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ABSTRACT

ARTICLE HISTORY

A time-of-travel synoptic survey was conducted in August 2014 to assess pesticide occurrence in
major river subbasins of southern Alberta, Canada. We collected 155 water samples from Alberta’s
South Saskatchewan River Basin (Bow, Oldman, Red Deer, and South Saskatchewan river
subbasins) and analysed them for 106 pesticides. Samples were collected from mainstems (rivers)
as well as tributaries and eﬄuents (point sources) discharging into the rivers in an estimated timeof-travel to capture agricultural and urban contributions as the water ﬂowed eastward from
headwaters in the Rocky Mountains. The aim of the study was to assess point-source contributions
of pesticides to Alberta’s South Saskatchewan River Basin mainstems during low ﬂow conditions.
In addition to examining diﬀerences in pesticide contributions among source type and subbasins,
the cumulative eﬀect of inputs on the mainstem rivers, the inﬂuence of land use, and seasonality
of pesticides in select eﬄuents was analysed. We detected 17 pesticides and 1 metabolite,
reﬂecting runoﬀ from agricultural and urban land use. Pesticide detection frequency was
signiﬁcantly higher in eﬄuents than in tributaries and mainstems, and pesticides were detected in
eﬄuents in summer and winter. Our evaluation of land-use relationships highlighted the inﬂuence
of agriculture on pesticide occurrence in these aquatic agroecosystems. To our knowledge, this is
the ﬁrst watershed-wide time-of-travel survey of pesticides conducted in southern Alberta to
measure contributions of pesticide loads from eﬄuents and tributaries to the mainstems in all
regions of Alberta’s South Saskatchewan River Basin.
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Introduction
Pesticides are widely used to control pests and increase
agricultural productivity worldwide (Alavanja 2009). The
large volume of pesticides used increases the risk of contamination of water resources (Gagnon et al. 2014, 2016),
which can potentially impact environmental (Ensminger
et al. 2013, Carpenter et al. 2016) and human health (Morgan et al. 2008, Lammoglia et al. 2017). In Canada alone, a
large number of pesticide products are registered for use,
and >101 million kg active ingredients of pesticides are
sold annually (Health Canada 2014). In Alberta, most
(95%) pesticides are sold for agricultural purposes (Alberta
Environment and Sustainable Resource Development
2015a), and herbicides are the dominant group of pesticides used (Environment Canada 2011).
The agricultural sector is the main user of pesticides,
resulting in tributaries and agricultural streams contributing pesticides to mainstem rivers in North America
(Hladik et al. 2009). Urban sources of pesticides are
also signiﬁcant and can be at least as important as
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agricultural sources in Europe (Nitschke and Schussler
1998, Blanchoud et al. 2004, Wittmer et al. 2010, 2011,
Cahill et al. 2011, Kock-Schulmeyer et al. 2013, Gasperi
et al. 2014), Australia (Rippy et al. 2017), and North (Bailey et al. 2000) and South (López-Doval et al. 2017)
America. In particular, pesticides are poorly removed
by waste water treatment plants (WWTPs), and
WWTP eﬄuents can represent signiﬁcant sources of pesticides (Monteith et al. 1995, Gerecke et al. 2002, Burkhardt et al. 2007, Kerr et al. 2008, Piel et al. 2012).
Pesticides can persist and be detected in surface
waters outside of their application period (Kimbrough
and Litke 1996). More speciﬁcally, auxin herbicides
such as 2,4-D and mecoprop have been detected in soil
(Anesio et al. 2018), groundwater (Munira et al. 2018),
and stormwater (Rippy et al. 2017) during the oﬀ-season,
likely a consequence of their physicochemical properties
and those of the soils as well as pesticide usage (quantities and formulations applied in a region). Similar results
were obtained in water across the Canadian prairies
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(Byrtus et al. 2004, Donald et al. 2007). Nonetheless, seasonal patterns where pesticide occurrence and concentrations in water collected from rivers and WWTP
eﬄuents are higher shortly after or during periods of
use and lower the rest of the year have been observed
worldwide (Kimbrough and Litke 1996, Nitschke and
Schussler 1998, Hoﬀman et al. 2000, Phillips and Bode
2004, Johnson et al. 2011, Kock-Schulmeyer et al. 2013,
Rippy et al. 2017).
Several monitoring studies of pesticides in agricultural
streams, irrigation water, and storm water conducted in
Alberta have shown that surface water contamination is
prevalent (Anderson 2005, Saﬀran 2005, Phelan 2012,
Charest et al. 2015, Basiuk et al. 2017), but few studies
have looked at pesticides in Alberta’s groundwater
(Munira et al. 2018), urban storm water (Derksen et al.
2015), and WWTP eﬄuents (Kerr et al. 2008). To our
knowledge, none has looked at the occurrence of pesticides in all regions of Alberta at the watershed scale
using a time-of-travel survey (in which sampling is performed as a conceptual parcel of the water ﬂows from its
headwaters to its conﬂuence, and tributaries and
eﬄuents are sampled as they contribute to the parcel)
to evaluate point-source pesticide contributions and to
determine whether or not loads are cumulative with
multiple input sources as the parcels ﬂow downstream.
This manuscript describes the results of a time-oftravel synoptic survey of water quality conducted in
the 4 river subbasins of the South Saskatchewan River
Basin (SSRB) of Alberta, Canada. The objectives of this
study were to measure pesticides and evaluate (1) the
inﬂuence of point sources (eﬄuents and tributaries) on
mainstems, (2) the diﬀerences in contribution among
sample types and subbasins, (3) the inﬂuence of both
individual and cumulative inputs on the mainstems,
(4) land-use inﬂuences, and (5) seasonality of pesticides
in eﬄuents. Low-ﬂow conditions can help decipher contaminant sources because dilution is lower in rivers and
water temperatures are higher, representing more
extreme water quality and reduced aquatic habitat scenarios (Wynn and Spahr 1998). Time-of-travel sampling
was chosen over traditional eulerian (ﬁxed-point) sampling because of the technique’s ability to more precisely
identify contaminant sources (as concentrations and
loads) to mainstem rivers (due to reduced temporal variability of the constituents in the contributing sources as
well as in the receiving mainstems) and to assess longitudinal dispersion (Meade and Stevens 1990, Ross et al.
1996, Iwanyshyn et al. 2008, Barber et al. 2011). Simultaneous sampling at multiple locations in each subbasin
following the same water parcels in an estimated timeof-travel also allowed comparison between basins and
provided a useful overview of the water quality

conditions in the larger SSRB during low-ﬂow conditions. We hypothesized that (a) point sources (eﬄuents
and tributaries) contribute pesticides to the watershed,
and diﬀerences in contribution would be detected
among sample types and subbasins; (b) individual and
cumulative inputs of pesticides on the watershed would
be detected, (c) land-use relationships with pesticide
occurrence would be found, and that (d) seasonality of
pesticides in select eﬄuents would be observed.

