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Abstract: The use of glyphosate-based herbicides (GBHs) in industrial agriculture has intensified
in the past decades, causing a growing concern about the occurrence and spatial distribution of
glyphosate and its principal metabolite, aminomethylphosphonic acid (AMPA), in the environment.
In 2014, glyphosate and AMPA content was measured in 45 soils from the St. Lawrence Lowlands
(Quebec, Canada) before seeding and at harvest in soybean field crops using various weed manage-
ment practices with or without GBH applications. At the same time, a recent history of agricultural
practices and soil conditions was compiled for the sampled sites. The results of the study show that
91% of the samples contained detectable amount of either glyphosate or AMPA, with maximum
values of 0.47 mg-kg~! and 1.16 mg-kg ! for glyphosate and AMPA, respectively. Surprisingly, de-
tectable amounts of AMPA were measured in fields not treated with GBHs in 2014, whereas traces of
both glyphosate and AMPA were detected in organic field crops, highlighting the potential spreading
and/or persistence of both compounds in the environment. Glyphosate content was significantly
higher in clay soils rich in exchangeable cations, such as Mg2+, K* and Ca?*, which can contribute to
the retention of glyphosate in soil via complexation processes.

Keywords: soybean field crops; glyphosate dissipation; glyphosate transport

1. Introduction

The use of herbicides, and in particular, glyphosate-based ones (GBHs), in agricultural
weed management practices has intensified over the past decades. Based on their afford-
ability and their efficiency to control weeds [1], GBHs were rapidly adopted in field crop
agricultural practices following the emergence of Roundup Ready (RR) soybean cultivar
in 1996 [2]. Most agricultural farms use an RR and non-RR crop rotation to maintain high
yields and stay competitive on the grain market in comparison with a solely non-RR field
crop system [3]. In order to control the rise of glyphosate-resistant weeds worldwide [4],
both the number of GBH applications and the doses of active ingredients increased over
the last decades [5]. Whereas glyphosate is either relatively quickly degraded [6] or ad-
sorbed in soil [7], not much is known about the impact of repeated GBH applications
regarding agricultural soil health and functions [8-10]. The glyphosate half-life in soil is
generally short, ranging from a few days to a few weeks [8,11-14], whereas the half-life
of its main metabolite, aminomethylphosphonic acid (AMPA), is estimated to be up to six
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times longer [8,14-17]. However, numerous studies report much longer residence time for
glyphosate and AMPA in soil, with amounts of both compounds measured more than a
year after the last GBH application [16,18-20], highlighting the pluriannual persistence of
glyphosate and AMPA in agricultural soils [21]. Longer residence time seems to be linked
to the type of soil and its composition [16]. Indeed, clay, oxides and organic matter appear
to promote glyphosate and AMPA retention in soil [7,22-25]. The presence of exchangeable
cations also seems to affect the dynamics of glyphosate and AMPA in soil by the forma-
tion of complexes, which are then able to be adsorb onto mineral surfaces [26,27]. Most
studies reporting a persistence of glyphosate and AMPA in agricultural soils following
GBH applications have been conducted in South America [21,28] and more recently in
Europe [29,30]. In North America, studies are scarce, somewhat outdated and have been
performed in non-agricultural soils [31,32]. However, recent glyphosate studies in water
bodies report the dispersion of both glyphosate and AMPA in the environment [19,33,34],
emphasizing the need for a better knowledge of the variables influencing the persistence
and the dispersion of these compounds in the environment.

In this study, we aim to determine glyphosate and AMPA content in the surface
horizon (0-20 cm) of field crop soils cultivated with soybean at the year of sampling under
three distinct cropping systems: RR, Identity Preserved (IP) and organic farming (OF),
in the St. Lawrence Lowlands (Quebec, Canada). The study also aims at evaluating the
variables influencing the persistence of glyphosate and AMPA in agricultural soils. The
ultimate goal is to estimate the effects of agricultural practices using GBHs as a weed
management practice and the role of soil texture and exchangeable cations on glyphosate
and AMPA persistence in soils. In the context of soil preservation, this study provides much
needed data, which should help to better understand glyphosate and AMPA dynamics in
agricultural ecosystems in order to identify risk areas and to optimize agricultural practices
in soya field crops.

