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Abstract
BACKGROUND: The objective of this study was to investigate the occurrence of glyphosate residues (glyphosate and its
metabolite AMPA) in shallow groundwater in a catchment dominated by agriculture, and to examine the potential for this
groundwater to store and transmit these compounds to surface waters.
RESULTS: Glyphosate residues were found in some of the groundwater samples collected in riparian (surface seeps), upland
(mostly <20 m below ground) and wetland settings (<3 m below ground). Overall, glyphosate and AMPA were detected in 10.5
and 5.0%, respectively, of the groundwater samples analyzed as part of this study. All concentrations of glyphosate were well
below Canadian guidelines for drinking water quality and for protection of aquatic life. Seasonal diﬀerences in concentrations
in riparian seeps were possibly related to cycles of weather, herbicide application and degradation of glyphosate. Highest
concentrations were at upland sites (663 ng L−1 of glyphosate, 698 ng L−1 of AMPA), apparently related to localized applications.
Most glyphosate detections in wetlands were >0.5 km distant from possible areas of application, and, combined with other
factors, suggest an atmospheric transport and deposition delivery mechanism. In both upland and wetland settings, highest
glyphosate concentrations were sometimes not at the shallowest depths, indicating inﬂuence of hydrological factors.
CONCLUSION: The glyphosate/AMPA detections in riparian seeps demonstrated that these compounds are persistent enough
to allow groundwater to store and transmit glyphosate residues to surface waters. Detections in the wetlands support earlier
evidence that atmospheric transport and deposition may lead to glyphosate contamination of environments not intended as
targets of applications. This interpretation is further supported by detections of both glyphosate and AMPA in precipitation
samples collected in the same watershed.
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INTRODUCTION
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Glyphosate (C3 H8 NO5 P), the most widely used herbicide
worldwide,1,2 is typically considered to have a low potential
to be transported through soils and sediments to groundwater,
given its tendency to sorb to soil particles (especially some mineral phases)3,4 and to be degraded by soil microorganisms.3 – 5
However, based largely on monitoring and/or surveillance programs conducted in Europe and North America in recent decades,
detections of glyphosate in groundwater have been reported
(Table 1).6 – 14 Some of the detections in Europe have been above
the maximum allowable concentration of 0.1 μg L−1 for drinking
water (Table 1). Most of the studies listed in Table 1 included
analyses of aminomethylphosphonic acid (AMPA), which is a
common metabolite produced by the microbial degradation
of glyphosate.4,5 AMPA can also form as a degradate of other
phosphonates, including detergents.1
For this paper, we use the widely used deﬁnition of groundwater
provided by Freeze and Cherry,15 in which we insert the term
‘aquatic sediments’ as follows: groundwater is ‘subsurface water
that occurs beneath the water table in soils, [aquatic sediments]
and geologic formations that are fully saturated’.
Pest Manag Sci 2016; 72: 1862–1872

In addition to agricultural and silvicultural uses of glyphosate,
this herbicide is also commonly applied along transportation
routes (roads, railways), utility corridors and in urban areas (streets,
sidewalks, gardens, golf courses, etc.). Information about the
spatial distribution and movement of glyphosate residues at
the watershed or subwatershed scale remains sparse, regardless of land use. Glyphosate residues are commonly detected in
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a

45
1.4
∼0.9

0.05

24
2.5
0.67
2.0

0.04

Not reported
<2 m
≤20 m
Majority <20 m; up to 60 m

Not reported
Not reported
<15 m, most less than 6 m
Not reported
≤1 m

Maximum
concentration
observed
(μg L−1 )

0.001–0.01

0.02–0.1

0.01

0.002

0.01–0.4

0.02

0.01

0.05

Not reported

Detection
limit(s)
(μg L−1 )

13.2

5.8

Not reported

41

1.3

32

∼77

32

Not reported

% Detection
in samples

In 2012, the Canadian Council of Ministers of the Environment (CCME) issued a new guideline of 200 μg litre-1 for the protection of aquatic life.37

Around 36 000 samples from various sites
in Europe10
129 samples from wells in Catalonia, Spain,
the majority in agricultural areas11
Samples from monitoring wells at six
agricultural test sites, Denmark12
1171 samples from wells in the United
States: Shallow and deep, agricultural
and non-agricultural areas13
281 samples of riparian groundwater from
temporary drive point installations,
urban areas in Canada14

Samples from three water wells at electrical
substations, Newfoundland, Canada6
38 samples from tubes installed along
railway in central Sweden7
Samples from 12 facilities that extract
groundwater for water supplies,
Denmark8
72 samples from monitoring wells and
domestic supply wells in agricultural
areas across Canada9
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Site descriptions and reference