Materials and methods
Study area
The study area consisted of the SSRB and comprised its 4
river subbasins of southern Alberta (those of the Oldman, Bow, South Saskatchewan, and Red Deer rivers)
in addition to 1 mainstem site in the province of Saskatchewan after the conﬂuence of the South Saskatchewan and Red Deer rivers (Fig. 1). These watersheds
comprise mainly agricultural land and several major
urban centers including the cities of Calgary, Red Deer,
Lethbridge, and Medicine Hat, which represent >90%
of the total population in the area (Alberta Agriculture
and Rural Aﬀairs 2010). Water use is heavily regulated
in all subbasins, and irrigation is a major water user,
especially in the Bow and Oldman watersheds (78%
and 88% of total water use, respectively; Alberta Agriculture and Rural Aﬀairs 2010).
Precipitation
Precipitation from May to August 2014 for Yaha Tinda,
Lacombe, Bow Valley, Calgary, Livingston Gap, Lethbridge, and Medicine Hat was tabulated from Alberta
Agriculture and Forestry’s weather data publically available at http://www.agric.gov.ab.ca/acis/alberta-weatherdata-viewer.jsp and graphed (Supplement S1). In the
absence of a station in the city of Red Deer, the nearby
Lacombe station was chosen to represent precipitation
in the Red Deer river subbasin. Long-term August averages were queried for comparison from www.weather-ca.
com.
Sample collection
Sampling was performed during arid conditions, when
dilution from the mainstem is less, to identify eﬄuent
and tributary sources contributing pesticides to the
watershed. The time-of-travel sampling regime oﬀered
the ability to maximize identiﬁcation of anthropogenic
point sources (eﬄuents and tributaries) of pesticides to
the mainstem rivers, evaluate how each individual
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Figure 1. Major subbasins and time-of-travel synoptic survey mainstem, tributary, and eﬄuent sampling sites in the South Saskatchewan River Basin in southern Alberta, Canada.

input immediately aﬀected the mainstem river as well as
the cumulative eﬀect of inputs, and observe longitudinal
patterns (Meade and Stevens 1990, Ross et al. 1996, Iwanyshyn et al. 2008). Sampling was upstream to downstream, following the same water parcels in an
estimated time-of-travel method using ﬂow routing
tables from Alberta Environment and Parks (AEP)
SSRB natural ﬂow model that uses the Streamﬂow Synthesis and Reservoir Regulation routing scheme (US
Army Corps of Engineers 1991). The sampling schedule
was determined by AEP hydrologists and ﬁnalized using
5 August ﬂows to produce a strict site sampling schedule
that was adhered to as far as allowed by safety and timing
restrictions. Sampling start times were staggered in each
watershed so the parcels of water from each watershed
would arrive simultaneously at their respective conﬂuences (i.e., the Bow and Oldman river parcels would simultaneously arrive at their conﬂuence to form the South
Saskatchewan river parcel, which would simultaneously
arrive at the conﬂuence with the Red Deer river parcel).
During a 17 d period from 6–22 August 2014, we collected 155 samples: 67 in the Bow watershed (11
eﬄuent, 30 tributary, and 26 mainstem), 43 in the Oldman (5 eﬄuent, 20 tributary, and 18 mainstem), 15 in
the South Saskatchewan subwatershed (4 eﬄuent, 2 tributary, and 9 mainstem), 29 in the Red Deer (4 eﬄuent, 11

tributary, and 14 mainstem), and 1 in the province of
Saskatchewan after the conﬂuence of the South Saskatchewan and Red Deer rivers. Eﬄuent samples included
both municipal (18) and industrial (6) facilities (power
generation, chemical and fertilizer processing, oil, and
gas), encompassing a variety of treatment types. Timeof-travel could not be estimated through reservoirs;
therefore, sampling resumed the following day downstream of a reservoir. Snapshot sampling was followed
upstream of Banﬀ (station BM3) and the Oldman (station OM2) and Dickson (station RM4) dams because
stream ﬂow routing tables do not exist for these headwaters. Sampling sites are depicted in Supplement S2.
Water samples were manually collected once as grab
samples (Alberta Environment 2006) from the middle
or the safely wadeable portion of the streamﬂow at
each location. Eﬄuent samples were collected at the location of access within each facility that was closest to the
river discharge point or in the discharge itself. Each sample consisted of 1 L water collected in an amber glass bottle. The water samples were kept on ice until delivery to
the laboratory and then stored in a refrigerator at 4 °C
until extracted and analyzed. Samples were analyzed
for 106 pesticides (Supplement S3) comprising both historical-use and current-use pesticides previously
detected in Alberta’s surface waters (Anderson 2005).
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Eight WWTP eﬄuents (2 WWTP eﬄuents per subbasin)
were resampled once in winter to determine whether the
presence of pesticides at those sites was seasonally
dependent. The winter samples were collected and processed as described for the synoptic samples. Sampling
also included ﬁeld measurements and observations,
nutrients, total and dissolved metals, inorganics, physical
parameters, and coliforms; however, evaluation of these
parameters is beyond the scope of this paper.
Sample analysis
Water samples were ﬁltered through glass wool, acidiﬁed
with concentrated sulfuric acid to pH 2, and extracted
by liquid–liquid partitioning with dichloromethane.
Extracts were then dried with acidiﬁed Na2SO4, concentrated under nitrogen gas, methylated using diazomethane, transferred to hexane, and adjusted to a ﬁnal
volume of 10 mL. To determine recoveries, 1 mL of standard at known concentrations (spanning the expected
concentration range in environmental samples) was
pipetted separately in 1 L Milli-Q water and into a
250 mL round-bottom ﬂask. The spiked MilliQ sample
and 1L MilliQ water sample (blank) were extracted for
environmental samples. First, 50 µL of 0.045M H2SO4
and 10 mL of dichloromethane were added to the spiked
MilliQ sample in the round-bottom ﬂask, and the sample
derivatized. The ratio of the concentrations in the spiked
water samples was then used to determine the percentage
recovery of the extraction method.
Esteriﬁed extracts were analyzed (2 μL injections)
using an Agilent 7890B gas chromatograph with a
7000C QQQ mass selective detector in multiple reaction
monitoring mode. The column was HP-5MS UI 30 m ×
0.25 mm × 0.25 um, p/n 19091S-433UI. Temperature
programming was 70 °C for 2 min, ramp of 25 °C/min
to 150 °C, ramp 3 °C/min to 200 °C, and then ramp of
8 °C/min to 280 °C for 7 min. Total analysis time was
38.867 min. One target ion and at least 2 qualiﬁer ions
were monitored. The limit of detection was 0.025 μg/L
for most pesticides. Detections below these limits were
outside the range of the external standard curve and
were assigned values of zero (none detected). Method
blanks were run with each set of water samples analyzed.
Limits of quantiﬁcation and recoveries for all pesticides
are presented in Supplement S3.
Data analysis
Detection frequency represents the number of samples
with at least one pesticide detected, divided by the number of sites sampled and multiplied by 100 to yield a percentage. Land use at each sample site was assigned using

