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Nitrogen is necessary for successful crop growth, but excess nitrogen in water
has implications for both environmental and human health. The factors driving
these impacts and their extent remain incompletely understood. In particular,
how average nitrogen concentrations compare to concentrations following
intense rain events is not well known, partly due to the challenges of building
spatially and temporally realistic concentration datasets. Thus, the aim of this
study was to investigate hydraulic and nutrient dynamics in a sand plain aquifer
system in the Laurentian Great Lakes Basin (north of Lake Erie in Ontario, Canada)
through monthly and sub-daily groundwater and surface water sampling to
contextualize storm event responses. A study was conducted across the
Lower Whitemans Creek (LWC) subcatchment and at a field scale site. Spatial
and temporal variations in nitrate concentrations and field parameters were
measured in groundwater and surface water monthly from October 2021 to
November 2024. Event-based sampling campaigns were conducted using either
an ISCO autosampler with a 2-hr interval (in November 2022 and March 2023) or
SUNA/EXOmonitoring stations with amonitoring interval of 15-60min (at varying
times during October 2022 to November 2024). The results showed that shallow
groundwater loaded with NO3-N discharging to small creeks is apparently a
notable contributor to elevated levels in Whitemans Creek. It was also observed
that the high sampling frequency, carried out via in-situ monitoring equipment,
provided marked advantages over automated grab sampling methods. The study
highlights the benefits and limitations associated with the different sampling
methods to guide future research related to nitrogen quantification, including
enhancing the sampling procedures and dataset collection approaches.
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1 Introduction

Nutrients (e.g., nitrogen and phosphorous) are crucial for plant growth. However, when
in excess, they can have negative impacts on the environment such as eutrophication of
surface water bodies, and they can bring human health concerns. Chronic elevated nitrogen
in the form of nitrate (NO3-N) in drinking water represents a critical health concern given
its link to methemoglobinemia, thyroid disease, and certain cancers (Ward et al., 2018). The
World Health Organization suggests <50mgNO3

−/L in drinking water, while in Canada the
drinking water standard is 45 mg NO3

−/L (10 mg NO3-N/L) (World Health Organization,
2021; Health Canada, 2013). Nitrate can enter drinking water through many pathways such
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as biological fixation, wastewater treatment, and agricultural
practices, with the latter being the most prevalent in groundwater
resources (Health Canada, 2013). Nitrate concentrations generally
are increasing across the globe with a noted common tie to
agricultural fertilizers and pesticides (Abascal et al., 2022).
Approximately half of the global population uses groundwater
for domestic purposes (United Nations, 2022) while in Canada,
30% of people depend on groundwater to supply their needs, mostly
in rural areas (ECCC, 2013).

Beyond regulations for drinking water for human health, aquatic
environments and the species therein are also sensitive to long-term
exposure to high NO3-N concentrations. Recognizing and assessing
the ecological risk alongside human health impacts from nonpoint
source contamination, as is the case with NO3-N from agricultural
practices, have recently been highlighted as needing further
consideration (Wang, et al., 2023). Additionally, there is growing
recognition of the importance of groundwater as a biodiverse
ecosystem (Saccò et al., 2024) and the lack of knowledge on how
stressors, such as elevated NO3-N, are impacting these systems
(Castaño-Sánchez et al., 2020). Currently, it is recommended by
the (CCME, 2012) that NO3-N concentrations in freshwater do not
exceed 3.0 mg/L (long-term exposure) and 124 mg/L (short-
term <96 h) for the health of aquatic life (CCME, 2012).

