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Highlights

+  Contamination by glyphosate and its main metabolite compound can endanger key soil biota.
*  Glyphosate and aminomethylphosphonic acid levels in soil show low risk to human health.
*  Further efforts should be made to quantify soil pesticide levels globally.

*  Further scientific efforts for environmental protection are specially needed in developing countries.

Abstract

The study presents a literature review of glyphosate (GLY) occurrence and its breakdown product,
aminomethylphosphonic acid (AMPA), in soils worldwide, but with a specific focus on South America. In
addition, an ecological risk approach based on the ecotoxicological endpoints for key soil biota (e.g.,
collembolans, and earthworms) assessed the impact of GLY and AMPA on these organisms. A generic
probabilistic model for human health risk was also calculated for the different world regions. For what reports the
risk for edaphic species and the level of pollution under the worst-case scenario, the South American continent
was identified as the region of most concern. Nonetheless, other areas may also be in danger, but no risk could be
calculated due to the lack of data. Since tropical countries are the top food exporters worldwide, the results
obtained in this study must be carefully examined for their implications on a global scale. Some of the factors
behind the high levels of these two chemicals in soils are debated (e.g., permissive protection policies, the
extensive use of genetically modified crops), and some possible guidelines are presented that include, for example,
further environmental characterisation and management of pesticide residues. The present review integrates data

that can be used as a base by policymakers and decision-makers to develop and implement environmental policies.

Keywords: Herbicides, Human health assessment, Soil contamination, Environmental risk assessment.

Abbreviations

ABS — dermal absorption factor; ABSg; — fraction absorbed in the gastrointestinal tract; ADD; — average daily
dose by i exposure route pathway; AF — assessment factor; AMPA — aminomethylphosphonic acid; AT — average
life span of an adult; BCF — bioconcentration factor; BW — bodyweight of the individual adult; CF — conversion
factor; C,,; — concentration of the pollutant on soil; DAF — dermal adhesion factor; ED — exposure duration; EF
— exposure frequency; ERA — ecological risk assessment; GLY — glyphosate; GMO — genetically modified
organism; HI — hazard index of non-cancer; HRA — human risk assessment; ILCR — incremental lifetime
carcinogenic risk; IR; — ingestion or inhalation rate by 7 exposure route pathway; MEC — measured environmental
concentration; PEF — particle emission factor; PNEC — predicated no-effect environmental concentration; RfD; —
daily maximum permissible values by i exposure route pathways; RQ — risk quotient; SA — surface area of the
skin that contact with the soil; SDG — Sustainable Development Goals; SF; — slope factor by i exposure route

pathway.



1 Introduction

Anthropogenic practices have altered three-quarters of the Earth’s surface, with more than a third dedicated
exclusively to crop and/or livestock production (IPBES, 2019). Despite being a huge percentage of land use, food
production does not necessarily link it to a negative factor or problem to focus on. The incorrect use and
management of these areas are, in fact, the main concerns and the problem that needs to be addressed. Land misuse
is, directly and indirectly, the main factor that accelerates biodiversity loss (IPBES, 2019), connected with other
factors such as the misuse of pesticides in agricultural practices. Despite the increasing research focused on using
alternative sustainable practices that can integrate and increase ecosystems’ health, there is still no general
solution. At the same time, decreasing pesticide use would also lower possible threats to non-target organisms, as
already widely reported in the literature (e.g., Dominguez et al., 2016; Ferreira et al., 2015). Some public policies
to reduce the application of pesticides, such as the EU Farm to Fork Strategy (Directive 2009/128/EC), have
already been adopted to tackle this problem. The latest numbers of pesticide use (Table 1 - Food and Agriculture
Organization of the United Nations, 2018) show what may be even the start of a reduction in herbicide use in
Europe, with a 1% reduction in the past ten years. Nonetheless, even with these public policies, it is expected that
the use of pesticides will continue to occur in the following years and may even increase, at least when looking
into low and middle-income countries (LMICs). Such increase may be the main reason for many possible
environmental impacts and human health problems, all resulting from the excessive use and misuse of these
chemicals, but also due to their highly persistent in the environment or hazardousness. The annual use of pesticides
for agricultural purposes worldwide is > 2.5 million tons, with China, the United States (US), Brazil, and
Argentina as the countries that most use these substances. N-[phosphomethyl]-glycine (C;HgNOsP - GLY) based
herbicides are the best-selling products worldwide due to their low cost, broad-spectrum mechanism,
effectiveness, the requirement for a large number of genetically modified organisms (GMO) and the application
of those products as desiccants (Duke and Powles, 2009). GLY represents the largest export in China, the most
used agricultural land in the US, and the most widely used in tropical countries, responsible for a considerable
food export (Jennings and Li, 2017).

Although pesticides are mainly applied in the fields, they reach far more than the targeted crops through
water and wind transport. Environmental conditions may influence pesticide drift during spraying, in which
droplet size, velocity and rate of liquid/air in the spray nozzles play important roles (Al Heidary et al., 2014; Gil
and Sinfort, 2005; Miranda-Fuentes et al., 2018). The microbial community quickly degrades GLY in soils until
its total mineralisation (la Cecilia and Maggi, 2018). Glyphosate degradation may occur through the
aminomethylphosphonic acid (CH¢NO;P — AMPA) or sarcosine pathways (Aslam et al., 2023). In contrast to the
metabolites resulting from the sarcosine pathway that are easily oxidised, AMPA is the primary metabolite of
GLY and has a longer half-life in soils than the precursor molecule (Aslam et al., 2023). According to EFSA
(2015), GLY has a low to very high persistence (DT50 = 2.8 — 500.3 days), and AMPA has a moderate to high
persistence in lab studies (DTso = 38.98 to 300.71 days) and high to very high persistence is field studies (DTsy =
288.4 to > 374.9 days) being reported in some studies with a DTsqup to 958 days (Primost et al., 2017). GLY and
AMPA are practically non-volatile, and their mobility depends on their physicochemical properties such as
octanol-water coefficient, electric charge and functional groups (Gimsing et al., 2007; Okada et al., 2016; Sheals

et al., 2002); soil properties such as clay content, pH and cation exchange capacity (Aparicio et al., 2018; Erban



et al., 2018a; Gerénimo et al., 2018; Imfeld et al., 2013; Lupi et al., 2015; Soracco et al., 2018); microbial activity
(Aratjo et al., 2003; Giesy et al., 2000); or even wind and water erosion (Bento et al., 2019, 2017; Ernst et al.,
2018; Mendez et al., 2017; Yang et al., 2015). According to Silva et al. (2018), in sites contaminated with low
GLY or AMPA concentrations (< 0.5 mg/kg soil), wind erosion can remove and transport up to 1.9 g soil/ha/year,
while water erosion can remove and transport up to 9.7 g soil/ha/year. As for sites with higher concentrations (>
0.5 mg/kg soil), wind erosion can remove and transport up to 3 g soil/ha/year, while water erosion can remove
and transport up to 47.7 g soil/ha/year.

The high public interest and comments on the draft assessment of glyphosate by EFSA and ECHA (please

see https://www.efsa.europa.eu/en/news/glyphosate-consultations-over-400-submissions-collected) confirmed

this subject as a hot topic to the public that requests a high level of transparency on the evaluation of active
substances. As a result of the request for additional information, EFSA is conducting a re-assessment, which is
expected to be completed by July 2023 (EFSA, 2023). As GLY and AMPA contamination can negatively impact
ecosystems, biodiversity (Gill et al., 2018), and human health (van Bruggen et al., 2021, 2018), the present study
aims to: 1) review the concentrations of GLY and AMPA reported in soils at a global scale, with a specific focus

on South America; ii) estimate the risk for key functional soil biota; and iii) the risk for human health.

Table 1: Global pesticide use. Pesticide use worldwide summarised from FAOSTAT database of Food and
Agriculture Organization of the United Nations (https://www.fao.org/faostat/en/#home — FAO, 2023). The colour

scheme shows reductions in pesticide consumption in green, increases in red and similar consumption in white.

The darkest the colour, the higher the decrease/increase magnitude.

2000 2010 2020 A 2010-2020 (%) A 2000-2020 (%)

Region Pesticide Herbicide Pesticide Herbicide Pesticide Herbicide

™Mb ™) (Mt) (Mt) ™Mb ™) Pesticide Herbicide Pesticide Herbicide
Global Use 2.047 0.853 2.603 1.318 2.661 1.397 2% 6% 30%
Africa 0.064 0.015 0.085 0.027 0.106 0.034 25% 27%
Asia 0.604 0.197 0.740 0.284 0.659 0.235 -11% -17% 9% 19%
Central America 0.064 0.024 0.106 0.039 0.090 0.032 -15% -17% 41% 35%
Europe 0.450 0.165 0.452 0.180 0.468 0.178 4% -1% 4% 8%
North America 0.470 0.228 0.436 0.275 0.487 0.315 12% 15% 4% 38%
Oceania 0.038 0.026 0.049 0.032 0.070 0.047 45% 46%
South America: 0.350 0.195 0.728 0.477 0.770 0.551 6% 16%
— Argentina 0.084 0.070 0.236 0.217 0.241 0.230 2% 6%
— Bolivia 0.004 0.002 0.013 0.007 0.019 0.012
— Brazil 0.140 0.082 0.343 0.190 0.377 0.234
— Chile 0.014 0.003 0.010 0.002 0.010 0.002
— Colombia 0.076 0.027 0.049 0.018 0.037 0.029
— Equador 0.018 0.004 0.032 0.014 0.034 0.012
— Guyana 0.000 0.000 0.000 0.000 0.000 0.000
— Paraguay 0.004 0.002 0.021 0.013 0.020 0.011
— Peru 0.002 0.000 0.006 0.002 0.011 0.004
— Suriname 0.000 0.000 0.000 0.000 0.000 0.000
— Uruguay 0.004 0.002 0.015 0.012 0.016 0.014




— Venezuela 0.004 0.001 0.004 0.001 0.004 0.001



Records identified from Scopus
(n=27,802)

Identification

Excluded records: n= 27,614
(Unrelated to the scope of this
review)

Records screened by field: Title,
Abstract, Highlights and Keywords

Screening

Remaining records: n= 188
Records screened according to Excluded records: n= 151
criteria 1. 2, 3, 4 and 5*

Studies included in this review
(n=37).