2. Material and Methods
2.1. Study Sites and Soil Sampling

Soil samples were collected in 2014 in 45 soybean field crops from the St. Lawrence
Lowlands (Quebec, Canada) (Figure 1). Sites covered five regions: Montérégie (1), Lanaudiere
(2), Mauricie (3), Centre-du-Québec (4) and Estrie (5). Sites were subdivided regarding
the type of cropping systems: (i) RR, with one or more GBH applications (n = 21), (ii) IP,
which is not genetically modified to resist glyphosate but where GBH applications can be
used pre-sowing (n = 16) and (iii) OF, where GBH applications are prohibited (1 = 8). The
maximum distance as the crow flies between all sites was 270 km.

Farmers’ self-administered questionnaires were used to collect data about the agri-
cultural practices specific to each site (i.e., soil tillage and number of GBH applications)
(Table 1). Unfortunately, GBH application rates were not specified by the majority of
the farmers.

Table 1. Weeding and soil preparation practices at the sites of the study. The number of applications
could not be determined at seven sites.

Soil Preparation

Number of GBH Applications

Tillage (T) Direct Sowing (DS)
0 11 1
1 8 11

2 1 6
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Figure 1. Location of the study sites (1 = 45) on the St. Lawrence Lowlands during the sampling
campaign in 2014 before sowing (May 2014) and at harvest (October 2014) for the three cropping
systems RR (Roundup Ready); IP (Identity Preserved) and OF (Organic Farming).

Environmental variables (i.e., soil texture, principal soil limitations, total precipitations
and field area) for each sampled field were gathered using the Info-Sols database (www.info-
sols.ca (accessed on 23 March 2022)), a geographic information system for the agricultural
landscape in Quebec (Canada), and data from Environment and Climate Change Canada
(www.canada.ca/en/environment-climate-change (accessed on 1 September 2015)). Based
on these data, each sampling site was assigned to a specific texture class (Table 2).

Table 2. Site distribution by soil textural class in the five study regions.

Texture % of Dry Weight 2 Study Region P
Type of Soil 2
Sand Silt Clay 1 2 3 4 5
Clay soils
Clay (CT) 0-40 0-40 45-100 7 3 - -
Silty clay (SICT) 0-20 40-60 40-60 3 - - - -
Sandy clay (SCT) 45-65 0-20 35-55 - 1 1 - -
Loamy soils
Clay Loam (CLT) 20-45 15-52 27-40 2 1 - 1 -
Loamy silty clay (LSCT) 0-20 40-73 27-40 1 1 - - -
Loam (LT) 23-42 28-50 7-27 6 4 2 1 2
Very fine sandy loam (VFSLT) 0-20 88-100 0-12 1 - -
Sandy soils
Sandy Loam (SLT) 50-70 0-50 0-20 4 - - 2 -
Sand (ST) 86-100 0-14 0-10 1 - - 1 -

2 According to the Canadian Soil Classification System (SCWG, 1998). ® According to Info-sol.ca (OQGovernment
of Quebec), with (1) Montérégie (n = 25); (2) Lanaudiére (1 = 10); (3) Mauricie (1 = 3); (4) Centre-du-Québec (1 = 5)
and (5) Estrie (n = 2).

Each site was sampled twice. The first sampling mission took place in May 2014
before soybean seeding, whereas the second one was performed in October 2014 before
harvest. On each site, three soil cores (0—20 cm) spaced 100 m apart were collected and
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georeferenced in order to accurately sample the same spots during the second campaign.
Soil samples were frozen and stored at —20 °C upon analyses.

