestingly the fungicide boscalid was detected in the soils from ten sites, again 

without any report of recent application. Unlike the neonicotinoids, boscalid is not 

banned for outdoor use; therefore, the detection of boscalid in soil samples could 

be due to the persistence of this compound from the previous crop season. The 

Koc values for boscalid range from 507 to 1110 mL/g,105 suggesting that strong 

absorption into the soil, coupled with its low mobility, could result in significant 

persistence.106 Such persistence is commonly reported, with an estimated 69% 

of pesticides detected in soils being attributed to applications from previous crop 

seasons,107 with some being reported up to 10 years after application.108 The 

identification of non-recently applied pesticides could also be explained through 
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drift processes from neighbouring other intensively managed agricultural fields 

(no data was obtained about land use or management in neighbouring sites).  

Of the 25 sites included in this study, 23 sites had up to two pesticide products, 

applied in a single day application within 24 hours of sampling. It was not 

unexpected therefore that 23 sites were determined to contain at least two or 

more pesticide residues (Figure 3.3 (a)). However, eighteen fields contained 2-5 

residues, with six fields where a large number of residues (>6) were detected. 

Only one site had no detected pesticides, and no sites had just a single 

detectable pesticide. Taken together, these findings highlight that more than the 

recently applied pesticides are present in the soils sampled, which points to a 

pervasiveness of pesticides in Irish agricultural systems. These findings also 

indicate that, despite their ubiquitous detection, not all pesticides were present at 

high concentrations, and not all pesticides had similar accumulation profiles. For 

instance, both fluroxypyr and acetamiprid were detected in four and seven sites, 

respectively, but at concentrations below their LOQ values (Figure 3.3 (b)), even 

though fluroxypyr had just been applied in 11 sites, and acetamiprid had not been 

applied in any. Another compound not applied in any site was thiamethoxam, but 

in contrast to acetamiprid, it was detected in 18 fields, with 15 fields above LOQ. 
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24 

 

Figure 3.2  Applications and levels of detection for the different pesticide types 

investigated in this study. 

 

Figure 3.3  Distribution of quantified pesticides in Irish agricultural soils (a) 

studied fields based on the number of multi-residues (b) pesticide detection 

frequency and concentration. 
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Hierarchical cluster analysis was used to visualise coherent patterns that 

emerged based on the concentration profiles of quantified pesticides expressed 

across the different pesticide types and soil classes (Figure 3.4). Within the 

studied sites, we show for the first time that hierarchical clustering resulted in two 

distinctions of Irish agricultural soils, relating to low and high pesticides 

concentrations. The dendrogram illustrating the clustering of the pesticide 

classes and types (at the left border of the Figure 3.4) indicated that the cluster 

with the highest pesticide concentrations is dominated by thiamethoxam, 

prothioconazole and thiacloprid, which resulted in these pesticide groups being 

discriminated from other pesticides. In addition to higher pesticide 

concentrations, the cluster formation was also driven by the detection rate, where 

prothioconazole, thiamethoxam, and thiacloprid were detected in nearly all the 

sampled fields, with a detection rate of 64%, 72% and 76%, respectively (Table 

3.4).  

In addition, the top dendrogram (showing clustering based on the soil classes of 

the sites and pesticide concentrations) distinguished the two cluster. For 

instance, the cluster comprising low pesticide concentrations was associated with 

more diverse land-use types, including cropland, grassland and commonage 

land, whereas the cluster with high pesticide concentrations was associated with 

croplands only. Finally, luvisol and surface water gley soil types were largely 

associated with the high pesticide cluster, while the low pesticide cluster had a 

more heterogeneous mix of soil types. 

Prothioconazole is one of the most widely used fungicides in Ireland and is 

applied to an estimated 5% of cultivated lands nationally.72  Of the sites sampled 
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in this study, 72% were reported to have received a recent application which 

explains its clustering with the other received a high concentration pesticide. 

Furthermore, other recently applied pesticides, such as fluroxypyr and 

azoxystrobin, were detected at a lower rate of 36% and 50% in the sprayed fields, 

respectively, compared to prothioconazole, which has a high detection rate of 

89%, which could be due to the compound’s chemical properties. 

Prothioconazole has an estimated Koc  value of 1765,109 suggesting that this 

compound has low mobility in the soil layers. In addition, in acidic conditions 

prothioconazole has a log Kow value of 4.16, indicating that it will readily be 

adsorbed to the organic matter component of the soil,110 justifying its failure to 

dissipate and its high detection levels in this study. 

The quantification of high concentrations of neonicotinoids, specifically 

thiamethoxam and thiacloprid, relative to other recently applied pesticides is 

highly concerning. Our results indicate that the contamination of Irish agricultural 

soils with neonicotinoids is highly prevalent. Assuming that neonicotinoids had 

not been applied after their ban in 2018, their detection could be explained by 

their lack of degradation and movement through the environment. As soon as 

neonicotinoids come in contact with soil, multiple factors could influence their 

behaviour; the soil type, biotic and abiotic properties of the soil, and with the 

fluctuations of these factors, neonicotinoids can take multiple routes through the 

environment.111 This type of mobility may explain the results observed in the 

extensive grassland (EGL) site where clothianidin, thiacloprid and thiamethoxam 

were detected. Historically, this site would not have been sprayed with 

neonicotinoids or planted with neonicotinoid treated seed, all of which were 

confirmed by the farmer; however, our findings clearly demonstrate the presence 
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of neonicotinoids. Interestingly the commonage land (CA) site would also have 

had a history of no pesticide applications, but unlike EGL, no pesticides were 

detected in CA soil. Given that CA is a natural peatland (Figure 3.4), which is 

unsuitable for agricultural cultivation; very little human activity has occurred on 

this land or in the surrounding areas.
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Figure 3.4  Hierarchical cluster heatmap analysis of nine detected pesticides clustered by concentration profiles of targeted pesticides 

and sampling site details. The colour of each cell represents the log10 pesticide concentrations. The dendrogram was cut to present 

two clusters of sample sites and two clusters of targeted pesticides. Notation. EGL = Extensive grassland; IGL = Intensive grassland; 

CL = Cropland; CA = Commonage area. 
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By contrasting these two sites with a similar pesticide application history, it can 

be determined that an agricultural field can be contaminated with pesticides even 

without direct application. There could also be multiple routes of contamination 

of EGL, such as run-off waters from adjacent fields, off-field dust, or spray-drift 

during treatment at a nearby field.25,111–113 Similar findings were also reported by 

Humann-Guilleminot et al. where neonicotinoids, especially clothianidin, 

imidacloprid and thiacloprid, were detected in extensively managed agricultural 

land with no history of neonicotinoid application up to 10 years.114 

To simplify the heatmap the Irish soil great group and pesticide class variables 

were removed from the hierarchical clustering analysis, allowing us to focus on 

crop and pesticide types (Figure 3.5 (a)). Even without recent application, 

insecticides emerge as the most dominant pesticide type distinguished in the 

clustering as it is the only pesticide type detected in all agricultural fields, followed 

by fungicide and herbicide. For the land-use types, as the main driver of the 

clustering is pesticide concentration, and as higher concentrations were 

observed in the cropland sites, hierarchical clustering analysis yielded croplands 

clustering, while commonage land and grasslands formed a separate cluster. 

This clustering pattern also correlates with the recorded percentage of pesticide 

use in Ireland, where it has been reported that croplands are treated with 95.5% 

insecticides, 92.6% fungicides and 41% herbicides.72  
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Figure 3.5  Simplified hierarchical cluster analysis heatmap clustered by log10¬ 

concentration profile (a) Crop types clustered by pesticide types (b) Crop types 

clustered by targeted pesticides (excluding neonicotinoid). 

To further investigate the pesticides that are still used widely in an Irish context, 

hierarchical clustering was performed after removing neonicotinoids, basing the 

clustering on crop type and non-neonicotinoid pesticides (Figure 3.5 (b)). This 

had the result of collapsing the commonage land and grasslands into a single 

cluster with no targeted pesticides detected. The discrimination of spring barley 

and winter wheat from other crop types can be explained based on the cereal 

production area in Ireland. In 2021, of the 356.7 thousand hectares of area 

utilised for cereal production in Ireland, spring barley, winter barley, and winter 

wheat are the top three cereals grown, with 42%, 24% and 20% of the total area, 

respectively.115 

Additionally, when insecticides were removed from the analysis, it was observed 

that fungicides and herbicides were predominantly applied to croplands.72 This is 

(a) (b) 
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undoubtedly reflected in the hierarchical clustering where spring barley and 

winter wheat are grouped in the cluster for high pesticide concentrations, as 

these crop fields with all the targeted fungicides and herbicides at high 

concentrations (Figure 3.5 (b)). Notably, azoxystrobin is clustered with fluroxypyr, 

separated from other fungicides, while boscalid and prothioconazole cluster 

together as these pesticides are primarily detected in the croplands.
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Pearson correlation analyses were carried out to determine the potential 

relationship between the soil physicochemical properties and the total pesticides 

quantified at the respective fields (Figure 3.6 (a)). Only one significant correlation 

was identified: a positive correlation between total pesticide detected and 

percentage of clay (p<0.05), while weak correlations with the other measured soil 

physicochemical properties. It is also noted that even though weakly correlated, 

total pesticide detected correlates negatively with soil organic matter.  

 

Figure 3.6  Pearson correlations coefficient plot based on the number of soils 
containing quantifiable pesticide residues (n=24): (a) the total pesticide content 
is represented with the measured soil properties, (b) The frequency of pesticide 
detection and pesticide average concentrations correlated with their pesticide 
properties. Notation. SM = Soil Moisture; SWHC = Soil Water Holding Capacity; 
SOM = Soil Organic matter; TP = Total Phosphorus; TN = Total Nitrogen; TPD = 
Total Pesticide Detected; Vp = Vapour pressure; DT50 = Half-life; WS = Water 
Solubility; GUS = Groundwater Ubiquity Score; Freq = Frequency of detection; 
Avg = Average concentration “N”.  

 

 

(a) (b) 
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This finding is contrary to many of the reported publications,2,116–120 where a 

positive correlation is generally observed for the relationship between pesticides 

and soil organic matter. However, this observation could be explained based on 

the Irish soil great group. Luvisol is a soil great group with a subsoil enriched with 

a higher percentage of clay, and as a more significant number of sampled sites 

were from the luvisol soil great group, clay particles could be the more dominant 

component that plays a role in the adsorption of pesticides. Even though the 

studied sites were also observed to have a high organic matter percentage 

(>5%), clay particles could be more readily available for pesticide adsorption. 

This postulation is supported by Durovic et al., where it was stated that even 

though soil organic matter and clay can both play a role in the adsorption of 

pesticides, in soils with a higher percentage of clay fractions, pesticide residues 

would readily adsorb clay component rather than soil organic matter.121 Similar 

findings have also been reported in the Czech Republic, where pesticides were 

reported to correlate negatively with soil organic matter while correlating 

positively with clay minerals.122 On the other hand, organic matter and the clay 

fraction could both exist in high concentrations, and the pesticides would still 

adsorb more readily to the clay particles. Theoretically, clay can physically coat 

and encapsulate soil organic matter, resulting in stable aggregate formation,55 

protecting the organic matter from other soil properties, including the adsorption 

of pesticides. While the organic matter is rendered unavailable for pesticide 

adsorption due to encapsulation, the larger surface area of clay minerals’, with -

OH groups and transferable cations, can enhance the adsorption of pesticides.123 

Consequently, it increases pesticide compounds’ adsorption to the clay particle, 

resulting in a positive correlation of pesticide with clay percentage. 
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The frequency of pesticide detection was weakly correlated with their properties, 

such as vapour pressure, log Kow, Koc, DT50, water, solubility and Groundwater 

Ubiquity Score (GUS) index. In contrast, the average concentration of the 

pesticides had a significant positive correlation with log Kow  (p<0.05) (Figure 3.6 

(b)). This relation indicates that with increasing log Kow  values, the pesticide 

concentration in the soil increases, which conforms to widely reported studies.123–

125 

Soil pH correlates positively with the total pesticide detected. As the pH of the 

sampled sites was observed to be skewed towards an acidic soil environment 

(mean=6.37) (Table 3.3), it could result in increased sorbing of pesticides and 

increased persistence.126 Chemically, ionic and hydrophilic compounds were 

observed to efficiently bind to clay minerals,127 and many of the targeted 

pesticides are ionisable based on their pKa values (Table 3.6), confirming their 

high affinity of total pesticide detected towards the clay particles and increased 

persistence. Interestingly, it is observed in this study that even the non-polar and 

non-ionic compounds (log Kow >1) (Table 3.6) were detected at high 

concentrations in soil layers with high clay percentage (Figure 3.4). The findings 

suggest that even though the basic pesticide properties, such as pKa, log Kow , 

DT50, and solubility help predict its behaviour and persistence, these properties 

become less determinant in the real-world scenario where a more significant 

number of external factors are involved. The fact that most pesticide behaviour 

studies are conducted under laboratory conditions is an issue often mentioned in 

the literature,107 as are the difficulties in transferring this knowledge to highly 

complex and highly heterogenous soils found in real agricultural sites.
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Scrutinising the sites for further monitoring purposes, based on the detection and 

quantification of widely used pesticides, resulted in the selection of 13 sites out 

of the original 25 sites. Table 3.5 presents the summary of the pesticide 

concentrations, where the total pesticide concentrations within 24 hours of 

pesticide application ranged from the level below the detection (n.d.) to 45.66 

µg/kg, while the total pesticide concentrations after one week of pesticide 

application ranged from n.d. to 5.02 µg/kg. Even though the highest total 

pesticide concentrations decreased by 89%, in both sampling timepoints, the 

highest concentrations detected were of the pesticide prothioconazole. For the 

13 sites, acetamiprid and fluroxypyr both remained under LOQ concentrations 

during both sampling timepoints, with detection rate increased by 31% for 

acetamiprid after one week, while there are no changes in detection rate for 

fluroxypyr.  
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Table 3.5  Summary of the concentrations of analysed pesticides in Irish soils within 24 hours and one week after pesticide application 

(n=13, that is, the number of sites where pesticides were recently applied). 

