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Common hazard and risk assessment terminology applied in this report.

Many risk assessments are generally conducted, as part of the pesticide registration
process, to assess whether a pesticide may pose unacceptable risks to human or
animal health or the environment.

Principles of environmental risk assessment of pesticides.

Selected examples of major functions performed by soil organisms.
Effects of anticoagulent rodenticides on vertebrate wildlife.
Endocrine disruption and wildlife.

Effects observed on reptiles as a result of insecticides applied for locust control in
Africa and Australia are highly dependent on the type of insecticide and the way it is
applied.

Aspects of pesticide epidemiology.

Systematic review and meta-analyses of epidemiological studies examining the
association between pesticide exposure and health outcomes.

Maximum Residue Limits (MRLs).

Pesticide risk assessments are often prospective, in the sense that they are carried
out before a pesticide is put on the market. Monitoring or studies of (adverse)
effects of pesticide use are consecutive evaluations made after a pesticide is in use.
As sufficient data are available, information about pesticide effects contributes to an
evaluation of their impact on human health, the environment or society.

Pesticides can contaminate surface water and groundwater through many different
routes.

Global crop area and the distribution of regulatory threshold level exceedance rates
for reported measured insecticide concentrations (MIC) aggregated in 1° grid cells.

Proportion of sampling sites in European freshwater ecosystems showing
exceedance of acute regulatory thresholds by different chemical groups.

The proportion of streams in the United States with one or more pesticides that
exceeded a chronic aquatic life benchmark was very similar in the periods 1991-2001
and 2002-2011 for agricultural and mixed land use streams, but much greater in the
period 2002-2011 for urban streams.

Time trends for y-HCH (lindane) measured in air at the Canadian Great Lakes site,
Point Petre. Atmospheric decline rates of y-HCH have accelerated in the Arctic and the
Great Lakes region following North American restriction of the pesticide lindane.

Global mean soil concentrations of most organochlorine pesticides in agricultural
soils (A) and background soils (B) did not significantly decrease over time (decade
one (1993-2002) to decade two (2003- 2012).

Factors influencing pesticide leaching to groundwater.

Relative availability of local and national groundwater monitoring/review studies
per continent (total = 103 publications between 2010 and 2020).

Geographical distribution of available local and national groundwater monitoring/
review studies (total = 103 publications between 2010 and 2020).

4.3.2-10 Temporal trend in (A) chlordecone (CLD) and (B) its metabolite chlordecone-5b-hydro

(5bCLD) between 2009 and 2015 in Chalvet (Martinique).
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Global increase of unique cases of herbicide resistance. A unique case is a weed
species combined with a herbicide mode of action.

The evolution of pesticide resistance in arthropods shows a steady increase in the
number of species, pesticide compounds and cases from 1914 to 2019.

Arthropods were becoming resistant to a pesticide as rapidly in 2010 as in the 1960s,
indicating that there had not been a change in the “durability” of a pesticide over time.
No significant relation was observed between the number of generations it takes for
an arthropod to become resistant and the year of introduction of a pesticide.

Number of classes to which resistance was confirmed in at least one malaria vector
in at least one monitoring site, 2010-2019.

Global trend in pest resistance to Bt crops: (A) hectares planted with Bt crops
(B) cumulative cases of field-evolved practical resistance to Bt crops.

Main routes of exposure of honeybees to pesticides; similar routes of exposure are
likely for other bees.

Pathways through which pesticide application can ultimately lead to population
declines in terrestrial vertebrates.

Potential kill of corn bunting due to the application of the 294 pesticides included in
an analysis in Great Britain fell by about 80 per cent between 1990 and 2076.

Risk quotients for algae (squares), fish (circles) and invertebrates (triangles) as
ratios of maximum detected global field concentrations and acute standard toxicity
data. Open symbols indicate that toxicity was provided as “greater than” values. Risk
quotients > 0.07 (dashed line) and > 0.1 (solid line) indicate moderate and high risks,
respectively.

The main drivers (A) and factors (B) associated with insect declines. Pesticides are
identified as the second most important factor associated with declines of insect
species’ abundance and biodiversity. Shown is (A) the number and (B) the percentage
of studies in which specific drivers and factors of decline were determined.

Concentration-response dependence between the mean pesticide concentration and
mean overall aquatic macroinvertebrate family richness measured in sampling sites
in Europe and Australia. The dashed horizontal lines indicate maximum and minimum
mean richness and are marked with the percentages compared to maximum
richness. The error bars indicate 95 per cent confidence intervals.

Human health effects of pesticides can show up in the short term (acute) or after
a long period (chronic) and may be the result of activities leading to both acute and
chronic exposure. Shown are the most common routes of poisoning (less likely
options are indicated by thinner arrows).

Poison centres are primarily concentrated in high and middle income countries.
They are much rarer in some low income parts of the world.

Simplified representation of how pesticide poisoning information may, or may not,
reach a poison centre database. Poison centres may use other sources to complete
their poisoning statistics, such as surveillance reports, dedicated monitoring studies
or media releases.

Pesticide poisoning as a fraction of total reported poisoning cases is positively
correlated with the percentage rural population in the respective countries.

Regional distribution of the estimates of non-fatal and fatal cases of pesticide
poisoning, all severities combined.

The large majority of studies on occupational exposure to pesticides have been
conducted in high and upper-middle income countries.

Use of PPE items in different regions of the world.
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About

In December 2017, Resolution 4 of the 3rd Session of the United Nations
Environment Assembly (UNEA 3) requested “the Executive Director to
present a report on the environmental and health impacts of pesticides
and fertilizers and ways of minimizing them, given the lack of data in that
regard, in collaboration with the World Health Organization (WHO), the Food
and Agriculture Organization of the United Nations (FAQ) and other relevant
organizations by the fifth session of the United Nations Environment
Assembly”. In response to this request, UNEP published a Synthesis Report
on the Environmental and Health Impacts of Pesticides and Fertilizers and
Ways to Minimize Them" in February 2022 (United Nations Environment
Programme [UNEP] 2022).

The overall goal of the synthesis report is to provide the information base
to enable other advocacy actions to be taken by stakeholders to minimize
the adverse impacts of pesticides and fertilizers. Specific objectives of the
synthesis report are to:

Update understanding of current pesticide and fertilizer use practices;

Present major environmental and health effects of pesticides and
fertilizers, during their life cycle, and identify key knowledge gaps;

Review current management practices, legislation and policies aimed at
reducing risks in the context of the global chemicals, environmental and
health agenda;

Identify opportunities to minimize environmental and health impacts,
including proven and innovative approaches.

This chapter on “Environmental and health effects of pesticide use” is the
4th in a series of 12 chapters that make up a comprehensive compilation
of scientific information. The chapters were developed to both inform
and further elaborate on the information provided in the synthesis report.
Please note that the disclaimers and copyright from the synthesis report

apply

1 The Synthesis report is available at https://www.unep.org/resources/report/
environmental-and-health-impacts-pesticides-and-fertilizers-and-ways-
minimizing.
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4.1

CNvironmental and neali
effects of pesticide use

Key findings for Chapters 4.3 (environmental effects) and 4.4 (health effects) are found at the beginning
of each of those sections.

The annexes referred to in this chapter are provided as supporting information on the web page of the main
report.’!

Overview

Pesticides are by definition biologically active compounds. They are among the few types of chemicals that
are purposely administered in the environment rather than being a by-product of other processes. Their use
can pose a risk to humans and other non-target organisms.

This report is not intended to provide a comprehensive review of all the environmental and health risks
posed by different groups pesticides. The use of pesticides will virtually always pose certain risks. The
likelihood and importance of these risks may depend on, for example, the dose, the use situation, the
exposed organisms or ecosystems, and the timing of exposure. Nevertheless, pesticides are widely used
because their risks have been judged to be acceptable, although often on the condition that specific risk
mitigation measures are applied.

In this chapter the environmental and health effects of pesticides are reviewed. The focus of the chapter is
on pesticides’ observed effects following their actual use. Pesticide toxicity, or potential environmental and
health risks, are not extensively covered. These topics are reviewed in detail elsewhere (Krieger 2010; Brock
et al. 2010; National Research Council 2013; Roberts and Reigart 2013).

Furthermore, extensive regulatory hazard and risk assessments of individual pesticides have been
published by international entities such as the Joint Meeting on Pesticide Residues (JMPR) (FAO 2020) and
the International Agency for Research on Cancer (IARC) (2020a), as well as by major national or regional
regulatory authorities such as the European Food Safety Authority (EFSA) (2020a), the United States
Environmental Protection Agency (US EPA) (2020a) and the Australian Pesticides and Veterinary Medicines
Authority (APVMA) (2000), among others.

2 https://www.unep.org/resources/report/environmental-and-health-impacts-pesticides-and-fertilizers-and-ways-
minimizing
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4.2

Chapter 4.2 briefly introduces the hazard and risk assessment of pesticides. Chapter 4.3 discusses the
adverse environmental effects of pesticide use. Chapter 4.4 reviews its adverse health effects. Major
knowledge gaps with regard to the environmental and health effects of pesticide use are presented at the

end of these chapters.

Pesticide hazards and risks

In many countries and regions, the risks of a
pesticide to the environment and health are
evaluated before it is authorized for use.
This is done during the pesticide registration
process. Only if a pesticide is judged not to pose
unacceptable risks to the environment, or to
human or animal health, under the conditions
prevailing in a country/region will it be authorized.

In a risk assessment the hazard of a pesticide
(e.g., its toxicity, persistence or bioaccumulative

potential) is assessed against a predicted
exposure that may occur if the product is used
(e.g., determined by the application rate, chemical
properties, use of personal protective equipment,
environmental conditions) (Box 4.2-1).

In some countries, risks are also weighed against
a product’s expected benefits. The principle of
risk assessment is the same for environmental
and human health risks, but the methods used
are different. These are prospective assessments,

Figure 4.2-1 Pesticide risk assessments are often prospective, in the sense that they are carried out
before a pesticide is put on the market. Monitoring or studies of (adverse) effects of pesticide use are
consecutive evaluations made after a pesticide is in use. As sufficient data are available, information
about pesticide effects contributes to an evaluation of their impact on human health, the environment

or society.

Prospective assessment

Hazard
(e.g. toxicity,
persistence)

Risk
(probability of an
effect)

Predicted
exposure
(e.g. residue in food,
concentration in a
river)

Determined by, e.g.:

»  Magnitude and
duration of hazard

»  Degree of exposure

Consecutive evaluation

Impact
(e.g. increased burden
of disease, economic
costs, affected
ecosystem services)

Effect
(e.g. increased
cancer rate, bee
mortality)

Determined by, e.g.:

Determined by, e.g.:

»  Extent and »  Access to health
conditions of use care

»  Health of »  Availability of
individuals alternative pest

»  Ecosystem control options
composition »  Presence of other

»  Biological/ stressor
ecological »  Economic factors
interactions

Environmental and health impacts of pesticides and fertilizers and ways of minimizing them
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in the sense that they are carried out before a
pesticide is authorized or re-authorized for use
(Figure 4.2-1).

Only after a pesticide is marketed can the actual
effects of the product be assessed under local
conditions of use. This assessment may take
place through regular monitoring, specific
scientific studies, or feedback about incidents.
As sufficient reliable information becomes
available about the postulated (adverse) effects of
the pesticide, its impact is evaluated (e.g., farmers’
revenues, or gains/costs for society) (Box 4.2-1).
These are referred to as consecutive evaluations
(Figure 4.2-1).

For a new active ingredient or new pesticide
formulation, prospective assessments provide
the main information on risks because the
pesticide has not yet been used. In the last few
decades pesticide risk assessment methods
for the environment and human and animal
health have required more data. These methods
have also become more precise, more locally
specific, and often more complex. In addition,
for compounds belonging to already assessed
classes, the accumulated evidence related to
the class serves as prior knowledge. A large
number of environmental and health aspects
are evaluated during the pesticide registration
process (Box 4.2-2). Although there are limitations

Environmental und heulth effects of pesticide use » Chapter 4 of 12

to the risk assessment process, pesticides are
without doubt among the chemicals that are
most thoroughly evaluated before being placed on
the market.

Nevertheless, despite increasingly comprehensive
prospective risk assessments, either unexpected
or greater than expected environmental or
health effects may be observed following the
introduction of a pesticide (Boyd 2018; Storck,
Karpouzas and Martin-Laurent 2017; Vijver
et al. 2017). This is because not all the potential
effects of pesticides are being evaluated in the
commonly used risk assessments under current
testing and assessment requirements, nor can
all environmental conditions or situations of
use be modelled in advance. Moreover, certain
effects simply cannot be known at the time of
the prospective assessment. The identification of
effects that become known post-authorization of
a pesticide is not necessarily limited to historical
cases, but continues to occur up until the present
(Table 4.2-1).

Post-registration monitoring and studies that
complement prospective risk assessments are
therefore important tools, especially given that
data on environmental settings and human
populations can only become available after
the market authorization of a compound.
Many pesticide registration authorities will

Box 4.2-1 Common hazard and risk assessment terminology applied in this report.

Hazard Inherent property of a substance, agent or situation having the potential to cause undesirable
consequences (e.g. properties that can cause adverse effects or damage to health, the environment or
property). (Food and Agriculture Organization of the United Nations and World Health Organization [FAO
and WHO] 2014).

Risk Probability and severity of an adverse health or environmental effect occurring as a function of a hazard
and the likelihood and the extent of exposure to a pesticide or fertilizer. (based on FAO and WHO 2014)

Effect Change in the state or dynamics of an organism, system, or (sub)population caused by the exposure to an
agent. (World Health Organization [WHO] 2004)

Adverse Change in the morphology, physiology, growth, development, reproduction, or life span of an organism,

effect system, or (sub)population that results in an impairment of functional capacity, an impairment of the
capacity to compensate for additional stress, or an increase in susceptibility to other influences. (WHO
2004)

Exposure  Concentration or amount of a particular agent that reaches a target organism, system, or (sub)population
in a specific frequency for a defined duration. (WHO 2004)

Impact A durable change in the condition of people or their environment brought about by the (adverse) effect(s)
of a pesticide or fertilizer. (based on Hearn & Buffardi 2016)




Table 4.2-1 Some examples of environmental or health effects of pesticides which had not been identified
during prospective risk assessments, but became known after their use was authorized.

Pesticide

Effects identified post-registration

Period when the | Selected reference (also

DDT Population declines in birds of prey due

to eggshell thinning

effects observed | see Chapters 4.3 and 4.4)
1950s-early 1970s Peakall (1993)

Highly acutely High rate of fatalities from self-poisoning  1960s-present Karunarathne et al. (2019)
toxic pesticides

Various Population declines of amphibians 2000s-present European Food Safety Authority
pesticides (EFSA) (2018a)
Organophosphate Prenatal exposure resulting in high risk 2000s-present Hertz-Picciotto et al. (2018)
pesticides of cognitive/behavioural deficits and

neurodevelopmental disorders in children

Neonicotinoids

Possible declines of wild bee populations

2000s-present Hladik, Main and Goulson (2018)

amend or cancel registrations of a product
if consecutive evaluations show that use of
a pesticide under local conditions results in
unacceptable risks. Pesticide registrations are
often subject to a periodic review process for
re-authorization, which presents an opportunity
to review, and take action on, the outcomes of
post-registration monitoring and studies.

In this chapter the (adverse) environmental
and health impacts of pesticides are reviewed,
as reported through observational studies,
large-scale field experiments and monitoring.
These are environmental and health effects
observed following actual use of and exposure to
such substances. However, a major limitation of an
assessment of actual effects is that they depend

Box 4.2-2 Many risk assessments are generally conducted, as part of the pesticide registration process, to
assess whether a pesticide may pose unacceptable risks to human or animal health or the environment.

Human health

Animal health and the environment

Type of risk  Questions being assessed Type of risk Questions being assessed

Dietary Will residues of the pesticide Surface Will the use of the pesticide lead to concentrations
in agricultural commodities waters in e.g. rivers, lakes, estuaries that pose
or drinking water pose unacceptable risks to fish, crustaceans, algae and
unacceptable risks to other aquatic organisms?
consumers?

Occupational Does the handling and Soils Will the use of the pesticide lead to concentrations
application of the pesticide in soils that pose unacceptable risks to earthworms,
pose unacceptable risks to the springtails and other soil organisms, or adversely
user? affect soil microbial processes such as nitrogen

cycling?

Residential ~ Will the use of the pesticide Beneficial  Will the use of the pesticide lead to unacceptable
pose unacceptable risks to arthropods effects on pollinators, natural enemies of pests or
persons living in or close to the other beneficial arthropods?
treated areas?

Bystander  Will the use of the pesticide Terrestrial  Will the use of the pesticide pose unacceptable

pose unacceptable risks to
persons?

vertebrates risks to birds, mammals, reptiles or other terrestrial

vertebrates?

Plants

Will the use of the pesticide lead to unacceptable
affect to non-target vascular plants?

Environmental and health impacts of pesticides and fertilizers and ways of minimizing them

Envisioning a chemical-safe world




4.3

very much on local capacity for monitoring, which
is weak in most parts of the world. As a result,
reported effects are almost always incomplete.

The assessment of actual effects is also limited
by the difficulty of causal inference (i.e., linking
the adverse effects to an individual or class
of pesticides). Furthermore, many chronic
ecosystem/population effects or health effects
only materialize after many years of use of a
substance. Reports of the effects of more recently
introduced pesticides will therefore be limited.

Environmental und heulth effects of pesticide use » Chapter 4 of 12

Finally, the population studies that provide valuable
information on the proposed associations between
pesticide exposure and environmental or health
effects exhibit variable precision and validity.

Quantitative information on the impact of
(adverse) effect(s) of pesticides — for example,
on the global burden of disease, biodiversity
and ecosystem health, and economic costs and
benefits — are reviewed in Chapter 6.

Adverse environmental effects of pesticide use

4.3.1 Overview

Pesticides are applied in the environment on
purpose. They will therefore, almost by definition,
pose risks to non-target organisms. Depending
on pesticide use patterns, the toxicity of the
pesticide, the conditions of exposure of non-target
organisms, and the type of agro-ecosystem
exposed, environmental risks will range from very
high to virtually absent.

The focus of this chapter is on observed or likely
environmental effects of pesticides under current
conditions of use. The review in the chapter is
therefore essentially a consecutive evaluation of
pesticide impact after pesticide products have
been authorized (or registered) for use, as outlined
in Figure 4.2-1.

The chapter is based on recent existing global
or regional reviews, whenever these were
available. If no recent reviews were available
for a given topic, large-scale national studies
were identified which could contribute to an
understanding of pesticides’ environmental
impact. Literature reviews were initially conducted
for relevant scientific publications published in
the period 2010-2020, although older studies
were sometimes included if they were particularly
relevant.

Different lines of evidence regarding the
environmental effects of pesticides were
subsequently evaluated in this report
(Table 4.3.1-1):

Table 4.3.1-1 Principal lines of evidence investigated for this report to identify the environmental effects

of pesticide use.

ool LRSI pesticde cifects

Type of Monitoring of Monitoring and Monitoring of Field studies of Measured

study environmental field studies environmental environmental environmental
concentrations of effects on effects effects concentrations

sustainability

Type of ~ Magnitude of Presence/ Presence/absence Presence/absence Risks under

outcomes  residues absence of effects  of effects of effects actual pesticide
Geographical Time trends Time trends Dose-response use conditions
distribution data (consecutive
Time trends assessment)
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Pesticides end up in different compartments of
the environment, both after their intended and
authorized use and following misuse or accidents.
Residues of pesticides and their metabolites are
therefore found in air, surface waters, groundwater,
soil and biota. Regular monitoring of pesticide
residues in the environment is mainly limited
to high income countries. There are substantial
information gaps in large parts of Africa, Asia
and Latin America Ad hoc studies of pesticide
residues in the environment, as well as their
behaviour and fate, are conducted more widely,
although data from low and lower-middle income
countries remain scarce (Stehle and Schulz 2015).
[Chapter 4.3.2].

Wherever they have been measured in
surface waters, pesticides have been found to
be ubiquitous. In many cases the measured
concentrations have exceeded national surface
water standards and posed risks to aquatic
organisms (European Union 2013). In most
cases where time trends were reported, pesticide
concentrations did not show downward trends
over time. This holds true for both legacy
organochlorine pesticides (OCPs) and current
use pesticides (CUPs) (Stone, Gilliom and Ryberg
2014, Nesser et al. 2016; Wolfram et al. 2018;
Bruce-Vanderpuije et al. 2019). [Chapter 4.3.2]

Atmospheric pesticide concentrations are less
well documented than concentrations in other
environmental compartments. A decrease in
atmospheric concentrations of many OCPs has
been observed globally. Nevertheless, OCPs are
still detected in air almost everywhere in the
world, often decades after their use has been
ended (Shunthirasingham et al. 2010; UNEP
2017a; Rauert et al. 2018). Data on CUPs are
more limited, and trends in their atmospheric
concentrations have not been systematically
reviewed. [Chapter 4.3.2]

Pesticide residues appear to be omnipresent
in agricultural soils, but are also detected in
non-treated soils of organic production systems
(Silva et al. 2019; Pelosi et al. (2021). OCP residues
have been found in soils across the world,
with concentrations often not showing significant
declines over time (Camenzuli, Scheringer
and Hungerbihler 2016). Most reports of soil

concentrations of current use pesticides were
from Europe and China, where the large majority
of agricultural soils contained pesticide residues.
Certain herbicides and fungicides, as well as
neonicotinoid insecticides, were most often
encountered (Annex 4.3-3). [Chapter 4.3.2]

Data on pesticide concentrations in groundwater
and drinking water are generally scarce for many
parts of the world and for many pesticides. Legacy
and current use pesticides, and (especially) their
transformation products, have frequently been
detected at concentrations above their legal
limits in groundwater and drinking water (Postigo
and Barceld 2015; Pirsaheb et al. 2017; Pietrzak
et al. 2019). Globally, herbicides are most often
detected in groundwater (Close and Skinner 2012;
McManus et al. 2014; Lopez et al. 2015; Karki
et al. 2020). [Chapter 4.3.2] While it is difficult to
establish trends over time, pesticides may remain
present in groundwater for decades after their
authorization has been discontinued (Lopez et al.
2015).

Pesticide use may have a direct or indirect impact
on the sustainability of agricultural production
or the effectiveness of disease vector control.
As a result, rather than increasing production or
reducing disease vector populations, pesticide use
may have a negative mid- and long-term impact on
agriculture and public health.

The development of resistance against pesticides
in arthropods, diseases, weeds and rodents may
lead to failure to control them and to subsequent
increases in crop losses or disease prevalence.
It also often results in an increase in pesticide use,
with associated adverse environmental and health
effects (FAO 2012). [Chapter 4.3.3]

Despite efforts to manage resistance, and some
clear successes in slowing down its development
(e.g., in Bt transgenic crops), the overall trend
during the last decades has been a continuous
increase in field-evolved pesticide resistance in
arthropods, weeds and diseases (Gould, Brown
and Kuzma 2018; Gould et al. 2018).

Acute mortality of honeybees due to pesticide
applications has been reported regularly in
the past. However, it appears to be declining
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in countries with effective regulation or
enforcement of mitigation measures. Incidents
of insecticide-associated honeybee mortality
may occur more often in other countries,
but monitoring data to validate this are lacking
(Kovacs-Hostyanszki et al. 2016). [Chapter 4.3.3]

It remains unclear to what extent sublethal effects
of pesticide exposure, which are recorded for
individual insects, affect colonies and populations
of managed bees and wild pollinators in the
field, especially over the longer term. There are
indications, however, that wild bees may be
more affected than managed honeybee colonies
(Kovacs-Hostyanszki et al. 2016; Woodcock et al.
2016; Wood and Goulson 2017).

The use of insecticides, as well as other groups of
pesticides, often adversely affects the abundance
of natural enemies of pests (Cloyd 2012; Roubos,
Rodriguez-Saona and Isaacs 2014). This may have
an impact on natural pest control and can lead to
pest resurgence or secondary pest development
(Dutcher 2007; Wu et al. 2020).

Despite changes in pesticide chemistry, and an
increased focus on integrated pest management,
both pest resurgence and secondary pest
development due to pesticide applications persist
(Roubos, Rodriguez-Saona and Isaacs 2014;
Hill, MacFadyen and Nash 2017). However, it is
unclear whether resurgence and secondary pest
development are less frequent today than they
were in the past. [Chapter 4.3.3]

Pesticide applications in the field have led to
variable effects on soil microbial communities
and activity. There is only limited evidence that
the observed effects have led to significant and
long-lasting decreases in soil functions (Imfeld
and Vuilleumier 2012; FAO and Intergovernmental
Technical Panel on Soils [ITPS] 2017).
[Chapter 4.3.4]

No review was available of post-registration
monitoring of earthworm populations following
real pesticide applications at recommended rates.
However, several studies from Europe suggest that
especially chronic risks to earthworms may be
higher than previously estimated. Pesticide effects
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on soil arthropods are less well studied than on
earthworms (Pelosi et al. 2014).

Despite the importance of soil quality for
agricultural production, relatively little monitoring
and few large scale field studies have been
conducted to assess the impact of current use
pesticides on soil organisms and processes.

Pesticides may have a direct (lethal or sublethal)
toxic effects on birds, or can act indirectly through
food depletion or habitat alteration (EFSA 2009;
Amaral et al. 2012a; Mineau 2013a; EFSA 2018g;
Stanton, Morrissey and Clark 2018). [Chapter 4.3.4]

Although certain current use pesticides can
have toxic effects on birds at recommended
application rates, there does not appear to
be much evidence of significant population
reductions arising from direct effects of pesticides
(Jahn et al. 2014; Tassin de Montaigu and
Goulson 2020), with the possible exception
of the use of anticoagulant rodenticides and
deliberate wildlife poisoning with pesticides
(Lopez-Perea and Mateo 2018; Nakayama et al.
2019).

There are indications, however, that currently used
pesticides may be one of the drivers of observed
bird declines and, in some cases, may be the
leading cause, likely through indirect effects (Jahn
et al. 2014; Coates et al. 2017, Brain and Anderson
2019; Spiller and Dettmers 2019). Whether or
not pesticides are the principal factor in bird
population reductions is likely to depend on the
type of pesticide applied, the species concerned,
and pesticide application parameters such as dose
and frequency of treatments (Bouvier et al. 2011;
Mineau and Whiteside 2013; Emmerson et al.
2016; Stanton, Morrissey and Clark 2018; Miao and
Khanna 2020).

Pesticides are likely to affect amphibian
survival and health at environmentally relevant
concentrations (Egea-Serrano et al. 2012; Baker,
Bancroft and Garcia 2013). However, important
data gaps still exist, particularly with regard to
studies on non-anuran amphibians. Furthermore,
it is still very difficult to link adverse effects in
amphibians to individual pesticides, partly due to
the virtual absence of in-depth field monitoring



studies and the presence of other stressors
(Bishop et al. 2012; North et al. 2015; Orton and
Tyler 2015).

Reptiles are not yet well studied with regard to the
acute and chronic effects caused by pesticides
or the different (qualitative and quantitative) ways
in which reptiles are exposed to them (Kdhler
and Triebskorn 2013; EFSA 2018a). The limited
information available indicates that adverse
(sub)lethal effects may occur at realistic field
exposure levels following the application of certain
pesticides that are currently authorized for use
(Wagner et al. 2015; Mingo, Lotters and Wagner
2016; Mingo, Lotters and Wagner 2017). In the
absence of validated and robust risk assessment
methods, pesticide registration procedures may
not fully capture specific risks to this group of
non-target vertebrates [Chapter 4.3.4].

Field monitoring of the effects of real pesticide
use on aquatic organisms is not frequently
conducted, nor are field studies evaluating the
effects of pesticides on aquatic ecosystem
structure and functioning despite an increase in
the number of these studies conducted in recent
years (Schafer 2019; Zubrod et al. 2019; Rosic et al.
2020; Schepker et al. 2020). Nevertheless, available
studies generally indicate high pesticide risks
to aquatic organisms under current agricultural
practices, especially in freshwater systems
(Beketov et al. 2013; Sanchez-Bayo and Wyckhuys
2019; Schafer 2019; Ito et al. 2020). [Chapter 4.3.5]

In major global biodiversity status reports,
pesticides are often listed as a key driver of
biodiversity loss in agricultural and natural
ecosystems (FAO 2019; IPBES 2019; FAO et al.
2020; Sud 2020). However, the number of studies
that are able to directly link pesticide use with
adverse effects on biodiversity parameters,
such as species richness, are relatively rare.
Moreover, virtually all studies have been conducted
in North America and Europe. There is an almost
complete absence of data from other parts of the
world (Annex 4.3-6). [Chapter 4.3.6]

Nevertheless, where large-scale studies have been
conducted, pesticide use has frequently been

associated with adverse effects on biodiversity
(Brittain et al. 2010; Beketov et al. 2013; Emmerson
et al. 2016; Chiron et al. 2014; Forister et al. 2016;
Sattler et al. 2020).

Substantial knowledge gaps have been identified
with regard to the effects of pesticide use on the
environment. They include the need to conduct
more systematic reviews and meta-analyses of
existing scientific data, particularly on topics of
specific interest in regulatory decision-making
(Group of Chief Scientific Advisors 2018).
[Chapter 4.3.7]

Despite significant improvements in prospective
regulatory risk assessment, unexpected
environmental impacts are frequently identified
(Boyd 2018; Group of Chief Scientific Advisors
2018; Bruhl and Zaller 2019; Schafer et al. 2019;
Topping, Aldrich and Berny 2020). Some principal
directions for improving pesticide environmental
risk assessment have been proposed.
[Chapter 4.3.7]

Due to the limitations in the current prospective
risk assessment procedures discussed, and the
lack of systematic post-registration monitoring,
significant gaps in knowledge about adverse
effects of current pesticide use on the environment
persist. Strengthening post-registration
environmental monitoring of pesticide
concentrations and effects should therefore have
the highest priority (Milner and Boyd 2017; Vijver
et al. 2017; Group of Chief Scientific Advisors 2018;
Rico et al. 2020; Topping, Aldrich and Berny 2020).

This chapter does not provide an in-depth review
of approaches, methods and procedures for
the prospective environmental risk assessment
of pesticides. However, possible difficulties of
(and gaps in) environmental risk assessment
have been indicated where they might explain the
observed environmental effects and consecutive
risks of actual pesticide use. In order to better
situate possible gaps in current risk assessment,
the general principles of prospective environmental
risk assessment, as conducted by major
regulators, are summarized in Box 4.3-1.
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Box 4.3-1 Principles of environmental risk assessment of pesticides.

Regulatory (prospective and retrospective) environmental risk assessment of pesticides is conducted based on similar
principles for different non-target organisms and in different parts of the world. It tends to be built upon the following
elements, as illustrated in the figure below (adapted from Babut et al. 2013; Boivin and Poulson 2017; United States
Environmental Protection Agency [US EPA] 2020).

1. Problem formulation
The problem formulation outlines the objectives of the risk assessment and defines the pesticide use pattern(s),
(agro-)ecosystem characteristics, protection goals (what needs to be protected from the pesticide, where, and how
strictly), assessment endpoints, and a conceptual model that describes the main expected relationships between
the pesticide and the assessment endpoint(s). Generally, an environmental risk assessment is conducted for an
individual pesticide and its relevant metabolites.

2. Effects characterization
The effects characterization describes the types of effects a pesticide may produce in an organism and how those
effects depend on the pesticide exposure levels. It is generally based on toxicity studies conducted in the laboratory
(bioassays), in micro- and mesocosms, or in the field. Effect models of biological, toxicological and ecological
processes have received increasing attention in recent years. The outcomes of the effects characterization are one
or more assessment endpoints, generally a predicted no effect concentrations (PNEC) or a similar endpoint.

Since laboratory toxicity tests tend to be conducted with single species, while the protection goal is often an
ecological community, extrapolations are made from one to more species and from the laboratory to the field. This
can be done through modelling, using species sensitivity distribution, and/or applying an uncertainty factor (also
referred to as a safety or assessment factor).

If an uncertainty factor is integrated into the effects characterization phase, the assessment endpoint is referred to
as, for example, a regulatory acceptable concentration (RAC) or level of concern (LoC). However, the safety factor
may also be integrated into the risk characterization phase.

3. Exposure characterization
The exposure characterization estimates the potential exposure of environmental components (e.g. surface waters,
soil) where non-target organisms are present. This characterization includes information about the estimated
quantity, frequency and duration of the exposure of an organism to a pesticide.

Laboratory and field-derived data of pesticide fate and behaviour in the environment are at the basis of exposure
characterization. Modelling tends to be used to generate exposure assessment endpoints, such as a predicted
environmental concentration (PEC) or an estimated environmental concentration (EEC). A PEC is calculated on the
basis of the intended use of the pesticide (e.g. application rate, frequency and timing, type of crop or other target),
pesticide properties (e.g. solubility, vapour pressure, degradation rates), and environmental conditions or scenarios
(e.g. wind speed, slope, weather).

4. Risk characterization
In the risk characterization phase, exposure and ecological effects endpoints are integrated into a risk estimation
or risk quotient. If uncertainty factors have not been taken into account in the effects characterization phase, they
can be incorporated into the risk estimation. Either way, the risk of the pesticide is generally considered acceptable
if the predicted level of exposure is lower than the regulatory acceptable concentration or the level of concern. The
integrated risk characterization therefore includes the assumptions, uncertainties, and strengths and limitations of
the different risk assessment phases.

Risk assessment
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On the basis of the results of the risk assessment, risk management decisions about the pesticide are taken,
e.g. authorization of the pesticide with or without risk mitigation measures, restricted use registration, or denial of
authorization. Risk management decisions are based not only on the scientific risk assessment, but also on legal, policy,
economic and social considerations, which are generally country-specific.

In many countries a tiered approach to risk assessment is followed. As a first tier, the results of standard toxicity tests
with a limited number of species are compared to a reasonable worst-case PEC. If the first-tier assessment does not
indicate an unacceptable risk, further assessments are generally not required. If, on the other hand, a risk is identified in
the first tier, more realistic toxicity data and/or exposure estimates are needed. Higher tiers better reflect processes and
characteristics of natural ecosystems and are tailored based on the outcomes of the lower tiers.

Regulatory pesticide risk assessments have become increasingly complex, with the aim of addressing risks for a wider
range of non-target organisms, being more ecologically realistic, and reducing uncertainty. A large number of guidance
documents and models have been published covering key environmental compartments and non-target organisms:

Selected regulatory environmental risk assessment guidance

Protection goal Region Guidance

Reference

General Australia | Risk Assessment Manual - Australian Pesticides and Veterinary
Environment Medicines Authority (APVMA) 2019
Brazil Manual para requerimento de Instituto Brasileiro do Meio Ambiente e dos
avaliagdo ambiental: agrotdxico e afins | Recursos Naturais Renovaveis (IBAMA) 2009
China Environmental Risk assessment Peeters et al. 2014
Handbook for Pesticide Registration
in China
United | Generic Ecological Assessment US EPA 2016
States  Endpoints (GEAEs) for Ecological Risk
Assessment
United  Ecological risk assessment for US EPA 2020
States  pesticides: Technical overview
Pollinators EU Guidance on the risk assessment of European Food Safety Authority (EFSA)
plant protection products on bees 2013a)
(Apis mellifera, Bombus spp. and
solitary bees)
North Guidance for Assessing Pesticide US EPA, Heath Canada Pest Management
America | Risks to Bees Agency, and California Department of
Pesticide Regulation 2014
Aquatic EU Guidance on tiered risk assessment for EFSA 2013b
organisms plant protection products for aquatic
organisms in edge-of-field surface
waters
Terrestrial EU Guidance document on risk EFSA 2009
vertebrates assessment for birds and mammals

4.3.2 Pesticide concentrations in the
environment

Pesticides will end up in different compartments
of the environment after their intended and
authorized use, or following misuse or accidents.
Residues of pesticides and their metabolites
are found in air, surface waters, groundwater,
soil and biota (Figure 4.3.2-1). The degree of

contamination of the environment by pesticides
provides an important indication of their risks
to the environment and health. Therefore,
increasingly, pesticide residues are monitored in
the environment on a more or less regular basis.

In this chapter global and regional reviews
concerning pesticide concentrations in the
environment are evaluated and their potential
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» Figure 4.3.2-1 Pesticides can contaminate surface water and groundwater through many different routes.
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risks described. Reviews published since 2010
were compiled. Recent large-scale national studies
not included in such global or regional reviews
were also identified, especially if they included
time trends.

Key questions addressed are: What geographical
differences exist in observed pesticide residues
in the environment? What time trends can be
identified, and have pesticide concentrations been
increasing or decreasing over time? Are certain
(groups of) pesticides found more frequently in
the environment than others? And what are the
environmental risks of these concentrations (often
assessed through exceedances of regulatory
acceptable concentrations)? Data gaps are also
identified. A distinction is made between persistent
organic pollutant (POP) pesticides, which are
internationally regulated under the Stockholm
Convention on Persistent Organic Pollutants
and are generally not used anymore (i.e., legacy
pesticides), and other pesticides generally in
current use (current use pesticides).

Ground water

Pesticides in surface waters

Surface waters, such as rivers, lakes, streams
and ponds, can be exposed to pesticides in
many ways. These include direct application to
water bodies, drift of droplets during spraying,
drainage of irrigation water, surface run-off
during rain events, leaching through the soil, and
deposition of evaporated pesticides (Figure 4.3.2-1
above). Pesticides can also contaminate water
accidentally, e.g., after spills or as a result of
inappropriate handling such as washing pesticide
application equipment close to waterways. Finally,
surface water may be exposed through illegal use
of pesticides (e.g., in fishing).