While many studies have focused on nonpoint source loading to
streams to understand the contamination sources and flow paths,
and to determine the most suitable mitigation efforts for protecting
available water resources (e.g., Rixon et al., 2024; Pohle et al., 2021;
Zhi and Li, 2020), the complexity of groundwater-surface water
systems require prioritizing different contaminants and pathways
depending on region (Wang et al., 2023). Geological factors such as
groundwater flow in sandy and fractured bedrock aquifers, in
combination with fertilization practices result in the need for a
site-by-site basis assessment approach (Gardner et al., 2020).
Meteorological factors such as the intensity and frequency of
precipitation events in areas with shallow groundwater can
induce varying response times at different locations within the
same watershed (Gootman and Hubbart, 2021). Seasonal events
such as spring snow melts and those associated with agricultural
land use (Irvine et al., 2019) or tile drain flow (Speir et al., 2021) can
cause spatiotemporal spikes in NO3-N. Other critical factors
influencing NO3-N concentrations and transport have been
identified as site location and crop cover (Elsayed et al., 2025),
slope and existence of preferential groundwater paths (Shabaga and
Hill, 2010), variability in riparian buffer zones (Nsenga Kumwimba
et al., 2023), or presence of wetlands (Crossley et al., 2025). Many
studies have demonstrated the connection of algae blooms in lakes
to the intensive agricultural practices surrounding the Great Lakes
(Bosse et al., 2024; Crossman and Weisener, 2020; Watson et al.,
2016). In rural Ontario (Canada), the concentrations of NO3-N
within the Grand River watershed have been recognized as an
important issue for cold water salmonid species (Anderson, 2021;
CCME, 2017; Ivey, 2024).

Additionally, the increasing variability in meteorological
conditions leads to more intense storms and droughts, more
frequent freeze and thaw events, and significant shifts in seasonal
weather (Allan et al., 2020). Much of Canada is impacted by climate
change in various ways including increased temperatures and more
frequent extreme precipitation events. For the agricultural sector in

southwestern Ontario specifically, the combination of extensive crop
production, shallow aquifers, and changing groundwater recharge
patterns can negatively impact potable water resources (Bhatti et al.,
2021). In agricultural settings with shallow water tables, nitrate
transport has been shown to increase in wet seasons as well as during
and following large flow events (Williams et al., 2015). Potential
nitrate contamination of groundwater and surface water can thus be
exacerbated by rapid transport through sandy, overburden aquifers
with intensive agriculture (Gardner et al., 2020; Saleem et al., 2020).
As large hydrometeorological events become more frequent,
increases in nitrate concentrations in surface water and
groundwater are expected (Bhatti et al., 2021; Costa et al., 2022;
Shephard et al., 2014). Measuring NO3-N can be done on samples
brought to a laboratory (off site), at the sampling location (on site),
or directly in the waterbody of interest (in situ) through manual
collection of grab samples at low frequency (e.g., monthly samples
and short sampling campaigns; e.g., Venkiteswaran et al., 2019). The
use of autosamplers provides a means for intermediate frequency
(e.g., 4–8 h intervals, Biagi et al. (2022); rise-peak-fall of event
hydrograph; May et al. (2023)). In situ sampling for NO3-N can be
done using spectrophotometry with submersible sensors (e.g.,
Crossley et al., 2025; Speir et al., 2021; Wollheim et al., 2017).
Fouling issues are frequently reported as a limitation to this
technique, but solutions have been reported (e.g., Liu et al.,
2019). Solid-state potentiometric probes using in situ nitrate-
selective electrodes provide an energy-efficient alternative
(Cuartero and Crespo, 2018; Forrest et al., 2022). These
techniques have different advantages and limitations which
present specific challenges in the study of NO3-N transport in
agricultural watersheds, requiring further study to improve
understanding.

The goal of this research was to better understand NO3-N
transport in an agriculturally intense, sandy aquifer at different
spatial and temporal scales, using field instrumentation and a variety
of sampling techniques, including examining responses from storm
events. The specific objectives were to: (1) determine surface water
and shallow groundwater quality trends across the subcatchment;
(2) evaluate the influence of storm events on nitrate concentrations
in groundwater and surface water; and (3) identify the strengths and
weaknesses of different methods to optimize data collection
approaches. This work was carried out using the Lower
Whitemans Creek (LWC), a sub-catchment of the Grand River,
as a field-based case study in a shallow, sandy aquifer system in
southwester Ontario, Canada.

