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Preface 
 
As far as I can remember, I have been fascinated by the natural world. From a young age going 
ladybird ‘hunting’ in the front garden to joining 'mini expeditions' in lime quarries searching for 
remnants of the biodiversity of the past. It almost leads me to believe that my profound interest 
in the natural world and its biodiversity is, somehow, encoded in my epigenome. Therefore, it 
is deeply concerning to witness the effect of human activity on the decline of the natural world 
and its biodiversity first-hand. As such, I have made it my life's mission to explore and help 
improve the field of biodiversity research before the (by some speculated inevitable) point of 
total ecological collapse has been reached. 
 With this thesis on the topic of pesticide ecotoxicology, I would like to further educate 
myself and other novices on the subject to become more aware of the dire situation we have 
put ourselves, as a species, in. Change in the utilisation of xenobiotics is imminent for the 
survival of our biosphere. 
 
Reinier 
2022  



 

 

Abstract 
 
With the ongoing expansion and intensification of the world’s agriculture, the utilisation of 
pesticides is now greater than ever before. With the many adverse effects that active 
ingredients (AI’s) and co-formulants in pesticide formulations bring along, the demand for data 
about the ecotoxicological impact of these xenobiotics is increasing equally. Numerous 
independent studies and research groups around the globe have tried to tackle the issues 
surrounding these xenobiotics. But often these studies only assess the toxicology of a handful 
of AI's in only a small selection of taxa. The few meta-studies on this topic, although 
impressively elaborate by themselves, simply lack essential data/ parameters to be 
subsequently used in an all-encompassing ecotoxicological assessment (excluding crucial 
taxa or not accounting for synergistic effects). In this extensive review of the most up-to-date 
scientific findings and reviews on the compounds, molecular modes of action and dispersal of 
these pesticides, it is suggested that the situation is more ominous than ever possibly 
quantified so far. This phenomenon is mainly due to the endless number of parameters and 
ever-increasing complexity involved in such an assessment. However, although difficult to 
quantify, extrapolations to some degrees are feasible.  



 

 

Abbreviations 
 
AI   active ingredient 
AMPA   aminomethylphosphonic acid 
DDD   dichlorodiphenyldichloroethane 
DDE   dichlorodiphenyldichloroethylene 
DDT   dichlorodiphenyltrichloroethane 
nAChR  nicotinic acetylcholine receptor 
NEC   no effect concentration 
POEA   polyethoxylated tallow amine 
ROS   radical oxygen species 
RS   risk score  
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1.  Introduction 
 
Pesticides are used worldwide in agriculture in an endeavour to maintain better control 
regarding the adverse effects of many environmental factors, of which soil microorganisms and 
invertebrates are the predominant targets. As an example, the 2019 sales of pesticides in the 
European Union (EU) (including ‘plant growth regulators’ data) have indicated to have used 
392,307 metric tonnes of pesticides, which is equivalent to 312.8 grams per EU capita [2]. This 
number naturally raises concerns regarding human exposure and long-term health effects, as 
long-term studies in Sweden and France indicated a frequent low concentration xenobiotics 
exposure to humans [3-5]. Despite the EU/ international pesticide phase-out initiatives, 
loopholes and other means of escape regarding the rules and regulations of pesticide usage 
allow countries to, even now, use otherwise banned compounds [6,7]. The use of restricted 
compounds and chemical analogues is a significant basis of concern, not only to human 
exposure and health but predominantly to the surrounding natural environment. The reasoning 
as to why many of the compounds are currently restricted or banned is that after 
reconsideration many have demonstrated to have a detrimental effect on the local biodiversity 
and ecology [8 - 13]. But by only regulating a handful of potent compounds, compared to the 
still regularly used synthetic alternatives, one can dispute that the environment will retain its 
exposure level and risk factor regarding the stability of the ecosystem and biodiversity. 

The biodiversity of our world is, thus far, undoubtedly unequivocally to anything 
discovered in the observable universe. However, with the continuous systemic exploitation of 
the natural world, like intensive agriculture to sustain the ever-growing needs of the human 
population, the point of no return concerning the global ecological collapse is closer than ever 
[14]. Fortunately, many studies that were conducted over the past couple of decades have 
accumulated a better understanding of the impact of xenobiotics on the environment. However, 
one can quickly notice a trend amidst the hundreds of published research outcomes. Many 
studies only focus on select compounds and/ or taxa, or are significantly estimate-based on at 
that time limited pesticide data availability [11,15], and/ or frequently use arbitrary units of 
measurement, giving the cursory peer a biassed view of the situation. One example of this 
practice is the already impactful publication by Tang et al., where they created a global map 
concerning pesticide pollution risks, taking water scarcity and biodiversity into account (Figure 
1) [16]. Despite the accuracy and resolution claims on the generated environmental risk maps, 
one point of critique is that the biodiversity analysis is based only on data regarding Tetrapoda. 
As Tetrapoda only account for 2.77% of extant described species and 3.83⋅10-6% of all 
predicted extant species [17,18], and the majority of the used pesticides have a predominant 
effect on plants, soil microorganisms and insects, it is to be disputed that the created 
environmental risk map concerning biodiversity is incomplete and/ or deceiving by design. 

As mentioned before, soil microorganisms, plants and insects are beyond question the 
predominantly targeted organisms for the application of pesticides, which is directly evident in 
the global pesticide sales data. According to Maggi et al. [19], the global estimate of the most 
common annually used pesticides are the herbicides glyphosate and metam-potassium 
(±700,000 metric tonnes), metam and dichloropropene (±450,000 tonnes) and 2,4- 
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Figure 1 – Global map of the number of active ingredients (AI) posing a risk to the environment. Based on 
the 92 most used AI’s (of which 59 are classified as herbicides, 21 as insecticides and 19 as fungicides). 
Synergism between AIs is excluded. The map has a spatial resolution of 5 arcmin (±10km2 at the equator). 
The pie charts represent the fraction of agricultural land contaminated by different amounts of AI's in each 
continent. The values in parentheses above the pie charts denote the total agricultural land in that 
continent. Adapted from Tang et al. [16]. 