Monitoring of pesticide concentrations in
surface water bodies has been conducted in
certain regions of the world for several decades
through systematic and ad hoc monitoring or
event-triggered sampling. For example, the United
States Geological Survey's National Water Quality
Assessment (United States Geological Survey
2020) has monitored pollutants such as pesticides
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in streams, rivers and groundwater since 1991.
The Swedish National Environmental Monitoring
Programme of Pesticides in Surface Waters has
conducted analyses in surface waters of almost
all pesticides registered in Sweden for more than
15 years (Boye et al. 2019). In the Netherlands,
although water quality monitoring had been
conducted for many years, a harmonized national
monitoring network for pesticides in surface
waters was only established in 2014 to evaluate
implementation of the national plant protection
policy (de Weert et al. 2074). The European
Environment Agency hosts the Waterbase — Water
Quality database, which contains Europe-wide data
on pesticide concentrations in rivers and lakes
(European Environment Agency [EEA] 2019).

In many other parts of the world, especially Africa,
Asia and Latin America, very limited if any surface
water monitoring is carried out. Stehle and Schulz
(2015) estimated that for about 90 per cent of
high-intensity agricultural areas in the world,
no scientific investigations of insecticide surface
water exposure exist (Figure 4.3.2-2).

Monitoring of pesticide concentrations in surface
water is constrained by the fact that pesticides
tend to be applied only once or a few times per
growing season. They often dissipate rapidly
from the water column because of adsorption
to sediment and organic matter in the water,
degradation, and water flow (the latter in rivers
and streams). This leads to discrete and often
short-term exposure of water bodies, between
which there may be long periods without exposure
(Stehle, Knébel and Schulz 2013). Nevertheless,
pesticides may be highly toxic to aquatic life,
so that even short-term exposure peaks can
lead to significant adverse effects. It has been
estimated that water monitoring based on fixed
intervals, even if technically well conducted, would
still miss 99 per cent or more insecticide exposure
events that could cause adverse effects (Stehle,
Knabel and Schulz 2013). Monitoring programmes
are thus likely to (greatly) underestimate
concentrations of pesticides in surface waters.
The fact that no pesticides were measured in a
sample does not necessarily mean they were not
present in the (recent) past or will not be found in
the (near) future.

Global reviews

Only three recent global reviews of pesticides in
surface water were identified (Annex 4.3-1)%,

No global reviews of POP pesticides in surface
water were available. The Global Monitoring
Programme of the Stockholm Convention does not
assess POP pesticides in surface water bodies.

Stehle and Schulz (2015) and Stehle, Bub and
Schulz (2018) conducted the largest global review
of insecticide surface water concentrations so
far, covering 838 peer-reviewed studies, at >2,500
sites in 73 countries. They reported that there is
a complete lack of scientific monitoring data for
~90 per cent of global cropland (Figure 4.3.2-2).

In 97 per cent of samples no insecticides
were measured. However, of the remaining
11,300 samples, 52.4 per cent (5,915 cases;
68.5 per cent of sites) exceeded the legally
accepted regulatory threshold levels for
either surface water or sediments. Median
concentrations of neonicotinoids, although limited
in number, exceeded those of organochlorines
and organophosphates by a factor of about 3 and
those of pyrethroids by a factor 10. While most
of the available insecticide monitoring data were
from North America, Asia and Europe, the highest
insecticide concentrations were detected in Africa,
Asia and South America.

Recent global reviews were also available
for neonicotinoids (Morrissey et al. 2015;
Sénchez-Bayo, Goka and Hayasaka 2016) and for
pyrethroids (Tang et al. 2018). Insecticides from
these groups were widely found in surface water
across all global regions. Average concentrations
of neonicotinoids exceeded ecological thresholds
in 74 per cent of cases. Sanchez-Bayo, Goka
and Hayasaka (2016) found that neonicotinoid
concentrations in surface water had increased
during the previous 15 years.

In a global review of occurrences of pesticides
in surface water published between 2012 and

3 Annex 4.3-1 is found at: https://www.unep.org/
resources/report/environmental-and-health-impacts-
pesticides-and-fertilizers-and-ways-minimizing
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» Figure 4.3.2-2 Global crop area and the distribution of regulatory threshold level exceedance rates for
reported measured insecticide concentrations (MIC) aggregated in 1° grid cells. Stehle and Schulz (2015).

Regulatory threshold level exceedances (%) . 0-5

Crop area
without MIC data

2019, de Souza et al. (2020) found that the
most frequently reported pesticides were the
herbicides atrazine and its metabolites, as well as
metolachlor, the insecticide chlorpyrifos, and the
fungicides carbendazim and tebuconazole.

Regional and national reviews

The presence of organochlorine pesticides
(OCPs) in surface water has been reviewed for
Caribbean and Pacific marine environments
(Menzies et al. 2013) and freshwater systems
in Africa (Taiwo 2019) and South Asia (Ali et al.
2014) (Annex 4.3-1). OCPs were encountered in
almost all samples taken, even from locations far
from human habitation and when the use of such
pesticides had been prohibited for many years.
Concentrations in freshwater bodies in Africa and
Asia very often exceeded quality standards for
surface water applied in Europe (European Union
2013).

The ubiquitous presence of OCPs in aquatic
environments observed in these regional reviews
was confirmed by recent national studies and
reviews in surface water and sediments in Africa,
for example Egypt (Dahshan et al. 2016), Ethiopia
(Dirbaba et al. 2018), Ghana (Bruce-Vanderpuije
et al. 2019), South Africa (Ansara-Ross et al. 2012),

Sudan (Nesser et al. 2016) and Tanzania (Elibariki
and Maguta 2017), and in Asia, for example China
(Grung et al. 2015; Li, Li and Liu 2015) and India
(Yadav et al. 2015).

Clear trends over time have generally not been
established, with a reduction in OCP detections
implied for the Nile in Sudan (Nesser et al. 2016)
and significant increases in concentrations
found in Ghana (Bruce-Vanderpuije et al. 2019).
The studies reviewed did not provide indications
that concentrations of POP pesticides in surface
water showed downward trends in Africa and Asia.

Malaj et al. (2014) reviewed the presence and risks
of organic chemicals at more than 4,000 sampling
locations in freshwater ecosystems in Europe.
The chemical risk per river basin was calculated
by comparing reported pesticide concentrations
with an acute and a chronic risk threshold for each
organism group evaluated (fish, invertebrates and
algae). Of all the monitoring sites, 14 per cent
were likely to be acutely affected by organic
chemicals, and 42 per cent to be affected
chronically, for at least one organism group.
Of the 223 chemicals monitored, pesticides were
among the major contributors to chemical risk.
They were responsible for 81 per cent, 87 per cent,
and 96 per cent of observed exceedances of acute
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» Figure 4.3.2-3 Proportion of sampling sites in European freshwater ecosystems showing exceedance of
acute regulatory thresholds by different chemical groups. Malaj et al. (2014).
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regulatory thresholds related to fish, invertebrates
and algae, respectively (Figure 4.3.2-3).

More recently, Mohaupt et al. (2020) evaluated
data from the European Environment Agency’s
Waterbase — Water Quality database on the
presence of 180 pesticides in surface water
reported by 34 European countries between
2007 and 2017. They found that 5-15 per cent
of samples exceeded the environmental quality
standards for herbicides and 3-8 per cent
exceeded those for insecticides; exceedances of
fungicides were less prevalent.

K'oroje et al. (2020) reviewed the literature
regarding the occurrence of pesticides in Africa.
They found that both POPs and current use
pesticides are frequently reported in surface water
on the continent at concentrations in the same
order of magnitude as those found in Brazil, China
and India.

Residues of current use pesticides in surface water
were also recently assessed in national studies
such as those in Brazil (Albuquerque et al. 2016),
China (Chen et al. 2019), Hungary (Székacs, Mortl
and Darvas 2015), Italy (Meffe and de Bustamente
2014), Japan (Derbalah et al. 2019), Romania
(Schreiner et al. 2021), Switzerland (Knauer 2016)
and the United States (Stone, Gilliom and Ryberg
2074; Hladik and Kolpin 2016; Wolfram et al. 2018),
among other countries (Annex 4.3-1). While many
studies on OCPs were conducted in Africa and
Asia, current use pesticide concentrations were

monitored more frequently in Europe and the
United States.

Current use pesticides were frequently found
in surface water at concentrations which could
result in adverse effects on aquatic organisms.
For example, Albuquerque et al. (2016) reviewed
all published studies on pesticide concentrations
in Brazilian freshwater systems and identified a
potential risk to aquatic life for 59 per cent of the
pesticides on which they had data. Chen et al.
(2019), when monitoring neonicotinoids in river
water in Eastern China, concluded that 27 per cent
exceeded thresholds for acute and 84 per cent of
chronic ecological risks. Meffe and de Bustamente
(2014) found that 54 per cent of maximum
pesticide concentrations measured in Italian
surface water were above environmental quality
standards. Wolfram et al. (2018) concluded,
when reviewing 259 studies that covered 644
sampling sites in surface water in the United
States, that 49 per cent of measured pesticide
concentrations exceeded regulatory threshold
levels. The only recent study which found
that most pesticide concentrations in surface
water did not appear to pose high risks was in
Switzerland (Knauer 2016), where it was concluded
that 95 per cent of measured concentrations
were below national regulatory acceptable
concentration.

Trends over time in water concentrations of
current use pesticides were assessed in the United
States. Both Stone, Gilliom and Ryberg (2014)
and Wolfram et al. (2018) concluded that risks
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% Figure 4.3.2-4 The proportion of streams in the United States with one or more pesticides that exceeded a

chronic aquatic life benchmark was very similar in the periods 1991-2001 and 2002-2011 for agricultural
and mixed land use streams, but much greater in the period 2002-2011 for urban streams. Wolfram et al.

(2018).
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for aquatic organisms had not declined during
the previous five decades (Figure 4.3.2-4). In the
Netherlands, on the other hand, the number of
exceedances of national water quality criteria
fell between 2013 and 2018 by 15 per cent for
chronic exposure and 30 per cent for acute
exposure (Netherlands Environmental Assessment
Agency 2019).

Pesticides in air

Contamination of air by pesticides may occur
through spray drift, volatilization from soils, plants
and surface waters, and wind erosion of soil
particles containing adsorbed pesticides (FOCUS
2008). Taking into account all these processes,
the fraction of pesticides emitted to ambient air
may be more than 30 per cent of the applied dose
(Coscolla and Yusa 2016).

When pesticides reach higher levels in the
atmosphere, they can be transported over short
or long distances and deposited on land or water.
This is particularly important in the case of
pesticides not rapidly degraded in air. A well-known
example is organochlorine pesticides used in
tropical regions which have been found in the
polar regions.

Atmospheric concentrations

Atmospheric contamination by pesticides is less
well documented than that of other environmental
compartments. There are relatively few systematic
monitoring programmes for pesticides in ambient
air. Since 2005 the Global Atmospheric Passive
Sampling (GAPS) programme has deployed
passive air samplers at over 50 locations on
seven continents (Shunthirasingham et al.
2010). GAPS provides global atmospheric data
on POPs, emerging POPs and some current
use pesticides, both to domestic monitoring
initiatives and to international programmes
such as the Global Monitoring Plan (GMP) of the
Stockholm Convention (UNEP 2017a). Historically,
more attention has been paid to persistent
organochlorine pesticides, but there is increasing
interest in the occurrence and fate of current use
pesticides in ambient air.

Many OCPs have been measured in notable
concentrations in ambient air, not only near
emission regions but also in distant areas.
OCPs can move through the atmosphere by
volatilization in relatively warmer source regions,
transport in air, and subsequent deposit in colder
regions. Polar regions and high mountainous areas
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» Figure 4.3.2-5 Time trends for y-HCH (lindane) measured in air at the Canadian Great Lakes site, Point

Petre. Atmospheric decline rates of y-HCH have accelerated in the Arctic and the Great Lakes region
following North American restriction of the pesticide lindane. UNEP (2017a).
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then act as sinks (Kirchner et al. 2016; Wang et al.
2019).

The latest GMP monitoring report presents
findings concerning aerial OCP concentrations
at the global scale, based on information for the
period 2000-2015 (UNEP 2017a). Time trends
were mainly available for Asia, Europe and
North America, and to a more limited extent
for Africa, but were almost absent for Latin
America. The GMP only covers studies of OCP
concentrations conducted by institutions that are
part of its network; other studies and publications
are not reviewed by the programme (Annex 4.3-2).4

A clear decrease in ambient air concentrations of
many OCPs has been observed in Asia, Europe,
North America and the Caribbean, which seems
to have followed their regulation in the 1980s
and early 1990s (Shunthirasingham et al. 2010;
UNEP 2017a; Rauert et al. 2018). For example,
a reduction of lindane concentrations in the
Great Lakes region of North America followed
restrictions on the use of this pesticide
(Figure 4.3.2-5). Similarly, reductions in
emissions of a-HCH, DDT and toxaphene appear
to have resulted in reductions in atmospheric
concentrations in the Arctic (Li and MacDonald
2005). However, reductions in atmospheric

4  Annex 4.3-2 is found at: https:/www.unep.org/
resources/report/environmental-and-health-impacts-
pesticides-and-fertilizers-and-ways-minimizing
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concentrations of many other OCPs are less visible
in polar and mountainous regions (Vorkamp and
Rigét 2014; Kirchner et al. 2016; Wang et al. 2019).

By 2000, when the Stockholm Convention was
adopted, the majority of primary sources of OCPs
had been controlled. The relatively low levels
currently measured in air do not show significant
changes and appear to be driven by secondary
sources (UNEP 2017a). Limited data available
from Africa, however, do not show discernible
downward trends in OCP air concentrations as yet.

OCPs such as hexachlorocyclohexane (HCH),
endosulfan and DDT tend to be more prevalent
in air in tropical regions (Shunthirasingham
et al. 2010). For example, levels of DDT and its
metabolites were a factor of 10-100 higher in
tropical than in temperate countries (Mochungong
and Zhu 2015). This was considered to be due
to the continued use of DDT for vector control in
Africa and Asia, as well as its higher dissipation in
warmer climates.

Although concentrations of OCPs in the
atmosphere are declining, they are still
measured in air almost everywhere in the
world, often decades after their use has been
ended. This underlines the long time needed for
these persistent compounds to disappear from
the environment.

Environmental and health impacts of pesticides and fertilizers and ways of minimizing them

Envisioning a chemical-safe world


https://wedocs.unep.org/20.500.11822/40373
https://www.unep.org/resources/report/environmental-and-health-impacts-pesticides-and-fertilizers-and-ways-minimizing
https://www.unep.org/resources/report/environmental-and-health-impacts-pesticides-and-fertilizers-and-ways-minimizing
https://www.unep.org/resources/report/environmental-and-health-impacts-pesticides-and-fertilizers-and-ways-minimizing

Coscolla and Yusa (2016) reviewed 34 studies
on concentrations of pesticides in ambient air
published between 2001 and 2014 (Annex 4.3-2).
The more frequently monitored and/or detected
CUPs worldwide were the fungicides chlorothalonil
and folpet, as well as the insecticides chlorpyrifos,
dimethoate, malathion and phosmet.

Shunthirasingham et al. (2010) observed
declining concentrations of chlorothalonil in
Europe; Vorkamp et al. (2014) found increasing
concentrations of chlorpyrifos and trifluralin in the
Arctic; and Guida et al. (2018) measured increasing
concentrations of chlorpyrifos in Brazil. However,
trends in atmospheric concentrations of CUPs
have not been systematically reviewed.

Coscolla and Yusa (2016) concluded that
inhalation exposure of CUPs from atmospheric
concentrations in the general population does not
represent a significant risk, except in some cases
for chlorpyrifos. The combined risk resulting from
exposure to organophosphate, pyrethroid and
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carbamate pesticides was also considered to
be acceptable.

Pesticides in soil

After the target crop, agricultural soils are generally
the first recipient of pesticides following their
application (Hvézdova et al. 2018). Outdoor
pesticide spray applications will almost inevitably
contaminate soils through direct deposition, spray
drift and wash-off from leaves. Moreover, pesticide
use against soil-borne pests and diseases, as well
as the use of systemic pesticides, may directly
target the soil (e.g., through granular applications
and seed treatments).

Further sources of soil contamination are spills
and leakage from (obsolete) pesticide storage
facilities, as well as spills or discharges from
pesticide manufacturing and formulation plants.

The focus of this section will be on pesticide
residues in soils after intended uses of

Figure 4.3.2-6 Global mean soil concentrations of most organochlorine pesticides in agricultural soils
(A) and background soils (B) did not significantly decrease over time (decade one (1993-2002) to decade
two (2003- 2012). Camenzuli, Scheringer and Hungerbiihler (2016).
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pesticide products. A summary of the reviewed
assessments is provided in Annex 4.3-3.5

Global reviews

The most recent global review of OCPs in soils
was carried out by Camenzuli, Scheringer and
Hungerbuhler (2016). They reviewed all scientific
publications on concentrations of DDT, DDE, HCB
and HCH isomers in agricultural and background
(unsprayed) soils, published between 1993
and 2012, and attempted to assess whether
such concentrations had decreased over time.
Statistically significant decreases were only
observed for p,p’-DDT in agricultural soils and
HCH isomers in background soils; concentrations
of other OCPs in soil did not significantly decline
during that period (Figure 4.3.2-6). This contrasts
with the results of a global environmental fate and
transport model, based on estimated emission
data, which did suggest a decrease over time.
The authors of the review therefore concluded
that new emissions of DDT and HCH cannot
be excluded.

Wang et al. (2019) recently reviewed OCP
concentrations in soils in the polar regions
(the Arctic, the Antarctic and the Tibetan Plateau).
While currently measured concentrations were
relatively low, DDTs, HCHs and HCB were found in
soil in all these regions. They concluded that soils
in cold regions can be considered sinks of POPs.

Few recent global reviews of current use pesticide
concentrations in soils are available. Hvézdova
et al. (2018) commented that “although agricultural
soil is a primary sink and key reservoir of
pesticides, large soil surveys of agricultural soils
for current use pesticides are surprisingly rare”.

Komarek et al. (2010) reviewed worldwide
data on pesticide residues in vineyard soils.
They highlighted that copper, originating from the
intensive application of copper-based fungicides,
belongs to the most important contaminants of
vineyard soils, and that soil residues exceed EU
environmental standards in most evaluated cases.

5 Annex 4.3-3 is found at: https://www.unep.org/
resources/report/environmental-and-health-impacts-
pesticides-and-fertilizers-and-ways-minimizing

Wood and Goulson (2017) compiled available
information on neonicotinoid insecticides, which
are under close scrutiny because of various
suspected adverse environmental effects.
They found that neonicotinoids can be present in
soils several years after the last application date,
although they do not continue to accumulate
indefinitely, plateauing after two to six years of
repeated application.

Regional and national reviews

The large majority of regional and national studies
on pesticides in soils concern OCPs even if,
in many countries, these pesticides are not used
anymore. Their persistence in soil makes them
pesticides of interest for monitoring.

OCP residues in soil were detected in almost
all countries where they had recently been
measured, although concentrations were variable
(Annex 4.3-3). In most cases soil concentrations
were below national environmental standards
(Sun et al. 2018 for China; Fosu-Mensah et al.
2016 for Ghana; tozowicka et al. 2016 for Poland
and Kazakhstan). High levels of OCPs in soil
which exceeded health, environmental or trade
standards were encountered in India (Mishra,
Sharma and Kumar 2012), the French West Indies
(Levillain et al. 2012) and Tanzania (Elibariki and
Maguta 2017).

Contrary to the global trend described by
Camenzuli, Scheringer and Hungerbuhler (2016)
(see above), Sun et al. (2018) did observe a decline
in concentrations of OCPs in soil in China over
time. Few other studies have assessed time trends
of OCPs in soil.

The sources of OCPs in soil are not always clear.
In many cases they persist from historical uses;
in others legal or illegal recent uses of pesticides
such as DDT and lindane have been identified
(Mishra, Sharma and Kumar 2012; Fosu-Mensah
et al. 2016). DDT residues in soils may also
originate from the use of dicofol, which degrades
into DDT in the environment.

Irrespective of the variability of OCP residues in
soil, these residues are ubiquitous around the
world, even when the OCPs are not (or are hardly)
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used anymore, underlining the “environmental
legacy” of persistent pesticides.

Regional and national studies of current use
pesticides in soils appear to be mainly from Europe
and China (Annex 4.3-3).

Silva et al. (2019) sampled agricultural topsoils
across 11 EU countries in six major cropping
systems. They detected pesticide residues in
83 per cent of tested soils (58 per cent of samples
contained multiple residues) and concluded that
pesticide residues in agricultural soil are the
rule rather than the exception. Glyphosate and
its metabolite AMPA, and the broad-spectrum
fungicides boscalid, epoxiconazole and
tebuconazole, were found most frequently and at
the highest concentrations. DDTs (DDT isomers)
were also frequently found despite a decades-long
ban on use of this pesticide in the EU. The authors
concluded that pesticide concentrations in
soil were generally below the respective toxic
endpoints for standard in-soil organisms.

The pervasive presence of current use pesticides
in soil is confirmed elsewhere. In the Czech
Republic, Hvézdova et al. (2018) detected pesticide
residues exceeding national acceptable soil limits
in 81 per cent of samples across the country.
Most of these residues were triazine herbicides
and conazole fungicides. Humann-Guilleminot
et al. (2019) conducted a country-wide survey
of neonicotinoid residues in soil in Switzerland.
They found that all soil in conventional fields
contained neonicotinoid residues, as did
93 per cent of organic soils which were supposed
to be free of pesticides, highlighting the
importance of diffuse soil contamination from
surrounding uses. Pelosi et al. (2021), in a recent
study in France, found at least one current use
pesticide in all the 180 soils sampled both in
treated cereal fields and non-treated habitats
such as hedgerows, grasslands and organic
cereal fields. In 83 per cent of samples, five or
more CUPs were detected. In addition, Pan et al.
(2018) detected organophosphate pesticides in
93 per cent of soils sampled along the Yangtze
River Delta.
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Pesticides in groundwater and drinking water

Pesticides applied to agricultural fields may be
vertically displaced downwards from the topsoil
through the soil profile and the unsaturated
zone to groundwater, a process called leaching
(Figure 4.3.2-1). Since groundwater is an important
source of drinking water, both environmental
and human health effects may be caused by
groundwater pesticide pollution. The extent to
which pesticides leach to groundwater depends
on a large number of factors related to soil
and pesticide properties, site conditions and
management practices (Figure 4.3.2-7).

Pesticide properties also play an important role.
The higher the water solubility of a pesticide,
the greater its potential to dissolve in water
infiltrating the soil. Pesticides for which there
is only a short time to detect a 50 per cent
decrease in pesticide concentration (detection
time 50 per cent; DT50) may be degraded before
reaching groundwater levels. Similarly, pesticides
with a high soil adsorption coefficient (Koc) are
expected to be retained in topsoil layers. It should
be noted, however, that pesticides with low water
solubility and high Koc (and DT50) values have
greater potential for particle-bound transport,
i.e., adsorption to particles in infiltrating water
(Goss and Wauchope 1990).

Besides soil and pesticide properties, site
characteristics (e.g., depth to groundwater,
weather and climate) and management practices
(e.g., application dosage) affect pesticide leaching
to groundwater. Ultimately, the combination of
factors shown in Figure 4.3.2-8 will determine
whether, and to what extent, pesticides will leach
to groundwater under field conditions.

The difficult accessibility of groundwater
ecosystems hampers monitoring of pesticides,
which is often restricted by the availability of
superficial sampling spots. In addition, although
some countries have extensive national monitoring
programmes, efforts in other parts of the world are
meagre or non existent (Pirsaheb et al. 2017).
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» Figure 4.3.2-7 Factors influencing pesticide leaching to groundwater. Adapted from Pérez-Lucas et al. (2018).
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» Figure 4.3.2-8 Relative availability of local and national groundwater monitoring/review studies
per continent (total = 103 publications between 2010 and 2020).
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of country-wide and local studies combined
are shown in Figures 4.3.2-8 and 4.3.2-9.
The main outcomes of the country-wide

Based on studies of pesticides in groundwater
and drinking water published since 2010
(listed in Annex 4.3-4), the geographical
distribution per country and continent
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» Figure 4.3.2-9 Geographical distribution of available local and national groundwater monitoring/review

studies (total = 103 publications between 2010 and 2020).
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monitoring or review studies are presented in
Annex 4.3-4.5

The focus of this section is on pesticides in
groundwater, as a source of drinking water.
However, it should be emphasized that in some
parts of the world, especially in Africa, East
and Southeast Asia, surface water is (also) an
important source of drinking water. Pesticides
are commonly detected in surface water
(Chapter 4.3.2) and the analysis of risk from
pesticides through drinking water should not be
limited to groundwater only.

The largest number of studies are available for
Asia, followed by Europe and North America,
while relatively few studies are available for
the other continents (Figure 4.3.2-8). Within
continents studies are not evenly distributed,
with a few countries making up the bulk of
available studies and many countries poorly or
even not represented (Figure 4.3.2-9). For example,
China and India account for 61 per cent of Asian
studies, and in South America all available studies

6 Annex 4.3-4 is found at: https://www.unep.org/
resources/report/environmental-and-health-impacts-
pesticides-and-fertilizers-and-ways-minimizing

are from Brazil and Argentina. For seven African
countries a single study was found. There were
two studies for South Africa. In Europe studies
were available for 15 countries, with Spain having
the highest number.

Global reviews

Only three recent global reviews of pesticides in
groundwater were identified (Annex 4.3-4).

Pirsaheb et al. (2017) was the only available global
review of the occurrence of OCPs in groundwater.
Consistent with Figure 4.3.2-9, the authors noted
that most studies had been conducted in Asian
countries. OCP diversity and concentrations were
generally lower than those of organophosphorus
pesticides (OPPs) and concentrations in
groundwater were lower than in surface waters.
At the same time, many OCP concentrations above
legal national limits were identified, especially in
Asian countries.

Pesticides from the first and second EU
Watch Lists were reviewed by Pietrzak et al.
(2019). Neonicotinoids, especially imidacloprid,
acetamiprid and thiamethoxam, were the most
commonly monitored compounds. They were
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found on almost every continent more than once
at concentrations above EU legal drinking water
limits. Only one study was available for pesticides
from the Watch Lists other than neonicotinoids,
which indicated an exceedance of the EU limit
of 0.7 microgram/litre (ug/L) (8 ug oxadiazon/L
in Italy).

A review by Postigo and Barcelé (2015) concluded
that pesticide transformation products (TPs)
are not commonly included in monitoring
studies. It noted that TPs from pesticides that
are no longer locally registered, such as atrazine
and terbuthylazine, were frequently detected.
This was attributed to their long residence time
in groundwater and/or the slow release of their
precursors from the soil. Occasionally, pesticide
TPs appear to be more ubiquitous and abundant
than their parent molecules and to exceed
EU limits.

Regional and national reviews

The regional review for Africa by K'oreje et al.
(2020) confirms the low data availability for
the continent (Figures 4.3.2-8 and 4.3.2-9).
Although use of most organochlorine compounds
(e.g., aldrin, DDT, dieldrin, endosulfan, endrin,
heptachlor and lindane) has been discontinued in
many African countries at different times since
1976, their recent high detections indicate their
environmental persistence, their continuous

introduction into the environment, or weak
enforcement of the ban. Moreover, in some
countries (e.g., Kenya, South Africa) restricted use
of DDT for malaria mosquito control is still allowed
(K'oreje et al. 2020).

Several national reviews for India reveal high
concentrations of HCHs and endosulfan isomers,
as well as DDT metabolites, in groundwater (Yadav
et al. 2015; Malyan et al. 2019; Sackaria and
Elango 2019). Almost all reviewed studies indicate
high groundwater concentrations (often to always
> 0.1 pg/L) throughout the country, especially
during or shortly after the monsoon season.
Since pesticide use in India is expected to increase,
groundwater pollution is in that country is also
likely to increase in the future (Malyan et al. 2019).

In other parts of the world where OCPs have been
banned, they frequently continue to be detected
at low but often stable or only slowly decreasing
levels (Annex 4.3-4). In the United States, Toccalino
et al. (2014) reported increasing benchmark
exceedances for dieldrin despite its having been
banned for over 25 years, as well as increasing and
frequent detections of pesticide TPs. Cattan et al.
(2019) found that groundwater concentrations
of the OCP chlordecone decreased or remained
stable between 2009 and 2015, but that its
metabolite showed an increasing, although rather
erratic, evolution overall (Figure 4.3.2-10).

Figure 4.3.2-10 Temporal trend in (A) chlordecone (CLD) and (B) its metabolite chlordecone-5b-hydro
(5bCLD) between 2009 and 2015 in Chalvet (Martinique). Cattan et al. (2019).
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Besides slow release from soil, in which OCPs
are very stable, high OCP groundwater levels
have been attributed to dumping, illegal use and
inappropriate storage (Egani et al. 2012; Hasan,
Shahriar and Jim 2019).

Three regional reviews of current use pesticides
were identified. As in the case of POPs, the
regional review for Africa by K'oreje et al.
(2020) indicated that information for current
use pesticides is scarce. The need for more
information from the continent is underlined
by the fact that groundwater concentrations of
pesticides (other than OCPs) in Africa occur in the
same order of magnitude as in Western countries
(K'oreje et al. 2020). A regional review for French
overseas departments (Guadeloupe, Martinique,
Réunion, Mayotte and French Guiana) indicated
that several pesticide concentrations exceeded
the EU groundwater quality standard (Vulliet et al.
2014). Leusch et al. (2018) measured pesticide
concentrations in drinking water in six countries
in Europe, Africa and Oceania (France, Germany,
the Netherlands, Spain, South Africa and Australia).
None of the pesticides were detected in Germany,
South Africa or Australia; individual pesticides were
detected in other countries, but at concentrations
below the EU drinking water standard of 0.1 pg/L.

In line with Leusch et al. (2018), a national study
in Lebanon (Kouzayha et al. 2013) indicated
pesticide concentrations in drinking water in the
low nanogram (ng)/L range (maximum 20 ng/L).
Routine monitoring data in the Netherlands
collated by Sjerps et al. (2019), however, indicated
that 15 of 24 recently authorized pesticides were
detected, including neonicotinoids. In one-third of
the abstraction areas pesticide and/or metabolite
concentrations exceeded water quality standards
according to the EU Water Framework Directive
(EU 2000). In addition, while Leusch et al. (2018)
did not detect any of these pesticides at the sites
evaluated in South Africa, Odendaal et al. (2015)
encountered atrazine and terbuthylazine in drinking
water at concentrations > 0.1 pyg/L in seven
South African cities although WHO drinking water
limits were not exceeded. Another local study in
three catchments of South Africa (Machete and
Shadung 2019) also detected several pesticides
in drinking water. While most of these pesticides
were detected at low concentrations, they included
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(potentially) endocrine disrupting chemicals such
as atrazine, alachlor and simazine.

Jurado et al. (2012) reported that Spanish
groundwater was considerably less contaminated
than other water bodies (e.g., rivers), although a
wide array of compounds exceeded the EU limit of
0.1 pg/L. Two recent country-wide studies in China
(Sun et al. 2020; Wang et al. 2020) also indicated
higher herbicide concentrations in surface water
than in groundwater. Concentrations in surface
water derived tap water were higher than those
detected in groundwater. However, there does
not appear to be a clear consistent trend of
higher concentrations in surface water than in
groundwater. For example, Karki et al. (2020)
found higher concentrations of the herbicides
atrazine and bentazon in Swedish groundwater
than in surface waters. Ultimately, the factors in
Figure 4.3.2-7, in addition to treatment of received
water in the case of drinking water, will determine
pesticide concentrations in different water
resources. Depending on these factors, pesticide
detections range from undetected (i.e., < LOQ)
to values that are clearly higher than the EU limit
(Annex 4.3-4).

Overall, herbicides have generally been
reported as the pesticide type with the most
frequent detections, highest concentrations,
and most frequent exceedances of regulatory
limits (Close and Skinner 2012; McManus et al.
2014; Lopez et al. 2015). Close and Skinner
(2012) indicated in their review for New Zealand
that 17 of the 22 pesticides detected were
herbicides. In France, Lopez et al. (2015) reported
that detected pesticides in their country-wide
monitoring campaigns were dominated
by herbicides (68 per cent of sites), followed
by fungicides (7.5 per cent) and insecticides
(1.4 per cent). That might at least partly be
due to the fact that herbicides appear to be
included more frequently in monitoring studies
(Annex 4.3-4). The 103 pesticides monitored in the
study by Lopez et al. (2015) included 48 herbicides,
29 fungicides and 26 insecticides. The influence
of research efforts may also be reflected in the
detection of other pesticides. Jurado, Walther
and Diaz-Cruz (2019) reported that imidacloprid
was the only neonicotinoid detected in Spanish
groundwater, but that other neonicotinoids were
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the subject of only one or two studies. In their
global review, Pietrzak et al. (2019) also indicated
that neonicotinoids other than imidacloprid have
hardly been studied in groundwater.

Temporal evaluations of groundwater pesticide
concentrations have indicated stable (Close and
Skinner 2012), decreasing (Kéck-Schulmeyer et al.
20174) and increasing (Di Lorenzo et al. 2018)
trends. Toccalino et al. (2014) reported a decrease
in atrazine concentrations in the United States,
but an increase in their TPs. Persistent pesticides
such as atrazine, and especially their TPs,
have consistently been detected in groundwater
decades after their registration was discontinued
due to their long residence time in the subsurface
and/or the slow release of their precursors from
the soil (Lopez et al. 2015 and references therein;
Postigo and Barceld 2015; Karki et al. 2020).
Differences in study designs (e.g., sampling
and chemical analysis methods), locations and
sampling dates make it difficult to establish
national, let alone global, trends in groundwater
pollution. Manamsa et al. (2016) concluded
that the large monitoring dataset available for
England and Wales (data for 2,650 sites from 2003
onwards) did not provide sufficient data for any
compound for a single site to determine a trend.

Exceedances of drinking water standards

Annex 4.3-4 includes several studies that evaluated
pesticide concentrations in drinking water at
regional (Leusch et al. 2018; K'oreje et al. 2020)
or national (Kouzayha et al. 2013; Odendaal et al.
2015; Karki et al. 2020; Sun et al. 2020, Wang et al.
2020) scales, covering studies conducted around
the world (Australia, France, Germany, Lebanon,
South Africa, Spain, Sweden, the Netherlands).
Pesticide concentrations in many of these studies
were reported in the low nanograms per litre
(ng/L) range, with no human health risks expected
at these exposure levels (Kouzayha et al. 2013;
Leusch et al. 2018; Karki et al. 2020).

In their review of African studies, Koreje et al. (2020)
noted that in many African countries groundwater
is generally used as drinking water without any
treatment. They indicated that pesticides have been
detected in groundwater in Ethiopia, Ghana, Kenya,
Nigeria, South Africa and Zambia at concentrations

between 0.1 ng/L and 18.4 micrograms per litre
(ug/L). Pesticides were also detected in treated
drinking water in Algeria, Ethiopia, Nigeria and South
Africa, with concentrations ranging from 0.02 ng/L
to 34 pg/L (Koreje et al. 2020).

Odendaal et al. (2015) conducted a national
survey over four seasons of potential compounds
of emerging concern, including pesticides,
in the drinking water of major South African cities.
The herbicides atrazine and terbuthylazine were
most frequently detected, although concentrations
were at least one order of magnitude lower than
the guideline values set by the United States
Environmental Protection Agency (US EPA)
and the WHO. For example, maximum atrazine
concentrations were between 150 and 200 ng/L,
whereas the proposed WHO guideline value
is 100 pg/L and the maximum contaminant
level stipulated by US EPA is 3 pg/L (Odendaal
et al. 2015). The European Drinking Water
Directive, however, establishes a drinking water
standard of 0.1 pg/L for each individual pesticide
and its toxicologically relevant metabolites,
with the exception of aldrin, dieldrin, heptachlor
and heptachlor epoxide (for which a quality
standard of 0.03 ug/L applies) (European Union
1998; European Union 2020a). Thus the maximum
atrazine concentrations encountered by Odendaal
et al. (2015) exceed the EU quality standards, but
not those of US EPA and WHO.

Wang et al. (2020) discuss a similar situation in
China: while maximum atrazine drinking water
concentrations were well below the country’s
national quality standard and those set by
Health Canada, US EPA and WHO, they exceeded
the European standard of 0.1 ug/L. The same
conclusion was reached by Sun et al. (2020)
in their country-wide study on drinking water
concentrations of the herbicides 2,4-D and MCPA
in China. This wide difference between the EU
standard and others (e.g., those of US EPA and
WHO) is related to the different approaches
followed in setting these standards. The EU
drinking water standard, which was set in the
1980s, followed the precautionary principle and
corresponded to the contemporary detection limit
for pesticides. On the other hand, the US EPA and
WHO standards are health-based and calculated
based on toxicity data.
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4.3.3 Sustainability of agricultural production
and vector control

Various adverse environmental effects of pesticide
use may have a direct or indirect impact on the
sustainability of agricultural production or of
disease vector control. Rather than increasing
production or reducing disease vector populations,
pesticide use can have the opposite effect,
with mid- and long-term effects on agriculture and
public health. Such adverse effects include:

» development of resistance of pest organisms
or disease vectors against pesticides;

° impact on bees and other pollinators and
possible reduction of crop pollination;

* impact on natural enemies of pests, and
possible pest resurgence or appearance of
secondary pests;

o effects on soil organisms and possible
reduction of soil fertility.