Pesticides (µg/kg) Sampling Min Max Me Med SD CoV 

Detection 

rates 

(13 sites) 

(%) 

Relative 

detection 

(Sites 

Detected: 

Sites Applied) 

Acetamiprid 
24 hours n.d. <LOQ <LOQ <LOQ - - 31 4:0 

One week n.d. <LOQ <LOQ <LOQ - - 62 8:0 

Azoxystrobin 
24 hours n.d. 2.523 0.319 1.323 0.757 80.51% 23 2:2 

One week n.d. 2.071 0.159 1.03 0.574 0.00% 8 1:2 

Boscalid 
24 hours n.d. 1.59 0.142 0.795 0.437 117.90% 23 3:0 

One week n.d. 1.034 0.099 0.517 0.284 82.02% 23 3:0 

Clothianidin 
24 hours n.d. <LOQ <LOQ <LOQ - - 31 4:0 

One week n.d. 0.271 0.044 0.136 0.094 11.63% 23 3:0 

Fluroxypyr 
24 hours n.d. <LOQ <LOQ <LOQ - - 31 4:9 

One week n.d. <LOQ <LOQ <LOQ - - 31 2:9 

Imidacloprid 24 hours n.d. <LOQ <LOQ <LOQ - - 23 3:0 
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One week n.d. - - - - - 0 0:0 

Prothioconazole 
24 hours n.d. 45.66 3.851 0.44 12.563 256.50% 85 11:11 

One week n.d. 5.02 1.06 0.44 1.468 98.84% 85 11:11 

Thiacloprid 
24 hours n.d. 0.24 0.086 0.08 0.051 72.74% 92 12:0 

One week 0.194 0.242 0.234 0.238 0.013 5.58% 100 13:0 

Thiamethoxam 
24 hours n.d. 1.465 0.872 1.376 0.719 3.70% 62 8:0 

One week n.d. 1.489 0.91 1.469 0.749 0.60% 62 8:0 

Notation. Min = minimum; Max = maximum; Me = mean; Med = median; SD = standard deviation; CoV = coefficient of variance; n.d. 

= not detected; and LOQ = Limit of Quantification.   
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Comparing the detection rates of these widely used pesticides over one week 

indicates that, except for azoxystrobin, all the other pesticides were detected at 

the same rate. The detection rate of azoxystrobin decreased by 15% (three sites 

to one site), while the maximum concentration decreased by 18%, from 2.523 to 

2.071 µg/kg. While the detection rate did not change for the other compounds, 

the maximum concentration decreased for boscalid and prothioconazole by 35% 

and 89%, respectively. Fluroxypyr was detected at the same rate (four sites) for 

both sampling timepoints, but after one week, it was detected in only two out of 

nine sites where it was recently applied, in addition to two where it was not. 

The detection of neonicotinoids between the one-week sampling timepoint in Irish 

agricultural soils corresponds with their widely reported long half-lives.76–81 In 

contrast to other neonicotinoid analytes, imidacloprid is the only neonicotinoid 

that was not detected in the 13 sites after a week, while thiamethoxam was 

detected at the same detection rates (eight sites) between both sampling 

timepoints. Furthermore, in terms of total pesticide concentrations, nearly all the 

neonicotinoids were observed to increase in concentrations, with clothianidin, 

thiacloprid and thiamethoxam increased by 11%, 1%, and 4%, respectively. The 

increase in neonicotinoid concentrations, even though not applied recently, can 

be explained by the movement of these persisting analytes upon desorbing from 

the sites where they had been accumulated, either within the field or from 

neighbouring fields. This movement can be attributed to the long persistence of 

neonicotinoids in agricultural soils,114 and the high mobility of these analytes in 

the environment.128–130 Hence, the detection of neonicotinoids during both 

sampling timepoints further strengthens the necessity for regular monitoring of 

neonicotinoids in the soil. 
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Interestingly, even though the detection rates of most of the widely used 

pesticides were observed to be the same within 24 hours and one week after 

pesticide application, the total pesticide concentration was observed to decrease 

between these two-sampling timepoints (Figure 3.7). Prothioconazole were 

detected in all the fields that it was recently applied (11 sites) with the detection 

rate of 85%. However, prothioconazole is the only pesticide noted to decrease 

significantly (p<0.05) in total concentration, with a decrease of 72% and only four 

of the 11 sites being above LOQ. Meanwhile, fluroxypyr were detected in four 

sites during both sampling timepoints, but with no concentrations above LOQ. 

Both azoxystrobin and boscalid concentrations decreased by 50% and 30%, 

respectively, with one site above LOQ for each analyte. 

 

Figure 3.7  Fluctuation of the total concentration of individual pesticide analytes 

compared within 24 hours and one week after pesticide application (n=13). 

Notation. Ace = Acetamiprid; Azo = Azoxystrobin; Bos = Boscalid; Cloth 

=Clothianidin; Flu = Fluroxypyr; Imi = Imidacloprid; Pro = Prothioconazole; Thiac 

= Thiacloprid; Thiam = Thiamethoxam; 24 h = within 24 hours of pesticide 

application; and 1 w = after 1 week of pesticide application. 
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Overall, the dissipation of all the widely used pesticides between the two studied 

sampling timepoints can be attributed mainly to chemical or microbial 

degradation.131 In this study, chemical degradation of the pesticides can be 

influenced by the clay and pH properties, highlighted previously as the only 

positively correlating soil physicochemical properties to the total pesticide 

detected in Irish agricultural soil. Similar findings have also been reported by Kah 

et al., where the author noted a positive correlation between the clay content and 

the degradation rate of pesticides.116 The authors highlighted as the clay and 

organic matter content forms a significantly correlation, the degradation rate of 

pesticides could be catalysed by both of the soil components rather than just one 

of them.116 This finding is also supported by Villaverde et al., where both clay and 

soil organic matter were noted to have a significant positive correlation with the 

degradation of dicamba, mesulfuron-methyl, 2,4-D, and flupyrsulfuron-methyl-

sodium (p<0.01).132  

Based on the application history of the widely used pesticides, boscalid is the 

only pesticide that was not applied recently. Although previous studies had noted 

that boscalid tends to degrade slowly in soil, with half-lives ranging from 31.5 

days to 180.1 days,133,134 up to 96 to 578 days.105 Interestingly, in this study, the 

total concentration of this pesticide observed to decrease by 21% within the one 

week. The initial detection of boscalid in the 24-hour soil samples, even when it 

is not applied, could be due to repeated application, as noted by Han et al., where 

degradation rates of boscalid decrease with frequency of treatment.133 The 

author also noted that boscalid alters the soil microorganism structure with 

multiple applications resulting in the specialisation of pesticide-degrading 

species.133 However, this shift in soil microbial structure could enhance the 
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degradation rate of boscalid with time, which could be observed in this study. 

Similar findings have also been reported by Yu et al. with the application of 

fungicide carbendazim, where the author noted a 90% increase in degradation 

rate between the first and fourth fungicide application.135 Nonetheless, even with 

a high biodegradation rate, due to the high persistence nature of boscalid, the 

repeated application of boscalid could result in substantial accumulated residues 

in soil, where its ecological effects in long-term contaminated soil remain 

uncertain.  

Nevertheless, in the Irish agricultural soil, the decrease in total concentration of 

all the widely used pesticides can result from degradation catalysed primarily by 

microorganisms. The dominant role of soil microorganisms in the dissipation of 

pesticide residues in the soil is well known.50,136 The postulation that 

microorganisms enhance the decreases is supported by the log KOW values of 

azoxystrobin, boscalid, fluroxypyr and prothioconazole, 2.5, 2.96, 2.2 and 

3.82,109,137,138 indicating their great affinity to organic matter. As a higher 

percentage of soil microorganisms are housed in the soil organic matter phase, 

it increases the probability of contact between the adsorbed pesticides and 

microorganisms. When microorganisms come in contact with pesticides, the 

pesticides may be utilised as a source of carbon and energy, rapidly decreasing 

the pesticide concentrations.50 This reasoning is supported by various 

studies,139–142 where the alteration of organic matter in the soil increases 

microorganism activity, subsequently escalating pesticide degradation. The 

lower degradation rate of fluroxypyr compared to the other pesticides can also 

be linked to soil organic matter and microbial activity. Kah et al. had previously 

highlighted that the degradation rate of fluroxypyr correlates significantly (p<0.05) 
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to the soil organic carbon.116 Thus, the lowest percentage of decrease of 

fluroxypyr can be recognised due to the lower organic matter content in Irish 

agricultural soil. 

Despite the fact the pesticide prothioconazole decreases in total concentration 

significantly (p<0.05), it does not necessarily mean the pesticide has dissipated 

entirely from the environment. It is highlighted by Lin et al., prothioconazole can 

rapidly degrade to its metabolite prothioconazole-desthio, with half-lives below 

5.82 days, and the metabolite is found to persist longer in soils and plants 

compared to the parent compound.143 Additionally, prothioconazole-desthio has 

a higher potency than prothioconazole due to its highly active state.144 Hence, 

even though the concentration of the parent compound reduces rapidly, further 

studies are required to assess the potential unintended impact of the metabolite 

prothioconazole-desthio in the Irish agricultural soil layers. 
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The results of our study indicate that understanding pesticide contamination in 

Irish agricultural soils is complex - with pesticides applied in sites sometimes, but 

not always, being detected, and conversely, pesticides not applied being 

detected. As such, an environmental risk assessment is beyond the scope of this 

study. However, the findings of this study highlight that potential risks may be 

involved with pesticide use in Ireland. Assessing pesticide risk in soils is difficult 

due to the lack of a maximum pesticide limit available for soils. Since pesticides 

used in agriculture can pose the risk of entering the water bodies via surface run-

off or leaching,145 which would then threaten the drinking water resources, hence, 

the available European parametric limit for groundwater and drinking waters was 

used as a proxy for assessing the threat level of the pesticide concentrations in 

this study. In terms of the compounds applied within 24 hours of sampling – 

prothioconazole, fluroxypyr, azoxystrobin – the threat level can be interpreted as 

a “worst case scenario”, with very little time for degradation to occur; however, 

for the compounds detected that were not recently applied, namely boscalid and 

the neonicotinoids – this scenario consideration does not apply. The Irish drinking 

water limit, which is also in agreement with the European drinking water 

regulation, stipulates individual concentrations of pesticides to be below 0.1 µg/L, 

while the parametric limit of total pesticide concentration is set to be below 0.5 

µg/L,146 which is similar to the groundwater quality standard.147,148 These limits 

are emphasised for treated drinking water, where the potential pesticides in 

surface waters and groundwaters are reduced during the water treatment. 

Nonetheless, the complete removal of pesticides from natural water sources is 

complex, and the detection of pesticides in drinking waters has been reported on 
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multiple occasions.149–152 Findings by Schipper et al. highlight that untreated 

drinking water can exceed the parametric limit set for the total pesticide (>0.1 

µg/L).153 Even though it is difficult to establish the source of pesticide pollution in 

a water body, run-off and leaching of accumulated soil pesticides could be one 

of them.154–156 It is noted here in this study that, based on the total pesticides 

quantified respective to each sampled site, only one site was established to be 

below this limit, while 24 sites had pesticide concentrations well above the limit 

of 0.5 µg/L (Figure 3.8 (a)). As explained earlier; however, simply considering the 

total pesticide concentrations is not entirely appropriate, given that some 

compounds were applied within 24 hours of sampling. When these compounds 

were removed from calculations, such that the only compounds considered were 

those that were not applied, 17 sites still had pesticide concentrations above the 

limit of 0.5 µg/L (Figure 3.8 (b)).  

The risk of the pesticides leaching through the soil layers and contaminating 

groundwater can be predicted by other physicochemical characteristics, 

particularly the percentage of sand content. In this study, an average of 65.6% of 

the sampled sites were deemed to have high sand content (>45%). Although the 

soil layers are noted to have high sand content, which usually coincides with high 

levels of leaching,71 our detection of multiple pesticides at significant quantities 

and in addition to the high clay content, allows us to conclude that leaching levels 

are low for the sites included in this study.
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Table 3.6  Chemical properties of all the quantified pesticides.105,109,137,157,158 

Notation. Vp = vapour pressure; pKa = dissociation constant; NI = non-ionisable; 

log Kow = partition coefficient; Koc = soil adsorption coefficient; DT50 = half-life; 

WS = water solubility; GUS = Groundwater Ubiquity Score. 