2.2. Exchangeable Cations Analyses

Soil samples were dried in an oven at 55 °C and sieved using a two-millimeter sieve
prior to analysis. The Mehlich III method of the CEAEQ (2010) with a soil/solution ratio
of 1:10 was used to extract the exchangeable phosphorus and the exchangeable cations of
the following elements: K, Fe, Mn, Mg, Ca, Cu, Zn and Al. Exchangeable cations were
measured by atomic absorption spectrometry (ARL 906AA, GBC Scientific Equipment,
Melbourne, Australia), whereas phosphorus was analyzed by UV-visible spectrometry
at wavelength 875 nm, using the Harwood et al. method (1969) slightly modified by
Lucotte and Anglejan [35]. In brief, 10 mL of sample solution was added to 10 mL of
reactive Harwood, then supplemented with 50 mL of milli-Q water. The mixture was
stirred vigorously and conserved for 30 min, before analysis within 90 min. Harwood's
reagent was prepared as follows: in a 500 mL balloon, 250 mL of 4N sulphuric acid was
added with 75 mL of ammonium molybdate, 25 mL of antimony potassium tartrate and
100 mL of 10% ascorbic acid (p/v), then supplemented with milli-Q water.

2.3. Glyphosate and AMPA Content Measurements

Soil samples were freeze-dried, crushed and sieved using a two-millimeter sieve, and
5 g of soil was directly weighed into a 50 mL falcon. Then, glyphosate and AMPA were
extracted using a slightly modified version of the method described by Alferness and
Iwata [36]. Briefly, an extraction solution was prepared by mixing 34.5 mL of NH;OH
(28-30%) with 13.6 g of KHyPO4 and adjusting the final volume to 1 L. The extraction
solution was diluted 1:2 and a volume of 40 mL was transferred to the falcon containing the
soil sample. The falcon was mixed using a vortex mixer for 30 sec before being placed on a
rotating wheel at 200 rpm for 30 min. Afterwards, samples were centrifuged at 3500 rpm
for 20 min before being filtered at 0.2 um (InnoSepTM SF25 nylon filter). An amount
of 40 pL of the extract was transferred to an injection vial and evaporated to dryness
under a stream of nitrogen. Then, the extract was derivatized, following the protocol
described by Deyrup et al. [37], by adding 500 puL of trifluoroethanol (TFE) and 1000 pL
of trifluoroacetic anhydride (TFAA) and heating at 100 °C for one hour. After cooling
down to room temperature, the extract was once again evaporated to dryness under a
stream of nitrogen. Prior to GC-ECD injection, samples were dissolved in 1000 pL of
isopropyl acetate where 1 pL of 1-bromopentadecane was finally added in order to monitor
injection reproducibility. A Varian GC 3800 gas chromatograph equipped with a Restek
RXI-5SIL MS capillary column (30 m x 0.25 mm ID, 0.25 um) was used to analyze samples.
The chromatographic conditions used for glyphosate detection were as follows: injector
temperature, 250 °C; detector temperature, 300 °C and oven temperature program, 60 °C
(hold for 0.50 min, 6 °C-min~! to 170, 60 °C-mn~1 to 250 °C, hold 10.0 min, for a total run
of 30.17 min). High purity hydrogen was used as a carrier gas (at a flow of 1.4 mL-min~!),
and the injection volume was 1 pL.

To minimize uncertainty of chromatographic measurements, GC-ECD performance
parameters were checked on a daily basis to verify their suitability for the purpose of
glyphosate/ AMPA analysis. The limit of detection (LOD) and limit of quantification (LOQ)
were determined based on the method described in Mocak et al. [38]. The calculated LOD
and LOQ were 0.02 mg-kg~! and 0.05 mg-kg ™!, and 0.03 mg-kg~! and 0.09 mg-kg~! for
glyphosate and AMPA, respectively. Calibration curves of six points showed good linearity
for both analytes (r? = 0.96; p < 0.0001 and r? = 0.99; p < 0.0001 for glyphosate and AMPA,
respectively) in the domain of expected samples concentration.

