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• Ranking scheme for chronic health effects
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• Risk scores consider pesticide use, mobil-
ity, persistence, and toxicity.

• Existing method was improved by includ-
ing site data and metabolite risk.
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scored and ranked by relative risk.

• Pesticide users can utilise this method to
identify high risk pesticides for their sites.
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This paper presents a novel scoring systemwhich facilitates a relative ranking of pesticide risk to human health arising
from contaminated drinkingwater. Thismethodwas developed to identify risky pesticides to better informmonitoring
programmes and risk assessments. Potential risk was assessed considering pesticide use, chronic human health effects
and environmental fate. Site-specific soil conditions, such as soil erodibility, hydrologic group, soil depth, clay, sand,
silt, and organic carbon content of soil, were incorporated to demonstrate how pesticide fate can be influenced by the
areas in which they are used. The indices of quantity of use, consequence and likelihood of exposure, hazard score and
quantity-weighted hazard score were used to describe the level of concern that should be attributed to a pesticide. Me-
tabolite toxicity and persistence were also considered in a separate scoring to highlight the contribution metabolites
make to overall pesticide risk. This study presents two sets of results for 63 pesticides in an Irish case study, (1) risk
scores calculated for the parent compounds only and (2) a combined pesticide-metabolite risk score. In both cases
the results are assessed for two locations with differing soil and hydrological properties. The method developed in
this paper can be adapted by pesticide users to assess and compare pesticide risk at site level using pesticide hazard
scores. Farm advisors, water quality monitors, and catchment managers can apply this method to screen pesticides
for human health risk at a regional or national level.
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1. Introduction

Pesticides are fundamental in securing food supplies by reducing crop
losses through the deterrent, elimination, or regulation of pests, fungi, in-
sects, and weeds (FAO and WHO, 2014; Cerda et al., 2017). However, pes-
ticide use has been found to pose a major threat to the environment
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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(Carvalho, 2017), and low but repeated exposure has been linked to several
humanhealth disorders (Abreu-Villaça and Levin, 2017; Parker et al., 2017;
Wee et al., 2019; Yin et al., 2020; El-Nahhal and El-Nahhal, 2021a). Gov-
ernmental legislation regulates approval of pesticides on the Europeanmar-
ket and promotes their sustainable use to reduce overall pesticide risks
(European Commission, 2009a, 2009b). Such legislation requires the
evaluation and classification of pesticide risk through incremental stages
including data collection, priority-setting, risk-assessment, and risk reduc-
tion, before official registration for use (Handford et al., 2015; Fargnoli
et al., 2019). Priority-setting is a first step in pesticide risk assessment
using qualitative or semi-quantitative risk scoring to identify pesticides of
concern without the considerable resources and time associated with full
risk assessments (Baptista et al., 2012; Reist et al., 2012). This should be
carried out at the start of any assessment to screen high risk pesticides
and enable efficient allocation of resources for targeted risk-assessments
and the implementation of monitoring programmes of high-risk pesticides
(Chou et al., 2019; Vryzas et al., 2020).

Earlier efforts to develop risk ranking methods, such as the Treatment
Frequency Index (Kudsk, 1989), were based on the quantity of pesticide ap-
plied relative to the acceptable dosage. Over the last thirty years, risk rank-
ing has progressed using criteria such as mobility and persistence in the
environment, ecotoxicological effects on non-target organisms (Alister
and Kogan, 2006), toxic effects on the human population (Gunier et al.,
2001; Cha et al., 2014; Choi et al., 2020), or a combination of these criteria
(Sugeng et al., 2013; Dabrowski et al., 2014; Kudsk et al., 2018).While such
methods may be considered useful, various limitations, such as a reliance
on pesticide physio-chemical properties to assess mobility, the use of ani-
mal health indicators to represent human health risk and the exclusion of
metabolites, reduce their effectiveness and reliability for ranking and com-
paring pesticide risk. This limits their ability to properly inform future risk
assessments or pesticide monitoring programmes.

Understanding pesticide mobility is key in evaluating the likelihood
of exposure to pesticides from drinking water. Detailed risk assessments
methods and pesticide transport modeling tools used in pesticide regis-
tration recognise that site and climatic conditions, soil and hydrologic
properties, and agricultural management have considerable effects on
pesticide mobility (Sabatier et al., 2014; Bedmar et al., 2017); therefore,
these parameters are included in such analysis (Young and Fry, 2014).
Despite the recognised need to consider this relationship, existing pesti-
cide prioritization and pesticide risk ranking tools tend to base mobility
assessment solely on a pesticide's physio-chemical properties. Most
studies use pesticide-specific properties such as half-life and soil adsorp-
tion coefficients (Valcke et al., 2005; Yazgan and Tanik, 2005; Sugeng
et al., 2013); or physio-chemical based mobility indicators such as the
Groundwater Ubiquity Score (GUS) as used by Dabrowski et al.
(2014), and the SCI-GROW index as used by Kudsk et al. (2018). This
study aims to improve on existing pesticide risk ranking tools by consid-
ering both pesticide properties and soil conditions using a more compre-
hensive mobility indicator, thus demonstrating that more realistic
representations of pesticide mobility can be considered in easy-to-use
risk screening tools.