 

 

 

 

Pesticides Vp (mPa) 

 

pKa log Kow  Koc 

DT50 

(days) 

WS 

(mg/L) 

GUS 

index 

Acetamiprid 1.73E-04 0.7 0.8 267 8.2 4250 0.94 

Azoxystrobin 0.00E+00 NI 2.5 594 181 6 3.10 

Boscalid 7.20E-04 NI 2.96 9500 578 4.6 2.66 

Clothianidin 0.00E+00 11.9 0.905 60 1155 327 3.74 

Fluroxypyr 4.00E-06 2.94 2.2 136 21 91 2.42 

Imidacloprid 0.00E+00 1.56 0.57 800 190 610 3.69 

Prothioconazole 4.00E-04 6.9 3.82 1765 1336 300 -0.18 

Thiacloprid 0.00E+00 NI 1.26 1584 142 185 1.1 

Thiamethoxam 7.00E-06 NI -0.13 68.4 301 4100 3.58 
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Figure 3.8  Pesticide concentration threshold (a) total pesticide quantified and 

(b) pesticides that were detected but not applied, (n=25), compared with the Irish 

Drinking Water’s and groundwater parametric limit for total pesticide 

concentrations.146–148 

 

Conversely, the risk of pesticide transmission reduces significantly with 

increasing clay percentage with McGinley et al., reporting that soils with <20% 

clay have the highest risk of pesticide leaching through their layers and 

contaminating ground waters.71 Considering that the mean clay percentage in the 

sampled sites is 18.4%, it can be established that pesticide movement in the Irish 

agricultural soil is very low. This statement is further supported by ElGouzi et al., 

in their study of phenylurea pesticide adsorption potentials, where pesticide 

leaching decreases and retention increases with increasing clay content.159 The 

risk assessment can be further supplemented by considering the pesticide 

properties. Adsorption coefficients (Koc and log Kow ) can be used to predict the 
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leaching potential, where the smaller the Koc value, the more mobile a pesticide 

compound would be, while the more hydrophilic a compound is (log Kow) higher 

the leaching potential. Hence, by linking with the water solubility and GUS index 

values, the leaching potential of individual pesticides can be isolated.  

Based on these pesticide properties, acetamiprid (not applied) and azoxystrobin 

(applied within 24 hours) were identified as the pesticides with a higher risk of 

leaching relative to the other pesticides. Even though, both of these compounds 

have low log Kow and Koc values, with high-water solubility, the GUS value of 0.94 

for acetamiprid indicates that this compound has a very low leaching potential,111 

however, azoxystrobin identified to have a very high leaching potential with GUS 

value of 3.10 (Table 3.6).137 On the other hand, boscalid (not applied) and 

prothioconazole (applied within 24 hours) were identified to have a higher 

probability of persisting in the soil rather than leaching due to their high affinity 

towards the soil and high hydrophobicity.
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Figure 3.9  Pesticide concentration threshold of widely used pesticides within 24 

hours and one week after pesticide application (n =13), compared with the Irish 

Drinking Water’s and groundwater parametric limit for total pesticide 

concentrations 146–148. 

Further assessment in the shifts in the widely used pesticide concentrations 

between the two timepoints (n=13), indicated that no fields were found to have 

total concentrations below 0.1 µg/kg. However, there were an increased number 

of fields with concentrations of ≥0.1-0.5 µg/kg, while the number of sites between 

the concentrations of ≥0.5-1 µg/kg remained the same for both sampling 

timepoints (one site) (Figure 3.9). Interestingly, the sites with total concentrations 

higher than 1 µg/kg decreased from nine to six sites. It can be inferred that the 

increasing number of fields in other lower pesticide concentration threshold 

categories is due to the decreasing total concentrations of the higher pesticide 

threshold categories. As highlighted before, boscalid and prothioconazole were 

identified to have a higher risk of persistence based on the physicochemical 

properties of both the soil and the pesticide. However, we noted that both 

24
 h

ours

1 
w
ee

k

24
 h

ours

1 
w
ee

k

24
 h

ours

1 
w
ee

k

24
 h

ours

1 
w
ee

k

24
 h

ours

1 
w
ee

k

0

5

10

15

9

6

1 1

3

6

0 00 0

N
o

. 
o

f 
fi

e
ld

s
No residues > LOQ

≥LOQ-0.1 μg/kg

≥0.1-0.5 μg/kg

≥0.5-1 μg/kg

≥1 μg/kg



 

193 
 

boscalid and prothioconazole decrease in concentration, with 30% and 72%, 

respectively (Figure 3.7). This highlights the difficulty of predicting the behaviour 

of pesticide compounds in the environment, strengthening the need for 

continuous pesticide monitoring in the soil.  

The pesticide concentrations detected (Table 3.4) may also be used to assess 

the potential risks of individual pesticides. For example, acetamiprid was 

detected at levels below the parametric limit of 0.1 µg/kg, with a maximum 

concentration of 0.178 µg/kg, indicating a lower risk of persistence. By contrast, 

azoxystrobin, with a concentration of 2.523 µg/kg that could potentially 

contaminate groundwater.146 This assessment of potential contamination is 

supported by McGinley et al., who scored the compound 27 on a transmission 

risk ranking scale of 9-42.71 Again, it should be considered that this concentration 

was detected within 24 hours of application. Even though other targeted 

pesticides have some leaching potential, not all their properties lead towards it. 

For instance, clothianidin and imidacloprid both have high water solubility and log 

Kow values; however, the GUS index of 3.74 and 3.69, respectively, indicates that 

these pesticide compounds have a very low leaching potential. In summary, 

therefore, notwithstanding those the total pesticide concentrations in Irish 

agricultural soils exceeded the parametric limit set for Irish drinking water, the 

higher leaching potential risk was predictive for only two of the nine quantified 

pesticides, indicating a higher risk of pesticide accumulation than leaching. In 

relation to neonicotinoids in particular, acetamiprid has a higher risk of leaching, 

whereas clothianidin and imidacloprid have higher risks of accumulating. In this 

study, acetamiprid was the neonicotinoid detected least frequently, and the only 

one never to exceed the LOD. However, as we have no historical application 
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information, it is not possible to evaluate if this relative detection pattern is related 

to extent of leaching or accumulation. 

Even though the accumulation of pesticides in the soil layers reduces the 

transport of those compounds through the environment, this does not 

automatically lead to the conclusion that they do not pose a potential hazard to 

human health. For instance, high concentrations of the accumulated pesticides 

would have a lower degradation rate, as highlighted by Fogg et al.  The authors 

reported in their study on biobeds that the rate of degradation decreases with 

increasing concentrations of the pesticides isoproturon and chlorothalonil.160 If 

the availability of pesticides increases in the soil, consequently, it would be 

expected to lead to biological uptake and bioaccumulation. Wang et al.  noted 

that acetamiprid, imidacloprid and azoxystrobin can be translocated from soil to 

maize leading to bioaccumulation based on their bioavailability.161 The authors 

also stated that pesticides with higher log Kow value have a higher risk of 

accumulating in maize’s roots, and pesticides with lower log Kow have a higher 

risk of translocating to the shoots from the roots. Similar findings were reported 

by Li et al., where out of five neonicotinoids studied, acetamiprid was identified 

to have a greater risk of accumulating in the Japanese mustard spinach 

vegetable shoots, while thiamethoxam was noted to accumulate in the vegetable 

roots.162 Ultimately, it needs to be considered that both leaching, or accumulation 

pose a risk of indirectly increasing the risk to food and environmental safety.
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This study investigated the levels of pesticide contamination in Irish agricultural 

soils. Soil samples were collected from 25 sites: 22 croplands, two grasslands 

and one commonage land. Pesticides were applied to 23 of these sites within 24 

hours of sampling. From these fields, it was determined that 96% of the soil 

samples had detectable pesticide concentrations, where the concentrations of 

pesticides detected ranged from 0.18 to 45.7 µg/kg. Even though there was no 

recent application history at any of the sites, neonicotinoids were detected in 24 

agricultural fields, even in a permanent grassland with no history of pesticide use. 

Similarly, to neonicotinoids, boscalid was detected in 10 sites even though it was 

not applied recently. However, glyphosate or AMPA were not detected in the 

single site where glyphosate was recently applied. It can be postulated that the 

failure to detect both glyphosate and AMPA could be due to the limitation of the 

QuPPe-PO method to extract both of these analytes successfully. This limitation 

is noted in the poor extraction recovery and linearity. Therefore, further studies 

are required to explore more accurate extraction methods for the successful 

extraction of glyphosate and AMPA.  

Based on the distribution of quantified pesticide residues, 21 sites were shown 

to have three or more pesticide residues, with three fields having seven residues, 

against a baseline of no more than two pesticides applied recently at any 

individual site. Of the pesticides that were applied to the fields sampled, 

prothioconazole was the most detected pesticide, with the highest concentration 

quantified is 45.7 µg/kg and a detection rate of 89% in the sites where it was 

reported to be applied. Based on the hierarchical clustering analysis, luvisol is 

identified as the soil great group that dominates the highest pesticide 
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concentrations cluster, croplands discriminate themselves from other land-use 

types, and spring barley and winter wheat are the crop types of fields that have 

the highest concentration of fungicides and herbicides. Notably, through Pearson 

correlation analysis, it was found that the total pesticide detected, and clay 

fraction forms a significant positive correlation with the total pesticide detected 

(p<0.05). At the same time, log Kow correlated significantly (p<0.05) with total 

pesticide concentrations. Based on the Irish drinking water parametric limit, it was 

observed that 23 sites with total pesticide concentrations exceeded that limit (0.5 

µg/L). When recently applied compounds were removed from calculations, 17 

sites still had pesticide concentrations above the limit of 0.5 µg/L. In an effort to 

assess the environmental risk, by considering both the sampled agricultural soil 

properties and the individual pesticide properties, acetamiprid and azoxystrobin 

were identified to have higher leaching potential, while boscalid and 

prothioconazole to have accumulation risk. However, further monitoring of the 

sites where widely used pesticides were detected, revealed that all the widely 

used pesticides decreased in concentrations, in the range of 18-72%, with 

highest decrease observed in the case of prothioconazole. Even though boscalid 

was identified to have higher persistence risk, within the one-week timepoint, the 

pesticide is observed to decrease by 30%. Two main findings emerged from this 

study: firstly, in 15 of 25 sites analysed, pesticides not applied recently were 

detected in the soils sampled. Secondly, where pesticides were applied recently, 

this did not automatically result in quantifiable concentrations of pesticides in the 

corresponding soils. Fluroxypyr was only detected in 4 of 11 sites where it was 

applied, and never above the LOQ. Whilst prothioconazole was detected more 

frequently, in 16 of 18 sites where it was applied, it was below the LOQ in 10 of 
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these sites. Correlations were observed between pesticide concentrations and 

the physiochemical properties of both the pesticides and soils. Future studies are 

needed to evaluate the extent to which applied pesticides degrade, leach or 

accumulate in soils, and the factors that impact this, and to determine the 

resultant potential risks of pesticide soil contamination on the Irish environment. 
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4.0 Fluctuation of microbial functional 

properties in Irish agricultural soil: 

during and after pesticide application 
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Pesticide application has become synonymous with agricultural production. 

However, the impact of pesticide use on the soil microorganism population 

remains poorly understood, despite the importance of microorganism 

communities in maintaining soil function. In this research, we report the response 

of soil microbial biomass, respiration activities, and functional diversity to the 

quantified concentration of four widely applied pesticides, azoxystrobin, boscalid, 

fluroxypyr and prothioconazole, during and a week after pesticide applications in 

the agricultural fields across the Republic of Ireland. Relationships between soil 

physicochemical and microbial properties were assessed through Pearson 

correlation. In particular, soil organic matter (SOM) was shown to correlate 

positively with microbial biomass and functional diversity. From this, the microbial 

properties differences influenced by three distinct SOM classes were further 

studied. We found that increasing SOM content in the soil resulted in increased 

microbial biomass, respiration activities, and functional diversity. In soils with 

higher microbial biomass and respiration activities, prothioconazole total 

concentration was found to decrease significantly, with a 72.49% reduction in a 

one-week period, and the mean total pesticide concentrations in humic soil class 

decreased substantially, with 69% decrease in mean concentration. 

Furthermore, in different SOM classes, microbial properties responded 

distinctively following pesticide application. It is hypothesised that the lower SOM 

class may have a higher abundance of specialised microorganisms adapted to 

the pesticide compounds, resulting in proliferation following pesticide application. 

In contrast, the SOM class with higher organic matter content experienced higher 

qCO2 levels after the pesticide application activity, indicative of increased stress 
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on the microbial population. This stress therefore decreased microbial biomass, 

respiration activities, and functional diversity. Overall, we conclude that the SOM 

content of agricultural land is crucial in preserving the soil’s microbial properties. 

This insight into the changes in microbial biomass and activities provides a 

baseline understanding of the impact of pesticide application in Irish agricultural 

soil. 

 

Agricultural yield and food security rely heavily on the productivity of agriculture. 

Meanwhile, this agricultural productivity is dependent on the high quality of the 

soil in which the crops are grown. The term “soil quality” can be defined as the 

ability of soil to support animal and plant throughput while regulating the quality 

of water and air.1 Soil quality is dependent on the intricate interaction between 

the soil’s biotic and abiotic properties, which is also a good indicator of 

sustainable land management.1 Soil abiotic properties, namely soil physical 

properties, defines the soil quality based on static indicators, such as soil texture, 

porosity and bulk density, and dynamic indicators, namely water retention 

capability, leaching potential and erosion potential. On the other hand, chemical 

properties that characterise soil qualities are soil organic carbon, nutrient 

availability, soil acidity, and salinity.2 Additionally, soil layers are also inhabited 

by a great diversity of micro and macro fauna that plays a crucial role in 

decomposing, nutrient cycling, transforming, and modifying soil structure, directly 

affecting the soil quality,3 in particular, soil microorganisms. Many soil processes, 

such as decomposition, nutrient cycling, carbon sequestration, water cycling and 

retention, and pest and pathogen population control, are catalysed by soil 

microorganisms.3–6 However, due to the sensitive nature of microorganisms, they 
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are impacted by physical or chemical changes in their environment,7 making 

them an effective indicator of soil quality.  

