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Context: The intensifying utilization
of glyphosate has provoked glob-
al scientific concern due to the potential
large-scale impact on ecosystems. In 2015,
the International Agency for Research on
Cancer (IARC) reclassified glyphosate
and its degradation byproduct, amino-
methylphosphonic acid (AMPA), as Cat-
egory 2A, indicating probable human car-
cinogenicity.

Knowledge Gap: A review of the exist-
ing literature reveals a relative scarcity of
information on the aquatic impact of gly-
phosate and its degradation products.

Purpose: To determine the scope and
implications of the impact of glyphosate
and its degradation products on aquatic
ecosystems, in order to better understand
their ecotoxicological effects and provide
a foundation for future research and poli-
cy decisions in this area.

Methodology: A systematic review of ec-
otoxicological studies published in Span-
ish and English over the last 12 years was
conducted to assess the effects of gly-
phosate and its degradation products on
aquatic ecosystems and the risks to vari-
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ous species. Approximately 95 documents
were reviewed, including data from 69,
addressing toxicity, biodegradation, con-
tamination, and international regulations.

Results: Studies have shown that chronic
exposure to glyphosate can alter the me-
tabolism in fish and affect the life cycle of
organisms such as Daphnia Magna. The
composition of glyphosate, along with
its adjuvants, can increase its toxicity and
pose risks to the aquatic ecosystem, mak-
ing it crucial to understand the specific
formulations and their concentrations.

Conclusions: The increased use of gly-
phosate raised global scientific concerns
due to its potential impact on ecosystems,
with the TARC classifying it as possibly
carcinogenic to humans. Studies showed
acute toxicity to aquatic organisms and
highlighted the need for risk assessment
methodologies for long-term impacts on
ecosystems and human.

Keywords: Agriculture, Degradation
Product, Environmental Risk, Glypho-
sate, Herbicide, Organophosphate, Risk
assessment, Water Quality, Ecotoxicity
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Contextualizacién: la creciente utiliza-
cién de glifosato ha generado preocu-
pacion cientifica a nivel global debido a
su potencial impacto a gran escala en los
ecosistemas. En 2015, la Agencia Interna-
cional de Investigacién sobre el Cancer
(IARC) reclasifico el glifosato y su pro-
ducto de degradacion, el d&cido aminome-
tilfosfénico (AMPA), como Categoria 2A,
indicando probable carcinogenicidad en
humanos.

Vacio de conocimiento: una revisiéon de
la literatura existente revela una relativa
escasez de informacién sobre el impacto
acudtico del glifosato y sus productos de
degradacion.

Proposito: determinar el alcance y las im-
plicaciones del impacto del glifosato y sus
productos de degradacién en ecosistemas
acudticos, a fin de comprender mejor sus
efectos ecotoxicolégicos y proporcionar
una base para futuras investigaciones y
decisiones politicas en esta drea.

Metodologia: se realiz6 una revision sis-
temdtica de estudios ecotoxicolégicos en
espafiol e inglés publicados en los tltimos
12 afios para evaluar los efectos del glifo-
sato y sus productos de degradacién en
ecosistemas acudticos y los riesgos para
diversas especies. Se revisaron aproxi-
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madamente 95 documentos, incluyendo
informacion de 69, abordando toxicidad,
biodegradacién, contaminacién y regula-
ciones internacionales.

Resultados: estudios han demostrado que
la exposicion crénica a glifosato puede al-
terar el metabolismo en peces y afectar el
ciclo de vida de organismos como Daph-
nia Magna. La composicién de glifosato,
junto con sus coadyuvantes, puede incre-
mentar su toxicidad y representar riesgos
para el ecosistema acudtico, siendo clave
entender las formulaciones especificas y
sus concentraciones.

Conclusiones: el aumento en el uso del
glifosato generd preocupaciones cientifi-
cas a nivel mundial debido a su potencial
impacto en los ecosistemas, con la IARC
clasificdindolo como posiblemente carci-
nogénico para los humanos. Los estudios
mostraron toxicidad aguda en organis-
mos acudticos y resaltaron la necesidad
de metodologias de evaluacién de riesgos
para los impactos a largo plazo en los eco-
sistemas y la exposicion humana a estas
sustancias.

Palabras clave: agricultura, calidad del
agua, ecotoxicidad, evaluacién de riesgo,
glifosato, herbicida, organofosforado, pro-
ducto de degradacion, riesgo ambiental
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Pesticides are substances or mixtures
composed of chemical or biological
components designed for repelling, de-
stroying, or controlling pests, as well as
for plant growth regulation. Globally, the
most prevalent pesticides are herbicides
(Arguello-Rangel et al., 2015), utilized
to manage invasive or undesirable plant

species (Torres & Romero-Natale, 2019).
They function by disrupting crucial phys-
iological processes at target sites within
plants, thereby affecting survival or nor-
mal growth (Mantilla, 2020).

In view of the transport of chemical com-
pounds in the atmosphere, in general, is
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governed by two phenomena: wind ero-
sion and spray drift that later falls toward
the earth’s surface (Grandcoin et al., 2017);
the behavior depends largely on their
physical-chemical properties and the type
of formulation (Mas et al., 2020), in the
case pesticides involve a complex series
of events that allow them to be distribut-
ed through water, air, soil, or through the
food chain (Faillaci, 2017), also impacting
non-target organisms. In ecotoxicology,
these ‘non-target’ organisms are those
not intended to be affected by a chemical
substance, such as a pesticide (Curieses,
2015). Hence, pesticides are substances
that lack real selectivity, affecting a great-
er or lesser degree, both the “target spe-
cies” and other categories of living beings
(Schaaf, 2017).