These unintended effects of pesticides on
resistance development, pollinators and natural
enemies are discussed in more detail below.
Effects of pesticides on soil organisms are
reviewed in Chapter 4.3.4.

Resistance

The development of resistance against pesticides
in arthropods, diseases, weeds and rodents is
an important agronomic, economic, ecological
and public health problem throughout the world.
Resistance development occurs when the genetic
makeup of a pest population changes in response
to selection by pesticides. This, in turn, may lead
to repeated failure of a pesticide to achieve the
expected level of control when used according to
the label recommendation for that pest species.

As a response to the development of resistance,
farmers often increase the dose and/or frequency
of pesticide applications, which in turn may lead
to greater resistance in the pest populations,
encouraging greater pesticide use. Consequently,
agricultural production becomes more expensive
or even economically unviable; adverse health
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effects increase; pesticide residues in crops exceed
acceptable standards; and environmental impact
expands. In terms of public health (e.g., combatting
malaria), resistance development may lead to a
breakdown in vector control and an increase in
the prevalence of a disease. Alternatively, to break
resistance farmers and public health entities will
need to change the type of pesticide used to one
with a different mode of action or move completely
away from chemical pesticides, replacing them
with biological control. This may require a change
in crop production or vector control methods and
may increase costs (FAO 2012).

Herbicide resistance

By mid-2019 there were 502 unique cases of
herbicide resistant weeds globally, comprising 258
different weed species (Heap 2019). Weeds have
evolved resistance to 23 of the 26 known herbicide
modes of action and to 167 different herbicides.
Herbicide resistant weeds have been reported in
93 crops from 70 countries. The number of cases
of herbicide resistance has been growing steadily
since the early 1970s (Figure 4.3.3-1). Globally,
during the last 30 years on average 13 new cases
have been reported every year, irrespective of
the introduction of new herbicides or herbicide
resistance management programmes.

Herbicide resistance leads to very serious
agronomic, economic and environmental
challenges. A well-known case is the failure of
ryegrass control as a result of herbicide resistance
in Australia. For more than 20 years Australia
was known for having the most serious cases
of herbicide resistance in the world. Certain
herbicides considered essential for farmers’
cropping systems can no longer be used due
to resistance, and in major cropping areas all
ryegrass has become resistant to selective
herbicides (Pannell et al. 2016). Alternative
herbicides have had only a limited effective life,
as ryegrass has been able to rapidly develop
resistance to these chemicals as well. Alternative
weed management options have had to be
developed, such as new methods to capture and
destroy weed seeds at harvest time, although at
greatly increased costs (Stokstad 2013; Pannell
etal. 2016).
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» Figure 4.3.3-1 Global increase of unique cases of herbicide resistance. A unique case is a weed species
combined with a herbicide mode of action. Heap (2019).
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Similar problems in managing herbicide resistant
weeds exist in all countries where chemical
herbicides are used on a large scale. While farmers
have often relied on applying new herbicides
with new modes of action, no such new types of
herbicide have been commercially developed in
decades and there do not seem to be any “silver
bullets” on the way (Pannell et al. 2016).

Insecticide resistance

The first case of insecticide resistance occurred
more than 100 years ago, when in 1913 the San
Jose scale was found to resist sprays of sulphur in
fruit trees in the United States (Whalon 2008). Since
the 1960s the use of organic insecticides has taken
off and arthropod resistance has been increasing
steadily, with no sign of tapering off (Figure 4.3.3-2).

By late 2019 almost 17,000 cases of arthropod
resistance to 345 different pesticides had
been reported globally, representing more than
600 species of insects and mites. Of these, almost
14,000 cases of resistance against 587 species
were field-evolved, i.e., the result of pesticide
use under actual field conditions rather than in
the laboratory (Mota-Sanchez and Wise 2019;
Mota-Sanchez, R., personal communication).

The speed of development of arthropod resistance
mainly depends on the species and is less

I I
1960 1970 1980

I I I
1990 2000 2010

Year

influenced by the pesticide’'s mode of action (Brevik
et al. 2018). However, more resistant species do
not develop resistance faster than less resistant
ones. On average, in 20 studied species of insects
and mites, the median duration between the
introduction of an insecticide and the first report of
resistance was 66 generations or about 14 years.
Importantly, the year of first introduction of a
pesticide does not seem to influence the speed
with which arthropods become resistant (Brevik
et al. 2018) (Figure 4.3.3-3). This suggests that
insecticide and acaricide resistance management
programmes, which have been developed and
implemented over several decades, do not
appear to have significantly reduced the speed of
insecticide resistance development.

Insecticide resistance is of particular concern
for the control of disease vectors such as
mosquitos or sandflies. In a recent evaluation,
WHO (2020a) reported that pyrethroid resistance
had been confirmed in major malaria vectors
in 77 per cent of countries that conducted
monitoring. In 37 countries at least one malaria
vector species was resistant to three or four
different classes of insecticides used in indoor
residual spraying (Figure 4.3.3-4). Pyrethroid
resistance in malaria mosquitos increased
significantly between 2010 and 2016. Since
pyrethroid insecticides are the only class of
insecticides available to treat bed nets in many
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» Figure 4.3.3-2 The evolution of pesticide resistance in arthropods shows a steady increase in the number
of species, pesticide compounds and cases from 1914 to 2019. Mota-Sanchez and Wise (2019), Mota-Sanchez
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» Figure 4.3.3-3 Arthropods were becoming resistant to a pesticide as rapidly in 2010 as in the 1960s,
indicating that there had not been a change in the “durability” of a pesticide over time. No significant

relation was observed between the number of generations it takes for an arthropod to become resistant

and the year of introduction of a pesticide. Brevik et al. (2018).
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% Figure 4.3.3-4 Number of classes to which resistance was confirmed in at least one malaria vector
in at least one monitoring site, 2010-2019. WHO (2020).
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countries, widespread pyrethroid resistance,
particularly in Africa, is a serious problem for
effective malaria vector control (Ranson and
Lissenden 2016).

Vector resistance to insecticides is not limited to
malaria mosquitos. It is also found in other vectors
of human disease. Dhiman and Yadav (2016)
reviewed resistance in phlebotomine sandflies,
which are vectors of visceral leishmaniasis
(kala-azar). They found widespread resistance
against DDT and local resistance against
pyrethroids in areas of the Indian subcontinent
where the disease is prevalent. A recent survey in
North America also showed pyrethroid resistance
to be widespread in Florida (United States) in
Aedes aegypti, the mosquito vector of the Zika
virus (Estep et al. 2018). Guedes et al. (2020) found
a high prevalence of insecticide resistance of the
same species in Latin America and the Caribbean.

Fungicide resistance

Fungicides have been used in agriculture for
well over a century, but the earliest documented
cases of fungicide resistance date from the
1960s. Overall, instances of confirmed resistance
to fungicides remained rare until the 1970s,
when novel classes of antifungal pesticides

were introduced and became widely used
(Lucas, Hawkins and Fraaije 2015). Since then
there has been an ever-increasing incidence of
reported resistance cases in a wide range of plant
pathogenic fungi (Table 4.3.3-1).

Genetically modified crops

Resistance development in genetically modified
crops has focused on herbicide tolerant and
insect resistant crops. In the former, weed
resistance develops against herbicides applied to
a crop; in the latter, insects become resistant to a
pesticide incorporated in a crop.

The most successful insect resistant transgenic
crops produce insecticidal proteins from the
bacteria Bacillus thuringiensis (Bt). Increasingly,
more than one toxin is built into the crop
("Bt crop pyramids”) to increase efficacy and delay
resistance. Tabashnik and Carriere (2017; 2019)
recently reviewed 44 studies, from 12 countries on
six continents, on the development of field-evolved
insect pest resistance to transgenic crops.
In 19 cases no decrease in susceptibility to Bt
toxins was observed, in six cases there were early
warning signs of the development of resistance,
and in 19 cases practical resistance had evolved.
The efficacy of the Bt crop in controlling insects
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Table 4.3.3-1 Time line of fungicide resistance in crop diseases for some major fungicide classes. Lucas,

Hawkins and Fraaije (2015).

Period of

Fungicide class

Approximate time to

Disease example

introduction resistance (years)

1960 Aromatic hydrocarbons 20 Citrus storage rots (Penicillium spp.)

1964 Organomercury compounds 40 Cereal leaf spot (Pyrenophora spp.)

1969 Dodine (guanidine) 10 Apple scab (Venturia inaequalis)
compounds

1970 Benzimidazoles 2 Many pathogens

1971 2-Aminopyrimidines 2 Powdery mildews

1980 Phenylamines 2 Potato late blight, grape downy mildew

1982 Demethylation inhibitors 7 Cereal powdery mildew and other diseases

1998 Quinone outside inhibitors 2 Cereal powdery mildew

2007 Succinate dehydrogenase 4-5 Alternaria alternata (in nuts), potato early

inhibitors

blight (Alternaria solani)

was therefore reduced in 43 per cent of reports.
In some cases (e.g., the Western corn rootworm
in maize in the United States and the pink
bollworm in cotton in India) effective alternative
Bt transgenic crops were no longer available,
while for the fall armyworm, which is spreading
rapidly across the world, only half of Bt maize crop
varieties in Brazil were still effective (Tabashnik
and Carriére 2017). Although there has been an
initial delay in the development of resistance
following the introduction of Bt crops, there has

been a surge in new cases since the early 2000s
(Figure 4.3.3-5).

Strict resistance management in Bt crops has
been implemented, and is even mandatory,
in some countries. The most widely applied
approach is the high-dose refuge strategy,
which combines high doses of the Bt toxins in
the crop with growing a non-Bt crop on a certain
fraction of the area (the “refuge”). This approach
has been successful in delaying resistance

Figure 4.3.3-5 Global trend in pest resistance to Bt crops: (A) hectares planted with Bt crops (B) cumulative
cases of field-evolved practical resistance to Bt crops. Tabashnik and Carriére (2017).
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development. Many cases of pest resistance
breaking down appear to have occurred where
either refuge areas or toxin concentrations were
insufficient (Huang, Andow and Buschman 20171,
Tabashnik and Carriére 2017; Tabashnik and
Carriere 2019). However, a recent review of
resistance development of the fall armyworm
(Spodoptera frugiperda) in Bt corn in the Americas
suggests that current resistance management has
been insufficient to avoid widespread development
of resistance in this global pest (Huang 2020).

In contrast to the relatively regulated use of
insect resistance, herbicide resistance has greatly
increased with the adoption of herbicide resistant
crops. The continuous use of glyphosate on
glyphosate-tolerant crops in the United States
quickly led to selection for weeds with evolved
resistance to glyphosate (National Academies
of Science, Engineering and Medicine 2016).
More than 40 weed species are now reported
to be resistant against glyphosate; many of
them evolved in fields where herbicide resistant
crops were grown (Heap 2019). To respond to
this problem, companies have re-engineered
crops to be tolerant to other herbicides, such as
2,4-D and dicamba, which have different modes
of action to glyphosate. These herbicides
were first commercialized in 1945 and 1967,
respectively. It has been argued that there is a lack
of knowledge about how to use these herbicides
while avoiding the emergence of resistance (Gould,
Brown and Kuzma 2018). The expected heavy use
of 2,4-D and dicamba in herbicide resistant crops
is likely to result in the development of further
widespread weed resistance.

Only a few disease-resistant transgenic plant
varieties have been commercially released
(International Service for the Acquisition of
Agri-Biotech Applications 2019). Limited
experience therefore exists with diseases breaking
the resistance of transgenic crops, and maintaining
the durability of such disease resistance is likely to
be a challenge (Nelson et al. 2018).

The impact of resistance development

Pesticide resistance in arthropods has repeatedly
led to severe pest management problems,

large increases in insecticide use, and even the
total collapse of certain cultures. Examples from
the past of pesticide resistance inhibiting crop
growing include cotton production in Mexico
(tobacco budworm) and Sudan (tobacco whitefly),
rice in Southeast Asia (various pests) and
vegetables in Asia and Africa (diamondback moth).

Glyphosate resistant weeds cost corn, cotton and
soybean growers in the United States more than
USD 1 billion per year (Frisvold, Bagavathiannan
and Norsworthy 2017). Direct economic losses
due to all types of resistance development have
been estimated at USD 10 billion in that country
alone (Gould, Brown and Kuzma 2018). It has
also been calculated that pyrethroid resistance in
mosquito vectors of malaria would imply about
26 million additional clinical cases of malaria
per year in Sub-Saharan Africa (Gould, Brown and
Kuzma 2018).

Nevertheless, the direct and indirect costs of
resistance development, as well as its prevention,
are rarely estimated in a systematic way when new
pesticides are introduced or authorized.

The effects of pesticides on pollinators

Pollination is an ecosystem function that is
fundamental to plant reproduction, agricultural
production, and the maintenance of terrestrial
biodiversity. Most of the world’s wild flowering
plants (about 88 per cent) are pollinated by insects
and other animals. It is estimated that about
one-third of the global food volume produced
benefits from animal pollination (Eardley et al.
2016). The global annual market value of additional
crop production directly linked to pollination
services is estimated to be USD 235-577 billion
(Gallai et al. 2016).

Pollinators can be found in different groups of
animals, but are dominated by insects. Although
pollinators are mainly bees, they also include
some species of flies, wasps, butterflies, moths,
beetles, weevils, thrips, ants, midges, bats, birds,
primates, marsupials, rodents and reptiles. Nearly
all bee species are pollinators, while a smaller
(and variable) proportion of species within the
other taxa are pollinators (Eardley et al. 2016).
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By far most of the information about the adverse
effects of pesticides on pollinators — resulting
from controlled laboratory and (semi-) field
experiments, as well as from monitoring — address
honeybees. Increasingly, data are also being
generated on other managed bees and on wild
bees. Adverse pesticide effects on the other
pollinators (e.g., flies, butterflies or bats) are not
much studied, but information may be available
from more general monitoring of such groups.
The chapter below focuses on bees.

Susceptibility of bees to pesticides

Pesticides vary widely in their toxicity to bees.
Some cause high acute mortality at very low
doses, while others can be applied to crops
without much adverse effect. Most insecticides
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are moderately or highly toxic to bees. However,
other groups of pesticides (e.g., fungicides and
herbicides) may also exert negative effects on
bee health.

Bees can be exposed to pesticides in various ways,
including overspraying, ingestion of contaminated
pollen, nectar or honeydew, and contact with
residues on foliage or flowers (Figure 4.3.3-6).

The direct adverse effects of pesticides
on bees can be lethal (e.g., acute mortality
immediately after applying a pesticides) or
sublethal (e.g., reduced reproduction, increased
susceptibility to pathogens, effects on learning or
foraging by bees). Indirect effects of pesticides
can occur if, for example, the use of herbicides

Figure 4.3.3-6 Main routes of exposure of honeybees to pesticides; similar routes of exposure are likely for

other bees. Kovécs-Hostyanszki et al. (2016).
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eliminates weeds in a crop which is important for
bee foraging (Kovacs-Hostyanszki et al. 2016).

Adverse effects of pesticide use on bees

The most recent comprehensive assessment
of the adverse effects of pesticides on
pollinators in general, and bees in particular,
was conducted under the auspices of the
Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services (IPBES)
(Potts, Imperatriz-Fonseca and Ngo 2016).
The conclusions of the IPBES assessment report
are summarized below, complemented by more
recent information when available.

Pesticides, notably insecticides, have shown
a broad range of lethal and sublethal effects
on bees in controlled experimental conditions
(Kovacs-Hostyanszki et al. 2016). The extent to
which such adverse effects result in impairment
of honeybee and bumblebee vitality or wild bee
populations has been the object of much research,
more recently for neonicotinoid insecticides
in particular.

There is no doubt that the operational use of
certain insecticides has caused acute bee
mortality. Most data on acute pesticide effects
under field conditions come from incident
monitoring schemes in a number of European
countries, Canada, the United States, Australia
and Japan. They are almost entirely limited
to the mortality of honeybees. Few incident
reports exist for bumblebees or wild bees.
The number of pesticide-induced incidents
in Germany, the Netherlands and the United
Kingdom, where such schemes are long-running,
dropped by more than 75 per cent between the
1980s and the mid-2000s (Kovacs-Hostyanszki
et al. 2016). Reporting from Canada on the period
2007-2012 suggests that moderate and major bee
poisoning incidents are also relatively rare (Cutler,
Scott-Dupree and Drexler 2074). An exception
is cases of dust drift during the drilling of
seeds coated with neonicotinoid insecticides,
which caused bee kills in Europe and North
America in the late 2000s (Nuyttens et al. 2013).

The majority of incidents reported in Europe
appear to have occurred when farmers did not

use insecticides according to the instructions on
the label (e.g., mistakenly applying the product
on flowering crops, or while flowering weeds
were present in the field). Better information,
regulation and enforcement in these countries
would probably have reduced the number of bee
kill incidents. That suggests that in countries
that do not have incident monitoring systems,
or where there are no effective regulations or
enforcement of mitigation measures, incidents
of insecticide-associated honeybee mortality are
likely to occur more regularly (Kovacs-Hostyanszki
et al. 2016). However, data to support this
are lacking.

The IPBES assessment report evaluated nine
published reviews of sublethal effects of pesticides
on bees, three of which addressed pesticides
in general and six the effects of neonicotinoid
insecticides (the most recent reviews in the latter
group were Godfray et al. 2015 and Pisa et al.
2015). Although the nine reviews overlapped in
terms of the research included, their conclusions
varied. There was agreement on the significant
evidence for the adverse sublethal effects of
neonicotinoids under controlled conditions.
However, there were divergent views on the effects
of pesticides under real-use field conditions,
focusing on what constitute field-realistic doses
of these insecticides that would lead to adverse
effects on bees.

Kovdcs-Hostyanszki et al. (2016) therefore
concluded in the IPBES assessment that how
sublethal effects of pesticide exposure recorded
for individual insects affect colonies and
populations of managed bees and wild pollinators,
especially over the longer term, was currently
unresolved. The few available field studies
assessing the effects of field realistic exposure
provide conflicting evidence of effects, based on
the species studied and pesticide used.

After the IPBES assessment report was
published in 2016, Wood and Goulson (2017)
reviewed evidence for environmental risks of
neonicotinoids published between 2013 and
2016 (partly overlapping with the IPBES review).
Their conclusions largely correspond to those
of the IPBES assessment. However, the authors
stated that new studies have provided stronger
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indications of adverse effects of field-realistic
doses of neonicotinoids on foraging behaviour,
reproductive output and colony growth of
bumblebees, as well as effects on reproduction of
solitary bees.

More recently, the results of a number of field
studies on the effects of neonicotinoids on
bees were published (Table 4.3.3-2).
These studies do not seem to fundamentally
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change the conclusions of Kovacs-Hostyanszki
et al. (2016) and Wood and Goulson (2017).
Honeybee colony viability has been shown to
be affected in some cases, but not in others.
Field studies have shown varying effects of
neonicotinoids on population parameters of
wild bees. It remains ambiguous under which
circumstances neonicotinoid insecticides
adversely affect honeybee or wild bee populations
in the field.

Table 4.3.3-2 Large-scale field studies on the effects on bees of seed treatments with neonicotinoids,
not included in the review by Wood and Goulson (2017).

Germany clothianidin+ Mason bee Oilseed  No detrimental effects on the Peters, Gao
beta-cyfluthrin  (Osmia rape development or reproduction of mason and Zumkier
bicornis) bees was observed. (2016)
Hungary, clothianidin,  Honeybee (Apis Oilseed Honeybees: Woodcock
Germany, thiamethoxam mellifera) rape Both negative (Hungary and the United etal. (2017)
United Bumble bee Kingdom) and positive (Germany) effects
Kingdom (Bombus on colony viability were observed.
terrestris) In Hungary negative effects on
Mason bee honeybees (associated with clothianidin)
(Osmia persisted over winter and resulted in
bicornis) smaller colonies in the following spring
(24 per cent declines).
Bumble bees and mason bees:
Reproduction was negatively correlated
with neonicotinoid residues.
France, thiamethoxam Mason bee Oilseed  Field and tunnel experiments. Ruddle et al.
Germany (Osmia rape There were no significant effects from (2018)
bicornis) exposure to oilseed rape grown from
thiamethoxam-treated seed from nest
establishment through cell production
to emergence under tunnel or field
conditions.
Oilseed rape contributed only 4 to
31 per cent of pollen provisions in the
present study.
Sweden clothianidin Honeybee Oilseed  Large fluctuations between and within Osterman
(Apis mellifera) rape years were found in honeybee colony etal. (2019)
development, (attempted) swarming/
supersedure, colony mortality, microbial
composition and Varroa infestation.
However, no negative effects of placement
at the clothianidin-treated fields on these
parameters were identified.
United acetamiprid,  Wild bees in Maize,  Bee abundance was not affected by Main et al.
States clothianidin,  field margins soybean neonicotinoid insecticide concentrations  (2020)
dinotefuran, in field margin soils.
imidacloprid, Neonicotinoid concentrations in margin
thiacloprid, soils were negatively associated with

thiamethoxam

native bee richness.
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The European Food Safety Authority (EFSA 2018b;
EFSA 2018c; EFSA 2018d) conducted extensive
regulatory reviews of the risks to honeybees,
bumblebees and wild bees of seed and soil
treatments with the neonicotinoid insecticides
clothianidin, imidacloprid and thiamethoxam.
They took into account laboratory studies,
semi-field and field experiments, as well as
monitoring results. EFSA concluded, for all three
insecticides, that high risks exist to most or all
groups of bees, and that low risks could not be
excluded. Low risks were generally only concluded
to exist for honeybees in certain specific crops.
These risk assessments were an important reason
the EU subsequently prohibited all uses of these
insecticides except in greenhouses.

Weeds provide important, often exclusive, foraging
resources for pollinators in agricultural landscapes.
Their removal by physical means (e.g., tillage,
mechanical weeding) or chemical herbicides
can cause declines of native pollinators in
agroecosystems (Kovacs-Hostyanszki et al. 2016).

Pollinator declines and pesticides

There is no clear evidence that pesticides,
particularly the neonicotinoid insecticides, have
directly contributed to longer-term colony losses
in the EU or the United States. Some studies have
highlighted fungicides as affecting honeybee
health adversely, but their role in colony loss has
not yet been demonstrated. Colony loss appears
to be a multifactorial issue, with different drivers
varying in space and time (Kovacs-Hostyanszki
etal. 2016).

Few studies provide clear links between pesticide
use and pollinator declines. Woodcock et al. (2016)
conducted a correlational study in the United
Kingdom which showed a positive association
between use of neonicotinoid seed treatments in
oilseed rape and reduced persistence of wild bee
populations. This negative correlation was not
observed for the application of foliar insecticides.

The IPBES assessment concluded that changes
in land use or climate, intensive agricultural
management and pesticide use, invasive alien
species and pathogens can all affect pollinator
health, abundance, diversity and pollination.

Moreover, these multiple direct drivers have the
potential to combine, synergistically or additively,
leading to an overall increase in pressure on
pollinators and pollination. It is rarely possible to
rule out a single cause, such as pesticides, for
changes in pollinator populations. A complex
interplay of factors is likely to affect pollinator
biodiversity and pollination, but the exact
combination of factors will vary in space, time and
across pollinator species (Kovacs-Hostyanszki
etal. 2016).

Natural enemies of pests

Natural enemies of crop pests or disease vectors
include arthropod predators and parasitoids,
as well as vertebrate predators such as
insectivorous birds and reptiles. Pathogens
(e.g., bacteria, fungi) can also attack pest
populations. Natural enemies will often keep pest
populations below levels that cause crop losses.

The greatest amount of information is available
on the effects of pesticides on arthropod natural
enemies. A pesticide treatment may control the
pest population, but can also kill, repel, irritate or
otherwise deter the natural enemies of that pest
(Croft 1990; Cloyd 2012; Roubos, Rodriguez-Saona
and Isaacs 2014). If the residual activity of the
insecticide then expires, the same pest population
will be able to increase more rapidly and to a
higher abundance than when natural enemies
were present. This is called target pest resurgence
(Dutcher 2007).

A crop may contain other potentially injurious
organisms which are normally harmless because
they are kept in check by natural enemies.
Secondary pest development can occur when
a pesticide treatment causes the destruction of
natural enemies of such organisms, which was
regulated below an economic injury level by the
natural enemies. The secondary pest will then be
elevated to primary pest status (Dutcher 2007).

Resurgence and secondary pest development
may not always be caused solely by the removal
of natural enemies. Pesticide treatments can
cause changes in a pests’ behaviour, dispersal,
development and fecundity, leading to an increase
in pest populations (Dutcher 2007; Wu et al. 2020).
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Resurgence and secondary pest development
have various adverse consequences, including
an increase in crop damage and potential yield
losses; greater disease vector populations,
resulting in possible rise of disease transmission
and prevalence; disruption of biological control
programmes; higher costs of pest management for
additional or more expensive alternative chemical
control or for alternative biological control; and an
increase in pest abundance that carries over to the
next growing season (Dutcher 2007).

Toxicity of pesticides to natural enemies

Until the mid-1960s observations of the effects
of pesticides on natural enemies of crop pests
tended to be incidental and generally part of
pesticide efficacy trials. Studies on natural enemy
responses to pesticides became more specific and
were greatly expanded in the 1970s and 1980s,
coinciding with the development of integrated pest
management (IPM) as the recommended pest
management approach in many countries (Croft
1990). Research on both the lethal and sub-lethal
effects of pesticides on beneficial arthropods,
as well as on the influence pesticides may have
on pest and natural enemy interactions and
population dynamics, have been conducted ever
since. Regulatory testing of pesticides on natural
enemies has also become part of the pesticide
registration process, although this is limited mainly
to Europe (Alix et al. 2012).

Given the importance of natural enemies for pest
control and their susceptibility to many types of
pesticides, the toxicity and selectivity of these
products has been evaluated for a long time.
In the mid-1980s Oregon State University (United
States) established the SELCTV Database which,
at the time, contained more than 12,000 records
of pesticide effects on natural enemies (Croft
and Theiling 1990). A decade earlier the Working
Group on Pesticides and Beneficial Arthropods
of the International Organization for Biological
and Integrated Control (IOBC) started a joint
testing programme in Europe on pesticides
and beneficial arthropods (Franz et al. 1980).
That work resulted in an on-line database on
the selectivity of pesticides which includes both
regulatory and academic information (Jansen
2013; International Organization for Biological
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and Integrated Control — West Palearctic Regional
Section [IOBC] 2019). The I0BC database
demonstrates that insecticides and acaricides
are the most hazardous to arthropod natural
enemies, but other groups of pesticides are not
without risk. While some of the newer groups of
insecticides are more target-specific and less
hazardous for many arthropod natural enemies
(e.g., diacylhydrazines, sulfloximines), this is not
the case for all (e.g., neonicotinoids, diamides).

Biocontrol affected by pesticides

Pesticides have been widely studied and shown
to have negative effects on natural enemy
populations in many circumstances (Rusch et al.
2010). Many individual cases of pesticide-induced
declines in biocontrol continue to be reported, as
illustrated by the examples below.

Geiger et al. (2010) conducted a study in eight
European countries on 270 cereal farms.
They investigated the effects of 13 components
of agricultural intensification on biodiversity,
as well as on the potential for biological pest
control of aphids. The use of insecticides adversely
affected the potential for biocontrol of aphids in a
consistent manner. Agro-environmental schemes
using smaller amounts of pesticides had positive
effects on biocontrol, but (somewhat surprisingly)
this was not the case for organic farms.

Krauss, Gallenberger and Steffan-Dewenter
(2011) compared aphid and predator densities
in conventional versus organic triticale fields.
They found that the abundance of cereal aphids
was five times lower in organic fields, while their
predator abundances were three times higher
and predator-prey ratios were 20 times higher
in organic fields, indicating a significantly higher
potential for biological pest control in organic
fields. Preventative insecticide application in
conventional fields had only short-term effects on
aphid densities, but long-term negative effects on
biological pest control.

Ricci et al. (2019) conducted a large-scale study
in three consecutive years in 80 fields of perennial
and annual crops located in four French regions.
They found that pesticide use intensity at local
field level had clear negative effects on the
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predation rates of pest insects. They suggested
that the predation activity of a wide range of
natural enemies (feeding on pests on the soil
surface and on crop plants) was reduced when
pesticide pressure was high.

Dainese et al. (2019) carried out a global synthesis
of studies which measured richness and
abundance of pollinators, pest natural enemies,
and associated ecosystem services. They found
clear evidence that the species richness of these
organisms, as well as their abundance, positively
influenced the delivery of ecosystem services such
as pollination and pest control. They also found
a positive correlation between natural enemy
richness and crop production in areas not sprayed
with insecticides. This link was not observed
in sprayed areas, indicating that insecticide
use undermines the full potential of natural
pest control.

Resurgence and secondary pest development due
to pesticides

In a first review on the topic, Ripper (1956)
found that pesticide-induced resurgences
in the field had been recorded in temperate,
sub-tropical and tropical climates for over
50 species of phytophagous arthropod pests
almost immediately after the introduction of
broad-spectrum synthetic pesticides.

Examples of target pest resurgence and secondary
pest development which have caused major
agronomic and economic problems include:
early season applications of pyrethroid and
organophosphate insecticides, leading to
resurgence of bollworm in the United States
(Dutcher 2007); application of insecticides to rice,
leading to outbreaks of brown plant hopper in Asia
(Wu et al. 2020); and applications of non-selective
insecticides such as pyrethroids, which greatly
increased populations of diamondback moth,
a major pest of cabbages and other brassica crops

Table 4.3.3-3 Examples of pest resurgence or secondary pest development induced by the use

of pesticides.

Crop Resurgent or Description Reference
secondary pest
Cotton (United Cotton bollworm Early season applications with pyrethroids ledtoa  Dutcher (2007)
States) (Helicoverpa armigera) resurgence of bollworm.
Cotton (United Aphids, mites, Early season application against Lygus plant bugs  Gross and
States) armyworms resulted in a 25 per cent increase in late season Rosenheim
pesticide costs to control secondary pests. (2011)
Cabbage and other Diamondback moth Early application of non-selective insecticides Grzywacz et al.
brassicas (Africa,  (Plutella xylostella) is an important initiating factor in subsequent (2010)
Asia) diamondback moth outbreaks because it reduces,
among others, parasitoid populations.
Apple (North Two-spotted spider Use of insecticides and fungicides in apple Hardman et al.

America, Europe)  mite (Tetranychus orchards kills predatory mites, leading to a

(2006)

urticae) resurgence of spider mites.
Cereals (West Grasshoppers Control with broad-spectrum insecticides of early ~ van der Valk,
Africa) (Acrididae) season grasshoppers augmented populations of Niassy and
late hatching grasshopper species. Beye (1999)
Various arable Slugs Application of organophosphate insecticides Hill, MacFadyen
crops in rotation (Milax gagates, against mites and aphids resulted in an increase of and Nash
(Australia) Deroceras reticulatum) slug populations and associated yield reductionin ~ (2017)
canola.
Rice (Asia) Brown planthopper Insecticide applications, especially in early season,  Settle et al.
(Nilaparvata lugens)  killed generalist predators, resulting in an increase ~ (1996)
of planthopper populations. Wu et al. (2020)
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in the tropics and subtropics (Grzywacz et al.
2010) (Table 4.3.3-3)

4.3.4 The terrestrial environment
Soil organisms

Soil organisms provide essential contributions
to many soil functions, such as nutrient cycling,
soil formation, regulation of pests and diseases,
and food, fibre and water supply, among others
(Adhikari and Hartemink 2016; Food and
Agriculture Organization of the United Nations and
Intergovernmental Technical Panel on Soils [FAO
and ITPS] 2017). Examples of major functions
performed by soil organisms are shown in
Box 4.3.4-1.

The Intergovernmental Technical Panel on Soils
(ITPS) conducted a global review of the impact
of plant protection products on soil functions
and soil ecosystems (FAO and ITPS 2017).
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Other pesticides, such as biocides or domestic use
products, were not considered. In its assessment
the ITPS assumed that plant production products
are applied on crops at locally relevant application
rates. Point-source contamination through spills or
leakage was not assessed. The conclusions of this
review are provided below, along with the results of
additional reviews and studies.

Soil microorganisms

Soil microorganisms, such as bacteria and fungi,
can be important sources of plant disease that
damage crops and reduce yields. However,
they also play an essential role in organic matter
decomposition and nutrient cycling, suppression of
pathogens and pests, plant growth promotion and
maintenance of soil structure (Box 4.3.4-1).

The ITPS (FAO and ITPS 2017) concluded that
the use of plant protection products consistently
resulted in measurable and statistically significant

Box 4.3.4-1 Selected examples of major functions performed by soil organisms. A more complete list is provided in

FAO and ITPS (2017).

Function Significance

Main soil organisms involved

Carbon and nutrient cycling

Nitrogen fixation
form available to plants

Nitrification

Conversion of atmospheric nitrogen to a

Conversion of immobile ammonium to

Bacteria

Bacteria

mobile nitrate; production of nitrogen oxides

Decomposition of organic

materials residues

Soil organic matter formation
(humus)

Pesticide decomposition

Decomposition and degradation of plant
Creation of stable forms of organic matter

Limits transfer of pesticides from farms to
the broader environment

Bacteria, fungi, termites
Bacteria, fungi

Bacteria, fungi

Creation and maintenance of soil structure

Physical structure development Creation of soil aggregates and porosity

Earthworms, potworms, soil arthropods

Transfer of nutrients and energy through the food web

Nutrient release

Predation of bacteria, fungi, nematodes

Protists, nematodes, mites, springtails,

and consumption of readily decomposable potworms, isopods

organic matter

Food source for birds and other
animals

Earthworms, insects, ants, termites,
spiders

Pest control

Pest control
nematodes, grubs

Control of soil pests such as root-rot fungi, Fungi, bacteria, actinomycetes
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effects on soil microorganisms. These effects have
led to both significant decreases and increases
in attributes of soil microorganisms such as
biomass, enzyme activity, respiration and species
composition.

In a major review of published studies, Puglisi
(2012) found that most often no significant
difference was observed in microbial activity,
abundance or biomass following the application of
a pesticide (in a range of 25-55 per cent of cases,
depending on the type of pesticide). In about
one-third of cases, fungicides and herbicides
resulted in a reduction of soil microbial activity
or biomass; insecticides showed less adverse
effects. The remaining studies demonstrated an
increase in microbial activity or biomass caused
by pesticides.

The structure of terrestrial microbial communities
(e.g., species richness), on the other hand,
was significantly affected in 80-95 per cent of
cases, in the case of fungicides, herbicides or
insecticides (Puglisi 2012). However, changes in
structure do not necessarily imply a reduction in
biodiversity or an adverse effect on soil functions
owing to the very large number of microbial
species present and the functional redundancy
present in soil ecosystems (FAO and ITPS 2017).

There is only limited evidence that the observed
effects of pesticides on soil microorganisms have
led to significant and long-lasting decreases in soil
functions. However, our understanding of the links
between observed effects of pesticides on soil
microorganisms on the one hand, and resulting
changes in soil processes and functions on the
other, is still inadequate (Imfeld and Vuilleumier
2012; FAO and ITPS 2017).

Earthworms and potworms

Earthworms and potworms (Oligochaeta,
Annelida) are important soil fauna because they
represent a large fraction of soil living biomass in
many temperate and tropical ecosystems and play
an important role in soil functioning. They actively
participate in soil aeration, water infiltration
and mixture of soil horizons, and influence
organic matter decomposition and soil structure
(Box 4.3.4-1). They are also an important source

of food for many organisms like birds or moles
(Pelosi et al. 2014). Earthworms have become a
standard test and monitoring organism globally
for the study of the environmental impact of
pesticides and other contaminants.

There is considerable evidence for significant
harmful effects of pesticides on earthworms
(FAO and ITPS 2017). Based on their review,
Pelosi et al. (2014) concluded that earthworms
are impacted by pesticides at all organizational
levels: they disrupt enzymatic activities, increase
individual mortality, decrease fecundity and
growth, change individual behaviour such as
feeding rate, and decrease the overall community
biomass and density, among others.

Soil fumigants generally have the greatest
effects on earthworms, followed by fungicides,
insecticides and herbicides in that order (FAO
and ITPS 2017). Based on laboratory studies,
Pelosi et al. (2014) concluded that the most
harmful pesticides appeared to belong to the
neonicotinoids, strobilurins, sulfonylureas, triazols,
carbamates and organophosphates. The negative
effects of copper-based fungicides on earthworms
are also well established.

Vasickova et al. (2019) evaluated the risks posed
by residues of CUPs measured in 75 arable
soils in the Czech Republic. They applied the EU
risk assessment methodology for earthworms,
potwormes, springtails and soil mites as far as
toxicity data were available. Their assessment
shows that pesticide residues posed a risk to sail
organisms at 35 per cent of the sites. Pelosi et al.
(2021) also measured CUP residues in cereal
flelds, hedgerows and grasslands in France which
were treated, untreated, or under organic farming
practices (Annex 4.3.3). A high risk of chronic
toxicity to earthworms was found in 46 per cent of
samples, both in treated cereals and non-treated
habitats considered to be refuges.