Regarding sample quantification, each sample batch included a standard curve made
of five standards (0, 0.2, 0.4, 0.6, 0.8 mg-kg ! for AMPA and 0, 0.1, 0.2, 0.3, 0.4 mg-kg ! for
glyphosate) ran in the same matrix as the unknown sample.
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2.4. Statistical Analyses

In order to use samples with glyphosate or AMPA content below the LOD or between
the LOD and the LOQ in the statistical analyses, we arbitrarily assigned values. Specif-
ically, content below the LOD was assigned with a value of LOD/2 (i.e., 0.01 mg-kg !
and 0.02 mg-kg~! for glyphosate and AMPA, respectively), whereas samples with con-
tent between the LOD and LOQ were given a value of LOQ/2 (i.e., 0.03 mg-kg’l and
0.05 mg-kg~! for glyphosate and AMPA, respectively).

Samples were compared using a rank test for matched Wilcoxon samples, used to
compare glyphosate and AMPA levels of the soil samples taken at the time of planting (May
2014) and those collected at harvest (October 2014), with a serving threshold of 0.05. For
the other parameters studied, namely crop management, the number of GBH applications,
tillage and soil texture, a non-parametric variance analysis was used to compare glyphosate
and AMPA content, since distribution was not normal and variance not homogenous for
both compounds obtained with a Kruskal-Wallis row test with a meaning threshold of 0.05.
The distribution of the content was represented by a box plot and the frequencies measured
by histograms. For the comparison of the different soil textures, only the clay (CT), loam
(LT) and sandy-loam (SLT) soils were selected, as the number of the other classes was too
low to be representative. Glyphosate and AMPA levels and the presence of cations available
in soils for the harvest campaign (October 2014) were combined with a multivariate analysis
and a main component analysis (PCA) including 10 variables (i.e., glyphosate, AMPA, P,
Mn, K, Cu, Al, Ca, Fe and Mg content) after focusing and reducing the data. For this
analysis, 22 of 45 samples covering the entire study area, with the exception of the Estrie
region, were used due to the limit of the exchangeable cations and phosphorus analyses.
Soil textures for which the number of samples was insufficient were also not counted in this
analysis. Five axes were chosen, achieving an inertia of 80.5%. The data analysis used soil
texture as an additional variable and was completed with the correlation matrix and the
square cosinus table of variables. All tests were carried out with the JMP Pro 14 software
from SAS Institute (Cary, NC, USA).

3. Results
3.1. Glyphosate and AMPA Content in Surface Soils

In the collected soils, glyphosate content ranged from below the LOD to 0.47 mg-kg ™!
and AMPA content from below the LOD to 1.16 mg-kg~! (Table 3). At least one of the
two compounds was detected in 91% of the samples, whereas both glyphosate and AMPA
were measured in 39% of the samples. However, AMPA was more widespread with 70%
of the samples containing AMPA in comparison to 42% for glyphosate. Surprisingly, both
glyphosate and AMPA were detected in some OF soil samples with maximum values of
0.15 mg-kg~! and 0.24 mg-kg~!, respectively. In RR systems, 48% of the total sample,
spring and harvest samples merged, presented detectable amounts of glyphosate, AMPA
or both whereas, in IP systems, glyphosate and AMPA were measured at every sample
site with the exception of two (80%). On the other hand, only one OF site had measurable
amounts of AMPA and glyphosate simultaneously.

Table 3. Measured glyphosate and AMPA content in agricultural soils of the study for Roundup
Ready (RR), Identity Preserved (IP) and Organic Farming (OF) cropping systems.

Crop n Glyphosate mg-kg~1 AMPA mg-kg—1
Average Min Max % Detection Average Min Max % Detection
RR 42 0.07 £0.10 0.01 0.47 45 0.30 £ 0.23 0.02 1.09 82
P 32 0.06 + 0.09 0.01 0.45 34 0.26 £0.27 0.02 1.16 78
OF 16 0.04 £ 0.05 0.01 0.15 44 0.06 £ 0.08 0.02 0.24 31