According to the FAO in the world un-
til 2018 and since 1990, the ten countries
that used the most pesticides were Chi-
na, USA, Brazil, Argentina, USSR, France,
Italy, Japan, Colombia, and Canada as
shown in Figure 1; in addition to doubling
its use in that period (1990-2018), This sit-
uation responds to population growth
and the improvement of emerging mar-
kets (Stagnaro, 2017). In the case of Bra-
zil, this country surpassed its production
of cereals, legumes, and oilseeds in 2017
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by 29.2% compared to its production in
2016 (Tauhata et al., 2020). In Argentina,
agricultural production significantly con-
tributes to exports. As reported by the
Rosario Stock Exchange (2019), the prin-
cipal export commodities are two soy-
bean by-products - pellets and oil, which
represent over 60% of the total export val-
ue (Terré & Santa, 2020). This has conse-
quently led to an intensification in the use
of herbicides. That is the increase in the
use of synthetic inputs per surface unit
(Pamela, 2018). In Colombia, glyphosate,
a commonly used herbicide, has been ex-
tensively applied for over three decades
in the cultivation of various crops, includ-
ing sugarcane, coffee, bananas, rice, co-
coa, African palm, and citrus. (Restrepo &
Rincén, 2021). Additionally, the Colombi-
an government implemented a program
from the Ministry of Justice and Law in
2001 to eradicate illicit crops (Erythroxy-
lum coca) through glyphosate aerial spray-
ing (Julio & Ramirez, 2017) which was
suspended in 2015 after the International
Agency for the Study of Cancer [IARC]
ruled on their carcinogenic potential as a
preventive measure (Ruano-Ibarra & Car-
refio, 2020).
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Figure 1. Highest Pesticide-Consuming Countries from 1990-2020. Note.
Chart developed from the FAOSTAT database, The Food and Agriculture
Organization of the United Nations (2023). Recovered from: FAO (2023).

In this scenario of great changes at the
agricultural and market level, the rise in
glyphosate use can be traced mostly to
its widespread use on an extensive range
of plants, and the development of genet-
ically modified organisms, which contain
a gene that confers resistance to the her-
bicide molecule, suppressing the ability
to generate aromatic amino acids such as
tryptophan-tyrosine and phenylalanine
in the plants (Argtiello-Rangel et al., 2015)
In the instance of Monsanto’s patented
line of Roundup Ready® seeds, which
was developed in 1996 (Tubio, 2016).
Which includes a wide variety of crops
that have been genetically modified to
be tolerant to Glyphosate inhibition (Tor-
res & Romero-Natale, 2019); some of the
best-known seeds released on the mar-

ket are some varieties of soybean, canola,
cotton, and corn crops (Guijarro, 2019);
which, in addition to containing glypho-
sate as the active ingredient, contain sur-
factant agents and other additives that
improve the absorption of glyphosate in
the foliage of vascular plants (Mantilla,
2020). The extended use of herbicides has
raised concern worldwide about the di-
rect or indirect effects that can be caused
by large-scale use (Chen et al., 2022; Van
Bruggen et al., 2018) due to the increase in
the concentrations of these substances in
the environment (Benbrook, 2016), more-
over because of the adverse effects of its
degradation products, and the negative
impacts that it can have on the quality of
soil, water, plants, animals and human
beings (Zirena, et al., 2018).
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Ecological Risk Assessments (ERAs) are
systematic tools for quantifying the poten-
tial impacts of stressors, typically chemi-
cals, on ecosystems. Despite being crucial
for guiding conservation decisions, ERAs
face challenges such as data scarcity and
the difficulty of generalizing across differ-
ent contexts (Landis et al., 2013).

The primary objective of the literature re-
view is to provide a comprehensive analy-
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sis of the global usage patterns of pesticides,
particularly glyphosate, considering their
physical-chemical properties, distribution
mechanisms, impacts on non-target organ-
isms and broader ecosystems, contributing
socio-economic and agricultural factors,
interplay with genetically modified organ-
isms, and potential ecotoxicological risks to
the environment and human health.

— - 2. MATERIALES Y METODODS - -

To comprehend what are the immediate
and long-term effects of chronic and
acute exposure to glyphosate and its deg-
radation products on aquatic ecosystems,
and how can the risks for the different
species present the ecosystems, a system-
atic review was conducted in accordance
with the PRISM methodology suggest-
ed by Page et al., (2021), (supplementary
material) of ecotoxicological studies pub-
lished within the past 12 years, in either
Spanish or English languages.

Approximately 95 documents were exam-
ined, which included academic papers,
theses, and information from exhibitions
or lectures available on the internet. After
applying the process detailed in Figure 2,
information from a total of 69 documents
was included in this review. We used
the keywords: Glyphosate, Organophos-
phate, Herbicide, Environmental Risk,
Degradation Product, Agriculture, Risk
assessment, Water Quality in the databas-
es of Scielo, Dialnet, Google Scholar, Else-

vier, Springer, Science Of The Total Envi-
ronment, Environmental Sciences Europe
to obtain a comprehensive set of data for
this research. To conduct a more detailed
analysis, we directed the review towards
the methodology employed, the results
presented, and the conclusions drawn.
The selected studies allowed for the char-
acterization of the behavior of glyphosate,
AMPA, and sarcosine in the environment,
including their mechanisms of transport
and persistence. Studies on the toxicity,
biodegradation, persistence, and environ-
mental contamination of glyphosate were
considered, as were the effects of glypho-
sate-based herbicides on the environ-
ment, the relationship between the use
of glyphosate herbicide and its impact on
human health and biodiversity. Studies
that evaluated the ecotoxicological risk
of these compounds in water and moni-
tored their presence were also included.
Additionally, information was gathered
on international parameters such as reg-
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ulations and studies evaluated by inter-  risk assessments conducted on matrices
national organizations such as the EPA, other than water, as well as outdated or
IARC, and the EU. Studies that were con- incomplete information, duplicates, and
sidered outside the scope of the research ~ studies with unclear methodology, were
question were excluded. Additionally, discarded.