As a result of anthropogenic activities, the degradation of the world’s agricultural 

lands is increasing, which has been attributed to land misuse and soil 

mismanagement.8 With the soil’s physical and chemical properties experiencing 

degradation, namely the depletion of the soil’s organic carbon pool, biological 

degradation is an inevitable consequence.8 Just as the soil microorganisms 

influence the essential soil processes, the land use and the soil ecosystems also 

affect the diversity of the soil microorganism. This influence is reflected in studies 

by Rodrigues et al., and Tin et al., where changes in the natural land use to 

agricultural land use are noted to induce changes to the soil microorganism’s 

community structure, in some cases, it initiates the loss of microbial biodiversity. 

9,10 Interestingly, Drenovsky et al. demonstrated that microorganism communities 

shift to distinct specificity in heavily managed soils compared to natural soil.11 

This shift could be the result of differences in management practices, such as 

shifting soil pH, supplementation of soil nutrients through fertilising, and 

monocultures of crops and animals, influencing the structure of soil microbial 

communities.6,11–14  

Intensification of agricultural production has been successful achieved for the 

past decades, mainly due to the development and usage of pesticides, which 

raises concerns about environmental contamination that increases the rate of soil 

degradation and decline of soil quality.15 With constant usage of pesticides, 

pesticide residues tend to accumulate and persist in the soil layers,16 eventually 

encountering soil microorganisms. In the soil layers, pesticide compounds can 

take multiple routes. However, degradation of pesticides metabolised by 
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microorganisms, or biodegradation, is the primary mechanism of pesticide 

degradation in the soil environment.17,18 Even though biodegradation is the 

process where a group of microorganisms utilises pesticide compounds as a 

nutrient source to facilitate growth,19 the effects of pesticides on microorganisms, 

in general, can vary.20 For instance, Al-Ani et al. reported a significant decrease 

in microbial community and activities with the addition of the pesticides 

malathion, alphacypermethrin and glyphosate at different concentrations and 

over multiple periods of incubation.21 Similar findings also report that microbial 

biomass and microbial community diversity decrease upon pesticide 

application.20 However, it was noted that an initial decrease in diversity would be 

compensated by increased microbial biomass of resistant microbial communities, 

resulting in a further shift in the microorganism’s community.20 On the other hand, 

Medo et al. reported that even though the recommended doses did not 

unfavourably affect the microorganism community, repeated usage or 

accumulation of pesticides in the soil could enhance the community shifting 

effects.22 In this study, it was also observed that when the pesticide 

concentrations were at 100-fold of the recommended doses, it increased 

microbial biomass and activities. Since pesticide application and soil pesticide 

residue concentrations affect the soil microorganisms’ composition and activity, 

it is crucial to assess soil microbes in relation to soil quality and potential function.  

Multiple methods can be used to assess soil microbial diversity, which is 

generally divided into two main approaches, determination using DNA-based 

approaches,23 and assessment based on community-level physiological profiles 

(CLPP).24 Even though DNA-based approaches can establish taxonomic 

information on individual microbe or groups of microbial community with great 
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sensitivity, it does poorly in assessing microbial physiological state. 

Blagodatskaya et al. have summarised soil microbial communities’ physiological 

state into four states: active, potentially active, dormant, and dead.25 Even though 

all the microbial states contribute toward the soil’s total microbial biomass, the 

active microorganisms are involved in the current essential soil processes, and 

hence are crucial for soil health monitoring. The main downside of using DNA-

based is that species detection does not differentiate between currently active 

and those dormant and dead,23,25 reducing the effectiveness of soil quality 

assessment. On the other hand, assessing soil microbial communities and 

related essential soil processes, such as decomposition and nitrogen 

mineralisation, can be postulated using a phenotypic method such as the CLPP 

method.26,27 MicroRespTM is one of the widely used CLPP measurement 

systems, which provides catabolic profiling through the measurement of CO2 

production of a whole soil microbial community through the utilisation of different 

carbon sources from whole soils.28 The substrate-induced respiration (SIR) 

method of MicroRespTM is an efficient soil assessment based on an active 

microbial community that dynamically decomposes carbon sources, providing a 

more informative assessment of the agricultural soil quality compared to just 

DNA-based methods. 

Shifts in land use types and management, especially fluctuation of soil organic 

matter, have previously been established to alter the microbial functional 

diversity,29–34 however little is known about the distinct effects of pesticide 

application on the microbial community in a real-world setting, especially in 

Ireland. The previous soil microbial biomass and respiration study in Ireland by 

Richter et al. only reported the effect of different Irish soil physicochemical 
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properties and pedogenetic processes on microbial community structure and 

activity.33 However, the impact of pesticide usage on microbial functional diversity 

and respiration activities was not studied. Hence, this study aimed to utilise 

MicroRespTM thus to (i) identify the relationships of soil physicochemical 

properties with microbial functional diversity, (ii) use the diagnostic categories 

used by Richter et al. to correlate the differences in SOM classes to microbial 

respiration activities, 33 and (iii) assess the changes of microbial functional 

diversity a week after pesticide application. 

 

 

The soil samples used for this study are those from the previous chapter. As 

discussed therein, soil samples were collected from 25 different sites, i) within 24 

hours and one week of pesticide application and ii) with no recent agricultural 

activities or pesticide use history, throughout Ireland (Figure 4.1). The soil 

samples collected for physicochemical analysis were stored at 4oC until further 

analysis, while the soil samples collected for pesticide and MicroRespTM analysis 

were stored at -20oC. For pesticide analysis, the soil samples were defrosted, air 

dried and sieved to 2 mm, and stored at -20oC until further analysis. Meanwhile, 

for the microbial functional diversity analysis, the soil samples were defrosted, 

sieved through 2 mm and stored at 4oC for no longer than one week.  
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Figure 4.1  Sampling map of the study area (Republic of Ireland); callouts are for 

Kildare and Kilkenny counties. The label for each point indicates the site’s labels: 

EGL: Extensive grassland.; IGL: Intensive grassland.; CL: Cropland.; CA: 

Commonage Area. 

 

The complete characterisation of the measured soil physicochemical properties 

for all 25 sites is presented in Table 4.1. The soil textures were assessed and 

classified based on fractions, classified as sand, silt and clay, following the US 

Department of Agriculture (USDA) system to distinguish particle size.35,36 The 

percentage of sand, silt and clay were measured using a standard hydrometer 

(152H ASTM) following dispersion in sodium hexametaphosphate (50 g/L). Soil 

pH was measured in a 0.01M CaCl2 (at the ratio of 1:5) that had been previously 

mixed and left overnight (ISO, 2005). Haines-funnel systems were used to 

measure water holding capacity through saturation of soil samples.37 SOM was 

calculated using weight loss on ignition. Firstly, soil moisture content was 

determined by calculating the difference in weight before and after oven drying 
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of fresh soil samples for three days (72 h).38,39 The oven-dried samples were 

subjected to 550oC in a muffle furnace for 6 hours and left in the furnace 

overnight. The weight loss following ignition was calculated and presented as 

SOM.40 Total nitrogen (TN) and total phosphorus (TP) were determined using 

cell test kits following Koroleff’s and sulfuric solution digestion, respectively, and 

the concentrations of TN and TP were determined photometrically.41,42  

Table 4.1  Summary of Irish soils’ physicochemical (data from previous chapter), 

and microbial respiration properties (n=25). 

Properties analysed Me Med Min Max SD CoV 

Physical-chemical properties 

Clay (%) 18.4 18 11 29 5.08 27.62% 

Silt (%) 5 49 15 16.16 8.49 52.53% 

Sand (%) 36 82 64 65.6 8.92 13.60% 

pH (CaCl2) 6.03 6.37 3.30 7.47 1.13 18.80% 

SOM (%) 2.19 1.42 0.83 10.93 2.09 95.69% 

MC (%)  5.4 5.03 2.84 11.71 1.84 34.15% 

WHC (%)  12.5 9 5 31 6.77 54.37% 

TP (mg/kg) 11.46 9.5 1.49 52.64 11.06 96.54% 

TN (mg/kg) 56.01 54.32 23.27 137.1 26.39 47.11% 

Microbial respiration properties 

Water (BR) (μg CO2-C g-1 dry 

soil h-1) 0.75 0.6 0.08 3.08 0.59 79.24% 

GAL (μg CO2-C g-1 dry soil h-1) 1.34 1.15 0.04 6.66 1.11 83.05% 

GL (μg CO2-C g-1 dry soil h-1) 2.54 2.04 0.05 12.69 2.21 87.24% 

MA (μg CO2-C g-1 dry soil h-1) 4.18 3.29 0.84 17.93 3.35 80.04% 

AKGA (μg CO2-C g-1 dry soil h-1) 6.27 4.98 0.39 21.4 4.46 71.14% 

CA (μg CO2-C g-1 dry soil h-1) 4.82 4.17 0.28 16.12 3.2 66.48% 

GABA (μg CO2-C g-1 dry soil h-1) 1.15 0.94 0.06 4.28 0.97 83.79% 
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NAGA (μg CO2-C g-1 dry soil h-1) 1.34 0.96 0.15 7.34 1.37 101.9% 

MSIR (μg CO2-C g-1 dry soil h-1) 129.9 101.7 27.23 437.4 91.43 70.41% 

GLSIR-Biomass (μg C g-1 soil) 102 81.45 2.28 508.5 88.9 87.18% 

Metabolic quotient (qCO2) 1.15 0.27 0.06 46.72 6.03 524.0% 

Shannon Functional Diversity 

Index (H’) 1.69 1.75 0.58 1.87 0.25 14.57% 

Notation. Min = minimum; Max = maximum; Med = median; Me = mean; SD = 

standard deviation; CoV = coefficient of variance; SOM = soil organic matter; MC 

= moisture content; WHC = water holding capacity; TP = total phosphorus; TN = 

total nitrogen; BR = basal respiration; GAL = galactose; GL = glucose; MA = malic 

acid; AKGA = 𝛼-ketoglutaric acid; CA = citric acid; GABA = 𝛾-aminobutyric acid; 

NAGA = n-acetyl glucosamine; MSIR = multiple substrate-induced respiration; 

GLSIR = glucose substrate-induced respiration.  

 

The targeted pesticides (acetamiprid, AMPA, azoxystrobin, boscalid, clothianidin, 

fluroxypyr, glyphosate, imidacloprid, prothioconazole, thiacloprid, and 

thiamethoxam) were quantitatively determined based on the extraction methods 

described in the previous chapter. In brief, neonicotinoids, azoxystrobin, 

boscalid, fluroxypyr and prothioconazole were extracted using the Dutch mini-

Luke method,43 while the pesticide glyphosate and its metabolite, AMPA, were 

extracted using QuPPe-PO method.44 Extractants of both extraction methods 

were analysed using the liquid chromatography-tandem mass spectrometry (LC-

MS/MS) analysis method, with two columns, C18 column for analytes other than 

glyphosate and AMPA, while glyphosate and AMPA were analysed using the 

HILIC column method. In total, 25 sites were sampled (24 agricultural sites and 

one commonage), and the total pesticide concentration for the 25 sites was 

reported in the previous chapter.  
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The measurement of microbial respiration activities and functional diversity was 

measured using the MicroRespTM method. This CLPP method was employed as 

described by Campbell et al. and Creamer et al.28,30 In brief, the fresh soil 

samples were sieved through a 2 mm sieve and corrected to a water-holding 

capacity of between 30 and 60% before dispensing into the deep-well plates 

using the MicroRespTM filling device. The sample-filled deep-well plates were 

incubated for six days at 25oC before the analysis to allow the microbial 

community to stabilise after the disturbance of sampling and sample 

preparation.30,45 A spectrum of seven carbon substrates was selected based on 

their natural availability as nutrient content or chemical recalcitrance in 

agricultural soils, existing as root exudates, microbes or remains of microbes of 

plants.32 The selected carbon substrates cover a range of carbohydrates, 

carboxylic acids, and one amino acid and amide, which are D-glucose (GLU), D-

Galactose (GAL), L-malic acid (MA), α-ketoglutaric acid (AKGA), citric acid (CA), 

γ-aminobutyric acid (GABA) and n-acetyl glucosamine (NAGA) were used to 

assess SIR. Additionally, deionised water was used as a control to measure 

basal respiration. The substrates were prepared to a concentration of 30 mg g-1 

soil water. The colourimetric indicator plate was prepared four days in advance 

by mixing 150 µL purified agar (1%), potassium chloride (150 mM), sodium 

bicarbonate (2.5 mM) and cresol red (12.5 µL l-1). Subsequently, 150 µL aliquots 

were dispensed into each column of the detection plate.  