a GIS analysis between the hydrologic unit code (HUC)8 watersheds and Agriculture and Agri-Food Canada’s
2014 annual crop inventory publicly available at
https://open.canada.ca/data/en/dataset/ba2645d5-4458414d-b196-6303ac06c1c9. Using ArcGIS 10.3, the HUC8 watershed polygons were converted to raster format
and aligned to the crop inventory raster using the Polygon to Raster geoprocessing tool. The Combine geoprocessing tool was used to count the number of 30 × 30 m
cells for each land use type inside every HUC-8 watershed. Each land-use type was expressed as a percentage
of total land use and categorized into 6 groups: ﬁeld
crop (barley, canola and rapeseed, corn, pasture and forages, spring wheat, winter wheat, ﬂaxseed, hemp, herbs,
mustard, oats, rye, soybeans, sunﬂower, triticale), vegetable (beans, lentils, peas, potatoes, sugar beets), urban and
developed, grass–shrubland (grassland, shrubland, fallow), water–barren (exposed land and barren, water,
wetland), and forest cover (broadleaf, coniferous, mixedwood) (Supplement S4).
Total pesticide loads were calculated at each sampling
station as mean daily discharge on the date of sampling
multiplied by concentration. Flows were measured by
Water Survey of Canada hydrometric stations (https://
wateroﬃce.ec.gc.ca) or by the irrigation district, and all
WWTP eﬄuent ﬂows were measured by the operator
as normally mandated by AEP. Unavailable mainstem
ﬂow measurements were estimated with assistance
from AEP hydrologists using cumulative summing of
additions to the mainstem to the upstream gauged station. Where ungauged tributary additions occurred, the
regional regression (Capesius and Stephens 2009), drainage area (Emerson et al. 2005), or pragmatic (Metcalfe
et al. 2005, Smakhtin and Shilpakar 2005) methods
were used to estimate ﬂow (Supplement S5). Flow was
not available and could not be estimated at 5 tributary
stations in the Oldman watershed (ungauged irrigation
drains), and therefore loads were not calculated for
those stations.
Pesticide concentrations were compared to the Canadian Environmental Quality Guidelines of the Canadian
Council of Ministers of the Environment (CCME 2005),
which include protection of aquatic life and protection of
agricultural water uses (irrigation and livestock watering). Pesticide physicochemical properties, including
ﬁeld half-life, water solubility, and organic carbon to
water partition coeﬃcient (log Koc), were obtained
from the IUPAC Pesticides Properties Database (PPDB
database, University of Hertfordshire; IUPAC 2013);
pesticide sales (used as surrogate because pesticide use
data were not available) were compiled from Alberta
Environment and Sustainable Resource Development
(2015a); pesticides application periods (pre-emergence,
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post-emergence) were obtained from the Weed Science
Society of America’s Herbicide Handbook (WSSA
1994); and pesticides application rates on cereal, corn,
and forage crops were obtained from Alberta’s Crop Protection 2014 Handbook (Alberta Agriculture and Rural
Development 2014).
Generalized linear mixed models were completed
using Proc GLIMMIX in SAS/STAT software of the
SAS System for Windows 9.4 (SAS Institute 2017) to
evaluate the eﬀect of river subbasin (Red Deer, Oldman,
Bow, South Saskatchewan) and sample type (mainstem,
tributary, eﬄuent) on detection frequency and number
of pesticides’ detected response variables. This method
can account for autocorrelation among observations
and unequal sample sizes and can handle numerous
data distributions, including binary and binomial. Models were tested for interactions and originally run with
river subbasin, sample type, and river subbasin × sample
type as ﬁxed eﬀects. In models where the interaction
term (or terms included in the interaction term) were
not signiﬁcant, the interaction term was removed and
the model was run again. To correct for type I errors
the p-values from the post hoc Tukey–Kramer with
adjustment for multiple comparisons were used.
Using JMP 14.0.0 (JMP 1989–2007; SAS Institute),
associations of total pesticide concentration with landuse groups and catchment area were assessed using
Spearman’s rho, which is suitable for skewed distributions and robust to extreme values. Alpha was adjusted
for family-wise error rate using a Bonferroni correction.
Where pesticide values were below the method detection
limit, the value of zero was assigned for statistical comparisons and load calculations. Because the same parcel
of water was sampled in each subbasin, total pesticides
and total pesticide loads were tested with a Durbin Watson test with sample order in each river subbasin used to
test for autocorrelation. Results revealed no signiﬁcant
autocorrelation, and therefore no amendments were
applied. Seasonal results were assessed using a Wilcoxon
test. The single sample in the province of Saskatchewan
was not included in any statistical analyses. Unless otherwise noted, α = 0.05 for all statistical analyses.