The use of various toxicity indicators in literature to represent the
human health risks posed by pesticide use presents another significant chal-
lenge in scoring pesticide risk. Two commonly used indicators are the refer-
ence doses, Lethal Dose (LD50) and Acceptable Daily Intake (ADI), which
are used by Alister and Kogan (2006) and Juraske et al. (2007), respec-
tively. These reference doses are based on animal testing and are extrapo-
lated to describe the levels of acceptable exposure to humans. However,
neither indicator describes the type of health effect or its severity. An ex-
ceedance of the ADI cannot determine if the resulting effect is a minor or
major health concern (Bos et al., 2009), and LD50 represents the dose that
would be fatal to 50% of a population as opposed to providing information
about the health effects resulting from pesticide exposure. This study will
use an adapted method of ranking pesticide toxicity based on several risk
scoring studies (Gunier et al., 2001; Valcke et al., 2005; Sugeng et al.,
2013; Dabrowski et al., 2014). Like these studies, the toxicity potential
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will be scored based on evidence of chronic health effects in place of refer-
ence doses that can only suggest a potential harm to human health.

Pesticide risk is dependent on its toxicity and environmental fate, but its
metabolites can also contribute to this risk. Once released into the environ-
ment, pesticides are liable to breakdown into transformation products
known asmetabolites (Sinclair et al., 2006), whichmaymove into drinking
water sources and expose consumers to both metabolites and their parent
compounds. There are growing concerns surrounding metabolites (Hintze
et al., 2020) as they tend to be more mobile and persistent, have been de-
tected at higher concentrations (Sinclair et al., 2006; Kameya et al., 2012;
Escher et al., 2020) and may be more toxic than parent compounds such
as the metabolites of glyphosate, prothioconazole and triclopyr (Fenner
et al., 2013; Matsushita et al., 2018). Regulation EC 1107/2009 requires
that relevant metabolites be included in assessments of pesticides for
registration in the EU (European Commission, 2009b) and as a result
models used for pesticide registration and legislation in the EU consider
metabolites (Boesten et al., 2014). However, no pesticide risk ranking
tools could be identified by the authors that combine metabolite and
pesticide risk. This study attempts to combine the direct risk associated
with contamination of drinking water due to the use of a pesticide with
the indirect risk due to the formation of metabolites in drinking water sup-
plies. Thiswill highlight how somepesticides that are considered “low-risk”
may need to be prioritised due to their higher-risk metabolites (Labite and
Cummins, 2012).

The aim of this study was to develop an easy-to-use risk screening
tool, which builds on existing literature by (1) combining pesticide
properties and soil characteristics to give a detailed evaluation of pesti-
cide mobility, (2) assessing the health impacts of pesticides, focusing on
evidence of chronic health effects in place of pesticide reference doses,
and (3) including the risks associated with a pesticide's metabolites.
This tool can then be implemented by pesticide users, farm advisors,
and other stakeholders to screen high-risk pesticides at a local level or
help catchment managers identify pesticides that may need more
detailed assessments. The developed methodology was illustrated by
applying it to a specific Irish case study.

2. Materials and methodology

2.1. General approach

The risk associated with pesticide use can be defined as a function of
the likelihood of exposure and the consequence of this exposure (FAO,
2018). The framework of the risk ranking comprises of three main
stages that (1) calculate the likelihood of exposure score, (2) calculate
the consequence of exposure, and (3) incorporate metabolite data,
with hazard scores calculated at the end of these steps (Fig. 1). Each
stage involves gathering and scoring parameters. The parameters re-
quired for user implementation of the risk ranking scheme and sources
for these data in the study's case study are provided in the Supplemen-
tary Information (SI) Table S1. The likelihood of exposure was
evaluated for both groundwater and surface water by scoring the persis-
tence and mobility of each pesticide. These scores were then combined
to assess an overall likelihood of exposure score. Users can incorporate
the percentage of drinking water drawn from the two different sources
into this likelihood of exposure score using a ratio to reflect the local
sources of drinking water. The consequence of exposure was calculated
as the sum of the potential chronic health effect scores. The likelihood
and consequence of exposure scores were then multiplied to calculate
a hazard score. Finally, the quantity-weighted hazard was determined
by expressing the hazard score as a function of the quantity of use for
each pesticide in relation to the overall pesticide use over the period
of investigation. This study also attempted to assess the risk frommetab-
olites and consider how this affects their parent compound risk (Stage 3:
Fig. 1). This method was applied to an Irish case study with two loca-
tions to assess pesticide risk at site-scale and national-scale using Irish
quantity data.



Fig. 1.Methodology framework showing the interaction between Likelihood of Exposure (Stage 1), Consequence of Exposure (Stage 2) and Metabolites (Stage 3). Maximum
values given for parameters and risk scores in each stage are discussed in Sections 2.2, 2.3 and 2.4. *: Mobility indicator adapted from Goss (1992).
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2.2. Likelihood of exposure

The first stage of the assessment shows how mobility in soil and persis-
tence in water scores are combined to score the likelihood of exposure to
water consumers (Stage 1: Fig. 1).

2.2.1. Mobility in soil
Mobility in soil is a key component of pesticide risk as it represents the

potential for a pesticide to leave its application site and enter water sources,
3

increasing exposure risk to consumers (Oliver et al., 2016). As both ground-
water and surface water can be used for drinking water supplies, the mobil-
ity to both sources should be evaluated separately to fully understand the
risk associated with pesticide mobility.

Several methods have been used in literature to predict the transport of
pesticides (Gurdak, 2014; Perez Lucas et al., 2018; AkayDemir et al., 2019).
The Goss method (Goss, 1992) was selected to assess the mobility of pesti-
cides as it considers leaching to groundwater and runoff to surface water in
a single indicator. It is relatively simple to use, and the data required to



Table 2
Soil-pesticide interaction matrix for leaching potential, sediment-phase runoff, and
direct runoff.