Final List

Figure 1: Diagram of the methodology used to include/exclude records to be used in this review. * Criterion 1:
records must include the measurement of GLY and/or AMPA in field samples. Criterion 2: records related to the
study of GLY and/or AMPA degradation and other kinetic parameters that result from the direct contamination
of field samples or studies that involve the direct contamination of soil in the field (e.g. micro- or mesocosms) are
excluded. Criterion 3: records that include the study of GLY and/or AMPA concentrations from field samples that
accurately describe how samples were stored and preserved prior to analysis. Criterion 4: records must detail that
the last application of GLY has been made at least three months prior to the quantification. Criterion 5: records
with improperly described methodology, written in another language (e.g. record has a double abstract in English

and Chinese), among others, were excluded.

2.2 Geocomputation

All data analyses were performed by statistical computing in R software version 4.1.2 (R Core Team —

http://www.R-project.org/). The maximum concentrations of GLY and AMPA were plotted on static maps for

spatial distribution visualisation using geocomputing scripts. The “readxl” package was used to read the data
frame (Wickham and Bryan, 2019). The background polygons were obtained from “ggplot2” package (Wickham,
2016) and also was used to add a shapefile layer containing the referenced data points. Cartographic elements
(north symbol) were defined using “ggspatial” package (Dunnington, 2021), and the coordinate reference system

was based on the World Geodetic System of 1984 (WGS84) using “sf” package (Pebesma, 2018).

2.3 Ecological Risk Assessment (ERA)



GLY and AMPA were incorporated into the Ecological Risk Assessment (ERA) based on the ratio between
exposure and hazard factors. The ERA is based on the equations previously described by ECETOC (2004), Peake
et al. (2016), and Pérez et al. (2021), and derived as follows (Eq. 1):

MEC
(Eq. 1) RQ = pygc

where RQ is the risk quotient (toxicity unit), MEC is the measured environmental concentration (mg/kg soil), and
PNEC represents the predicated no-effect environmental concentration (mg/kg soil). The PNEC was derived as

follows (Eq. 2):

LCsp
(Eq. 2) PNEC = TAF

where LCjs, represents the concentration that will kill 50% of the sample population (mg/kg soil). The LCs, values
for earthworms (Aporrectodea caliginosa, Eisenia andrei, and Eisenia fetida), and springtail (Folsomia candida)
were obtained from European Food Safety and Authority peer reviews (EFSA, 2015) and ECOTOX
Knowledgebase (EPA, 2021). Since no toxicity data was available for AMPA, the LCjs, values of the parental
compound (GLY) were multiplied by a value of 20x based on the AMPA/GLY ratio for LCs, values of aquatic
organisms described on the EFSA and ECOTOX databases. Although these calculations present some uncertainty,
as the toxicity of AMPA may not be 20x higher than the toxicity of GLY, similar conservative criteria were used
in previous studies (Pérez et al., 2021; Vasickova et al., 2019). Additionally, this conservative criterion would
represent a worst-case scenario. The ecotoxicological endpoints dataset is presented in Table S1 (Supplementary
Data - SD). The AF represents an assessment factor (AF = 50, without a unit of measure) and was applied to
reduce uncertainties about the accuracy, model errors, lack of toxicity data, and inherent variability between
laboratory exposure and field conditions (Vasic¢kova et al., 2019). The RQ approach was classified as low
ecological risk (RQ < 0.1), moderate ecological risk (0.1 < RQ < 1.0), and high ecological risk (RQ > 1.0),
according to Pérez et al. (2021).

2.4 Human Risk Assessment (HRA)

The Human Risk Assessment (HRA) was developed according to the Exposure Factors Handbook (EPA,
2011) and Generic Exposure Routes Assumptions document (Michigan, 2014). The HRA was estimated from
generic characteristics of adults. Table S2 (SD) presents details of the human lifestyle and physiological and
behavioural parameters. A probabilistic risk model was used to estimate carcinogenic incidence based on the
average daily dose by i exposure routes [4DD; — mg/(kg/day)], being the soil ingestion (4DDy,;), food ingestion
(ADDy04), dermal contact (ADDe,), and dust inhalation (4DD;,;) expressed as follows (Eq. 3 to Eq. 6):

Csoit X IRsoy X ED X EF X CF
(Eq. 3) ADDsoy = BW x AT

Cooit X BCF X IRypger X ED X EF
(Eq. 4) ADDfooq = BW x AT




Csoit X SA x DAF x ABS x ED x EF x CF
(Eq. 5) ADD germ = BW x AT

Coit X IRur X ED X EF
(Eq. 6) ADDinh = —ppr x pw x ar

where Ci,; is the concentration of the pollutant on soil (mg/kg soil); IR;,; represents the daily soil ingest rate
(mg/day); ED is the exposure duration (year); EF is the exposure frequency (day/year); CF is the conversion factor
(kg/mg); BW is the body weight of the individual adult (kg); AT is the average lifespan of an adult (day); BCF is
the bioconcentration factor (without a unit of measure); IR, is the daily vegetable ingestion rate (kg/day); S4 is
the surface area of the skin that contact with the soil (cm?/day); DAF is the soil dermal adhesion factor (mg/cm?);
ABS is the dermal absorption factor (without a unit of measure); IR, is the air inhalation rate (m?/day); and PEF
is the particle emission factor (m?/kg).

A carcinogenic slope factor (SF) was added to the equations to define the upper confidence limit on the
increased risk from i exposure route. The incremental lifetime carcinogenic risk (/LCR) was calculated using the

estimated ADD; multiplied by the SF; as follows (Eq. 7):

(Eq. 7) ILCR = X.(ADD; X SF))

where SF; includes oral slope factor [SF,, — mg/(kg/day)], dermal slope factor of dermal contact [SF, —
mg/(kg/day)], and the inhalation unit risk (/UR — mg/m?). Details of the parameters used to estimate the risk to
human health are available in Table S2 (SD). The ILCR < 1 x 10 considers the risk to the human population
acceptable, while ILCR > 1 x 10 indicates the high probability of risk over a lifetime. The non-cancer risk (hazard

index - HI) was estimated using equation 8 (Eq. 8):

i

AD
(Eq. 8) HI = Y

where RfD [RfD; — mg/(kg/day)] is defined as the daily maximum permissible values for the GLY of the two (i)
exposure pathways, including reference dose for ingestion (RfD,), and dermal contact (RfD,,; = RfD, x ABSg)).
ABSg; is the fraction of GLY absorbed in the gastrointestinal tract. The daily maximum reference dose for the
inhalation exposure pathway could not be calculated due to the properties of the GLY (e.g. polarity and octanol-
water partition coefficient), resulting in very low vapour pressure and low volatility. An HI lower than unity (H/

< 1) reflects a no non-cancer risk.
3 Results and Discussion

3.1 Soil pollution

GLY and AMPA residues found in different soil matrixes (e.g. urban, agricultural and secondary forests)
were plotted on a global map (Figure 2). GLY was detected at levels ranging from 2 x 10 to 66.38 mg/kg soil,
while AMPA was detected at 2.5 x 10-3 to 38.94 mg/kg soil. Overall, three-quarters (73%) of GLY and more than

two-thirds (68%) of AMPA concentrations found in soil were quantified up to 1 mg/kg soil, with four studies for



GLY (Mercado and Mactal, 2021; Newton et al., 1994, 1984; Samson-Brais et al., 2022), and four studies for
AMPA (Ernst et al., 2018; Mercado and Mactal, 2021; Napoli et al., 2016; Newton et al., 1994) showing values
<LOD or < LOQ. No data was available for the African and the Oceanian continent. Four studies were found for
North America (Newton et al., 1994, 1984; Samson-Brais et al., 2022; Tush et al., 2018), and only three for Asia
(Gunarathna et al., 2018; Jing et al., 2021; Mercado and Mactal, 2021). A possible explanation for the lack of/low
data for the African and Asian continents may be related, to a certain extent, to the lack of financial and
infrastructural resources in the research institutions of these continents, as the majority are included in the list of

low middle-income countries (LMICs — https://data.worldbank.org/country/XN). Nonetheless, these regions also

include many countries with higher resources to monitor soil pesticide concentrations. Collecting this type of data
is extremely important, especially when looking at the increase of 25% in the use of pesticides in Aftica in the
past ten years (Table 1). The lack of data in Africa may be mainly related to outdated information, the lack of
registration of pesticide use (e.g. Nigeria does not have any data available) or even the inconsistent registration of
data bringing a lot of uncertainty to the available data (e.g. South Africa - Fuhrimann et al., 2022). Other factors
that may explain the lack of data may be related to challenges with chemical analyses in local laboratories (e.g.,
lack of specialised equipment) or lack of knowledge that concerns pesticide analysis techniques. Finally, there is
also a critical gap in recording herbicide levels in soil compared with extensive reports of other types of pesticides
(Paré et al., 2014; Ssebugere et al., 2010). Most African governments have encouraged pesticide use in the last
decades, and these changes resulted in even less government monitoring. Therefore, inadequate regulatory policies
result in the importation of banned pesticides (Sharma et al., 2019). The African market is unregulated, so the
registered compounds account only for 8% of the total. Additionally, 38% of pesticides have incomplete labels,
and 6% are unlabelled (van der Valk, 2003).

The intensive use of pesticides in agriculture is increasing rapidly in developing countries. Its use for
controlling and eradicating malaria is common in several countries, including Asia (Kunstadter, 2007,
Schreinemachers and Tipraqsa, 2012). Asia is the second-highest region that applies all commercialised pesticides
worldwide (Table 1). Here, China and Japan represent the largest producers and consumers of pesticides globally
(Zhang, 2018; Zhang et al., 2011).

Although the Australian region has the resources to characterise pesticides in soil, no data could be found.
This may be related to the fact that most scientific resources focus on quantifying pesticides in food and water
(e.g., Okada et al., 2020). Furthermore, other factors can result in low GLY concentrations, such as poor soils with
high ultraviolet radiation (Papagiannaki et al., 2020). The Australian Academy of Science and Technological
Engineering conducted the last major pesticide review in Australia in 2002 (Radcliffe, 2002), approximately 20
years ago. Although the document can be seen as a pervasive collection of data with great value, it can now be
considered outdated. According to the models presented by Tang et al. (2021), the Australian region's pesticide
levels are low compared to other high-income countries. Nonetheless, Wightwick and Allinson (2007) highlight
that this region's pesticide risk to humans and the environment has received relatively little attention.