No significant difference was observed between glyphosate or AMPA content mea-
sured during spring or at harvest time (p > 0.05, Wilcoxon test on paired samples), whatever
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the soybean culture management (Figure 2a-d). However, within a single sample campaign,
significant differences were observed for AMPA content in soil (Figure 2¢,d). Indeed, in
May before seeding, AMPA content in OF systems were inferior to the ones measured in
RR and IP systems. RR and IP systems displayed similar AMPA content at the same period
(Figure 2c). At harvest time, AMPA content was significantly different between all three
agrosystems as follows: RR > IP > OF (Figure 2d). Regarding glyphosate, no difference was
observed at either spring or harvest between the three agrosystems (Figure 2a,b).
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Figure 2. Glyphosate (a,b) and AMPA (c,d) content according to the agricultural system used in May
2014 before sowing (a,c) and in October 2014 (b,d) at harvest time for the three cropping systems RR
(Roundup Ready); IP (Identity Preserved) and OF (Organic Farming). For RR, n = 21; IP n = 16 and
OF n = 8. Boxplots represent the median, and the 25 and 75 % quantiles. Circles ° represent potential
outliers. Significant differences were tested using the non-parametric Kruskal-Wallis test, with a
significant threshold set at 0.05 and annotated on the graph with letters A, B and C corresponding to
the different significant groups. When there is no letter, it means that no significant differences were
observed between the three groups.

3.2. Impact of the Number of GBH Applications

Glyphosate content was not significantly different between sample sites no matter the
number of GBH applications (Figure 3a). However, the glyphosate detection frequency
was higher in soil that received two GBH applications in comparison with the ones with
one or no GBH application (Figure 3b).

AMPA content were significantly different between sites without GBH applications
and with one GBH application (p = 0.002), as well as between sites without GBH applications
or with two GBH applications (p = 0.003) (Figure 3a). The number of GBH applications
did not seem to affect the average AMPA content measured in soil samples (p > 0.05)
(Figure 3a), but the AMPA detection frequency in soil was higher along with the number of
GBH applications (Figure 3b).
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Figure 3. Average glyphosate and AMPA content and associated standard deviation (a). Glyphosate
and AMPA detection frequencies in soils (b) at harvest time according to the number of GBH
applications. The letters A and B represent the different significant groups.

3.3. Impact of Tillage

Regarding tillage, a comparison between glyphosate and AMPA content measured in
soils with direct seeding and soils with tillage did not show significant difference (p > 0.05).

3.4. Impact of Soil Texture and Composition

Glyphosate content was significantly higher in CT soils (n = 10) in comparison with
LT soils (1 = 15) and SLT soils (n = 6), either during spring (CT vs. LT p = 0.0018; CT vs.
SLT p = 0.0003; Figure 4) or at harvest time (CT vs. LT p = 0.0049; CT vs. SLT p = 0.0026;
Figure 4a,b). Glyphosate was detected in all CT soil samples, whereas it was present in
13% and 17% of LT soils and SLT soils, respectively (Figure 4). Regarding AMPA content,
no significant difference was observed depending on soil texture, but the compound was
more often detected in CT soils (91%) in comparison with LT soils (67%) and SLT soils (50%)
(Figure 4e,f).

A principal component analysis based on 22 samples and 10 variables was run in order
to evaluate a potential link between glyphosate or AMPA content and the exchangeable
cation content in soils (Figure 5, Table 4). The PC1 was best explained with the following
gradient: Mg?* content > glyphosate content > K* content > Fe?*/3* content > Ca?* con-
tent (Table 4). The multivariate analysis also highlighted a positive correlation between
glyphosate content and Ca®* content (r> = 0.59, p = 0.032). The first component largely
explained the content of these elements in SLT soils and CT soils (cos? = 0.83 and 0.62,
respectively) (Figure 5). The component 2 was best explained with the following gradient:
Cu?* content > AI** content > phosphorus content > AMPA content (Table 4). The PC2
explained the content of these elements in SL soils (cos? = 0.46) (Figure 4).
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Figure 4. Average glyphosate and AMPA content based on the texture of clay (CT n = 10), loam (LT
n = 15) and sandy loam (SLT n = 6) soils in May 2014 before sowing (a,c) and in October 2014, at
harvest time (b,d). Boxplots represent the median, and the 25 and 75% quantiles. Circles ° represent
potentially outliers. The detection frequencies of both compounds according to soil texture were
represented by bar histograms before sowing (e) and at harvest time (f). The letters A and B represent
the different significant groups.