Depth of
groundwater
sampled
(m below ground
surface)

Not reported

280 (Canadian drinking water quality)
65a (Canadian Water Quality Guideline for
Protection of Aquatic Life)
0.1 (European maximum limit, Directive
2006/118/EC)
0.1 (European maximum limit, Directive
2006/118/EC)
0.1 (European maximum limit. Directive
2006/118/EC)
700 (US Environmental Protection Agency,
maximum contaminant level)

Not reported

280 (Canadian maximum allowable
concentration in drinking water)
Not reported

Relevant standard(s) or guideline(s)
(μg L−1 ) considered

Table 1. Examples of previous reports of detectable glyphosate in groundwater in Europe and North America. Note that the concentrations given here are in μg L−1 , whereas further data provided in
this paper for the Nottawasaga River Watershed (e.g. Table 2) are given in ng L−1
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streams.10,13 However, in a review, Borggaard and Gimsing4 concluded that, because of lack of research, the ‘extent of surface versus subsurface glyphosate transport is unknown, as is the total
glyphosate transfer from land to surface waters’. Transport by subsurface tile drainage to streams is apparently important in some
rural catchments.16,17 Storm sewers appear to be the main pathway for transport of glyphosate from urban sources to streams,17
while urban wastewater can also be an important source of both
glyphosate and AMPA.1,18,19
Recent studies in Canada have shown that, when AMPA is
found with glyphosate in streams and in riparian groundwater,
it appears to be mainly a residue of the microbial degradation
of glyphosate.14,20 Van Stempvoort et al.14 reported that concomitant occurrences of glyphosate and AMPA in riparian groundwater in urban settings in southern Ontario suggest that subsurface
ﬂuxes of glyphosate residues from soils to surface water may be
important.
Both glyphosate and AMPA are readily degraded in soils,4,5
although this tends to be slower or negligible under anoxic
conditions.4 Transport of glyphosate and AMPA through soils and
into shallow groundwater is facilitated by relatively rapid ﬂow of
water through macropores, especially in response to large precipitation events.3,16,21 Other site-speciﬁc factors that have been
shown to inﬂuence the concentrations of glyphosate and AMPA in
soils and/or shallow groundwater include irrigation intensity, mineralogy and texture of the soil or sediment and water chemistry
(e.g. presence of colloids).3,16,21 – 23

of both compounds through the entire monitoring period of 503
days at another location. In very shallow groundwater beneath
a beach, Crowe et al.24 reported rapid attenuation, most of the
glyphosate and AMPA disappearing within a few weeks.

There is very little information about the fate of glyphosate
and AMPA once in groundwater. Data on the degradation rates,
temporal trends (seasonal, year-to-year) or variations in concentrations of glyphosate and AMPA with depth below ground surface are sparse. A few previous studies have provided information
on temporal trends in glyphosate and AMPA concentrations in
shallow groundwater. The monitoring results from the Estrup
site in Denmark (Danish Pesticide Leaching Assessment Program)
are particularly informative.12 In 2000, glyphosate was applied
to agricultural land that had not been exposed to previous
use of this pesticide, then reapplied in 2002, 2005, 2007 and
2011, with monitoring throughout, continuing into 2012.12 The
researchers reported tendencies for increases in detections of
glyphosate and AMPA in groundwater (upland settings) over the
monitoring period, reaching maximum concentrations of 0.67 and
∼0.09 μg L−1 respectively.12
Shorter-term groundwater monitoring for glyphosate has been
conducted at sites where the herbicide was applied at electrical
utility stations in Newfoundland, Canada,6 and both glyphosate
and AMPA were monitored along a railway embankment in
Sweden.7 Similarly, Crowe et al.24 monitored glyphosate and
AMPA in groundwater after its application to control Phragmites
australis at a beach along a lake shoreline in Ontario, Canada.
All three of these short-term studies observed some elevated
concentrations of glyphosate (maxima ranging from 1.42 to
45 μg L−1 ) and AMPA (maxima ranging from 0.62 to 0.81 μg L−1 )
when analyzed in groundwater within days to weeks of the herbicide applications, although they were not observed under poorly
drained soil in Newfoundland,6 or in tests with the lowest herbicide application rate in Sweden.7 Smith et al.6 observed declines in
glyphosate concentrations in groundwater over time, but a residual amount was still detected after more than 30 weeks. Börjesson
and Torstensson7 observed declines in both glyphosate and AMPA
concentrations in groundwater at one Swedish site, from detections at 14 days to non-detections at 105 days, but persistence