In European soils, 14 studies showed GLY and AMPA in soils (Bérjesson and Torstensson, 2000; Carretta
et al., 2021; Erban et al., 2018b; Geissen et al., 2021; Ibafiez et al., 2005; Karanasios et al., 2018; Karasali et al.,
2019; Laitinen et al., 2006; Napoli et al., 2016; Pelosi et al., 2022; Silva et al., 2018; Tauchnitz et al., 2020; Veiga
et al., 2001; Vlassa et al., 2022). European countries show many different political interests with a broad public

discussion on the use of pesticides, regulation and data availability. It was reported that the United Kingdom,
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Denmark, the Netherlands, Germany and Sweden had a very strong political and public interest in lowering the
application of pesticides. On the other hand, Finland and Latvia had no specific regulations for lowering pesticide
usage (Kristoffersen et al., 2008), until recently (Finland: 2018 - Reg. No. 3406/00.03.02/2018; Latvia: 2020 -
Cabinet Order No 27 of 22 January 2020) when they approved new herbicides reduction strategies enforced by
the EU. Despite the increase in total pesticide use in the past ten years, the pesticide application rate in Finland
and Latvia is low compared to other European countries, which may be related to the region's climate (FAO,
2023). A few European countries, including Denmark, France, Austria and the Netherlands, reduced pesticide
usage, while others like Germany, Greece, Ireland, Czech Republic, Spain and Portugal increased it. In general,
the local government authorities are making political efforts to improve the efficiency of pesticide regulation and
environmental protection. Nonetheless, EU countries have approved the implementation of legislation on pesticide
use, such as Directive No. 2009/128/EC, Regulation (EC) No. 1107/2009, and Regulation (EC) No. 396/2005. A
review of the presence of pesticides in European soils has been previously performed by Silva et al. (2018), and
more information can be found on it. Nonetheless, it is important to emphasise that GLY and AMPA were found
in 15 European countries, mainly with levels < 1 mg/kg soil. Higher levels of GLY were mainly found in the
Netherlands and Mediterranean countries (Greece, Portugal and Spain). Identically, these countries have also
identified higher levels of AMPA along with Italy.

In North America, herbicides are the most prominent and widely used chemical pesticides (Canada, 2019).
Herbicide usage has increased in croplands and the wildlands (EPA, 2008). GLY is the most active ingredient that
harms the herbs and grasses in croplands and poses a potential threat to the surrounding native vegetation (Wagner
et al., 2017). Therefore, future studies on identifying soil pollution are also needed in the region. GLY is widely
sprayed in the US, the leading global GMO producer (> 71.5 million hectares - ISAAA, 2019). Thus, GLY-
tolerant GMOs account for about 56% of global GLY use (Benbrook, 2016). Furthermore, GLY is widely applied
as a desiccant in no-tillage systems in the region, representing more than 40 million hectares in the US.
Agricultural use of GLY in the US increased after the GMO adoption in 1996, which increased more than ten
times between 1996 and 2017 and has steadily grown to the present day (Rifet et al., 2018). The US has a robust
political framework for the use, sales, application and regulation of GLY, with data available in databases from

agencies such as the Department of Agriculture (USDA — https://www.usda.gov/), Environmental Protection

Agency (EPA — https:/cfpub.epa.gov/ecotox/), National Agricultural Statistics Service (NASS -

https://www.nass.usda.gov/), Natural Resources Conservation Service and Department of Agriculture and

Geological Survey (NRCS and USRG - https://www.nrcs.usda.gov/). However, despite the study conducted by

Battaglin et al. (2014) in various regions in the US, there are still not enough studies that seek to monitor herbicide
residues in the soil (Benbrook, 2016).

The present review identified GLY and AMPA in 16 studies for South American soils (Alonso et al., 2018;
Aparicio et al., 2018, 2013; Bento et al., 2019; Bernasconi et al., 2021; Botero-Coy et al., 2013; da Silva et al.,
2021; Lupi et al., 2019; Okada et al., 2018, 2016; Pérez et al., 2021; Peruzzo et al., 2008; Primost et al., 2017,
Ramirez Haberkon et al., 2021a, 2021b; Soracco et al., 2018). The high-level contamination identified in the
present review in the region is in accordance with the models proposed in a previous study (Maggi et al., 2020).
In their study, although the range of concentrations falls within 0.1 — 10 mg/kg of soil, the area is considered a
hotspot compared with its vicinity. The South American continent is a vast area of food production that, in its

majority, is exported to wealthier countries. The extensive agricultural practices for food production in those
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countries are associated with a great demand for pesticides. Their use results in high soil contamination rates that
can be worsened with the expansion of GMO fields and no-tillage management (CETESB, 2018; ISAAA, 2019).
Within South American countries, Argentina has a significant amount of information regarding pesticide levels.
Still, such data is scarce for other countries. The lack of such information is of great concern for many different
reasons. For example, only one study related to GLY or AMPA occurrence in soils was found for Colombia
(Botero-Coy et al., 2013) despite the high agricultural practices related to a high increase in the cultivated area
and the 66% increase in the consumption of herbicides in the past ten years. Similarly, Equator and Peru, in the
past twenty years, have increased the consumption of herbicides by 98% and 827%, respectively, with no studies
reporting GLY and AMPA levels (FAO, 2023). In addition to all the previously mentioned constraints, South
American countries have an ongoing increase in the number of pesticides approved for agriculture and public
health welfare through the control of disease transmission vectors (MAPA, 2022), as recently occurred in Brazil.
In this country, the average number of new approvals between 2000 and 2015 was approximately 122/year,
whereas, in 2022, the number reached 562/year (MAPA, 2022). Although Brazilian legislation requires a periodic
review of the pesticides registered and approved for use (Brazilian Law No. 7802/1989 and Decree No.
4074/2002), these laws are not enforced. Furthermore, Brazil is also preparing other legislation less restrictive on
this issue (e.g. PL 1459/2022). In addition to the non-enforcement of laws, Brazil has regulatory values for
pesticide levels in food and water much higher than other regions (Bombardi, 2017). For example, GLY levels in
soybean can be 200x higher than those accepted by EU legislation (10 mg/kg BR vs 0.05 mg/kg EU). Similarly,
GLY levels in Brazilian waters can be 5000x higher than in EU waters (0.5 mg/L BR vs 0.0001 mg/L EU —
Bombardi, 2017). Again, the urgency for the development of new environmental policies is highlighted by the
lack of limits for pesticide levels in soils, and the existence of reference levels for pesticides that are now fully
banned (e.g., DDT — Regulation No. 420/2009 of the Brazilian National Council for the Environment). These
regulations flow towards the opposite direction of the guidelines established by the United Nations Sustainable
Development Goals (SDG): food security and sustainable agriculture (SDG 2); sustainable consumption and
products patterns (SDG 12); and protect, restore and promote sustainable use of soil ecosystem, reduce land
degradation and biodiversity loss (SDG 15). In the EU, high efforts are being made in the European Farm to fork
strategy on the sustainable use of pesticides (Directive 2009/128/EC). The strategy that claims to be at the heart
of the European Green Deal aims a transition to sustainable food systems. This strategy aims, among other points
(e.g. have a neutral/positive environmental impact or the mitigation of climate changes), a transition to organic

farming and a reduction in pesticide use. In this sense similar stratergies should be applied worldwide.
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Figure 2: Global map of GLY and AMPA in soils. Spatial distribution of glyphosate (GLY) and
aminomethylphosphonic acid (AMPA).

3.2 Risk to Terrestrial Ecosystems

The RQ for soil was calculated for two groups of species: springtails (Collembola) and earthworms
(Annelida). The RQ for GLY and AMPA are presented in Figure 3. GLY’s RQ could not be calculated for Africa
and Oceania due to the nonexistence of records. Similarly, due to the low or nonexistent number of records,
AMPA’s RQ values for Asia, Africa and Oceania were not calculated. When comparing both species as expected,
springtails show high percentages of moderate and high ecological risk values in most continents. For the
springtails and specifically for GLY, the percentage of high ecological risk is between 67% and 93%, with no

cases of low ecological risk scenarios. As for the AMPA RQ, the scenario is better. Still, the percentage of low
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ecological risk exists only for Europe and South America, with 4% and 14%, respectively. As for earthworms, the
risk scenarios are much better, with GLY showing moderate and high ecological risk scenarios between 43% and
67%. These RQ scores contradicts the study of Maggi et al. (2020) which proposes a model that estimates
glyphosate residue in soils and suggests no acute impact on earthworms. The RQ for AMPA shows low ecological
risk scenarios of at least 86%. When looking into both groups' RQ results, as expected, earthworms show better-
surviving scenarios than springtails. Although the nature of the results is not new, it renews the discussion
regarding the role of the most sensitive species in ecosystems and the impact of their possible absence. Despite
these alarming results (at least for springtails), it is essential to highlight that RQ values are calculated based on
the highest amount of GLY and AMPA concentrations found in soils, not their bioavailable concentrations. As
so0, ecotoxicological tests are crucial to gather information regarding the bioavailability of these chemicals and
thus to achieve a more comprehensive assessment of these soils (Niemeyer et al., 2017; Niva et al., 2016). It is
also important to stress the need to improve ecotoxicological tests. The use of standardised soil with characteristics
common to European and North American soils; the use of species that do not occur worldwide (or at least are
uncommon); and the use of controlled conditions that do not reflect most of the areas of the globe, has been
highlighted as a problem that needs to be addressed (Daam et al., 2019; Niva et al., 2016). Another important
highlight is that the RQ has been based only on mortality values. However, the adverse effects can be observed at
lower doses and different levels (e.g., Buch et al., 2013; Dominguez et al., 2016; Ferreira et al., 2015). These
effects can then compromise the population’s dynamics, decreasing reproduction and increasing mortality
(O’Brien, 2017; Zhou et al., 2018). However, there are some inconsistencies in the literature about the toxicity of
GLY. Some studies reported that the negative effects observed in the commercial formulation are contrary to the
active ingredients usually used in ecotoxicological tests (Meftaul et al., 2020). In this sense, further studies are
needed to address the chronic effects of the commercial formulation versus the active ingredient by itself.