Results
Precipitation
Precipitation was low over the length of the synoptic survey except for localized light showers (Supplement S1).
Low precipitation is typical of climate conditions prevailing in August in southern Alberta, with the long-term
August average ranging from 34 mm in Medicine Hat
to 63 mm in Lacombe (not available for Livingston

5

Gap or Yaha Tinda). Accumulated precipitation was
near or below the long-term averages up until the time
of sampling near these weather stations (www.weatherca.com).
Synoptic survey
We detected 17 diﬀerent pesticides and 1 pesticide degradation product (2,4-dichlorophenol [2,4-DCP]) in
the time-of-travel synoptic water samples (Table 1,
Supplement S6). All pesticides detected were currentuse herbicides except for 2 obsolete compounds, the
acaricide tetradifon and the herbicide chlorthiamid. Pesticides were detected in 47.7% of the samples. Detection
frequencies of individual pesticides ranged from 45% for
2,4-D (70 samples) to 0.6% (chlorthiamid, clomazone,
dichlobenil, dichlorprop, tetradifon, and triclopyr; 1
sample each). Pesticides with the highest detection frequencies were 2,4-D followed by dicamba, mecoprop,
(4-chloro-2-methylphenoxy) acetic acid (referred to as
MCPA), clopyralid, and ﬂuroxypyr (Table 1). Pesticides
most frequently detected also showed the highest maximum detected concentrations (Table 1). While the
majority of samples had individual pesticide concentrations below available CCMEs Canadian Environmental
Quality Guidelines, 3 pesticides (dicamba, MCPA, and
bromoxynil) exceeded their irrigation guidelines (0.006,
0.025, and 0.33 µg/L, respectively) in a number of samples, and 1 sample had 2,4-D at a concentration exceeding its protection of aquatic life guideline of 4.0 µg/L
(Table 1). When all pesticide concentrations in a sample
were added (Σ[pesticides]), 6 samples exceeded a total
concentration of 1.000 µg/L: 3 samples from the Bow
(2) and Oldman (1), and 3 samples from the Red Deer
(2) and South Saskatchewan (1) river subbasins. These
samples were collected from municipal and industrial
eﬄuents as well as tributaries.
Pesticide occurrence in river subbasins
Detection frequency in each river subbasin varied
(Fig. 2). The South Saskatchewan River subbasin exhibited a detection frequency (100%) higher than that of
the Oldman (60%), Bow (39%), and Red Deer (24%) rivers, although not signiﬁcantly diﬀerent (Fig. 2a). The
interaction eﬀect between subbasin and sample type
was not signiﬁcant in the model (Fig. 2c). The number
of diﬀerent pesticide(s) detected per 1 L water sample
varied from 0 (80 samples) to 7 (2 samples) for the entire
synoptic survey. Although a similar number of diﬀerent
pesticides were detected in all river subbasins and were
not signiﬁcantly diﬀerent, the interaction term (subbasin
× sample type) in the model was signiﬁcant (Table 2).
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Table 1. Summary of pesticides detected in August synoptic survey (n = 155) and selected WWTP eﬄuents in August 2014 (summer, n = 8) and February 2015 (winter, n = 8), including
number of detections, detection frequency, range, and median of detected* concentrations. Pesticides detected in both August 2014 and February 2015 are in italics. Signiﬁcant diﬀerence
(p > 0.001) between seasons is indicated by results not sharing a common letter.
Number of detections
Pesticide
2,4-D
Dicamba
Mecoprop
MCPA
Clopyralid
Fluroxypyr
Bentazone
Atrazine
Picloram
Bromoxynil
Bromacil
2,4-DCP
Dichlorprop
Triclopyr
Chlorthiamid
Clomazone
Dichlobenil
Tetradifon
All

Synoptic†
(n = 155)

Summer/ winter
(n = 8/8)

Detection frequency (%)
Synoptic
(n = 155)

Summer/ winter
(n = 8)

Median detected*
concentration (µg/L)
Synoptic

Summer/ winter

Range of detected*
concentration (µg/L)
Synoptic

Summer/winter

70
8/3
45.2
100/37.5
0.066
0.354/0.051
0.024–5.338
0.120–1.132/0.040–0.062
24
5/0
15.5
62.5/0
0.047
0.077/0
0.024–1.133
0.047–0.235/0
16
6/2
10.3
75/25
0.060
0.060/0.048
0.028–2.189
0.046–0.160/0.026–0.071
13
6/0
8.4
75/0
0.042
0.039/0
0.024–0.654
0.027–0.050/0
11
2/0
7.1
25/0
0.033
0.030/0
0.024–0.131
0.028–0.032/0
11
2/0
7.1
25/0
0.042
0.041/0
0.026–0.062
0.034–0.049/0
8
1/0
5.2
12.5/0
0.065
0.052/0
0.025–0.400
0.052/0
4
1/0
2.6
12.5/0
0.034
0.027/0
0.023–0.121
0.027/0
3
2/0
1.9
25/0
0.116
0.100/0
0.084–0.274
0.084–0.116/0
3
1/0
1.9
12.5/0
0.045
0.035/0
0.035–0.345
0.035/0
2
2/0
1.3
25/0
0.047
0.047/0
0.047–0.048
0.047–0.048/0
2
1/0
1.3
12.5/0
0.243
0.220/0
0.220–0.266
0.220/0
1
1/0
0.6
12.5/0
0.058
0.058/0
0.058
0.058/0
1
1/1
0.6
12.5/12.5
0.030
0.030/0.056
0.030
0.030/0.056
1
0/1
0.6
0/12.5
0.108
0/0.060
0.108
0/0.060
1
0/1
0.6
0/12.5
0.511
0/0.231
0.511
0/0.231
1
0/1
0.6
0/12.5
0.105
0/0.061
0.105
0/0.061
1
0/0
0.6
0/0
0.053
0/0
0.053
0/0
Number of diﬀerent pesticides
Detection frequency (%)
Median number of diﬀerent
Number of diﬀerent pesticides per sample
detected
pesticides per sample
18
14/6
47.7
100/75
2.0
4.5/1.5
1–7
3–7a/0–2b
†
August 2014 synoptic samples (all samples: mainstem, tributary, and WWTP eﬄuents; n = 155).
‡
Canadian Council of the Ministers of the Environment (CCME) 2005 (PAL, Livestock, and Irrigation) Water Quality Guidelines http://ceqg-rcqe.ccme.ca/en/index.html.
*Because detection frequencies were mostly below 50%, medians and lower ranges would have been zero; instead metrics of the detected values are provided.