Identification of studies via databases and registers

Records identified from™*: Records removed before
Databases (n = 95) screening:
Registers (n = 10) Duplicate records removed
(n=6)
Records marked as ineligible
by automation tools (n =0)
Racords removed for other
reasons (n = 10)

|

h

Records screened Records excluded**
(n=89) ——»| (n=5)
Y

Reports sought for retrieval Reports not refrieved
= (n=84) | (n=4)
=
E \d

Reports assessed for eligibility Reports excluded:

{n = 80) — Duplicate (n = 1)

Foreign language (n = 4)
Incomplete information (n =4 }
Another environmental
matrices (n=2)

Studies included in review
(n = 69)

Included

Figure 2. PRISMA 2020 flow diagram for new systematic reviews which
included searches of databases and registers only.
From: Page et al. (2021).
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Glyphosate: Chemical
Properties, Action, and
Degradation

This compound, abroad-spectrum, non-se-
lective, post-emergent herbicide (Sterren
et al., 2016; Raj, 2023), is an acid utilized in
the form of isopropylamine salt of N-phos-
phonomethyl-glycine. Its molecular struc-
ture, as shown in Figure 3, comprises three
polar functional groups: carboxyl, ami-
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no, and phosphonate (Huaracahuaraca,
2017). The mode of action of glyphosate is
through the enzymatic disruption in the
production of shikimic acid. Therefore, it
disrupts precursors of important metabo-
lites such as plant hormones (Junges et al.,
2013; Benslama and Boulahrouf, 2016; in
Chen et al, 2022). Glyphosate is also used
to accelerate the ripening of forage cereals
(Helander et al., 2012).

Figure 3. Molecular structure of glyphosate. The red, gray, white, and orange
spheres represent oxygen, carbon, hydrogen, and phosphorus respectively.
Source: National Center for Biotechnology Information (2021).

Glyphosate, also known under the trade
name “Roundup®’, was developed by
Monsanto Company in 1970, and com-
mercialized since 1974 (de Castilhos et
al., 2020; Lupi et al., 2015). Its popularity
and application increased in 1996 when
the Monsanto company developed a line
of patented “Roundup Ready®” seeds,
which correspond to varieties of crops

genetically modified to be tolerant to gly-
phosate inhibition (Torres & Romero-Na-
tale, 2019). These resistance genes to this
compound are transferred via bacteria
or as the product of bioengineering tech-
niques (Mantilla, 2020).

Concurrently, Chemical structure of Gly-
phosate is buildup of direct Carbon to




Phosphorus (C-P) and Carbon to Ni-
trogen (C-N) bonds, these bonds can be
split relatively quickly by the action of
soil microorganisms (Ximenis, 2019). The
principal degradation products are sar-
cosine and aminomethylphosphonic acid
[AMPA] (Candela et al., 2010; Mesnage &
Antoniou, 2018), whose degradability rate
is usually slower (Table 1) (Sterren et al.,
2016). Glyphosate is a highly soluble com-
pound in water (Gros et al., 2017), with a
low octanol-water partition coefficient
(LogK_ =-3.2); it presents a high affinity
for organic carbon (Log K ) and high ab-
sorption in the soil, which represents low
mobility in this environmental compart-
ment (ATSDR., n.d.; Lutri et al.,, 2020).
Also, the adsorption of glyphosate in the
soil will depend on its dissociation capac-
ity (Huaracahuaraca, 2017) or constant
dissociation (pKa: 2.0 — 2.6 — 5.6), which
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indicates that this compound will exist
almost completely in zwitterionic form,
i.e., tends to be adsorbed strongly in soils
containing organic carbon and clay than
its neutral counterparts (NCBI, 2021).

Glyphosate is applied by spraying and
due its low sedimentation rate it is distrib-
uted through the air as aerosols (Torres &
Romero, 2019). Approximately 75% of the
compound remains in the field of which
12% reaches the ground through direct
contact, leaf washing, root exudation, and
treated plants, and one of the main factors
that affect the environmental fate of gly-
phosate is the soil moisture (Villarreal, et
al., 2020) The remaining percentage is lost
to atmospheric drift, reaching non-target
fields and plants, and a very small amount
(8%) reaches bodies of water (Huaraca-
huaraca, 2017; Soares, 2019).

Table 1. Physicochemical properties of Glyphosate, AMPA and Sarcosine.

Relative | K at DTso/ Solubility ’
Compuesto | Molecular molecular| pH 7, DT, in water H%';';Vs:aﬁw Source
formula | mass (g/ | 20 °C (ﬁelcf), at 20 °C (g (Pa.m*.mol)
mol) (LogP) | days Soil L1) R
(NCBI,2021),
-3.2
Glyphosate C,HNO.P 169.07 fgg7gé 10.5 2.1X10-° (Lewis, et
a25°C : al., 2016),
(EPA,2015)
AMPA CHeNO3sP 111.0 -1.63 1000 1466.561 (Levélg,lg; al.,
Sarcosine C,H,NO, 89.09 -3.1 - 308 (\(/2%3;022010)5

Source: authors.
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Chemical persistence is quantified by the
half-life (t1/2, in days), representing the
time required for a compound to decrease
to half its initial concentration (Sterren et
al., 2016). In the case of glyphosate, its per-
sistence in soil ranges from 1 to 197 days,
depending on various soil and experi-
mental conditions (Ramirez-Haberkon et
al., 2021; Yang et al., 2015). In addition,
the number of days necessary for glypho-
sate to reduce to 90% of the initial concen-
tration in this case, which for glyphosate
varies between 40 and 280 days (Ximenis,
2019). According to the literature review,
scarce data were found about the degra-
dation times of glyphosate in aqueous
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media. However, as shown in (Table 2) t, A
at 20°C by aqueous hydrolysis is within
the threshold established by England and
the European Union (0.1 ugL") (European
Commission, 2009). Moreover, through
aqueous photolysis, glyphosate in water
achieves a half-life (t, ,) of 69 days at pH
7, rendering it stable. Notably, glypho-
sate’s half-life is influenced by pH chang-
es, decreasing significantly to 33 days at
pH 5 and extending to 77 days at pH 9.
Its half-life, when subjected to aqueous
hydrolysis in a water matrix at pH 7 and
20°C, remains stable within a pH range of
5 to 8 at 25°C (Lewis et al., 2016).

Table 2. Glyphosate Persistence in Soil and Water

Degradation {aeroblc de In water Interpretation
ation, Iin day
(days)
t, ,(typical) 15.0 - No persistent
t, ,(Lab, 20°C) 15.0 - No persistent
No persistent in soil
t,, (field) 23.79 13.82 - 301 Moderately high per-
sistence in rivers (EFSA,
2015)
Aqueous photolysis
- 69 Stable
DTso (days) a pH 7
Aqueous hydrolysis
- Stable Stable
t,,, (days)a 20 °Cy pH 7
Water-sediment
- 74.5 Moderately fast
t,, (days)
Water phase only
- 9.9 Moderately fast
t,, (days)
Note. t, ,: half-life.