Our results suggest a potentially harmful effect on ecosystems and their organisms in most of the revised
literature for GLY and AMPA. Still, literature regarding the impact of GLY and AMPA on terrestrial organisms
is scarce, as seen in Table 2. Overall, the RQ approach calculated in the present study showed the highest
deleterious effect on non-target soil biota, thus highlighting the need for further environmental risk assessment
and the use of this data for new policies. The RQ high values obtained for key functional organisms in this study
may be a warning toward potential adverse effects on ecosystems. Nonetheless, the effects of GLY and AMPA
on soil microbes (e.g. microbial activity, biomass, structure, diversity) have been reported in the literature, and

their impact may be positive or negative (e.g. Bruggen et al., 2021).
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Figure 3: Ecological risk assessment (ERA) calculated in the present study. ERA is expressed by the risk
quotient (RQ) approach for soil species (Annelida, Collembola) exposure to glyphosate (GLY) and
aminomethylphosphonic acid (AMPA). Figures present the percentage of soils that fall into each category (low
ecological risk — RQ < 0.1; moderate ecological risk — RQ [0.1 — 1.0]; high ecological risk — RQ > 1.0) and its

corresponding percentage.
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Table 2: Adverse responses of soil pollution in key functional species. GLY and/or AMPA effects or responses
from ecotoxicological studies in key soil species at different levels of biological organisation.  (Kronberg et al.,
2018); ® (Simdes et al., 2018); ¢ (Niemeyer et al., 2018); 4 (Santos et al., 2010); ¢ (Hackenberger et al., 2018); f
(Buch et al., 2013); ¢ (Niemeyer et al., 2018); ' (Dominguez et al., 2016); ! (Santadino et al., 2014); i (Gaupp-
Berghausen et al., 2015); ¥ (Niemeyer et al., 2018); ! (Niemeyer et al., 2006); ™ (Santos et al., 2010).

Level of Endpoints
Taxon Group Biological Model Organism
A (effect / response)
Organization

Nematode below-cell Caenorhabditis elegans GLY formulation: oxidative stress (increase ROS
production), antioxidant defence (catalase activation),
genotoxicity (increased CAT gene expression) 2

Collembola below-cell Folsomia candida GLY formulation: genotoxicity (decreased CAT gene
expression, increased SOD and Cyt C gene expression,
inhibiting the expression of transcripts involved in fatty acid
metabolism) P

organism GLY formulation: behaviour (avoidance) ¢

organism and

GLY formulation: behaviour (avoidance) and reproduction

population (decreased number of juveniles) ¢
Annelida below-cell Dendrobaena venata GLY formulation: neurotoxicity (AChE induction)
oxidative stress (lipid peroxidation) ¢
organism FEisenia andrei and GLY formulation: behaviour (avoidance) f
Pontoscolex corethrurus

Eisenia andrei

GLY formulation: behaviour (avoidance) &

organism and  Eisenia fetida AMPA pure: body weight (biomass loss) and reproduction
population (increased number of cocoons and juveniles with weights
decreased) b
population Eisenia fetida GLY formulation: reproduction (increased number of
cocoons with lower fertility), population dynamic (negative
growth rate), development (lower survival of juveniles) |
Lumbricus terrestris and GLY formulation: reproduction (reducing percentage of
Aporrectodea caliginosa cocoons)
Isopoda organismand  Porcellio dillatatus GLY formulation: behaviour (avoidance)
population
Cubaris marina GLY formulation: body weight (biomass loss) !
organism Porcellionides pruinosus GLY formulation: behaviour (avoidance) ™

3.3 Risk to Human Health

A summary of the Human Risk Assessment is shown in Figure 4. For GLY, the ILCR index was not
calculated for Africa and Oceania due to the nonexistence of records. Also, due to the low or nonexistent number
of/low records, AMPA’s ILCR index for Asia, Africa and Oceania were not calculated. In this study, the ILCR
calculated for human health from ADDi exposure routes indicated an insignificant risk (< 1 x10-%) between 33.3%
and 65.2% for GLY, and for AMPA ~35% for Europe and South America, with North America showing an

insignificant risk for all revised soils. Nonetheless, in the case of GLY, Europe and South America showed an
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already concerning high probability of risk over a lifetime of 3.7% and 4.3%, respectively. According to ILCR,
the ADDy,,, represents the main pathway of exposure.

As for the non-cancer risk hazard index (HI), due to the physical-chemical properties of GLY (please see
section 2.4), the inhalation unit risk (IUR) and the inhalation reference concentration (RfC) were considered zero.
As a result, the risk from inhalation (4DD,,;,) was also considered null. The high GLY and AMPA levels that put
South America as a hotspot for soil contamination are of great concern. This region already shows a high HI (>
1) for GLY and AMPA of 4.3% and 9.1% of the revised soils, respectively. In the same way for GLY, Europe
already shows a high HI for 3.7% of the revised soils. It is also noteworthy to stress that the number of studies
found for North America and Asia is low. As a result, one should look with some caution into their ILCR and HI
results. Nonetheless, more restrictive legislation, similar to existing legislation, for example, in many North
American or European countries, is crucial at least to maintain or decrease the current levels, as they may harm
the environment and human populations. At the moment, the possible toxic effects of GLY on mammals are still
under debate and different legislations, from partial ban application on field crops (e.g., France and Germany) to
high permissive levels (e.g. Brazil). Nonetheless, based on the increased incidence of liver and kidney tumours,
positive correlation with non-Hodgkin lymphoma, and evidence of genotoxicity, the International Agency for
Research on Cancer has classified GLY as potentially carcinogenic (Bus, 2017; van Bruggen et al., 2018).
Moreover, there are positive correlations between GLY use and an increased attention deficit hyperactivity
disorder, abortions, Alzheimer's and Parkinson's diseases (van Bruggen et al., 2018). This classification is based,
for example, on epidemiological in vitro studies (Agostini et al., 2019). For mammals (e.g., rats and rabbits),
exposure to GLY has shown an increase in malignant lymphomas, skeletal and cardiac malformations, and
delayed ossification (EFSA, 2015). It is also important to highlight that the toxicity of the active ingredient by
itself may be lower than the toxicity of commercial formulations that contain adjuvants such as the
polyethoxylated tallow amine (POEA) that are incorporated to potentialise its effect (Meftaul et al., 2020; Téth et
al., 2020). Mesnage et al. (2015) reported more intensive toxic effects from GLY with adjuvants than isolated
GLY. Despite these differences, many regulatory agencies have established toxicological parameters for human
exposure based on the effects of GLY by itself (e.g. EFSA and EPA).

For what reports AMPA’s toxicity, the available literature is still scarce. There is almost no evaluation
within the different levels of the biological organisation except for mortality and reproduction of key species such
as earthworms with a classification of low risk (EFSA, 2015). GLY and AMPA share a similar profile, and both
compounds may be classified as no potential human carcinogens (Buekers et al., 2022; EFSA, 2015). Nonetheless,
much data still needs to be gathered regarding the toxicological profile of AMPA which is currently critically
required (Connolly et al., 2022). AMPA residues in soil, plants, or food can seep into streams and expose the
general public. AMPA may cause oxidative stress (Benbrook, 2016), according to evidence from in vitro and
animal studies mentioned by the International Agency for Research on Cancer (2014), and may be linked to breast
cancer rates (Franke et al., 2021). Given that AMPA has already been found in the urine of persons who have not
been exposed to it at work, frequently at a higher percentage than GLY, raising several other questions (Conrad
et al., 2017; Mcguire et al., 2016; Mills et al., 2017). However, similar to the parent molecule, there are questions
and ambiguities regarding the true carcinogenic risk of AMPA. It is also important to stress that AMPA can also
result from the breakdown of phosphonate detergents, thus occurring at even higher levels than expected

(Battaglin et al., 2014; Jaworska et al., 2002). Finally, because both substances co-exist in the soil (Buekers et al.,



2022, 2021), the combined GLY+AMPA levels can increase significantly the toxicological effects and even lead

to worse risk case scenarios (FAO, 2011).
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Figure 4: Human risk assessment (HRA). Incremental lifetime carcinogenic risk (ILCR) and hazard index (HI)
calculated for GLY and AMPA from different world regions (Asia, Europe, North and South America) for human
health from the average daily dose by four exposure routes: soil intake, food intake, dermal contact, and inhalation.
Figures present the percentage of soils that fall into each category and the corresponding percentage of soils with
a high HI (>1). Table presents the average [minimum — maximum] for each index. AMPA’s ILCR and HI were

not determined due to the low number of studies in the region (n=2).

4 Conclusion

Overall, the present study reviews the GLY and AMPA levels in soils across the globe, highlighting the
lack of studies in different regions that may result from the lack of proper control or budget to perform such
analyses (e.g. South Africa), or when the budget is not a constrain, by priorities (e.g., Australia). On the other
side, even in cases where few studies are available, the levels of these two chemicals may pose serious concerns,
with the worst contamination and highest risk occurring in tropical regions. South America has been defined as a
hotspot of soil contamination due to pesticide spraying contents and biodiversity levels. Here is highlighted the
need to improve the directive regulations, to collect more ecotoxicological data using model local soils, species
and controlled parameters. Further efforts are needed to prioritise actions focused on environmental legislation
and policymaking in the region. Along with these needs, it is also necessary to develop sustainable agricultural
practices that reduce pesticide use and misuse. This can be achieved with, for example, initiatives such as the
Farm to Fork. The overall interaction between new policies, higher interaction with the general public to

disseminate more information on pesticides, and more toxicity and soil levels of GLY and AMPA around the
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globe is crucial to maintain and to lower the risk to human health and ecosystems. There is still a conflict of
opinions about the toxicity of GLY and AMPA, and it is not up to the authors of this paper to take a side, leaving
the strong conclusions up to the reader. The need to continue to monitor and increase the number of studies
regarding the occurrence of GLY and AMPA around the globe is critical. Further studies such as this review are

required to help policymakers and Assessment Groups on the protection of ecosystems and human health.

Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships that could

have appeared to influence the work reported in this paper.

Data Repository

The metadata file containing the selected publications; GLY and AMPA concentrations used in the study; LC50

and PNEC values for soil species; RQ for GLY and AMPA; and ILCR for GLY and AMPA are available in
Mendeley Data Repository (https://doi.org/10.17632/jvd9rwd8r7.1)

Author contributions

Nuno G. C. Ferreira: investigation, conceptualisation, writing and editing of the initial manuscript, validation,
resources, supervision, formal analysis, funding acquisition and project administration. Karlo Alves da Silva:
investigation, writing and editing of the initial manuscript, formal analysis and data curation. Ana T. B.
Guimaries: conceptualisation, validation and data curation. Cintia Mara Ribas de Oliveira: conceptualisation,
writing and editing of the initial manuscript, validation, resources, supervision, funding acquisition and project

administration. All authors contributed to the writing and editing of the final manuscript.