Pesticide leaching potential

Soil leaching potential Very low Low Moderate High Reference

Very low 1 1 2 2 Zhang et al., 1997
Low 1 2 2 3
Moderate 2 2 3 4
High 2 3 4 4

Pesticide sediment runoff potential

Sediment runoff potential Low Moderate High Reference

Low 1 2 3 Zhang et al., 1997
Moderate 2 3 4
High 3 4 4

Pesticide direct runoff potential

Soil direct runoff potential Low Moderate High Reference

Low 1 2 3 Zhang et al., 1997
Moderate 2 3 4
High 3 4 4
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carry out assessment are easily accessible using online pesticide and soil da-
tabases or site-based soil tests. The scoring consists of (1) a soil rating for
leaching and runoff based on soil characteristics (Table S2), and (2) a pes-
ticide rating for leaching and runoff based on the pesticide parameters
(Table S3), combined for a leaching and runoff score for each soil-
pesticide interaction. The mobility potential of the soil and pesticide was
qualitatively rated using soil properties, such as organic matter content
and hydrologic group, etc. and pesticide properties such as half-life
(Table 1). Soil-pesticide mobility matrices (Table 2) scored the leaching
and runoff potential for each soil-pesticide interaction based on the ratings
from Table 1 (Zhang et al., 1997). Separatemobility scores for groundwater
(MobilityGW) and surface water (MobilitySW) were obtained from the com-
bined soil-pesticide mobility matrices in Table 2 as shown in Stage 1 of
Fig. 1 and Eqs. (1) and (2):

MobilityGW Score ¼ Leaching Score (1)

MobilitySW Score ¼ Sediment Runoff Scoreþ Direct Runoff Score (2)

The Goss method used here to score pesticidemobility assessesmobility
via leaching, direct runoff, and sediment-based runoff. It is important to
note that sediment-sorbed pesticides may not be a priority exposure path-
way for many consumers of treated surface water, and therefore readers
are advised to consider the relevance of sediment runoff when assessing
pesticide mobility.

2.2.2. Persistence in water
Consumers are more likely to be exposed to a persistent substance,

allowing for a greater opportunity to cause toxic effects, thus making it a
crucial factor in pesticide risk (Valcke et al., 2005). Pesticide persistence
in soil and water affect potential for water contamination. Half-life in soil
was considered in assessingmobility in soil (Section 2.2.1), so only aqueous
persistence was considered herein. Pesticide persistence is influenced by
the type of water body they contaminate due to the physical, chemical,
and microbial conditions of the different environments. Therefore, pesti-
cide persistence is assessed separately for groundwater and surface water.

Aqueous hydrolysis, the chemical degradation of a pesticide in water,
was selected to assess persistence in surface water as it was considered to
be the main degradation pathway based on literature (Sinclair et al.,
2006; Yang et al., 2017). If a pesticide does not undergo hydrolytic degra-
dation, the water-sediment half-life was used for persistence in surface
water (Sinclair et al., 2006). Persistence in groundwater was determined
using hydrolysis half-life only as this is considered to be the most relevant
degradation process in groundwater (Sinclair et al., 2006; Yang et al.,
Table 1
Goss' criteria for evaluating soil-pesticide mobility potential.

Transport method High L

Soil Leaching HG A & OM × D ≤ 30 OR
HG B & OM × D ≤ 9 & K ≤ 0.48 OR
HG B & OM × D ≤ 15 & K ≤ 0.26

H
H
H
H

Runoff (sediment) HG C & K ≥ 0.21 OR
HG D & K ≥ 0.1

H
O
O

Runoff (direct) HG C OR HG D H
Pesticide Leaching GUS > 2.8 0

Runoff (sediment) DT50 ≥ 40 & KOC ≥ 1000 OR
DT50 ≥ 40 & KOC ≥ 500 & SW ≤ 0.5

D
O
O
0

Runoff (direct) SW ≥ 1 & DT50 > 35 & KOC < 100,000 OR
SW > 10 & DT50 < 100 & KOC ≤ 700

K
K
S

HG=soil hydrologic group (USDA, 2009), K= soil K (erodibility) factor [(t ha h)/(haM
1 depth [cm], GUS= groundwater ubiquity score= log(DT50)× (4-log(KOC)) (Gustafso
tion coefficient [ml/g], Sw = pesticide solubility in water [mg/l].
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2017). A nominal half-life of 30 days was used for groundwater persistence
if the pesticide does not undergo hydrolytic degradation, as suggested by
the European Food Safety Authority (EFSA, 2014). Data can be obtained
from the EFSA (2021) or Pesticide Property Database (PPDB) (Lewis
et al., 2016) in the case of missing EFSA data and were scored as shown
in Table 3. In line with the approach commonly used in literature, a higher
score was given in the case of missing data than was given for very low per-
sistence, due to the uncertainty associated with missing data (Valcke et al.,
2005; Dabrowski et al., 2014).

As is common practice in literature, the likelihood of exposure for
groundwater (LESGW) and surface water (LESSW) was assessed by adding
persistence in groundwater and surface water scoreswere added to their re-
spectivemobility scores (Fig. 1 and Eqs. (3) and (4)) (Whiteside et al., 2008;
Choi et al., 2020).