Table 4. Partial contribution of variables as %, representing the composition of soils derived from the

PCA, according to the 5 axes chosen and representing 80.45% of total inertia.

Variables Axis 1 Axis 2 Axis 3 Axis 4 Axis 5

Contribution 23.8 18.7 15.28 12.3 10.31
Glyphosate 19.5 * 0.7 12.9 0.1 0.1
AMPA 7.9 139* 13.7 48 0.4
K* 18.3* 4.8 85 17.9 0.1
Cu?*a 1.1 226 % 11.1 8.0 10.5
Mn2/3+a 1.7 7.9 12.0 247 22.6
Fe?/3+a 15.2* 0.8 20.6 0.4 54
Mg?+2 22.0% 8.4 0.08 0.01 0.9
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Table 4. Cont.
Variables Axis 1 Axis 2 Axis 3 Axis 4 Axis 5
AlPt+a 0.02 20.1 % 1.2 17.5 27.7
Ca2ta 14.0* 2.9 10.4 11.8 8.3
P exchangeable 0.2 17.8* 9.5 14.9 23.9

2 Exchangeable form extracted by Mehlich III method. * Influential variables in the axis studied; from the results
of the square cosinus of the variables.
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Figure 5. Graphic representation of the PCA based on components 1 and 2, incorporating the
additional variable of the three major textural classes (clay, loamy and sandy), according to the three
soybean crop management systems (RR, IP and OF).

4. Discussion
4.1. Persistence and Accumulation of Glyphosate and AMPA in Soil

With 91% of the collected soil samples containing glyphosate and/or AMPA, our
results highlight the ubiquity of these compounds in field crop soils cultivated with soybean
under three distinct cropping systems (i.e., RR, IP and OF). As expected, AMPA is present
more often than glyphosate, with 70% of the samples having detectable amounts of AMPA
and 42% of glyphosate. In the literature, lower percentages of detection were generally
reported, with 62.5% in studies performed in Argentina [28], 50 to 66% in the USA [19] and
45% in a large variety of crops in Western Europe [29,39]. However, these studies were
not exclusively related to field crop soils. A higher frequency of glyphosate and AMPA
detection in the studied soils seems to indicate that field crop systems with soybean and
maize rotation could potentially promote the persistence of these compounds in agricultural
soil. Primost et al. [21] reported the presence of at least one of these two compounds in
all the soil samples from 17 fields in Argentina where farmers were applying GBHs. The
authors explained the ubiquity of glyphosate and AMPA in their study by the fact that
they sampled soils directly in fields treated with GBH applications, in opposition to other
studies in which analyses have been made in various compartments at the watershed scale,
and thus, the fields were not necessarily systematically exposed to GBH applications.
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Glyphosate content measured in soils was in agreement with the ones reported in
the literature worldwide for field crops, whereas AMPA content was higher [29,34,40].
However, Primost et al. [21] reported much higher glyphosate and AMPA content than the
ones measured in this study. Considering that the glyphosate degradation rate is slower at
lower temperatures [41], the cold winter experienced in the Quebec region could in part
explain these differences. Indeed, in cold climate, both compounds were detected several
years after the last GBH applications [8,42,43] and the glyphosate half-life can be as long as
460 days [7]. Laitinen and collaborators [20] evaluated that 19% and 48% of the initially
applied quantities of glyphosate and AMPA, respectively, remained 20 months after the
last application in a climate similar to what is encountered in the Quebec region. The fact
that, in the present study, glyphosate and AMPA are detectable in field crop soils treated
with GBHs as well as in field crop soils which did not receive any GBH applications in 2014
seems to indicate that these compounds can be persistent for more than one year in soils
and have the potential to accumulate through time. This observation is in agreement with
other studies reporting an accumulation of glyphosate in soils through time [8,10,44—47].
Andrea et al. [48] suggested that glyphosate mineralization depended on the crop history
and decreased with repeated applications. Recently, Primost et al. [21] estimated that
glyphosate content could increase by 1 mg per kg of soil every five GBH applications, due to
an application rate superior to the dissipation rate contributing to a non-linear accumulation
of glyphosate and AMPA in soils. Glyphosate and AMPA content in Argentine soils being
2 to 5 times higher than those measured in Quebec soils [21,28] highlights the impact of
crop history in glyphosate and AMPA persistence and accumulation in soil. In Argentina,
soils receive an average of 3.3 GBH applications per year, whereas in Quebec, glyphosate-
resistant field crops generally do not receive more than two GBH applications. However,
as previously mentioned, the relation between glyphosate accumulation in soil and the
number of GBH applications does not seem linear. This agrees with our results since:
(i) regarding glyphosate and AMPA content in soil, no difference was observed between
spring and harvest for both compounds, (ii) the number of GBH applications (0, 1 or 2)
did not seem to impact the glyphosate content in soils and/or its detection frequency
and (iii) the ranges of glyphosate and AMPA content in soils are the same for RR and
IP agrosystems.