Dichlorophenoxyacetic Acid (±150,000 tonnes); the insecticides metam potassium, metam and 
calcium polysulfide (±50,000 tonnes) and chlorpyrifos (±20,000 tonnes); and the fungicides 
metam potassium and petroleum oil (±150,000 tonnes), and chlorothalonil (±120,000 tonnes). 
Many of these compound/ pesticide groups have demonstrated significant multitarget/ off-
target toxicity, resulting in potentially serious ecotoxicological outcomes [20-29]. According to 
the global trends in annual pesticide usage, it is expected that the application of pesticides will 
begin to plateau after an expected 8 years, assuming no phase-out initiatives are active [30]. 
This prediction that agrochemicals are continued to be used for many years to come, therefore 
also continuing as a significant stressor on the environment, is by some hypothesised to be one 
of the most significant contributors to the current mass extinction and subsequent biodiversity 
loss [9,31,32] and is disputed to be frequently underestimated [33]. With this in mind, this 
report aims to explore, evaluate and clarify the current understandings of the effects of the 
utilisation of pesticides on the ecology and biodiversity and what constraints the field may 
have.  
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2. Pesticide (A-)Specificity 
 
As mentioned before in the introduction, millions of metric tonnes of pesticides are utilised 
annually by the agricultural sector [19]. A large percentage of the agrochemicals are applied 
through ‘crop-spraying’ and/ or the, often disputed [34,35], practice of seed-coating. But, the 
most overlooked group of pesticides that also pose a significant environmental risk are the 
pesticides for the treatment of endoparasites in livestock. All these different types of pesticide 
application led to unwanted dispersal causing exposure to off-target organisms as a side 
effect. Due to the vast number of different agrochemical compounds being utilised throughout 
the world, only a handful of the most used AI’s or classes of AI’s will be explained in further 
detail, merely to explain and clarify the concept of pesticide specificity and mode of actions. 
 

2.1  Active Ingredients 
Besides just the inevitable exposure to taxonomically related off-target organisms, the 
toxicological effects the AI’s induce in target organisms are also found in taxonomically non-
related off-target organisms. The simplest example of this is found in the adverse effect of the 
utilisation of fungicides, bactericides and alike on beneficial soil microbes [36]. As with many 
synthetic pesticides, the toxicodynamics is not only limited to specific taxa and is more often 
than not effective among all of the related taxa the compound is designed for. The broadly used 
fungicides of the (tri)azole group for instance are effective against all yeasts and moulds and, 
due to the high similarities of the targeted enzymes and metabolic pathways, also to some 
Protozoa [37,38], and in some rare cases animals and plants [39]. This is due to the inhibition 
of the enzymes belonging to the cytochrome P450 monooxygenase (CYP) superfamily, among 
which the main targeted fungal sterol 14-demethylases (CYP51). In fungi and protozoa, CYP51 
is responsible for the anabolism of ergosterol, which serves a similar function as cholesterol 
does in animal cells. Impairment of this biochemical pathway leads to significant membrane 
destabilisation and, eventually, cell lysis. 
 Due to the ability to target many other taxa besides the ones that the application is aimed 
at, soil microorganism abundance and diversity are drastically affected. A practical study 
conducted by Onwona-Kwakye et al. [40] quantified this phenomenon in irrigated rice fields. 
Although it is debatable that deciding to use irrigated rice fields, a small niche of all of the 
arable land which is also accompanied by its characteristic biodiversity, as a study field, the 
general concept and findings of the study are expected and applicable to any form of arable 
land. Soil samples in a 4-hectare study area, known to be affected by pesticide contamination, 
were collected. Samples originated from a water source upstream (unexposed), a pesticide-
contaminated rice field (exposed), and an area downstream of the irrigation line (residual). 
Bacteria were cultured under aerobic and anaerobic conditions from which the cultures were 
later used for 16S rRNA sequencing. Simpson’s and Shannon’s diversity index tests were 
conducted which both indicated a significant decline in the bacterial diversity in the exposed 
soil samples (Figure 2). Although not statistically significant, a decline in bacterial diversity 
from the residual exposure samples when compared to the unexposed can also be observed. 
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Figure 2 – The Simpson and Shannon bacterial diversity indices of pesticide-treated irrigated soil 
samples. Pesticides-treated irrigated soil samples were collected from the unexposed, pesticide-exposed, 
and residual exposure areas and incubated for 24 h under aerobic (A) and anaerobic (B) conditions. DNA 
was extracted and analysed by 16S rRNA sequencing. B: In the anaerobic samples, a two-sample t-test 
showed that the mean Simpson and Shannon diversity indices were significantly different between the 
pesticide-exposed and unexposed areas (p = 3⋅10-5 and p = 5⋅10-5, respectively). A: In the aerobic samples, 
the mean Simpson and Shannon diversity indices were also significantly different between the pesticide-
exposed and unexposed areas (p = 1⋅10-3and p = 3⋅10-3, respectively). The error bars represent the upper 
and lower bounds of the indices of the replicate samples from each exposure group. Adapted from Onwona-
Kwakye et al. [40]. 