Water quality guidelines‡
Number of exceedances
(n = 155)
1
24
11

1

Total exceedances
37
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according to sample type (eﬄuent, tributary, mainstem)
and the number of diﬀerent pesticides detected, eﬄuents
showed a higher number of diﬀerent compounds compared to their mainstems in each river basin, except for
the South Saskatchewan River (Table 2).
Pesticide occurrence in relation to land use
Total pesticide concentration was examined in relation
to watershed area and land use over the SSRB. Total pesticide concentration had a moderate, signiﬁcant (p <
0.0001), positive correlation (ρ = 0.54, 0.31, 0.45, respectively) with combined vegetables, combined ﬁeld crops,
and watershed area while the remaining land use categories had signiﬁcant (p < 0.001) negative (combined forest
cover ρ = 0.57 and combined water-barren ρ = 0.26) or
no signiﬁcant (urban and developed and combined
grass/shrubland–fallow) correlation (Supplement S7).
Pesticide loads

Figure 2. Pesticide detection frequency (%) according to the (a)
river subbasin, (b) sample type, and (c) river subbasin and sample
type. Groups not sharing a common letter indicate signiﬁcant
diﬀerence (p < 0.05) in a generalized linear mixed model. No signiﬁcant diﬀerences in panel a or c. M = mainstem, T = tributary,
E = eﬄuent, South Sask = South Saskatchewan.

For each mainstem river, total pesticide loadings were
higher downstream than those upstream except for the
Red Deer River. While pesticide concentrations were
lowest in mainstems, the cumulative discharge from tributaries produced increasing volumes of water downstream, resulting in higher mainstem loadings
(downstream) than loadings from individual WWTP
eﬄuents and tributaries (Fig. 3). While eﬄuents and tributaries contributed some of the highest concentrations of
pesticides recorded in this survey to the mainstem rivers,
their loads were not high enough to fully account for the
diﬀerence found in the downstream mainstem sites (i.e.,
the cumulative load from eﬄuents and tributaries did
not equal the downstream load; Fig. 3).
Seasonal detections in WWTP eﬄuents

Pesticide occurrence in mainstem, tributary, and
eﬄuent samples
Pesticides were detected in mainstems, tributaries, and
eﬄuents. Detection frequency was signiﬁcantly (p <
0.05) lower in samples collected directly from the mainstem rivers (36%) and tributaries (48%) than those collected from eﬄuents (83%) (Fig. 2b). Pesticides were
detected in all samples collected from eﬄuents of the
Oldman, South Saskatchewan, and Red Deer river subbasins, although corresponding samples from the Bow
River subbasin had a detection frequency of 64% (Fig.
2c). Eﬄuent samples had a signiﬁcantly (p < 0.05) higher
number of diﬀerent pesticides detected per sample than
samples collected from tributaries and mainstems (Table
2). When each river subbasin was further analyzed

Eight WWTP eﬄuents included in the original synoptic
survey were selected for resampling during the winter
season (Feb 2015) to determine whether pesticides
would be detected in those eﬄuents during a season of
low to negligible pesticide use. Six of the 8 samples collected in winter contained at least 1 pesticide, with
each individual pesticide having a detection frequency
of 37.5% (2,4-D; 3 samples) or less (Table 1). The total
number of diﬀerent pesticides detected at the 8 selected
WWTPs was 14 in August 2014 versus 6 in February
2015, with only 3 pesticides (2,4-D, mecoprop, and triclopyr) detected in both summer and winter (Table 1).
Eleven other herbicides were detected in the August
2014 water samples while 3 other herbicides (chlorthiamid, clomazone, and dichlobenil) were detected in the
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Table 2. Number of diﬀerent pesticides detected per river subbasin and sampling site type, with average number of diﬀerent pesticides
detected per 1 L sample ± standard error in brackets. Within borders, groups not sharing a common letter indicate signiﬁcant diﬀerence
(p < 0.05) in a generalized linear mixed model. South Sask = South Saskatchewan.
Subbasin
Sample type
WWTP eﬄuent
Tributary
Mainstem

Bow

Oldman

Red Deer

10 (0.7 ± 0.1)A

11 (1.6 ± 0.3)A

10 (0.8 ± 0.3)A

5 (1.6 ± 0.4)bd
9 (0.9 ± 0.2)ace
1 (0.2 ± 0.1)ace

11 (4.6 ± 0.9)cd
7 (1.7 ± 0.4)cd
2 (0.6 ± 0.1)be

9 (4.0 ± 0.4)bc
3 (0.4 ± 0.3)de
2 (0.1 ± 0.1)de

South Sask

All subbasins

12 (2.3 ± 0.5)A

18 (1.1 ± 0.1)

10 (4.0 ± 1.3)bcde
5 (3.0 ± 2.0)bcde
2 (1.3 ± 0.2)bcde

17 (3.0 ± 0.4)C
10 (1.1 ± 0.2)B
4 (0.4 ± 0.1)A

Figure 3. Total pesticide loads calculated at mainstem, tributary, and eﬄuent water quality sample sites during the August 2014 synoptic survey (n = 155). South Sask = South Saskatchewan; SK = Province of Saskatchewan.

February 2015 water samples (Table 1). Although overall
detection frequency was high for both sampling periods
(100% and 75% for summer and winter, respectively;
Table 1), results diﬀered signiﬁcantly (p < 0.001) with
regard to the number of diﬀerent pesticides detected
per 1 L water sample (3–7 pesticides detected in Aug
vs. 0–2 in Feb). The concentrations observed for 2,4-D
in August 2014 were signiﬁcantly higher (p < 0.001)
than those obtained in February 2015.

Discussion
Synoptic survey
River low-ﬂow conditions are considered critical to water
quality and environmental pollutants such as pesticides
and can be important from a land-use assessment perspective (Wynn and Spahr 1998). A time-of-travel synoptic survey of water quality was conducted in the 4
river subbasins of the SSRB of Alberta. Results indicated
that pesticides were not detected above our limits of
quantiﬁcation in the headwaters of each river subbasin,
but as the water traveled away from its primary source,
pesticides were contributed from various tributaries
and eﬄuents (Supplement S5). While pesticide detection
frequency and concentrations were higher in the tributaries and eﬄuents, dilution of the eﬄuents by receiving
rivers (mainstems) likely prevented signiﬁcant increases