1.2 Sampling locations
The Nottawasaga River Watershed is a dominantly rural watershed
that lies southeast of Georgian Bay near Barrie, Ontario (Fig. 1).
This 3600 km2 basin includes urban areas (∼4%, e.g. part of the
city of Barrie, Alliston, Angus, Wasaga Beach), roads and other
developments (∼4%) and agricultural areas (∼56%), as well as
upland forest (∼23%) and wetlands (∼12%).25 The stream network
consists of the Nottawasaga River and its array of tributaries (Fig. 1).
Most sampling was restricted to the southern portion of the
watershed (Fig. 1), which is underlain by a thick sequence of glacial
and post-glacial deposits, including the Lake Algonquin Sand
Aquifer (LASA), a surﬁcial sand aquifer that is relatively permeable
and widely used for rural water supplies.26 The LASA has previously
been shown to be susceptible to surface-derived contamination
from the intensive agricultural land use in the area, including
potato, sod, corn and market farming.25 Within the Nottawasaga
River Watershed, the Innisﬁl Creek subwatershed (Fig. 1) has been
shown to have particularly poor surface water quality, with notably
high nutrient (phosphorus) loading.27

wileyonlinelibrary.com/journal/ps

1.1 Objectives of this study
Considering the large amount of glyphosate applied to agricultural lands globally on an annual basis (e.g. more than 80 000
metric tons per year in the United States13 ), very little is known
about the occurrence of glyphosate and AMPA in shallow rural
groundwater at the catchment scale, particularly in riparian settings where it may contribute to the loading of this herbicide
to streams. The objective of this study was to investigate the
occurrence or non-occurrence of glyphosate residues in shallow
groundwater in a catchment dominated by agriculture, and, if
present, to examine the potential for this groundwater to store and
transmit glyphosate and AMPA to surface waters. To pursue this
objective, we selected the Nottawasaga River Watershed in southern Ontario, Canada (Fig. 1), where we sampled (1) groundwater
discharging to the southern portion of the Nottawasaga River via
seeps (springs) along its cut banks, and (2) shallow groundwater
in the Minesing Wetlands. To examine the glyphosate and AMPA
concentrations in the shallow groundwater in this watershed more
regionally, we also collected samples from (3) previously installed
multilevel wells, (4) provincial monitoring wells and (5) private
domestic wells.

2

METHODS

2.1 Sample collection and handling
2.1.1 Riparian groundwater
Water samples collected as seeps discharging along the banks of
the river are hereafter referred to as ‘riparian groundwater’ samples. In the southern portion of the Nottawasaga River Watershed (Fig. 1), groundwater discharges along the river banks at a
contact between the surﬁcial sand aquifer and underlying silty
layers of lower hydraulic conductivity.26 At some seep locations,
the banks are steeply cut and unvegetated owing to erosion.
Therefore, the groundwater seepage at these points may be
largely unaﬀected by riparian processes (e.g. plant uptake, microbially mediated transformation) that otherwise aﬀect the chemical composition of groundwater prior to discharge to streams.

© 2016 Her Majesty the Queen in Right of Canada
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Figure 1. (Top) Sampling locations in the Nottawasaga River Watershed in southern Ontario, Canada. (Bottom) Land use in the watershed. White areas in
the watershed have other land uses (e.g. quarries, golf courses, transitional areas).