As many microorganisms have similar (analogous), if not identical metabolic pathways, 
it is indeed expected that many AI’s targeting those specific pathways are effective against 
these organisms as well. Another phenomenon is for a compound to affect unrelated taxa in 
their unique toxicological manner. The dithiocarbamate pesticide class, compounds analogous 
to carbamates, have demonstrated to do so. Dithiocarbamates are generally complex 
molecules harnessing the dithiocarbamate functional group. Although carbamates are 
chemically related, they have entirely different toxicological effects. Carbamates are mainly 
utilised as an insecticide and act, non-covalently, on (inhibiting) the enzyme 
acetylcholinesterase, leading to an over-stimulation at the neuronal synapse due to an excess 
of acetylcholine (cholinergic poisoning). Dithiocarbamate, on the other hand, is designed as a 
fungicide. Dithiocarbamates are hydrolysed in aqueous solutions which release ethylene 
bisisothiocyanate sulphide (EBIS), which in turn acts as a thiol inhibitor that inactivates 
sulfhydryl groups, leading to incorrectly folded proteins and membrane instability [41]. Even 
though the rate of decomposition of dithiocarbamates due to hydrolysation or 
photodegradation is rather quick, residues can, under certain conditions, still seep into the 
environment. In animals, dithiocarbamates interfere with the synthesis of the neurotransmitter 
catecholamine by inhibiting the conversion of dopamine to epinephrine and norepinephrine 
catalysed by the enzyme dopamine-β-hydroxylase (endocrine disruptor) [42]. Catecholamines 
are the group of hormones excreted in responses to stress, thus playing a big part in the ‘fight-
or-flight’ response of an animal. Impairment in this biochemical process results in significantly 
abnormal behaviour and so the ability to survive [43]. The metabolite ethylene thiourea has also 
been recognised to be a cause of the impairment in fertility and reproduction and as a 
carcinogen [42,44,45]. 
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 In addition to impacting related off-target taxa, AI’s meant for higher organisms 
generally pose a significantly greater risk to many more taxa, although more phylogenetically 
related. A perfect example of this is the AI in the most utilised herbicide Roundup, glyphosate. 
As a herbicide, glyphosates are designed as a structural analogue for the amino acid glycine 
and also have a competitive inhibiting effect on the enzyme 5-enolpyruvylshikimate-3-
phosphate (EPSP) by acting as a transition state analogue [46,47]. The incorporation of 
glyphosates in polypeptides leads to a stiffer protein backbone, resulting in incorrectly folded 
or completely denatured proteins. Glyphosate substitution for conserved glycines has been 
linked to many disease symptoms, among which adrenal insufficiency, ALS, Alzheimer’s 
disease, COPD, glaucoma, hypothyroidism, lupus, mitochondrial disease, non-Hodgkin’s 
lymphoma, Parkinson’s disease, prion disease, and osteoporosis [48]. Although heavily 
debated in scientific literature, it must be noted that all the risk and toxicity assessments on 
glyphosates have been conducted in the context of humans [49-51]. 

The EPSP enzyme is essential for the creation of aromatic amino acids by being part of 
the shikimate pathway [52]. Due to the absence of the shikimate pathway in animal cells, it is 
considered a safe AI to use. However, several practical studies both agree and disagree with 
the claims of glyphosates to be toxic to animals, predominantly taxa of the family Apidae (bees 
and bumblebees) [10,53-57]. Aside from the direct toxicity of the glyphosates, the metabolite 
aminomethylphosphonic acid (AMPA) has also been proven to induce toxicological effects on 
animals [58-60], contradicting the claims of quick riddance of glyphosate toxicity when it is in 
contact with soil. Although, through practical experiments in Daphnia magna, AMPA indicated 
low chronic toxicity, while in the larval stage of the fish Pimephales promelas [60] and 
additionally in the embryonic stages of the toad Bufo spinosus, genotoxic effects have been 
observed at environmentally documented levels [59-62]. 
 Another fiercely debated class of AI’s are those acting on the central nervous system, 
which mainly are the carbamates, neonicotinoids, organochlorides, organophosphates and 
pyrethroids.  As previously discussed, carbamates (and also organophosphates) act by non-
covalent inhibition of the enzyme acetylcholinesterase, leading to cholinergic poisoning [63]. 
Neonicotinoids also lead to neuronal overstimulation, but through interference with a different 
pathway. They bind with high affinity and specificity to the nicotinic acetylcholine receptors 
(nAChRs), which are a type of ion-channel, leading to overstimulation of the neuron by the 
uncontrolled influx of cations [64]. Blockages of nAChRs are usually resolved by the enzyme 
acetylcholinesterase. But, as the binding of some neonicotinoids to the nAChRs is irreversible 
[65,66], acetylcholinesterase is unable to resolve the blockage, causing paralysis and death 
[64]. Therefore, neonicotinoids are exceptionally effective as an insecticide as nAChRs in an 
insect are only found in the central nervous system. Organochlorides, like neonicotinoids, also 
affect an ion-channel protein. Organochlorides can be categorised into two classes (DDT-type 
and chlorinated alicyclics) depending on the mode of action. DDT-type organochlorides, like 
the pyrethroids, act on the voltage-gated sodium channels by preventing gate closure after 
activation. This leads to sodium ions leaking through the channel protein creating a 
destabilising negative afterpotential with hyperexcitability of the nerve. This leakage causes 
repeated discharges in the neuron either spontaneously or after a single stimulus [67]. 
Chlorinated alicyclic-type organochlorides act at the GABA(A) chloride ionophore complex, 
inhibiting chloride flow into the nerve [68]. Exposure to chlorinated alicyclic-type 
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organochlorides may lead to a depressed activity of the central nervous system, followed by 
neuronal hyperexcitability, tremors, and seizures. 

As of February 2020, the EU has banned the use of the four most used neonicotinoids 
clothianidin, imidacloprid, thiacloprid and thiamethoxam for all outdoor use. Ironically, many 
more neonicotinoid compounds are available for utilisation besides the 4 banned, among which 
are compounds with similar toxicological effects. A good example of this is the N-
cyanoamidines neonicotinoid acetamiprid. which, together with thiacloprid, are proven to have 
a lower affinity to insect nAChRs. This is due to the cyano functional group, which induces a 
lower affinity when compared to the nitro functional group N-nitroguanidine neonicotinoids 
[69]. According to Article 53 regarding the ban, member states are temporarily authorised (up 
to 120 days) to use the otherwise banned compounds in case of an emergency derogation. As 
of writing, already more than 235 emergency derogations have been ‘granted’, with many of 
which a questionable reasoning [70]. This leads to the suspicion that, if genuinely desired, 
regulated compounds can be used at will. This comprehensively contradicts the proposition 
behind the restriction of these compounds. Besides that, the main argument for the restriction 
of those four neonicotinoids named repetitively throughout the literature is to halt the rapid 
decline in bee populations correlated with the use of neonicotinoids [71,72]. 