Rombke, Schmelz and Pélosi (2017) reviewed the
effects of synthetic pesticides on enchytraeids
(potworms) in agroecosystems. They found that
very few pesticides have been studied intensively
in both the laboratory and field, mainly the
fungicide carbendazim. Most available data refer
to organochlorine and organophosphate pesticides
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which are rarely used while very few data are
available on CUPs.

The effects of agricultural management practices
in China and Europe on various soil quality
parameters, including earthworm abundance, was
recently evaluated by Bai et al. (2018). Most of
the studies reviewed were long-term experiments.
Their comparisons of no tillage and organic
production systems with conventional production
are of relevance to pesticide use. No-tillage
refers to land cultivation with little or no soil
surface disturbance, although herbicides are
often used for weed control. No-tillage practices
enhanced earthworm populations by a factor 1.7
unless herbicides or insecticides were applied. In
organic agriculture few if any synthetic pesticides
are used, although copper-based fungicides
may be applied. Earthworm abundance almost
doubled under organic agriculture when compared
to conventional practices. Both comparisons
illustrate the long-term adverse effects of
pesticides on earthworms under realistic pesticide
application scenarios.

No review was available of post-registration
monitoring of earthworm populations following
real pesticide applications at recommended rates.
Pelosi et al. (2014) noted that studies based on
realistic conditions in terms of soil, pesticide dose
and experimental duration were lacking. The extent
to which CUPs affect earthworm populations is
therefore not well established, but the few studies
from Europe cited above suggest that the risks
may be higher than previously estimated.

Soil arthropods

Many arthropods inhabit soils, including springtails
(or collembolans), mites and ants, and perform
important functions (Box 4.3.4-1). Soil (micro)
arthropods affect soil organic matter directly by
fragmenting detritus, and indirectly by influencing
microbial activity. Furthermore, soil arthropods
can impact soil and plant health directly by
feeding on pest organisms or serving as alternate
prey for larger predatory arthropods (Neher and
Barbercheck 2019).

Pesticide effects on soil arthropods are less well
studied than on earthworms (FAO and ITPS 2017).
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A number of comparisons have been made of the
sensitivity of soil arthropods to pesticides when
compared to earthworms (Daam et al. 2011;
Huguier et al. 2015; Kohlschmid and Ruf 2016).
Partially different data sets were used, consisting
mainly of laboratory toxicity studies. Certain
variations were observed depending on pesticide,
species and test conditions.

For insecticides and herbicides, no systematic
differences in sensitivity between earthworms
and soil arthropods were reported. Earthworms
were generally found to be more sensitive than
soil arthropods to fungicides. In comparison
with other soil invertebrates (either earthworms
or other arthropods), soil mites showed lower to
similar sensitivities to chemicals (Huguier et al.
2015). Arachnids and isopods were more sensitive
to insecticides, and nematodes to fungicides, as
compared to earthworms.

Since Jansch et al. (2006), no review of semi-field
and field studies of the effects of pesticides on
soil arthropods seems to have been published.
No global or regional evaluations were found of the
monitoring of pesticide effects on soil arthropods.

Terrestrial vertebrates

Terrestrial vertebrates, such as birds, mammals,
amphibians and reptiles, can be exposed to
pesticides through different routes (Figure 4.3.4-1).
Contact exposure occurs if animals are exposed
to spray drift, or come into contact with pesticides
on soil and other surfaces or in water (e.g., for
the aquatic phase of amphibians). Pesticides can
also be absorbed by the eggs of amphibians and
reptiles in water or soil. Dietary exposure arises
through consumption of contaminated food items
(such as seeds, vegetation, invertebrate and
vertebrate prey) or pesticide granules and soil, or
through preening and grooming. Such exposure
may cause mortality or sublethal adverse effects
(e.g., on reproduction, immunity systems and
behaviour) and ultimately result in population
declines (EFSA 2009; Amaral et al. 2012a; Mineau
2013a; EFSA 2018a; Stanton, Morrissey and
Clark 2018).

Pesticide use can also indirectly affect terrestrial
vertebrate populations by reducing their food base
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» Figure 4.3.4-1 Pathways through which pesticide application can ultimately lead to population declines
in terrestrial vertebrates. Based on Amaral et al. (2012a); Stanton, Morrissey and Clark (2018).

Pesticide
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(e.g., if insecticides kill insect prey), or altering their
habitat (e.g., if vegetative shelter is affected by
herbicide use).

Most research into the effects of pesticides
on terrestrial vertebrates published since the
mid-1980s has focused on domestic and
laboratory mammals and to a lesser extent on
birds and amphibians. Kohler and Triebskorn
(2013) indicated that less than 5 per cent of
studies on terrestrial vertebrates concerned wild
mammal species and reptiles. Based on the
literature reviews conducted for this report, current
knowledge about pesticide effects on terrestrial
vertebrates appears to be skewed to a limited
group of animals.

Historically, several distinct “periods” of pesticide
effects on birds and other vertebrates can be
recognized. Both acute lethal toxicity and effects
on reproduction (e.g., eggshell thinning) were at

Juvenile survival Reproduction

© Adult survival
Emigration

Population

decline

the basis of these effects slowly (Nygard et al.
2019; Sonne et al. 2020). Between the 1950s and
1970s populations of raptors, fish-eating birds,
seals and other vertebrates were severely affected,
and sometimes completely collapsed, due to
persistent organochlorine pesticides such as
aldrin, dieldrin, chlordane, DDT and its metabolites,
among others (Peakall 1993; Mineau 2013a;
Matthiessen, Wheeler and Weltje 2018; Sonne
et al. 2020). In many cases populations recovered
after organochlorine pesticides were banned, albeit
sometimes very slowly (Nygérd et al. 2019; Sonne
et al. 2020).

Subsequently, with the introduction of acutely
toxic organophosphates and carbamates, direct
mortality of, in particular, bird populations became
problematic. With the stricter regulation of these
groups of pesticides in certain regions of the
world, effects on bird populations also appeared to
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% Figure 4.3.4-2 Potential kill of corn bunting due to the application of the 294 pesticides included in an

analysis in Great Britain fell by about 80 per cent between 1990 and 2016. Tassin de Montaigu and Goulson

(2020).
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decline (Mineau and Whiteside 2006; Mineau and
Whiteside 2013; Jahn et al. 2014).

The focus of the chapter below is on recent
reviews, as well as on large-scale field studies
looking at the effects of current use pesticides on
populations of wild birds, amphibians and reptiles.
No recent global or regional reviews were available
concerning the effects of pesticides on wild
mammal populations.

Birds

Recent reviews of pesticide effects on populations
of birds, as well reports of large-scale monitoring
of such effects are summarized in Annex 4.3-5.7

During the last two decades there does not appear
to be much evidence of significant population
effects arising from direct effects of pesticides
on farmland birds (Jahn et al. 2014). Time trends
between 19971 and 2003 show a decreasing risk of
pesticide lethality to birds in several major crops
in the United States (Mineau and Whiteside 2006).
Similarly, Tassin de Montaigu and Goulson (2020),

7 Annex 4.3-5is found at: https://www.unep.org/
resources/report/environmental-and-health-impacts-
pesticides-and-fertilizers-and-ways-minimizing

using acute toxicity data for the corn bunting as
a model, estimated that the total toxic load for
birds of pesticides applied in the United Kingdom
fell by about 80 per cent between 1990 and 2016
(Figure 4.3.4-2). In both studies the decrease in
risks was largely due to a reduction in the use of
acutely toxic organophosphate and carbamate
insecticides and their replacement by pesticides
with lower vertebrate toxicity. The situation may
be different in countries that have not yet removed
pesticides with high bird toxicity from the market.

This does not mean that current use pesticides
do not cause acute mortality in birds. In Canada
pesticides were estimated to be the sixth source
of bird mortality (out of 28 sources identified),
resulting in 0.9-4.3. million deaths per year (Calvert
et al. 2013; Mineau 2013b). Parsons, Mineau and
Renfrew (2010), when reviewing the effects of
rice cultivation on aquatic birds, reported direct
mortality of many avian species as a result
of pesticide applications, though mostly with
“older” organochlorines, organophosphates and
carbamates. There are also indications that
certain neonicotinoid insecticides can cause
acute mortality in granivorous birds following
consumption of treated seeds at field-realistic
doses (Gibbons, Morrissey and Mineau 2015;
Wood and Goulson 2017).
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Box 4.3.4-2 Effects of anticoagulent rodenticides on vertebrate wildlife.

Photo: © Martha de Jong-Lantink,Little owl - Steenuil (Athene noctua) CC BY-NC-ND 2.0

Rodents can be vectors of human or animal disease, damage crops, consume or foul stored food, and damage power
supplies and electrical infrastructure. Rodenticides have been used for nearly a century to control rodent populations.
They are also the most frequently used method to eradicate rodents from islands and fenced areas for the purpose of
preserving or reintroducing native biodiversity (Lohr and Davis 2018; van den Brink et al. 2018a).

Most currently used rodenticides are anticoagulants, which prevent blood from clotting. First generation
anticoagulants (e.g. warfarin, chlorophacinone) need to be consumed several times by rodents to cause mortality.
Second generation anticoagulant rodenticides (e.g. brodifacoum, bromadiolone, difenacoum) have higher acute
toxicities and are lethal after a single feed. They are also considerably more persistent in the animal’s body, increasing
the risk of bioaccumulation (Lohr and Davis 2018; Nakayama et al. 2019).

Recently, van den Brink et al. (2018b) brought together the available information on the environmental risks
associated with rodent control with anticoagulent rodenticides (ARs). Primary exposure to ARs, mainly through ingestion
of baits containing the rodenticide, has been widely reported for a range of non-target birds and mammals and, to a
lesser extent, reptiles and insects. Primary exposure is thought to be more likely to cause acute mortality than secondary
exposure. Effects of primary exposure to rodenticides on non-target populations have generally been found to be
transient and populations recovered relatively rapidly. Exceptions, however, are situations in which baiting is permanent
(e.g. in some urban settings or around farm buildings) or in areas where immigration is limited such as on islands (Shore
and Coeurdassier 2018).

Secondary exposure to, and poisoning of, predators is caused by consumption of prey containing AR residues. i.e. of
other animals that have been exposed due to bait ingestion (Lopez-Perea and Mateo 2018). Secondary exposure of
predators, particularly raptors, has been found to be widespread. Both Lopez-Perea and Mateo (2018) and Nakayama et
al. (2019) conducted global reviews of field monitoring studies and reported that AR residues were present on average
in about 60 per cent of sampled predatory birds and mammals. Similar detection rates, ranging from 45 per cent to
90 per cent, were found in reptiles (Lettoof et al. 2020). In isolated environments such as islands, AR residues were
detected in more than 80 per cent of sampled animals (Pitt et al. 2015). These data suggest that ARs are consistently
and widely present in food webs of the ecosystems in which they are applied.

Many reports exist from around the world about mortality of non-target wildlife following AR exposure. Most
commonly involved are bromadiolone and brodifacoum, both second generation ARs which are bioaccumulative and
highly toxic. Sublethal effects of ARs are less well researched, but several studies have shown evidence of adverse
effects of AR treatments on the breeding success of predators (Lépez-Perea and Mateo 2018). Clear gaps exist,
however, in knowledge about the long-term effects of exposure to ARs in populations of non-target organisms (Quinn
2019). Furthermore, despite the evidence of wide distribution of ARs in the environment as well as human consumption
of wildlife, there is a distinct lack of information about the presence of AR residues in humans that is unrelated to
pharmacological use (Lépez-Perea and Mateo 2018).

Given the known risks of ARs to wildlife, their use has been regulated more or less strictly in many countries.
Mitigation measures include restrictions on who can purchase and use these rodenticides, restrictions on where
they can be used, requirements for protected bait stations, and removal of dead rodents and left-over baits. Such risk
reduction measures are essential to limit primary and secondary exposure of non-target organisms to the rodenticides
(Buckle and Prescott 2018). However, it has become clear that ARs travel beyond the point of application, through
various means of primary and secondary exposure, and that these processes are largely outside of the control of the
applicator. It has therefore been argued that mitigation measures based on the assumption that professional applicators
will apply rodenticides more safely are likely to be limited in their effectiveness. A combination of measures will need to
be developed and imposed for specific rodenticide use situations (Buckle and Prescott 2018; Quinn 2019).

Environmental and health impacts of pesticides and fertilizers and ways of minimizing them
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Another group of current use pesticides causing
bird mortality are second generation anticoagulant
rodenticides, which are often implicated in wildlife
poisoning, particularly of raptors. While there is
much evidence that this group of rodenticides may
kill large numbers of predatory birds, the extent
to which they can cause long-term population
declines is not established (Box 4.3.4-2).

With the acute risks of pesticides declining with
the progressive introduction of pesticides with
lower vertebrate toxicity, attention has shifted
to sublethal effects, e.g., on bird physiological
condition and behaviour (Eng et al. 2019), as well
as indirect effects, e.g., through a reduction of food
or shelter (Jahn et al. 2014).

Various recent studies and reviews have linked
population declines of birds with the application
of current use pesticides. A number of authors
consider pesticides to be one of several factors
that drive reductions in bird populations,
e.g., Spiller and Dettmers (2019) for aerial
insectivore birds in North America, Brain and
Anderson (2019) for birds in North America,
and Coates et al. (2017) for ring-necked pheasants
in California (Annex 4.3-5).

Direct associations between pesticide use
and bird population declines, or community
composition have been found in several studies
in both North America and Europe. Bouvier et al.
(2011) observed that birds were significantly more
abundant in French organic apple orchards than
in IPM orchards, which in turn contained more
birds than conventional orchards. They linked
this abundance to levels of insecticide use.
Chiron et al. (2014) found that herbicide use
in cereal fields on France resulted in a shift in
bird community composition from herbivore
specialist to generalists. Mineau and Whiteside
(2013) analysed surveys of grassland birds in
the United States between 1980 and 2003 and
found that the best predictors of species declines
was lethal risk from insecticide use. Large-scale
monitoring of breeding birds in cereal fields in
eight European countries by Emmerson et al.
(2016) indicated that applications of fungicides
and insecticides were significantly associated
with a lower total abundance of all breeding birds
surveyed. In addition, a recent systematic review of
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drivers of farmland bird declines in North America
found that pesticides were the predominant factor
(42 per cent of all studies) negatively affecting bird
populations (Stanton, Morrissey and Clark 2018)
(Annex 4.3-5).

In recent years the use of neonicotinoid
insecticides has received increasing attention.
In their review of environmental effects of
neonicotinoids, Gibbons, Morrissey and Mineau
(2014) included only one field population study,
which reported an effect of imidacloprid on three
insectivore bird species in forests in the United
States. However, more recently several studies
have indicated adverse effects of neonicotinoid
use on bird populations. Hallmann et al. (2014)
found that higher concentrations of imidacloprid in
surface water in the Netherlands were consistently
associated with lower or negative population
growth rates of passerine insectivorous birds.
Ertl et al. (2018) assessed bobwhite quail
population data from Texas (United States) for
the period 1978-2012 and found that of the six
predictor variables tested, the strongest negative
association was between bobwhite abundance
and neonicotinoid use. Li, Miao and Khanna
(2020) estimated that the use of neonicotinoids
in the United States resulted in annual decreases
of 4 per cent and 3 per cent in population
abundance of grassland birds and insectivorous
birds, respectively, between 2008 and 2014
(Annex 4.3-5).

Amphibians

Amphibians are the most endangered group of
vertebrate animals, with 41 per cent of currently
existing species estimated to be threatened
(International Union for Conservation of Nature
2020). Many causes for this decline have
been cited, including habitat loss, emerging
infectious diseases, invasive species, climate
change and chemical pollution (Araujo et al.
2014; Whitfield, Lips and Donnelly 2016). The use
of pesticides also figures explicitly as one of
the drivers for observed declines in amphibian
abundance and diversity (Hayes et al. 2010; Bishop
et al. 2012; Brihl et al. 2013). Amphibians are
particularly numerous in tropical and subtropical
regions (Whitfield, Lips and Donnelly 2016).
Some amphibians and reptiles inhabit agricultural
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landscapes, either as residents or migrating
through, and can thus be exposed to agricultural
pesticides. Amphibians may also breed in water
bodies adjacent to agricultural fields.

The state of the science on pesticide risk
assessment for amphibians and reptiles was
recently reviewed by the European Food Safety
Authority (EFSA 2018a). Based on a limited
comparison of the acute and chronic sensitivity
of amphibians with the standard fish test species,
they suggested that the sensitivity of amphibians
may be covered by fish in some, but not all,
cases. However, an additional extrapolation factor
may be warranted when using fish toxicity data
in amphibian risk assessments. EFSA (2018a)
further concluded that recent evidence from both
field and laboratory studies indicates that the
use of plant protection products poses a risk to
the reproduction and survival of amphibian field
populations. In particular, studies on terrestrial
stages of amphibians have shown that the use of
currently registered pesticides at authorized rates
can cause mortality in frogs and toads. They noted
that existing risk assessment procedures for
pesticides likely do not protect amphibians to a
sufficient degree and further research is needed,
especially taking into account the current
endangered status of many of these animals
(EFSA 2018a).

Most studies on the effects of pesticides on
amphibians are experimental and have been
conducted in the laboratory. Unlike studies on
birds and aquatic fauna, for example, few studies
have explored the effects of pesticides on
amphibians under field conditions (Annex 4.3-5).
Abnormalities and effects on biomarkers have
most often been reported, but unequivocal links
to pesticide field exposures have been difficult
to make as other stressors might have caused
similar effects (Agostini et al. 2020). Therefore, the
strongest indications of impact of pesticides on
amphibian population health currently come from
reviews which have linked laboratory studies of
pesticide effects to realistic concentrations of such
compounds in the field (Annex 4.3-5).

Egea-Serrano et al. (2012) and Baker, Bancroft
and Garcia (2013) conducted meta-analyses of
laboratory studies of the effects of pesticides

on survival and physiological parameters of
amphibians at concentrations expected to be
encountered in the environment after spray
events. Both concluded that pesticides adversely
affected amphibian survival at environmentally
realistic pesticide exposure levels. When European
common frogs were oversprayed with various
pesticides at recommended application rates,
high acute mortality was observed even though
these products were registered in one or more EU
countries (Brihl et al. 2013).

Baker, Bancroft and Garcia (2013) identified
carbamate, organophosphate and neonicotinoid
insecticides, as well as triazine and
phosphonoglycine herbicides, as negatively
affecting amphibian survival. Organophosphate
insecticides and phosphonoglycine herbicides
also reduced amphibian growth. On the other
hand, developmental time and frequencies of
abnormalities were not found to be significantly
affected by pesticides (Egea-Serrano et al. 2012).

Some of these effects were confirmed in a recently
published field study from Argentina, in which
Agostini et al. (2020) monitored the effects of five
pesticides, applied according to farmer practices,
on amphibian populations in 91 ponds adjacent to
agricultural fields. They observed almost complete
mortality of amphibians in the ponds after use
of the insecticides cypermethrin, chlorpyrifos
and endosulfan, as well as effects on amphibian
mobility from the herbicides glyphosate and 2,4-D.

Schiesari and Corréa (2016) evaluated the
consequences of Brazilian sugarcane production
for freshwater biodiversity including amphibians.
To this end, they conducted field surveys across
a gradient in land-use intensity ranging from
seasonal Atlantic Forest and the Cerrado to
pastures to sugarcane plantations in Southeast
Brazil. They observed a reduction in amphibian
diversity on sugarcane plantations. This was
associated with habitat loss, intensification,
and use of agrochemicals. Schiesari and Corréa
(2016) asserted that tadpole dieoffs in ponds
adjacent to sugarcane fields could plausibly be
explained by pesticide applications. This was
confirmed in laboratory toxicity tests evaluating
realistic exposure levels of the main pesticides
used in the sugarcane fields (Moutinho et al. 2020).
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Of particular concern have been the effects
of endocrine disrupting chemicals (EDCs) on
amphibians, which exert adverse effects through
perturbations of hormonal systems (Box 4.3.4-3).
In a review of the effects of EDCs on amphibian
reproduction and development, Orton and Tyler
(2015) concluded that many pesticides have
the ability to alter hormone systems and affect
reproductive development and function in frogs
at relatively high concentrations. The herbicide
atrazine was also found to exert such adverse
effects at concentrations measured in some
aquatic environments. They noted that there is
now a substantial and growing body of evidence
from field studies indicating that agriculture,
herbicides and/or pesticides in general are
associated with increased intersex in anurans.
Caution was expressed, however, that the lack
of analysis of the associated concentrations of
these chemicals in anuran breeding habitats and/
or body tissues makes assigning cause-effects
relationships to individual pesticides difficult.

Pesticides may also affect amphibians in
conjunction with other stressors. Emerging
infectious diseases, such as chytrid fungi and
ranaviruses, have been identified as important
drivers of amphibian population declines (Bishop
et al. 2012; North et al. 2015). Pesticides have
been shown in the laboratory to increase the
susceptibility of amphibians to diseases and
indirectly to increase infection rates, leading to
a reduction in survival or increased mortality
due to predation (North et al. 2015, Bienentreu
and Lesbarreres 2020; Campbell, Pawlik and
Harrison 2020). This relationship appears to
be reciprocal and the presence of a ranavirus
has been shown to exacerbate the lethality of
pesticides (Campbell, Pawlik and Harrison 2020).

Fewer studies have looked at the relationship
between exposure to specific pesticides and
pathogen infections in amphibians. North et al.
(2015) found that Ranavirus prevalence in common
frogs increased with the use of herbicides and
slug pellets in British gardens. Another study
conducted across the United States (Battaglin
et al. 2016) showed a positive correlation between
the prevalence of the fungus Batrachochytrium
dendrobatidis in amphibian hosts and total
fungicide concentrations in the environment.
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Reptiles

About one-third of currently existing chameleons,
crocodiles and alligators, marine turtles and sea
snakes are considered to be threatened with
extinction (IUCN 2020). Several factors contribute
to local and regional declines in reptile populations,
including habitat loss, unsustainable removal
(e.g., for skins and traditional medicines), climate
change, invasive species (e.g., exotic predators
or competitors for resources), diseases and
parasites, as well as pollutants including pesticides
(Todd et al. 2010).

Reptiles exhibit various ecological and life history
characteristics that make them particularly
vulnerable to pesticides. With the exception of a
few lizard and turtle species, they are carnivorous
and many occupy high trophic positions within
food webs. As a result, they are at risk of high
pesticide exposures from biomagnification
through the food chain. Many reptiles are also
long-lived and have small habitats, making them
susceptible to long-term pesticide exposure
(Todd et al. 2010). According to Kohler and
Triebskorn (2013), however, less than 1 per cent
of published pesticide effect studies concerned
reptiles, making them one of the least studied
groups of non-target organisms. This lack of data
holds true for laboratory toxicity studies, but even
more so for evaluations of causal relationships
between pesticide use and reptile population
declines (Wagner et al. 2015).

While studies regarding the ecotoxicological
effects of pesticides on reptiles are scarce,
lethal as well as sub-lethal effects have been
observed. These include hormonal changes
and enzymatic responses, oxidative stress,
neurotoxic implications and immunosuppression,
fertility, development and locomotor performance
impairments, and hermaphroditism (Mingo, Lotters
and Wagner 2017).

No recent comprehensive review has been
published on pesticide toxicity to reptiles or
pesticide effects on reptile populations in the
field. In their review of the state of the science on
pesticide risk assessment for amphibians and
reptiles, EFSA (2018a) concluded that there is
sufficient evidence from both field and laboratory
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Box 4.3.4-3 Endocrine disruption and wildlife.

An endocrine disrupting chemical (EDC) has been defined as “an exogenous substance or mixture that alters
function(s) of the endocrine system and consequently causes adverse health effects in an intact organism, or its
progeny, or (sub) populations” (UNEP and WHO 2012). The endocrine system is a complex network of glands that release
hormones into the blood stream. They control growth, development, reproduction, metabolism and immune responses,
among other functions. EDCs can mimic or antagonize natural hormones and thus interact with hormone receptors,
which can disrupt the body’s normal functions. Some of the observed health effects associated with EDCs include
cancers as well as reproductive, developmental, immunological and neurological disorders (UNEP and WHO 2012; UNEP
2017b).

Much research has been conducted into the mechanisms of endocrine disruption, identification of EDCs, and
linkages between EDCs and the presence of adverse effects in human and animal populations. However, despite
substantial advances in scientific understanding of EDCs, important uncertainties and knowledge gaps still exist. Even
after several decades of research on EDCs, there is no consensus among scientists, regulators, the chemical industry
and civil society groups about the outcomes and implications of such research (Encarnagdo et al. 2019; European
Parliamentary Research Service 2019; La Merrill et al. 2020).

The latest global reviews of the effects of EDCs on human health and the environment were published almost a
decade ago by UNEP and WHO (UNEP and WHO 2012; Bergman et al. 2013) and by the European Environment Agency
(EEA 2012). Both reviews express serious concerns about the possible effects of EDCs on human health and wildlife:
Many chemicals are known or suspected to be capable of interfering with hormone receptors, hormone synthesis or
hormone conversion; human and wildlife populations are exposed to EDCs globally; and chemically induced endocrine
disruption likely affects human and wildlife endocrine health the world over (UNEP and WHO 2012; EEA 2012).

Identifying which chemicals are likely to affect endocrine systems has been the subject of substantial research and
screening. This is partly due to the scientific complexity of endocrine disruption. Consequently, different scientific and
requlatory bodies apply different approaches and criteria (Slama et al. 2016; UNEP 2017b; European Chemical Agency
and European Food Safety Authority 2018; La Merrill et al. 2020). UNEP (2017b) listed 28 initiatives to identify EDCs
which could aid in overcoming this problem.

Pesticides as EDCs

There is currently no agreed global list of pesticides identified as EDCs or potential EDCs. Lists, established by
regulatory bodies, tend to be variable. The International Panel on Chemical Pollution (IPCP) lists six pesticides (metam-
sodium, zineb, ziram, thiram, tebuconazole and pentachlorophenol [PCP]) that were identified as EDCs following a
publicly accessible, thorough scientific assessment using the World Health Organization and International Programme
on Chemical Safety (WHO and IPCS) 2002 definition of EDCs and with multi-stakeholder involvement (UNEP 2017b). In
2016 the European Commission identified between 15 and 50 pesticide active ingredients as potential EDCs, out of a
total of about 600 authorized compounds, depending on which criteria were followed (European Parliamentary Research
Service 2019). Other regulators have identified a larger number of chemicals or chemical groups as potential EDCs or
included them in current screening programmes (UNEP 2017b). It is very likely that with further screening and increased
scientific understanding, more pesticides will be identified that with high likelihood can disrupt the endocrine system and
affect wildlife populations (UNEP and WHO 2012).

Newer pesticides are less well understood in terms of their endocrine disrupting potential (Warner et al. 2020). There
is ample evidence of mechanisms by which current use pesticides can disrupt endocrine systems in animals such as
mammals (Pelch et al. 2011; Warner et al. 2020), fish (Martyniuk, Mehinto and Denslow 2020) or amphibians (Orton and
Tyler 2015; Trudeau et al. 2020). However, there is less evidence of such pesticides causing adverse effects on wildlife
due to endocrine disruption in the field or at environmentally realistic concentrations. This is partly due to the complexity
of measuring such effects under realistic field conditions.

Endocrine disrupting effects of current use pesticides tend to be highly debated, in part due to the large economic
value attributed to the use of some of them. For instance, reviews of the endocrine disrupting effects of atrazine on,
in particular, amphibians have resulted in contrasting conclusions. Rohr and McCoy (2010), Hayes et al. (2010), Hayes
et al. (2011) and Orton and Tyler (2015) concluded that atrazine does cause endocrine disruption in certain amphibians
at environmentally realistic concentrations, but others have opposed that view (Matthiessen, Wheeler and Weltje 2018,
Hanson et al.2019). Gendron (2013) noted that these contrasting conclusions to a large extent positioned pesticide
industry against certain research groups.

However, it is generally accepted that organochlorine and organotin pesticides have endocrine disrupting properties
and that they have caused adverse effects on the growth and reproduction of wildlife populations (e.g., raptors, seals,
fish, molluscs). The evidence that such pesticides cause wildlife population declines is reinforced by the recovery of
some of these populations following bans or restrictions on their use (UNEP and WHO 2012; EEA 2012; Matthiessen,
Wheeler and Weltje 2018; Encarnagao et al. 2019; Plaza, Martinez-Lépez and Lambertucci 2019; Martyniuk, Mehinto and
Denslow 2020).

Environmental and health impacts of pesticides and fertilizers and ways of minimizing them
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Box 4.3.4-4 Effects observed on reptiles as a result of insecticides applied for locust control in Africa
and Australia are highly dependent on the type of insecticide and the way it is applied.

© Wildlife Wanderer,Western Sahara Fringe-toed Lizard(Acanthodactylus aureus), Western Sahara

Country

Insecticide Reptile Observed effects Reference
(type of study)
Mauritania Metarhizium Acanthodactylus M. anisopliae var. acridum was Peveling and
(laboratory) anisopliae var. spp. (lacertid considered to pose a low risk under field Demba 2003
acridum lizard) conditions.
Acute risk of exposure to fipronil was
fipronil considered high.
Madagascar fipronil (as full cover  Chalarodon Significant declines in abundance of Peveling et al.
(field) treatment) madagascariensis the two lizard species were observed 2003
deltamethrin Mabuya elegans in fipronil treated zones but not after
triflumuron (lizards) deltamethrin or triflumuron treatments.
Fipronil induced food shortages were
considered the principal cause of the
decline in lizards.
Australia fenitrothion Pogona vitticeps  Oral doses expected to occur after locust Bain et al.
(laboratory) control did not cause mortality and only 2004

Australia (field) fipronil (as 22 species
barrier treatment)
Metarhizium acridum
Niger (field) chlorpyrifos Acanthodactylus
fenitrothion spp. (lacertid
lizard)

minor poisoning symptoms.

Except for a reduction in plasma
cholinesterase, no sublethal effects were
observed.

Neither reptile abundance nor community Maute et al.
composition were significantly affected 2015
in the short term by the treatments.

Significant reductions were found in the  Abdou 2015
abundance of lizards in the case of both

insecticides until about 30 days after

treatment.

Moribund and dead lizards were

observed between nine and 21 days after

treatment.

studies indicating that the use of plant protection
products poses a risk to reproduction and survival
of reptile populations. Selected studies published
during the last decade are listed in Annex 4.3-5.

Wagner et al. (2015) and Mingo, Lotters and
Wagner (2016) assessed the risk of pesticide
exposure to reptiles in Europe, based on the
occurrence of reptiles in agricultural areas where
pesticides are used, reptile physiology, and their life
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history. They concluded that about one-third of all
European reptile species are at high risk of current
exposure to pesticides, especially in Southern
Europe. Many of these species are considered
threatened and/or are protected in the region.

The few recent field studies concerning pesticide
effects on reptile health or abundance in Europe
and Oceania do not show short-term effects
on population sizes (Annex 4.3-5). However,
physiological and endocrinological effects have
been observed following the application of
herbicides, in some cases also resulting in adverse
effects on the fitness of the organisms (Amaral
et al. 2012a; Amaral et al. 2012b; Bicho et al. 2013;
Mingo, Lotters and Wagner 2017).

The effects of insecticides on reptiles have
received particular attention in locust control,
which is often carried out in arid and semi-arid
ecosystems where reptiles are an important part
of vertebrate fauna (Box 4.3.4-4). While biological
control with the entomopathogen Metarhizium
acridum did not cause unintended effects under
fleld conditions, treatments with organophosphate
insecticides did. Furthermore, locust control
with fipronil, when applied as full cover sprays,
resulted in indirect effects on lizard populations
through insect food shortage. However, when it
was applied as a (partial) barrier treatment, such
effects were not observed.

Deliberate wildlife poisoning

The use of poisons to kill wildlife has a long history
the world over. Highly toxic synthetic pesticides
have become the preferred tool for deliberate
wildlife poisoning, as they are silent, cheap, easy
to obtain and use, and effective (Ogada 2014).
Most information about wildlife poisoning is
available from Africa, Europe and to a lesser extent
Asia and the Americas (Plaza, Martinez-Lépez and
Lambertucci 2019).

In parts of Europe the deliberate use of pesticides
to kill wildlife is a common practice, mostly
associated with human-wildlife conflicts with
predators, presumed pest species, feral dogs
and birds of prey that compete with hunters and
poachers (Guitart et al. 2010). Common reasons
for wildlife poisoning in Africa are control of

damage-causing animals, harvesting fish and
bushmeat for human consumption, and harvesting
animals for traditional medicine. Pesticides are
also increasingly used in poaching elephants for
ivory, rhinos for horn and carnivores for fur, as well
as in killing wildlife sentinels (e.g., vultures because
their aerial circling alerts authorities to poachers’
activities) (Ogada 2014; Ogada, Botha and Shaw
2016; Aziz et al. 2017).

Deliberate poisoning incidents with pesticides
across Africa have been on the increase since the
1990s, resulting in an unsustainable number and
diversity of African wildlife being killed. There is
substantial evidence of corresponding population
declines in lions, raptors, large mammals, vultures
and hyenas (Ogada 2014, Richards et al. 2018).
In Europe wildlife poisoning may have considerable
implications for endangered species (Guitart et al.
2010; Grilo et al. 2021).

Of particular concern are vulture and condor
species, of which about 70 per cent are threatened
by human activities. Plaza, Martinez-Lopez and
Lambertucci (2019) concluded that the most
important threat currently affecting vultures
and condors worldwide is probably exposure
to pesticides, both accidentally and through
deliberate abuse. Ogada et al. (2016) came to
a similar conclusion in regard to African vulture
populations. When reviewing vulture mortality
cases in 26 African countries, they found that
poisoning, mainly by pesticides, was the cause
of death in 60 per cent of cases. Vultures were
deliberately poisoned or were unintentional victims
when they consumed carcasses baited with
highly toxic pesticides to kill carnivores such as
lions, hyenas and jackals. It has been argued
that if poisoning with pesticides is not stopped,
this threatened avian group could become
extinct very soon (Plaza, Martinez-Lopez and
Lambertucci 2019).

The pesticides most widely used to poison wildlife
are organophosphates and carbamates with
high acute toxicity, such as aldicarb, carbofuran,
methomyl, monocrotophos, diazinon, parathion
and fenthion. In recent years the pesticide most
commonly used to deliberately kill wildlife has
been carbofuran (Guitart 2010; Ogada 2014; Plaza,
Martinez-Lépez and Lambertucci 2019)
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It should be emphasized that using pesticides
to poison wildlife is illegal in most countries.
The wildlife laws in 38 of 46 African countries
specifically mention that it is illegal to use poison,
poison bait, or poisoned weapons for the purpose
of hunting wildlife (Ogada 2014). However,
in many countries, especially low and middle
income countries (LMICs), there is inadequate
enforcement of such legislation and highly toxic
pesticides are easily available even if their use
is legally restricted. Proposed measures to
mitigate this abuse of pesticides include banning
the pesticides most used for wildlife poisoning
(preferably by groups of neighbouring countries in
order to minimize smuggling), stricter regulation,
control of distribution and enforcement, higher
penalties, and targeted educational programmes
(Ogada 2014; Plaza, Martinez-Lépez and
Lambertucci 2019).

Terrestrial arthropods

Pesticides can have an adverse impact on
populations of terrestrial arthropods such as
insects, mites and spiders. Pesticide exposure may
result in lethal and sublethal effects in arthropods,
but can also indirectly modify their food base or
their environment. Insecticides and acaricides
are most often implicated due to their modes of
action, but fungicides and herbicides can also
perturb terrestrial arthropod populations.

Environmental and hedlth effects of pesticide use  ® Chapter 4 of 12

The effects of pesticides on various
specific groups of terrestrial arthropods are
discussed elsewhere in this report: pollinators
in Chapter 4.3.3; natural enemies of pests in
Chapter 4.3.3; and soil arthropods in Chapter 4.3.4.
This section covers the effects of pesticides on the
population abundance or biomass of arthropods in
general, as observed in the field. Pesticides’ impact
on arthropod biodiversity (i.e., changes in number
of taxa, functional groups, genetic composition,
or other diversity parameters) are reviewed in
Chapter 4.3.6. While changes in the abundance or
biomass of specific arthropod taxa may correlate
with changes in their taxonomic diversity, this is
not necessarily always the case.

Reports of significant declines in arthropod
populations in different parts of the world have
recently received much attention. Most of them
focus on insects (Leather 2018; Sdnchez-Bayo and
Wyckhuys 2019; Cardoso et al. 2020; Montgomery
et al. 2020; Wagner 2020). It is not always clear
whether the insect declines discussed refer
to population abundance, biomass or species
diversity. Sometimes these terms are used
interchangeably.

The most recent worldwide meta-analysis of
trends in insect abundance and biomass was
conducted by van Klink et al. (2020), who evaluated
166 long-term insect surveys across 1,676 sites

Table 4.3.4-1 Recent studies in the United Kingdom associating pesticide use with trends in terrestrial

arthropod population abundance or biomass.