www.soci.org
Groundwater seeps with signiﬁcant discharge were sampled along
the southern Nottawasaga River between Tottenham Road and
Murphy Road (Fig. 1) on three occasions, September 2010, May
2011 and June 2013.
2.1.2 Upland groundwater
Upgradient from riparian zones, groundwater was sampled
from aquifers in the Nottawasaga River Watershed using several monitoring well networks as well as private domestic
wells. These samples are subsequently referred to as ‘upland
groundwater’ in this study. Within the Nottawasaga River Watershed, 13 samples of groundwater were collected in May 2013
from wells at nine sites that are part of Ontario’s Provincial
Groundwater Monitoring Network (PGMN) (https://www.ontario.
ca/data/provincial-groundwater-monitoring-network)
(Fig. 1).
Other samples were collected from multilevel monitoring wells
that had been installed in the Innisﬁl Creek subwatershed in
1991–1992 as part of a survey of groundwater quality on Ontario
farms28,29 (locations 1020, 1335 and 1399 in Post et al.29 ). A total
of eight samples were collected from these three multilevel system sites in November 2010 (Fig. 1) for this study. In the Upper
Nottawasaga River subcatchment, previously installed multilevel
wells were sampled along the perimeter of ﬁelds on two farms,
designated ‘MC’ and ‘W’.30,31 A total of 111 samples were collected
from 40 depths at six of these upland multilevel system sites in
2010 and 2011 (Fig. 1, and see Table 2 for details on timing).
The PGMN wells were sampled with a submersible bladder
pump. For the other upland groundwater wells described above,
a low-ﬂow peristaltic pump was used to obtain the samples.
Groundwater was also collected from 59 private rural wells in
June/July 2011. These samples were obtained from household
taps, usually from outside taps that bypassed treatment systems
such as water softeners. Well depths ranged from 2.8 to 38.1 m
below ground surface (mbgs) for those wells where this information was available (39 of 59 wells).
2.1.3 Wetland groundwater
Groundwater was sampled from a network of shallow monitoring wells in the Minesing Wetlands (Fig. 1) in October 2010 and
November 2013. At most locations, two wells were sampled: a
water table well, screened just below the surface of the peat at
depths of ∼0.1–0.9 m below ground, and a lower well, screened
between ∼1.1 and 2.6 m below ground. The wetland samples were
obtained using a foot valve attached to a length of tubing. This well
network had been installed as part of an earlier study,32 with some
damaged or missing wells recently replaced.33
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2.1.4 Precipitation
Precipitation samples were collected between May and November
in 2011 at Environment Canada’s Center for Atmospheric Research
Experiments in Egbert, Ontario, which is in the Nottawasaga River
Watershed (Fig. 1). Semi-monthly integrated precipitation samples
were collected using a MIC-A wet-only precipitation automated
sampler (Meteorological Instruments of Canada, Thornhill, ON).
The sampler (1.5 m in height) collected precipitation in a 12L
polyethylene bucket (20 cm diameter) lined with a plastic bag
which was changed for each sample. The bucket was covered by
a moveable lid which opened whenever it rained (activated by a
moisture sensor) and closed as soon as the precipitation stopped,
thus ensuring that only wet deposition was collected. Subsamples
for glyphosate/AMPA analysis were placed on ice until they were
transferred to the laboratory.

wileyonlinelibrary.com/journal/ps
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2.1.5 Additional information
During the collection of samples from the domestic wells and
Nottawasaga multilevel wells (except 1020, 1335 and 1399),
water parameters, including pH, temperature, conductivity and
dissolved oxygen, were monitored with a YSI 600QS Sonde (YSI
Incorporated, Yellow Springs, OH), and samples for chemical
analyses were collected once suﬃcient purging had occurred for
the parameters to stabilize. All other wells were purged of at least
3 times the well volume prior to collection of the samples for
chemical analysis. Groundwater seep samples were collected at or
near the seepage face.
Multilevel, Minesing Wetlands and PGMN well samples from the
Nottawasaga River Watershed were ﬁltered (0.45 μm) in the ﬁeld
to remove particulates34 and then stored cold until they could be
frozen (within 12 h). Groundwater seep samples were collected
and stored cold until ﬁltered and subsampled in the lab later that
day. Domestic well samples were ﬁltered and subsampled at each
residence immediately after collection.
Once in the laboratory, the water samples were either stored
for 1–9 days under refrigerated conditions (wetland groundwater
samples) or frozen for between 12 and 165 days prior to analyses
(all other samples). Freezing of samples was consistent with the
EPA method, which states glyphosate in drinking water is stable for
18 months under frozen conditions.35 Immediately prior to analysis, every water sample (including those previously ﬁltered in the
ﬁeld) was ﬁltered14 (polyvinylidene membrane, 0.22 μm nominal
pore size); this removed particulates from the precipitation samples and colloids in the size range 0.22–0.45 μm.
2.2 Laboratory analyses
The ion chromatography/tandem mass spectrometry (IC/MS/MS)
method reported by Van Stempvoort et al.14 was used to analyze
glyphosate and AMPA. The scheduled multiple reaction monitoring (scheduled MRMTM ) algorithm option in the acquisition software (AB Sciex Analyst®) was utilized, which optimizes dwell times
and cycle times, resulting in an improvement in the method detection limit (mdl) for AMPA from 60 to 10 ng L−1 , whereas the detection limit for glyphosate remained at 10 ng L−1 . Samples collected
after April 2013 were run with methanol teed into the eluent
stream between the suppressor and the column instead of at the
mass spectrometer (as in the original method). This method modiﬁcation decreased peak tailing, which resulted in lower mdl values
for glyphosate and AMPA, each of which was reduced from 10 to
2 ng L−1 . At the same time, the practical quantitation limit (pql) was
reduced from 30 to 6 ng L−1 for each analyte. A standard regression curve was performed for each analyte using seven points from
the mdl to 2000 ng L−1 . The artiﬁcial groundwater fortiﬁcation
test was for a mid-point concentration, with artiﬁcial groundwater (1000 mg L−1 each of chloride, sulfate and carbonate in Milli-Q
water) that was considered to be a worst-case scenario. Recoveries
of glyphosate and AMPA in this fortiﬁcation test were 99 and 110%
respectively. Estimates were inferred for concentrations between
the mdl and the pql based on the standard regression curve.