After the soil incubation, 25 µL aliquots were dispensed at random into each well 

of the deep well plate containing soil samples and left open for 30 min in the dark 

to allow the release of CO2 from carbonates.29,30 Before the incubation with the 
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carbon substrate dispensed deep well plate, the colourimetric values of the 

detection plates were read at 570 nm (Tecan Infinite M200 plate reader, Tecan 

Austria GmbH, Grödig, Austria) and recorded as initial absorbance values (T0). 

The deep well plates were sealed tightly and incubated for 6 h at 25oC. Finally, 

after the 6 h incubation, the absorbance (A570) of the detection plates was read a 

second time (T1). The final absorbance values at T1 were normalised using the 

initial absorbance values at T0 before the CO2 concentrations were calculated 

using a calibration curve: %CO2 = 0.02 x A570
-3.11 (R2 = 0.93), which was adapted 

from,46 where the %CO2 is the concentration of CO2 in the headspace after 

incubation and A570 are the normalised absorbance values. In line with practice 

accepted elsewhere, calibration curves were adapted from the literature.29,34 

Using the formula provided in the MicroRespTM technical manual (Cameron et 

al.), each substrate’s respiration rates (µg CO2-C g-1 hour -1) were estimated 

from the %CO2. Subsequently, the respiration rates were corrected for basal 

respiration (deionised water).47  

Microbial indices were calculated as follows: basal respiration was estimated 

based on the respiration rates (µg CO2-C g-1 hour -1) when only deionised water 

was added, respiration rates (µg CO2-C g-1 hour -1) of GL carbon substrate were 

used as GLSIR, multiple substrates induced respiration (MSIR) were calculated 

as the total sum of all the respired substrates per sample to represent the total 

microbial respiration activities.31 The total microbial biomass was estimated 

based on the respiration rate of GLSIR, the calculation taken from Anderson et 

al.: μg C g–1 soil = GLSIR (µg CO2-C g-1 hour -1) x 40.04 + 0.37,48 and it was 

recorded as GLSIR-biomass. The biomass-specific basal respiration quotient 

(qCO2) is the ratio value of GLSIR to basal respiration.29,33 The relative substrate 
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utilisation was calculated by dividing the SIR value of respective substrates by 

the MSIR. Calculating the relative utilisation is a more accurate representation of 

the metabolic preferences of the soil microbial communities while removing the 

bias of difference in microbial biomass due to agricultural management.49 Finally, 

the microbial functional diversity was assessed using the Shannon functional 

diversity index (H’).50 In the case of substrates utilisation, as all the studied 

substrates had a response from all the sampled sites, the Shannon diversity 

index reflects the evenness or distribution of respiration activities across the 

sites.29,51 Deployment of H’ as a measure of diversity related to the microbial 

respiration activities induced by the heterogeneity of availability of soil organic 

substrates.52 H’ was calculated using the Equation 4.1: 

𝐻′ =  − ∑ 𝑃𝑖  𝐿𝑁 (𝑃𝑖) 

Equation 4.1 

Where Pi denotes the respiration induced by the ith carbon substrate expressed 

as a proportion of the total sum of absolute respiration rates.  

 

Two software were used for data management: Microsoft Office Excel and 

Graphpad Prism (version: 9.4.1). Pearson correlations were used to study the 

relationship between soil physicochemical properties and microbial properties’ 

significant differences between the microbial properties were tested using the 

Kruskal-Wallis non-parametric test. The rate of changes (%) in pesticide 

concentrations was determined respective to the sites, using this equation: 

(Conc24hours - Conc1week/ Conc24 hours) x 100, where Conc24 hours represents 

pesticide concentration quantified within 24 hours of pesticide application and 
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Conc1week indicates pesticide concentration quantified a week after pesticide 

application. For statistical purposes and to minimise bias of left-censored data,53–

55 only the pesticide concentrations above or at limit of detection (LOD) were 

considered, and for pesticide concentrations below limit of quantification (LOQ) 

but above LODs, the LOD values of each individual pesticides were used.
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The 25 sites were selected based on the recency of pesticide application. The 

targeted pesticides were neonicotinoids to study their current concentrations in 

the soil following the restriction for outdoor usage,56–58 and selection of current 

widespread and large-scale usage in the Irish agricultural industry, azoxystrobin, 

boscalid, fluroxypyr, glyphosate, and prothioconazole.59 The complete profile of 

pesticide concentration for all 25 sites was discussed in detail in the previous 

chapter. Acknowledging the widespread neonicotinoids concentrations in 96% of 

all the sampled sites, even though they were not applied recently and their long 

half-lives of 3-174 days,60 the focus for this study was given to the sites where 

the current widely used pesticides (azoxystrobin, boscalid, fluroxypyr and 

prothioconazole) were detected and quantified, which accounted to 13 out of 24 

agricultural sites. Correspondingly in this study, the microbial respiration, 

activities and functional diversity for all the 25 sites were studied and recorded 

as baseline data for the Irish agricultural soils and followed by the comparison of 

the microbial respiration activities and functional diversity within 24 hours and a 

week after pesticide application of the 13 sites. The most defining categories 

were determined by correlating soil and microbial properties using Pearson 

correlations. Accordingly, the soil diagnostic categories of organic matter were 

selected for soil microbial properties comparison, based on,33 and the sampled 

sites into three distinct groups, mineral (0-3.5% SOM), humic (3.5-12% SOM) 

and histic (>12% SOM).
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The effect of soil physicochemical properties on the microbial community is well 

established, and in each instance, the soil properties of organic matter are 

determined to be the main driver of microbial community structure.33,61 

Accordingly, in this study, a significant positive correlation (p<0.05) was observed 

between the SOM and the functional diversity index (H’) and between microbial 

biomass and total nitrogen (Figure 4.2). Interestingly, SOM was also observed to 

correlate positively with the microbial biomass, even though not significantly. 

Similarly, microbial biomass correlates positively with clay percentage and soil 

pH, however, the correlations were not significant (p>0.05).  

 

Figure 4.2  Pearson’s correlation coefficient heatmap for each soil 

physicochemical and microbial functional properties. 
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The positive correlation of H’ to the SOM was anticipated. The importance of 

SOM in agricultural soil cannot be understated. SOM plays a crucial role in 

supporting the soil’s physical structure and facilitates chemical function in the 

soil, such as nutrient cycling and micronutrient availability improved through 

chelation.62 Organic matter in soil can originate from heterogenous sources,63,64 

and as the soil microorganisms are involved in the decomposition of SOM, the 

more diverse labile carbon pool will steer the growth of specific microbial 

individuals required for the decomposition of organic matter, which in turn, give 

rise to diverse soil microorganism community.65,66 A similar finding to this study 

was also reported by,29 where the author observed that in the reduced-tillage 

agricultural management, the microbial respiration activities were determined to 

be more diverse due to more substantial organic matter input. 

 

Based on Pearson’s correlation of this study, the SOM content of Irish agricultural 

soil was determined as the most influential soil property on microbial respiration 

activities and diversity. Hence further analysis was carried out on the effect of 

different SOM classes on the microbial respiration activities and diversity. Even 

though land management is not within this study’s scope, it can be interpreted 

based on the division of SOM diagnostic classes. For instance, extensive 

agricultural land management, namely reduced tillage, is noted to increase the 

SOM content.67–69 In some instances, converting intensively managed 

agricultural land to extensively managed land can drive a substantial 

accumulation of SOM content.68,70 Therefore, considering the correlation 

between the management and SOM content, in this study, the soil diagnostic 
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classes can also be categorised; mineral class as intensive management, humic 

as less intense and histic as extensive management.  

 

The SIR rate of individual carbon substrates is represented in Figure 4.3 (a), 

where there is a proportionate increase of all SIR rates relative to the increasing 

SOM classes. GAL and GL are simple carbon substrates which can easily 

oxidised by soil microorganisms as sources of energy.30,71 Therefore, the 

utilisation rate of these two carbon substrates reflects the catabolic capacity of 

the studied soil microbial community. In this study, the absolute and relative 

utilisation rate of GAL and GL were noted to increase across the SOM classes, 

indicating that increasing SOM content results in proliferation of overall soil 

microbial community. Additionally, the carboxylic acid-based carbon substrates 

MA, AKGA and CA were observed to have consistently high respiration rates 

between the carbon substrates. Organic acids are key molecules of crop root 

exudates released into the soil layers as a response to environmental stress 

rather than for the decomposition of organic matter.72–75 Hence, a higher level of 

carboxylic acid-based substrates utilisation indicates that agricultural sites in this 

study are intensively managed, resulting in a high reproductive rate of r-strategist 

soil microorganisms adapted to degrade the labile organic acid rapidly.76 Similar 

findings had also been reported by,29 where their study of ten European long-

term field experiments revealed that AKGA is the most utilised substrate in terms 

of absolute and relative respiration in sites with intensive agricultural 

management compared to less intensive conventional agricultural practices. 

However, contrary to the findings of,29 in this study, carboxylic based-carbon 

substrate’s respiration rate was observed to increase with SOM class, but the 
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relative percentage of substrate utilisation was noted to decrease with SOM class 

(Figure 4.3 (b)). 

 

Figure 4.3  Metabolic preferences of the soil microbial communities in three SOM 

classes (n = 25; mineral = two sites, humic = 19 sites, and histic = four sites) 

expressed as (a) absolute substrate utilisation of seven substrates and (b) 

relative substrate utilisation rate (%). The error bars represent 95% confidence 

intervals. 

On the other hand, even though GABA and NAGA induced the lowest respiration 

rate, these carbon substrates’ respiration rate was shown to increase with 

increasing SOM class (Figure 4.3 (b)). GABA and NAGA are amino acid-based 

carbon substrates. Hence, the respiration rate induced by these substrates 

represents the fraction of microorganisms capable of utilising amino acids as 

nitrogen sources. Even though ammonium nitrogen is the desired source of 

nitrogen, nitrogen can be obtained through assimilatory nitrate reduction, and 

capable microorganisms can utilise amino acids through 

deamination/transamination, peptide synthesis or deamination through oxidases 
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enzymatic processes.77 Hence, based on the absolute respiration rate, it can be 

postulated that the community of microorganisms that can utilise amino acid as 

a nitrogen source was lower in abundance in the mineral and humic class but 

higher in the histic class of Irish agricultural soils. On the other hand, lower GABA 

and NAGA activities in mineral and humic classes compared to histic class could 

be due to the removal of amino acids as a result of sorption to soil exchange 

sites, reducing their availability for utilisation by soil microorganisms.78 Based on 

the relative utilisation, organic acid utilisation was observed to decrease with 

increased OM classes. This response could indicate that the stress indicator 

decreased as the OM content increases or intensity decreases.29  

 

In addition to the absolute substrate utilisation rate of different carbon substrates 

in Irish agricultural soils, this study also reports the disparity in the level of 

microbial respiration activities, biomass, and functional diversity in the same 

sites. Based on the results obtained, it can be concluded that the SOM drove the 

microbial respiration activities. Overall, all the measures of microbial biomass, 

respiration activities, and functional diversity were found to increase with 

increasing SOM class, except for the qCO2 measure. Basal respiration 

represents the general soil microbial respiration activities, representing the level 

of activity in a real-world setting (Figure 4.4 (a)).79 Comparison between the three 

SOM classes indicates that the histic class had significantly higher microbial 

respiration activities than the mineral class (p<0.01); however, it was not 

significantly higher than the humic class, even though the basal respiration was 

observed to be 21% higher. On the other hand, the humic class had a 53% higher 

basal respiration rate than the mineral class, with a significant difference of 
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p<0.0001. Even though the differences between the SOM classes were not 

significant, the MSIR, microbial biomass and functional diversity index followed 

the same trend, where the histic class had the highest value and the mineral 

class has the lowest value. In this study, the qCO2 measure between the three 

SOM classes had contrasting results to other microbial measures, where the 

humic class has a significantly higher qCO2 value than other classes (p<0.0001).  

 

Figure 4.4  Microbial respiration, biomass, and functional diversity, of three 

distinct SOM diagnostic classes (a) basal respiration, (b) GLSIR-biomass, (c) 

MSIR, (d) Shannon functional diversity index (H’) and (e) metabolic quotient 

(qCO2). The error bars represent 95% confidence intervals. Asterisk denotes 

significance (** p < 0.01, ****p < 0.0001) and ns indicates no significance.  
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Interestingly, no significant degree of functional diversity changes was observed 

in the three SOM classes. However, thus finding is in line with other studies that 

did not find an effect on microbial functional diversity with varying content of 

SOM.29,80,81 Microbial biomass represents the total microbial abundance, 

representing the living and dead microorganisms.82 This study estimated 

microbial biomass through GL respiration rate to represent the total microbial 

abundance. As glucose substrate can easily be oxidised by the soil 

microorganism,71 it can accentuate the active and living fraction of soil 

microorganisms.48,83,84 As noted previously, even though it is not significantly 

different between the SOM classes, the microbial biomass is noted to increase 

with increasing SOM class, with the humic class having 22% and histic having 

66% times higher biomass than the mineral class (Figure 4.4 (c)). Similar findings 

have also been reported by,33,85 where the authors noted a directly proportional 

response of microbial biomass to increasing SOM. A higher concentration of 

SOM would result in increased labile organic carbon, considered the primary 

energy source for soil microbes, hence supplementing the growth of the microbial 

community.62,86,87. Moscatelli et al. concluded that less intensive land 

management increases soil microbial biomass and improves SOM stabilization 

and nutrient mineralization.31 With a broader heterogeneous range of labile 

organic carbon available with higher SOM content, this would enhance the MSIR, 

representing the total soil microbial functional capacity. Similar to the microbial 

biomass, the histic class in the study reported here was observed to have the 

highest MSIR, with 44% higher than the mineral class and the humic class to 

have 17% higher MSIR than the mineral class (Figure 4.4 (b)). These differences 

in MSIR indicate that histic and humic classes had a microbial community that 
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can utilise a broader range of substrates compared to the mineral class. 