in individual pesticide detection downstream of these
inﬂuents, a phenomenon also observed by Piel et al.
(2012).
Pesticides detected in this synoptic survey have been
frequently detected in southern Alberta surface waters
(Byrtus et al. 2002, Anderson 2005, Saﬀran 2005),
urban storm waters (Derksen et al. 2015), irrigation
waters (Charest et al. 2015), treated water (Byrtus et al.
2004), rainfall (Hill et al. 2002a, 2002b), and air
(Kumar 2001). Similarly, these pesticides have also
been detected across the Canadian Prairie region
(Rawn et al. 1999, Donald et al. 2001, 2007). Pesticide
detection frequency and concentrations observed in
this survey were generally lower than those reported
for other studies of surface waters in Alberta (Anderson
2005), in part because the synoptic survey included
mountainous areas with no agriculture or large urban
centers (http://www.agr.gc.ca/atlas/aci/; Supplement
S4); in those areas, only eﬄuents contributed pesticides,
and at low concentrations. In addition, samples collected
directly from rivers tended to have fewer pesticides than
eﬄuents and tributaries, especially upstream from urban
centers. Finally, most studies of pesticides in surface
waters tend to be conducted beginning in early spring
(May–Jun), whereas the synoptic survey was conducted
in summer when pesticides such as 2,4-D and MCPA
are predominantly used (Munira et al. 2018) but prior
to pre-harvest pesticide applications. Pesticides most
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frequently detected in the synoptic survey followed a
similar pattern to that reported in Anderson (2005) for
the period 1995–2002, with 2,4-D, mecoprop, dicamba,
and clopyralid the most frequently detected pesticides.
However, detection frequency of picloram, triclopyr,
and bromoxynil was noticeably lower in the survey compared to that reported in Anderson (2005), likely a reﬂection of Anderson’s year-round sampling as opposed to
summer only.
Pesticide occurrence in river subbasins
Both the Oldman and South Saskatchewan river subbasins are located in some of the most heavily farmed
regions of southern Alberta, where diverse crops include
specialty crops (Alberta Agriculture and Rural Development 2015) such as dry beans, potatoes, and sugar beets,
followed by canola and alfalfa seed (Alberta Agriculture
and Rural Development 2015). These crops may require
more frequent pesticide applications, especially fungicides and insecticides, than cereal and forage crops.
While insecticides (neonicotinoids) and fungicides are
commonly used as seed treatments in canola and sugar
beet, their peak concentrations tends to occur during
the spring freshet due to snowmelt or following planting
(Cook et al. 2018). Pesticide data in surface waters from
New Brunswick, Nova Scotia, and Prince Edward Island,
where potato acreages are signiﬁcant, include almost no
detection of 2,4-D, dicamba, mecoprop, and MCPA
(Environment Canada 2011). However, similar to other
studies in the Canadian Prairies (Donald et al. 2001,
Anderson 2005), mostly herbicides were detected in
this synoptic survey, likely a reﬂection of pesticide use
in cereal and forage crops. Studies of the occurrence of
pesticides and their degradation products in Midwestern
United States streams over several decades until 2011
showed that herbicides from the triazine family (triazine,
simazine) were most commonly detected (Nowell et al.
2018). These herbicides are used mostly on corn and soybeans (Baker and Stone 2013) as well as in urban settings.
Application rates of the 4 herbicides most frequently
detected in this survey for weed control in cereals,
corn, and forage are similar, except for dicamba, which
has an application rate on corn twice that of cereals
(Crop Protection 2014; Alberta Agriculture and Rural
Development 2014).
Anderson (2005) reported higher detection frequencies than in this survey in each river subbasin except
for the Bow River, ranging from slightly below 70%
(Bow) to slightly above 80% (South Saskatchewan).
The Bow River subbasin includes mountainous terrain
not conducive to agricultural activities, and therefore
overall pesticide use in that river basin is lower than its
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counterparts for all pesticides detected in this study
(Supplement S4). The Red Deer River subbasin also
includes mountainous terrain, along with cereal, forage,
and oilseed production as well as conﬁned animal feedlot
operations. These agricultural activities also require pesticide use, but the drainage area of the Red Deer River
subbasin is much larger than that of the other river subbasins included in the SSRB (Alberta Agriculture and
Rural Aﬀairs 2010) and has fewer irrigation districts
and higher precipitation averages in August, which
might have been contributing factors to lower detection
frequencies. Nonetheless, some of the highest maximum
concentrations of the entire synoptic survey were found
in the Red Deer River subbasin (Supplement S6); high
concentrations of 3 pesticides (2,4-D, dicamba, and
mecoprop) were found in 2 eﬄuent samples (1 municipal, 1 industrial) and therefore were not representative
of the entire river subbasin. It is unclear why higher concentrations of pesticides were detected in these eﬄuents.
The survey was conducted in August, and pesticide
detection frequency per river subbasin diﬀered markedly
from that reported in Anderson (2005) for the same
month over the 1995–2002 period. Apart from yearly
variations expected with environmental monitoring
studies, conducting water sampling in a time-of-travel
synoptic manner (as the water ﬂows) will reduce variability due to daily ﬂuctuations in eﬄuent and mainstem
chemistry and lead to diﬀerences in detection frequency
compared with standard monitoring programs with preset dates of sampling such as monthly sampling. Similar
time-of-travel surveys have been conducted in the
United States (Brown et al. 2009, Barber et al. 2013, Weston et al. 2014) and Germany (Schwientek et al. 2016) to
assess the environmental fate and transport of pollutants
and determine their sources.
Pesticide occurrence in mainstem, tributary, and
eﬄuent samples
The synoptic survey revealed that eﬄuents are signiﬁcant
contributors of pesticides to natural rivers and streams;
not only did they provide the largest diversity of compounds (Table 2) but also at the highest detection frequencies (Fig. 2b) and highest individual (Supplement
S6) and total concentrations (data not shown). Eﬄuent
results further supported previously reported data
regarding WWTP ineﬃciency in removing herbicides
(Byrtus et al. 2004, Donald et al. 2007, Kerr et al. 2008,
Piel et al. 2012).
Overall, eﬄuents contributed more pesticides to
receiving waterbodies and at higher concentrations. But
pesticide detection frequency was generally lower in
the mainstems downstream from where the eﬄuents
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and tributaries merged with the river, indicating that
water ﬂow in the receiving waters was seemingly
suﬃcient to dilute the contaminants (Supplement S2).

tributaries in some river reaches (i.e., cumulative load),
likely because logistical constraints prevented the measurement of every input (e.g., municipal storm drains,
natural coulees, deposition).