3

RESULTS AND DISCUSSION

3.1 Glyphosate and AMPA detections and concentrations in
groundwater
3.1.1 Riparian groundwater
In this survey, 7.8% of the 153 samples of riparian groundwater had
detectable concentrations of glyphosate (Table 2), with detections
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39

20

Jun/Jul 2011

Jun/Jul 2011

10
19
9
18
56

Oct 2010
Nov 2013

Oct 2010
Nov 2013

192

46
37
35
2
13

153

71
24
58

Aug–Dec 2010
Apr 2011
Jun 2012
Nov 2012
May 2013

Sept 2010
May 2011
June 2013

Number of
samples

b

a

10

10
2

10
2

10

10

10
10
10
10
2

10
10
2

mdl

1 (6.7%)

6 (1.5%)

42 (10.5%)
13 (86.7%)

0 (0%)
0 (0%)
1 (1.8%)

1 (10.0%)
0 (0%)

4 (2.1%)

0

2 (3.4%)

2 (4.3%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)

1 (0.7%)

1 (1.3%)
0 (0.0%)
0 (0.0%)

Number with
indication of
trace amounts (%)a

0 (0%)
9 (50.0%)
17 (30.4%)

0 (0%)
8 (42.1%)

13 (6.8%)

1 (5.0%)

4 (10.3%)

2 (4.3%)
6 (16.2%)
0 (0%)
0 (0%)
0 (0%)

12 (7.8%)

1 (1.3%)
8 (33.3%)
3 (5.2%)

Number with
detections
(≥mdl) (%)

135

663
10

10
2

<mdl
21
21

4 (26.7%)

20 (5.0%)

0 (0%)
1 (5.6%)
4 (7.1%)

1 (10.0%)
2 (10.5%)

10
2

<mdl
14.6

1 (1.7%)

5 (2.6%)

10

17b

0 (0%)

3 (6.5%)
0 (0%)
1 (2.9%)
0 (0%)
0 (0%)

11 (7.2%)

6 (8.5%)
4 (16.7%)
1 (1.7%)

Number with
detections
(≥mdl) (%)

663

10

10
10
10
10
2

10
10
2

mdl

34.3

663
103
n.d.
n.d.
n.d.

52

52
33.9
15.6

Maximum
concentration
(ng L−1 )

Chromatographs had small but distinct peaks, which were below the mdl (i.e. less than the concentration of the lowest standard used).
Estimates, above the mdl, but below the pql.

All wetland data
All groundwater data (riparian, upland, wetland)
401
Precipitation
Jun–Nov 2011
15

Provincial
monitoring
wells
Nottawasaga
domestic wells
with known
depths
Nottawasaga
domestic wells
of unknown
depths
All upland data
Minesing Wetlands
Water table
(0.8–1 m below
surface)
Lower (1.9–2.7 m
below surface)
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All riparian data
Upland settings
Nottawasaga
multilevels

Groundwater
Riparian settings
Seeps along
Nottawasaga
River

Sample type(s)

Period of
sampling

Glyphosate

Table 2. Detections of glyphosate and AMPA in samples of groundwater and precipitation in the Nottawasaga River Watershed, Ontario, Canada

1 (6.7%)

21 (5.2%)

1 (11.1%)
0 (0%)
7 (12.5%)

3 (30.0%)
3 (15.8%)

9 (4.7%)

2 (10.0%)

6 (15.4%)

0 (0%)
1 (2.7%)
0 (0%)
0 (0%)
0 (0%)

5 (3.2%)

5 (7.0%)
0 (0.0%)
0 (0.0%)

Number with
indication of
trace amounts (%)a

AMPA

19

698

<mdl
2
39

39
6.9

698

10b

n.d.

698
n.d.
34
n.d.
n.d.