LESGW ¼ MobilityGW þ PersistenceGW (3)

LESSW ¼ MobilitySW þ PersistenceSW (4)

The final likelihood of exposure was obtained by combining groundwa-
ter and surface water scores, for a maximum score of 12. The ratio of
ow Very low Moderate References

G B & OM × D ≥ 35 & K ≥ 0.4 OR
G B & OM × D ≥ 45 & K ≥ 0.2 OR
G C & OM× D≤ 10 & K≥ 0.28 OR
G C & OM × D ≥ 10

HG D Anything else Adapted from
Goss, 1992

G A OR HG B & K ≤ 0.1
R HG C & K ≤ 0.07
R HG D & K ≥ 0.05

– Anything else

G A – HG B
< GUS < 1.8 GUS < 0 1.8 ≤ GUS ≤ 2.8
T50 ≤ 1 OR DT50 ≤ 2 & KOC ≤ 500
R DT50 ≤ 4& KOC ≤ 900 & Sw ≥ 0.5
R DT50 ≤ 40 & KOC ≤ 500 & SW ≥
.5

– Anything else

OC ≥ 100,000 OR
OC ≥ 1000 & DT50 ≤ 1 OR
W < 0.5 & DT50 < 35

– Anything else

Jmm)] (Panagos et al., 2014), OM×D=soil organicmatter content [%]×horizon
n, 1989), DT50= pesticide half-life [days], KOC= pesticide organic carbon adsorp-



Table 3
Pesticide persistence scoring system.

Half-life Score Reference

180 days ≤ DT50 4 Yang et al., 2017
60 days ≤ DT50 < 180 days 3
15 days ≤ DT50 < 60 days 2
No data 1.5
DT50 < 15 days 1
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drinking water from groundwater and surface water was considered to re-
flect the localised variability in drinking water sources (Eq. (5)). Therefore,
users may calculate risk for drinking water contamination sourced from
groundwater or surface water only or for both.

LES ¼ LESGW �%Drinking WaterGWð Þ þ LESSW �%Drinking WaterSWð Þ (5)

2.3. Consequence of exposure

The consequence of exposure (Stage 2: Fig. 1) was assessed using
methods from existing studies (Valcke et al., 2005; Sugeng et al., 2013;
Dabrowski et al., 2014). This study builds on thesemethods by (1) assessing
health effects prioritised in Regulation (EC) No. 1107/2009 (European
Commission, 2009b), and (2) using EFSA data (EFSA, 2021) to score poten-
tial health effects.

In line with existing studies, the health effects were categorised as fol-
lows: “Probable”, there is significant evidence that the pesticide causes
the toxic effect in humans; “Possible” there is limited evidence from animal
testing that the pesticide causes the toxic effect in humans; “No data”, no
studies have been carried out to confirm if the pesticide does or does not
cause the toxic effect or the studies that exist are inconclusive; “No”,
there is definitive evidence that the pesticide does not cause the toxic effect
in humans (Valcke et al., 2005; Sugeng et al., 2013; Dabrowski et al., 2014).
These categories were then scored for each health effect (Table 4) based on
the available evidence of pesticide toxicity (Table S5). Evidence was taken
from the EFSA or, in the case of data gaps, from PPDB (Lewis et al., 2016).
To account for uncertainty, “No data”was given a higher score than conclu-
sive evidence of no effect (“None”) as is done in literature (Gunier et al.,
2001; Valcke et al., 2005). The scores were weighted with respect to the
perceived severity of the health effect in accordance with the methods
used by Valcke et al. (2005) and Dabrowski et al. (2014), therefore carcino-
genicity and endocrine disruption were weighted higher than the other
health effects.
Table 4
Scoring for chronic health effects.

Health effect Category Score Reference

Carcinogenicity Probable 8 Valcke et al., 2005
Possible 6
No data 3
None 0

Endocrine disruption Probable 8 Dabrowski et al., 2014
Possible 6
No data 3
None 0

Genotoxicity Probable 6 Valcke et al., 2005
Possible 4
No data 2
None 0

Teratogenicity Probable 4 Valcke et al., 2005
Possible 2
No data 1
None 0

Reproductive toxicant Probable 4
Possible 2
No data 1
None 0
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It is important to note that pesticides have the potential to cause health
effects not included in the study such as cardiotoxicity (El-Nahhal and El-
Nahhal, 2021b), respiratory disorders, hepatoxicity, immunotoxicity, etc.
(Kalyabina et al., 2021). Pesticide can also be acutely toxic and the level
of a pesticide's acute and chronic toxicity can be very different (Damalas
and Koutroubas, 2016). Therefore, the acute toxicity classes of the pesti-
cides examined in the case study are included (Table S7b) (WHO, 2019).
However, due to the constraints of available toxicological data and the
need to maintain a user-friendly risk screening tool, the existing study is
limited to health effects that have been prioritised in existing pesticide
health risk screening studies (Valcke et al., 2005; Alavanja and Bonner,
2012; Dabrowski et al., 2014) and legislation (European Commission,
2009b).