Source: Adapted from Lewis, et al. (2016) and EFSA (2015).




The biodegradability of glyphosate can
be affected by several factors, including
bioavailability, soil composition, and soil
microorganism activity, as stated by Gui-
jarro (2019). Guijarro et al. (2018) found
that the higher application rate of gly-
phosate compared to its dissipation rate
favors its persistence in the environment.
They also noted that agricultural manage-
ment practices and land use can indirect-
ly modify the structural and functional
diversity of microbial populations as well
as soil properties, thus affecting glypho-
sate’s persistence.

Degradation Products of Gly-
phosate, Sarcocine and Amino-
methylphosphonic Acid (AMPA)

Two primary metabolic pathways are
involved in the breakdown of glypho-
sate in soil by microorganisms (Figure

H
(0] OH

HO—P—CH,—~NH—CH,-C

o)
| \‘}‘o 1/2 O2
OH 0 OH
Glyphosate Glyphosate | | + 0=C H—C/

oxidoreductase

C-P lyase /
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4). The first pathway leads to the for-
mation of sarcosine and inorganic phos-
phate through the action of a C-P lyase
enzyme. The second pathway involves
glyphosate oxidoreductases that convert
glyphosate into aminomethylphosphon-
ic acid (AMPA) and glyoxylate (Mantilla,
2020; Aslam, 2023). AMPA is a compound
that is often found in the environment,
particularly in water. It is formed when
glyphosate and amino-polyphosphonates
break down. The widespread use of these
chemicals contributes to the prevalence of
AMPA.

OH 0

+ HO—P—OH
N\
o

H
Sarcosine Phosphate

C - P Lyase pathway

HO—P—CH.,—NH
2 2 \\
OH 0

AMPA Glyoxylate

AMPA Pathway

Figure 4. Main metabolic routes of degradation of Glyphosate. Adapted
from: Pollegioni et al. (2011).
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AMPA can also be a substrate for C-P
lyase and subsequently oxidized to CO,,
and glyoxylate can be metabolized as a
carbon source by microorganisms (Tau-
hata et al., 2020). The C-P lyase catalyz-
es the first metabolic pathway of break-
ing the C-P bond, releasing sarcosine and
phosphate, which can be utilized as a
phosphorus source by microorganisms.
However, the metabolic conversion of
glyphosate to sarcosine occurs less fre-
quently in agricultural soils due to the
high levels of phosphorus and the more
stable C-P bond, which may be regulated
by the concentrations of inorganic phos-
phorus in the soil. (Mantilla, 2020). Gly-
phosate is a commonly used herbicide
that can be degraded through multiple
metabolic pathways. For instance, AMPA
can be broken down through C-P lyase
and converted into CO2, while glyoxyl-
ate can be utilized as a source of carbon
by microorganisms (Tauhata et al., 2020).
When the C-P bond is broken, sarcosine
and phosphate are released, with the lat-
ter being utilized as a phosphorus source
by microorganisms. However, due to the
stability of the C-P bond and the abun-
dance of phosphorus in agricultural soils,
the metabolic conversion of glyphosate
to sarcosine occurs less frequently and
is regulated by the concentrations of in-
organic phosphorus in the soil (Mantil-
la, 2020). The C-P lyase complex is only
activated in response to intracellular in-
organic phosphorus deficiency, which is
not typical in natural environments. As
a result, the degradation mechanisms
through the C-P lyase and sarcosine path-
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ways are still relatively unexplored, both
molecularly and biochemically (Alvarez
& Chévez, 2019). However, studies have
found that in water sediment, the sarco-
sine degradation pathway is the first to
occur, associated with microbial growth,
while the AMPA pathway occurs later
under starvation conditions and a lack of
nutrients (Wang et al., 2016). In these en-
vironments, sarcosine is rapidly oxidized
to glycine and incorporated directly into
the microbial biomass, implying that the
preferential degradation route is not nec-
essarily through AMPA formation, as it is
energetically more favorable for the cell
to produce sarcosine (Okada et al., 2017).

Biodegradation processes of glyphosate
vary according to the type of soil, and
environmental factors (Ximenis, 2019).
Some studies suggest that the bioavail-
ability of the compound is also funda-
mental to the degree of total dissipation
of the same in the soil (Guijarro, 2019).
Glyphosate degrades more easily in soil,
although its persistence can vary widely
than its metabolite AMPA, which is more
persistent (t,, 23-953 days) (Ximenis,
2019). Thus, the decomposition rate of
AMPA is considerably lower than that of
glyphosate, with a half-life of 3.5 times
longer than the half-life of glyphosate
(Ramirez Haberkon et al., 2021). Several
studies indicate that the bioavailability of
this compound plays an essential role in
its complete dissipation in the soil (Gui-
jarro, 2019). The dispersion behavior of
glyphosate varies depending on the type
of soil and environmental conditions. Al-
though glyphosate degrades more easily




in the earth, its persistence can show a
wide variability compared to its metab-
olite. AMPA, which proves to be more
persistent (t1/2= 23-953 days) (Ximenis,
2019). Thus, the decomposition rate of
AMPA is considerably lower than that
of glyphosate, with a half-life that can be
3.5 times longer than that of glyphosate
(Ramirez et al., 2021).

Furthermore, the factors that most af-
fect the residence time of glyphosate and
AMPA concentrations in the soil are re-
lated to their partition coefficients in the
different environmental matrixes, that
define, for example, the sorption charac-
teristics on mineral particles, bioaccumu-
lation potential, and tendencies to occur
in the environment (Benintende, 2016). In
general, other factors that favor pesticide
dissipation processes also include organ-
ic matter content, type and proportion of
soil minerals, cation exchange capacity,
pH, pore space, and pore size distribution
(Aparicio et al., 2015).