20b

20b
17b
5b

Maximum
concentration
(ng L−1 )
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ranging from 1.3 to 33.3% of samples, depending on the sampling
period; the highest observed concentration was 52 ng L−1 . Overall,
AMPA was detected in slightly fewer samples, 7.2% (1.7–16.7%),
and the highest concentration was about 20 ng L−1 (below the
practical quantitation limit). There was only one detection of
glyphosate in early September 2010 (1.3% of samples), in contrast
to late May 2011 and late June 2013, when detections were up
to 33.3 and 5.2% respectively (Table 2). In this case, the lower
detection limit for the late June 2013 samples (2 ng L−1 ) was not
a factor, because all detections in these samples were above
the older method detection limit (10 ng L−1 ). The late May 2011
samples had the highest percentage of AMPA detections (16.7%),
followed by early September 2010 (8.5%) and late June 2013 (1.7%)
(Table 2). A two-sample t-test indicated that the higher mean
concentration of glyphosate observed in the May 2011 samples
(7 ng L−1 ) than in the other samples (<1 ng L−1 in both September
2010 and June 2013) was statistically signiﬁcant at the 0.05 level
(for these tests, non-detections were assumed to equal 0 ng L−1 ;
estimated concentrations were used between the mdl and pql;
P-values were 0.008 and 0.012). The seasonal trend indicated by
the multiyear (2010–2013) seep data, declining from spring to
summer, is consistent with the seasonal trend that was observed
in surface water in this watershed in 2011, where glyphosate
concentrations peaked in spring (early June) and then declined
through the summer and fall (supporting information Fig. S1).
Interannual and seasonal diﬀerences in the glyphosate and
AMPA concentrations in the riparian groundwater samples are
likely due to the combined eﬀects of a number of factors, including hydrology, land management and the timing of herbicide
application. Climate-induced diﬀerences in local hydrology are
likely to have had a major eﬀect on the observed variability
between years. Even if glyphosate application rates were constant from year to year, changes in hydrology (e.g. wet versus dry
periods post-application) would change the amount transported
to groundwater through soil water percolation and the groundwater residence time prior to discharge as riverside seeps. Field
observations indicate that the seeps along the Nottawasaga River
discharge along an exposed contact between the surﬁcial sand
aquifer and the lower-conductivity silty unit below it.26,31 The seep
samples most likely represent a wide range of groundwater residence times. The seeps consisting mostly of locally recharged
groundwater would have short groundwater residence times and
therefore be more susceptible to surface-derived compounds such
as herbicides. Furthermore, short residence times reduce the time
available for the attenuation of contaminants prior to discharge to
surface waters. These seeps are also likely to be more ephemeral,
whereas the seeps that discharge throughout the summer are
likely sustained by more regional groundwater ﬂow paths with
longer water residence times and thus are less likely to contain
glyphosate or AMPA. Bank storage and discharge of Nottawasaga
River water that may have inﬁltrated during high river stage events
(e.g. spring melt) are not expected to be signiﬁcant contributors to
seep discharge or glyphosate residues in seeps in the study area.
As evidence, almost all of the seep samples that had detectable
glyphosate or AMPA also had nitrate concentrations that were
much higher than measured in the Nottawasaga River as part of
other ongoing studies (data not shown); however, they were typical of ‘upland’ groundwater in the area. Seasonality in glyphosate
and AMPA concentrations in the seep samples could also be
related to the timing of glyphosate application and its degradation. The September 2010 data were dominated by AMPA residues
(i.e., most glyphosate had already degraded to AMPA), whereas
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Figure 2. Glyphosate and AMPA concentrations for seep samples that had
detections of either compound.

the early summer results (especially June 2013) were dominated
by glyphosate, suggesting more inﬂuence from same-season (e.g.
prior to crop emergence) herbicide applications (Fig. 2).
Likewise, crop rotations within the recharge areas would be partially responsible for interannual diﬀerences in glyphosate and
AMPA trends in speciﬁc seeps. The contamination of shallow
groundwater by glyphosate is likely relatively short term in duration, and the residence times of glyphosate and AMPA in shallow
groundwater at these sites may be of the order of weeks to months.
3.1.2 Upland groundwater
In this survey, 6.8% of the 192 samples of upland groundwater (majority from multilevel installations) had measurable concentrations of glyphosate, with a maximum concentration of
663 ng L−1 , which is the highest concentration observed in this
study, but well below the Canadian guidelines for drinking water
quality (280 000 ng L−1 )36 and for the protection of aquatic life
(800 000 ng L−1 for long-term exposure).37 AMPA was found at
measurable concentrations in 2.6% of the samples (Table 2), with a
maximum concentration of 698 ng L−1 . There are no water quality
guidelines for AMPA in Canada.
Although the percentages of detections of glyphosate and AMPA
were lower in upland groundwater than in riparian groundwater
(Table 2), the results of the upland and riparian groundwater
samples are not distinguishable statistically at the 0.05 level (for
a two-sample t-test assuming that non-detections equal 0 ng L−1 ,
P = 0.219).
None of the PGMN wells in the Nottawasaga River Watershed had
detectable glyphosate or AMPA. This is likely related to the depths
of these wells. The large majority of the wells have screened intake
intervals at either ‘intermediate’ depths, ranging between 20 and
60 m below ground (46.2%), or at depths exceeding 60 m (38.5%).
Even the two shallowest wells have screen intervals at depths of
approximately 7.6 and 9.1 m below ground.
Most of the samples of upland groundwater from the multilevel
monitoring wells also had no detections of glyphosate (93.2%)
or of AMPA (97.4%), but there were two exceptions. Site 1020,
where elevated concentrations of both glyphosate and AMPA were
detected in two and three, respectively, of the shallowest of four
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Figure 3. Concentration proﬁles of glyphosate and AMPA in the two
multilevel monitoring well locations that had detections. Note that W4 had
no detections of glyphosate or AMPA when resampled on 13 June 2012.
Proﬁle 1020 was only sampled in 2010.
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Figure 4. Concentrations of glyphosate and AMPA in the domestic wells
for which well depth data were available. Note that the depths shown are
total well depths; the zones that produce the water that ﬂows into the wells
might be shallower.