Even with the recent advancements in the understanding of the adverse effects of many 
of the neurotoxic AI’s, they are still frequently widely used throughout the globe. Numerous 
studies conclude that the utilisation of many neurotoxic pesticides has detrimental effects on 
all animals, many of which influence behavioural aspects like circadian rhythm, memory 
disruption, locomotion, sleep, spatial orientation and more [71-74]. Although many of the 
neurotoxic AI’s currently in use have a higher affinity for insect receptors [75], a multitude of 
studies has proven that environmental doses can already have detrimental effects on off-
target organisms besides insects [63]. One well-known example is the eggshell thinning and 
reproductive impairments found in some bird species caused by the metabolites of the DDT-
type organochloride neurotoxins (DDE and DDD) [68,76,77]. Another study by Molina et al. [78] 
demonstrated a lower leukocyte count in deer mice (Peromyscus maniculatus) and cotton rats 
(Sigmodon hispidus) chronically exposed to environmental levels of DDT and its metabolites by 
acting as a mediator of oxidative damage. The synergistic effects of these neurotoxic 
compounds are, however, poorly documented. Besides the few studies on the western honey 
bee Apis mellifera (or any other member outside of the family Apidae for that matter), or the 
standard fruit fly laboratory model organism Drosophila melanogaster, not much is known. 
Studies of synergistic effects may hold the potential to give new insights into the 
ecotoxicological effects of many of these neurotoxins. 
 

2.2  Co-formulants 
One significant aspect frequently overlooked in pesticide risk assessments/ research, besides 
AI’s and the metabolites thereof, are the pesticide co-formulants. These co-formulants may 
include defoliants, emulsifiers, (heavy)metal ions and surfactants, and may all be classified as 
synergists when improving the AI’s toxicity. As with section ‘2.1 Active Ingredients’, only a 
handful of the most used/ well-studied compounds will be discussed since there are hundreds 
of compounds in active usage and a few dozens of classes. 



 

 14 

Synergists may also be classified as AI by themselves, depending on the mechanism of 
effect. Although a synergist is usually defined as a compound used to enhance the toxicological 
effects of another toxin used within the pesticide formulations, synergists that are effective on 
their own may (also) be classified as an AI. Well-studied and widely used synergists include 
piperonyl butoxide (PBO) and N-Octyl bicycloheptene dicarboximide (MGK-264), used in 
combination with carbamate- and pyrethroid-class neurotoxic pesticides, and polyethoxylated 
tallow amine (POEA), commonly used as a wetting agent in combination with glyphosates. 
Numerous studies have demonstrated that the addition of a synergist can significantly reduce, 
if not completely remove, resistance in target organisms [79]. As previously mentioned, some 
synergists can exhibit toxicological effects by themselves, among which are the non-ionic 
surfactant POEA. A study by EFSA [80] and later also agreed upon by Mesnage et al. [81] has 
indicated POEA to have considerably higher toxicity in animals compared to glyphosates alone, 
making the combination of the two all the more effective. Due to the chemical nature of many 
of the synergists classified as ‘wetting agents’ (surfactants and emulsifiers), endocrine 
disrupting and genotoxic effects are commonly observed in higher organisms [82-86]. 
 The combination of pesticide AI’s, other co-formulants, and heavy metals can result in a 
variety of effects depending on the metal and synergistic compound (Table 1) [87]. Of the heavy 
metals commonly found in pesticide formulations, arsenic, cadmium, mercury, and lead are 
the most significant due to their observed pathophysiological effects when bioaccumulated. 
When exposed to these heavy metals, molecular complexes are formed between the metal and 
cellular compounds containing sulphur, oxygen, and/ or nitrogen [88-90], which may result in 
tissue necrosis [91]. Heavy metals are known to affect reproductive systems, nervous systems, 
gastrointestinal tracts, and mucous tissues [91,92]. Although the mechanism of effect is not  
 

Table 1 – The synergistic effects of heavy metals and their synergists in pesticide formulations. Adapted 
from Singh et al. [87]. 

Metal Synergist Effect Reference 

Cadmium Ethanol Elevation of norepinephrinein in the hypothalamus and midbrain [93] 

Dimethoate Affects relative body weight gain and relative liver weight [94] 

Propoxur Alters immuno- and neurotoxicological functions [95] 

Diazinon Notable loss of spermatogenic elements, disorganization and 
seminiferous epithelium and lacking maturation of germs cells 

[96,96] 

Lead Dimethoate Affects relative body weight gain, relative liver weight, relative thymus 
weight and the mean corpuscular volume value 

[94] 

Arsenic/ 
Mercury 

Alteration in central monoaminergic system neurotoxicity and cytotoxicity [98] 

Mercury Dimethoate Alteration in body weight gain, relative liver and kidney weights and in IgM-
plaque-forming cells 

[94] 

Arsenic Dimethoate Change in relative liver weight mean corpuscular volume and IgM-plaque-
forming cell content of the spleen 

[94] 
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exactly known, it is speculated that heavy metals induce the formation of radical oxygen 
species (ROS) that, together with the pesticide AI as a synergist, lead to oxidative stress 
[91,99,100]. Besides that, it has also been reported that cadmium and lead can inhibit 
acetylcholinesterase in the blood [101] and brain [92], respectively. Therefore, the combination 
of heavy metal co-formulants in neurotoxic pesticide formulations can achieve remarkable 
toxicological efficiency. 
 In ‘modern day’ pesticides, meant for private use and aiming to reduce or eliminate the 
main AI(‘s) within the formulation, the concentration of co-formulants has been documented 
to frequently exceed the legal limits. This is probably to compensate for the lost effect of the 
AI attempting to ‘replace’. A study by Seralini et al. [102] has reported that the concentration 
of heavy metals is often found to be within the mg/ml (several hundred to a thousand times the 
chronic toxicity level), and polycyclic aromatic hydrocarbons (often associated with their 
carcinogenic properties) in the tens to sometimes hundreds of µg/ml. Besides polycyclic 
aromatic hydrocarbons being well-established carcinogens, it is known that their 
decomposition product/ metabolites also pose significant toxicity [102]. 
 