The final consequence of exposure score (CES) was calculated by sum-
ming the toxicity scores for the five chronic health effects to a maximum
possible score of 30 (Stage 2: Fig. 1 and Eq. (6)). As some uncertainty is
to be expected in the scores due to the exclusion of some potential health
effects in this study, an additional score of onewas included to avoid giving
a pesticide with potentially harmful effects a risk score of zero, as is com-
mon practice in literature (Valcke et al., 2005; Dabrowski et al., 2014).
Therefore, the final maximum score is 31:

CES ¼ CarcinogenicityþMutagenicityþ Teratogenicity
þ Endocrine Disruptionþ Reproduction Toxicant þ 1 (6)

2.4. Metabolites

Metabolites have properties independent of their parent compounds
and should be incorporated into the evaluation of pesticide risk (Labite
and Cummins, 2012; Matsushita et al., 2018). Current pesticide risk rank-
ing methods neglect to consider the contribution metabolites make and so
this study attempts to address this gap. However, metabolites tend to be
less researched than their parent compounds and existing literature is lim-
ited (Sinclair et al., 2006; Escher and Fenner, 2011; Zhou et al., 2019). A
less detailed evaluation method using only metabolite toxicity and persis-
tence data from EFSA reports or the PPDB (Lewis et al., 2016) was used
in the current paper to assess key metabolites. Metabolite data were inde-
pendently scored and incorporated into pesticide scores to assess combined
pesticide-metabolite hazard scores (Stage 3: Fig. 1).

Metabolite toxicity was assessed using the ADI due to a lack of toxicol-
ogy studies, or if unavailable, the ADI of the parent compound. This ap-
proach has been used in existing metabolite only studies, as it is
conservatively assumed that the toxicity of the metabolite that have not
been studied would be less or equally toxic as the pesticide (Sinclair
et al., 2006; Labite and Cummins, 2012). Toxicity was scored based on
ADI classifications from literature (Table 5) (Juraske et al., 2007; Chou
et al., 2019).

The half-life in soil was used to represent persistence as it is the most
researched degradation indicator for metabolites. If this was not available,
a very conservative value of 300 days has been suggested by the European
Commission (2002). Four classification levels were used to score the persis-
tence of metabolites (Table 5), based on the categories suggested in litera-
ture (Valcke et al., 2005).

Metabolite scores were considered in a separate analysis to assess the ef-
fects metabolite data has on the overall risk ranking as shown in Fig. 1. The
score awarded to the metabolite toxicity was included in the consequence
of exposure score, for a maximum consequence of exposure score of 35
(Fig. 1 and Eq. (7)). The score given for the metabolite persistence was in-
cluded in the likelihood of exposure score for a maximum score of 16
(Fig. 1 and Eq. (8)).

Consequence of ExposureMET ¼ Consequence of Exposure Score
þMetabolite Toxicity (7)



Table 5
Scoring system for key metabolite toxicity and persistence.

Criteria Measure Category Score Reference

Toxicity ADI [mg kg−1 bw
day−1]

≤0.005 4 Juraske et al.,
20070.005 ≤ ADI <

0.01
3

0.01≤ ADI < 0.05 2
≥0.05 1
No data 1.5

Persistence DT50,s [days] 60 ≤ DT50 4 Valcke et al.,
200530 ≤ DT50 < 60 3

15 ≤ DT50 < 30 2
DT50 < 15 1
No data 1.5
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Likelihood of ExposureMET ¼ Likelihood of Exposure Score
þMetabolite Persistence (8)

2.5. Hazard score and quantity-weighted hazard score

Hazard scores combine the likelihood of exposure with the effects of
this exposure and can represent the relative risk of a pesticide compared
to others used in the same area or for the same purpose. In line with
methods used in literature, the hazard score is the product of consequence
and likelihood of exposure scores (Sugeng et al., 2013; Dabrowski et al.,
2014; Choi et al., 2020). However, these studies do not normalise the
scores, resulting in the weighting of one parameter. In this study, the conse-
quence of exposure was normalised so both scores contribute equally to the
hazard score:

Hazard Score ¼ 12
31

Consequence of Exposure Score x Likelihood of Exposure Score

(9)

The hazard score of a pesticide may be very high due to its high toxicity
and/or exposure potential. Assessing a pesticide's hazard score may help
pesticide users select less risky pesticides, specific to their site or purpose,
prior to application. On a national or policy level, it is important to also con-
sider the quantity of each pesticide used in a region or country to accurately
capture contribution of that pesticide to the national risk profile. For in-
stance, a very harmful pesticide (high hazard score) may be used in a
given country in very small quantities, meaning its contribution to overall
national pesticide health riskmay beminimal. To address this need existing
studies have combined consequence of exposure, likelihood of exposure,
and a ratio for quantity of use in relation to quantity of overall pesticide
use in a country or site to provide a quantity-weighted hazard score as fol-
lows (Valcke et al., 2005; Dabrowski et al., 2014):

Weighted Hazard Score ¼ Hazard Score� Quantity of Use
Total Annual Pesticide Use

(10)

The same method was used to calculate the risk for all pesticides with
the metabolite scores included:

Hazard ScoreMET ¼ 16
35

Consequence of Expsoure ScoreMET � Likelihood of Exposure ScoreMET

(11)

Weighted Hazard ScoreMET ¼ Hazard ScoreMET � Quantity of Use
Total Annual Pesticide Use

(12)

The pesticidesmay then be ranked based on their hazard score and their
quantity-weighted hazard score. The pesticide with the highest score, and
therefore the greatest perceived risk, was ranked 1.
6

3. Case study

3.1. Pesticide selection

An Irish case study was used to illustrate how the developed risk ranking
method can be used to identify pesticides of concern on site-level and/or
national-level. Table S1 shows the sources used the parameter data used in
this case study. Irish pesticide usage data were obtained from the Pesticide
Usage Reports published by the Irish Department of Agriculture, Food and
the Marine (DAFM) for the most recently published years, 2016 and 2017
(DAFM, 2016, 2017). A total of 130 pesticides were used on grassland, fod-
der, and arable crops over this period. Based on common practice in litera-
ture, a minimal quantity of 1000 kg over the study period was selected as
the exclusion point, as quantities below this point were subjectively consid-
ered too low to be of national importance (Valcke et al., 2005; Dabrowski
et al., 2014). Seventy-three pesticides quantities exceeded 1000 kg between
2016 and 2017; however, ten have since been banned and are not included
in the assessment. The method described in Section 2 was then applied to
the remaining 63 pesticides to rank them by relative risk. Twelve of the
sixty-three pesticides analysed do not have any key relevant metabolites ac-
cording to the EFSApesticide reports; therefore, only the scores of the remain-
ing 51 pesticides are affected by the inclusion of metabolites.