Pesticide

Arthropods

Findings Reference

Sussex  Monitoring Insecticides, 26 taxonomic  Abundance of Coleoptera and Araneae  Ewald et al.
(1970-  of ~100 fungicides, groups declined with increasing total (2015)
2004) cereal herbicides pesticide use.
fields/year Trends in abundance of other groups of
arthropods were more associated
with weather parameters.
National Population  Neonicotinoid 17 butterfly Area of farmland treated the previous Gilburn
(1985-  abundance insecticides species year with neonicotinoids was etal. (2015)
2012) indices negatively associated with butterfly
from the abundance indices
Butterfly Abundance Indices for 15 of 17 species
Monitoring show negative associations with
Scheme neonicotinoid usage.
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in 41 countries. They found strong evidence
for a decline in terrestrial insect abundance
(estimated to be almost 11 per cent per decade),
particularly in North America and Europe. Insect
abundance trends were negatively associated with
urbanization and positively with degree of crop
cover. No evaluation of the effects of agricultural
intensification or pesticide use was made.

Wagner (2020), in his review of studies on
insect declines, did find that these declines
have been linked to agricultural intensification
and to insecticide use. However, the number of
studies that explicitly assess the effects of current
insecticide use on the abundance or biomass
of arthropods — other than pollinators or natural
enemies of pests — is very small. A few studies in
the United Kingdom have associated the use of
pesticides with decreasing abundances of beetles,
butterflies and spiders (Table 4.3.4-1).

Table 4.3.4-1 Recent studies in the United Kingdom
associating pesticide use with trends in terrestrial
arthropod population abundance or biomass.

It may seem clear that widespread pesticide,
particularly insecticide, use would result in a
decline in the abundance or biomass of terrestrial
arthropod populations beyond the boundary of
treated fields. However, very little field evidence
appears to be available to confirm or disprove such
a hypothesis. On the other hand, more evidence
has been published indicating a decline in the
diversity (e.g., number of species) of terrestrial
arthropods which was associated with the use of
pesticides (Chapter 4.3.6).

4.3.5 The aquatic environment

As discussed in Chapter 4.3.2, pesticides applied
in agricultural fields may reach edge-of-field water
bodies via spray drift and run-off, among other
entry routes. Subsequently, pollution of these water
bodies may result in toxic effects on aquatic biota
and ecosystem functioning (Schéfer, van den Brink
and Liess 2011).

Current pesticide toxicity assessments
largely rely on laboratory bioassays and
semi-field experiments in model ecosystems
(i.e., microcosms and mesocosms)

(Schafer 2019). Field studies evaluating the effects
of pesticides on aquatic ecosystem structure and
functioning are not frequently conducted. The high
labour intensity, costs, spatial-temporal variation
and difficulty of establishing causal dose-effect
relationships are the most common reasons
indicated for this low research effort using field
testing and monitoring (Schafer 2019; Zubrod et al.
2019; Rosic et al. 2020; Schepker et al. 2020).

Risk as a function of aquatic pesticide
concentrations

Given the difficulty of conducting field studies
and monitoring real-time pesticide use,
an often applied method for evaluating the risks
of pesticides to aquatic organisms is to compare
field-measured pesticide concentrations with
environmental or regulatory threshold values.
These threshold values are usually set by using
toxicity data derived in the above mentioned
laboratory bioassays and/or semi-field studies.

Global and regional assessments of pesticide
concentrations in freshwater ecosystems have
been reviewed in Chapter 4.3.2. Such monitoring
is heavily biased towards North America and
Europe, with relatively little information available
from other parts of the world. Whenever data
have been available, however, measured pesticide
concentrations have often exceeded environmental
or regulatory threshold values. This implies
that actual applications of pesticide products,
which generally have been approved for use,
frequently have a significant likelihood of causing
adverse effects on aquatic organisms.

Field effects of pesticides in general

Schafer (2019) reviewed studies concerning
the effects of pesticides (mainly insecticides
and fungicides) on field communities
of freshwater macroinvertebrates. Of the 13
reviewed field studies from different world
regions conducted during the last 15 years,
nine found a clear or likely relationship between
pesticide toxicity or concentrations on the one
hand and biotic responses (e.g., community
composition or different community indices)
on the other (Table 4.3.5-1). These field studies
indicate widespread effects from agricultural
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Table 4.3.5-1 Studies, covering at least five agricultural water bodies, which involved pesticide residue
sampling and macroinvertebrate community sampling. Effects from urban and industrial land use were
excluded. Studies reanalysing the same data are not considered independently. Adapted from Schéfer (2019).

Number and

types of sites

Type of biological
response

Relationship between pesticide exposure
and biological response

Western France and 29 streams Species at risk of Clear (R2 = 0.64)

southern Finland pesticides (SPEAR)
index

Central Germany 19 streams SPEAR index Clear (R2 = 0.59)

Denmark 14 streams SPEAR index Clear (multiple time points, R2 between 0.4 and

0.68)
Central Argentina 22 streams SPEAR index Clear (multiple time points, R2 between 0.35
and 0.42)

South-eastern 24 streams SPEAR index Clear (R2 = 0.68)

Australia

Midwestern United 98 streams Multimetric index Likely (R2=0.22)

States

Central Argentina 6 channels Species richness and  Likely (r = 0.59 and 0.61)
total abundance

Netherlands 14 pondsand  Community Clear (5.4 per cent of community variance

ditches composition explained)

Portugal 6 ditches Community Clear (23.7 per cent of community variance
composition explained)

Northern Germany 9 streams SPEAR index Ambiguous (group-based comparison)

Eastern Argentina 8 streams Community Ambiguous (group-based comparison)
composition

Southern Brazil and 18 and 17 27 indices including Ambiguous to none (most metrics exhibit no

Paraguay streams SPEAR correlation including SPEAR)

Western Germany 23 streams 8 indices including Ambiguous (correlation with SPEAR

SPEAR

and per cent EPT (ephemeroptera, plecoptera
and trichoptera) between 0.26 and 0.4)

pesticide use despite the existence of pesticide
regulation. Further field studies are required in
order to understand the mechanisms underlying
pesticide toxicity; provide the data to develop
and critically evaluate effect models; and provide
information about adaptation processes in
aquatic communities and drivers of community
composition in the face of global environmental
change (Schafer 2019).

Further effects of pesticides on the biological
diversity of communities of aquatic organisms
have been observed in the global review by
Sanchez-Bayo and Wyckhuys (2019) and studies
by Beketov et al. (2013) in Germany, France
and Australia and Ito et al. (2020) in Japan
(Chapter 4.3.6). Pesticides were one of several

drivers of aquatic biodiversity losses, albeit an
important one.

Macroinvertebrates play an important role in
the decomposition process such as leaf litter
breakdown. Subsequently, a loss in aquatic
macroinvertebrate abundance and diversity
may exert impacts on ecosystem functioning.
Schéfer et al. (2012) compiled data from eight
field studies in Europe, Siberia and Australia to
derive thresholds for the effects of pesticides
on macroinvertebrate communities and
leaf breakdown. Dose-response models for
the relationship of pesticide toxicity and the
abundance of sensitive macroinvertebrate taxa
showed significant differences with reference
sites at 1/1,000 to 1/10,000 of the median
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acute effect concentration (EC,,) for Daphnia
magna. The invertebrate leaf breakdown rate
was positively related to the abundance of
pesticide-sensitive macroinvertebrate species in
the communities (Schéafer et al. 2012).

In line with these findings, Peters, Bundschuh and
Schéfer (2013) reported that more than one-third
of the reviewed studies indicated reductions in
ecosystem functions at pesticide concentrations
that are assumed to be protective by regulatory
standards. In addition to direct toxic effects
on macroinvertebrates, negative effects on
ecosystem functioning (e.g., decomposition and
nutrient recycling) have been reported as a result
of pesticide-induced toxicity to microorganisms at
environmentally realistic concentrations (Staley,
Harwood and Rohr 2015).

Field effects of insecticides

In line with the previous chapter, the effects of
insecticides on both water-dwelling (Brander
et al. 2016) and benthic (Li, H. et al. 2017)
invertebrates have been reported on a global
scale at environmental realistic concentrations.
Huang, Cui and Duan (2020) also demonstrated
that measured environmental concentrations of
the organophosphate insecticide chlorpyrifos
were often above allowable environmental limits.
These studies recommended the development
of accurate sediment quality criteria and more
effective ecological risk assessment methods.
In the EU, the effects assessment of pesticides
with regard to sediment-dwelling organisms in
edge-of-field surface water has received increasing
attention in recent years (EFSA 2015). In addition,
a case study with chlorpyrifos has shown the
potential of using post-registration monitoring data
in environmental pesticide risk assessments (Rico
et al. 2020).

Neonicotinoid insecticides have received
increasing attention in surface water pesticide
risk assessment, as the standard test species
Daphnia magna is highly tolerant to this insecticide
group (Sanchez-Bayo and Tennekes 2020).
Apart from laboratory and mesocosm studies,
however, limited research has been directed
towards the role neonicotinoids may have in

structuring aquatic invertebrate communities in
field settings (Schepker et al. 2020).

Two large-scale wetland field studies in Nebraska
(United States) (Schepker et al. 2020) and
Saskatchewan (Canada) (Cavallaro et al. 2019)
revealed that neonicotinoid concentrations were
significant factors in shaping invertebrate field
communities. Schepker et al. (2020) further
reported that the significant negative effects on
aquatic invertebrate biomass observed across
all wetlands studied occurred at neonicotinoid
concentrations below benchmark concentrations
proposed by government regulations.

Another issue that has been raised in regard
to the risks of neonicotinoids to aquatic life is
that their toxicity increases with exposure time,
as much as with the dose, and has therefore been
described as time-cumulative toxicity. Regulatory
assessments for this class of compounds should
not be based solely on exposure doses, but also
need to consider the time factor (Sdnchez-Bayo
and Tennekes 2020).

Although OCPs were taken off the market decades
ago in most parts of the world, they remain present
in low concentrations due to their high persistence.
Martyniuk, Mehinto and Denslow (2020) compiled
the available data on molecular and apical
endpoints and concluded that prolonged exposure
to these low environmental OCP levels (in low to
mid ng/L range) are likely to disrupt sex hormone
production in male fish, including a reduction
of testosterone. At the same time, there is an
increase in vitellogenin, suggesting agonism of
the oestrogen receptor. These changes lead
to impaired sperm cell maturation and release
and reduced fecundity (Martyniuk, Mehinto and
Denslow 2020).

Field effects of fungicides

In comparison to insecticides, exposure to and
the effects of fungicides and herbicides in aquatic
ecosystems have received considerably less
attention (Maltby, Brock and Van Den Brink 20009;
Rico, Brock and Daam 2019; Zubrod et al. 2019;
Rosic et al. 2020). Zubrod et al. (2019) compiled
laboratory bioassay, model ecosystem and field
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studies, but only reported field studies for five
different fungicides. The study also showed
that environmentally realistic concentrations
of fungicides are likely to exert moderate
to high risks to aquatic life (Figure 4.3.5-1).
The authors indicated that the reasons for these
identified high risks are presumably manifold,
such as underestimation of field concentrations
by exposure modelling, application of safety
factors that are too low, and use of higher-tier risk
assessment methods that can strongly increase
regulatory acceptable concentrations (RACs).
The non-inclusion of the most sensitive organisms
(lowest effect concentrations are often for fungi
and fungal-like organisms) in regulatory testing
might have further contributed to this situation
(Zubrod et al. 2019).

Rico, Brock and Daam (2019) compared lower-tier
(bioassays) and higher-tier (model ecosystems)

Environmental und heulth effects of pesticide use » Chapter 4 of 12

RACs for fungicides. They concluded that the
current RACs for individual fungicides, with a few
exceptions (e.g., tebuconazole), show a sufficient
level of protection for structural and functional
fungal endpoints, but that more data are needed
to extend this comparison to other fungicides with
different modes of action. Consistent with Zubrod
et al. (2019), Rico, Brock and Daam (2019) also
concluded that further research is needed on the
impact of realistic exposure regimes of (mixtures
of) fungicidal compounds on the decomposer
food chain.

For insecticides (arthropods) and herbicides
(primary producers), a most sensitive taxonomic
group of test species can generally be
distinguished. For fungicides, this appears not to
be the case as it depends on the chemical group
or mode of action of the fungicide of concern
(e.g., see Maltby Brock and Van Den Brink 2009).

Figure 4.3.5-1 Risk quotients for algae (squares), fish (circles) and invertebrates (triangles) as ratios of
maximum detected global field concentrations and acute standard toxicity data. Open symbols indicate
that toxicity was provided as “greater than” values. Risk quotients > 0.01 (dashed line) and > 0.1 (solid
line) indicate moderate and high risks, respectively. zubrod et al. (2019).
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In the study by Zubrod et al. (2019), however,
risks were relatively similar across algae, fish,
and invertebrates although high risks tended to
occur more frequently in the case of invertebrates
than in that of algae or fish (Figure 4.3.5-1).
A comparison across continents showed most
frequent risks for Europe (11 substances), followed
by North America (six), Asia (four to five), Africa
(three) and South America (two). This situation
might not reflect only intensity of use, but also
monitoring efforts (Zubrod et al. 2019).

Field effects of herbicides

As in the case of fungicides, the potential
side-effects of environmentally realistic herbicide
concentrations in agricultural edge-of-field
surface water on primary producers and on
ecosystem functioning have been poorly studied.
Rosic et al. (2020) reviewed the potential risks
related to realistic field concentrations of the
herbicides bromoxynil, diquat and paraquat to
Australian freshwater life. They concluded that at
concentrations resulting from current agricultural
practices, diquat exerted toxic effects on snails
and bromoxynil on microalgae. The clearest and
most consistent evidence of adverse effects was
found for paraquat. At realistic field concentrations
paraquat severely inhibited healthy bacterial
growth (E. coli), distorted tropical freshwater
plankton communities, and increased fish
mortality (common carp) three times more than
the weed (water hyacinth) it was employed to
control (Rosic et al. 2020).

Model ecosystem studies in general, including
those designed to evaluate the toxicity of
herbicides, have traditionally been designed to
evaluate a concentration series enabling the
setting of a no observed effect concentration
(NOEC), which is ultimately to be compared with
a predicted environmental concentration in a
prospective pesticide risk assessment (van den
Brink and Daam 2014). However, those studies
have little relevance to the purpose of this report.
Model ecosystem studies evaluating realistic
pesticide application scenarios (or concentrations)
are conducted in prospective risk assessments,
but their results are often confidential and/or
confined to regulatory reports. An evaluation
of such reports, in combination with reported

pesticide field concentrations, would therefore be
an interesting way forward to elucidate actual field
risks of pesticides.

Some model ecosystem studies evaluating the
effects of environmentally realistic herbicide
concentrations on primary producers have been
published in the open literature. Mohr et al. (2007,
2008), for example, demonstrated that adverse
effects on algae and macrophytes are likely
to occur at concentrations well below those
detected after the registered use of the herbicide
metazachlor. Model ecosystem studies designed
to evaluate pesticide mixture exposure resulting
from crop-based permissible applications of
pesticides are also a promising way forward
to elucidate (mixture) effects of a pesticide
in actual potato (Arts et al. 2006), strawberry
(Arts et al. 2017) or bulb (van Wijngaarden
et al. 2004) cultures. Mixture applications of
triazine herbicides, for example, are known to
potentially result in synergistic effects in the field
(Cedergreen 2014).

Pesticide effects on marine ecosystems

Mariculture activities and river inputs can lead to
pollution of coastal seawater with micropollutants
such as antibiotics and pesticides, with a seaward
decreasing trend of pesticide concentrations
mainly due to pesticide dilution, dispersion and
degradation (Grant et al. 2018; Xie et al. 2019).
On the other hand, these decreasing pesticide
concentrations may not suffice to prevent side
effects on (especially filter-feeding) marine
organisms that may bioaccumulate pesticides
even when present in very low concentrations in
environmental matrices (Ojemaye et al. 2020 and
references therein).

Pesticides used on land may therefore pose risks
to marine organisms and especially to organisms
in coastal areas (Xie et al. 2019; Ojemaye et al.
2020; Parsons et al. 2020), the more so since their
sensitivity to pesticides has been demonstrated
to be comparable to that of freshwater organisms
(Maltby et al. 2005; Klok et al. 2012; EFSA 2013b;
European Commission 2018).

No recent global reviews of the effects of
pesticides on marine ecosystems were available,
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however a few outlined below indicate that
marine organisms may be exposed to
pesticide concentrations that pose a risk to
population health.

Ojemaye et al. (2020) detected five herbicides
in seawater, sediment, seaweed and selected
marine organisms, such as limpets (Cymbula
granatina), mussels (Mytilus galloprovincialis), and
sea urchins (Parechinus angulosus), which were
present in the near shore environment of Camps
Bay (Cape Town, South Africa). In addition to
environmental risks, these herbicides were
indicated to pose adverse health effects should
an average sized human (70 kg) consume any
of the marine species analysed in the study on a
daily basis over a lifetime (Ojemaye et al. 2020).
Deltamethrin, an anti-sea lice pesticide used in the
salmonid aquaculture industry, was also found
to pose a significant risk to European lobster in
the Norwegian marine environment (Parsons
et al. 2020).

Marine monitoring studies may be especially
important in coastal areas with high biodiversity
value such as the Great Barrier Reef. The annual
report on inshore pesticide monitoring of the
Great Barrier Reef Marine Park Authority indicated
that the current water quality guideline values
(levels to protect 99 per cent of marine species)
were not exceeded at any site for any pesticide
in 2016-2017 (Grant et al. 2018). The herbicides
diuron, atrazine and hexazinone were the
pesticides most frequently detected and in the
highest concentrations, which was related to
pesticide usage by the sugarcane industry in
adjacent catchments. Despite overall low pesticide
concentrations, Grant et al. (2018) argue that
the cumulative effects of long-term exposure to
the mixture of chemicals on the resilience of the
reef ecosystem need to be evaluated, especially
considering the multiple local, regional and global
stressors already acting on this ecosystem such
as cyclonic activity and the effects of global
climate change (increasing sea temperatures,
ocean acidification).

Recently Spilsbury et al. (2020) have indicated
that an ecotoxicological risk exists resulting from
pesticide mixtures in 38.5 per cent of samples
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taken from Australian rivers discharging to the
Great Barrier Reef. Analysis of land use patterns
in the catchment areas showed an association
between the sugarcane industry and elevated risk
levels, which were driven by the presence of diuron
(Spilsbury et al. 2020).

However, the chronic effects on corals and
seagrass of low-level pesticide exposure,
especially combined with other local and global
pressures, remain poorly understood on the Great
Barrier Reef (Grant et al. 2018). Furthermore,
Brodie and Landos (2019) have indicated that
potential effects on important local species of
the reef's marine environment have only been
studied through laboratory single species toxicity
testing. Thus there is a need to include biological
monitoring of field communities (e.g., through
the use of biomarkers) along with exposure
assessments in future coastal and marine
monitoring campaigns (Varea, Piovano and
Ferreira 2020).

4.3.6 Pesticides and biodiversity

Biological diversity — or biodiversity — has been
defined by the Convention on Biological Diversity
(CBD) as the variability among living organisms
from all sources including, inter alia, terrestrial,
marine and other aquatic ecosystems and the
ecological complexes of which they are part;
this includes diversity within species, between
species and of ecosystems (Convention on
Biological Diversity [CBD] 1992, Chapter 3.2.4).

At its simplest, biodiversity is the number of
species present in a given geographical unit: that
is, species richness. More complex indices of
species richness may include relative abundances,
biomasses or productivities of coexisting species.
However, biodiversity can also be evaluated at a
smaller scale than a species, e.g., genetic diversity
within the species; or at a larger scale, such as the
variety of community types or ecosystems present
in a region (Begon, Harper and Townsend 1996).
The CBD recognizes three main components
of biodiversity which are important for its
conservation and sustainable use: genomes and
genes; species and communities; and ecosystems
and habitats (CBD 2019).
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Effects of pesticides on biodiversity

Many adverse effects of pesticides on non-target
organisms and communities discussed
in Chapter 4.3 above may have an impact
on biodiversity. In this section studies will be
discussed in which the use of pesticides has been
explicitly linked to adverse effects on biodiversity.

No systematic global review of the effects of
pesticides on biodiversity is currently available,
however there are several global reviews and
large-scale studies and partial reviews of
effects on biodiversity. There are summarized
in Annex 4.3-6. Included are reviews comparing
organic with conventional agriculture, as the
absence or strong limitation of pesticide use is an
important characteristic of organic production.

The use of pesticides in agriculture, public health
and elsewhere has consistently been mentioned
in international reviews and reports as one of
the drivers of biodiversity loss (Table 4.3.6-1).
However, these reviews are generally not very
specific as to the exact role of pesticides in the
decline of biodiversity. With the exception of the
IPBES assessment report on pollinators (Potts,
Imperatriz-Fonseca and Ngo 2016), these status
reports do not systematically review the effects of
pesticides on biodiversity.

Relatively few studies have assessed the effects
of pesticide use on parameters that describe
or quantify biodiversity. More common are
studies that assess the effects of agricultural
intensification on biodiversity, although these
studies may include consideration of factors such
as fertilizer use, habitat destruction, increase
in large-scale monocultures, reduction in crop
rotation, besides pesticide use. The number
of studies that attempt to disaggregate the
importance of pesticides among other drivers
of biodiversity loss is limited. In other cases,
the effects of pesticides on abundance of
individual taxa are assessed and subsequently
cited as impact on biodiversity.

Arthropod biodiversity

The majority of available assessments concern
the effects of pesticides on biodiversity of insects

and other arthropods. This is not surprising given
the fact that insecticides and certain fungicides,
in particular, are well known to adversely
affect both terrestrial and aquatic arthropods
(Chapters 4.3.3,4.3.4 and 4.3.5).

Sanchez-Bayo and Wyckhuys (2019) reviewed
a large number of studies of insect declines
across the globe, in both terrestrial and aquatic
environments, and attempted to assess the
underlying drivers. They found that 41 per cent
of insect species are in decline and one-third of
species are threatened with extinction. Among
aquatic insects, habitat and dietary generalists,
as well as pollutant-tolerant species, are replacing
the large insect biodiversity losses experienced in
water within agricultural and urban settings.

The main drivers of these species declines have
been habitat loss and conversion to intensive
agriculture and urbanization along with pollution,
mainly by synthetic pesticides and fertilizers.
When individual factors were assessed,
the use of pesticides was associated with insect
declines in 13 per cent of cases, the second
most important factor identified, after intensive
agriculture (in which pesticides may also be an
integral factor). Although intensive agriculture
and pesticides are the main factors associated
with insect declines (Figure 4.3.6-1B), habitat
loss appears to be the largest driver of decline,
followed by pollution (including by pesticides)
(Figure 4.3.6-TA).

The impact of pesticides on insect biodiversity
is further substantiated by global comparisons
between organic and conventional agriculture,
which showed that organic production was
associated with significantly higher diversity
of wild bee populations (Kennedy et al. 2013)
or insects in general (Tuck et al. 2013).
Other large-scale studies in the United States
and Europe have confirmed that the use of
pesticides, particularly insecticides, is associated
with declines of wild bee diversity (Brittain et al.
2010; Park et al. 2015; Mallinger, Watts and
Gratton 2015), as well as diversity of bumblebees
and butterflies (Brittain et al. 2010; Forister
et al. 2016). Sattler et al. (2020) have found that
pesticide use has strong negative effects on
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Table 4.3.6-1 Global biodiversity reviews and status reports citing pesticide use as one of the drivers of biodiversity los:

2020 Food and Agriculture State of Knowledge Agricultural intensification, and associated greater
Organization of the of Soil Biodiversity - use of external inputs such as pesticides, has resulted
United Nations (FAQ), Status, Challenges and in decreased soil biodiversity.
Intergovernmental Technical ~ Potentialities (FAQ,
Panel on Soils (ITPS,) Global  ITPS, Secretariat of the
Soil Biodiversity Initiative, Convention on Biological
Secretariat of the Convention  Diversity and European
of Biological Diversity and Commission 2020)
European Commission
2020 Organisation for Economic Managing the Biodiversity ~ Various studies have shown that excessive use of
Co-operation and Impacts of Fertiliser and  pesticides has led to biodiversity loss and ecosystem
Development (OECD) Pesticide Use: Overview  degradation.
and Insights from Trends  (The report cites a number of studies.)
and Policies across
Selected OECD Countries
(Sud 2020)
2019 FAO The State of the World’s There is abundant evidence that intensification of
Biodiversity for Food and  crop, livestock and aquaculture systems through
Agriculture (FAO 2019) excessive use of synthetic inputs adversely affects
biodiversity for food and agriculture and particularly
associated biodiversity.
Examples are provided of effects of pesticides on
pollinators, soil organisms, biological control agents
and aquatic organisms.
2019 Intergovernmental The Global Assessment Pesticides are mentioned as among the drivers of
Science-Policy Platform on Report on Biodiversity changes in biodiversity (Sections 2.1 and 2.3).
Biodiversity and Ecosystem and Ecosystem Services
Services (IPBES) (IPBES 2019)
2016 IPBES Assessment Report of Changes in land use or climate, intensive agricultural
the Intergovernmental management and pesticide use, invasive alien species
Science-Policy Platform and pathogens affect pollinator health, abundance,
on Biodiversity and diversity and pollination directly.
Ecosystem Services on
Pollinators, Pollination
and Food Production
(Potts, Imperatriz-Fonseca
and Ngo 2016)
2015 FAO and ITPS Status of the World’s Soil ~ The large-scale use of pesticides may have direct or
Resources (FAO and ITPS indirect effects on soil biodiversity. However, studies
2015) on the effect that pesticides have on soil biodiversity
have shown contradictory results.
2014-2020 Convention on Biological Global Biodiversity The use of fertilizers and pesticides has stabilized
Diversity Outlook (GBO), most globally, though at high levels. Despite such progress,
recently the GBO 5 biodiversity continues to decline in landscapes used
(2020) (Secretariat of the  to produce food and timber; and food and agricultural
Convention on Biological ~ production remains among the main drivers of global
Diversity 2020) biodiversity loss... Pollution, including from excess
nutrients, pesticides, plastics and other waste,
continues to be a major driver of biodiversity loss.
2005 Millennium Ecosystem Ecosystems and Human  There have been worldwide declines in pollinator

Assessment

Well-being: Biodiversity
Synthesis (Millennium
Ecosystem Assessment
2005)

diversity... The causes of these declines are multiple,
but habitat destruction and the use of pesticide are
especially important.
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» Figure 4.3.6-1 The main drivers (A) and factors (B) associated with insect declines. Pesticides are
identified as the second most important factor associated with declines of insect species’ abundance
and biodiversity. Shown is (A) the number and (B) the percentage of studies in which specific drivers
and factors of decline were determined. Based on Sanchez-Bayo and Wyckhuys (2019).
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» Figure 4.3.6-2 Concentration-response dependence between the mean pesticide concentration and mean
overall aquatic macroinvertebrate family richness measured in sampling sites in Europe and Australia.
The dashed horizontal lines indicate maximum and minimum mean richness and are marked with the
percentages compared to maximum richness. The error bars indicate 95 per cent confidence intervals.
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Beketov et al. (2013).
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taxonomic and functional diversity of terrestrial
rice field arthropods.

For the aquatic environment, Beketov et al.
(2013) evaluated the field effects of pesticides
on the regional taxa richness of stream
macroinvertebrates in Europe (Germany and
France) and Australia (southern Victoria).
By capturing episodic run-off events, it could be
determined that pesticides caused statistically

-4 32 -1 0
Toxic units

significant effects on both species and family
richness in both regions, with losses in family
richness up to 42 per cent of recorded taxonomic
pools (Figure 4.3.6-2). Furthermore, the effects
in Europe were detected at concentrations that
current legislation considers environmentally
protective (Beketov et al. 2013).

lto et al. (2020) evaluated the impacts of pesticides
and other environmental stressors (including
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eutrophication, decreased macrophyte coverage,
physical habitat destruction and invasive alien
species) on the taxonomic richness of freshwater
animals in 21 irrigation ponds in Japan. Similarly
to the conclusions of Sanchez-Bayo and Wyckhuys
(2019), Ito et al. (2020) found that the taxonomic
richness of freshwater animals in Japanese
irrigation ponds has been affected by multiple
stressors including pesticides.

In other cases, however, pesticide effects are less
clear-cut, e.g., for soil fauna biodiversity (de Graaff
et al. 2019). Indeed, studies evaluating the effects
pesticides may have on soil biodiversity have
shown contradictory results. Effects appear to
be dependent on a variety of factors including
chemical composition, the pesticide application
rate, the buffering capacity of the soil, the soil
organisms considered and the time scale of
the study. There have been no comprehensive
studies to quantify the effects of pesticides on sail
organisms at multiple trophic levels across regions
(FAO and ITPS 2015).

More generally, various authors have indicated
that whether effects of pesticides on biodiversity
are observed in the field may depend on
many parameters and complex interactions.
For instance, Mallinger, Werts and Gratton (2015)
and Park et al. (2015) observed that pesticide use
in apple orchards affected the species richness of
certain groups of wild bees but not of others.

Vertebrate biodiversity

Few large-scale studies and reviews of pesticide
effects on vertebrate biodiversity are available,
and most have focused on birds. In their global
meta-analysis, Tuck et al. (2013) found 20 per cent
greater bird species richness in organic agriculture
compared to conventional production systems.

A large study was conducted on 270 cereal
farms across eight European countries, in which
the effects of 13 components of agricultural
intensification on biodiversity were investigated
across three trophic levels (diversity of wild plants,
carabid beetles and breeding bird species) (Geiger
et al. 2010; Emmerson et al. 2016). The use of
pesticides, especially insecticides and fungicides,
was reported to have consistent negative effects
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on species diversity at all three trophic levels.
Bird species diversity, in particular, declined with
increasing frequency of fungicide applications.
It was noted that while finding negative effects of
pesticides on biodiversity may be unsurprising,
these effects were found consistently at a
pan-European scale and despite decades of policy
to reduce pesticide risks.

In France, Chiron et al. (2014) observed that, as
herbicide dose increased, there was a shift in
functional groups from specialist species to more
generalist ones but no effect on species richness.
Losses of endangered mammal, bird, amphibian
and reptile species of in Canada were found to
be strongly associated with the proportion of the
region treated with agricultural pesticides (Gibbs,
MacKey and Currie 2009). Species losses were
more strongly related to herbicide use than to the
use of other pesticides.

4.3.7 Knowledge gaps on environmental
effects of pesticides

Availability of systematic reviews

Many scientific studies have been and are being
conducted on the occurrence of pesticides in
the environment, as well as on their potential
impact on non-target organisms and ecosystems.
Nevertheless, very few systematic reviews have
been conducted of the available data, or of what
their implications may be for pesticide risks and
their mitigation options.

To make full use of existing research, the scientific
literature should be monitored and analysed on a
regular basis through systematic reviews and/or
meta-analyses, particularly for topics of specific
interest with regard to regulatory decision-making
(Group of Chief Scientific Advisors 2018).
Such topics include, but are not limited to,
pesticide concentrations in the environment and
their potential risks; the accuracy of fate models
(and their scenarios) in predicting pesticide field
concentrations; the field effects of pesticides
(mixtures) on populations and communities of
non-target organisms; the impact of pesticides on
the sustainability of agricultural production and
disease vector control; and mechanistic studies

89



o0

evaluating the underlying pathways from pesticide
exposure until adverse effects in organisms.

It is important that the results of such reviews and
meta-analyses be interpreted with consideration
given to the risks of the current authorized use of
the pesticides involved, and that results be made
available to risk managers and decision-makers in
other parts of the world. A specific platform may
need to be established for the elaboration and
publication of such reviews, similar, for example,
to the Cochrane Reviews of research in health
care and health policy (Cochrane Library 2020).
As these systematic reviews would go beyond
the environmental effects of individual pesticides
(i.e., include pesticide mixtures), and thus current
regulatory approaches to pesticide registration,
dedicated efforts by research or regulatory bodies
would likely be required.

Environmental risk assessment

Substantial advances have been made in
strengthening the environmental risk assessment
procedures used as a basis for the registration
of pesticides in many parts of the world. Toxicity
data for a broader range of non-target organisms
have been generated; adverse outcome pathways
are increasingly being elucidated; more realistic
exposure and ecological effect models have been
developed; the protection of ecosystem services
and biodiversity are better taken into account;
and the validation of risk assessment approaches
has improved.

Nevertheless, despite these significant
improvements in prospective regulatory risk
assessment, unexpected environmental impacts
are frequently identified, typically many years
after a pesticide has been placed on the market.
Such impacts may be due to incorrect or
unintended use of the pesticide; inadequate
risk assessment models or approaches;
or unforeseen adverse effects (Boyd 2018; Group
of Chief Scientific Advisors 2018; Bruhl and Zaller
2019; Schafer et al. 2019; Topping, Aldrich and
Berny 2020).

Many recommendations have been made on how
best to strengthen environmental risk assessment,

either through the generation of additional
pesticide toxicity or fate data, the development of
new or better risk assessment models, or even the
introduction of new risk assessment paradigms.

Some of the principal directions for improving
pesticide risk assessment include the following:

° Pesticide mixtures and other stressors:
Many organisms will be exposed to multiple
pesticides, as well as to other stressors,
which may result in larger effects on their
long-term survival than separate exposure to
each substance individually. There is a need to
further develop methodologies that quantify
the risks of exposure to multiple pesticides
simultaneously or sequentially, as well as to
other (chemical and non-chemical) stressors
(Babut et al. 2013; Brihl and Zaller 2019;
Topping, Aldrich and Berny 2020; Martin et al.
2027).

°* Neglected organisms and ecosystems:
Currently pesticide risk assessment
focuses on a limited set of organism
groups and ecosystems and is heavily
biased towards temperate climatic
conditions. Dedicated risk assessment
procedures for (sub-)tropical and hot (semi-)
arid ecosystems, microbial and fungal
communities, amphibians and reptiles, and
groundwater organisms are urgently needed
(Sdnchez-Bayo and Hyne 2011; EFSA 2018a;
Ittner, Junghans and Werner 2018; Daam
et al. 2019, Castano-Sanchez, Hose and
Reboleira 2020).

* Indirect and delayed effects: Pesticide
ecotoxicological testing and risk assessment
primarily aims at identifying direct lethal and
sublethal effects on non-target organisms.
However, indirect effects of pesticides,
e.g., across trophic levels or by reducing plant
cover, can also affect non-target populations
and communities and require attention in risk
assessment (Schafer et al. 2019). In addition,
pesticide effects may emerge, persist or even
increase after the pesticide has dissipated from
the ecosystem due to delayed (latent) effects
or fitness costs associated with the adaptation
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to pesticide exposure (Sanchez-Bayo and
Tennekes 2020; Siddique et al. 2020).
Such delayed effects are not yet well covered in
risk assessment.

o Agricultural sustainability: While pesticides are
known to affect the sustainability of agricultural
production systems, prospective risk
assessments on this topic tend to be limited
to assessing the toxic effects of pesticides
on a few non-target arthropods. Effects on
ecosystem services such as natural pest
control, pollination and nutrient cycling tend
to become apparent only in post-registration
studies and monitoring. There is a need to more
systematically integrate the potential effects of
pesticides on agro-ecosystem functioning and
long-term agricultural sustainability up front in
the prospective decision-making process.

° Assessment at landscape scale: At present,
pesticide risks are evaluated based on a single
product-single crop assessment. However,
pesticides are applied at the landscape scale,
where effects on non-target organisms
are ultimately influenced by sequential
pesticide applications in multiple fields
and crops, migration and recovery of non-
target populations across the landscape,
and interactions among species, among others.
Risk assessment approaches need to be
developed which take into account “landscape
dosing” with pesticides and the spatial
dynamics of non-target organisms (Boyd 2018;
Schafer et al. 2019; Topping, Aldrich and Berny
2020).

Monitoring

As discussed in the previous chapters, systematic
monitoring of pesticide concentrations in
environmental compartments such as air, surface
waters, groundwater and soil is only conducted
in some parts of the world; large data gaps
exist in many others. Systematic monitoring
of adverse effects on non-target organisms or
communities is virtually absent in low and middle
income countries and is rare even in high income
economies.
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The reasons for lack of environmental monitoring
include its relatively high costs; the absence
or inadequacy of pesticide residue analysis
laboratories in many countries; the absence of
relevant biomarkers of biological exposure; the
complexity of field effects monitoring; and the
difficulty of disaggregating the effects of individual
pesticides from other (chemical and non-chemical)
stressors on non-target organisms, communities
and ecosystem functioning. Moreover,
post-registration monitoring of environmental
pesticide concentrations and effects is not legally
required in many countries.

Due to limitations in the current prospective risk
assessment procedures discussed above, and the
lack of systematic post-registration monitoring,
significant gaps in knowledge about adverse
effects of current pesticide use on the environment
persist. Recently, explicit calls for broader and
more intensive post-registration monitoring or
vigilance of pesticide use, concentrations and
effects have therefore been made (Milner and Boyd
2017; Vijver et al. 2017; Group of Chief Scientific
Advisors 2018; Rico et al. 2020; Topping, Aldrich
and Berny 2020).

Post-registration environmental vigilance should
ideally be based upon a combination of monitoring,
modelling and experimental activities (Group
of Chief Scientific Advisors 2018) and exploit
existing large ecological and chemical datasets
as well as currently scattered monitoring efforts
(Vijver et al. 2017). It has been suggested that
responsibility for such monitoring could be placed
on pesticide manufacturers and users by applying
previously registered designs for how data should
be collected. New methods of precision farming
also provide opportunities to facilitate data flows
(Milner and Boyd 2017).