Transport and fate of
Glyphosate in the environment

The apolar zones of the molecules facil-
itate rapid and strong absorption by soil
particles, preventing their mobility and
leaching (Torres & Romero-Natale, 2019).
Furthermore, glyphosate has a low va-
por pressure [1.94 x 10" mmHg at room
temperature], giving the glyphosate the
capacity to volatilize at a moderate rate
(Maria et al, 2020; Carriquiriborde, 2021).
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Therefore, glyphosate can reach surface
water sources in two ways, one is by
spraying in the fields and another by ero-
sion generated by the wind that drags the
soil particles enriched with it. As shownin
(Figure 5), the transport of glyphosate and
AMPA follows a similar behavior (Mas et
al., 2020). As well as runoff that also car-
ries soil particles containing glyphosate
into surface water ecosystems (Ximenis,
2019), especially in intense rain events,
and if it happens just after the application
of Glyphosate (the same happens with
AMPA), even when these two substances
tend to stay in the superficial part of the
soil, this drag can occur (Grandcoin et al.,
2017). In addition, factor that limits the
leaching of Glyphosate to surface waters
is biodegradation by soil microorganisms
and the similarity between the chemical
structures of glyphosate and other phos-
phate molecules, which establish compe-
tition between both compounds towards
soil sorption sites (Carles et al., 2019).

Partition coeficients as octanol-watercoef-
ficient (K ) which determines the hidro-
phobicity, the potential to bioacumulat-
ed in fatty tissues or the possibility to be
biodegraded (Ximenis, 2019; Cumming &
Riicker, 2017; Maria et al., 2020). For the
case of glyphosate, as shown in Table 2,
the K, ,=-3.2, shows that it is a highly hy-
drophilic compound, so the probability to
bioaccumulation is insignificant, howev-
er, it often tends to be absorbed by sedi-
ments (Maria et al., 2020). That is, it has
a greater affinity for organic matter that
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is generally retained in the sediments,
therefore, it has less capacity to move
through the aqueous phase (Carriquiri-
borde, 2021). As for AMPA and Sarcosine,
they are expected to behave in a similar
way as its parental compound (Lewis, et
al., 2016). Despite the aforementioned, it
is essential to emphasize that any chem-
ical substance could exert detrimental ef-
fects on the environment if it is present in
sufficiently high concentrations.

Based on its absorption coefficient K_
range of 2,600 to 4,900, Glyphosate has
slight mobility in soils (NCBI, 2021).
However, erosive processes and runoff
are the main transport processes of gly-
phosate to aquatic systems. The data in
the table are European Union regulato-
ry and evaluation data published by the
European Commission (EC), European
Food Safety Autority (EFSA) (Renew-
al Assessment Report (RAR), Draft As-
sessment Report (DAR) and conclusion
files), and European Medicines Agency
(EMA) (Lewis, et al., 2016). Regarding
AMPA, it is also considered highly sol-
uble (Criterion: > 500 = High). (Lewis,
et al.,, 2016). Consequently, for example,
studies carried out in the Suquia river
basin in Cérdoba, Argentina, found that
the highest concentrations of glyphosate
and AMPA were found in the sediments
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compared to the water (Bonansea et al.,
2017). Although Glyphosate is soluble
in water, due to its partition coefficient
(Koc) in aquatic systems it tends to trans-
fer to sediments (Huaracahuaraca, 2017).

With an absorption coefficient Koc range
of 2,600 to 4,900; glyphosate demonstrates
limited mobility in soils (NCBI, 2021).
Nonetheless, erosion and runoff serve
as the primary means of transporting
glyphosate to aquatic systems. The data
presented in the table originate from Eu-
ropean Union regulatory and evaluation
sources, including the European Com-
mission (EC), the European Food Safety
Authority (EFSA) (Renewal Assessment
Report (RAR), Draft Assessment Report
(DAR), and conclusion files), as well as
the European Medicines Agency (EMA)
(Lewis, et al., 2016). As for AMPA, it is
also regarded as highly soluble (Crite-
rion: > 500 = High) (Lewis, et al., 2016).
Consequently, studies conducted in the
Suquia river basin in Cérdoba, Argenti-
na, for instance, revealed that the highest
concentrations of glyphosate and AMPA
were found in sediments rather than in
water (Bonansea et al.,, 2017). Although
glyphosate is water-soluble, its partition
coefficient (Koc) in aquatic systems causes
it to predominantly transfer to sediments
(Huaracahuaraca, 2017).




Dispersion of
glyphosate on the
field

Target plant

Sorption to soil;
competition with
phosphorus

AMPA ¢ -

Degradation
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by non-target
plant

Erosion in soil particles and leaching of
surface water transport glyphosate remains 10
aquatic systems.

Figure 5. The fate of glyphosate in the environment.

Source: Adapted from (Helander et al. (2012). (Red Dashed Lines) transport glyphosate from air, soil,
and water. (Red Continuous Line) glyphosate Absorption in Plants.

A study conducted in China it was ob-
served that Glyphosate and AMPA ini-
tially tend to be absorbed mostly in the
upper 2cm of the soil, instead of being
transported and absorbed deeper, how-
ever, residues of AMPA and glyphosate
were found but in lower concentrations
at as it went deeper into the soil (Yang
et al., 2015). Glyphosate percolation into
groundwater is very low given its strong
affinity with the soil (Ximenes, 2019).

Another study carried out in seven states
of the United States more than 90% of the
samples from different watersheds were
contaminated with pesticides, of which
AMPA, glyphosate, and atrazine were
found to have the highest presence, with
a 33%, 21% and 18% of the samples re-
spectively (Battaglin et al., 2016). Also,
in Argentina, in the east of the province
of Santiago del Estero, three types of wa-
ter sources were monitored to determine
the environmental fate of pesticides, and
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herbicides were found to be more prev-
alent. The most important compounds
were glyphosate, atrazine, AMPA and hy-
droxyatrazine (HOA) (Mas et al., 2020).