2 Site description

2.1 Land use

The Whitemans Creek subcatchment (Figure 1) was originally
home to the Attiwandaronk First Nations (pop. 5,000) until conflict
with the Iroquois in 1,653 (Dunham, 1945; Earthfx, 2018). In 1793,
European settlers established the township of Burford as it was seen
as ideal land for both plant and animal agriculture. Approximately
75% of the land was cleared to produce hay (20%), fall wheat (19%),
pasture (16%), spring wheat (8.5%), oats (9.5%), corn (4%), and the
remainder specialty crops (Reville, 1883). From the 1950s to the
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1970s, across the entire Whitemans Creek sub-watershed, the main
cash crop was corn, and the main specialty crop was tobacco. From
2011 to 2015, almost 30% of the area was used to grow corn, around
20% was used for soybeans. Overall, around 75% of the land was
used for agricultural purposes (Earthfx, 2018). Most recently, LWC
is intensively farmed for cash crops, hay, and specialty crops. From
2020 to 2023, in the Lower Whitemans Creek sub-catchment
(64 km2) land used for agriculture (46 km2; Figure 1A) consists
of mostly corn-soybean (36%), corn-soybean-winter wheat/rye
(20%), and continual corn (10%) with the remaining 33% used
for pasture and mixed crops such as potatoes, ginseng, tobacco, and
rye (AAFC, 2023). Liu et al. (2021) showed legacy nitrogen stored
in soils (82%–92%) and groundwater (6%–18%) to range from

705 to 1,071 kg N/ha. Historically, the nitrogen surplus in
Whitemans Creek was between 40–50 kg/ha/yr (2000–2016)
(Liu et al., 2021).

2.2 Hydrology

Whitemans Creek is a 6th order stream with many tributaries
contributing to its flow within the LWC sub-catchment. Upstream
of the inlet, the confluence of Horner Creek (5th order) and Kenny
Creek (4th order) combine as the main surface water contributions
(Figures 2A,B). Both locations have bridges near the confluence,
providing an ideal location for stage and discharge measurements

FIGURE 1
Map of the study area. (A) LWC catchment and land use (AAFC, 2023); (B) location of LWC within the larger Whitemans Creek catchment; and (C)
location in southwestern Ontario, Canada.
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for the study, as opposed to the inlet directly, where flooding over the
banks is a common occurrence. There are one 3rd order stream,
eight 2nd order and ten 1st order tributaries contributing to the

surface water discharge measured at the Ontario Provincial (Stream)
Water Quality Monitoring (PWQMN) water gauging station (Mt.
Vernon, 02GB002; Figure 2D) (ECCC, 2024).

FIGURE 2
Sampling locations withing the Lower Whitemans Creek subcatchment (A) overview of the site with surface water and groundwater monitoring
stations, (B) inlet location with upstream locations of the bridge-mounted ultrasonic sensors, (C) high resolution site, and (D) the outlet station.
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The PWQMN has a long-term monitoring station for water
quality located at the outlet of LWC (Figure 2D, near S5) with
records from 1980 covering a range of variables including nitrate,
chloride, electrical conductivity, and pH (Kaltenecker, 2023).
Stage and discharge are available for Whitemans Creek
(Figure 2D, near S5; 02GB008) since 1961 (ECCC, 2024).
Using daily discharge from the Mt. Vernon station the average
discharge at the outlet was 4.28 m3/s (maximum 41.60 m3/s,
minimum 0.35 m3/s; Oct. 2021 to Nov. 2024). Discharge at the
outlet was typically highest in winter and spring, relating to snow
melt, while the lowest discharge consistently occurred in the early
fall (ECCC, 2024). Larocque et al. (2019) estimated baseflow
between 0.34 and 1.25 m3/s from baseflow separation using a
digital filter (Larocque et al., 2019) and 0.49 m3/s using an
integrated SWAT-MODFLOW model. Considering that a gain
of surface discharge occurs between the inlet and outlet of
1.54 m3/s (Osman, 2017), approximately 32% of Whitemans
Creek surface water discharge occurring between the inlet and
outlet is baseflow. Additionally, during the study period (Oct.
2021 to Nov. 2024), Whitemans Creek was found to only freeze
over at the inlet (S4) and S3 while Landon’s Creek was never
frozen, indicating that Landon’s Creek (Figure 2) is receiving
groundwater during the winter season.