3.2. Site selection

Pesticide hazard scores were calculated in two sites, selected from the
Irish Teagasc Agricultural Catchment Programme (Teagasc, 2017):
Cregduff in the west of Ireland (53°36′54.4″N 9°10′44.1″W), a predomi-
nately grassland site (92%) with well-draining, shallow brown earth soils
on a karst landscape (Mellander et al., 2013); and Dunleer in the East
(53°50′08.7″N 6°25′04.1″W), a mixed-use site of 44% grassland, 34% ara-
ble land and 22% woodland/other with poorly drained, mixed soils
(McDonald et al., 2019). Site data were obtained from the EPA's Irish Soil
Information System (EPA, 2021). As information regarding drinking
water sources in these sites were unavailable, and to allow this case study
to be used as a general guide for methodology implementation, it was nom-
inally assumed that 50% of drinking water was drawn from groundwater
and 50% drawn from surface water supplies.

4. Results and discussion

4.1. Quantity, likelihood of exposure and consequence of exposure

The likelihood and consequence of exposure of the 25 most used pesti-
cides in Ireland in the two locations are presented in Figs. 2 and 3, where
the size of the bubble is proportional to quantity. Three pesticides, glypho-
sate, chlormequat chloride and 2-methyl-4-chlorophenoxyacetic acid
(MCPA), account for almost 35% of pesticide use in Ireland. If quantity of
usewas the onlymeasure of risk, these pesticideswould be the greatest con-
cern for Ireland. However, as previously discussed, pesticide risk is influ-
enced by the multiple factors such as mobility, persistence, and toxicity,
as well as quantity. Therefore, several pesticides in Figs. 2 and 3 can be
identified as pesticides of concern due to their high likelihood and/or con-
sequence of exposure scores such as boscalid and mancozeb, despite being
used in lower quantities.

In both catchments metamitron is located at the top of Figs. 2 and 3,
with the highest likelihood of exposure (8.5 of a maximum of 12) due to
itsmoderate-high runoff potential to surfacewaters and its very high persis-
tence in both groundwater and surface water. Both prothioconazole and
boscalid also have a likelihood of exposure score of 8.5 in Dunleer and a
similarly high score of 8 in Cregduff. This suggests the drinking water
sources in Cregduff andDunleer aremost likely to be impacted by thesemo-
bile and persistent pesticides. Based on Figs. 2 and 3, it can be seen that like-
lihood of exposure is marginally higher in Dunleer than in Cregduff.
Dunleer consists mainly of poorly draining soils and experiences significant
loss of pesticides due to surface runoff and a moderate risk for leaching and



Fig. 2. Likelihood of exposure vs consequence of exposure vs quantity of use in Cregduff catchment for 25 most used pesticides in Ireland. Area of bubble is proportional to the
pesticide's quantity of use (kg).

Fig. 3. Likelihood of exposure vs consequence of exposure vs quantity of use in Dunleer catchment for 25 most used pesticides in Ireland. Area of bubble is proportional to the
pesticide's quantity of use (kg).
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sediment runoff compared to low-moderate runoff potential in Cregduff
(Table S2). These conditions result in higher pesticide mobility in Dunleer,
hence a higher likelihood of exposure score. Therefore, the use of highly
mobile pesticides can be considered a higher risk in a site like Dunleer,
and a pesticide user may consider using a less mobile pesticide in locations
that behave like Dunleer.

The consequence of exposure does not vary between the catchments as
it is not dependent on location. Mancozeb is found on the far-right side of
Figs. 2 and 3, suggesting a very high consequence of exposure score relative
to the pesticides examined in this study. In assessing the consequence of ex-
posure score, five toxicological endpoints from the EFSA were considered
and identifying mancozeb as a probable or known carcinogen, teratogen,
and endocrine disruptor, hence its high score (Table S6). Many pesticides
have been identified as potential toxicants under one or more of the health
outcomes examined in this study based on the EFSA reports (Table S6). A
significant number of pesticides used in Ireland are potentially toxic to re-
productive organs and foetal development, as there is evidence that 54%
of pesticides used in Ireland have some kind of teratogenic effects and
24% have some impact on reproductivity.

This study demonstrates how pesticide risk cannot be determined using
quantity alone. As illustrated by Figs. 2 and 3, the pesticides of greatest con-
cern result from a combination of quantity, mobility, and toxicity. The haz-
ard scores, calculated in Section 4.2, attempt to numerically represent how
this combination varies between pesticides and to identify the pesticides of
greatest concern in Irish site.