Pesticide occurrence in relation to land use
When land use (as combined vegetables, combined ﬁeld
crops) and watershed area over the SSRB was considered,
signiﬁcant correlations were established with total pesticide concentration. While municipal eﬄuents were signiﬁcant contributors of pesticides to the mainstems,
percent land use designated as urban and developed
was low over all watersheds and likely explains the
absence of correlation with total pesticide concentration.
Many of the samples with pesticides were located in the
heavily agricultural areas of the Bow and Oldman subbasins (Supplement S2, S4), which were also in the irrigated
areas of the province (Charest et al. 2015). A study of
pesticide occurrence in the waters of the Júcar River in
Spain found that the incidence of pesticides was strongly
correlated with irrigation farming (Aguilar et al. 2017).
Charest et al. (2015) found pesticide results in Alberta’s
irrigation districts similar to those found in the present
study. Overall, these results indicate that pesticide concentrations and detection frequencies are more related
to agricultural activity in the SSRB, including irrigation.
Similarly, studies in the United States have demonstrated
that the presence of pesticides is signiﬁcantly correlated
with agriculture (Fairbairn et al. 2016) or agriculture
and urban land use (Silvanima et al. 2018). However,
such correlations in a mixed watershed can be weaker
and not necessarily dependent on WWTP eﬄuents
(Fairbairn et al. 2016).
Pesticide loadings
The occurrence of pesticides was assessed in terms of
loadings to mainstems (Fig. 3). While individual pesticide concentrations tended to be highest in WWTP
eﬄuents (Fig. 2b, Supplement S6), actual total loads of
pesticides were highest in mainstems (downstream)
because of the total volume of water in the rivers (Fig.
3). This phenomenon was most obvious where the Oldman River joined the Bow River to form the South Saskatchewan River, where the total pesticide load was
additive. Increased loading of individual pesticides as
the water ﬂows downstream was also observed by
Moody and Goolsby (1993), whereas Fairbairn et al.
(2016) observed higher pesticide concentrations and
loadings at upstream sites, especially in early summer
when most pesticides are applied and rainfall events
are frequent. Increases in mainstems cannot be solely
explained by the data obtained from eﬄuents and

Seasonal detections in WWTP eﬄuents
Higher pesticide detection frequency and concentrations
in surface waters are expected during periods of applications, especially in agricultural areas. In southern
Alberta, peak months of pesticide detections in surface
waters are June and July (Anderson 2005, Derksen
et al. 2015) while pesticide detection frequency and concentrations are lower in winter (Anderson 2005). However, whether water quality in WWTP eﬄuents follows
a similar pattern is not clear. As part of this synoptic survey, a subset of WWTP eﬄuents sampled in August 2014
were resampled in February 2015. Pesticides were
detected in those WWTP eﬄuents in both August and
February (Table 1).
The exact sources of pesticides in WWTP eﬄuents are
unknown, but the nature of the compounds detected
indicated urban (residential) and agricultural contributions. Why or how pesticides occur in WWTP eﬄuents
in winter when pesticides are not being used is unclear,
especially because the herbicides most frequently
detected have short half-lives (2,4-D and mecoprop,
10 d or less) and are highly water soluble. A study by
Kerr et al. (2008) examined the removal eﬃciency of a
WWTP facility by membrane ultraﬁltration or activated
carbon ﬁltration. Removal eﬃciency of 2,4-D, dicamba,
MCPA, and mecoprop was <60% by activated carbon
ﬁltration and practically nonexistent by membrane
ultraﬁltration (Kerr et al. 2008). Nitschke and Schussler
(1998) also reported the detection of pesticides in winter
WWTP eﬄuents, as have studies of pesticides in reservoirs and drinking water in the Canadian prairie region
(Byrtus et al. 2004, Donald et al. 2007). Although water
reservoirs are susceptible to pesticide contamination by
atmospheric deposition and runoﬀ, these sources of pesticides are less likely in WWTP eﬄuents, especially during winter months.
Pesticide sales, occurrence, and physicochemical
properties
Pesticide occurrence in surface waters is often a reﬂection of pesticide use in the surrounding area and therefore of land uses (Budd et al. 2007). As part of this
study, pesticide sales estimates in each river subbasin
were used as a surrogate for pesticide use (Supplement
S8). The pesticides detected in the synoptic survey are
among some of the most frequently used pesticides in

INLAND WATERS

southern Alberta, including 2,4-D, dicamba, MCPA,
mecoprop, ﬂuroxypyr, and clopyralid, all of which
were sold in each of the river subbasins studied (Alberta
Environment and Sustainable Resource Development
2015a).
Of the pesticides detected in the synoptic survey,
2,4-D was the active ingredient with the highest sales
in all river subbasins, except in the Red Deer River subbasin, and was also the pesticide with the highest detection frequency in all river subbasins (Supplement S8). By
contrast, another herbicide frequently used in all river
subbasins (Alberta Environment and Sustainable
Resource Development 2015a), bromoxynil, was
detected in only 6.7% or fewer samples within each
river subbasin (Supplement S8). Bromoxynil has a
short ﬁeld half-life (1 d), low solubility, and high log
Koc (IUPAC 2013; Pesticide Properties Database), likely
responsible for its lower detection frequency in each river
basin. All herbicides detected in the synoptic survey are
used post weed emergence, with only 2 that are also
applied pre-emergence (bromacil and dichlobenil).
Pesticides with lower sales estimates per river subbasin all had low detection frequencies in each river subbasin or were not detected (Supplement S8). Pesticides
with detection frequencies of <4% (dichlorprop, picloram, triclopyr, dichlobenil, atrazine, and bromacil)
except bromoxynil are herbicides used to control weeds
and brushes in non-crop areas such as industrial sites,
railroads, and roadsides (Weed Science Society of America 1994) and likely did not arise from agricultural uses.
Atrazine is also used for broadleaf weed control in maize
(pre- and post-emergence) and was detected in the Oldman and South Saskatchewan river subbasins only, albeit
at low detection frequency (Table 1). Similar results for
atrazine were reported in Anderson (2005). In southern
Alberta, fresh corn (sweet corn) is mainly grown in irrigation districts of the Oldman River subbasin (Taber and
St-Mary’s Irrigation Districts, 1621 and 825 acres,
respectively; Alberta Agriculture and Rural Development
2015), and this river subbasin had the highest sales of
atrazine (Supplement S8). Estimated sales of atrazine in
southern Alberta (78 301 kg active ingredient [a.i.];
Supplement S8) are high compared to those reported
for Manitoba, Canada, in 2006 (∼25 000 kg, Wilson
2012). However, when considering the total surface
area over which atrazine treatments might have been
applied in both regions (>11 M ha in Alberta’s SSRB
vs. 17 000 ha in Manitoba), usage in Alberta is low.
Yet, a median atrazine concentration of 24.3 ng/L was
observed in Manitoba’s Red River (Challis et al. 2018),
signiﬁcantly less than that detected in the present study
(Table 1). Sales of atrazine in Canada in 2016 were
>500 000 kg a.i. according to the Health Canada 2016