Acknowledgements and funding sources

FCT (Portuguese Foundation for Science and Technology) through 2021.02111.CEECIND supported Nuno G. C.
Ferreira. N.G.C.F. was also supported by a Marie Sklodowska Curie COFUND Fellowship (H2020-COFUND-
SIRCIW > MINT-512202) through Cardiff University, Welsh Government and the European Union. Karlo Alves
da Silva acknowledges a technical fellowship provided by Fundacdo Araucaria (CP10/2019) through Centro de
Pesquisa da Universidade Positivo (CPUP). A.T.B.G. is supported by CNPq (National Council for Scientific and
Technological Development) through project n® 304169/2020-0. This manuscript was also supported by Fundagao
Araucaria to CPUP through Project PBA2022011000243 (CP 09/2021), and within the scope of
UIDB/04423/2020, UIDP/04423/2020, and Project BEESNESS (CIRCNA/BRB/0293/2019) by FCT.

References

Agostini, L.P., Dettogni, R.S., Reis, R.S., Stur, E., Santos, E.V.W., Ventorim, D.P., Garcia, F.M., Cardoso,



19

R.C., Graceli, J.B., Louro, D., 2019. Effects of glyphosate exposure on human health: Insights from
epidemiological and in vitro studies. Sci. Total Environ. 705, 135-808.
https://doi.org/10.1016/j.scitotenv.2019.135808

Al Heidary, M., Douzals, J.P., Sinfort, C., Vallet, A., 2014. Influence of spray characteristics on potential spray
drift of field crop sprayers: A literature review. Crop Prot. 63, 120-130.
https://doi.org/10.1016/j.cropro.2014.05.006

Alonso, L.L., Demetrio, P.M., Etchegoyen, M.A., Marino, D.J., 2018. Glyphosate and atrazine in rainfall and
soils in agroproductive areas of the pampas region in Argentina. Sci. Total Environ. 645, 89-96.

https://doi.org/10.1016/j.scitotenv.2018.07.134

Aparicio, V.C., Aimar, S., De Ger6énimo, E., Mendez, M.J., Costa, J.L., 2018. Glyphosate and AMPA
concentrations in wind-blown material under field conditions. L. Degrad. Dev. 29, 1317-1326.

https://doi.org/10.1002/1dr.2920

Aparicio, V.C., De Gerénimo, E., Marino, D., Primost, J., Carriquiriborde, P., Costa, J.L., 2013. Environmental
fate of glyphosate and aminomethylphosphonic acid in surface waters and soil of agricultural basins.

Chemosphere 93, 1866—1873. https://doi.org/10.1016/j.chemosphere.2013.06.041

Aragjo, A.S.F., Monteiro, R.T.R., Abarkeli, R.B., 2003. Effect of glyphosate on the microbial activity of two
Brazilian soils. Chemosphere 52, 799-804. https://doi.org/10.1016/S0045-6535(03)00266-2

Aslam, S., Jing, Y., Nowak, K.M., 2023. Fate of glyphosate and its degradation products AMPA, glycine and
sarcosine in an agricultural soil: Implications for environmental risk assessment. J. Hazard. Mater. 447,

130847. https://doi.org/10.1016/J. JHAZMAT.2023.130847

Battaglin, W.A., Meyer, M.T., Kuivila, K.M., Dietze, J.E., 2014. Glyphosate and its degradation product AMPA
occur frequently and widely in U.S. soils, surface water, groundwater, and precipitation. J. Am. Water

Resour. Assoc. 50, 275-290. https://doi.org/10.1111/jawr.12159

Benbrook, C.M., 2016. Trends in glyphosate herbicide use in the United States and globally. Environ. Sci. Eur.
28, 1-15. https://doi.org/10.1186/s12302-016-0070-0

Bento, C.P.M., Goossens, D., Rezaei, M., Riksen, M., Mol, H.G.J., Ritsema, C.J., Geissen, V., 2017. Glyphosate
and AMPA distribution in wind-eroded sediment derived from loess soil. Environ. Pollut. 220, 1079—

1089. https://doi.org/10.1016/j.envpol.2016.11.033

Bento, C.P.M., van der Hoeven, S., Yang, X., Riksen, M.M.J.P.M., Mol, H.G.J., Ritsema, C.J., Geissen, V.,
2019. Dynamics of glyphosate and AMPA in the soil surface layer of glyphosate-resistant crop
cultivations in the loess Pampas of Argentina. Environ. Pollut. 244, 323-331.

https://doi.org/10.1016/j.envpol.2018.10.046

Bernasconi, C., Demetrio, P.M., Alonso, L.L., Mac Loughlin, T.M., Cerda, E., Sarandén, S.J., Marino, D.J.,

2021. Evidence for soil pesticide contamination of an agroecological farm from a neighboring chemical-



20

based production system. Agric. Ecosyst. Environ. 313, 1-11. https://doi.org/10.1016/j.agee.2021.107341
Bombardi, L.M., 2017. Atlas: Geografia do Uso de Agrotdxicos no Brasil e Conexdes com a Unido Européia.

Borjesson, E., Torstensson, L., 2000. New methods for determination of glyphosate and
(aminomethyl)phosphonic acid in water and soil. J. Chromatogr. A 886, 207-216.
https://doi.org/https://doi.org/10.1016/S0021-9673(00)00514-8

Botero-Coy, A.M., Ibaiiez, M., Sancho, J. V., Hernandez, F., 2013. Improvements in the analytical methodology
for the residue determination of the herbicide glyphosate in soils by liquid chromatography coupled to

mass spectrometry. J. Chromatogr. A 1292, 132—141. https://doi.org/10.1016/j.chroma.2012.12.007

Buch, A.C., Brown, G.G., Niva, C.C., Sautter, K.D., Sousa, J.P., 2013. Toxicity of three pesticides commonly
used in Brazil to Pontoscolex corethrurus (Miiller, 1857) and Eisenia andrei (Bouché, 1972). Appl. Soil
Ecol. 69, 32-38. https://doi.org/10.1016/j.aps0il.2012.12.011

Buekers, J., Remy, S., Bessems, J., Govarts, E., Rambaud, L., Riou, M., Tratnik, J.S., Stajnko, A., Katsonouri,
A., Makris, K.C., De Decker, A., Morrens, B., Vogel, N., Kolossa-Gehring, M., Esteban-Lopez, M.,
Castafio, A., Andersen, H.R., Schoeters, G., 2022. Glyphosate and AMPA in Human Urine of HBM4EU
Aligned Studies: Part A Children. Toxics 10. https://doi.org/10.3390/TOXICS10080470/S1

Buekers, J., Verheyen, V., Remy, S., Covaci, A., Colles, A., Koppen, G., Govarts, E., Bruckers, L., Leermakers,
M., St-Amand, A., Schoeters, G., 2021. Combined chemical exposure using exposure loads on human
biomonitoring data of the 4th Flemish Environment and Health Study (FLEHS-4). Int. J. Hyg. Environ.
Health 238, 113849. https://doi.org/https://doi.org/10.1016/j.ijheh.2021.113849

Bus, J.S., 2017. IARC use of oxidative stress as key mode of action characteristic for facilitating cancer
classification: Glyphosate case example illustrating a lack of robustness in interpretative implementation.

Regul. Toxicol. Pharmacol. 86, 157—166. https://doi.org/10.1016/j.yrtph.2017.03.004

Canada, 2019. Pest Management Regulatory Agency Annual Report 2018-2019 - Canada.ca [WWW
Document]. URL https://www.canada.ca/en/health-canada/services/consumer-product-safety/reports-
publications/pesticides-pest-management/corporate-plans-reports/annual-report-2018-2019.html (accessed

1.24.22).

Carretta, L., Cardinali, A., Onofri, A., Masin, R., Zanin, G., 2021. Dynamics of Glyphosate and
Aminomethylphosphonic Acid in Soil Under Conventional and Conservation Tillage. Int. J. Environ. Res.

15, 1037-1055. https://doi.org/10.1007/s41742-021-00369-3
CETESB, 2018. Ficha de Informagao Toxicoldgica (FiT): Glifosato 3.

Connolly, A., Koch, HM., Bury, D., Koslitz, S., Kolossa-Gehring, M., Conrad, A., Murawski, A., McGrath,
J.A., Leahy, M., Briining, T., Coggins, M.A., 2022. A Human Biomonitoring Study Assessing Glyphosate
and Aminomethylphosphonic Acid (AMPA) Exposures among Farm and Non-Farm Families. Toxics 10.
https://doi.org/10.3390/TOXICS10110690/S1



21

Conrad, A., Schréter-Kermani, C., Hoppe, H.-W., Riither, M., Pieper, S., Kolossa-Gehring, M., 2017.
Glyphosate in German adults — Time trend (2001 to 2015) of human exposure to a widely used herbicide.
Int. J. Hyg. Environ. Health 220, 8—16. https://doi.org/10.1016/J.1IJHEH.2016.09.016

Daam, M.A., Chelinho, S., Niemeyer, J.C., Owojori, O.J., De Silva, P.M.C.S., Sousa, J.P., van Gestel, C.A.M.,
Rombke, J., 2019. Environmental risk assessment of pesticides in tropical terrestrial ecosystems: Test
procedures, current status and future perspectives. Ecotoxicol. Environ. Saf. 181, 534-547.

https://doi.org/10.1016/j.ecoenv.2019.06.038

da Silva, K.A., Nicola, V.B., Dudas, R.T., Demetrio, W.C., Maia, L. dos S., Cunha, L., Bartz, M.L.C., Brown,
G.G., Pasini, A., Kille, P., Ferreira, N.G.C., de Oliveira, C.M.R., 2021. Pesticides in a case study on no-
tillage farming systems and surrounding forest patches in Brazil. Sci. Rep. 11, 1-14.

https://doi.org/10.1038/s41598-021-88779-3

Dominguez, A., Brown, G.G., Sautter, K.D., De Oliveira, C.M.R., De Vasconcelos, E.C., Niva, C.C., Bartz,
M.L.C., Bedano, J.C., 2016. Toxicity of AMPA to the earthworm Eisenia andrei Bouché, 1972 in tropical
artificial soil. Sci. Rep. 6, 1-8. https://doi.org/10.1038/srep19731

Duke, S.O., Powles, S.B., 2009. Glyphosate-Resistant Crops and Weeds: Now and in the Future. Agbioforum
12, 3-4.

Dunnington, D., 2021. ggspatial: Spatial Data Framework for ggplot2.

ECETOC, 2004. Soil and Sediment Risk Assessment of Organic Chemicals. European Centre for Ecotoxicology

and Toxicology of Chemicals.

EFSA, 2023. Glyphosate: EFSA and ECHA Update Timelines for Assessments [WWW Document]. URL
https://www.efsa.europa.eu/en/news/glyphosate-efsa-and-echa-update-timelines-assessments (accessed
12.4.23).