2.3  Abiotic Effectors 
Interestingly enough, specific abiotic factors also seem to play a role in the significance of 
toxicity in certain pesticide components. This significance is mainly contributed by the specific 
mechanism of effect being impaired by the AI’s and/ or synergists. A review by Gomes and 
Juneau [103] explored this phenomenon in algae. Summarised; the effect of how temperature 
and certain herbicides affect growth/ the ability to survive tends to be species-specific. For 
example, the EC50 of the herbicide atrazine for the cyanobacteria Oscillatoria limneltica is 
24.2µg/L at 13°C and 52.3µg/L at 20°C [104], while for the microalga Raphidocelis subcapitata 
it is 20.5µg/L at 15°C and 45.6µg/L at 20°C [105]. As the herbicide affects the Qb-binding site 
on the D1 protein of photosystem II by inhibition, impairment results in the formation of ROS 
ultimately inducing oxidative bursts that damage lipids, pigments and proteins [106]. This 
implies that, when photosynthetic organisms are exposed to atrazine (or any other AI acting on 
a photoinduced electron transport chain), toxicity increases with light exposure [103]. 
 Temperature, for that matter, can also play a role as an additional stressor, thus 
resulting in varying toxicity. It is known that organophosphates exhibit elevated levels of 
toxicity in invertebrates at a higher temperature, whereas pyrethroids have elevated levels of 
toxicity at lower temperatures [107-109]. Furthermore, Willming et al. [110] have demonstrated 
that the natural fluctuation in temperature on a day indeed does affect the toxicity of pesticides 
to aquatic invertebrates. Survival of the midge larvae Chironomus dilutes exposed to bifenthrin 
(a pyrethroid) was significantly reduced under temperature-fluctuating conditions than when 
compared to a constant temperature. The increase of toxicity under temperature-fluctuating 
conditions was also observed on a molecular level in Daphnia magna exposed to malathion (an 
organophosphate) by an increase of cholinesterase activity.  
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3. Environmental dispersal 
 
The most significant aspect of an ecological risk assessment concerning the effects of 
pesticides on the ecology is, undoubtedly, the environmental dispersal and subsequent 
bioaccumulation. Considering the many associated toxicological effects, it is of great concern 
that only 1% of the utilised pesticides reach their target, while the remaining 99% are ‘released’ 
into the global environment [111,112]. Many different mechanisms of action are recognised and 
explored in literature, which can be separated into two classes; abiotic- and biotic factors. 
Abiotic factors include distribution through chemical properties and/ or through wind and/ or 
water erosion. This includes the commonly described ‘primary and secondary pesticide 
movement’, dispersal at the time of application, and dispersal through any other mechanism 
after the application, respectively [113]. Biotic factors may include distribution through, 
possibly already pesticide bioaccumulated, organisms themselves. 
 

3.1  Abiotic Factors 
Of all of the abiotic factors, the aspect most significant for the distribution of pesticides 
through the environment, besides over-spraying and wind distribution on pesticide aerosols 
during the application, is due to the chemical properties of the various compounds within the 
formulation. The volatility of the compound(s) and/ or the pesticide being classified as a 
surface pesticide (contrasting to systemic pesticides) are the main aspects identified [114]. As 
Damalas et al. [115] unveiled, nearly 80-90% of the pesticide formulation is volatilized into the 
environment within a few hours of the application. However, it is far from the truth to conclude 
that the 10-20% non-volatile partition consists of the AI’s. Many of the compounds within the 
volatile partition have a naturally higher vapour pressure, like ethanol or many of the polycyclic 
aromatic hydrocarbons like the benzene or naphthalene derivatives [116]. Additionally, co-
formulants and/ or spray adjuvants can also alter the volatility of the pesticide formulation, as 
demonstrated by Dan and Hageman [117], generally resulting in higher volatility with the 
addition of adjuvants. The volatilisation of these compounds leads to further dispersal through 
(predominantly) the atmospheric parts of the hydrological cycle, resulting in the potential 
dispersal over vast distances [113]. 

Airborne pesticide particle dispersal is dependent on the thickness of the surface 
boundary layer (the lowest region of the troposphere) [118], which can vary greatly throughout 
the day. A taller surface boundary layer, most common in the daytime often reaching a few 
kilometres in height, provides a greater opportunity for dispersion and subsequent dilution 
[113,119], thus reducing the dose and subsequent toxicity upon precipitation. Atmospheric 
turbulence, ground cover, topography, and nearby bodies of water all influence the height of 
the surface boundary layer. Conditions promoting the dispersal and precipitation of high doses 
of pesticides can induce noticeable ecotoxicological damage. As uncovered by Nelemans et al. 
[120], herbicide drift can significantly influence the production of biomass, plant coverage and 
seed germination in numerous plant species. They further presumed that this effect can lead 
to species composition shifts and vegetation capacity in adjacent off-target areas. 
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 However, far from the volatilized 80-90% of the applied formulation remains stable from 
their initial dispersal through to the eventual precipitation. The stability of the compounds 
through this journey will be affected by photodegradation/ -bleaching, oxidation, hydrolysis, 
and half-life degradation [121,122]. These forms of degradation are considered to be the main 
form of ‘natural’ degradation [121], followed by metabolic degradation by microorganisms. The 
compounds which are resilient against these forms of degradation pose an undeniably greater 
risk to the environment [123]. One way to combat this issue is a direct ground injection and/ or 
using seed coatings, as many of these forms of degradation are enhanced through air- and/ or 
UV-exposure. 
 Direct ground injection of pesticide formulations and/ or using seed coatings has 
frequently been proven to be detrimental to soil microorganisms [36,40]. However, general 
erosion by rain and wind forces pesticide residues further and deeper into the ground, 
eventually leaching and contaminating groundwater, flowing water, and eventually estuaries 
and adjoining seas and oceans. Tang et al. [16] have computed global pesticide risk scores (RS) 
based on the 92 most utilised AI on 4 environmental ‘compartments’ (soil, surface water, 
groundwater and atmosphere), visualised in Figure 3. However, due to the current lack of 
(ecotoxicological) data on the synergism of many pesticide formulations (and individual 
compounds), synergism is not taken into account. As it is known that formulations are much  
 