Some studies conducted in the United
States found glyphosate in air and rain in
the range of 60 to 100% of samples collect-
ed over two growing seasons (Grandcoin
et al., 2017). AMPA was also found in a
range of 40-90% of the rain samples and
60-90% of the air samples. However, the
proportion of applied glyphosate that is
released into the atmosphere is unknown.
(Grandcoin et al.,, 2017). In addition to
this, wind erosion also has a great influ-
ence on the transport of glyphosate and
AMPA with dust in suspension toward
bodies of water, especially in semi-arid
areas. For example, in Argentina, in the
province of Chaco, studies were carried
out on the sediment of bodies of water
that confirmed that the material eroded
by the wind contributes to the contamina-
tion of water with Glyphosate (Concen-
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tration found: 0.66-313 ug kg ", and with
AMPA (Concentration found: 1.3-83 ug
kg!) (Mas et al., 2020). When the pollut-
ed particles reach the surface waters, they
tend to adsorb to the bottom sediment;
where the biodegradation of glyphosate
is much slower (Zirena et al., 2018), the
concentrations of glyphosate were found
to range from 0.66 to 313 ug/kg, while
those of AMPA varied between 1.3 and 83
ug/kg (Mas et al., 2020). As contaminated
particles enter surface waters, they tend
to adhere to the bottom sediment, where
the biodegradation of glyphosate occurs
ata considerably slower rate (Zirena et al.,
2018). Yang et al. (2015), in a study con-
ducted at different slope gradients and
application rates in plots with loess soil
in the Loess Plateau in China, observed
that the decomposition rate of glyphosate
in this type of soil is rapid, and suggests
that special care should be taken in areas
with highly erosive rainfall due to off-site
transport.

RISK ASSESSMENT

able 3 presents a consolidated ma-

trix of the ecotoxicological risk as-
sessment of glyphosate in water, cover-
ing both chronic and acute tests. Acute
tests on Artemia franciscana and Micro-
cystis aeruginosa have shown that the
continuous use of herbicides containing
the isopropylamine salt of N-(phospho-

nomethyl) glycine can have highly toxic
effects on zooplanktonic and phytoplank-
tonic organisms in aquatic environments
(Solis-Gonzalez et al.,, 2019). Addition-
ally, contamination with the commercial
herbicide GLIFOPAC in water bodies
has been found to have short- and me-
dium-term toxic potential for organisms




such as Daphnia Magna and Artemia sa-
lina (Huaracahuaraca, 2017).

Also, chronic exposure of goldfish (Car-
assius auratus) to glyphosate at low levels
(34 mgL") altered metabolism in various
tissues, producing oxidative stress (Li et
al., 2017). As well as, in chronic tests on
Daphnia Magna and Ceriodaphnia Dubia,
they observed that Daphnia magna ephip-
pia exposed to the substance exhibited
modifications in their life cycle, as evi-
denced by the production of eggs that did
not successfully develop. In exposed or-
ganisms where the net reproductive rate
(R)<1, presented a population decrease
and possible local extinction in the envi-
ronments disturbed by the evaluated her-
bicides (Reno et al., 2016). Likewise, acute
tests on Artemia franciscana showed high
toxicity (Category I: highly toxic, US EPA)
at LC50(24) = 0.3054 mgL"' and 24h-NO-
EC = 0.2488 mgL" (Solis-Gonzédlez et al.,
2019).

Some acute tests on cyanobacteria Mi-
crocystis aeruginosa (IC50(72) 53.95 mgL™,
form coefficient (CF)=1, 72h-NOEC: 2.95
mgL, showed significant changes in its
volume and cell surface IC, (72) of 7.69
+ 1.69 um?® with a 33% reduction in vol-
ume compared to the control cell and a
category II toxicity (toxic) according to
the US EPA classification (Solis-Gonzélez
et al., 2019). Another fundamental factor
when evaluating the impacts on the eco-
system is the composition of Glyphosate,
that is, its formulation with adjuvants,
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in particular surfactants such as poly-
oxyethylene amine (POEA) and MON
0818 (75% POEA) that can negatively im-
pact the health of a variety of animals in
the aquatic food chain, including proto-
zoa, mussels, crustaceans, frogs, and fish,
similar to the effects on terrestrial animals
(Mufioz et al., 2020).

Because the composition of glyphosate is
legally classified as confidential business
information, confusion about the iden-
tity and concentrations of co-formulants
is very common, raising concerns about
the risks they may cause (Mesnage et
al., 2019). In Argentina, one of the most
used formulations in soybean production
is Sulphosate Touchdown® (Syngenta
Agro), a formulation based on glyphosate
(potassium salt, 62%) (Fantén et al., 2020),
and in a study carried out by Fantén et
al. (2020), it was found that the presence
of this herbicide in freshwater systems
could pose a risk to the ecological role of
Notodiaptomus carteri (copepods) in na-
ture. On the other hand, Maria et al. (2020)
indicated, according to the risk quotient,
that glyphosate does not represent a risk
for the survival or reproduction of micro-
crustaceans but can cause adverse effects
on non-target and more sensitive organ-
isms. However, AMPA did not present an
apparent ecological risk, even with a toxic
effect, probably due to its formation in low
concentrations in the aquatic ecosystem.
The maximum environmental concentra-
tions reached in the study of the aquatic
microcosm (applying 100 Lha-1) for the
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control of aquatic macrophytes did not
show any risk for aquatic invertebrates. It
is important to highlight in this study that
glyphosate was applied in environments
with the water surface completely covered
by floating aquatic plants, a situation that
could function as a filter to retain the sur-
factant, given that the commercial formu-
lation of glyphosate is a mixture of sub-
stances that could make it more toxic than
the active ingredient. In addition, within
aquatic systems, copepods are dominant
members of plankton communities and
constitute a fundamental link in the food
chain, they are small in size, sexually di-
morphic and have a short life cycle, made
up of twelve larval stages (six nauplii stag-
es, five copepodite stages and adult stage)
(Gutiérrez et al., 2011). In the case of Noto-
diaptomus carteri (freshwater copepod),
chronic tests were carried out, in which
it was found that glyphosate prevented
copepods from reaching the adult stage,
inhibited the growth of the first stage of
copepodites and increased the activity of
three enzymes. antioxidants, superoxide
dismutase (SOD), catalase and glutathi-
one-S-transferase (GST) in adult females.
The lowest concentration of glyphosate
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increased the nauplii stages and the total
development time (Fantén et al., 2020).