EFSA, 2015. European Food Safety Authority - Conclusion on the peer review of the pesticide risk assessment

of the active substance glyphosate. EFSA J. 13, 4302. https://doi.org/10.2903/j.efsa.2015.4302

EPA, 2021. Environmental Protection Agency - ECOTOX Knowledgebase [WWW Document]. Washington,
DC. URL https://cfpub.epa.gov/ecotox/ (accessed 9.15.21).

EPA, 2011. Environmental Protection Agency - Exposure Factors Handbook. EPA-600-R-090-052F xv.
Epa, Ocspp, Opp, 2008. US EPA - Pesticides Industry Sales and Usage 2008 - 2012.

Erban, T., Stehlik, M., Sopko, B., Markovic, M., Seifrtova, M., Halesova, T., Kovaricek, P., 2018a. The
different behaviors of glyphosate and AMPA in compost-amended soil. Chemosphere 207, 78—83.
https://doi.org/10.1016/j.chemosphere.2018.05.004

Erban, T., Stehlik, M., Sopko, B., Markovic, M., Seifrtova, M., Halesova, T., Kovaricek, P., 2018b. The
different behaviors of glyphosate and AMPA in compost-amended soil. Chemosphere 207, 78—83.



22

https://doi.org/10.1016/j.chemosphere.2018.05.004

Ernst, F., Alonso, B., Colazzo, M., Pareja, L., Cesio, V., Pereira, A., Marquez, A., Errico, E., Segura, A.M.,
Heinzen, H., Pérez-Parada, A., 2018. Occurrence of pesticide residues in fish from south American
rainfed agroecosystems. Sci. Total Environ. 631-632, 169—179.
https://doi.org/10.1016/j.scitotenv.2018.02.320

FAO, 2023. Food Available and Comnsumption - FAOSTAT [WWW Document]. URL
http://www.fao.org/faostat/en/#data (accessed 4.5.23).

FAOQ, 2011. Pesticide Residues in Food 2010 - Evaluations Part I: Residues. 495-765.

Ferreira, N.G.C., Morgado, R., Santos, M.J.G., Soares, A.M.V.M., Loureiro, S., 2015. Biomarkers and energy
reserves in the isopod Porcellionides pruinosus: The effects of long-term exposure to dimethoate. Sci.

Total Environ. 502, 91-102. https://doi.org/10.1016/j.scitotenv.2014.08.062

Franke, A.A., Li, X., Shvetsov, Y.B., Lai, J.F., 2021. Pilot study on the urinary excretion of the glyphosate
metabolite aminomethylphosphonic acid and breast cancer risk: The Multiethnic Cohort study. Environ.

Pollut. 277, 116848. https://doi.org/https://doi.org/10.1016/j.envpol.2021.116848

Fuhrimann, S., Wan, C., Blouzard, E., Veludo, A., Holtman, Z., Chetty-Mhlanga, S., Dalvie, M.A., Atuhaire,
A., Kromhout, H., R66sli, M., Rother, H.A., 2022. Pesticide research on environmental and human
exposure and risks in sub-saharan africa: A systematic literature review. Int. J. Environ. Res. Public

Health 19, 1-18. https://doi.org/10.3390/ijerph19010259

Gaupp-Berghausen, M., Hofer, M., Rewald, B., Zaller, J.G., 2015. Glyphosate-based herbicides reduce the
activity and reproduction of earthworms and lead to increased soil nutrient concentrations. Sci. Rep. 5, 1-

9. https://doi.org/10.1038/srep 12886

Geissen, V., Silva, V., Lwanga, E.H., Beriot, N., Oostindie, K., Bin, Z., Pyne, E., Busink, S., Zomer, P., Mol,
H., Ritsema, C.J., 2021. Cocktails of pesticide residues in conventional and organic farming systems in
Europe — Legacy of the past and turning point for the future. Environ. Pollut. 278, 116827.
https://doi.org/10.1016/j.envpol.2021.116827

Gerdénimo, E., Aparicio, V.C., Costa, J.L., 2018. Glyphosate sorption to soils of Argentina. Estimation of
affinity coefficient by pedotransfer function. Geoderma 322, 140-148.
https://doi.org/10.1016/j.geoderma.2018.02.037

Giesy, J.P., Dobson, S., Solomon, K., 2000. Ecotoxicological risk assessment for Roundup (R) Herbicide,

Reviews of environmental contamination and toxicology.

Gil, Y., Sinfort, C., 2005. Emission of pesticides to the air during sprayer application: A bibliographic review.
Atmos. Environ. 39, 5183-5193. https://doi.org/10.1016/j.atmosenv.2005.05.019

Gimsing, A.L., Szilas, C., Borggaard, O.K., 2007. Sorption of glyphosate and phosphate by variable-charge



23

tropical soils from Tanzania. Geoderma 138, 127-132.

https://doi.org/10.1016/J. GEODERMA.2006.11.001

Gunarathna, S., Gunawardana, B., Jayaweera, M., Manatunge, J., Zoysa, K., 2018. Glyphosate and AMPA of
agricultural soil, surface water, groundwater and sediments in areas prevalent with chronic kidney disease
of unknown etiology, Sri Lanka. J. Environ. Sci. Heal. - Part B Pestic. Food Contam. Agric. Wastes 53,
729-737. https://doi.org/10.1080/03601234.2018.1480157

Hackenberger, D.K., Stjepanovié, N., Longari¢, Z., Hackenberger, B.K., 2018. Acute and subchronic effects of
three herbicides on biomarkers and reproduction in earthworm Dendrobaena veneta. Chemosphere 208,

722-730. https://doi.org/10.1016/j.chemosphere.2018.06.047

Ibaiez, M., Pozo, O.J., Sancho, J. V, Francisco, J.L., Hernandez, F., 2005. Residue determination of glyphosate
, glufosinate and aminomethylphosphonic acid in water and soil samples by liquid chromatography
coupled to electrospray tandem mass spectrometry. J. Chromatogr. A 1081, 145-155.
https://doi.org/10.1016/j.chroma.2005.05.041

Imfeld, G., Lefrancq, M., Maillard, E., Payraudeau, S., 2013. Transport and attenuation of dissolved glyphosate
and AMPA in a stormwater wetland. Chemosphere 90, 1333—-1339.
https://doi.org/10.1016/j.chemosphere.2012.04.054

International Agency for Research on Cancer, 2014. IARC Monographs Volume 112: evaluation of five
organophosphate insecticides and herbicides. Environ. Heal. 112, 425-433.
https://doi.org/10.1016/j.chemosphere.2016.03.104

IPBES, I.S.-P.P. on B. and E.S., 2019. Nature’s Dangerous Decline “Unprecedented”, Species Extinction Rates
“Accelerating” [WWW Document]. URL https://www.ipbes.net/news/Media-Release-Global-Assessment

ISAAA, 2018. International Service for the Acquisition of Agri-Biotech Applications - Global Area of Biotech
Crops in 2015 and 2016: by Country (million hectares) [WWW Document]. URL

https://www.isaaa.org/resources/publications/pocketk/16/ (accessed 8.17.19).

Jaworska, J., Van Genderen-Takken, H., Hanstveit, A., Van de Plassche, E., Feijtel, T., 2002. Environmental
risk assessment of phosphonates, used in domestic laundry and cleaning agents in the Netherlands.

Chemosphere 47, 655—665. https://doi.org/10.1016/S0045-6535(01)00328-9

Jennings, A.A., Li, Z., 2017. Worldwide Regulatory Guidance Values Applied to Direct Contact Surface Soil
Pesticide Contamination: Part [—Carcinogenic Pesticides. Air, Soil Water Res. 10.

https://doi.org/10.1177/1178622117711930

Jing, X., Zhang, W, Xie, J., Wang, W., Lu, T., Dong, Q., Yang, H., 2021. Monitoring and risk assessment of
pesticide residue in plant-soil-groundwater systxem about medlar planting in Golmud. Environ. Sci.

Pollut. Res. 28, 26413-26426. https://doi.org/10.1007/s11356-021-12403-0

Karanasios, E., Karasali, H., Marousopoulou, A., Akrivou, A., Markellou, E., 2018. Monitoring of glyphosate



24

and AMPA in soil samples from two olive cultivation areas in Greece: aspects related to spray operators

activities. Environ. Monit. Assess. 190. https://doi.org/10.1007/S10661-018-6728-X

Karasali, H., Pavlidis, G., Marousopoulou, A., 2019. Investigation od the presence of glyphosate and its major
metabolite AMPA in Greek soils. Environ. Sci. Pollut. Res. Int. 26, 36308-36321.
https://doi.org/10.1007/s11356-019-06523-x

Kristoffersen, P., Rask, A.M., Grundy, A.C., Franzen, 1., Kempenaar, C., Raisio, J., Schroeder, H., Spijker, J.,
Verschwele, A., Zarina, L., 2008. A review of pesticide policies and regulations for urban amenity areas

in seven European countries. Weed Res. 48, 201-214. https://doi.org/10.1111/J.1365-3180.2008.00619.X

Kronberg, M.F., Clavijo, A., Moya, A., Rossen, A., Calvo, D., Pagano, E., Munarriz, E., 2018. Glyphosate-
based herbicides modulate oxidative stress response in the nematode Caenorhabditis elegans. Comp.

Biochem. Physiol. Part - C Toxicol. Pharmacol. 214, 1-8. https://doi.org/10.1016/j.cbpc.2018.08.002

Kunstadter, P., 2007. Pesticides in Southeast Asia: environmental, biomedical, and economic uses and effects.