Ultimately, the distinctive response of the soil microbial properties respective to 

the SOM classes strengthens the land management discriminative capability of 

MicroRespTM.  

 

The comparison of microbial respiration activities and functional diversity was 

driven based on the quantification of the targeted pesticide in all the studied sites, 

and out of the 25 sites, 13 sites were selected (Table 4.2). Interestingly, 

discrimination of the 13 sites based on the SOM diagnostic only resulted in two 

categorisations, mineral with one site and humic with 12 sites, with no pesticide 

of interest detected in the histic soil sites. It can be postulated that considering 

histic soil sites have higher microbial biomass and respiration activities (Figure 

4.4), this could have led to the rapid degradation of the applied pesticides, 

resulting in no detection of the targeted pesticides. 

Table 4.2  Summary of the concentrations of analysed pesticides in Irish soils 

within 24 hours of pesticide and one week after pesticide applications (n=13), 

data from previous chapter. 

Pesticides 

(µg/kg) 
Sampling Min Max Me Med SD CoV 

Rate of 

Change 

(%) 

Acetamiprid 
24 hours n.d. <LOQ <LOQ <LOQ - - 

 
One week n.d. <LOQ <LOQ <LOQ - - 100 

Azoxystrobin 
24 hours n.d. 2.523 0.319 1.323 0.757 

80.51

% 
 

One week n.d. 2.071 0.159 1.03 0.574 0.00% -50.05 

Boscalid 24 hours n.d. 1.59 0.142 0.795 0.437 
117.9

0% 
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One week n.d. 1.034 0.099 0.517 0.284 
82.02

% -30.05 

Clothianidin 

24 hours n.d. <LOQ <LOQ <LOQ - - 
 

One week n.d. 0.271 0.044 0.136 0.094 
11.63

% 104.32 

Fluroxypyr 
24 hours n.d. <LOQ <LOQ <LOQ - - 

 
One week n.d. <LOQ <LOQ <LOQ - - 0 

Imidacloprid 
24 hours n.d. <LOQ <LOQ <LOQ - - 

 
One week n.d. - - - - - - 

Prothioconazole 

24 hours n.d. 45.66 3.851 0.44 
12.56

3 

256.5

0% 
 

One week n.d. 5.02 1.06 0.44 1.468 
98.84

% -72.49 

Thiacloprid 

24 hours n.d. 0.24 0.086 0.08 0.051 
72.74

% 
 

One week 
0.19

4 
0.242 0.234 0.238 0.013 5.58% 

171.38 

Thiamethoxam 
24 hours n.d. 1.465 0.872 1.376 0.719 3.70% 

 
One week n.d. 1.489 0.91 1.469 0.749 0.60% 4.37 

Notation. Min = minimum; Max = maximum; Med = median; Me = mean; SD = 

standard deviation; CoV = coefficient of variance. 

 

Table 4.2 summarises the concentrations of the targeted pesticides detected at 

two sampling time points, 24 hours and one week after. The negative value of 

the rate of change (%) indicates a decrease in concentrations, while the positive 

value indicates an increase in concentrations between the studied time points. 

The widely used pesticides, azoxystrobin, boscalid and prothioconazole were 

observed to decrease in concentration within a week, with prothioconazole 

decreased significantly (p<0.05) with 72.49% lower total concentrations, followed 

by azoxystrobin and boscalid, 50.05% and 30.05%, respectively. Meanwhile, the 

other widely used pesticide, fluroxypyr, was only detected below LOQ, in both 
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sampling timepoints. Interestingly, all the studied neonicotinoids, except for 

imidacloprid, were observed to have increased in concentration, with the highest 

increase seen with thiacloprid, with 171.38% increase, followed by clothianidin 

with 104.32%, acetamiprid with 100%, and thiamethoxam with just 4.37%. Any 

observed decreases in concentration were attributed to likely dissipation or 

degradation of the pesticide between these two time points, though the increases 

in concentration are reasoned based on the sampling design. Even though the 

sampling effort was to represent the sites as a whole by sampling at random 

points in the respective sites, it could have led to a homogenised sample with a 

distinct concentration of pesticides between the two sampling periods. 

Additionally, considering the neonicotinoids were not applied recently, the 

increase in concentration might also be attributed to movement of pesticide 

through the environment. Considering that neonicotinoids have an exceptionally 

long half-life, 31-450 days for acetamiprid, 148-7000 days for clothianidin, 28-

1250 days for imidacloprid, 3.4-1000 days for thiacloprid and 7-335 days for 

thiamethoxam,88,89 these pesticides are prone to pesticide accumulation either 

through surface runoff or deposition of spray drift from nearby fields.90–93 This 

reasoning is strengthened based on the log KOW values of neonicotinoids, where 

the log KOW trend goes as thiamethoxam<clothianidin<acetamiprid<thiacloprid,94 

which coincides with the rate of concentration increase of neonicotinoids. 

Therefore, the higher the log KOW value, the more inclined the neonicotinoid to 

accumulate in the soil following deposition.  

Comparison of the fluctuation of the mean concentration of the widely used 

pesticides between the studied two SOM classes revealed no significant 

differences in concentration shift (Fig. 4.5 (a)). In both SOM classes, the mean 
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concentration of the all the widely used pesticides were observed to decrease 

between the studied two timepoints, except for fluroxypyr in the mineral class, 

where fluroxypyr was not detected in the mineral class within 24 hours of 

pesticide application, but it was detected in the one week after sample. However, 

the quantified concentrations of fluroxypyr were below LOQ, therefore the LOD 

value (0.88 µg/kg) of fluroxypyr were used for reporting. The concentration 

increases of fluroxypyr a week after can be explained based on the fluroxypyr’s 

KOW value of 2.20,95 where the compound is deemed to have reduced mobility 

due to its affinity toward SOM. However, fluroxypyr will be more labile in the 

mineral class where the SOM is low, reducing the contact with soil 

microorganisms for degradation to take place. On the other hand, in the humic 

class, fluroxypyr will readily adsorb onto SOM, resulting in rapid degradation 

supported by microorganism. Furthermore, the increase in fluroxypyr’s 

concentration in the mineral class can be explained based on degradation 

conditions. Fluroxypyr is an aminopyridine fungicide compound which is 

vulnerable to degradation through co-metabolism by soil microorganisms,96 

which could release labile nitrogen as an energy source. Hence, the absence or 

lower biomass of microorganisms capable of oxidising fluroxypyr, results in a 

lower pesticide degradation rate. This postulation was demonstrated by Tao et 

al., where the authors demonstrated that by removing both soil microorganisms 

and SOM, the degradation of fluroxypyr were slowed.96 
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Figure 4.5  Changes in mean pesticide concentrations of widely used pesticides 

compared between 24 hours and one week after pesticide application, in two 

SOM classes (a) individual pesticide concentrations and (b) total pesticide 

concentrations, (n=13; mineral=1 site, and humic=12 sites). Notation. Azo = 

azoxystrobin; Bos = boscalid; Flu = fluroxypyr; and Pro = prothioconazole. 

The comparison of the mean concentration of widely used pesticides between 

the two time points and the two SOM classes indicates that in the mineral class, 

mean pesticide concentration slightly increase from 0.77 to 0.88 µg/kg. In 

contrast, in the humic class, mean pesticide concentration decreased 

extensively, but not statistically significant, from 1.18 to 0.36 µg kg-1 (Figure 4.5 

(b)). All the widely used pesticides in this study, azoxystrobin, boscalid, fluroxypyr 

and prothioconazole, had been previously established to be prone to 

biodegradation.96–100 The humic class was shown to have 29% higher microbial 

biomass and 20% higher MSIR compared to the mineral class (Figure 4.4 (b) and 

(c)). This supports and strengthens the evidence that the decrease in the total 

pesticide concentration in the humic class can be attributed to higher microbial 

biomass and respiration activities. Interestingly, looking further into the changes 

in soil microbial community following pesticide application revealed shifts in the 

community structure in a week (Figure 4.6). There was contradicting trend 
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between the mineral and humic class, where in the mineral class, metabolic 

preference rates were observed to increase following pesticide application, while 

a slight decrease in humic class was seen. Most notably in the mineral class, the 

substrate utilisation rate of all the carboxylic acid-based substrates, AKGA, MA 

and CA, increased by 40%, while the simple carbohydrates, GL, and GAL, 

increased by 51% and 60%, respectively. A considerable utilisation rate increase 

observed was for the amino acid and amide, GABA and NAGA, with 61% and 

67%, respectively. Meanwhile, the substrate utilisation rate of all the substrates 

declined in the humic class, with GAL having the highest decline with 42% and 

the lowest decline was CA with 5%, however, AKGA has a slightly increased 

utilisation rate of 2%.  

Interestingly, looking further into the changes in soil microbial community 

following pesticide application reveals shifted in the community structure 

between the two sampling times (Figure 4.6). There was contradicting trend seen 

between the mineral and humic class, where in the mineral class, metabolic 

preference rates were observed to increase following pesticide application, while 

a slight decrease was observed in the humic class. Most notably in the mineral 

class, the substrate utilisation rate of carboxylic acid-based substrates, AKGA, 

MA and CA, increased by 40%, while the simple carbohydrates, GL, and GAL, 

increased by 51% and 60%, respectively. A considerable utilisation rate increase 

observed was for the amino acid and amide, GABA and NAGA, with 61% and 

67%, respectively. Meanwhile, the substrate utilisation rate of all the substrates 

declined in the humic class, with GAL having the highest decline with 42% and 

the lowest decline was CA with 5%, however, AKGA had a slightly increased 

utilisation rate of 2%.  
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Further analysis of the microbial biomass, respiration activities, and functional 

diversity conforms to the trend of absolute substrate utilisation, where the mineral 

class was observed to have a significant increase in microbial biomass (p<0.001), 

increased MSIR, and increased functional diversity. In contrast, the humic class 

displayed the inverse trend (Figure 4.7 (a), (b), and (c)). Interestingly, the qCO2 

is the only measure where the humic class indicated a significant increase 

(p<0.0001) (Fig 4.7 (d)). qCO2 as indicator stress on the microbial community, 

indicating distinctly that there was increased stress in the humic class. This 

observation was congruent with the overall results taking all the microbial 

respiration activities and diversity into account, as microbial biomass significantly 

decreased (p<0.0001), as MSIR decreased, and the diversity significantly 

decreased (p<0.05). The stress on the microbial community was apparent with 

the reduction of all these microbial respiration activities, biomass, and diversity. 

Furthermore, the increased stress was confirmed based on the previous 

postulation based on the increased AKGA substrate utilisation and qCO2 levels 

(Figure 4.6 and Figure 4.7 (d)). However, despite the decrease in microbial 

properties in the humic class, the microbial biomass and MSIR were still higher 

than in the mineral class, which reflected the substantial decrease in total 

pesticide concentration in the humic class compared to the mineral class.   
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Figure 4.6  Absolute substrate utilisation of seven substrates in two SOM classes 

(n = 13; mineral = 1 site, and humic= 12 sites). The error bars represent 95% 

confidence intervals. 
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Figure 4.7  Comparison of all microbial respiration activities and functional 

diversity of two SOM diagnostic classes between 24 hours and one week after 

soil samples (a) GLSIR-biomass, (b) MSIR, (c) Shannon functional diversity 

index, and (d) metabolic quotient. The error bars represent 95% confidence 

intervals. Asterisk denotes significance (* p < 0.05, ** p < 0.01, ****p < 0.0001) 

and ns indicates no significance. 
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Although MicroRespTM can be used to determine the physiological profiles of soil 

efficiently, it lacks the specificity to provide the breakdown of soil microorganisms’ 

taxonomic composition. However, the taxonomic composition can be postulated 

based on the soil’s physicochemical properties (Table 4.1). In terms of microbial 

decomposer community, fungi and bacteria are the two groups that overshadow 

in terms of biomass. Nevertheless, based on the soil’s physicochemical 

properties, it can be determined either it is the bacterial or fungal community that 

flourishes. For instance, the range of pH of the studied agricultural sites ranged 

between 3.3 to 7.5 (mean: 6.0), which can be classified as acidic soil, and in 

acidic soil, fungal biomass dominates other soil microorganisms owing to their 

tolerance to low pH.101,102 Accordingly, considering most of the widely used 

pesticides monitored in this study are fungicides, a significant decline in the 

microbial’ respiration activity and biomass can be attributed to the loss of fungal 

biomass. Consequently, the application of azoxystrobin fungicide had been 

established to cause havoc to the microbial community by altering the community 

structure, inhibiting the soil enzyme activity, and reducing the microbial functional 

diversity.103–105 Azoxystrobin is broad spectrum, and with direct soil application, 

the deleterious effect can be experienced by both targeted and non-targeted 

fungal communities. The findings of this study certainly reflect this reasoning. For 

instance, the microbial community were not significantly impacted in the mineral 

class where azoxystrobin is mobile. However, in the humic layer where the 

pesticide compound accumulated (Figure 4.5 (a)), there is a significant reduction 

in microbial respiration activities, biomass, and functional diversity (Figure 4.7 