11

Pest Control Products Sales Report, and atrazine ranked
30th in total sales for all pesticides. While atrazine is no
longer approved by the European Union (EU Pesticide
database 2009), it is still being detected, albeit at low concentrations, in river waters (Aguilar et al. 2017). Results
from the present study and those in Manitoba and
Europe indicate that atrazine likely can persist in agricultural soils and the environment prior to being transported to river water, so its detection at low levels in
water may not be necessarily indicative of current use.
Pesticide sales estimates at the provincial level for
domestic, industrial, and municipal uses are not available. But estimates for the City of Calgary in 2013
showed that the residential use of pesticides was substantially higher than that for any other urban use (parks,
golf courses, landscaping), and at substantially higher
rates of application (Alberta Environment and Sustainable Resource Development 2015b). Mecoprop, 2,4-D,
dicamba, and MCPA in particular were used in residential areas for weed control in turfgrass (Alberta Environment and Sustainable Resource Development 2015b).
Other urban centers in the South Saskatchewan River
Basin (Lethbridge, Red Deer, and Medicine Hat) likely
have similar pesticide use patterns.
Pesticide physicochemical properties are factors that
can impact detection frequency (Gassman et al. 2015).
Pesticides detected most frequently (2,4-D, dicamba,
MCPA, mecoprop, ﬂuroxypyr, and clopyralid) have
short half-lives (25 d or less) but high water solubility
and large sales estimates (Supplement S8). These pesticides belong to the phenoxy (2,4-D, mecoprop,
MCPA), benzoic acid (dicamba), and pyridine (ﬂuroxypyr, clopyralid) families, which all have the same mode
of action (auxin mimic; Grossman 2010). Three other
herbicides with this mode of action were detected at
lower detection frequency, including picloram (3%),
dichlorprop (1%), and triclopyr (1%). In addition,
2,4-DCP is a degradation product of 2,4-D. The log
Koc values for these compounds range from 0.7 to 2.0,
so this property alone could not explain the detection
frequencies observed. A study of 2,4-D and MCPA in
river sediments collected from Manitoba showed high
detection frequency (83%) and concentrations of
MCPA, ranging from nondetected to 270 ng/kg, and
lower detection frequency (25%) and levels of 2,4-D
(maximum 28 ng/kg; Gamhewage et al. 2019).
As demonstrated in this study and several others previously conducted in Alberta, 2,4-D is extremely common in surface water throughout southern Alberta and
the Canadian Prairie region (Rawn et al. 1999, Donald
et al. 2001, Anderson 2005, Donald et al. 2007). One
study looking at organic compounds in southeastern
Alberta (Basiuk et al. 2017) did not often detect 2,4-D,
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likely because of the high analytical range (2–80 µg/L) of
the ELISA used to perform analysis. In our study, with a
quantiﬁcation limit of 0.025 µg/L, 2,4-D’s mean detected
concentration was 0.230 µg/L, and detected concentrations ranged from 0.120 to 1.132 µg/L, well below the
limit of detection of Basiuk et al. (2017) for 2,4-D. Studies on the exposure of 2,4-D on insects (Freydier and
Lundgren 2016), ﬁsh (DeQuattro and Karasov 2016,
Guerrero-Estévez and López-López 2016), and human
health (Morgan et al. 2008) highlighted some potential
impacts of this herbicide, including beneﬁcial insect
mortality, reduced larval survival, and endocrine disruption. However, concentrations of 2,4-D and all other herbicides detected in this synoptic survey are well below the
US Environmental Protection Agency’s Aquatic Life
Benchmarks for ﬁsh, aquatic invertebrates, and nonvascular plants (US EPA 2018). Evidence is lacking that
concentrations of 2,4-D similar to those found in this
study would impact human health (Garabrant and Philbert 2002, Burns and Swaen 2012). However, the presence of auxin herbicides in Alberta rainfall has shown
potential eﬀects on peas and lentils, which are commonly
grown in Alberta (Hill et al. 2002a, 2002b). Atmospheric
deposition is a likely contributor of pesticides to surface
waters (Bailey et al. 2000, Donald et al. 2007). A study on
the occurrence of pesticides in Alberta’s ambient air conducted in 1999–2000 revealed that MCPA and bromoxynil were both detected in air collected from southern
Alberta (Kumar 2001). However, atmospheric deposition of pesticides was not considered for this survey; its
extent in the SSRB region is unknown and requires further investigation.

Conclusion
A synoptic survey was conducted in 4 separate river subbasins of the South Saskatchewan River Basin of southern Alberta and provided an insightful method to
evaluate inputs of pesticides to the mainstem rivers during low-ﬂow conditions. Results indicated that pesticides
were detected in all watersheds, with eﬄuents and tributaries contributing pesticides to the mainstem rivers.
Samples collected at sites along the 4 rivers located farther downstream from headwaters typically showed
higher pesticide detection levels and total pesticide
loads compared to upstream sites, demonstrating that
rivers gain pesticides as they ﬂow downstream through
both urban and agricultural land. Total pesticide concentrations were signiﬁcantly correlated with agricultural
land use. Pesticides found reﬂected urban, industrial,
and agricultural sources and were present in eﬄuents
in both summer and winter. While the intention of the
study was to evaluate cumulative inputs on mainstem

water quality during low-ﬂow conditions, repeating the
synoptic survey during peak pesticide use periods
would be interesting to evaluate if a stronger relationship
exists between agricultural land use and pesticide
occurrence.
The synoptic survey highlighted the prevalence of
2,4-D at the whole watershed scale. Because 2,4-D use
is expected to rise (Freydier and Lundgren 2016), the
widespread occurrence of 2,4-D in southern Alberta rivers and streams should be taken into consideration for
future pesticide monitoring programs. Several other herbicides with a similar mode of action to that of 2,4-D and
relatively high water solubility have been detected frequently in this study, including dicamba, MCPA, mecoprop, and clopyralid. The environmental eﬀect of
mixtures of phenoxy herbicides remains largely
unknown. Finally, further studies including year-round
sampling of rivers, WWTP eﬄuents, tributaries, stormwater, drinking water treatment plants, and atmospheric
deposition should be considered to better understand the
fate and transport of pesticides in natural, urban, and
agricultural waters.
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