Silkworm Books.

la Cecilia, D., Maggi, F., 2018. Analysis of glyphosate degradation in a soil microcosm. Environ. Pollut. 233,
201-207. https://doi.org/10.1016/j.envpol.2017.10.017

Laitinen, P., Siimes, K., Eronen, L., Rimo, S., Welling, L., Oinonen, S., Mattsoff, L., Ruohonen-Lehto, M.,
2006. Fate of the herbicides glyphosate, glufosinate-ammonium, phenmedipham, ethofumesate and

metamitron in two Finnish arable soils. Pest Manag. Sci. 62, 473—491. https://doi.org/10.1002/ps.1186

Lupi, L., Bedmar, F., Puricelli, M., Marino, D., Aparicio, V.C., Wunderlin, D., Miglioranza, K.S.B., 2019.
Glyphosate runoff and its occurrence in rainwater and subsurface soil in the nearby area of agricultural

fields in Argentina. Chemosphere 225, 906-914. https://doi.org/10.1016/j.chemosphere.2019.03.090

Lupi, L., Miglioranza, K.S.B., Aparicio, V.C., Marino, D., Bedmar, F., Wunderlin, D.A., 2015. Occurrence of
glyphosate and AMPA in an agricultural watershed from the southeastern region of Argentina. Sci. Total

Environ. 536, 687-694. https://doi.org/10.1016/j.scitotenv.2015.07.090

Maggi, F., la Cecilia, D., Tang, F.H.M., McBratney, A., 2020. The global environmental hazard of glyphosate
use. Sci. Total Environ. 717, 137167. https://doi.org/10.1016/j.scitotenv.2020.137167

MAPA, M. da A.P. e A., 2022. Registros concedidos entre 2000 e 2022 (Atualizado em 03/02/2022) [WWW
Document]. URL http://www.agricultura.gov.br/assuntos/insumos-agropecuarios/insumos-

agricolas/agrotoxicos/informacoes-tecnicas (accessed 10.27.19).

Mcguire, M.K., Mcguire, M.A., Price, W.J., Shafii, B., Carrothers, J.M., Lackey, K.A., Goldstein, D.A., Jensen,
P.K., Vicini, J.L., 2016. Glyphosate and aminomethylphosphonic acid are not detectable in human milk,.
Am. J. Clin. Nutr. 103, 1285-1290. https://doi.org/10.3945/AJCN.115.126854

Meftaul, .M., Venkateswarlu, K., Dharmarajan, R., Annamalai, P., Asaduzzaman, M., Parven, A., Megharaj,



25

M., 2020. Controversies over human health and ecological impacts of glyphosate: Is it to be banned in

modern agriculture? Environ. Pollut. 263. https://doi.org/10.1016/j.envpol.2020.114372

Mendez, M.J., Aimar, S.B., Aparicio, V.C., Ramirez Haberkon, N.B., Buschiazzo, D.E., De Gerénimo, E.,
Costa, J.L., 2017. Glyphosate and Aminomethylphosphonic acid (AMPA) contents in the respirable dust
emitted by an agricultural soil of the central semiarid region of Argentina. Aeolian Res. 29, 23-29.

https://doi.org/10.1016/j.aeolia.2017.09.004

Mercado, C.A., Mactal, A.G., 2021. Degradation dynamics of glyphosate in two types of soil from corn fields of
the Philippines. Int. J. Agric. Technol. 17, 185-192.

Mesnage, R., Defarge, N., Spiroux de Vendomois, J., Séralini, G.E., 2015. Potential toxic effects of glyphosate
and its commercial formulations below regulatory limits. Food Chem. Toxicol. 84, 133—-153.

https://doi.org/10.1016/J.FCT.2015.08.012
Michigan, D. of E.Q., 2014. White Paper : Generic Exposure Pathway Assumptions and Data Sources. Lansing.

Mills, P.J., Kania-Korwel, 1., Fagan, J., McEvoy, L.K., Laughlin, G.A., Barrett-Connor, E., 2017. Excretion of
the Herbicide Glyphosate in Older Adults Between 1993 and 2016. JAMA 318, 1610-1611.
https://doi.org/10.1001/JAMA.2017.11726

Miranda-Fuentes, A., Marucco, P., Gonzalez-Sanchez, E.J., Gil, E., Grella, M., Balsari, P., 2018. Developing
strategies to reduce spray drift in pneumatic spraying in vineyards: Assessment of the parameters affecting
droplet size in pneumatic spraying. Sci. Total Environ. 616-617, 805-815.
https://doi.org/10.1016/j.scitotenv.2017.10.242

Napoli, M., Marta, A.D., Zanchi, C.A., Orlandini, S., 2016. Transport of Glyphosate and
Aminomethylphosphonic Acid under Two Soil Management Practices in an Italian Vineyard. J. Environ.

Qual. 45, 1713-1721. https://doi.org/10.2134/jeq2016.02.0061

Newton, M., Horner, L.M., Cowell, J.E., White, D.E., Cole, E.C., 1994. Dissipation of Glyphosate and
Aminomethylphosphonic Acid in North American Forests. J. Agric. Food Chem. 42, 1795-1802.
https://doi.org/10.1021/jf00044a043

Newton, M., Howard, K.M., Kelpsas, B.R., Danhaus, R., Marlene Lottman, C., Dubelman, S., 1984. Fate of
Glyphosate in an Oregon Forest Ecosystem. J. Agric. Food Chem. 32, 1144-1151.
https://doi.org/10.1021/jf001252054

Niemeyer, J.C., Chelinho, S., Sousa, J.P., 2017. Soil ecotoxicology in Latin America: Current research and

perspectives. Environ. Toxicol. Chem. 36, 1795-1810. https://doi.org/10.1002/etc.3792

Niemeyer, J.C., de Santo, F.B., Guerra, N., Ricardo Filho, A.M., Pech, T.M., 2018. Do recommended doses of
glyphosate-based herbicides affect soil invertebrates? Field and laboratory screening tests to risk

assessment. Chemosphere 198, 154—160. https://doi.org/10.1016/j.chemosphere.2018.01.127



26

Niemeyer, J.C., Vilaca, D., da Silva, E.M., 2006. Efeitos na Biomassa de Cubaris murina Brandt Crustacea
Isopoda Expostos ao Solo com Glifosato em Laboratrio. J. Brazilian Soc. Ecotoxicol. 1, 17-20.

https://doi.org/10.5132/jbse.2006.01.004

Niva, C.C., Niemeyer, J.C., Jinior, F.M.R.D.S., Nunes, M.E.T., De Sousa, D.L., Aragdo, C.W.S., Sautter, K.D.,
Espindola, E.G., Sousa, J.P., Rombke, J., 2016. Soil ecotoxicology in Brazil is taking its course. Environ.

Sci. Pollut. Res. 23, 11363—11378. https://doi.org/10.1007/s11356-016-6597-1

O’Brien, A.L., 2017. What are the roadblocks to using population models in ecotoxicology studies? Mar. Pollut.
Bull. 124, 5-8. https://doi.org/10.1016/j.marpolbul.2017.08.038

Okada, E., Allinson, M., Barral, M.P., Clarke, B., Allinson, G., 2020. Glyphosate and aminomethylphosphonic
acid (AMPA) are commonly found in urban streams and wetlands of Melbourne, Australia. Water Res.

168, 1-8. https://doi.org/10.1016/J. WATRES.2019.115139

Okada, E., Costa, J.L., Bedmar, F., 2016. Adsorption and mobility of glyphosate in different soils under no-till
and conventional tillage. Geoderma 263, 78—85. https://doi.org/10.1016/j.geoderma.2015.09.009

Okada, E., Pérez, D., Geronimo, E., Aparicio, V., Massone, H., Costa, J.L., 2018. Non-point source pollution of
glyphosate and AMPA in a rural basin from the southeast Pampas, Argentina. Environ. Sci. Pollut. Res.

Int. 25, 15120-15132. https://doi.org/10.1007/S11356-018-1734-7

Papagiannaki, D., Medana, C., Binetti, R., Calza, P., Roslev, P., 2020. Effect of UV-A, UV-B and UV-C
irradiation of glyphosate on photolysis and mitigation of aquatic toxicity. Sci. Rep. 10, 1-12.
https://doi.org/10.1038/s41598-020-76241-9

Paré, S., Kaboré, B., Stechert, C., Kolb, M., Bahadir, M., Bonzi-Coulibaly, L.Y., 2014. Agricultural Practice
and Pesticide Residues in Soils and Pool Sediments from the Pendjari Biosphere Reserve Area in Benin,

West Africa. Clean - Soil, Air, Water 42, 1593—-1603. https://doi.org/10.1002/clen.201200371

Peake, B.M., Braund, R., Tong, A.Y.C., Tremblay, L.A., 2016. Impact of pharmaceuticals on the environment,
The Life-Cycle of Pharmaceuticals in the Environment. Elsevier Ltd. https://doi.org/10.1016/B978-1-
907568-25-1.00005-0

Pebesma, E., 2018. Simple Features for R: Standardized Support for Spatial Vector Data. R J. 10, 439-446.
https://doi.org/10.32614/RJ-2018-009

Pelosi, C., Bertrand, C., Bretagnolle, V., Coeurdassier, M., Delhomme, O., Deschamps, M., Gaba, S., Millet,
M., Nélieu, S., Fritsch, C., 2022. Glyphosate, AMPA and glufosinate in soils and earthworms in a French
arable landscape. Chemosphere 301. https://doi.org/10.1016/j.chemosphere.2022.134672

Pérez, D.J., Iturburu, F.G., Calderon, G., Oyesqui, L.A.E., De Ger6énimo, E., Aparicio, V.C., 2021. Ecological
risk assessment of current-use pesticides and biocides in soils, sediments and surface water of a mixed
land-use basin of the Pampas region, Argentina. Chemosphere 263, 1-14.

https://doi.org/https://doi.org/10.1016/j.chemosphere.2020.128061



27

Peruzzo, P.J., Porta, A.A., Ronco, A.E., 2008. Levels of glyphosate in surface waters, sediments and soils
associated with direct sowing soybean cultivation in north pampasic region of Argentina. Environ. Pollut.

156, 61-66. https://doi.org/10.1016/j.envpol.2008.01.015

Primost, J.E., Marino, D.J.G., Aparicio, V.C., Costa, J.L., Carriquiriborde, P., 2017. Glyphosate and AMPA,
“pseudo-persistent” pollutants under real-world agricultural management practices in the Mesopotamic
Pampas agroecosystem, Argentina. Environ. Pollut. 229, 771-779.
https://doi.org/10.1016/j.envpol.2017.06.006

Radcliffe, J.C., 2002. Pesticide use in Australia : a review undertaken by the Australian Academy of

Technological Sciences and Engineering.

Ramirez Haberkon, N.B., Aimar, S.B., Aparicio, V.C., Buschiazzo, D.E., De Gerénimo, E., Costa, J.L.,
Mendez, M.J., 2021a. Management effects on glyphosate and AMPA concentrations in the PM10 emitted
by soils of the central semi-arid region of Argentina. Aeolian Res. 49.

https://doi.org/10.1016/j.ae0lia.2020.100658

Ramirez Haberkon, N.B., Aparicio, V.C., Mendez, M.J., 2021b. First evidence of glyphosate and
aminomethylphosphonic acid (AMPA) in the respirable dust (PM10) emitted from unpaved rural roads of
Argentina. Sci. Total Environ. 773, 1-10. https://doi.org/10.1016/j.scitotenv.2021.145055

Rifet, T., Ivan, O., Faruk, C., Ahmed, D., DZemil, H., Goran, P., Dragan, B., Armin, C.,2018. Genetically
Modified Organisms — Present Situation and Future Prospects —- PRESENT SITUATION AND FUTURE
PROSPECTS — Trkulja Vojislav , Ballian Dalibor , Vidovi¢ Stojko ,. Food Saf. Agency Bosnia

Herzegovina.