The increase in AMPA content and detection frequency with the number of GBH
applications in 2014 could be due to the history of each site, regarding the number of GBH
applications they received the previous years.

Soil tillage does not seem to be a major factor influencing glyphosate and AMPA
persistence in Quebec soils since no difference is observed between sites with soil tillage vs.
direct seeding crop system sites. This observation agrees with previous studies [24,47,49].
Soracco et al. [50] also reported an accumulation of glyphosate and AMPA in soils under
conventional and no-till systems during a soybean growing season. However, they ob-
served a higher variation in glyphosate and AMPA content in soils under tillage. Other
studies noticed an increase of glyphosate and AMPA content in no-till soils after GBH
applications [46,51]. It seems that tillage could potentially increase glyphosate and AMPA
leaching [52] since pore size and their connectivity could be affected and increase solute
transport [47,53]. Nevertheless, the effects of soil tillage are difficult to evaluate in field con-
ditions because agricultural practices depend on other factors, such as the GBH application
method, crop history or soil type.

4.2. Impact of Soil Texture on Glyphosate and AMPA Dynamics

Based on our results, glyphosate seems to be more persistent in CT soils than in LT
and SLT soils (Figure 4a,b), but AMPA content in soils is similar no matter the soil type
(Figure 4c,d). AMPA is known to have a superior retention capacity in comparison with
glyphosate, likely due to a different type of fixation site [45]. Indeed, due to its chemical
configuration, soils have a higher adsorption capacity for AMPA than for glyphosate, which
could explain AMPA’s lesser sensitivity to crop and soil variables, and thus, its ubiquity
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and generally higher content in soils. Since aluminum oxides have a strong adsorption
capacity for AMPA [24,45], the principal way for AMPA adsorption could be via ligand
exchange and thus would be dependent on oxide content rather than soil texture.

Numerous studies highlighted glyphosate adsorption on clay silicates and oxides [54-56].
Clay soils seem to promote glyphosate accumulation by delaying its degradation. Indeed,
Bergstrom et al. [16] showed a 6.5 higher glyphosate persistence in clay soils than in sandy
soils; additionally, the fact that glyphosate is more persistent in soils with a higher clay
content seems to be a consensus [45,47,57]. It seems to be due to a stronger glyphosate
adsorption on clay [40,58-60]. Contrary to the AMPA, glyphosate adsorption could be
achieved via complexation mechanisms, thus explaining the link between glyphosate con-
tent and soil texture in the present study (Figure 4a,b). Glyphosate adsorption in soil is
influenced by clay content and the soil cations exchange capacity (CEC) [47]. The CEC is
the amount of exchangeable cations in the soil that can attach to the soil organic matter
and clays, promoting cations-glyphosate complexation [26,61]. A decrease in glyphosate
availability can be observed following the formation of these chemical complexes [62], and
thus potentially affect glyphosate degradation in soils. In a study by Nguyen et al. [63],
glyphosate mineralization ranged from 7 to 71% of the initially applied amount in 21 agri-
cultural soils with various textures. In this case, the calcium and potassium exchangeable
cations seemed to largely influence glyphosate mineralization (i.e., a positive correlation).
However, the formation of calcium—-glyphosate complexes have been also linked to a de-
crease in glyphosate bioavailability for degradation [64]. In the clay soils of our study,
the multivariate analysis seems to indicate that the exchangeable cations promoting the
most glyphosate persistence in soils are Mg?*, K*, Ca®* and Fe?*/3*. Major cations such
as Mg?*, K* and Ca?* are known to increase the glyphosate sorption coefficient in sandy
loam soils [65]. Moreover, soils with higher clay, calcium and magnesium content and
a stronger CEC were also linked to a greater glyphosate adsorption [47]. These cations
can form insoluble complexes with glyphosate over a long period of time [26,27], thus
stabilizing glyphosate in agricultural soils.