 

Figure 3 – Global map of pesticide risk score. Based on the 92 most used AI’s (of which 59 are classified as 
herbicides, 21 as insecticides and 19 as fungicides). Synergism between AI’s is excluded. The map has a 
spatial resolution of 5 arcmin (±10km2 at the equator). The pie charts represent the fraction of agricultural 
land classed under different RS in each region, and the values in parentheses above the pie charts denote 
the total agricultural land in that region. RS was determined as the ratio between the predicted 
environmental concentration and the predicted no-effect concentration derived from each AI’s 
ecotoxicities. The ‘risk point’ of each environmental compartment (soil, surface water, groundwater and 
atmosphere) was then evaluated as the log-transformed sum of all risk quotients. Finally, the overall RS in 
a grid cell was calculated as the maximum risk point across the four environmental compartments. Adapted 
from Tang et al. [16]. 
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more toxic than their declared active principles in many marine and terrestrial ecosystems 
[124,125], factual data can be expected to have a much greater RS [123]. 
 

3.2  Biotic Factors 
Biotic pesticide distribution, often associated with the 
concepts of bioaccumulation, -magnification and -
concentration (Figure 5), can confront organisms 
otherwise less affected with much higher doses than 
solely through abiotic pesticide distribution factors. The 
majority of organisms in the lower trophic levels are 
frequently (in some cases chronically) exposed to no 
effect concentration (NEC) doses, while the upper 
trophic levels (primarily consisting of predatory 
heterotrophs) are exposed to the more severe/ lethal 
doses. However, through the different methods of 
utilisation, direct biomagnification in higher trophic 
levels is possible, as demonstrated in Figure 4. 
Bioaccumulation, -magnification and -concentration is 
highly dependent on the stability of the compound, with 
many synergists and DDT and derivatives being more 
stable and thus having enhanced accumulation, unlike 
lesser stable molecules like carbamates and 
glyphosates. 

Great examples of pesticide bioaccumulation and -magnification in literature are in 
regards to the countless marine studies. An estimate has put the total amount of leached 
pesticide (based on ametryn, atrazine, diuron, hexazinone, simazine and tebuthiuron) through 
erosion into the great barrier reef world heritage site alone at 34 metric tonnes annually 
[124,125], which has a significant detrimental effect on all aspects of the reef/ marine ecology. 
When compared to the general RS of North-East Australia in Figure 3 (taking the different 
erosion mechanisms into account), much greater values are expected in, for example, South-
East Asia and Europe. Even though the (bio)concentration of many compounds is detected in 
sub-lethal/ NEC concentrations, due to the chemical nature of many of these compounds 
(many of which are lipophilic), chronic exposure and bioaccumulation are inevitable. Monitoring 
these low-concentration compounds is crucial for understanding the environmental RS. As 
Bayo et al. [126] have stated (in the context of neonicotinoids); if initial assessments consider 
the concentrations to be harmless to (aquatic) organisms, it may lead to a relaxation of 
monitoring efforts, resulting in the worldwide contamination of many (aquatic) ecosystems, 
including the deepest and most isolated parts of the ocean [127]. To combat this problem, two 
studies by Villegas et al. [128] and Righi et al. [129] used fiddler crabs Leptuca festae and 
Minuca ecuadoriensis, and swimming crabs Callinectes ornatus and C. bocourti as pesticide 
contaminants bioindicators, respectively. Both demonstrated that biomarkers stemming from 
pollutant accumulation within the hepatopancreas were indicated to be a reliable method for 
pollutant/ pesticide monitoring. Another vast group of organisms frequently exposed to chronic 
 

 

Figure 4 – Example of atypical trophic 
bioaccumulation. Metaldehyde, a since 
the 30th of June 2019 in the UK sale-
banned molluscicide, consumed by a red-
legged partridge (Alectoris rufa). Image © 
Rob, 2021 [156]. 
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Figure 5 – Graphical visualisation of the concept of bioaccumulation, -magnification, and -concentration. 
Trophic accumulation is graphically visualised with DDT and the marine ecosystem as example. It must be 
noted that bioaccumulation and the start of -magnification are possible through any of the trophic levels 
and that the general concept is possible in any ecosystem. 

NEC doses are the corals and aquatic vegetation. The corals in particular are most at risk, as 
the rising sea temperature and increase in pollutant concentration put tremendous stress on 
these organisms [130,131]. Up to a point, both the host organism and photosynthesising 
symbiont cannot compensate for the induced stressors, resulting in excessive production of 
ROS, oxidative stress, and eventually coral bleaching [132,133]. As corals are considered key 
habitat-forming species, the decline of these species and subsequent habitat have 
depreciated returns throughout the entire oceanic ecosystem. 
 Terrestrial bioaccumulation, -magnification, and -concentration experience similar 
mechanisms to that of the aquatic counterpart, with the first typical trophic levels being the 
soil microorganisms, closely followed by detritivores like earthworms, woodlice and slugs/ 
snails. However, as in any ecosystem, any trophic level can receive the primary exposure, 
although bioaccumulation is primarily induced in the first typical trophic levels and smaller 
organisms in subsequent trophic levels. Therefore, these lower-level organisms make for 
suitable candidates in the biomonitoring for pesticide residues, as frequently demonstrated 
with earthworm tissue [58,134,135]. The fat bodies in arthropods can also be utilised for 
biomonitoring, as fat body mass is dependent on both environmental and physiological 
conditions [136-138]. Additionally, insect fat bodies can be directly correlated to the 
immunocompetence of the animal [139], and due to the nature of the tissue, bioindicators or 
direct accumulation can also assist in biomonitoring [140].  