Data and knowledge obtained in this way could
be used to assess or reassess risks as part of the
national or regional pesticide registration system.
In this way a “reality check” feedback loop would
be established for the impact of pesticides on the
environment which in turn can inform appropriate
mitigation measures (Group of Chief Scientific
Advisors 2018).
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4.4 Adverse human health effects of pesticides

4.4.1 Overview

Almost all humans will be exposed in some way
to pesticides, either when working with these
products (e.g., farmers, gardeners, agricultural
workers, professional pest control operators,
workers in pesticide manufacturing, or those
employed in pesticide sales, storage and disposal),
through their diet (food, drinking water), via the
environment (e.g., pesticides in air, dust and sail,
or on treated surfaces in dwellings), or through
products containing pesticides (e.g., impregnated
mosquito nets or clothing, house paints).

Exposure to pesticides can be acute or chronic
(Figure 4.4-1). Examples of acute exposure
are accidents, occupational exposure and
self-poisoning, which tend to involve relatively high
levels of exposure to pesticides. Chronic exposure
occurs, for example, through diet, working for
longer periods with pesticides, and exposure to
pesticides in the local environment.

Human health effects can also be acute or
chronic. Acute pesticide poisoning occurs rapidly

(within one to two days, sometimes within minutes
or hours), after often high levels of acute exposure.
Chronic health effects can develop over a longer
period, sometimes many years. Chronic health
effects may result from acute as well chronic
exposure (Figure 4.4-1).

Most often, cases of acute unintentional pesticide
poisoning tend to be occupational (e.g., poisoning
of pesticide applicators or agricultural workers)
or accidental (often in household settings). It has
been estimated that in the 1980s, in developing
countries alone, there were about 1 million serious
unintentional poisoning cases per year, resulting
in 20,000 deaths and an additional 25 million
minor poisonings (WHO 1990; Jeyaratnam 1990).
The only subsequent global estimate, based on a
recent review of the scientific literature, suggests
that about 385 million cases of unintentional acute
pesticide poisoning occur every year, all severities
combined, and that there are approximately
11,000 fatalities (Boedeker et al. 2020). This large
increase in estimated acute pesticide poisoning
may be partly due to growing pesticide use in
many regions of the world. The Boedeker et al.

» Figure 4.4-1 Human health effects of pesticides can show up in the short term (acute) or after a long period

(chronic) and may be the result of activities leading to both acute and chronic exposure. Shown are the
most common routes of poisoning (less likely options are indicated by thinner arrows).
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(2020) review applied a methodology which is
likely to include a much larger number of minor
pesticide poisoning cases than the estimates for
the 1980s. [Chapter 4.4.2]

A limited number of pesticides appear to be
responsible for most cases of acute pesticide
poisoning. In cases representing all severities,
these pesticides include widely available groups
such as pyrethroids, disinfectants, anti-coagulant
rodenticides and glyphosate based-herbicides.
Moderate and severe intoxications are caused
mostly by organophosphates, aluminium
phosphide fumigants and bipyridylium herbicides
(UNEP 2020). [Chapter 4.4.2]

Chronic exposure to pesticides has been
associated with a wide range of adverse health
effects (American Academy of Pediatrics 2012;
Bergman et al. 2013; Mostafalou and Abdollahi
2013; Blair et al. 2015; Hertz-Picciotto et al.
2018). A large number of epidemiological
studies published during the last decade have
examined such associations. However, based
on epidemiological studies alone it is difficult to
demonstrate that a specific pesticide is causing
an adverse health effect. This is due to the large
number of pesticide active ingredients, the variety
of study designs used, the long period of time
that often occurs between exposure to a pesticide
and the development of a disease, the frequently
inadequate characterization and quantification of
exposure to specific (groups of) pesticides, and the
variable presence of confounding and bias (Blair
et al. 2015; European Food Safety Panel on Plant
Protection Products and their Residues [EFSA PPR
Panel] 2017). [Chapter 4.4.3]

Despite these limitations, however, there
is increasing evidence of significant positive
associations between (mainly) occupational
or residential exposure to specific (groups of)
pesticides, or pesticides in general, and various
adverse health outcomes, including both adult
and childhood cancers as well as neurological,
immunological and reproductive endpoints (Ntzani
et al. 2013; Ntzani et al. 2020; Ohlander et al. 2020).
[Chapter 4.4.3]

Most intentional pesticide poisoning consists
of self-poisoning in suicide attempts. Suicides
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with pesticides have been evaluated on a regular
basis since the 1980s (Karunarathne et al. 2019).
In the period 2006-2015 it was estimated that
1-2 million self-poisoning incidents related to
pesticides occurred globally, resulting in about
168,000 deaths (Mew et al. 2017). Suicides by
intentional pesticide ingestion occur primarily in
rural areas of low and middle income countries in
Africa, Asia and Central America (WHO 2014).

Pesticide suicides peaked in the 1990s and then
started to decline (Karunarathne et al. 2019).
Their number has fallen faster than that of overall
suicides. The main drivers of this change are likely
to be economic growth in some parts of the world
and associated population shifts from rural to
urban areas; further mechanization of agriculture;
and stricter regulation of the most toxic pesticides
(Mew et al. 2017; Gunnell et al. 2017; Karunarathne
etal. 2019). [Chapter 4.4 4]

Many factors influence occupational pesticide
exposure, related to the demography of the
populations involved, pesticide application
practices, the organization of the work
environment, and workplace behaviours. A partial
review of such factors shows a large variety of
outcomes, indicating that whether a specific
factor reduces or increases pesticide exposure
and subsequent effects greatly depends on local
conditions of use. [Chapter 4.4.5]

Demographic factors such as age, education
and experience using pesticides have not been
found to consistently increase or decrease
pesticide health effects. Higher pesticide
application rates and frequencies, or use of more
toxic products, increase health effects, as do
workplace behaviours that are in conflict with
label instructions, good application practices or
good occupational hygiene. Training in judicious
pesticide use generally reduces pesticide
exposure. If such training is conducted in isolation,
however, its impact with regard to reducing health
effects has been questioned (Table 4.4-1).

Long-sleeved shirts and trousers are worn by a
majority of pesticide users across the world as
basic protection against exposure. More specific
personal protective equipment (PPE), such as
gloves, masks, eye protection and chemical
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Table 4.4-1 Principal lines of evidence investigated for this report in order to identify human health effects

of pesticide use.

Type of o S Pesticide Pesticide chronic | _.
evidence Pesticide poisoning residues effects Risks factors
Poison Published Suicide Monitoring Epidemiological  Various
centredata  studies of statistics of food and  studies types of
poisoning drinking studies
water
Typeof  Mainly acute  Mainly acute  suicides MRL chronic effects factors
study poisoning poisoning exceedence, influencing
dietary risks pesticide
exposure and
effects
Type of  accidental, accidental, self-poisoning  dietary occupational, occupational
outcomes occupational, occupational, dietary, residential  residential
residential, residential,

self-poisoning  self-poisoning

resistant footwear, is used by less than half
of pesticide users globally. PPE is worn more
regularly in high income than in low income
countries. PPE may not be available or affordable
for farmers in low income countries (Sapbamrer
and Thammachai 2020). Moreover, many types of
PPE are not suited to the hot and humid conditions
in many of these countries (Garrigou et al. 2020;
Sapbamrer and Thammachai 2020).

While not wearing appropriate PPE generally
increases the incidence of poisoning, using this
equipment does not always reduce it (Kim et al.
2013; Garrigou et al. 2020). Pesticide handling
practices have a considerable influence on
exposure. Furthermore, PPE does not provide
complete protection against exposure.
While proper use of PPE should always be
promoted, in large parts of the world inadequate
or partial use of PPE (together with the incomplete
protection it provides) means PPE should be
considered a last line of defence after other
measures have been taken (Alli 2008; United
States National Institute for Safety and Health
2015; European Agency for Safety and Health and
Work 2018).

Residents living close to agricultural fields may be
exposed to pesticides through different pathways.
The most important are spray drift, volatilization
of pesticides beyond the treated area, take-home
exposure (e.g., when agricultural workers or

farmers have pesticide residues on their clothing
or shoes), pesticide use in/around a residence, and
dietary ingestion (Deziel et al. 2015).

Residents living closer to pesticide-treated
agricultural lands have been found to have
higher levels of pesticide residues/metabolites
in their households and/or biological samples,
higher levels of oxidative stress markers,
greater DNA damage, and decreased activity
of cholinesterase compared with people who
live farther away. In addition, the amount of
pesticides applied, the acreage treated, and the
time of year compared with the spray season
have been positively correlated with human
exposure (Dereumeaux et al. 2020). Associations
between proximity to agricultural fields and various
adverse health outcomes have been observed,
although studies have not always been conclusive
(Dereumeaux et al. 2020; Health Council of the
Netherlands 2020).

Residential exposure to pesticides is likely to be
widespread, especially in areas where there is
intensive agriculture. Risk mitigation measures
(e.g., drift-reducing technologies, buffer zones and
improved work hygiene) have been recommended
or required in many countries.

Pesticide residues may remain in/on food or
feed following pesticide applications to the crop
or post-harvest treatments of the commodity,
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or because of contamination from environmental
sources. Many countries set maximum residue
limits (MRLs), which are legally permitted
levels of pesticide residues on food and feed
commodities. Pesticide residues in food are
monitored on a regular basis mainly in high and
upper-middle income countries; in lower income
economies, generally only irregular ad hoc residue
assessments are conducted if at all (Table 4.4-11).
[Chapter 4.4.6]

Pesticide residue monitoring programmes in
high and upper-middle income countries show
that exceedances of MRLs typically range from
<71 to 10 per cent of samples taken in a given
year (Table 4.4-12). No reviews were available
for pesticide residues in commodities in lower
income economies. However, there are indications
that residues in food in these countries are
higher, based on ad hoc local studies as well as
monitoring of food imported into high income
countries (FAO/WHO Joint Meeting on Pesticide
Residues, personal communication).

Exceedance of MRLs indicates that good
agricultural practices have not been respected,
but does not mean that dietary risks are therefore
unacceptable (Box 4.4-3). Most dietary risk
assessments conducted in high and upper-middle
income countries indicate that consumer
health risks from pesticide residues in food are
low. Scarcely any dietary risk assessments,
on the other hand, are available from low and
lower-middle income countries (Table 4.4-13).

Antimicrobial resistance (AMR) refers to
microorganisms — bacteria, fungi, viruses and
protozoans — that have acquired resistance to
antimicrobial substances. An increasing number
of human pathogens have become resistant to
one or more antibiotics, severely reducing the
options for treating the diseases they cause (WHO
2015). Pesticides may select or co-select for AMR
(Wellcome 2018; FAO and WHO 2019; Taylor and
Reeder 2020). [Chapter 4.4.7]

Antibiotics are used in crop protection, especially
to control bacterial diseases (FAO 2015). Certain of
these antibiotics (e.g., streptomycin, gentamycin,
oxolinic acid) are considered very important in
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human medicine (Berger et al. 2017; Wellcome
2018; WHO 2019; FAO and WHO 2019). However,
they are used for crop protection much less than
for veterinary purposes (FAO 2015; Taylor and
Reeder 2020).

Furthermore, a rapid emergence is currently being
seen of multi-drug resistant fungi for which the
main treatment is antifungal medicines from the
azole group (Fisher et al. 2018). The same group of
chemicals is also among the fungicides most used
in crop protection. There is increasing evidence
that use of azole fungicides in agriculture is at
least partly responsible for resistance development
in human fungal diseases (Berger et al. 2017;
Fisher et al. 2018; Wellcome 2018).

Copper fungicides, another widely used type
of agricultural fungicides, although not used in
human medicine, have been shown to co-select
for AMR (Wellcome 2018; FAO and WHO 2019).
The use of chemical disinfectants, of which
a surge has been seen during the COVID-19
pandemic, may also select for AMR in
antimicrobial human drugs, although evidence is
still limited (FAO and WHO 2019).

Overall, the use of pesticides which have been
shown (or have the potential) to select for AMR in
human diseases, and possible subsequent failure
of medical treatments, is receiving increasing
attention.

Much knowledge has been amassed during the
last few decades about the human health effects
of pesticides. However, there is scope for further
improvement in the scientific data that underpin
human health risk assessments of pesticides and
the methods by which such data are analysed
(Science Advice for Policy by European Academies
[SAPEA] 2018). [Chapter 4.4.8]

Knowledge gaps have been identified in the
toxicological studies that generate data for risk
assessments, the epidemiology of health effects
of pesticides, in estimates of human exposure
to pesticides and in post-marketing surveillance
of approved pesticides (Milner and Boyd 2017,
European Food Safety Authority Scientific
Committee 2019; Liu et al. 2019).
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Different lines of evidence regarding the effects
of pesticide use on human health are evaluated in
this report (Table 4.4-1). The focus of this chapter
is on observed health effects of pesticides under
real conditions of use. The chapter does not
cover all possible human health risks of pesticide
use, nor is it a detailed discussion of health
risk assessment methodology. The dietary risk
assessments discussed below are only included
when they are based on pesticide residue levels
following actual use.

4.4.2 Acute unintentional pesticide poisoning

Acute unintentional pesticide poisoning tends
to occur soon after exposure to relatively high
levels of a pesticide. The main activities leading to
acute health effects of pesticides are work-related
(e.g., applying pesticides, harvesting and packing
treated crops, manufacturing pesticides),
accidental exposure, or self-poisoning. In some
cases, bystanders and residents living close to
areas treated with pesticides may be acutely
poisoned (e.g., through pesticide drift), as may
be consumers of food contaminated with high
levels of a pesticide. However, the latter cases
are less common and would often be classified
as accidents.

Pesticide poisoning can have different levels
of severity, ranging from minor (with only mild,
transient symptoms) to severe (with life-threating
symptoms) or even death (Table 4.4-2). While mild

pesticide poisoning symptoms are often transient,
this is not always the case. (e.g., Kamel et al. 2007;
Baldi et al. 2011). Epidemiological studies on such
effects are relatively scarce.

Historical estimates of pesticide poisoning

The earliest published global estimates of acute
unintentional pesticide poisoning date to the
early 1970s, when the WHO Expert Committee
on the Safe Use of Pesticides, using a model
based on poisoning statistics from 19 countries,
arrived at a first estimate of about 500,000
accidental/occupational poisoning cases per
year (Copplestone 1977). Subsequently, Levine
(1986) updated these estimates using data until
the mid-1980s from a larger number of countries;
these estimates of annual acute unintentional
poisoning ranged from 800,000 to 1.5 million
cases, double to triple those made a decade earlier.

WHO (1990) and Jeyaratnam (1990), using the
data from Levine (1986) and additional poisoning
statistics mainly from Asia, subsequently
estimated that there were 1 million serious
unintentional poisoning cases per year, of which
70 per cent were occupational and the rest
accidental. Furthermore, 25 million minor
poisonings per year were estimated to occur in
developing countries only.

Litchfield (2005) discussed the shortcomings
of the previous estimates, suggesting that they

Table 4.4-2 Poisoning severity score, as applied by the World Health Organization (WHO) and many national
poison centres. Persson et al. (1998); Roberts and Reigart (2013); WHO (2020b).

Severity grade
None 0 No symptoms or signs related to
poisoning

Examples of symptoms or signs of pesticide poisoning

Minor 1 Mild, transient and spontaneously Irritation (respiratory, skin, eye), vertigo, headache, nausea, mild

resolving symptoms

muscular pains

Moderate 2 Pronounced or prolonged
symptoms

Pronounced or prolonged vomiting or diarrhoea, prolonged
coughing, burns in the gastro-intestinal tract, confusion, agitation,

unconsciousness, pronounced cholinergic/anticholinergic
symptoms, infrequent, generalized or local seizures

Severe 3 Severe or life-threatening
symptoms

Permanent eye damage, manifest respiratory insufficiency,
pulmonary oedema, pulmonary fibrosis, frequent and generalized

seizures, deep coma

Fatal 4 Death
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overestimated pesticide poisoning, but did not
provide a comprehensive alternative. Others have
argued that a large percentage of unintentional
poisoning cases are not reported, suggesting
that official data underestimate the real situation
(see the chapter on poison centre statistics below).

Thereafter, no global estimates of unintentional
pesticide poisoning were made until the effort by
Boedeker et al. (2020) (see below). As a result,
even recent reviews and discussions of acute
pesticide poisoning (APP) (Jgrs, Neupane and
London 2018; Tyrell et al. 2019) cite estimates
dating back 30 years which were made on the
basis of even older poisoning statistics.

Poison centre statistics

Poison centres are an important source of
information about pesticide poisoning. In addition
to providing advice on, and assistance with,
the prevention, diagnosis and management of
poisoning, they often maintain databases on
cases of poisoning. Nevertheless, in early 2021
only 47 per cent of WHO member states had one
or more poison centres, with a lack of coverage
especially in low income countries (WHO 2020c)
(Figure 4.4-2).

No recent global or regional reviews of pesticide
poisoning statistics compiled by poison centres
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have been published. However, a number of
poison centres, or associations of poison
centres, regularly publish their own data. In some
countries specific pesticide poisoning monitoring
programmes exist or have existed, such as the
SENSOR (Sentinel Event Notification System for
Occupational Risks)-Pesticides programme of
the National Institute for Occupational Safety and
Health (NIOSH) in the United States (Calvert et al.
2016) and the Pesticides Surveillance Study of the
United Kingdom's National Poisons Information
Service (NPIS) (Perry et al. 2014).

Poison centres use a variety of sources to compile
statistics on pesticide poisoning (Figure 4.4-3).
They include direct enquiries to a centre about
possible poisoning cases (by health professionals
or the public), cases recorded by medical facilities
and subsequently reported to the centre (such
notifications are mandatory in some countries),
poisoning surveys carried out by the centre or
other specialized institutions and researchers,
and poisoning cases reported in the press.

Statistics reported by poison centres can therefore
be quite variable or incomplete. If pesticide
poisoning is relatively mild, cases will not usually
be reported to medical practitioners at all. On the
other hand, if severe pesticide poisoning leads to
death before a medical facility is visited, a death
certificate may not include pesticide poisoning as

Figure 4.4-2 Poison centres are primarily concentrated in high and middle income countries. They are much
rarer in some low income parts of the world. wHO (2020c).
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% Figure 4.4-3 Simplified representation of how pesticide poisoning information may, or may not, reach a

poison centre database. Poison centres may use other sources to complete their poisoning statistics,
such as surveillance reports, dedicated monitoring studies or media releases. UNEP (2020).
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the cause. Many countries and rural regions where
pesticide poisoning occur do not have an adequate
civil registration and vital statistics systems with
which to record all deaths.

Even if a patient visits a doctor or hospital,
the symptoms of pesticide poisoning may be
non-specific and medical staff may therefore
confuse them with symptoms of other health
problems. Making diagnoses from non-specific
signs of illness is often difficult, and patients
will usually get better following acute poisoning,
so that further investigations may not be carried
out in busy health care systems. Moreover,
decentralized medical facilities may not fully
register cases of pesticide poisoning in a central
database, for example because pesticide
poisoning is not a notifiable event that requires
mandatory registration

Pesticide poisoning statistics from poison
centres have therefore been considered to be
imprecise and variable over time, and generally to
underestimate the real number of poisoning cases
that occur (Calvert et al. 2016). Jeyaratnam (1990)
suggested that, at least in developing countries,
for every poisoning case reported to a hospital
25 milder cases were not reported. More recent
studies suggest that 1-20 per cent (median value
6 per cent) of acute pesticide poisoning cases

Poisoning often not reported

Poisoning not
reported

Poisoning

reported W
Poisoning
statistics

centre

are reported in national poisoning statistics
(Table 4.4-3). This is only slightly higher than the
estimates by Jeyarathnam (1990) up to three
decades earlier, indicating that under-reporting of
pesticide poisoning remains an important problem.

There can be many reasons why people acutely
affected by pesticides do not seek medical care
or report to public health facilities. For example,
they may not feel ill enough to justify the expense,
or they may have become habituated to poisoning
symptoms as “normal” farming practice; medical
facilities may be too far away, especially in rural
areas; or farm workers may not be covered by
health insurance or may be afraid to lose their
jobs if they report pesticide exposure (Roberts
and Reigart 2013; Lekei, Ngowi and London
2016). Under-reporting at the level of medical
facilities may be due to incorrect or incomplete
diagnosis (see above), inadequate disease
registration systems, or lack of communication
within the public health system. While high income
countries may have better poisoning registration
systems than countries with fewer resources,
under-reporting appears to occur to some degree
everywhere (Table 4.4-3) (Lekei, Ngowi and London
2016; Prado et al. 2017).

WHO has developed tools to facilitate the
collection of internationally harmonized data
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Table 4.4-3 Levels of under-reporting of acute pesticide poisoning (APP) cases, as quantified in different

parts of the world.

People who
experience APP

Country seeking medical

care (per cent) | (per cent)

Cases of medical care
for APP reported in
poisoning statistics

Overall degree of
reporting of APP in
poisoning statistics
(per cent)

Source

South Africa 5-20 London and Bailie (2001)
Costa Rice, 8 Henao and Arbelaez

El Salvador, (range 1-20) (2002)

Guatemala,

Nicaraga,

Panama

Honduras - 80

Nicaragua 4.5 Corriols et al. (2008)
Tanzania 21 21 4.5 Lekei, Ngowi and London
(occupational (2016)

poisoning only)

United States 12 Prado et al. (2017)

(farm workers
only)

Morocco 15

Rhalem et al. (2012);
Rhalem, N., personal
communication (2019)

Federal District
of Brazil (fatal
poisoning only)

9 Magalhaes and Caldas
(2018)

United Kingdom

50 (estimate)

National Poisons
Information Service
(United Kingdom) (2019)

on poisoning, including a common vocabulary
for describing poisoning cases and a poisoning
severity score (a standardized scale for grading the
severity of acute poisoning) (Persson et al. 1998;
WHO 2020b) (Table 4.4-2). Thundiyil et al. (2008)
collaborated with WHO staff to further develop an
international classification tool for acute pesticide
poisoning. The European Union (EU) has also
started to harmonize rules pertaining to data
collection and reporting of pesticide poisoning
cases (Settimi et al. 2016).

The UNEPR, in collaboration with WHO, recently
compiled poison centre reports and conducted a
call-in of pesticide poisoning data from the WHO
informal network of poison centres (UNEP 2020).
Data from 17 countries referring to the period
2009-2019 were assessed, the large majority of
which concerned upper-middle and high income
economies.

Average annual pesticide poisoning incidences
were highly variable, ranging from 0.22
to 24 cases per 100,000 inhabitants (median
value 4.9) (Table 4.4-4). There was no significant
correlation between country income group and
poisoning incidence. However, the fraction of
total poisoning cases in a country attributable to
pesticides increased with the percentage rural
population in that country, suggesting a link with
pesticide use in agriculture (Figure 4.4-4).

In about half of countries the majority of reported
pesticide poisoning cases were unintentional
(either accidental or occupational) (Table 4.4-5).
There was not a clear regional predominance in
regard to the different circumstances of exposure.

Cases of fatality due to pesticide poisoning

reported to the poison centres examined in
this exercise were positively correlated with the
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Table 4.4-4 Average number of reported pesticide poisoning cases in countries with national coverage;
averages calculated over the last three years reported (where available). UNEP (2020).

Average annual number  Pesticide poisoning Average annual pesticide

Country Period of reported pesticide as a fraction of total poisoning incidence
poisoning cases poisoning (per cent) (per 100,000 inhabitants)
Algeria 2018 461 10.2 1.1
Brazil 2012-2014 12,132 -3 6.22
Chile 2016-2018 560 - 3.00
Guatemala  2012-2013, 2018 36 32 0.22'
Jamaica 2013-2015 56 13.8 2.00
Jordan 2016-2018 115 7.6 1.2"
Morocco 2016-2019 1,499 10.7 4.9
Netherlands 2015-2017 1,326 3.8 8.0
Peru 2015-2017 2,244 - 122
Republic of  2012-2014 6,052 - 9.02
Korea
Switzerland 2016-2018 812 2.5 9.6
United 2018-2019 1,030 ~0.3-1 1.5-3.3
Kingdom
United 2015-2017 77,968 4.1 24
States

‘calculated based on total annual population (FAOSTAT 2020); *national report; ® -- = not available;

% Figure 4.4-4 Pesticide poisoning as a fraction of total reported poisoning cases is positively correlated with
the percentage rural population in the respective countries. UNEP (2020).
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fractions of pesticide poisoning cases that were
suicides, suggesting that most deaths resulted
from self-poisoning. In countries where pesticide
poisoning was mainly unintentional, moderate and
severe poisoning cases made up 1-44 per cent
(median 16 per cent) of all reported poisonings,
implying that the large majority of unintentional
pesticide poisonings were mild (UNEP 2020).

No consistent trends in reported pesticide
poisoning over time were found in the
poison centre data evaluated in this exercise.
Some countries (e.g., Brazil and Jordan) showed
increases in reported cases during the last decade,
while Chile, the Republic of Korea and the United
States showed clear declines. Reports on pesticide
poisoning remained relatively stable for the period
2009-2019 in Jamaica, Morocco, Switzerland and
the United Kingdom.

Comparisons between countries are inevitably
subject to a number of caveats. The extent of
coverage of poison centres varies from country
to country. It may also vary over time in countries
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with fewer resources. In addition, changes in the
population's engagement with agriculture over
time, or changes in agricultural practices such
as types of crops grown, cannot be taken into
account although these trends may differ between
countries. As an example of differences between
countries, many pesticide poisonings in the United
Kingdom were caused by exposure to pre-diluted
amateur pesticide formulations for household
use (Perry et al. 2014); on the other hand, in low
and middle income countries (e.g., Sri Lanka)
the majority of pesticide poisonings were due
to exposures to more toxic high-concentration
agricultural formulations (Dawson et al. 2010).

The pesticide groups most reported to
have caused poisoning are pyrethroid,
organophosporous and carbamate insecticides,
anticoagulant rodenticides (especially coumarins),
glyphosate and disinfectants. The groups that
led to the most severe cases of poisoning were
organophosphorus insecticides, the fumigant
aluminium phosphide, and bipyridylium herbicides
(paraquat and diquat) (UNEP 2020).

Table 4.4-5 Fraction of pesticide poisoning according to circumstances of exposure and severity of
pesticide poisoning cases, calculated as average percentage of moderate, severe and fatal cases
(values are average percentages over the last three years reported). UNEP (2020).

Country Period

Circumstances of exposure

Unintentional Intentional

Severity of poisoning
Moderate, severe and
fatal poisoning cases

Other/
unknown

per cent of total reported pesticide poisoning cases in the country

Algeria 2018 70 28 2 n.a.!
Brazil 2012-2014 38 55 7 n.a.
Chile 2016-2018 87 13 17
Guatemala 2012-2013, 2018 60 30 10 n.a.
India 1999-2012 34 65 1 n.a.
Jordan 2016-2018 97 3 18
Morocco 2016-2018 60 39 1 37
Peru 2017 83 17 44
Philippines 2016-2018 49 50 1 n.a.
Poland 2004-2014 49 51 41
Switzerland 2016-2018 93 5 2 15
Uganda 2010-2014 37 63 n.a.
United Kingdom 2018-2019 92 1
United States 2015-2017 94 3 3 7

" n.a. = data not available




While poison centre statistics provide valuable
information about the circumstances of pesticide
poisoning, it is currently impossible to draw
clear conclusions about differences in poisoning
incidences among regions or country income
groups. Poison centre data are also insufficient
to extrapolate to larger geographical entities
(UNEP 2020).

Acute pesticide poisoning studies

Acute unintentional pesticide poisoning has
also been evaluated through dedicated studies
and surveys looking at signs, symptoms and
effects following exposure to pesticides.
These are often cross-sectional studies that
investigate a population (e.g., a group of farmers)
at a specific point in time. Symptoms and health
effects are examined by medical specialists,
but they may also be self-reported (e.g., through
a questionnaire).

Since the 1980s such studies have shown a high
incidence of acute pesticide poisoning in many
parts of the world, including Central America
(Henao and Arbelaz 2002; Wesseling, Corriols and
Bravo 2005), Africa (London 2003; Lekei, Ngowi
and London 2014; Lekei et al. 2020) and Asia (Ko
et al. 2012). However, no detailed reviews of the
outcomes of such studies have been available.

A. Non-fatal cases

A major global systematic review of acute
unintentional pesticides poisoning was conducted
by Boedeker et al. (2020). A total 141 of countries
were covered, including 58 using pesticide
poisoning data from scientific articles published
between 2006 and 2018 and an additional 83 using
data from WHO's Cause of Death Query online
(CoDQL), part of the WHO Mortality Database.
Most of the scientific studies consulted focused on
occupational poisoning of farmers and agricultural
workers. Self-poisoning was excluded from the
analysis (but see Chapter 4.4.4). All degrees
of pesticide poisoning were combined in the
assessment, ranging from mild symptoms to
severe toxic effects.

This analysis found that the global incidence
of unintentional acute pesticide poisoning
was 43 per cent of the farming/occupational
community (i.e., 43 cases of pesticide poisoning
occur annually for every 100 persons working in
agriculture). National incidences in the farming
community were highly variable, ranging from
<71 per cent in the United States to 84 per cent in
Burkina Faso. Generally, poisoning incidences were
higher in Africa and South and Southeast Asia than
in the Americas, Europe and Oceania (Figure 4.4-5).

In 57 per cent of the reviewed studies poisoning
was self-reported, while in 39 per cent

» Figure 4.4-5 Regional distribution of the estimates of non-fatal and fatal cases of pesticide poisoning,
all severities combined, estimated by Boedeker et al. (2020).

B. Fatal cases

Oceania Oceania Africa
1.251 3
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researchers or medical staff identified the cases.
As self-reporting by non-specialized persons
could have overestimated pesticide poisoning
cases, the relatively high fraction of self-reported
studies may have biased poisoning estimates.
However, only an 11 per cent increase was found
in the summary average across studies reporting
poisoning incidence from self-reporting when
compared with the summary average from studies
using scientist-reported cases, suggesting the bias
was modest.

On the basis of this data set, Boedeker et al.
(2020) estimated that globally about 385 million
cases of unintentional acute pesticide poisoning
occur annually, all poisoning severities combined.
They also estimated that about 10,900 fatal cases
per year result from unintentional acute pesticide
poisoning.

Another recent report evaluated studies from
11 countries in Eastern Europe, Central Asia and
Africa, all of which included self-reported cases
of acute pesticide poisoning among smallholder
farmers and farm workers (Pesticide Action
Network UK [PAN UK] 2020). Similarly to the review
by Boedeker et al., high annual incidences of acute
pesticide poisoning in farming communities were
observed, ranging from 10 per cent in Moldova
to 82 per cent in Belarus. Extrapolating from
these results, the authors suggest that over 200
million farmers could be poisoned by pesticides
every year.

The estimates of unintentional pesticide poisoning
by Boedeker et al. (2020) and PAN UK (2020)
are an order of magnitude higher than previous
estimates. This may be because pesticide use
has greatly increased since the 1990s, especially
in Asia and Latin America. Another reason could
be that the 1990 estimates were based primarily
on national poisoning statistics (which tend
to under-report incidences of poisoning in the
field) while the recent estimates are mainly
based on dedicated pesticide poisoning surveys.
The significance of the latter explanation is
underlined by the relatively low national pesticide
poisoning incidences reported more recently by
poison centres (Table 4.4-4) even when the fraction
of the rural/farming population in these countries
is taken into account.
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Boedeker et al. (2020) do not distinguish among
different poisoning severities in their estimates;
the 385 million cases include mild effects as well
as moderate and severe cases. It is not clear what
fraction of these cases would require access
to health services and/or medical treatment.
The chapter on poison centre statistics, however,
indicates that approximately 6 per cent of
pesticide poisoning cases were reported to
poison centres and 16 per cent of the reported
cases were moderate or severe. Combining
these figures would result in an estimate of a
minimum of 3.7 million cases of moderate or
severe non-fatal cases of unintentional pesticide
poisoning annually, about four times more than
previous estimates.

On the other hand, the estimate by Boedeker et al.
(2020) that there are about 11,000 unintentional
fatal poisonings is lower than previous ones,
suggesting such cases are currently less common
because treatment of severe poisoning is
more effective or because the most hazardous
pesticides are being withdrawn globally from
agricultural use.

Overall, recent reviews of poisoning studies
and surveys suggest that unintentional acute
pesticide poisoning remains widespread.
Moreover, it appears to have increased significantly
compared to the often cited estimates from the
1990s, especially in farming communities in low
and middle income countries.

However, data from different sources are variable
and incomplete. There is a clear need to conduct
more pesticide exposure and poisoning surveys
following standardized protocols. Furthermore,
the value of pesticide poisoning statistics from
poison centres would increase considerably if
information were gathered about reporting rates.

It should be noted that unintentional acute
poisonings are only part of the acute impact
of pesticides on health, and that incidences,
case fatality and trends over time are different for
self-poisoning (Chapter 4.4.4).
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Box 4.4-1 Aspects of pesticide epidemiology. Bradford Hill (1965); Bonita et al. (2006); EFSA PPR Panel (2017).

With respect to pesticides, the science of epidemiology investigates whether pesticides are associated with the
distribution (frequency, pattern) of a disease’ or health problem in humans, with the ultimate aim to control such
problems.

All pesticide epidemiological studies are observational, in the sense that the investigator does not intervene, i.e.
does not determine the degree of exposure of study persons to the pesticide. Experimental epidemiological studies with
pesticides are not conducted as it is not considered ethical to willingly expose persons to a pesticide and study its health
effects. However, there is a growing body of indirect evidence assessing the efficacy of various policies and practices on
pesticide exposure and thus on the burden of pesticide-related diseases.

Different types of observational epidemiological studies can be recognized:

Ecological (or correlational) study: Comparison of aggregate disease estimates in different groups of people in
different localities (or the same group of people at different times) with respect to the potential aggregate exposure
estimates to a pesticide in this group.

Example result: The percentage of persons with dermatitis at the time of the study is higher in a region with high
pesticide use compared to a region with low use.

This type of study can only identity correlations, using the location under study as the unit of analysis, but cannot
determine causality; it is often exploratory in nature and may start more in-depth investigations.

Cross-sectional (or prevalence) study: The prevalence of a disease and possible pesticide exposure factors are
investigated in a selected group of people at a specific point in time and at the individual participant level. This is
often done through surveys.

Example result: Persons in the selected group of people who applied a pesticide three times or more during the
last growing season, suffered more from headaches than those who had not applied pesticides.

This type of study can identify correlations, but can generally not determine causality. It is also exploratory in nature
and can help to identify risk factors suitable for further scrutiny.

Case-control study: Persons having a disease (cases) are compared with persons without such an effect (controls)
for the occurrence or degree of past exposure to a pesticide. The investigators measure disease occurrence at one
point in time and try to identify exposure to the pesticide in the past. The main difficulty with case-control studies
is to quantify exposure to the pesticide, which occurred retrospectively. This type of study is in particular useful for
uncommon diseases.

Example result. Persons having a type of cancer were significantly more exposed to a pesticide during the
previous 10 years than persons not having that type of cancer.

With appropriate controls and a good estimation of past exposure to the pesticide, case-control studies can be an
important piece of evidence for validating postulated associations and moving towards establishing causality.

Cohort (or follow-up) study: A group of persons free of a disease (a cohort) is classified into subgroups according
to exposure to a pesticide. The whole cohort is then followed (often up to many years) to see if a disease develops,
and whether this development differs between the groups having different levels of exposure to the pesticide.

Example result: Those persons who, in the course of the study, were more exposed to a pesticide developed
significantly more neurological deficiencies at a later age than persons who were less exposed during the study
period.

Since the time sequence from exposure to disease can be determined, cohort studies provide the best information
about the causation of disease. It is worth noting that the study design per se does not preclude the general study
quality. Also, even when the exposure is captured prospectively, it may still be difficult to determine and quantify it.

Causal inference is the scientific process of determining whether observed associations between pesticide exposure
and a disease are likely to be causal. The process of judging causation can be difficult and contentious, and pesticide
epidemiology is no exception. Epidemiologists systematically evaluate various considerations for causation, either
quantitatively or empirically; The “Bradford Hill criteria” is an example of a set of such considerations used empirically.
They include questions such as: “does the cause precede the effect?”, “have similar results been shown in other
studies?”, “is increased exposure associated with increased effect?, “is a toxicological mechanism known that can result
in the effect?”, and others. Based on causal inference methodology, epidemiologists can make a judgement about the
likelihood that the pesticide may have caused the disease.

1  The term “disease” is used here for all types of health effects that may be caused by pesticides

Environmental and health impacts of pesticides and fertilizers and ways of minimizing them
Envisioning a chemical-safe world




4.4.3 Chronic pesticide poisoning
Epidemiology of pesticide exposure

Chronic exposure to pesticides has been
associated with a wide variety of adverse health
effects. They include different types of cancer,
reduced nervous system functions, disturbed
neurodevelopment of children, diabetes, decreased
male and female fertility, birth defects and
Parkinson’s disease, among others (American
Academy of Pediatrics 2012; Bergman et al. 2013;
Mostafalou and Abdollahi 2013; Blair et al. 2015;
Hertz-Picciotto et al. 2018).