4.3. Glyphosate and AMPA Diffusion Potential in the Environment

Our results highlight the ubiquity of both glyphosate and AMPA in agricultural soils
of the St. Lawrence Lowlands. It is of concern to detect these compounds in sites where
GBH applications are not performed (i.e., organic farming systems), but not surprising
since studies reported the presence of both glyphosate and AMPA in soils never exposed
to GBHs [28,66]. In Quebec, certified organic field crop farmers are required to not apply
herbicides for at least three years in a row.

The presence of glyphosate and AMPA in these soils could be explained by two
mechanisms: (i) The long-term persistence in soils of glyphosate and AMPA that originated
from GBH applications before the process of application for the organic certification. It
is unlikely since only two samples had superior content in spring in comparison with
harvest. (ii) The proximity of the OF sites to field crops using GBH applications and the
diffusion of glyphosate with the wind [67-70] and with surface waters (Zheng et al., 2018).
Indeed, glyphosate and AMPA that originated from GBH applications or from wind eroded
sediment were detected in air samples from agricultural areas in the United States [70]. The
amount of glyphosate measured during diffusion by pulverization and by run-off can be
similar, with 6.9% and 3.9% of the applied quantity, respectively [71]. An important part
of glyphosate is that it is leachable for a few weeks after GBH application. Glyphosate is
generally detected more often in spring during the GBH applications period [72] and up to
47% of the applied glyphosate can be washed away with run-off [14,73], although AMPA
is also leachable [74,75]. Moreover, a fraction of both glyphosate and AMPA adsorbed
in soil can also be leached long after the last GBH application [8]. A history of repeated
GBH applications over years could also increase glyphosate and AMPA leaching from
agricultural soils with a positive correlation between the number of years a site has been
exposed to GBHs and the degree of leaching [76]. This information highlights the issue
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of GBHs extensive use and how glyphosate and AMPA have the potential to impact
agricultural soils for years due to their persistence. Glyphosate and AMPA are not to
be only considered as a problem in glyphosate-resistant crops since their diffusion in
the environment can be non-negligible [19,33,34]. This persistence and diffusion of both
compounds also raise concerns on soil health and sustainability for the long term and on
the impact of non-glyphosate-resistant crops.

5. Conclusions

A residual fraction of glyphosate and AMPA persist in soils, which may raise concerns
for the sustainability of the cropping system. In addition, both compounds have also been
detected in organically managed soils with no recent application of pesticides, showing
widespread diffusion of these compounds in agricultural areas. Persistence appears to
be more important in clay soils with a higher content of exchangeable cations, such as
potassium and calcium, which play a large role in the fertility of agricultural soils. The
cations’ competition or interaction with other organic molecules, such as anions and
exudates, can affect the herbicide behavior in soil and needs to be studied in fields with
farmers. These results highlight the high persistence of glyphosate and AMPA in soils
on the St. Lawrence Lowlands. Monitoring available cations, glyphosate and AMPA in
different soils and cultures is a new approach that provides a better understanding of the
retention mechanisms of these compounds in soils and a solid basis for the advancement of
knowledge in field conditions.
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