well illustrated by Zebarth et al. (Fig. 5 in their paper).38 The lower
concentrations at the shallower depths in proﬁle 1020 suggests
the occurrence of additional recharge since the herbicide ﬁrst contacted the groundwater table and the subsequent down-gradient
movement of this groundwater to the well location.
We suspect that glyphosate had probably been applied closer
to the time of sampling at site W4 than at site 1020. We base
this interpretation on two lines of evidence: (a) a steady decline
in concentrations from the top to bottom was observed at W4,
whereas the highest concentrations of both glyphosate and AMPA
were found at mid-depths in proﬁle 1020 (Fig. 3), suggesting a
period of ‘clean’ recharge causing lateral and downward transport;
(b) there was no detectable AMPA as metabolite in proﬁle W4,
whereas AMPA was detected in proﬁle 1020 at relatively high
concentrations (Fig. 3). Glyphosate was non-detectable in proﬁle
W4 a year later (13 June 2012), indicating that its presence was a
transient occurrence at this location.
Three of the four samples of upland groundwater from domestic
wells with detectable glyphosate were in wells with total depths of
<15 m (Fig. 4). None was detected in wells that were >22 m deep. It
should be noted that groundwater could be preferentially entering
the wells anywhere along the length of the screen, and therefore
the maximum well depth does not necessarily correspond to the
depth of groundwater collection.
3.1.3 Wetland groundwater
In the Minesing Wetlands, in which all of the wells were very shallow (<2.7 m), 30.4% of the groundwater samples had measurable
detections of glyphosate and 7.1% had measurable detections of
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sampling points within a single vertical proﬁle (1020) (Fig. 3) at an
edge-of-ﬁeld location in August 2011. This included the highest
concentration of glyphosate in groundwater that was measured
in this study (663 ng L−1 ). The other exception was site W4, where
glyphosate (but not AMPA) was detected in the ﬁve shallowest
wells in April 2011 (maximum concentration of 103 ng L−1 ) and in
one of the deeper ﬁve wells (Fig. 3).
The relatively high concentrations of glyphosate in shallow
groundwater at multiple depths at these two sites likely resulted
from recent nearby herbicide applications to agricultural land.
In previous studies, elevated glyphosate concentrations were
observed in shallow groundwater within meters of locations where
this herbicide had recently (within days to weeks) been applied at
utility sites,6 along a railway line7 and at a beach.24
The relationship between depth below ground and detection of
glyphosate and AMPA in upland groundwater is shown in Fig. 3.
In the multilevel monitoring wells, almost all of the detections of
glyphosate and AMPA were in very shallow (<10 m depth) groundwater, six of eight for glyphosate and all four for AMPA (Fig. 3). All
concentrations of >20 ng L−1 were at <10 m. The maximum depth
at which glyphosate was detected was 17.8 m (11 ng L−1 ) (Fig. 3).
Where detected, the highest concentrations of either glyphosate
or AMPA were not always at shallowest depths (1020 in Fig. 3).
This indicates signiﬁcant mobility within the shallow subsurface,
probably mainly as lateral ﬂow, which is dominant in the shallow sand aquifer unit in this area,30 combined with downward
transport associated with ongoing recharge of inﬁltrated meteoric
or irrigation water. These concepts of dominantly horizontal ﬂow
associated with ongoing recharge in a surﬁcial sand aquifer are
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Figure 5. Distribution of highest glyphosate and AMPA concentrations at each sampling location in the Minesing Wetlands (2013 data). At most locations,
both a shallow and deep well were sampled. The area shown is an enlargement of the groundwater sampling area indicated in Fig. 1. The boundary
between the two land use types is approximate; some land along this boundary is undeveloped upland or transition slope.
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AMPA (Table 2). The lower method detection limits in 2013 were
partly responsible for higher detection rates compared with 2010
samples (Table 2). For example, only 14% (ﬁve of 37) of the 2013
samples had glyphosate detections above the old mdl (10 ng L−1 ),
whereas 46% (17 of 37) had glyphosate detections with the new
lower mdl (2 ng L−1 ).
Most of the AMPA detections and all of the glyphosate
detections >5 ng L−1 were more than 0.5 km from the nearest
agricultural site and road, and there was no indication of higher
concentrations closer to these potential application areas (Fig. 5).
Given the tendency for glyphosate and AMPA to biodegrade and
sorb to sediments, it seems unlikely that the glyphosate and AMPA
were transported laterally to the wetlands by groundwater from
adjacent agricultural areas or roadways, which are up to ∼1 km
from the location of the detections in the wetlands (Fig. 5). It is also