Although favourable in biomonitoring, bioaccumulation within the fat bodies of 
arthropods can certainly exceed non-lethal bioconcentrations, as observed in A. mellifera and 
the use of neonicotinoids. This phenomenon can lead to enhanced biomagnification and 
possible lethality in organisms of higher trophic levels. Besides only functioning as an energy 
storage tissue, adipose tissue in many animals is responsible for the storage of a variety of 
(lipophilic) molecules. Biomagnification will increase the toxicant accumulation within the 
adipose tissue resulting in all the consequences this entails [141]. As demonstrated in wild Nile 
crocodiles (Crocodylus niloticus) by Humphries et al. [142], toxicant accumulation in adipose 
tissue is offloaded after egg creation and oviposition. Not only does this result in direct 
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contamination of the new generation, but all adverse effects of (chronic) exposure to the toxins 
during the development and subsequent further biomagnification also need to be taken into 
account. 
 Another biotic mechanism of pesticide accumulation and distribution, much overlooked 
in the literature, is through general excretion (mainly defecation). Besides the accumulation of 
the predominantly beforehand mentioned agrochemicals through, for example, consumption, 
antiparasitic drugs administered to livestock and pets can be as detrimental to the 
environment. As faeces are an invaluable nutrient source to many detritivorous arthropods, 
long-term chronic contamination can significantly impact this niche of essential arthropods. 
Faeces contaminated with pesticides have been demonstrated to slow down or, in specific 
species, completely halt the development of many insect larvae [143]. As a consequence of the 
improper digestion and burial of the faeces by the insects, ‘life reduced’ toxin-hotspots are 
consequently created, promoting an increase in the production of greenhouse gasses like 
methane and nitrous oxide [144]. 
 Although widely recognised in aquatic ecosystems, direct toxin absorption and 
accumulation through the skin in terrestrial animals is frequently overlooked. Thin-skinned 
animals, or with a relatively high ratio of surface area to body mass, migrating through 
pesticide-contaminated areas can receive as great a dose as through typical bioaccumulation 
and -magnification. Soft-bodied invertebrates and amphibians are the major groups at risk. As 
an example, glyphosates penetrated the skin of the edible frog (Pelophylax kl. esculentus) 26 
times faster when compared to pigskin [145]. As briefly mentioned in the prior chapter, 
pesticide residue exposure to these hypersensitive animals can result in the formation of 
deformities during any part of the development, underdevelopment of embryonic stages and 
genotoxicity [59,61,62]. A field study conducted by Berger et al. [146] assessed the regional 
migration patterns of the Great crested newt (Triturus cristatus) and Fire-bellied toad (Bombina 
bombina) in correlation to the application of glyphosates over 20 years. Their results reviled a 
high temporal coincidence in the change of migration patterns and the application of 
glyphosates.  
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4.  Discussion 
 