Finally, the evaluation of the acute toxic-

ity of two commercial herbicides formu-
lated with glyphosate and of a solution of
the same (see Table 3. In section formu-
lation a, b, ¢ *) carried out by Alvarez et
al., 2012, who compared to fish of the spe-
cies Poecilia reticulata “lebistes” attributes
to formulation B: Round-Up® (Conc. of
glyphosate: 48% (480 gL') — Excipients:
POEA isopropylamine Ac. Orgdnicos) the
mortality of 100% of the specimens at 100
uL L (equivalent to 48 mgL™" of active in-
gredient) and 50 puL L* (equivalent to 24
mgL? of active ingredient); on the other
hand, the solution formulated with pure
glyphosate did not produce mortality
even at concentrations of 400 mgL. In the
case of the chronic evaluation, using sub-
lethal doses based on the data obtained
in the acute toxicity test, it was possible
to determine that in the long term, spec-
imens of Cyprinus carpio haematopterus
“carp koi” showed severe hematological
and histological alterations compared to
the experimental model used.
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Table 3. Ecotoxicological Risk Assessment Research of Glyphosate in Water

Endpoints

Organism
studied
(OE)

Type of
Exposure

Concentrations

Effects

Tested
formulation

Reference

Life history
attributes
and the pop-
ulation pa-
rameter (Ro)

D. Magna &
C. Dubia

Chronic:
21 dias

0.15y 0.62
mglL?!

D. Magna
exposed
experienced
life cycle
chang-
es due to
aborted

eggs

Panzer Gold®

(Dow Agrosci-

ences)

0.1y 0.31
mglL?

Exposed
environ-
ments
with Ro <1
showed
population
decrease
and pos-
sible local
extinction
due to eval-
uated her-
bicides.

(Sulfosate
Touchdown®
y Panzer
Gold®)

(Reno et
al., 2016)

Median lethal
concentration
(CL,,(24))

Artemia
franciscana

Acute:25 h

CL,,=0.3054
mgLt (0.2983-
0.3151)

NOEC=0.2488
mgL* (0.2370-
0.2569)

US EPA
Category
I (high-
ly toxic).
IC50(72) of
7.69+1.69
pm3 reduc-
es volume
by 33%
and alters
cell sur-
face while
remaining
spherical.

Population
means inhib-
itory concen-
tration (CI,,)

and the
shape coeffi-
cient (CF)

cyanobac-

teria Micro-

cystis aeru-
ginosa

Acute: 72
h

CI,,=53.95m-
gLt

72h-NOEC
=2.95 mg L.

Category 11
(toxic) ac-
cording to
the US EPA
classifica-
tion.

Glyphosate
with a purity

of 97% [C,H-

,NO.P] (La
FAM®)

(Solis-
Gonzalez
et al.,
2019
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Organism
} studied Type of . Tested
Endpoints Concentrations Effects . Reference
(OE) Exposure formulation
Fish ) Chronic risk
. Chronic: fish=9.6mgL1 is high in
0. mykiss NOdEC=85 sites with
ays glyphosate
Glyphosate plus AMPA
Fish (>60%)
_ Chronic: and >RQs>
Pimephales NOEC=33 1. At-OH,
promelas days AMPA, and
AMPA flurochlori-
done were
Risk Quo- Chronic main con-
tients (RQ)= Invert: Invert= tributors to
to assess D. magna. low risk in
chronic risk. NOEC= 21 12.5 mglL? other sites.
days.
algae
Pseu- Chronic:
dokirchneri- B
ella subcapi- | 96h EC,, | Algae=2.0mgL?* (Perez et
tata. al., 2021)
(Growth
inhibition)
Fish
Acute: 96 fish =38 L1 2TU < 1,
Oncorhyn- h CL,, sh = mg no acgte
chus mykiss ecological
risks for
) Acute In- 3 trophic
Daphnia vert: Invert=40mgLt = levels stud-
Toxic Units Magna. ied (algae,
(TU)= to as- CE, 48 h. daphnids,
sess acute Algae: fish).
risk
Pseu-
dokirchneri- Acute: Algae= 19
ella subcap- mal-t
itata 72 h EC,, 9
(Growth

inhibition)
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Endpoints

Organism
studied
(OE)

Type of
Exposure

Concentrations

Effects

Tested
formulation

Reference

Acute toxicity
tests. EPA,
(1995)

Mortality,
survival, Re-
production

D. Magna

AD: 48 h

LC.,: 27.4
mgL?

LC,,:65.90
mgL?!

(IC, 95%)

D. Magna
2.5x more
sensitive,
26% sur-
vival at
14.4 mg/L,
NOEC=0.45
mg/L,
LOEC=1.35
mg/L for
fertility.
>0.8mg/L:
Reproduc-
tive effects.

A. salina

AA: 48h

LC,:

50"
70.4 mglL?
LC -

253.6 mg. L*
(IC, 95%)

AMPA: toxic
to Artemia
in saline
water. GLI-
FOPAC toxic
to Daphnia
and Artemia
in aquatic
environ-
ments.

GLIFOPAC

(Huaraca-
huaraca,
2017)

Method of
exposure to
toxicity with
static renew-

al.

Golden fish

(Carassius
auratus)

Chronic:

90 days
with water
renewal
24 h

0.2 mmol/L
(34mg.I't)

Glyphosate
causes bio-
chemical
and organ
dysfunction,
and metab-
olism dis-
turbances
in fish.