(a)). Similar findings have also been reported by Sopeña et al., where the soil 
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microbial enzymatic activities significantly decrease with azoxystrobin 

application.106  

In addition to the type of pesticides applied, the disparities in soil microbial 

response between the mineral and humic class can be hypothesised based on 

the microbial adaptation to pesticide compounds. Kearney et al. had noted that 

when the soil microorganisms first come into contact with pesticide compounds, 

there will be a lag phase, followed by a rapid decline in the pesticide 

concentrations.107 The lag phase is the initial phase where the soil 

microorganisms have reduced activity or slowly adapted to the degradation of 

newly available pesticide compounds.108 It is recognised that the lag phase varies 

greatly between different applied pesticides and different soil properties,107 which 

can result in a different range of lag phase between four days to 80 days.109,110 

Following the lag phase, specific microorganisms capable of producing enzymes 

that can degrade the pesticide compounds would benefit from deriving energy to 

grow, resulting in the proliferation of the particular microorganism 

community.20,111 This phenomenon is reflected by the findings of this study on 

the response of soil microorganisms in the mineral class, where the soil microbial 

population had adapted to the pesticides applied, which could have been applied 

previously on the same site or has chemical similarities to the pesticide 

compounds applied on the same crop,107 resulting in increased biomass, MSIR, 

and functional diversity. For instance, Yun et al.  reported that the application of 

the fungicide chlorothalonil only significantly reduced the soil microorganism 

population during the first two applications, however, further applications did not 

alter the overall population densities.112 A similar finding was also reported by Yu 

et al., where the author noted a 90% increase in the degradation rate of fungicide 
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carbendazim compared to the first and fourth applications.113 On the fourth 

application, the author stated the application did not impact the richness of the 

soil microbial community, however, the population is enriched with soil 

microorganisms that had adapted to specifically degrade carbendazim.113 

In contrast, the soil microorganisms in the humic class, which is established to 

have higher microbial biomass and MSIR than the mineral class, might not have 

the adapted and specialised microbial population, resulting in decreased 

biomass and respiration activity while entering the lag phase. This postulation is 

further solidified by referring to the increased qCO2 levels of the humic class 

(p<0.0001) (Figure 4.7 (d)). An increased qCO2 level indicates that the 

disturbance to the ecosystem resulted in the soil microorganisms shifting energy 

from growth to maintenance. This shift is due to the inability of the soil system to 

replenish the carbon demand,114 which increases the stress on the soil system. 

This stress on the soil microorganisms can be caused by natural stress 

conditions such as a limitation on the space and nutrients for growth, and not only 

from the exposure to the applied pesticides alone.115 A similar qCO2 response 

was also reported by da Rocha et al., where the author noted a significant 

increase in qCO2 levels with p<0.001 after seven days of pesticide application.116 
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Figure 4.8  Total concentration of the active ingredients applied respective to 

SOM classes (based on the farmer’s pesticide application record). 

If the assessment of qCO2 levels is taken further, as previously mentioned, the 

comparison between all three classes, the humic class is observed to have 

significantly higher qCO2 levels (p<0.0001) compared to either mineral or histic 

(Figure 4.4 (e)). Interestingly, the recent pesticide application record mirrors the 

soil microbial stress response, respective to each SOM class (Figure 4.8), with 

the humic class having the highest qCO2 levels, followed by the histic class and 

mineral class. A similar finding has also been reported by Prado et al., where the 

author stated that even a small amount of the pesticide diuron application 

concentration, 1.67 µg g-1, could have a strong toxic effect on the soil 

microorganisms, resulting in total inhibition of microbial respiration activities and 

total microbial biomass, which could potentially increase the stress levels.117 The 

findings of this study, where the qCO2 levels increases with pesticide application 
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concentrations, indicate that qCO2 measurement can be used as an effective 

indicator to evaluate and detect the early onset of environmental disturbance.  

 

This study describes the fluctuation of microbial properties in Irish agricultural soil 

during and a week after pesticide application. The Pearson correlation between 

the soil physicochemical and microbial properties indicated that SOM correlated 

significantly positively with microbial biomass and functional diversity. SOM’s 

positive correlation to the microbial properties prompted the segregation of the 

sampled sites into three distinct soil diagnostic classes, mineral, humic and histic. 

The adaptation of the SOM diagnostic classes revealed that the carboxylic acid 

absolute utilisation rate was highest in Irish agricultural soil, while the response 

was directly proportional to the increasing SOM content. The amino acid and 

amide substrates were noted to increase with the SOM class, even though these 

groups of substrates were the lowest utilised substrate. Further analysis of the 

soil microbial biomass highlighted those activities and functional diversity 

increased with increasing SOM class, even though the humic class was noted to 

have enhanced qCO2 levels compared to other classes. Total pesticide 

concentration comparison between the classes revealed that the histic class was 

identified as the only class with no pesticide residues, indicating the rapid 

degradation of pesticide compounds catalysed by higher microbial biomass and 

activities. Meanwhile, humic and mineral classes were shown to have mean 

pesticide concentrations of 0.77 and 1.18 µg kg-1, respectively, within 24 hours 

of pesticide application. However, within one week, the total pesticide 

concentrations decreased by 69% in the humic class, corresponding to higher 

microbial biomass and MSIR. Incidentally, the qCO2 levels of microbial 
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communities in the humic class were significantly higher than in the mineral class, 

suggesting higher stress levels and the soil microbes entering the lag phase.   

 These results lead to the following conclusions: (i) MicroRespTM presents 

an effective means of discrimination of land management intensity based on 

SOM diagnostic classes, (ii) SOM are drivers of crucial soil microbial properties 

and activities in Irish agricultural soil, (iii) pesticides degradation in Irish 

agricultural soil is catalysed by soil microorganism, based on fluctuation of 

microbial biomass, respiration activities and functional diversity, and (iv) land use 

with higher SOM content are sensitive to pesticide application activity reflected 

by increased qCO2 levels.  

 This study presents a baseline knowledge of the effect of pesticide 

application on the soil microbial population. However, the results reported in this 

study lacks robustness due to the limitation of replicates of similar soil diagnostic 

classes. This limitation presents the uncertainties of the observed pesticide 

application impact on the soil microbial functional properties, which is highlighted 

in the wide span of the error bars. Therefore, to fully comprehend and utilise this 

knowledge to its full potential, further scientific investigations are warranted to 

improve the comprehensive interpretation of the fluctuation of soil 

microorganisms to pesticide application by incorporating additional soil class 

replicates and pesticide and microorganisms’ parameters.
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Across the globe, it is increasingly clear that the benefits of pesticide usage in 

the agricultural industry comes at the cost of contamination of all components of 

the environment, especially soil.1–5 Even though modern pesticides undergo 

stringent approval and registration process, in which they are risk assessed, and 

it is typically demonstrated that they do not pose a persistence risk in the 

environment,6 with soil half-lives ranging from only a few days to weeks, a body 

of scientific research illustrates that residues of various pesticides cause 

contamination. In multiple instances, pesticides have detected in sites where it 

was not applied or even in the soil samples that had not been applied pesticides 

in the past ten years.7,8 As such, there is a need to understand the factors that 

impact pesticide residues persistence, the extent of pesticide accumulation, and 

to assess the potential risks of persistence and accumulation, of likely multiple 

pesticide active substances. However, an effective regulatory effort to achieve a 

sustainable pesticide usage requires a large body of information specific to local 

pesticide usage scenarios and environmental conditions, which is limited in the 

Republic of Ireland.  

The main objective of this thesis is to provide an insight into the levels of pesticide 

contamination in the main agricultural soil classes and land uses across the 

Republic of Ireland and to understand the impact of pesticide application on the 

soil microorganism's abundance and activities. Ten pesticides were selected for 

analysis to ensure this monitoring effort represents the most widely used active 

substances in the Irish agricultural industry. To enable accurate determination 

and quantification of these pesticide compounds, establishing an accurate 

extraction method was the first crucial step undertaken, and to achieve this, two 
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different extraction methods were compared and validated. After ensuring the soil 

sampling sites were selected to represent the different soil and land use types in 

Ireland, soil samples were collected within 24 hours and one week after pesticide 

application. The soil samples were then analysed for targeted pesticide 

concentrations for both time points, and the risk of the quantified pesticides was 

further assessed in the Irish agricultural soil. Finally, using the same soil samples, 

the microorganism's functional properties were measured and compared 

between the two timepoints. This enabled an evaluation of the fluctuation of soil 

microorganism abundance and activities during and a week after pesticide 

application.  

Figure 5.1 highlights the structure and primary outputs of the thesis. The main 

aim of this research was to determine the level of pesticide contamination specific 

to Irish agricultural soil. Therefore, the current literature was assessed to identify 

knowledge gaps, with a specific focus on types and chemical classes of 

pesticides, soil properties dominating pesticide behaviour in soil, and identifying 

the most widely used pesticides and postulating their likely potential behaviour in 

the Irish context. Chapter 1.0 reviewed the published literature surrounding the 

main pesticide groups, chemical classes, mode of action of different pesticide 

types and classes, and possible behaviour of pesticide compounds in the soil. 

Additionally, pesticide usage in the Republic of Ireland was scrutinised by 

identifying the widely used herbicides, fungicides, and insecticides. The possible 

behaviour of these pesticides in the Irish agricultural soil was postulated based 

on the literature-reported values on soil organic matter content, pH and 

precipitation levels.  
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Subsequently, based on the review of the literature on pesticide usage in Ireland, 

five widely used pesticides were selected (azoxystrobin, boscalid, glyphosate, 

fluroxypyr, and prothioconazole), together with a selection of neonicotinoid 

pesticides (acetamiprid, clothianidin, imidacloprid, thiacloprid, and 

thiamethoxam) were selected for targeted analysis. Even though three of the five 

neonicotinoids are currently banned for outdoor usage, due to their long half-lives 

and environmental persistence, they were included in this study. Due to the 

differences in the polarity and their adsorption strength in soil, establishing a 

robust and effective method was the first step for accurate pesticide detection 

and quantification (Chapter 2.0). Accordingly, two extraction methods, 

QuEChERS and Dutch mini-Luke, were assessed for their extraction efficiencies 

for seven pesticide analytes, five neonicotinoids, fluroxypyr and prothioconazole. 

On the whole, the Dutch mini-Luke extraction method was analytically 

advantageous as it provided both the physical and chemical parameters to 

extract strongly bound pesticides in the soil effectively. Dutch mini-Luke also 

offered better sensitivity, recovery, and lower matrix effects to most targeted 

pesticides. 
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Figure 5.1  Flowchart of the studies and outputs of this thesis 

Following the determination of Dutch mini-Luke as the preferred extraction 

method, soil samples were collected within 24 hours and one week after pesticide 

application from 25 agricultural sites, namely 23 croplands, two grasslands and 

one commonage land (Chapter 3.0). Of the 25 fields, 23 of these sites had either 

azoxystrobin, fluroxypyr, prothioconazole, or a combined application, a maximum 

of two pesticides, simultaneously applied. From these agricultural sites, 

widespread pesticide contamination was detected, with 24 sites determining 

pesticide concentrations in the range of 0.18 to 45.7 µg/kg. Even though not all 

sites with recent application of pesticides, namely azoxystrobin, fluroxypyr, and 

prothioconazole, resulted in quantifiable concentrations, due to very little time for 

degradation to occur, the quantification level of these pesticides can be 
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interpreted as the highest threat level it might impose, or a “worst case” scenario. 

On the other hand, this scenario does not apply to the quantifiable detection of 

pesticides that were not applied recently, specifically boscalid and 

neonicotinoids. Neonicotinoids were detected in 96% of the sampled sites, even 

though these pesticides were not applied recently. Even though the extensively 

managed grassland site has no history of pesticide use, neonicotinoids were 

detected in that soil sample. Considering that three of the five targeted 

neonicotinoids have been banned since 2018, the widespread detection of 

neonicotinoids strengthens the understanding of their long half-lives and the 

concerning risk of their high mobility through the environment.  

In the worst-case scenario, where all pesticide residues, including those recently 

applied, are considered, of 25 sites, only one site was revealed to have no 

pesticide residues, and as high as 21 sites had three or more pesticide residues. 

Based on the hierarchical clustering analysis, croplands discriminated from other 

land-use types, with spring barley and winter wheat being the crop types with the 

highest detected concentrations of the targeted pesticides. Risk assessment 

based on the Irish Drinking Water's and groundwater parametric limit for total 

pesticide concentrations (0.5 µg/L) was used to establish the risk associated with 

the detected pesticides and the total pesticide concentrations for each site as a 

proxy for risk assessment. Accordingly, 23 sites were quantified with total 

pesticide concentrations exceeding the set limit. Moving from the worst case 

scenario, by removing the recently applied pesticides from the assessment, 17 

sites still had total pesticide concentrations above the limit of 0.5 µg/L. Even 

though prothioconazole and boscalid were inferred to have accumulation risk 

based on the pesticide properties, prothioconazole significantly decreased in 
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concentration (72% decrease) a week after it was applied, while the total 

concentration of boscalid decreased by 30%. These contradictory findings 

between the expected pesticide risk and real-world monitoring results of these 

pesticides highlight the difficulty of predicting pesticide behaviour in a highly 

complex and heterogenous matrix such as soil.  