Samson-Brais, E., Lucotte, M., Moingt, M., Tremblay, G., Paquet, S., 2022. Glyphosate and
aminomethylphosphonic acid contents in field crops soils under various weed management practices.

Agrosystems, Geosci. Environ. 5, 1-15. https://doi.org/10.1002/agg2.20273

Santadino, M., Coviella, C., Momo, F., 2014. Glyphosate Sublethal Effects on the Population Dynamics of the
Earthworm Eisenia fetida (Savigny, 1826). Water, Air, Soil Pollut. 225, 1-8.
https://doi.org/10.1007/s11270-014-2207-3

Santos, M.J.G., Soares, A.M.V.M., Loureiro, S., 2010. Joint effects of three plant protection products to the
terrestrial isopod Porcellionides pruinosus and the collembolan Folsomia candida. Chemosphere 80,

1021-1030. https://doi.org/10.1016/j.chemosphere.2010.05.031

Schreinemachers, P., Tipragsa, P., 2012. Agricultural pesticides and land use intensification in high, middle and

low income countries. Food Policy 37, 616-626. https://doi.org/10.1016/J.FOODPOL.2012.06.003

Sharma, A., Kumar, V., Shahzad, B., Tanveer, M., Preet Singh Sidhu, G., Handa, N., Kaur Kohli, S., Yadav, P.,
Shreeya Bali, A., Daman Parihar, R., Igbal Dar, O., Singh, K., Jasrotia, S., Bakshi, P., Ramakrishnan, M.,
Kumar, S., Bhardwaj, R., Kumar Thukral, A., 2019. Worldwide pesticide usage and its impacts on



28

ecosystem. https://doi.org/10.1007/s42452-019-1485-1

Sheals, J., Sjoberg, S., Persson, P., 2002. Adsorption of Glyphosate on Goethite: Molecular Characterization of
Surface Complexes. Environ. Sci. Technol. 36, 3090-3095. https://doi.org/10.1021/es010295w

Silva, V., Montanarella, L., Jones, A., Ferndndez-Ugalde, O., Mol, H.G.J., Ritsema, C.J., Geissen, V., 2018.
Distribution of glyphosate and aminomethylphosphonic acid (AMPA) in agricultural topsoils of the
European Union. Sci. Total Environ. 621, 1352—1359. https://doi.org/10.1016/j.scitotenv.2017.10.093

Simdes, T., Novais, S.C., Natal-Da-Luz, T., Devreese, B., De Boer, T., Roelofs, D., Sousa, J.P., Van Straalen,
N.M,, Lemos, M.F.L., 2018. An integrative omics approach to unravel toxicity mechanisms of
environmental chemicals: effects of a formulated herbicide. Sci. Rep. 8, 1-12.

https://doi.org/10.1038/s41598-018-29662-6

Soracco, C.G., Villarreal, R., Lozano, L.A., Vittori, S., Melani, E.M., Marino, D.J.G., 2018. Glyphosate
dynamics in a soil under conventional and no-till systems during a soybean growing season. Geoderma

323, 13-21. https://doi.org/10.1016/j.geoderma.2018.02.041

Ssebugere, P., Wasswa, J., Mbabazi, J., Nyanzi, S.A., Kiremire, B.T., Marco, J.A.M., 2010. Organochlorine
pesticides in soils from south-western Uganda. Chemosphere 78, 1250—-1255.
https://doi.org/10.1016/j.chemosphere.2009.12.039

Tauchnitz, N., Kurzius, F., Rupp, H., Schmidt, G., Hauser, B., Schrodter, M., Meissner, R., 2020. Assessment of
pesticide inputs into surface waters by agricultural and urban sources - A case study in the Querne/Weida
catchment, central Germany. Environ. Pollut. 267, 115186.

https://doi.org/https://doi.org/10.1016/j.envpol.2020.115186

Téth, G., Hahn, J., Rado, J., Szalai, D.A., Kriszt, B., Szoboszlay, S., 2020. Cytotoxicity and hormonal activity
of glyphosate-based herbicides. Environ. Pollut. 265, 1-12. https://doi.org/10.1016/j.envpol.2020.115027

Tush, D., Maksimowicz, M.M., Meyer, M.T., 2018. Dissipation of polyoxyethylene tallow amine (POEA) and
glyphosate in an agricultural field and their co-occurrence on streambed sediments. Sci. Total Environ.

636, 212-219. https://doi.org/https://doi.org/10.1016/j.scitotenv.2018.04.246

van Bruggen, A.H.C., Finckh, M.R., He, M., Ritsema, C.J., Harkes, P., Knuth, D., Geissen, V., 2021. Indirect
Effects of the Herbicide Glyphosate on Plant, Animal and Human Health Through its Effects on Microbial
Communities. Front. Environ. Sci. 9. https://doi.org/10.3389/FENVS.2021.763917

van Bruggen, A.H.C., He, M.M., Shin, K., Mai, V., Jeong, K.C., Finckh, M.R., Morris, J.G., 2018.
Environmental and health effects of the herbicide glyphosate. Sci. Total Environ. 616-617, 255-268.
https://doi.org/10.1016/j.scitotenv.2017.10.309

van der Valk, H., 2003. Strategic program for pesticide management in the Sahel: a vision for 2003—-2007.

Sahel. Pestic. Comm.



29

Vasickova, J., Hvézdova, M., Kosubova, P., Hofman, J., 2019. Ecological risk assessment of pesticide residues
in arable soils of the Czech Republic. Chemosphere 216, 479-487.
https://doi.org/10.1016/j.chemosphere.2018.10.158

Veiga, F., Zapata, J.M., U, M.L.F.M., Alvarez, E., 2001. Dynamics of glyphosate and aminomethylphosphonic

acid in a forest soil in Galicia , north-west Spain. Sci. Total Environ. 271, 135-144.

Vlassa, M., Filip, M., Coman, V., Panescu, V., Herghelegiu, C., Beldean-Galea, S., 2022. Glyphosate and
Aminomethylphosphonic Acid Levels in Water and Soil Samples From Transylvanian Roma Community
Analyzed By Hplc-Fld Method. Stud. Univ. Babes-Bolyai Chem. 67, 273-285.
https://doi.org/10.24193/subbchem.2022.4.18

Wagner, V., Antunes, P.M., Irvine, M., Nelson, C.R., 2017. Herbicide usage for invasive non-native plant
management in wildland areas of North America. J. Appl. Ecol. 54, 198-204.
https://doi.org/10.1111/1365-2664.12711

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis, Springer-Verlag New York.

Wickham, H., Bryan, J., 2019. readxl: Read Excel Files [WWW Document]. R Packag. version 1.3.1. URL
https://cran.r-project.org/package=readxl

Wightwick, A., Allinson, G., 2007. Pesticide contamination of waterways within agricultural areas of Victoria: a

review. Australas. J. Ecotoxicol. 13, 91-112.

Yang, X., Wang, F., Bento, C.P.M., Meng, L., van Dam, R., Mol, H., Liu, G., Ritsema, C.J., Geissen, V., 2015.
Decay characteristics and erosion-related transport of glyphosate in Chinese loess soil under field

conditions. Sci. Total Environ. 530-531, 87-95. https://doi.org/10.1016/j.scitotenv.2015.05.082

Zhang, W., 2018. Global pesticide use: Profile, trend, cost / benefit and more. Proc. Int. Acad. Ecol. Environ.
Sci. 8, 1-27.

Zhang, W., Jiang, F., Ou, J., 2011. Global pesticide consumption and pollution: with China as a focus. Proc. Int.
Acad. Ecol. Environ. Sci. 1, 125-144.

Zhou, H., Xiang, N., Xie, J., Diao, X., 2018. Ecotoxicology : The History and Present Direction, 2nd ed,
Encyclopedia of Ecology, 2nd Edition. Elsevier Inc. https://doi.org/10.1016/B978-0-12-409548-9.10888-7

Hotspots of soil pollution: possible glyphosate and aminomethylphosphonic acid risks to terrestrial

ecosystems and human health.

Nuno G. C. Ferreira®®*, Karlo Alves da Silva®, Ana Tereza Bittencourt Guimardes®¢, Cintia Mara Ribas de

Oliveira®”*



30

2 CIIMAR - Interdisciplinary Centre of Marine and Environmental Research, Terminal de Cruzeiros de Leixdes.

Av. General Norton de Matos s/n, 4450-208, Matosinhos, Portugal.

b School of Biosciences - Cardiff University, Museum Avenue, Cardiff, CF10 3AX, United Kingdom.

¢ Graduate Program in Environmental Management (PPGAmb), Universidade Positivo (UP) and Centro de
Pesquisa da Universidade Positivo (CPUP), Professor Pedro Viriato Parigot de Souza, 81280-330, Curitiba,

Brazil.

d Laboratory of Biological Investigations, Universidade Estadual do Oeste do Parana, Rua Universitaria, Cascavel

2069, Parana, Brazil

¢ Graduate Program in Biosciences and Health, Universidade Estadual do Oeste do Parana, Rua Universitaria,

Cascavel 2069, Parana, Brazil

* Corresponding authors: ngoncf@gmail.com (NGCF) and cmara@up.edu.br (CMRO)

Nuno G. C. Ferreira: investigation, conceptualisation, writing and editing of the initial manuscript, validation,
resources, supervision, formal analysis, funding acquisition and project administration. Karlo Alves da Silva:
investigation, writing and editing of the initial manuscript, formal analysis and data curation. Ana T. B.
Guimaries: conceptualisation, validation and data curation. Cintia Mara Ribas de Oliveira: conceptualisation,
writing and editing of the initial manuscript, validation, resources, supervision, funding acquisition and project

administration. All authors contributed to the writing and editing of the final manuscript.

Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships that could

have influenced the work reported in this manuscript.



31

Journal Pre-proofs

[Ecological Risk Assesment ]

HUMAN RISK

aw
T
it
i
IEREEEER R ]
I IR
H
[
i ——)
sEEFRERRRNE
‘II_____ |
HhOTEE
|
m e
I
.