Glyphosate
“Nongteshi®”
(Longbang
Chemical In-
dustry Co.,
Ltd, Wuxi,
China)

(Li et al.,
2017)
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Organism
} studied Type of i Tested
Endpoints Concentrations Effects ) Reference
(OE) Exposure formulation
Glyphosate: RQ: 0.52-No
. effect
D. similis 27.5 mgL*
Acute: .
(Immobility AMPA: RQ: 0.01 -
and/or mor- 48 h 12.5 mgL No effect
tality)
Roundup: 13.6 .
mgLt RQ: 2.02
Glyphosate:
RQ: 1.59
Risk tient 11.46 mgL?
IS (%L('QO) 1en A. fischeri (Roundup Orig-
Acute: AMPA: RQ: 0.03 - inal®) .
(Decrease : ff (Maria et
in lumines- | 5- 30 min. 20.25 mgL* No effect al., 2020)
RQ > 1.0: cence)
High Risk Roundup: RQ: 0.90 -
20.16 mgL No effect
Glyphosate: RQ: 0.66 -
Ceriodaphnia 27.5 mgL! No effect
dubia .
L Chronic: - AMPA: RQ: 0.04 -
initial effect ) 12.5 mgL- No effect
concentration :
not observed) Roundup:
RQ: 5.06
3.6mgL?
Low glypho-
sate con-
centration
Life Cycle As- . increases
seseement Chronic: 30 nauplii and
_ Notodiapto- days 0; 0.38 y 0.81 | development Sulfosate
Ontogenetic | mus carteri mg Lt time. High Touchdown® |(Fantén et
Develop- (freshwater concentra- (Syngenta al., 2020)
ment and the | copepod) | Chronic:10 tion inhibits Agro)
biochemical dias copepod
markers growth and
antioxidant
enzyme ac-
tivity.
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Organism
) studied Type of i Tested
Endpoints Concentrations Effects Reference
(OE) Exposure formulation
*Formulation
A is Glacox-
an®, with a
glyphosate
concentration
of 48% and no
excipients.
Formulations A
and B: Herbicide B
is 4x more Round-Up®
100 uglt; 50 toxic than | Formulation B
ugl?; 25 ugl®; | A, causing contains 48%
Poecilia re- Acute: 12,5 ugLlt 100% mor- | 9lyPhosate and (Alvarez et
Mortality ticulata “lebi- tality at 25 excipients _SUCh
Stes” 96 h ”gL-l. ACthe as POEA, -|SO' al-, 2012)
. ] inaredient propylamine,
Formulation C: no? oo ot and o_rganic
100mgL; up to 400 acids.
200mglL?; mgLt.
400mgLt
Formulation
C -
Conc. of gly-
phosate 0. 6
% (6glL?t) - Ex-
cipients: Does
not possess

Note: C: Chronic; A: Acute; RQ: Risk Quotient, RQ<1: no ecotoxicological risk effects, RQ>1: ecotoxi-
cological risk effects; UT: Toxic Units , » UT<1 no acute effects, ); UT>1 acute effects; LC, : concentra-
tion of a substance that is lethal to 50% of the test organisms in a given time period; LC,, refers to the
concentration of a substance required to cause 99% mortality in a population of test organisms; NOEC:
highest concentration without adverse effects; LOEC: Lowest Observed Effect Concentration; IC50: the
concentration of a substance that inhibits 50% of a biological activity or response in a test organism or
cell line.

Source: authors.
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In recent times, there has been an in-
creased interest in investigating the actu-
al toxicological effects of glyphosate due
to updated risk assessments of glypho-
sate exposure by the US Environmental
Protection Agency (US EPA) (Carranza et
al., 2019). Glyphosate and its degradation
product, AMPA, were classified as a prob-
able human carcinogen in Category 2A by
the International Agency for Research on
Cancer (IARC) in 2015. However, the US
EPA found no evidence to support the
classification of glyphosate as a human
carcinogen (Benbrook, 2019). These re-
cent regulatory reviews and reports have
raised important questions regarding the
potential health and environmental im-
pacts of glyphosate, making it an import-
ant topic for further research and discus-
sion in the scientific community.

The US EPA’s disagreement with the
IARC’s conclusion on the probable car-
cinogenicity of glyphosate is well-docu-
mented. According to the EPA’s official
website, they relied on 15 approved car-
cinogenicity research found in the open
literature, whereas the IARC based its
classification only on eight animal car-
cinogenicity studies. However, the IARC
maintains that its classification of glypho-
sate as a probable carcinogen (Category
2A) is based on limited evidence of can-
cer in humans exposed to realistic con-
centrations of glyphosate, as well as suf-
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ficient evidence of cancer in experimental
animals exposed to pure glyphosate. The
IARC classification was determined fol-
lowing rigorous procedures and crite-
ria, which included independent experts
compiling and reviewing all relevant and
publically available studies.

On the other hand, Mas et al., (2020), in
a study carried out in agricultural areas
in Argentina, where rainwater has be-
come an important source of drinking
water, found that glyphosate and AMPA
presented the highest concentrations in
the monitored sites (dams, followed by
cisterns and wells); although the risk as-
sessment showed that pesticides from all
sources presented a low potential risk to
human health through the route of expo-
sure to drinking water. Also, Mac Lough-
lin et al., (2022) also concluded in a study
carried out in a Argentinian basin that
finding glyphosate and AMPA in a basin
used for horticulture indicates that this
herbicide is not limited to resistant crops
anymore, but is now being used in other
agricultural practices; even though Ser-
ra-clusellas et al., (2017) advised that for
the development of technologies associat-
ed with the elimination of glyphosate, it is
also necessary to consider the elimination
of AMPA, since it has an even greater de-
gree of persistence in water than glypho-
sate itself.




oncerns have been raised about the

high incidence of glyphosate in di-
verse ecosystems due to its widespread
and indiscriminate use in the control of
weeds. The scientific community is par-
ticularly concerned about communities
exposed to unknown quantities of gly-
phosate and AMPA in water, particularly
those that use untreated rain or surface
water for human consumption, such as
agricultural populations.

The environmental risk posed by glypho-
sate and its degradation products remains
a topic of concern. Future research should
focus on the transport and transforma-
tion of glyphosate, AMPA, and sarcosine
in aquatic systems, with attention paid to

Ministry of Sciences of Colombia, for-
merly the Administrative Department of
Science, Technology, and Innovation (Col-
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their particularities. It is recommended
that more studies be conducted to inves-
tigate the consequences of these degrada-
tion products on surface aquatic systems.

Finally, the contradictory results of recent
glyphosate risk assessments performed
by regulatory agencies such as the US EPA
and the IARC highlight the need for addi-
tional research and discussion about the
actual toxicological effects of glyphosate
and its degradation product, AMPA. Po-
tential health and environmental effects
of glyphosate have significant effects on
public health and environmental policy,
underscoring the significance of contin-
ued research into the safety and dangers
associated with its use.

ciencias), for its financial support within
the framework of the national scholar-
ships 727 of 2015.
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