To understand the impact of pesticide application on the soil environment, the 

biotic properties, in the form of soil microorganism functional properties, were 

measured in the soil samples collected within 24 hours and one week after 

pesticide application. These soil samples were used to determine the microbial 

biomass, respiration activities and functional diversity during pesticide 

application, and the changes were catalysed a week after. SOM was determined 

to be the most dictating soil physicochemical property of the measured soil 

microbial properties. Hence, the microbial properties differences and fluctuation 

between the two sampling time points were studied in relation to three distinct 

SOM classes (mineral, humic and histic). In the soil samples collected during 

pesticide application, proportional to the increasing SOM classes, the soil 

microbial biomass, activities and functional diversity were shown to increase. In 

both sampling timepoints, the carboxylic acid absolute utilisation rates were 

highest in the Irish agricultural soil, while amino acid and amide substrate 

utilisation rates were lowest. Consequently, histic was noted as the only SOM 

class with no pesticide residues a week after application, highlighting the rapid 

degradation of pesticide compounds in the soil layers with high organic matter 

content. This observation is further supported by a 68% decrease in total 

pesticide concentrations in the humic class. Even though in the one week after 

samples, the humic class recorded a higher total pesticide concentration decline 
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than the mineral class, it also recorded higher soil microbial stress levels in the 

form of higher qCO2 levels. This further highlights the importance of soil 

microorganisms in efforts to remediate pesticides in agricultural systems, where 

higher pesticide degradation rate corresponds with higher microbial biomass and 

respiration activities of humic class. However, with higher abundance, functional 

diversity and respiration activity, humic soil is more sensitive to sudden 

exposures, such as pesticide application, forcing soil microorganisms to shift 

energy from growth to maintenance, resulting in higher stress levels. 

 

This thesis and the studies within were carried out to contribute towards 

monitoring the level of widely used pesticide contamination, and the impact of 

pesticide application on the soil microorganisms in Irish agricultural soil. As a 

result, this thesis contributes towards novel findings as follows: 

• The development and validation of a robust extraction method, Dutch mini-

Luke, for a single mixed analysis of neonicotinoids, triazoles, and synthetic 

auxin pesticides from soil samples. This extraction method performed 

effectively and reproducibly without additional clean-up steps or 

modification, and it was validated in HPLC-UV and HPLC-MS/MS. 

•  A novel report on the widespread contamination of pesticides in Irish 

agricultural soil, with targeted analysis of five widely used pesticides in the 

Irish agricultural industry and five neonicotinoid pesticides. Statistical 

analyses were coupled with pesticide quantification to identify the soil 

physicochemical properties contributing to pesticides' persistence in the 

Irish agricultural soil. A theoretical environmental risk assessment specific 
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to Ireland was determined based on the pesticide properties and the 

dissipation level within one week of pesticide application. The risk 

assessment was further supplemented by monitoring the targeted 

pesticides' dissipation in one week, which indicated that even though a 

widely used pesticide were anticipated to have accumulation risk, in the 

real-world setting, they registered the most significant decrease in 

concentration.  

• The impact of pesticide application on the Irish agricultural soil 

microorganism was investigated, where the soil microbial properties 

between two sampling timepoints were collated with the shift in pesticide 

concentrations between the same sampling timepoints. The microbial 

fluctuation resulting from pesticide application was further studied based 

on the differences in SOM classes, highlighting the importance of SOM 

classes in preserving the soil microorganisms' abundance and activities.   

 

This thesis reported multiple novel studies and findings on the level of pesticide 

contamination in Irish agricultural soil, which presented several areas for future 

research that can be further expanded and built upon, as follows: 

• Even though the Dutch mini-Luke extraction method presented the best 

recovery, reproducibility, sensitivity, and lower matrix effect compared to 

the QuEChERS extraction method, QuEChERS is more environmentally 

friendly and aligns with the current need for green chemistry and analytical 

ethics. Hence, further research needs to be explored on improving Dutch 

mini-Luke extraction; (a) by reducing the volume of the organic solvent 
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used and (b) by introducing additional clean-up steps to overcome the 

matrix effect that might arise from the miniaturisation of the procedure.  

• It is estimated that more than 3000 different types of pesticides have been 

in use in Europe over the past 55 years.9–14 Even though a targeted 

analysis of the ten pesticides used in this thesis is a good starting point for 

establishing the level of pesticide contamination in Irish agricultural soil, 

there is much space to enhance the study further. The main avenue to 

explore would be to increase the number of the targeted pesticides and 

their metabolites. Therefore, the focus should be on the pesticides that are 

widely used in Ireland.15 This thesis reports the occurrence of three widely 

used fungicides (azoxystrobin, boscalid, and prothioconazole), and two 

herbicides (fluroxypyr and glyphosate), but no currently widely used 

insecticides were included in the analysis. Hence, future studies should 

include more diverse chemical classes and pesticide types, to improve the 

comprehension of the level of contamination in Irish agricultural soil. 

Additionally, as has been highlighted in some instances, the resulting 

metabolites of pesticides can be more persistent and potent compared to 

the parent compounds, such as AMPA and prothioconazole-desthio, 16–20 

inclusion of metabolites in future studies could further improve the 

monitoring and risk assessment of widely used pesticides in the soil 

system.  

• The site selection process for obtaining permission and cooperation from 

the farmers was arduous and complicated. However, we did succeed in 

securing the maximum number of sites for which we had funding (25 

agricultural fields) for the work in this thesis. Based on the findings of this 



 

262 
 

thesis, spring barley, winter barley and winter wheat had been identified 

as the crop type fields to contain higher concentrations of pesticides, 

mainly fungicides. This crop types are the top three cereals grown in 

Ireland, thus the occupy up to 356.7 thousand hectares of area. 21 

Therefore, further monitoring efforts should be taken to assess the 

management and pesticide application practices in these crop types, to 

ensure the practices does not further increase the level of pesticide 

contamination in the environment.   

• One of the main limitations of the thesis is the lower opportunity to carry 

out comparison studies between similar soil and land use properties. 

Therefore, to further strengthen the findings of this thesis, future studies 

should expand by obtaining multiple replicate sites for each soil class and 

type, land use type, and crop type, which is lacking in this study. 

Additionally, this thesis had highlighted the importance of SOM content in 

agricultural sites for the maintenance of soil quality, hence, future studies 

could focus on the differences in land management (intensive, extensive 

and organic farming), and the resulting effect on the soil physicochemical 

and microbiological properties.  

• Two sampling timepoints, within 24 hours and a week after pesticide 

application, were used to elucidate the pesticide concentrations and study 

the fluctuation of the soil microbial functional properties. Future research 

could improve the monitoring effort further by including additional sampling 

timepoints that span the reported half-lives for the pesticides being 

analysed, for instance, a month, six months, and a year after pesticide 

application, for a thorough assessment of the fate of the widely applied 
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pesticides. Additionally, with the suggested sampling timepoints, a more 

comprehensive risk assessment of the widely applied and high-

persistence pesticides can be completed. 

• The impact of pesticide application on the biotic soil properties was 

established by assessing the soil microorganisms' abundance and 

functional properties fluctuation. Future research could explore more in-

depth measurements of the same group of organisms by including high-

throughput sequencing methods. The inclusion of these methods would 

allow a more detailed analysis of pesticide application on shifts in the soil 

microorganism community structures down to the species taxonomical 

level. Jacobsen and Hjelmsø reviewed multiple studies that reported the 

impact of a particular type of pesticide application on microbial diversity.22 

By conducting similar studies on widely used pesticides and soil classes 

specific to the Republic of Ireland would significantly improve Irish 

agricultural soil quality monitoring and preservation efforts. In addition to 

assessing the status of soil microorganisms following pesticide 

application, the impact on other biotic components of the soil, such as 

invertebrates, would increase the robustness of soil monitoring as this 

group of organisms had been used in monitoring studies globally. 

In conclusion, this work achieved firstly an effective and reproducible soil 

pesticide extraction method, which then enabled a multifaceted insight into 

pesticide contamination in Irish agricultural soils of different class and utilised for 

different land uses, and the impact of pesticide application on the soil 

microorganisms' structure and activities. Soil is one of earth’s non-renewable 

resources that is the foundation of agricultural industry, and food and produces 
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system, hence preserving the quality and health of soil should be a global priority. 

Even though the usage of pesticides results in higher productivity and crop yield, 

efforts need to be taken to monitor and establish potential detrimental impacts of 

this practice, to ensure overall environmental, and food and health safety. 

However, this effort cannot be done by adapting to the level of pesticide 

contamination reports of other countries. Therefore, this thesis’s reported 

knowledge provides novel findings in the Irish context and serves as a reference 

for future monitoring. Additionally, EU member states have recently adopted 

proposals aimed at reducing hazardous pesticides and general pesticides use by 

50% over the next eight years.23 The findings of this thesis will be particularly 

useful for the negotiations on how these proposals can be achieved, contributing 

towards European-level efforts for sustainable pesticide use in the agricultural 

industry. 
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Table A1.1. Targeted pesticide compounds and their chemical structures 

No. Pesticide compounds Chemical structures 

1 Acetamiprid 

 

2 AMPA 

 

3 Azoxystrobin 

 

4 Boscalid 

 

5 Clothianidin 

 

6 Imidacloprid 
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7 Fluroxypyr 

 

8 Glyphosate 

 

9 Thiacloprid 

 

10 Thiamethoxam 
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Fig. B2.1. Representative of obtained chromatograms with QuEChERS 
extraction method: (a) solvent blank; (b) blank sand extract; (c) blank soil 
extract; (d) blank sand pesticide mixture extract; and (e) blank soil pesticide 
mixture extract. Analyte peaks are labelled as following: (1) thiamethoxam, 
(2) clothianidin, (3) imidacloprid, (4) acetamiprid, and (5) thiacloprid. 
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Fig. B2.2. Representative of obtained chromatograms with Dutch mini-
Luke extraction method: (a) solvent blank; (b) blank sand extract; (c) blank 
soil extract; (d) blank sand pesticide mixture extract; and (e) blank soil 
pesticide mixture extract. Analyte peaks are labelled as following: (1) 
thiamethoxam, (2) clothianidin, (3) imidacloprid, (4) acetamiprid, (5) 
thiacloprid, (6) fluroxypyr, and (7) prothioconazole
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Table. B2.1. Summary of the method validation parameters comparison between QuEChERS and Dutch mini-Luke based on 
analytes 

 

Analytes Acetamiprid Clothianidin Fluroxypyr Imidacloprid Prothioconazole Thiacloprid Thiamethoxam 

Blank 
sand 

Blank 
soil 

Blank 
sand 

Blank 
soil 

Blank 
sand 

Blank 
soil 

Blank 
sand 

Blank 
soil 

Blank 
sand 

Blank 
soil 

Blank 
sand 

Blank 
soil 

Blank 
sand 

Blank 
soil 

Method 
Detection Limit 
(MDL) (ng µL-1) 

(QuEChERS) 

0.31 0.56 0.32 0.85 ND ND 0.31 0.69 ND ND 0.36 0.78 0.31 0.85 

Method 
Detection Limit 
(MDL) (ng µL-1) 

(Dutch mini-
Luke) 

0.37 0.32 0.26 0.20 0.25 0.42 0.44 0.40 0.48 0.42 0.29 0.42 0.18 0.28 

Method 
Quantification 

Limit (MQL) (ng 
µL-1) 

(QuEChERS) 

0.95 1.7 0.97 2.58 ND ND 0.95 2.08 ND ND 1.08 2.35 0.95 2.56 

Method 
Quantification 

Limit (MQL) (ng 
µL-1) (Dutch 
mini-Luke) 

1.13 0.97 0.80 0.60 0.74 1.26 1.34 1.22 1.46 1.26 0.87 1.27 0.53 0.85 

Accuracy 
(Recovery%) 
(QuEChERS) 

90-
105 

90-97 86-
100 

85-92 ND ND 93-
111 

89-93 ND ND 85-
105 

83-94 85-93 85-93 
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Accuracy 
(Recovery%) 
(Dutch mini-

Luke) 

90-
101 

106-
108 

96-99 102-
110 

84-99 59-
103 

94-95 106-
111 

91-
106 

97-117 93-97 104-
107 

94-97 102-
115 

Precision 
(RSD%) 

(QuEChERS) 

4.9-
11.1 

4.9-
9.9 

2.6-
7.3 

2.6-
9.6 

ND ND 3.6-
8.4 

3.6-
10.1 

ND ND 4.6-
8.9 

4.6-
9.9 

5.4-
8.6 

3.3-9.5 

Precision 
(RSD%) (Dutch 

mini-Luke) 

1.4-
3.1 

5.8-
9.8 

0.3-
6.7 

3.4-
19.6 

2.8-
7.6 

6.8-
12.5 

5.8-
5.9 

4.5-
20.3 

1.9-
8.3 

15.5-
27.8 

1.2-
9.1 

1.0-
6.1 

2.6-
8.3 

7.0-7.7 

Matrix Effect 
(%) (QuEChERS) 

16 16 16 13 11 291 19 20 ND ND 16 43 17 2 

Matrix Effect 
(%) (Dutch mini-

Luke) 

-7 -4 -2 -7 -6 -1 -3 -9 -11 140 -4 -6 -1 9 

Optimal 
Extraction 
Method? 

Dutch mini-
Luke 

Dutch mini-
Luke 

Dutch mini-
Luke 

Dutch mini-
Luke 

Dutch mini-Luke Dutch mini-
Luke 

Dutch mini-Luke 