4.2. Hazard score and quantity-weighted hazard score

Fig. 4 shows the top 30 pesticides hazard scores in Cregduff and
Dunleer, and the top 25 quantity-weighted hazard scores in an Irish
Fig. 4. Top 30 pesticides of concern in Cregduff vs. Dunleer;
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context. Overall, prochloraz has the greatest hazard score with a score of
52.6 (out of a maximum of 144) in both catchments. Prochloraz's relatively
high hazard score is due to the combination of its moderately high conse-
quence of exposure score of 17 (of a maximum of 31) (Table S8), making
it the second most toxic pesticide in this study and its high likelihood of ex-
posure score of 8 (out of a maximum of 12) (Table S8). Prochloraz is highly
mobile and is extremely persistent in surface water with a half-life of 359
days. Propyzamide has a hazard score of 43.5 (Fig. 4), which is the second
highest hazard score overall as it is as mobile as prochloraz but slightly less
toxic and persistent (Table S8).

Based on hazard score alone, prochloraz and propyzamide are the pesti-
cides of greatest concern in this study. However, several pesticides have rela-
tively high hazard scores and are used in high quantities. These include
mancozeb, 2,4-D and pendimethalin, which have the 3rd, 5th, and 9th
highest hazard scores, respectively (Fig. 4). These pesticides are as toxic, if
not more in the case of mancozeb, than prochloraz and propyzamide, but
are less mobile or persistent (Table S8). However, due to their high hazard
scores and large national quantities, these pesticides may require more in-
depth risk analysis and monitoring. The hazard scores of the pesticides used
the most in Ireland, glyphosate and chlormequat chloride, are ranked in the
top half of pesticides examined in this study (23rd of 63 and 28th/30th of
63 respectively); however, their hazard scores are relatively lower than the
top ranked pesticides, with glyphosate scoring 21.7 compared to prochloraz's
52.6 in Dunleer (Table S9). Therefore, from their hazard score alone, further
assessments may not be required, but incorporation of quantity of usage re-
sults in a high quantity-weighted score (Fig. 4: inset), which would identify
them as pesticides of concern for Irish drinking water.

As discussed previously, hazard scores are useful to compare the relative
risk associated with pesticides at a site-level prior to application to select
less risky pesticides. The quantity-weighted hazard score incorporates
Top 25 pesticide quantity-weighted hazard score (inset).
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pesticide quantity into the calculated hazard score and therefore better rep-
resents the regional or national risk-profile from actual pesticide use. The
national quantity-weighted hazard scores of pesticides used in Ireland
over the study period were calculated using Dunleer as a representative
site for Ireland to give a better insight into the national risk profile associ-
ated with the various pesticides used on a national scale. This mixed grass-
land/arable site withmixed soils was selected as it was regarded to bemore
typical of sites across Ireland. The inset in Fig. 4 shows the top 25 quantity-
weighted hazard scores for pesticides used in Ireland.

It is evident that quantity of use has a strong influence on the hazard
score as the most used pesticides in Ireland, glyphosate and chlormequat
chloride, are the highest ranked pesticides (Fig. 4). The thirdmost used pes-
ticide over the study period MCPA, is ranked 55 of 63 for consequence of
exposure (Table S8) and has the 10th lowest hazard score (Table S9). How-
ever, it has the third highest quantity-weighted hazard score due to the in-
fluence quantity has on the quantity-weighted hazard score. Conversely,
prochloraz, is used in relatively low quantities (43rd out of the 63 pesti-
cides) but is ranked second based on toxicity and has the highest hazard
score (Tables S8 and S9). Even though prochloraz is used in relatively
small quantities (0.2% of total pesticide use; (DAFM, 2016, 2017)), its mod-
erately high quantity-weighted score ranks 24th. Hence highly toxic pesti-
cides should not be discounted as a pesticide of concern, even if used in
small quantities, and should be monitored closely to ensure they are not
used in quantities that may increase this risk. Pendimethalin andmancozeb
can be identified as the pesticides of greatest concern of the 63 examined in
this study, as they score highly in all criteria examined, except for likeli-
hood of exposure, and are 4th and 5th highest ranked pesticide respectively
based on quantity-weighted hazard score, despite making up only 2% each
of overall pesticide use. In the time since this analysis began, approval for
mancozeb use in the EU has been withdrawn with a ban on mancozeb use
coming into effect at the beginning of 2022 (European Commission,
2020). The upcoming ban on mancozeb confirms the findings of this
study, thatmancozeb poses a significant risk to Irish drinkingwater and fur-
ther monitoring, detailed assessment, or, in this case, a ban is required.

4.3. Metabolites

When metabolite data are included in the assessment, pesticides with
key metabolites have increased risk scores. Some do not significantly
change such as 2,4-D, as its metabolite is neither toxic nor persistent.
Other pesticides experience a notable increase in either their likelihood of
exposure score, consequence of exposure score or both, such as boscalid
which has a very persistent metabolite, resulting in almost a doubling of
its likelihood of exposure and triclopyr which has a very persistent and
moderately toxic metabolite (Table S10). What is of most interest is the rel-
ative change in these scores and their rankings. Table S10 details the hazard
and quantity-weighted scores of pesticides when metabolite data are in-
cluded and shows how the ranking change when metabolites are consid-
ered. Parent compounds that were classified as high concern such as
mancozeb and 2,4-D become relatively lower concern when their non-
persistent and non-toxic metabolites are considered, with their hazard
score dropping from 3rd to 9th and 4th to 10th respectively (Table S10).
Others that are not priority pesticides, such as tribenuron-methyl and
triclopyr, have much higher ranked hazard scores whenmetabolites are in-
cluded, increasing by 12 and 13 places higher respectively (Table S10). Re-
garding quantity-weighted hazard scores, both triclopyr and boscalid are
ranked higher when metabolites are included but metamitron becomes a
relatively lesser concern when its metabolite is considered in comparison
to other pesticideswithmore harmful or persistentmetabolites (Table S10).