The research progress on the infamous topic of pesticide ecotoxicology is currently being 
outpaced by the (excessive) utilisation of pesticides accompanied by the many adverse effects 
on the ecology and biodiversity [33]. Bioaccumulation and -magnification, together with the 
persistence of habitat destruction/fragmentation, will result in enhanced genetic-erosion of 
species’ population, with 16.5% of vertebrate pollinator species (30% for island species) now 
threatened with extinction [147]. Although a lot has been uncovered in the last couple of years, 
not nearly enough is yet known to fully grasp and understand the ever-worsening situation and 
the subsequent future effects it may unfold [11,15,148]. Most practical research findings of 
last years on this subject have focussed on the effects of only a handful of compounds (in most 
cases around 1-5), usually not considering synergism, on a handful of taxa. Furthermore, most 
studies are short-term, thus creating knowledge gaps concerning long-term effects on species 
populations and ecosystems [126]. This is due to limiting the scale of the research down to a 
realistic level. However, although the collective accumulation of findings and data seems 
impressive at first glance, problems can be found rather quickly. 
 The lack of taxa diversity is an apparent problem, which is obviously of unquestionable 
importance. As many of the toxicological research findings concerning individual species will 
be uploaded to the comprehensive knowledge base ECOTOX, thus representing literature, a 
quick browse will quickly indicate signs of this issue. As an example, although important in 
modern western agriculture, the insect biodiversity of the natural world consists of more than 
A. mellifera. Therefore, despite hypothesised similarities in the target enzymes of related 
organisms, toxicological data of significantly more organisms need to be acquired to sketch a 
greater image concerning the different induced effects on specific organisms. 
 Another great issue with pesticide data availability is consistency and standardisation 
(or lack thereof). This is regarding both determinations of taxa-specific toxicological 
concentrations and monitoring of environmental distribution. As numerously discussed within 
the literature, controlled laboratory tests are significantly different to that of field studies, 
almost to a point that some suggest a direct comparison of the two is considered a bold move. 
A probable solution to this controversy is the design of practical methods in controlled 
environments closely simulating field studies. However, two problems will arise with the first 
one being the over- or under-complication of the designed protocol. Introducing too many 
parameters will lead to a significant reduction in reproducibility. This in turn leads to the 
second problem, being the acquisition of ‘unreliable’ toxicological data. Besides over- or 
under-complicating, utilisation of (arbitrary) measurements and units can further complicate/ 
unintentionally deceive research outcomes, making the incorporation in downstream 
applications harder, if not impossible. Widespread adoption of proposed standardised 
protocols can be a viable solution. Examples of these are the use of rodent faeces [134] and 
worms [149,150] in pesticide residue monitoring. 
 Although a significant proportion of (taxa-specific) toxicological data is ‘unavailable’, 
extrapolation of currently available data and estimations will give, to some degree, an 
indication of the ecotoxicological trend. However, caution must be taken when doing so as 
these significantly under-supported predictions/ hypotheses will most likely have a bias 
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towards specific taxa and only consider a handful of AI’s without synergy. Even if the 
predictions are intended to be utilised on taxa other than those used in the (meta)analyses. The 
PEST-CHEMGRIDS v1.01 by Maggi et al. [19] (further applied by Tang et al. [16]) is, so far, the 
only global comprehensive (RS-based) pesticide contamination meta-analysis. Apart from 
that, the risk assessments are constructed from limited data, and in the subsequent analysis 
by Tang et al. [16] only considering Tetrapoda as representative of biodiversity. When 
correlating with other (local) risk assessments in literature, together with a healthy knowledge 
of the (synergistic) effects of compounds found in pesticide formulations, one can quickly 
deduce that the situation is more ominous than ever quantified so far. RS-quantification based 
on all these aspects and parameters, although not impossible, will be reaching the limits of 
ecological meta-analyses. 
 Besides solely monitoring directly for pesticide residues and subsequent distribution, 
using next-generation biodiversity monitoring and correlating it to the limited available 
pesticide distribution data, it is possible to get a more direct answer regarding ecotoxicology 
and its effect on biodiversity. Next-generation biodiversity monitoring may include the mass 
deployment of remote operated artificial intelligence-driven (visual) recognition devices 
(DIOPSIS camera, for example) or making frequent use of DNA-metabarcoding to monitor the 
change in species composition within an ecosystem [28]. Although the methodologies are 
officially still considered to be in their infancy, both have demonstrated to be a valuable asset 
in both biodiversity monitoring and the correlation of the decline due to agricultural stressors 
and xenobiotics [28]. 
 With many of the AI’s and co-formulants being in non-lethal environmental 
concentrations, together with that numerous AI’s exploit similar molecular mechanisms, forms 
of pesticide resistance are expected to eventually emerge within the lower trophic levels. Both 
genomic- [151,152] and transcriptomic adaptations [153] have already been discovered. 
However, even with increased levels of detoxification within the adapted (lower trophic) 
populations, increased bioconcentration due to biomagnification will always outpace, as 
higher trophic organisms generally have a significantly lower generation time and thus take 
longer to adapt. 
 So far, two solutions can be proposed to the pesticide ecotoxicology problem, both of 
which can be closely associated with one another. The first one being simply to reduce and 
more strictly regulate the utilisation of agrochemicals. Although simply said on paper; as said 
by Zaller [154], “many agronomists, and agricultural lobbyists are promoting the myth that 
pesticides are an essential part of modern agriculture and that their benefits will definitely 
outweigh any effects on the environment or human health.” This influence is of such significant 
effect that the farmer’s perception and awareness of pesticide ecotoxicology are overruled. 
The second (obvious) proposed solution is to work more with nature, instead of against it. This 
involves expanded utilisation of sustainable agricultural methods like biodynamic-, ecological-
, organic-, permaculture-, and regenerative-agriculture [154]. The main focus of these types of 
sustainable agriculture is limited, to no use of agrochemicals and exploiting nature’s 
mechanisms for increased yields. As concluded by Janssen and van Rijn [155], biological 
control through natural predation can be/ is as effective in reducing arthropod pest densities 
as the use of pesticides. This again demonstrates the importance of a balanced and healthy 
system. But with decades-long systemic overexploitation of arable fields, years of intensive 
management and soil acclimatisation are required to slowly return this ecological balance to 
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the otherwise barren arable fields. This is most predominantly due to the persistence of 
agrochemical residues, maintaining the disruptive effect on the microbial balance in the soil. 
Only after a sufficient quantity is eliminated by either microbial decomposition, chemical 
decomposition or physical erosion, more delicate/ sensitive microbial structures can settle. 
Mycorrhizal networks and natural vertical soil microorganismal gradients are an example of 
this, which are also frequently disturbed by the act of tilling. Having a variation in the vegetation 
can help with the microbiome diversity and the formation of these structures [147], 
emphasising the importance of mixed agricultural systems.  
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5.  Conclusion 
 
Taking all research outcomes, from physiology to ecosystem functioning, concerning the issue 
of pesticide ecotoxicology collectively; the independent conclusion of this report will not differ 
greatly. Considering the vast amount of pesticides being applied annually throughout the globe, 
without a great understanding of the adverse effects and synergism to off-targets, it becomes 
apparent that the ecology is under immense pressure from these xenobiotics. This should be a 
wake-up call to drastically remodel current risk assessments, as they have been demonstrated 
to be inadequate for the protection of biodiversity and ecology. 

The major point of attention is the (still) limited quantity and quality of freely accessible 
data. Better knowledge and education concerning these chemicals, even within the scientific 
community, is of great necessity. The ecotoxicology of agrochemicals needs to be tested on a 
vastly greater variety of organisms, covering as much taxonomic diversity as possible. 
Preferably in field test settings and using whole formulations to explore the synergic effects. 
The utilisation of standardised practices and units of measure are of great value. 
 The second major point of attention is the inclusion of as much taxonomic diversity 
within pesticide risk assessment meta-analyses. Although considered a computational 
challenge, it is far from impossible to execute as basing a biodiversity risk assessment solely 
on Tetrapoda is simply inadequate and unacceptable. 
 The third point is the necessity of next-generation biodiversity monitoring. As the 
ecotoxicological effects of pesticide residues increase and expand at an unprecedented rate, 
the need for biodiversity data, to be subsequently correlated to pesticide residue distribution, 
is now more important than ever. 
 However, the direct solution to the issue of pesticide ecotoxicity is not just to spread 
awareness, test toxicodynamics and monitor species trends, but to directly reduce the vast 
utilisation of agrochemicals as a whole. 
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