One of the most recent WHO Global Assessment
of the Burden of Disease from Environmental Risks
report indicates positive associations between
pesticides and chronic disease, such as certain
cancers and Parkinson’s disease (Priiss-Ustiin
et al. 20716). However, evidence for causal
relationships was often considered limited.

Studying the presence and magnitude of
associations between exposure to pesticides and
health outcomes in humans is a challenging field
of epidemiology. Its complexity lies in specific
characteristics of pesticide epidemiology, such as
the large number of active substances in the
market; the number of different pesticides which
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may be used by an individual farmer; and the
different patterns of pesticide use, the variety of
study designs and the inherent limitations of each
design; the long period that often passes between
exposure to a pesticide and the development
of disease; the frequent lack of quantitative
(and qualitative) data on exposure to individual
pesticides; and the other chemicals that might be
associated with a condition being studied (Blair
et al. 2015; EFSA PPR Panel 2017).

Ohlander et al. (2020) conducted a global review
of methods used to assess exposure to pesticides
in occupational epidemiology studies. The large
majority of exposure assessment methods were
indirect, based in particular on self-reported
exposures. Direct methods such as biomonitoring
of blood or urine were used in only 21 per cent
of studies. This situation did not change during
the 25 years covered by the study, indicating
that imprecise exposure estimations continue to
hamper the determination of clear associations
between pesticides and health outcomes.

It is also generally considered that while
epidemiological studies may point to an
association between pesticide exposure and
a health outcome, it is very difficult to prove
that a pesticide has caused an adverse health
effect based on epidemiological studies alone.

Table 4.4-6 Examples of large cohort studies addressing the health effects of pesticide exposure. IARC

(2020).

Year of
recruitment

Number and type of

participants

United State Agricultural Health Study (AHS) 52,394 licensed private pesticide  1993-1997
(lowa and North applicators (mostly farmers)
Carolina) 32,345 of their spouses
4,916 commercial pesticide
applicators
United States Marshfield Epidemiologic Study Area 5,432 farm residents 1998
(Wisconsin) (MESA) - Farm Resident Cohort
United States Center for the Health Assessment Pregnant women, and 1999
(California) of Mothers and Children of Salinas subsequently >800 children
(CHAMACOS) Study born from these women
France AGRIculture and CANcer (Agrican) cohort 187,471 persons within the 2005-2007
study agricultural population
Australia Pesticide-exposed workers cohort 14,092 persons, of which 4,775 1960s- 1980s
agricultural workers
Norway Norway Farmer Cohort 8,482 farmers 1990-1992
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More evidence is often needed to infer such
causality (Box 4.4-1).

With the aim of obtaining better data on the
long-term effects of exposure to pesticides,
a number of dedicated longitudinal studies have
been carried out. In cohort studies populations
at risk (e.g., farmers, agricultural workers, rural
families) are followed over a long period to
determine the occurrence of disease (Box 4.4-1).
However, achieving valid and precise exposure
estimates remains difficult even in large cohort
studies (EFSA PPR Panel 2017). A particular
challenge is that while disease outcomes are
ascertained after long follow-up periods, exposure
estimates (or measurement of biomarkers) will
inevitably be based on a limited time frame even in
the case of very large, well-resourced studies.

Thus, trends or changes in the lifetime pesticide
exposure patterns of the study participants are
not captured and, unlike ‘traditional’ health-related
behaviours (e.g., smoking) which may remain
relatively stable for large periods of time, these
patterns are not adequately studied for pesticides.

To coordinate activities and combine forces,
in 2010 the United States National Cancer Institute
(NCI) and the International Agency for Research on
Cancer (IARC) established AGRICOH, a consortium
of agricultural cohort studies (International Agency
for Research on Cancer [IARC] 2020). As of June
2020, 28 cohorts from five continents were
participating in AGRICOH. Some examples are
shown in Table 4.4-6.

Reviews of chronic pesticide effects

Numerous epidemiological studies have been
conducted with the aim of assessing associations
between exposure to pesticides and health
outcomes such as the development of specific
diseases. However, the majority of studies on
occupational exposure to pesticides (83 per cent)
originate in high and upper-middle income
countries. Very few (1.1 per cent) are from low
income countries (Figure 4.4-6) (Ohlander et al.
2020).

Three comprehensive reviews of the multiple
chronic adverse effects of pesticides have been

Figure 4.4-6 The large majority of studies on occupational exposure to pesticides have been conducted

in high and upper-middle income countries.

Number of articles

(countries) 14 (n=53)

No article

s1a(n=24) [ 1529 (n=6) [ 3084 0=13) | 407 0=1) o d

Note: Shown is the number of articles on occupational exposure to pesticides and various health outcomes published between 1993 to 2017 per
country serving as study location, retained in the review by Ohlander et al. 2020. Numbers in brackets represent the number of different study locations

(countries).
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Table 4.4-7 Characteristics of the three major reviews of chronic adverse health effects of pesticides.

Parameter

‘ Inserm (2013) ‘ Ntzani et al. (2013) ‘ Ntzani et al. (2020)

Publication period Up to June 2012 1 January 2006-30 1 January 2006-30 June 2019
September 2012
Number of publications included Not summarized 602 1,166 (including the studies

covered by Ntzani et al. 2013)

Number of health outcomes assessed 18 24 disease categories 29 disease categories
Method of quality control of publications No Yes Yes

described

Meta-analyses performed No Yes Yes

published in the last 10 years (Table 4.4-7).
In France, the National Institute for Health and
Medical Research carried out an extensive review
of the relationship between pesticide exposure
and 16 different health outcomes and a formal
meta-analysis was not carried out (Institut national
de la santé et de la recherche [Inserm] 2013)
(Table 4.4-7). At the request of the European
Food Safety Authority (EFSA), Ntzani et al.
(2013) conducted a systematic review as well as
multiple meta-analyses of epidemiological studies
published until 2012 examining the association
between pesticide exposure and health outcomes
in 24 major disease categories.

Since these two evaluations, a large number of
epidemiological studies and reviews on this topic
have been published due, in particular, to increased
interest in the health effects of pesticides but
also to the fact that a number of large cohort
studies initiated years ago have begun to yield
results. An update of the review done for EFSA
(Ntzani et al. 2013) was therefore commissioned
for this report, including all epidemiological
studies published between January 2012 and
June 2019 (Ntzani et al. 2020). It produced a
database containing a total of 19,178 possible
associations between pesticides and health
outcomes (see Box 4.4-2 for more details).
The conclusions of these three reviews regarding
these possible associations between exposure and
disease or other health outcomes are summarized
in Table 4.4-8.

Based on the review and meta-analyses by Ntzani
et al. (2020), positive associations between
pesticides and certain health outcomes were
reported (Table 4.4-8). Specifically:

non-Hodgkin lymphoma and exposure to
pesticides in general and insecticides in general;

e Parkinson’s disease and exposure to pesticides
in general, herbicides in general, insecticides in
general, fungicides in general, organochlorine
insecticides in general, and certain individual
organophosphate insecticides;

» Parkinsonism and exposure to pesticides in
general

o diabetes and exposure to pesticides in general,
organochlorine pesticides in general, and
certain individual organochlorines;

e asthma and exposure to pesticides in general;

° spontaneous pregnancy loss and exposure to
pesticides in general;

e childhood leukemia and maternal exposure
during pregnancy to pesticides in general,
herbicides or insecticides;

e childhood leukemia and paternal exposure or
childhood exposure to pesticides in general.

Based on the epidemiological evidence, chronic
adverse health effects are considered likely as a
result of exposure to pesticides in general or to
certain groups of pesticides. In only a few cases
were associations between specific pesticides and
a health outcomes characterized and quantified.
This difficulty is inherent in regard to identifying
specific exposures in epidemiological studies.
However, such limitations do not necessarily
preclude taking risk reduction measures before
risk characterization becomes more precise.
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Box 4.4-3 Systematic review and meta-analyses of epidemiological studies examining the association
between pesticide exposure and health outcomes.

At the request of the European Food Safety Authority, Ntzani et al. (2013) conducted a systematic literature review of
epidemiological studies examining the association between pesticide exposure and any health outcome published
after 2006. In 2019, UNEP solicited the Department of Hygiene and Epidemiology of the University of loannina School
of Medicine, in Greece, to update their review. The results of that work are available as a technical support document to

the current report (Ntzani et al. 2020).

Method

Results

The updated systematic review in included observational
(cohort, cross-sectional and case-control) studies assessing
the association between pesticide exposure and health-
related outcomes in adult, adolescents, or children published
between January 2012 and June 2019.

Literature searches were conducted using PubMed,
EMBASE, TOXNET OpenSigle and ProQuest Digital
Dissertations and Theses; publications were identified
without language or geographical restrictions.

Only studies with sufficient quantitative information
to estimate effect sizes were included in the assessment.
Studies assessing the effects of acute or accidental pesticide
exposure, or of pesticide poisoning, were excluded.

Relevant information was extracted from eligible studies
and recorded in a spreadsheet database.

Meta-regression analyses (MA), using random effect
models, were carried out for specific disease entities, by
pesticide group and window of exposure where available.
Effects sizes were expressed as Relative Risks (RR) and
corresponding 95% confidence intervals for binary study
outcomes, or Summary Mean Differences and corresponding
standard deviations for continuous outcomes.

Based on the criteria used, and covering the
entire period 2006 - 2019, 1,166 publications were
considered eligible.

The largest number of publications was from the
Americas (45%) followed by Europe (29%), Asia (17%)
and Africa (4%). Sample size ranged from studies as
small as including 37 participants to large cohorts
with 1,832,969 participants. Cross sectional studies
(34%), cohort studies (29%) and case control studies
(36%) were present in comparable frequencies.

More than 19,000 postulated associations (i.e.
links between an individual pesticide (group) and a
specific health outcome) have been included in the
database.

Most frequently studied health outcomes were
cancers, child diseases, neurological diseases,
neuropsychiatric disorders and endocrine system
diseases (see bubble plot).

Results of assessments where a meta-analysis
was possible are listed in Table 4.4-9. Health
outcomes reviewed but for which meta-analyses was
not feasible are provided in Annex 4.1-1.

Other 166 . Ophthalmologic Cancers 137 ~Metabolic
174 (childhood)
Reproductive 578
Cardiovascular 1,082
650 .
Respiratory
Cancers 1,007
4,404
Psychiatric
1,428 Psychomotor
Growth development
140 Child health 492
3,054
Hematological 88 79 /Allergic Kidney 78 ,Rheumatic
diseases
Preeclampsia 95 Endocrine 283  Neuro-
— development
374
. 1.537 Neurological
Mortality Diabetes 1.645 115 , Gynecological
106 Symptoms 76 ;Immune 113 _ Cardiovascular

Relative importance of health outcomes studied in pesticide epidemiological studies published between 2006 and 2019. N = total number of studied
associations
T Annex 4.4-1 is found at: https://www.unep.org/resources/report/environmental-and-health-impacts-pesticides-and-fertilizers-and-ways-minimizing
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Table 4.4-8 Associations between pesticide exposure and diseases or other health outcomes, as concluded in two
recent comprehensive reviews. Only associations for which a meta-analysis was performed by Ntzani et al. (2020) are listed. Associations
studied without a meta-analysis are listed in Annex 4.4-1.

Inserm Ntzani et al. (2020); Karalexi
(2013) et al. (submitted)

(systematic ~ (systematic review
review) and meta-analyses’)

Positive

Health outcome Pesticide or pesticide class

Positive Number of

association association studies

Effects on adults

Non-Hodgkin lymphoma Pesticides? Yes 11
Insecticides Yes 4
Organochlorines No 4
Dieldrin No 3
DDT Yes No 6
DDE No 9
Oxychlordane Yes 4
Trans-nonachlor No 4
HCB No 7
Organophosphates Yes No 3
Chlorpyrifos No 4
Malathion Yes No 3
Diazinon No 3
Terbufos No 3
Carbaryl No 4
Carbofuran No 3
Permethrin No 3
Herbicides/phenoxy herbicides No 6
Glyphosate No 3
MCPA No 3

Follicular lymphoma/ DDE No 4

follicular B-cell carcinoma

Diffuse large B-cell DDE No 5

lymphoma/diffuse large HCB No 3

cell lymphoma

Prostate cancer Pesticides Yes No 8
Captan No 3
Chlordane No 3
Oxychlordane No 4
DDE No 5
DDT No 4
Dieldrin No 3
HCB No 3
Trans-nonachlor No 3
Organochlorine insecticides No 3

Breast cancer Pesticides Yes 8
DDT No 5
DDE No 7
HCB No 3

/9



Inserm Ntzani et al. (2020); Karalexi
(2013) et al. (submitted)

(systematic ~ (systematic review
review) and meta-analyses’)

Positive

Health outcome Pesticide or pesticide class

Positive Number of

association association studies
Bladder cancer Pesticides No 6
Lung cancer Pesticides No 3
Testicular cancer DDE No 5
Parkinson's disease Pesticides Yes Yes 29
Herbicides (broad definition) Yes Yes 9
Paraquat No 9
Insecticides (broad definition) Yes Yes 10
Organochlorine insecticides Yes Yes 4
Rotenone Yes 3
2,4-D No 4
Benomyl No 3
Chlorpyrifos No 4
DDT No 5
Diazinon Yes 5
Dimethoate No 3
Malathion Yes 4
Mancozeb No 3
Maneb No 5
Parathion No 6
Ziram No 3
Fungicides (broad definition) Yes 6
Carbamate Yes 4
Organophosphorus Yes 7
Parkinsonism Pesticides Yes 5
Diabetes (general) Pesticides Yes 6
Organochlorine insecticides No 3
DDE Yes 11
DDT No 7
Dieldrin No 4
HCB Yes 4
Mirex No 3
Fungicides No 3
Herbicides No 3
Insecticides No 3
Diabetes type 2 Organochlorine pesticides Yes 3
DDT Yes 4
DDE Yes 1
HCB Yes 6
Oxychlordane Yes 5
Trans-nonachlor Yes 6
Gestational diabetes DDE No 3
20 Environmental and health impacts of pesticides and fertilizers and ways of minimizing them
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Inserm
(2013)

Ntzani et al. (2020); Karalexi
et al. (submitted)
(systematic review

and meta-analyses’)

(systematic

Health outcome review)

Pesticide or pesticide class

Positive Positive Number of
association association studies

Asthma (in adults) Pesticides Yes 6
Depression Pesticides No 6
Spontaneous abortion Pesticides Yes 5
Effects on child development

Pesticides (maternal exposure, any time) No 3
Childhood acute leukemia  pegticides (maternal exposure, during Yes 1
(overall)

pregnancy)

Herbicides (maternal exposure, during Yes 3

pregnancy

Insecticides (maternal exposure, during Yes 3

pregnancy)

Pesticides (paternal exposure, any time) Yes 4

Pesticides (paternal exposure, during No 3

preconception)

Pesticides (parental exposure, any time) Yes 6

Pesticides (childhood exposure) Yes 5
Childhood acute . Insecticides (maternal exposure, any time) No 3
lymphoblastic leukemia Pesticides (maternal exposure, during Yes 3

pregnancy)

Herbicides (maternal exposure, during No 3

pregnancy)

Insecticides (maternal exposure, during No 4

pregnancy)

Pesticides (childhood exposure) No 3
Childhood leukemia Pesticides (exposure during pregnancy or Yes

childhood)

1 Meta-analyses were only conducted if at least three relevant studies were available.
2 Pesticides means pesticides in general, without distinction of specific classes or active ingredients.

4.4.4 Self-poisoning

Self-poisoning involves exposure to both the active
ingredient and co-formulants, such as solvents
and surfactants, which may have their own toxicity,
especially when ingested in large quantities, and be
more toxic than the active ingredient itself.

Unlike unintentional acute pesticide poisoning,
intentional self-poisoning with pesticides
(often with the intent to attempt suicide) has
been evaluated in detail since the early 1990s.
Recent systematic reviews were conducted for
the period 1990-2007 (Gunnel et al. 2007) and for
2006-2015 (Mew et al. 2017; Karunarathne et al.

2019). The number of suicides due to pesticides in
the early 2000s was estimated at 372,000 cases
per year, or 31 per cent of global suicides (Gunnel
et al. 2007). In the mid-2010s pesticide suicides
were estimated at 168,000 per year, or about
20 per cent of all suicides globally (Mew et al.
2017) (Table 4.4-9). The authors estimated that the
annual total number of pesticide self-poisonings
ranged from 1 to 2 million. More recently,
Karunarathne et al. (2019) calculated that there
had been more than 14 million deaths due to
self-poisoning with pesticides between 1960,
when synthetic organic pesticides started to
become available on a large scale, and 2018.
More than 95 per cent of these deaths occurred
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Table 4.4-14 Global estimates of self-poisoning and suicides (deaths) by pesticides.

Estimated number of pesticide deaths

Estimated number

Study period o of pesticide self- Source
from suicides per year S
poisonings per year
1980s 200,000 2 million WHO (1990)
1990-2007 372,000 Gunnell et al. (2007)
2006-2015 168,000 1-2 million Mew et al. (2017)
2015-2018 134,000 Karunarathne et al. (2019)

_ Estimated total cumulative number of suicides _

1960-2018 14.2-14.9 million

Karunarathne et al. (2019)

in low and middle income countries (WHO and
FAO 2019a).

Suicide by intentional pesticide ingestion primarily
occurs in rural areas of low and middle income
countries in Africa, Central America, Southeast
Asia and the Western Pacific (WHO 2014).
The introduction of hazardous pesticides into
rural communities during the Green Revolution
resulted in a large increase in pesticide suicide
deaths. Self-poisoning is often carried out
spontaneously, with little planning and little time
to change one’s mind (Eddleston and Phillips
2004). The easy availability of these pesticides has
greatly increased the lethality of self-poisoning,
changing their outcomes from non-fatal to fatal
(Karunarathne et al. 2019). The number of suicides
has not been found to be correlated with the
volume of pesticides sold. It is rather the pattern of
pesticide use and products’ toxicity that influence
the likelihood they will be used for self-poisoning
(Gunnell et al. 2007).

Pesticide suicides peaked in the 1990s and
their incidence started to decline around
2000 (Karunarathne et al. 2019). The almost
65 per cent reduction in pesticide suicides between
1990 and 2018 occurred in the context of a
9 per cent decrease in the WHO estimate of the
overall number of suicides between 2000 and
2012 (WHO 2014). The main drivers of this change
are likely to be marked economic growth in parts
of the world (e.g., China, where about half the
world’s pesticide suicides previously occurred),
population shifts from rural to urban areas, further
mechanization of agriculture, and the introduction
of regulations to ban or reduce access to the most

toxic pesticides (Mew et al. 2017; Karunarathne
et al. 2019). Bans on Highly Hazardous Pesticides
(HHPs) in Sri Lanka, the Republic of Korea,
Bangladesh and other countries have been
associated with marked falls in both pesticide
suicides and all suicides (Gunnell et al. 2017).

It has been reported from various countries
that banning the most toxic pesticides has
not been associated with adverse effects on
agricultural yield (Manuweera et al. 2008; Cha
et al. 2016; Chowdhury et al. 2018; Bonvoisin
et al. 2020). Two estimates of the health care
costs of treating pesticide self-poisoning cases
in Sri Lanka have been published, showing that
treatment costs for patients with severe pesticide
poisoning greatly exceed all other costs for
poisoned patients (Ahrensberg et al. 2019).
Recently, Lee et al. (2020), using an economic
modelling study across 14 countries, concluded
that national bans of Highly Hazardous Pesticides
(HHPs) are a potentially cost-effective and
affordable intervention for reducing suicide
deaths in countries with a high burden of suicides
attributable to pesticides.

For many years pesticide self-poisoning was
ignored as a public health and agricultural problem
because it was considered a form of misuse.
A number of parties to international treaties have
argued against including pesticide self-poisoning
in relevant provisions because self-poisoning was
considered a form of misuse. It has therefore
been excluded from international treaties such
as the Rotterdam Convention. However, it has
been argued that pesticide self-poisoning should
be considered an occupational condition, akin to
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alcoholism in bar staff, due to their availability
and occupational use in small-scale farming
communities where resources to store and use
then safely are lacking (Eddleston 2018).

Despite the downward trend in pesticide
suicide deaths during the last ten to 20 years,
self-poisoning with these products is still the cause
of one in five of the world’s suicides (WHO and FAO
2019a). WHO and FAO have published guidance
on approaches that regulators can take to prevent
pesticide suicides (WHO and FAO 2019a).

Environmental and hedlth effects of pesticide use  ® Chapter 4 of 12

4.4.5 Factors affecting occupational
and residential pesticide exposure

Occupational risk factors

Occupational pesticide exposure and the risk
of subsequent adverse health effects may be
influenced by a variety of factors related to the
demography of the populations involved, pesticide
application practices, the organization of the
work environment, and workplace behaviours.
These factors include experience with pesticide

Table 4.4-10 Factors found to increase or reduce occupational pesticide exposure and/or health effects:
outcomes from selected reviews and medium- or large-scale studies.

Factor 1

Study number **

2 3 4 S 6 7

Demographic factors

Younger age

Higher level of education

Longer experience, confidence in practices

<7
¢T3

More lifetime days of pesticide application

Large farm size

Pesticide application and work environment

Control of all decisions on the farm

Pesticide safety training °

Higher dose, frequency, toxicity of the pesticide ™

Previous pesticide incident

->

Use of personal protective equipment N2

Use of backpack sprayers

9
T

Leaking or contaminated spray equipment

Workplace behaviours

Use of pesticide in conflict with label

Hand washing after work N2

Showering, changing clothes after work o

Pesticide drift, application against the wind

S
™ ™

Early re-entry into sprayed fields

™ Mt

*l/: found to reduce exposure/health effects; M found to increase exposure/health effects; €2 not found to have an effect on exposure/health; ®:

insufficient evidence to draw conclusion
** Studies:

1. Quandt et al. (2006): Review of 80 studies published since 1990; farmworker pesticide exposure, mainly in North America
2. Calvert et al. (2008): Analysis of pesticide poisoning cases in the United States from 1998 to 2005; factors linked to moderate or severe poisoning
3. Tomenson and Matthews (2009): Study of smallholder farmers in 24 countries worldwide; knowledge, attitude and practice (KAP) surveys linked to

self-reported moderate or severe health effects

4. Pasiani et al. (2012): Study of smallholder farmers in mid-western Brazil; KAP study linked self-reported health effects and cholinesterase inhibition

o

Kim et al. (2013): Study of male farmers across the Republic of Korea, linking practices to self-reported moderate or severe health effects

6. Jors (2016): Review of 20 studies published between 1995 and 2014, linking specific risk factors (focus on personal protection and the degree of
pesticide exposure) with self-reported acute pesticide poisoning and/or cholinesterase inhibition
7. Fuhriman et al. (2019): Study of predictors of pesticide exposure of smallholder farmers in Costa Rica using a pesticide exposure algorithm
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application, pesticide safety training, work hygiene,
the type and maintenance of spray equipment,
and use of personal protective equipment (PPE)
(Table 4.4-10).

Many factors have been proposed to have direct,
indirect or modifying effects on the extent to
which farmers and farmworkers are exposed
to pesticides; taking these factors into account
often forms the basis for pesticide risk reduction
measures (Quandt et al. 2006). However,
when Quandt et al. (2006) conducted a first
comprehensive review of workplace, household
and personal predictors of pesticide exposure
of farm workers, primarily in North America,
they observed that research connecting the
characteristics of workers’ environments and
behaviours with actual measurements of pesticide
exposure was meagre. A more recent partial
review of factors affecting acute pesticide
poisoning in low and middle income countries
(Jors 2016) also yielded few quantitative data.
No current comprehensive review quantifying the
importance of risk factors for pesticide exposure
and poisoning appears to be available.

Table 4.4-10 summarizes the outcomes of the
above-mentioned reviews, as well as selected
medium and large scale studies. It is striking that
there are a large variety of outcomes, with certain
risk factors reducing or increasing risk in some
studies but not in others. This seems to indicate
that whether a certain factor impacts pesticide
exposure or health effects greatly depends on local
conditions of use.

Demographic factors such as age, education,
and experience with using pesticides have not
been found to consistently increase or decrease
pesticide exposure or effects. Factors linked with
pesticide application and workplace organization
have been evaluated more often. Using pesticides
in higher doses or frequencies, or with higher
toxicity, was found to increase health effects.
Training in judicious pesticide use mostly appears
to reduce pesticide exposure, although broader
reviews of the impact of training on occupational
health and safety have concluded that the
longer-term impact of training — if conducted in
isolation — is rather limited (Chapter 2.7.21).

Workplace behaviours in conflict with label
instructions, good application practices or
minimum occupational hygiene, on the other hand,
were consistently found to increase pesticide
exposure or effects.

Overall, studies quantifying the effects of
workplace behaviours, demographic factors or
pesticide application practices on occupational
exposure or health effects remain infrequent.

Personal protective equipment

The use of personal protective equipment (PPE) is
central to discussions of pesticide risk reduction
for people who handle and apply pesticides or
work in pesticide-treated fields or spaces. In many
countries the authorization of moderate and high
risk pesticides is conditional on the use of specific
types of PPE. This equipment includes skin
protection (aprons, coveralls, boots, gloves, hats/
helmets), eye protection (face shields, goggles)
and respiratory protective equipment (masks,
respirators).

When studies on pesticide application under
working conditions are reviewed, use of PPE either
reduces exposure or does not seem to have a
quantifiable effect; exposure reductions appear to
be less than under controlled conditions. While not
wearing PPE generally increases the incidence
of poisoning, using it does not always reduce it
(Kim et al. 2013; Garrigou et al. 2020). Calvert
et al. (2008) noted that half of those poisoned by
pesticides did wear.

Under controlled circumstances, proper use of
adequate PPE significantly reduces occupational
exposure to pesticides. Such exposure reduction
factors have been incorporated into regulatory
pesticide exposure models. For example,
the European Food Safety Authority (EFSA 2014)
considered that dermal pesticide exposure
of pesticide applicators would be reduced by
90 per cent when chemical resistant gloves
and coveralls or a single layer of work clothing
are worn.

Based on a recent review of the scientific literature,
Garrigou et al. (2020) found that both single-layer
clothing and coveralls reduce occupational
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% Figure 4.4-7 Use of PPE items in different regions of the world.
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Shown are the average percentages of study populations using a PPE item, from the global review by Sapbamrer and Thammachai (2020).

exposure to a pesticide. However, a considerable
fraction still passes through the fabric, even of
chemical-resistant coveralls. The amount varies
depending on the type of fabric, the area of the
body, and the kind of pesticide under study.
Most available research on the effectiveness of
such equipment where PPE wearing practices are
uncontrolled have shown that protective coveralls
are not as effective as expected (Garrigou et al.
2020) (Table 4.4-10).

A global review of factors affecting the use of PPE
by Sapbamrer and Thammachai (2020) looked
at 121 scientific articles published between 1999
and 2019. It was found that, on average, about
70 per cent of pesticide handlers (farmers and
farm workers) wore long-sleeved shirts and long
trousers, but less than 30 per cent (also) wore
dedicated coveralls or spray uniforms. On average,
less than half of pesticide handlers used specific

PPE such as gloves, masks, boots and goggles.
There was large variability among world regions,
with PPE worn more regularly in high income than
low income countries (Figure 4.4-7). However,
even in OECD member countries, where conditions
for wearing such equipment might seem most
favourable, Garrigiou et al. (2020) found that rates
of PPE use were much lower than recommended.

Various reasons have been given to explain why
farmers, pesticide applicators and farm workers
are not, or are only partially, using PPE. The right
PPE may not be available or affordable in some
regions, an argument often made concerning
subsistence farmers and workers in lower income
countries. Non-provision or non-requirement
by employers has been found to limit PPE use
by farm workers. Literacy, higher education,
the perceived benefits of PPE and dedicated
training may increase its use, although the results
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of studies linking education and training to PPE
use are mixed (Garrigou et al. 2020; Sapbamrer
and Thammachai 2020). PPE use has also been
linked to farm size, with more (appropriate) PPE
being worn on larger farms, possibly due to greater
financial means.

Non-use of PPE can also be explained by
characteristics of the equipment itself.
Many items are uncomfortable, restrict the user's
movements and can be very hot to wear, especially
in warm and humid conditions. Under certain
circumstances this can result in heat stress,
potentially leading to loss of coordination and
dangerous acute health effects (Garrigou et al.
2020; Sapbamrer and Thammachai 2020).

Garrigou et al. (2020) noted a dilemma in regard
to PPE-dependent risk prevention: the more an
item of PPE protects the wearer from pesticides,
the more likely it is to be uncomfortable or
even impossible to wear. In addition, the more
effective it is, the more likely it is to be costly.
They conclude that “the possibility of having PPE
that is comfortable, suitable to practical conditions,
affordable, and protects from contamination
by any and all handled products has yet to be
demonstrated”. It should be emphasized that this
conclusion applies to high income OECD countries;
it is likely to be even more true of PPE use in low
income countries (Pesticide Action Network Asia
Pacific 2010). This dilemma is especially relevant
to the discussion of the use of Highly Hazardous
Pesticides (HHPs) (Chapter 3.2.3), which require
effective use of appropriate PPE.

Inadequate use of PPE in large parts of the
world, together with the incomplete protection
this equipment provides, means it should be
considered a last line of defence after other
measures have been taken (i.e., the "hierarchy
of control” principle; see Chapter 6.2.5).
The hierarchy of control is a fundamental principle
of occupational health and safety around the
world (Alli 2008; United States National Institute
for Safety and Health 2015; European Agency for
Safety and Health and Work 2018).

Residential exposure to pesticides

People who live close to agricultural fields may be
exposed to pesticides through various pathways,
the most important of which are spray drift,
volatilization of pesticides beyond the treated
area, take-home exposure (e.g., through pesticide
residues on the clothing of workers or farmers),
pesticide use in/around the residence, and dietary
ingestion (Deziel et al. 2015).

Those who live further from fields are mainly
exposed through residential pesticide use
(e.g., disease vector control, nuisance pest
control, domestic and garden uses) and by dietary
ingestion (Chapter 4.4.6).

Considerable concern has been (and continues
to be) expressed about the exposure of people
living close to agricultural fields, especially in
areas with high intensity of pesticide use or where
pesticide application methods entail potentially
high drift (e.g., aerial applications, orchard
spraying) (Dansereau et al. 2006; Lee et al. 2011,
Human Rights Watch 2018; Health Council of the
Netherlands 2020).

Dereumeaux et al. (2020) reviewed the
scientific literature that quantifies pesticide
exposure of non-farmworker residents living
close to agricultural fields, who are expected
to be exposed mainly through spray drift and
pesticide volatilization. Most studies had been
conducted in North, Central and South America.
The study results confirm that those living closer
to pesticide-treated agricultural land tend to have
higher levels of pesticide residues/metabolites in
their households and/or biological samples, higher
levels of oxidative stress markers, greater DNA
damage, and decreased activity of cholinesterase
than those who live farther away. Moreover, the
amount of pesticides applied, the acreage treated,
and the time of year compared to the spray
season were positively correlated with levels of
human exposure.

Dereumeaux et al. (2020) and the Health Council of
the Netherlands (2020) have pointed out that while
associations between proximity to agricultural
flelds and various adverse health outcomes have
been observed, but that the studies are not always
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conclusive. This is partly due to the difficulty of
characterizing and quantifying residents’ exposure
to pesticides. Stronger epidemiological evidence
exists, however, for certain health effects due to
occupational exposure (Chapter 4.4.3).

Deziel et al. (2015), in a review of evidence in
the published literature for the contribution of
non-occupational pathways of pesticide exposure
in women living in North American agricultural
areas, calculated that, on average, pesticide
concentrations in house dust 250 metres from
treated fields were still 36 per cent of the levels
found in houses about 20 metres from fields.
Lee et al. (2011) found that in the United States
73 per cent of non-occupational exposure to
pesticide drift occurred more than 400 metres
from the application site. However, on the basis of
current observational studies assessing residential
exposure and human health effects, it does not
seem possible to define a safe distance between a
residence and field that could ensure protection of
human health (Teysseire et al. 2020).

There is also increasing evidence that the
“take-home”(or “para-occupational”) exposure
pathway may contribute considerably to residential
exposure to pesticides. Pesticide residues can be
transferred from the workplace to the household
environment on agricultural workers’ clothing,
skin, vehicles and shoes. A recent review provided
evidence that these workers’ families are exposed
to pesticides at higher levels than those of
non-agricultural workers (Lépez-Galvez et al.
2019). Levels may depend on several factors,
including seasonality, parental occupation,
cohabitation with a farmworker, behaviour at work/
home, age and gender.

Good work practices, including the availability
of laundry facilities, storing work boots at work
instead of at home, frequent washing of hands
before leaving the workplace, and receipt of
pesticide training, have all been associated
with lower residential pesticide contamination,
suggesting that community based interventions
that disrupt the take-home pathway can be
effective in reducing pesticide exposure (Fenske
et al. 2013; Lopez-Galvez et al. 2019). However
many of the ways to lower such transfer may
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not be available to subsistence farmers in low
income countries.

While increasing evidence exists concerning
residential exposure to pesticides, less is known
about the adverse health effects that could result
from such exposure. Teysseire et al. (2020) found
that 71 per cent of the epidemiological studies
included in their global assessment reported a
significant association between at least one health
outcome and residential exposure to pesticides.
However, they did not evaluate the quality of
these studies.

Recently the Health Council of the Netherlands
(2020) reviewed the (mainly chronic) health
risks posed to people living in the vicinity of
agricultural land by the use of plant protection
products. They conclude that the international
epidemiological literature indicates the use of
chemical agents for plant protection can be
associated with impaired human health, although
little is known about the exact level of risk involved
or precisely which products are responsible.

The Health Council recognized that further
research is not expected to provide clarity in
the near future, nor can the approval procedure
for these products ever fully eliminate risks.
For these reasons it recommended application of
the precautionary principle by redoubling efforts
to reduce agricultural dependence on chemical
plant protection products (Health Council of the
Netherlands 2020).

On the basis of the above reviews it can be
concluded that residential exposure to pesticides
is likely to be widespread, especially in areas
where there is intensive agriculture or residents
live in close proximity to treated fields. Although
risk mitigation measures such as drift reduction
technologies, buffer zones and improved work
hygiene have been recommended or required in
many countries, this residential exposure remains
extensive. The resulting health risks are less
clear, but several epidemiological studies have
found associations between residential exposure
to pesticides and adverse health outcomes,
indicating that health concerns about this
exposure pathway are warranted.
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4.4.6 Pesticide residues in food
Residue monitoring

Pesticide residues may remain in/on a final food
product following pesticide applications to the
crop or post-harvest treatments of the commodity,
or because of contamination from environmental
sources (e.g., legacy pesticides remaining at
low levels in the soil). Such residues may pose a
dietary risk to the consumer. Many governments
therefore set maximum residue limits (MRLs)
for pesticides that are permitted on food
commodities. At the international level, the Codex
Alimentarius Commission (the Codex) establishes
globally harmonized MRLs to protect the health of
consumers as well as to ensure fair practices in
the food trade.

To assess whether MRLs are respected, pesticide
residues should be monitored on a regular basis
in raw agricultural commodities and in processed
food items. Different types of pesticide residue
monitoring are conducted:

° monitoring programmes that attempt to
provide a representative assessment of the
situation of pesticide residues in food products

consumed in a country (these often follow
random sampling methods);

* risk-based monitoring programmes focusing
on pesticides or commodities originating
from sources where relatively high residue
levels have been found in the past or are
expected (this is sometimes also referred to as
“enforcement monitoring”);

e research projects, which tend to be ad hoc
residue sampling programmes conducted
to answer specific scientific questions
(such sampling can be random, stratified or
otherwise directed).

Residue monitoring may be carried out in both
domestic and imported food products.

Residue monitoring programmes exist in
certain countries, but most of them are high or
upper-middle income economies (Table 4.4-11).
Regular monitoring of pesticide residues in
low and lower-middle income countries is rare,
and most information on pesticide residues
in food is collected through ad hoc research
studies. A recent global survey indicated that only
58 per cent of responding countries had systems

% Figure 4.4-8 On average, 58 per cent of countries have systems in place for monitoring pesticide residues

in food and feed, but large differences exist among world regions (total number of responding

countries = 50). WHO and FAO (2019a).
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Table 4.4-11 Examples of national pesticide residue monitoring programmes.

Australia National Residue Survey (NRS), Department of Risk based DoA (2019)
Agriculture, Australia (DoA)

Brazil Programa de Analise de Residuos de Agrotdxicos em ANVISA (2019)
Alimentos (PARA), Agencia Nacional de Vigilancia
Sanitaria (ANVISA)
Plano de Nacional de Controle de Residuos e PNCRC (2018;
Contaminantes (PNCRC), Ministério da Agricultura, n.d.)
Pecudria e Abastecimento (MAPA)

Canada National Chemical Residue Monitoring Program Random and risk based CFIA (n.d.)
(NCRMP), Canadian Food Inspection Agency (CFIA)

EU Member EU-coordinated control programme (EUCP), European ~ Random EFSA (2020b)

States, Norway  Food Safety Authority (EFSA)

and Iceland National pesticide residue control programmes Mainly risk based

India Monitoring of Pesticide Residues at National Level Random ICAR (n.d.)
(MPRNL) scheme, Department of Agriculture,
Cooperation and Farmers Welfare and Indian Council of
Agriculture Research (ICAR)

New Zealand  Food Residues Survey Programme (FRSP) (plant Random NZFS (2020;
products), National Chemical Residues Programme n.d.)
(NCRP) (animal products), New Zealand Food Safety
(NZFS)

United States  Pesticide Residue Monitoring Program, United States ~ Risk based sampling, US FDA (2019)
Food and Drug Administration (US FDA) focused sampling and

total diet studies

Pesticide Data Program (PDP), United States Representative, random USDA (2019)

Department of Agriculture (USDA)

(The PDP has also operated an on-line database with

residue monitoring data since 1994.)

in place to monitor pesticide residues in food and
feed, with a prominent lack of such surveillance in
Africa (Figure 4.4-8) (WHO and FAO 2019b).