4.4. Sensitivity study

4.4.1. Uncertainty in pesticide and soil data
A sensitivity study was carried out to evaluate how the variability and

uncertainty related to pesticide and soil data can affect the output of the
risk scoring tool. This was achieved by varying the value of several
9

parameters in turn by a nominal value of 10%, while the values of the
other parameters remained constant. The sensitivity study results are pre-
sented in Tables S11a, S11b and S12.

The variation in pesticide data (i.e., half-life in groundwater, surface
water, and soil, KOC and solubility) had an impact on pesticide mobility
(Table S11a) and pesticide persistence, both impacting the hazard score
(Table S11b). Due to the banded nature of the scoring used in this method-
ology, less than half of the pesticides experienced any change when the
values for pesticide data were varied. However, any resulting changes to
hazard score were notable, with some of the pesticides experiencing up to
a 20% change in hazard scores. For example, a reduction in soil half-life re-
sulted in trifloxystrobin's leaching potential to change from low to very low,
while its runoff potential reduced from moderate to low (Table S11a),
therefore the pesticide is far less mobile resulting in an 18.18% reduction
in its hazard score (Table S11b). Both persistence and sorption are key fac-
tors in pesticide transport (Kumari and John, 2020) and therefore it is un-
surprising that variation in this data would have a strong effect on
pesticide risk scores. The variation of pesticide solubility had no impact
on pesticide mobility or hazard scores, indicating variability associated
with this parameter would not have significant impact on overall risk.

The sensitivity study also examined variability of soil data (i.e. horizon
depth, soil organic matter (SOM), clay, sand and silt content) and found
that SOM content was the only soil parameter to affect the pesticide mobil-
ity and the related hazard scores. A 10% reduction of SOM content led to
the sediment runoff potential to change from “Low” to “Moderate”. This pa-
rameter is clearly an important source of uncertainty in this study as thema-
jority of resulting pesticide hazard scores increased by 5% or more
(Table S12). It is well established that pesticide sorption contributes signif-
icantly to pesticide transport as pesticides with high sorption potential tend
to be less mobile (Motoki et al., 2014; Kumari and John, 2020) and that
there is positive correlation between sorption and SOM content (López-
Piñeiro et al., 2013; Dutta et al., 2015). This illustrates the importance of
having relevant data, especially related to the organic contents of soil, for
locations under assessment as variation in site data influences the results
of the tool.

4.4.2. Uncertainty in the scoring system
Scoring systems, similar to that used herein, have been developed and

widely used by several authors (Sugeng et al., 2013; Dabrowski et al.,
2014; Choi et al., 2020). A contentious point in this scoring method, how-
ever, is howmissing or inconclusive data are dealt with. It is common in lit-
erature to score missing data higher than no/low effects which can lead to
the uncertain conservative scoring of non-harmful pesticides or the under-
estimation of harmful pesticides. As 44 of the pesticides in the case study
have missing or inconclusive data for one or more toxicological endpoints,
a sensitivity study was carried out to investigate the effects missing toxicol-
ogy data has on the output of this tool. Missing data were analysed as fol-
lows: (1) given the mid-range score for the relevant toxicological effect
and (2) scored zero. As expected, the results of this study, presented in
Table S13, found that changing the “no data” score has a significant impact
on the pesticide hazard scores and their risk ranking. For example, if miss-
ing data are assigned a score of zero, the ranking of fluxapyroxad decreases
by five as it has missing/inconclusive data for one health concern. Con-
versely, if missing data are given a mid-range score, fluxapyroxad moves
from the 12th highest scored to the 10th most hazardous pesticide in this
study for the same reason. Thus, the sensitivity study emphasises the
need to continue to develop our understanding of the toxicological effects
of pesticides on humans on a global level to improve the understanding
and evaluation of pesticide risk.

5. Conclusion

The relative risk of pesticides can be scored and ranked from highest to
lowest concern using the method developed and presented in this study.
The approach presented allows for the comparison of pesticides based on
several criteria: quantity of use, environmental fate, toxicity, overall
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hazard, and quantity-weighted hazard. The current study has expanded on
existing methods to include the effects site data have on pesticide mobility
through the use of a more comprehensive mobility indicator and is one of
the first pesticide screening tools to address the impact metabolites have
on overall pesticide risk pesticide risk. This study emphasises the need for
a greater understanding of how metabolites persist in the environment
and how they may cause harmful effects on humans. A sensitivity study,
carried out to examine the limitations of the methodology, highlights the
influence that variability in pesticide data can have on pesticide risks scores
and identifies a need for future work pesticide toxicology studies. A simple
screening method was developed as the first stage of detailed pesticide risk
assessments to identify themain pesticides of concern in a given area. In the
context of Irish drinkingwater, on both a national scale and in two different
sites, mancozeb, 2,4-D, pendimethalin and glyphosate are some of the pes-
ticides of greatest concern based on their combined quantity of use, toxic-
ity, and exposure potential. This suggests that monitoring programmes
should be considered in areas where these pesticides are used, and detailed
risk assessments of these pesticides may be required on a national-scale
based on their quantity-weighted hazard scores. This method can easily
be adapted by pesticide users to examine the pesticide risk specific to
their sites, allowing for the comparison of the relative risk of pesticides
they may use and the selection of less risky pesticides. This method also
allows risk managers and governmental departments to examine how
pesticides may contribute to the health risks of a population on a regional
or national-scale using quantity-weighted hazard scores.
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