2.3 Geology and hydrogeology

The geology of LWC is characterized by the Norfolk Sand
Plain–sandy soil, rapid infiltration, shallow water table–and the
flatter southern part of the Horseshoe Moraines (Chapman and
Putman, 1984; Chapman and Putnam, 2007). The Brunicolic gray-
brown luvisol soil has been described as rapidly drained, loam to silt
loam containing gravel in the first 20 cm, underlain by gravelly clay
loam to 75 cm below ground level (bgl) (Acton, 1989; Janzen, 2018).
Well drained (66%) and imperfectly drained (14%) soils comprise
most of the cultivated fields while poor and very poorly drained soils
(16%; 4% undefined) are in forested and riparian areas of the
catchment (Acton et al., 1998; CanSIS, 2014). Tile drained fields
in LWC make up just 5% of the total land used for plant agriculture
(Ontario Ministry of Agriculture, 2025). Finally, within LWC, 85%
of the land is classified as having predominantly nearly level/very
gentle slopes (0.3°–3°), 10% as moderate (5°–8.5°), and 1.5% as strong
slopes, with the steepest slope found on the north bank of
Whitemans Creek at the outlet (S5, Figures 2D).

Surficial geology consists mainly of gravel and sand with small
silt to sandy silt areas in the southwest and is underlain by Upper
Silurian bedrock (Larocque et al., 2019; Chapman and Putnam,
2007; Osman, 2017). Geological cross-sections show an unconfined

FIGURE 3
Geological cross sections (A) A-A’ cross-section, (B) B-B’ cross-section, and (C) piezometric map and location of cross-sections (Bajc and Dodge,
2011; Osman, 2017).
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aquifer (maximum thickness of 15 m in certain areas; Figure 3)
characterized by the coarse sand and gravel of the Grand River valley
outwash (AFA2) and the gravelly fine sand of the Upper Erie Phase
aquifer (AFB1). Silty to clayey till (ATB1, ATB2) underlay the
superficial aquifer (Bajc and Dodge, 2011).

Within the study area, two provincial monitoring wells are
maintained by the Grand River Conservation Authority (GRCA),
PGMN1 (Id: 477) since 2008 and PGMN2 (Id: 065) since 2001
(Roogojin, 2024). Four additional monitoring wells were dug for and
used in previous studies in the area (LPS, LPD, MAS, and MAD;
Figure 2) and are monitoring temperature and water level since 2016
(Larocque et al., 2019; Osman, 2017). The potentiometric map
(Figure 3C), drawn using available data from well drillers logs,
indicates groundwater flow from west to east north of the creek
(Larocque et al., 2019; Osman, 2017). The LWC drains the aquifer all
along the study area, indicating potential surface
water–groundwater connections. Previous research suggested that
groundwater is entering Whitemans Creek from different locations,
either via the streambed or from the many small SW tributaries
(Osman, 2017). Due to the high irrigation water consumption and
Permits to Take Water (PTTWs, for users pumping more than
50,000 L/day) in the area, the Whitemans Creek subcatchment is a
region of potential water conflict (Shifflett et al., 2014). In 2023, the
Whitemans Creek had 102 PTTW, of which 40 were within the
LWC study area (MECP, 2023). In addition to irrigation,
groundwater from private wells is used as the only source of
drinking water for the local population within Burford (urban
area in Figure 1; population, 2021: 1,058) (Lake Erie Region
Source Protection Committee, 2025; Statistics Canada, 2023).

2.4 Meteorological conditions

Hourly precipitation was measured at the GRCA Burford
Climate Station located inside the LWC catchment area near the
inlet (S4) (GRCA, 2024) and the temperature records were obtained
from the Brantford Airport (BA) weather station (ID: 6140942)
operated by Environment and Climate Change Canada since 2014
(CCCS, 2024). The Brantford Airport Climate station is located
4.4 km east of the outlet (S5) (Figure 2). At the nearby Brantford
MOE (Ministry of the Environment) climate station (ID: 6140954,
approx. 8 km east of Brantford Airport and in operation from
1960 to 2013), the mean annual precipitation from 1975 to 2005 was
861 mm (15% as snow water equivalent); mean daily air temperature
was 7.6 °C; annual average minimum of −24.4 °C and maximum of
32.4 °C. Over the observation period (2021 and 2024), mean
precipitation was 869 mm and the percentage of precipitation as
snow varied between 6% and 25%. Mean daily air temperature was
9.2 °C with an annual average minimum of −19.7 °C and maximum
of 32.4 °C.