unlikely that glyphosate detections are derived from applications
in the wetlands themselves, which are undeveloped (Fig. 1) and
collectively constitute a provincially signiﬁcant wetland that is
recognized as being internationally important under the Ramsar Convention. Based on these considerations, the glyphosate
residues in this wetland are likely derived from the atmospheric
deposition of glyphosate aerosols carried by the wind during
spray application and/or airborne soil particles with glyphosate
bound to them. Similarly, in a study conducted in the Prairie Pothole region of south central Canada, Messing et al.39 suggested
that the glyphosate that they detected in wetlands may have been
derived from atmospheric deposition.
In the Minesing Wetlands, the percentage of glyphosate detections in 2013 samples was greater in the deeper wells (1.5–2.3 m)
than in the shallower water table wells (Table 2), but a two-sample
Student’s t-test (0.05 level) indicated that this diﬀerence was not
signiﬁcant (P = 2.94). In contrast, AMPA was only detected in a
couple of the water table wells. Once transported into the wetland
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groundwater by meteoric water inﬁltration, glyphosate degradation rates may be reduced owing to the anaerobic conditions
below the surface of the peat. A detailed site investigation, including tracking of herbicide applications in the area, precipitation
events and wetland and groundwater hydrological conditions,
would be required to conﬁrm that these compounds are indeed
derived from atmospheric deposition.
3.1.4 Comparison with precipitation in the same watershed
As a complement to the groundwater focus of this study, we
also analyzed glyphosate and AMPA in precipitation in the Nottawasaga River Watershed. Both glyphosate and AMPA were
detected in precipitation in 86.7 and 26.7% of the wet-only precipitation samples respectively (Table 2). These data support our
hypothesis that the glyphosate residues detected in the Minesing
Wetlands groundwater may be derived from atmospheric transport and deposition. There were higher percentages of detections
of glyphosate and AMPA in the precipitation compared with
groundwater (Table 2). Battaglin et al.13 reported similar detections in a larger number of precipitation samples collected in the
United States.
3.2 Comparison with earlier groundwater studies elsewhere
This study demonstrates the occurrence of both glyphosate and
AMPA in shallow groundwater in a rural watershed dominated by
agricultural land use. These ﬁndings are consistent with other studies over the past decade, which have found glyphosate in groundwater in agricultural settings in Denmark,12 Spain,11 other places
in Europe,10 the United States13 and Canada.9 These ﬁndings contrast with the earlier summary of available information, little more
than a decade ago,5 in which the validity of a few detections of
glyphosate in groundwater in preliminary studies by the US EPA
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was questioned, and the only conﬁrmed report of glyphosate in
groundwater was for a non-agricultural setting.6
Our overall percentages of detections of glyphosate and AMPA
in riparian groundwater in the Nottawasaga River Watershed, a
largely rural watershed, are similar to the overall percentages for
urban catchments in Canada that were reported recently by Van
Stempvoort et al.,14 who found extreme diﬀerences in percentages of detections in the various catchments they investigated,
which they suggested was related to diﬀerent pesticide use policies and practices between catchments. In both rural and urban
catchments, spatial heterogeneity in glyphosate detections may
be related to similar-scale diﬀerences in the location and timing of glyphosate applications, related in part to diﬀerent land
management practices by multiple property owners.
Our observation that the frequency of glyphosate residue detections is generally less in relatively deeper groundwater is consistent with some earlier reports of surveys and monitoring programs
that also found detections only or mainly in shallow groundwater
or springs, for example in Denmark,40 the Netherlands10,41 and in
Saskatchewan, Canada.9 However, our data also indicate complexity in terms of both lateral and vertical distributions of detections,
including large variations in the concentration proﬁles observed
within shallow groundwater zones. The diﬀerent spatial patterns
observed are probably related to both site-speciﬁc histories of herbicide use and variable hydrological conditions at each site. To
obtain a detailed understanding of these patterns, future studies
would require investigation of the local conditions at each site,
including patterns of herbicide use and histories of inﬁltration,
recharge, evapotranspiration and lateral groundwater ﬂow.

4

CONCLUSIONS
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for the protection of aquatic life (800 000 ng L−1 for long-term
exposure).37
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