The outcomes of pesticide residue monitoring
programmes or studies tend to be interpreted in
two ways: the fraction of sample commodities that
exceeds applicable MRLs, and/or the dietary risk
of consuming food and drinking water containing
measured levels of pesticide residues.

Exceedance of an MRL is an indication that a
pesticide has not been applied in accordance
with Good Agricultural Practices. However,
because MRLs are not toxicological reference
values exceedance of the MRL does not
necessarily mean the consumer is exposed
to an unacceptable dietary risk (Box 4.4-3).
To know whether consumers run a health risk,

a dietary risk assessment needs to be conducted.
Such an assessment is generally based on the
consumption of all food sources that may contain
residues of the pesticide in question.

Pesticide residue concentrations in food

There have been no global reviews of pesticide
residues in food commodities and their potential
risks to consumers. Regular monitoring
programmes (as listed in Table 4.4-117) tend to
publish detailed annual reports of their results,
sometimes including dietary risk assessments.
On the other hand, data from ad hoc residue
monitoring studies, as conducted in many lower
income countries, have never been systematically
compiled and analysed (FAO/WHO Joint Meeting
on Pesticide Residues, personal communication).
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Box 4.4-3 Maximum Residue Limits (MRLs).

A Maximum Residue Limit (MRL) is the maximum concentration of a residue that is legally permitted or recognized
as acceptable in or on a food or agricultural commodity or animal feedstuff (FAO/WHO 2014). MRLs can be defined
nationally or globally, the latter by the Codex Alimentarius Commission (Chapter 3.2.3). Codex MRLs are primarily
intended to facilitate international trade, while protecting the health of consumers.

An MRL is derived on the basis of a toxicological assessment of the pesticide and its residue, and a review of residue
data from supervised trials. They are always set for a specific pesticide active ingredient combined with a specific
commodity (e.g. MRL of deltamethrin on tomatoes).

An MRL is estimated from residue levels measured in a series of supervised trials in which a specific pesticide is
applied according to Good Agricultural Practice (GAP), i.e. the directions for the authorized use on the pesticide label.
The use conditions leading to the highest residues (the critical GAP) are generally used to estimate the MRL for a given
pesticide-commodity combination.

If a new MRL is established, a dietary risk assessment is also conducted (see below) to assess whether the residue
levels used to estimate the MRL result in acceptable risks to the consumer. This is done for individual commodities
and for all commodities combined for which the pesticide authorized. If the dietary risk is acceptable, the MRL can be
adopted.

An MRL is not a toxicological reference value. It is a food standard reflecting the critical GAP in the country or region:
itindicates the maximum residue that can be encountered on a commaodity given the agronomic conditions in the country,
and which does not pose an unacceptable dietary risk. MRLs can thus be different among countries because GAPs are
different. For instance, a global (Codex) MRL may be higher than a national MRL because Codex includes pesticide
residue studies from all over the world in their estimate, which may include situations where pesticide applications rates
are higher due to climatic conditions; the critical GAP and thus the MRL may then be higher too. However, the higher MRL
can only be adopted if the dietary risk is acceptable.

Exceedance of MRLs therefore signals that the GAP, i.e. recommended best pesticide application practices, have not
been followed. It does not automatically mean that consumers run an increased dietary risk (although this may occur if
exceedance of the MRL is large).

: Lower Residue concentration in commodity m
Supervised
residue trial A

Supervised National
residue trial MRL

National

Possible

dietary risk

Supervised
residue trial

Regional/
global MRL

Supervised
residue trial

Regional or global

Supervised
residue trial

Supervised
residue trial

National or regional/global MRLs may be — but are not always - different, because they may be based on different residue trials with different GAPs.
However, MRLs will always be below residue concentrations that can be expected to result in dietary risks.
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Long-term dietary risk assessment
i Quantity Residue Processing
X . X
. consumed concentration factor
+
”( Quantity , Residue . Processing Dietary Acceptable Daily
S—r consumed concentration factor exposure Intake (ADI)
+
. Quantity . Residue
consumed concentration
Short-term dietary risk assessment
: Highest residue Dietary Acute Reference

A long-term (chronic) dietary risk assessment combines consumption of all food items on which residues of a pesticide may be present, and compares
the total dietary exposure to the ADI of that pesticide. In a short-term (acute) dietary risk assessment, exposure following consumption of a large
portion (single meal) of a food item is compared to the ARfD.

In a dietary risk assessment, exposure of consumers to residues expected or found on a range of commodities is
calculated. Exposure estimates are based on average national or regional diets; i.e. quantities of food items consumed
per day (for chronic dietary risk) or in a single large portion (for acute dietary risk). Only residue levels in the edible parts
of the commodity are considered, and the effect of processing (e.g. cooking, baking, pasteurizing, brewing) on residues
is also taken into account when relevant.

In the long-term (chronic) risk assessment, the estimated chronic dietary exposure is compared with the acceptable
daily intake (ADI) value, which is the daily intake of a pesticide in food and/or drinking-water which, during an entire
lifetime, appears to be without appreciable risk to the health of the consumer.

For the short-term (acute) risk assessment, the quantity of residues estimated to be ingested in a single day is
compared to the Acute Reference Dose (ARfD), which is the amount of a pesticide in food and/or drinking-water, which
can be ingested in a period of 24 hours or less without appreciable health risk to the consumer.

Both for the acute and the chronic assessment, risks are considered acceptable if the estimated dietary exposure is
less than the ADI or ARfD.

Various models are used for dietary risk assessment, such as the WHO/FAO International Estimated Daily Intake
(IEDI) and International Estimate of Short Term Intake (IESTI) models by the Codex Alimentarius, the Pesticide Residue
Intake Model (PRIMo) in the European Union, and the Dietary Exposure Evaluation Model - Food Commodity Intake
Database (DEEM-FCID)/Calendex by the USEPA.

Generally, dietary exposure is calculated separately for each pesticide, either on an individual commodity or by
combining all commodities on which the pesticide is to be authorized or measured. However, in reality consumers may
be exposed to residues of several different pesticides at the same time. The estimation methods for such cumulative (or
combined) exposure, though still under development, are now increasingly used.

FAO and WHO 2014, Ambrus & Yang 2015, FAO 2016, Brancato et al. 2018, USEPA undated, WHO undated, Yeung et al. 2018.

Residue monitoring programmes in Europe, In Table 4.4-12 only Brazil has a considerably
North America, Australia, New Zealand and India higher exceedance rate for plant based food
generally show that exceedances of MRLs are commoadities. It should be noted that comparisons
relatively limited, typically ranging from <1 to of residue monitoring programmes between
10 per cent of samples taken in a given year. countries is not straightforward, as countries may
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Table 4.4-12 Recent levels of exceedance of pesticide maximum residue limits (MRLs) in countries with regular
pesticide residue monitoring programmes in food commodities.

Free of

Food Number of o MRL
Country o o pesticide Source
commodities | samples (origin) : , | exceedance’?
residues
Australia 2018- Animal based 9,952 - 0.2 per cent DoA (2019)
2019 pjant based 5,241 0.8 per cent
Brazil 2017- Selected plant 4,616 (domestic) 49 percent 23 per cent ANVISA (2019)
2018 based
2018  Animal based 12,495 - 0.4 per cent PNCRC (2018)
Canada 2018- Selected plant 3,348 60 ber cent 0.7 per cent CFIA (2019)
2019 based P
EU Member 2018  Selected animal 57,286 (domestic) 3.1 per cent EFSA (2020b)
States, Norway and plantbased 94 495 (imported) 98 Percent g 3 per cent
and Iceland
India 2017-  Animal and 23,660 81.9 per 2.2 per cent Ministry of Agriculture and
2018  plant based cent Farmers Welfare (2019)
New Zealand 2017-  Fruits and 591 - 6.2 per cent NZFS (2020)
2019  vegetables
United States 2017  Animal and 1,799 (domestic) ~ 52.5 per 4.8 per cent US FDA (2019)
plant based cent
4,270 (imported)  50.0 per 10.4 per cent
cent
2018  Mainly plant 6,981 (domestic)  47.8 per 6.0 per cent USDA (2019)
based 3,385 (imported) ~ cent 9.0 per cent

1 MRL exceedance is expressed as percentage of total number of commodity samples.
2 Generally including samples with pesticide residues for which no MRL or tolerance has been established for that crop.

» Figure 4.4-9 Pesticide MRL exceedances of food commodities imported into the EU+ (EU Member States,
Norway and Iceland) between 2010 and 2018 ranged between 5.5 and 8.5 per cent of samples (orange
bars). Lower MRL exceedances are found for food originating from within the EU+, but these have been
steadily increasing from 1.5 in 2010 to 3.1 per cent in 2018 (blue bars). Based on EFSA (2013-2019).

10
8.3%

7.9%

Per cent

2010 2011 2012 2013 2014 2015 2016 2017 2018

. Third countries

. EU+

Environmental and health impacts of pesticides and fertilizers and ways of minimizing them
Envisioning a chemical-safe world



differ in regard to the balance between random or
“targeted” selection of samples for monitoring in
their programmes.

In both the EU and the United States, MRL
exceedance rates for imported food commodities
are about twice the rates for domestically
produced food. This suggests that agricultural
practices in the exporting countries are not always
able to meet national MRLs, e.g., due to higher
pesticide application rates and frequencies or
because pre-harvest intervals are not adequately
respected.

MRL exceedance rates in the countries listed in
Table 4.4-12 generally do not fluctuate much over
time. MRL violations in regard to domestically
produced food in the highly regulated EU have
been steadily increasing during the last five years
while still remaining fairly low (Figure 4.4-9). It is
not clear why this has been the case.

Since very few regular pesticide residue monitoring
programmes exist in low and middle income
countries, information on violations of MRLs in
these countries is limited.

In a global review on bananas, Gomes et al.
(2020) found only a few published studies
reporting the presence of pesticides on this fruit.
In the available studies, however, depending on the
standard-setting body (Brazil, the Codex, the EU),
between 32 and 79 per cent of samples did not
meet MRLs (either the MRL was exceeded or the
pesticide found in the bananas did not have an
established MRL).

No recent global reviews of pesticide residues
in other commodities or cropping systems were
available. However, ad hoc residue monitoring
in low and middle income countries seems to
indicate that the degree of exceedance of MRLs,
across many commodities, may be significantly
higher than the 1-10 per cent found in the high
income countries mentioned above. Examples
include studies in Ghana (Osei-Fosu et al. 2014),
Thailand (Sapbamrer and Hongsibsong 2014),
Pakistan (Faheem et al. 2015), Burkina Faso
(Lehmann et al. 2017) and Bolivia (Skovgaard et al.
2017). Many of these studies compare residue
levels with Codex MRLs, which were established

Environmental und heulth effects of pesticide use » Chapter 4 of 12

based on global critical GAPs. The relatively high
exceedance levels observed suggest that farmers
in low and middle income countries are often
not able to meet the GAPs defined internationally
by the Codex. Higher application rates and
frequencies, inadequate adherence to pre-harvest
intervals, and use of pesticides that do not have an
MRL (including diversion of pesticides registered
for use on non-food crops to use on foods)
may all contribute to increased MRL exceedances.
It is also possible that farmers who do not grow for
export markets are not aware of (or are less likely
to comply with) the GAPs and MRLs that may have
been established for a pesticide.

Dietary risk assessment

Dietary risk assessments are conducted to
evaluate exposure to pesticide residues through
food intake and the resulting risks to human health
(Box 4.4-4). They generally have two different
purposes (EFSA 2018e):

e Pre-registration (prospective) assessments are
conducted to assess the risks to consumers
resulting from pesticide residues expected on
food, e.g., if a new active ingredient (or a new
use of an already authorized active ingredient
on a different crop) needs to be authorized.

» Post-registration assessments are conducted
to assess the risk of actual exposure of
consumers resulting from pesticide residues
measured in pesticide monitoring programmes.

The risks of pesticide residues in food are mostly
evaluated on a compound by compound basis.
If potential exposure of consumers is below the
relevant health based reference value (ADI or
ARfD, see Box 4.4-4), the use of that pesticide is
considered acceptable. However, consumers are
frequently exposed to more than one pesticide
residue in food at the same time. Assessing the
risks of multiple pesticides in food is referred to
as “cumulative risk assessment” (Boobis et al.
2008) or more commonly as “combined risk
assessment” (European Food Safety Authority
Scientific Committee 2019). Cumulative dietary
risk assessments are considered most relevant for
groups of pesticides with similar modes of action,
or cumulative assessment groups (CAGs) (Boobis
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et al. 2008,). Unlike the dietary risk assessment
of individual pesticides, there is currently no
internationally agreed protocol for the evaluation of
combined dietary risks. However, several methods
have been developed in the last decade and are
increasingly applied at the national or regional
levels (Meek et al. 2011; Jensen et al. 2015; Chang
et al. 2018; EFSA 2020c; EFSA 2020d).

No global review of pesticide dietary risk
assessments is currently available. Recent
national or regional dietary risk assessments
covering important groups of pesticides and food
commodities have been compiled in Table 4.4-13.
Apart from assessments in Brazil and Tunisia,
all the others are from high income countries.
In virtually all cases (countries, consumer age
groups, and food commodities) actual acute and

Table 4.4-13 Recent regional or national dietary risk assessments of pesticide residues in food:
assessments are of the risks of exposure to single pesticides and of combined exposure to multiple

pesticides.

Country

Single pesticide’

Residue

: Food commodities
assessment period

Eight countries: Australia, Brazil, Canada, Czech Republic,
France, Italy, Netherlands, United States

2008-2017 Both plant and animal based

For a limited number of pesticides, in certain countries,
exposure of children exceeded 20 per cent of the ARfD
(carbofuran, cypermethrin, cyfluthrin, fenpropathrin,
prothioconazole).

Crépet et al. (2021)

Tunisia (adults 19-65) 2009-2010 42 core food groups covering
97 per cent of the Tunisian diet
The authors conclude that there is low dietary exposure to  Bouktif Zarrouk et al.
pesticide residues of the Tunisian adult population. (2020)
New Zealand 2017-2019 Fruits and vegetables
NZFS (2020)
EU 2018 Selected plant and animal

based commodities

182 a.i.'s (for chronic risk)

Deterministic (PRIMo)  Acute risk: For 143 pesticides
there was no exposure
concern. The remaining 33
pesticides exceeded the acute
health based guidance value
in 327 samples (1.4 per cent).
EFSA considers it unlikely
that this limited number of
exceedances of the ARfD
would pose concerns for
consumer health.

Chronic risk: EFSA concluded that according to current EFSA (2020b)

scientific knowledge, chronic dietary exposure at the

assessed levels for the food commaodities analysed is

unlikely to pose concerns for consumer health.

Germany 2009-2014 Mainly plant based

Environmental and health impacts of pesticides and fertilizers and ways of minimizing them
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chronic dietary risks of pesticides in food were
considered very small. The only exception is
dietary exposure of children in Israel, where the
large majority of this population was exposed to
residue levels above the acceptable daily intakes of
up to 10 different pesticides.

Dietary risk assessments have been published
in low and middle income countries, but only

Environmental and hedlth effects of pesticide use  ® Chapter 4 of 12

for a small number of specific pesticides or
commodities. There are few, if any, national
assessments which include a broader range of
pesticides and/or commodities. It is therefore
difficult to evaluate whether the higher degree
of MRL exceedance observed in these countries
(see above) leads more often to unacceptable
dietary risks.

Pesticides? Method

Outcome (as reported by the study authors)

Reference

Probabilistic model
of acute dietary
exposure of adults
and children

38 a.i's assessed

None of the exposure values for the 38 pesticides
exceeded the ARfD.

170 a.is assessed, of
which 21 were detected

Total diet study

The ADI was not exceeded for any pesticide except
the bromide ion (methyl bromide, which has been
banned).

All MRL non-compliant ~ Not defined
a.i’s from residue

monitoring

None of the survey samples exceeding the relevant
MRLs resulted in any food safety concerns to
consumers of all ages.

176 a.i.'s (for acute
risk)

700 a.i’s Probabilistic model

(MCRA)

693 pesticides were unlikely to pose chronic or acute
dietary risks.

5



Residue

Count :
untry assessment period

Food commodities

Short-term dietary exposure to chlorpyrifos, dimethoate/
omethoate may present a public health concern.

Dietary risks of copper, dimethylvinphos, halfenprox and Sieke et al. (2018)
tricyclazole remained inconclusive.

Israel (children only) 2006-2010 Fruits, vegetables, tubers

90 per cent of the children had uptakes in excess of the Freeman et al. (2016)
ADI for between two and eleven compounds; 5.6 per cent
of children had one exceedance and 4.8 per cent had none.

Cumulative?

EU 2014-2016 Both plant and animal based
EU 2014-2016 Both plant and animal based
Brazil 2005-2015 Plant based

Brazil 2005-2015 Plant based

The same conclusion was made for cumulative chronic Oliveira Jardim et al.

exposure to TR and DT in the case of individuals 10 years ~ (2018b)
or older (up to 1 and 6.7 per cent of the respective ADIs).

Denmark 2013-2014 Plant based
United States 2011-2014 Fruits and vegetables
Denmark 2004-2011 Fruits, vegetables, cereals

1 Types of dietary risk assessment: Single pesticide = Risk estimation for all relevant food commodities combined, containing one specific pesticide;
Cumulative = Risk estimation for all relevant food commodities combined, and combined exposure to multiple pesticides
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Pesticides? Reference

Outcome (as reported by the study authors)

Deterministic
(similar to WHO
Global Environment
Monitoring System
[GEMS))

26 a.i.'s most often
found in the food items

Surveyed children had higher potential exposures
than the general population for >33 per cent of the
compounds.

Pesticides that have
certain acute effects
on the nervous system:
>119 a.i.'s belonging to
the same CAG

Pesticides that have

Two probabilistic
models

For all populations studied (toddlers, children, adults) EFSA

it is concluded with varying degrees of certainty (2020c)
that cumulative exposure to pesticides that have the

studied acute effects on the nervous system does not

exceed the threshold for regulatory consideration.

For all populations studied (toddlers, children, adults) EFSA

Two probabilistic

certain chronic effects  models it is concluded with varying degrees of certainty (20204d)

on the thyroid: 133 a.i’s that cumulative exposure to pesticides that have

belonging to the same the studied chronic effects on the thyroid does not

CAG exceed the threshold for regulatory consideration.

Organophosphorus Relative The cumulative acute exposure did not exceed Oliveira

(OP), carbamate(CA) potency factors, the ARfD for OP, CA and PY insecticides at the Jardim et

and pyrethroid (PY) probabilistic model ~ 99.9 percentile of the intake distribution. It does al. (2018a)

insecticides (MCRA) not therefore represent a health concern for the
population under consideration (10 years or older).

Triazole (TR) and Relative The cumulative acute exposure of TR accounted for

dithiocarbamate (DT) potency factors, up to 0.5 per cent of the ARfD at the 99.9 percentile

fungicides probabilistic model  of the intake distribution and therefore did not

(MCRA) represent a health concern for the relevant population
(women of child-bearing-age).

198 a.i’s Hazard Index (HI) HI = 0.44 for children and 0.16 for adults, indicating  Larsson et
that adverse health effects from chronic pesticide al. (2018)
exposure through food are very unlikely.

Seven neonicotinoid Relative potency The estimated average daily intakes were several Chang et al.

insecticides factor (RPF) orders of magnitude lower than the current chronic (2018)

approach reference dose (cRfD). Chronic dietary risks
of neonicotinoids through fruit and vegetable
consumption are therefore unlikely.
~330a.i'sand HI HI = 0.44 for children and 0.18 for adults, indicating ~ Jensen et
metabolites that food consumption did not pose chronic dietary  al. (2015)

risks for adults or children, including for high
consumption of fruits.

a.i. = active ingredient; CAG = cumulative assessment group (i.e. pesticides with a common toxicological mode of action); ADI = acceptable daily
intake; ARfD = acute reference dose; cRFD = chronic reference dose; HI = Hazard Index; MCRA = Monte Carlo simulation for risk assessment
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4.4.7 Pesticides and antimicrobial resistance
Introduction

Antimicrobial resistance (AMR) refers to
microorganisms — bacteria, fungi, viruses and
protozoans — that have acquired resistance
to antimicrobial substances (FAO 2015; WHO
2015; WHO 2020e). When microbes become
resistant to medicines, the options for treating the
diseases they cause are reduced. This resistance
to antimicrobial medicines is occurring in all parts
of the world for a broad range of microorganisms.
The direct consequences of infections with
resistant microorganisms can be severe, including
longer illnesses, increased mortality, loss of
protection for patients undergoing operations and
other medical procedures, and increased costs
(WHO 2015; WHO 2020e).

AMR in human and animal pathogens is primarily a
result of the use, misuse and overuse of antibiotic
and antimicrobial drugs to treat infections in
humans as well as in animals (e.g., livestock,
aquaculture). Although the scale of the problem
is driven by human activity, AMR is ancient,
predating human use of antimicrobials (D’'Costa
et al. 2011). Many antibacterial drugs are natural
products produced by microorganisms and
resistance has evolved in environmental microbial
populations over evolutionary time. Critically,
AMR in human and animal pathogens is not only
conferred by mutation but also by acquisition of
mobile resistance genes through a process called
horizontal gene transfer, whereby resistance genes
can be mobilized from harmless soil bacteria to
unrelated clinical pathogens. The environment
is also contaminated with antimicrobials and
antimicrobial-resistant microbes through human
and animal faecal wastes, which can accelerate
the development and spread of resistance.

Emerging evidence suggests that metals,
non-antimicrobial pharmaceuticals and even
plant protection products such as herbicides
may have previously unknown antimicrobial
properties that can contribute to development of
AMR (Kurenbach et al. 2015; Maier et al. 2018).
Such contamination can occur from, for example,
human and animal wastes (i.e., faeces, manure;
see Chapter 9 on the risks of organic fertilizers),

pharmaceutical manufacturing waste, and use of
antimicrobial pesticides and other pesticides on
crops (Wellcome 2018).

Slowing down antimicrobial resistance
development to ensure the continuity of successful
treatment and prevention of infectious diseases
has become a worldwide priority, with global
action plans developed in the human health as
well as the agriculture and food sectors (WHO
2015; FAO 2015; EU 2020b; WHO, FAO and World
Organization for Animal Health 2020). The United
Nations Environment Assembly (UNEA) has
also recognized that antimicrobial resistance
is an increasing threat to global health, food
security and sustainable development, and has
underlined the need to further understand the role
of environmental pollution in the development of
antimicrobial resistance (UNEP 2018).

Use of antimicrobial pesticides

Antimicrobials in agriculture are used in terrestrial
and aquatic animal and plant production for both
treatment and non-therapeutic purposes such as
animal growth promotion. The large majority of
agricultural uses are as veterinary medicines in
livestock production and aquaculture. These uses
are not discussed here, as most of them do not fall
under the commonly used definition of a pesticide
(Chapter 2.2).8

Antimicrobials used as pesticides in crops can
be broadly categorized as antibiotics (used to
control bacterial plant diseases) and fungicides
(used to control fungal plant diseases). In some
cases these antimicrobials are the same, or closely
related to, antimicrobials used in human medicine
(Table 4.4-14).

The yearly amount of antibiotics used on crops
has been considered relatively low in comparison
to the quantities used in livestock, with estimates
ranging from 0.2 to 0.4 percent of total agricultural

8 In aquaculture many antimicrobials and antibiotics
are administered orally (e.g., in food pellets)
and would be regarded as veterinary medicines.
However, in both treatments of prawn and shrimp
and the disinfection of ponds the antimicrobial is
applied to the environment of the animals, in which
case it could be considered a pesticide.

Environmental and health impacts of pesticides and fertilizers and ways of minimizing them
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Table 4.4-14 Antimicrobials used as both pesticides and human medicines. Berger et al. (2017); Wellcome (2018);

WHO (2019); FAO and WHO (2019).

Antimicrobial Antimicrobial

Use as human medicine

WHO CIA List
classification (only for

class pesticide i
Antibiotics
Aminoglycosides Yes
streptomycin Yes Critically Important
gentamicin Yes High priority, critically
Important
kasugamycin No (and no known cross-resistance with
amino-glycosides used in human medicine)
Tetracyclines Yes
oxytetracycline Yes Highly Important
Quinolones and Yes
fluoroquinolones
oxolinic acid Yes Highest priority, critically
Important
Antifungals
Azoles Yes Not applicable
e.g. No; e.g. itraconazole, voriconazole,

difenoconazole,
epoxiconazole,
propiconazole,
tebuconazole

resistance

posaconazole - but observed cross-

WHO classification of Critically Important Antimicrobials (WHO 2019):

Critically important: Antimicrobial classes which are C1 (this class is the sole or one of limited available therapies to treat serious bacterial infections
in people) and C2 (this class is used to treat infections in people caused by either bacteria that may be transmitted to humans from non-human
sources, or bacteria that may acquire resistance genes from non-human sources)

Highly important: Antimicrobial classes which meet the criteria for either classes C1 or C2, above.

Highest priority: Antimicrobial agents for which risk management strategies are needed most urgently.

antibiotic consumption (FAO 2015). Historically,
the largest use of antibiotics on crops has been
to control fire blight of apple and pear, but they
are also used to control bacterial diseases in
vegetables, fruits and flowers (Stockwell and Duffy
2012; Wellcome 2018). A recent review (Taylor
and Reeder 2020) suggests that antibiotics are
being recommended far more frequently and on
a greater variety of crops than previously thought.
The authors found that antibiotics are used in low
and middle income countries in all regions of the
world except Africa. Rice appears to be the main
crop on which antibiotics are used. Streptomycin
was the most frequently recommended antibiotic,
followed by kasugamycin and tetracycline.

According to Taylor and Reeder (2020),
although the quantities of antibiotics used for

crop protection remain relatively low compared
with medical and veterinary uses, application
concentrations of antibiotics used to treat plant
diseases are several orders of magnitude higher
than residue concentrations of veterinary and
human antibiotics in manures and sludges applied
to soils, so that the impact on selection for AMR
in the environment may be significant. The study
further notes that mixtures of antibiotics with other
pesticides are common, and that they have been
found to promote cross-resistance or co-selection
for antibiotic resistance.

The use of fungicides is much higher than that
of antibiotics (Chapter 2.3), although many
fungicides are not known to be important for
AMR development in human health. Of particular
relevance are the azole fungicides, which are
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among the most used fungicides in the world and
are used in both agriculture and human medicine
(Berger et al. 2017).

In contrast to antibiotic pesticides, copper based
compounds are very commonly used on a wide
variety of crops to manage bacterial and fungal
plant diseases. While copper is not used in
human medicine, it has been shown to co-select
for resistance in bacteria and so may contribute
to resistance development of antimicrobials in
human medicine (Wellcome 2018).

Chemical disinfectants are included under the
definitions of pesticide or biocide in certain
countries and may be regulated accordingly.
They are of critical importance for food safety to
control microbial cross-contamination and ensure
general hygiene at many stages of the food value
chain. Chemical disinfectants are also used for
decontamination and in healthcare facilities,
as well as for disinfection of drinking water.
Very large volumes of chemical disinfectants
are used globally in both the food and the
health sectors. The use of certain biocides is
being questioned due to the possibility that

Figure 4.4-10 The number of fungal species with reported antifungal resistance has been increasing over
time, both in agriculture and in human health. Increasing colour intensity reflects a higher number of
reports. The plant maps depict records of resistance of crop pathogens to azole fungicides (blue scale).

Number of
resistant pathogens 0
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exposure could select for resistance to different
antimicrobials including antibiotic drugs (FAO and
WHO 2019).

Impact of pesticide-induced antimicrobial
resistance

A recent expert meeting (FAO and WHO 2019)
concluded that antimicrobial pesticides may
contaminate soils following crop applications,
which may lead to augmentation of
antimicrobial-resistant bacteria and genes in the
environment. However, the extent to which the

Environmentul und heulth effects of pesticide use

treatment of crops with antimicrobial agents
promotes AMR in bacteria found on edible portions
of fresh plant produce is uncertain (FAO and
WHO 2019).

While further research is needed to determine
the effects of antimicrobial based pesticides
on human health, there are specific concerns
where antimicrobial pesticides are the same
as, or closely related to, antimicrobials used in
human medicine (Wellcome 2018; WHO 2019).
This is the case for the antibiotics belonging
to the classes of aminoglycosides, quinolones

The human maps depict records of resistance of the human pathogens Aspergillus fumigatus, Candida
albicans, Candida auris, Candida glabrata, Cryptococcus gatti and Cryptococcus neoformans to azole

medicines (red scale). From Fisher et al. (2018).

Number of
resistant pathogens| 0 1 2
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The plant maps depict records of resistance of crop pathogens to azole fungicides (blue scale).

Number of
resistant pathogens 0
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The human maps depict records of resistance of the human pathogens to azole medicines (red scale).
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and tetracyclines, representatives of which are
used in both agriculture and human medicine
(Table 4.4-14). Some of them, such are oxolinic
acid and gentamicin, are considered of critical
importance to human medicine by WHO (2019)
and their use in agriculture therefore urgently
requires risk management measures.

Of further concern is the possibility of selection
of antibiotic-resistant bacteria and genes through
the processes of co-resistance, cross-resistance
and co-regulation with certain metal ions. Copper
resistance is widespread in plant pathogenic
bacteria isolated from many continents,
and evidence indicates that contamination of
soil with copper ions also promotes AMR in sail
bacteria (FAO and WHO 2019).

Less well publicized than the antibiotic resistance
of bacteria is the rapid emergence of multi-drug
resistant pathogenic fungi. Human fungal
diseases are currently surging, and the global
mortality numbers for fungal diseases have been
reported to exceed those for malaria or breast
cancer (Fisher et al. 2018). Recently there has
been growing interest in the fungus Aspergillus
fumigatus, airborne spores of which can enter
the human respiratory system by inhalation
and cause severe and possibly fatal invasive
mould infections, especially in people who are
immunocompromised. The main treatment
for these infections currently is with antifungal
medicines from the azole class. However, these
medications are ineffective against resistant
Aspergillus strains, leading to higher human
mortality (Wellcome 2018).

The number of crop pathogens with reported
resistance to azole fungicides has been increasing
steadily during the last few decades. A similar
expansion of resistance can be seen in human
fungal diseases against azole based antifungal
medicines (Figure 4.4-10). Infections with
Aspergillus fumigatus that were resistant to all
triazole antifungals were detected first in Europe
and are now widespread across the world.

There is increasing evidence that use of azole
fungicides in some specific agricultural sectors
may be at least partly responsible for resistance
selection in Aspergillus fumigatus and for

subsequent medical treatment failure. Of particular
importance is the fact that many patients with
resistant infections did not have previous exposure
to medical triazole antifungals, suggesting they
became infected with a strain already carrying
the mutation. Such strains would have become
resistant in the environment following exposure
to agricultural or other non-medical azole
fungicides (Berger et al. 2017; Fisher et al. 2018;
Wellcome 2018).

Bacteria with increased tolerance to chemical
disinfectants have been recovered from food
production environments. There is theoretical and
experimental evidence that certain microbiocidal
agents may co-select for AMR, including
antibiotic resistance. Examples include the use
of chlorhexidine resulting in colistin resistance,
or triclosan inducing isoniazid resistance. However,
such evidence is based on laboratory studies and
there is an absence of empirical data indicating
that use of biocides drives this co-selection under
the conditions present in the food production or
processing environments (FAO and WHO 2019).

At present, insufficient evidence is available to link
biocide use in food production to the development
of AMR. However, the identified association
between biocide tolerance and resistance and one
or more classes of antimicrobials underscores the
need for increased awareness and judicious use of
these products (FAO and WHO 2019).

Risk mitigation

The use of antimicrobial pesticides and
disinfectants in agriculture and the food
industry has either been identified as a driver of
antimicrobial resistance, or serious concerns exist
that this could be the case. Some countries have
therefore taken measures to mitigate such risks
and to ensure that antimicrobials can continue to
be used effectively in human medicine.

Due to the risk of AMR to human antibiotics, use
of antibiotics as bactericides in crop protection
has been banned or restricted in certain parts
of the world. For example, compounds such
a streptomycin, oxytetracycline, gentamicin
are no longer registered for use in agriculture
in the EU. Some antibiotics are authorized for
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use in crop protection in Mexico, New Zealand
and the United States, but are fairly strictly
regulated. Indeed, limiting the use of antibiotics
in agriculture, particularly that of critically
important antimicrobials and for prophylactic uses
supporting unsustainable farming practices, has
been proposed as a direct route for controlling
agricultural antibiotic release into the environment,
and likely also antibiotic resistance (Pruden et al.
2013; Wellington et al. 2013). However, in most
countries the use of antimicrobials in agriculture
is not regulated or monitored and their use may be
more frequent than previously thought (Taylor and
Reeder 2020).

Copper based fungicides and bactericides are
widely used globally. They are often considered
relatively low-risk pesticides which can even
be used in organic agriculture. More recently
copper compounds have come under increased
scrutiny, mainly due to environmental persistence
and toxicity to soil organisms and processes.
Therefore, they have been listed in the EU as a
candidate for substitution.

There are strategies for avoiding or limiting the
use of medically important antimicrobials as
pesticides, including modelling to predict high-risk
periods for crop disease, practices that reduce
the spread of crop pathogens, integrated pest
management (IPM), and alternative treatments
that reduce disease. However, these strategies
are not always used globally and growers need
support to use them, including access to these
treatments and training (Wellcome 2018; FAO and
WHO 2019).

4.4.8 Knowledge gaps on human health
effects of pesticides

Much knowledge has been amassed in the last
few decades about the human health effects of
pesticides. The European Academies of Science
recently reviewed the methods and procedures
used in the EU to assess potential harmful effects
on human health of the use of plant protection
products (SAPEA 2018). They indicated that
although the system is precautionary, there is
scope for further improvement in the scientific
data that underpin pesticide risk assessments and
the methods by which such data are analysed.
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SAPEA suggested that improvements to the range
and quality of data informing risk assessment
could come from advances in: toxicology, where
newly emerging methods should enable the
collection of data more directly relevant to human
toxicity; epidemiology, where the development
of new biomarkers for pesticide exposure and
new study designs could improve surveillance
for unanticipated adverse effects of pesticides;
and exposure sciences, where there is scope
for refining information on the distribution and
determinants of personal exposures to pesticides
(SAPEA 2018).

Other bodies and scientists have also recently
identified gaps in knowledge and priorities
for research on the human health effects of
pesticides, toxicological testing and risk
assessment approaches (Milner and Boyd
2017; European Food Safety Authority Scientific
Committee 2019; Liu et al. 2019; Robinson et al.
2020; United States Environmental Protection
Agency [US EPA] 2020c; US EPA 2020d).
The Government of Canada has prepared a fact
sheet for the consideration of sex and gender
in pesticide risk assessments (Government of
Canada 2020a; Government of Canada 2020b)

On the basis of these reviews, and of this report,
the following gaps in scientific knowledge can
be identified which are important for future
reduction in human health risks and impacts of
pesticide use:

toxicological evaluations of more complex
human health outcomes such as immunotoxicity,
childhood leukemias, developmental neurotoxicity,
chronic neurological diseases like Parkinson’s
disease, neuropsychological effects and mental
illnesses, as well as endocrine disorders such as
some hormonal cancers, endometriosis, metabolic
syndrome, type-2 diabetes, and reproductive
senescence;

e toxicological assessments of co-formulants
and of formulated products;

° assessments of detailed mechanisms by
which chemicals interact with the body, and
the adverse outcome pathways (AOPs) through
which they might cause harm;
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new toxicological methods that reduce use of
animals in testing, including the application of
in vitro toxicogenomics;

the risk of combined effects from exposure
to multiple active substances, either
simultaneously or in sequence;

further development and standardization
of methods for cumulative dietary risk
assessments;

ascertain whether prevailing human health
risk assessments are sufficiently protective
for potentially sensitive populations such as
immuno-depressed persons, female farmers
and agricultural workers, pregnant and nursing
women, and children.

levels and determinants of exposure, especially
of pesticide applicators using handheld or
backpack sprayers, and of workers who enter
crops that have been treated with pesticides;

better characterization and quantification
of exposure to pesticides in epidemiological
studies;

“real life” behaviours of pesticide operators in
regard to the use of equipment and application
techniques, and the extent to which such
approaches can be used to manage or reduce
exposures;

standardized risk assessment procedures for
nanopesticides and for biopesticides;

the impact of the use of pesticides on the
development of antimicrobial resistance;

consideration of the rapidly growing body of
epidemiological evidence, especially when
reviewing approvals for products that are
already on the market;

post-marketing surveillance of approved
pesticides to (e.g., through establishing or
strengthening poison centres) verify that they
do not cause unanticipated human health
problems.
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