3 Materials and methods

3.1 Instrumentation

The primary observation period extended from October 2021 to
November 2023 and was supplemented with additional datasets

collected from December 2023 to November 2024 (Arce-Rodriguez,
2024; Pattrick et al., 2024). Collected datasets included (1)
groundwater level measurement (Van Essen Divers); (2)
groundwater and surface water samples analyzed monthly for
field parameters (EC: electrical conductivity, DO: dissolved
oxygen, ORP: oxidation-reduction potential, pH, and water
temperature), and major anions (i.e., fluoride, chloride, bromide,
nitrite, nitrate, phosphate, and sulfate); (3) river stage measured with
either pressure transducers or bridge-mounted ultrasonic level
sensors; and (4) in situ water quality and nitrate sensing
instrumentation during selected periods.

To complement the stage measurements at the Mt. Vernon
station, three additional gauging stations were installed in 2022. Two
are bridge-mounted ultrasonic level sensors on bridges over Horner
Creek and Kenny Creek (Figure 2B) and one is a Solinst pressure
transducer along Landon’s Creek tributary.

3.1.1 Groundwater
A total of six monitoring wells were equipped with pressure and

temperature transducers and were sampled monthly for major
anions and field parameters. The provincial monitoring wells
PGMN1 and PGMN2 were sampled monthly during the research
while temperature and water table level were provided by the GRCA.
The four pre-existing monitoring wells (LPS, LPD, MAS, and
MAD), were reequipped in November 2021 with Van Essen TD-
Divers (replacing Solinst transducers) for hourly monitoring of
temperature and water level (well location on Figure 2, screened
depth on Figure 5C).

A high resolution (HR) sampling location was selected for
examining groundwater-surface water interaction and NO3-N at
a local scale on Landon’s Creek (Figure 2C). The instruments were
installed on either side of the stream (Figure 2A). HR was
instrumented with six 25 mm-diameter Solinst 615N Simple Well
Point piezometers with a screen length of 20 cm (i.e., drive point
piezometers installed using a post hammer). Four piezometers
(DP1-4; screen top 1.6,1.8,3.0, and 1.4 m bgs) were installed in
July 2022, two of which (DP3 and DP4) were equipped with Van
EssenMicro-Divers to monitor groundwater levels on opposing sides
of the stream. In May 2023, three similar piezometers were installed
at the tributary (DP5-7; screen top 1.0, 1.8, and 0.4 m bgs). When
targeting storm events in 2022 and 2023, these sites were used for
high-frequency sampling.

3.1.2 Surface water
Surface water instrumentation included an autosampler,

pressure transducer, and in situ water quality stations. A
Teledyne ISCO autosampler was use for targeting three storm
events (Nov. 11–12, 2022; Mar. 22–23, 2023; Mar. 25, 2023). An
in-stream Solinst pressure transducer, attached using aircraft cable
to a steel fence post vertically hammered into the stream bed and
protected with a perforated PVC pipe jacket, was used for
temperature and stream stage measurements at 30 min intervals.
Finally, three in situ water quality monitoring stations (labelled as
SE, Figure 2) were used during the warm seasons at various sites
from 2022 to 2024. These high-frequency monitoring stations were
each equipped with a submersible Seabird Scientific Ultraviolet
Nitrate Analyzer V2 (SUNA) and a YSI EXO Sonde (EXO). The
SUNA is an in situ spectrophotometer which uses a wavelength
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range between 217–240 nm to measure NO3-N concentrations in
water (Johnson and Coletti, 2002; Seabird Scientific, 2024). Each
EXO instrument was equipped with four probes for measuring
electrical conductivity, temperature, pH, dissolved oxygen, and
turbidity in stream water, but in the current project, only water
temperature was used. The SUNA/EXO (SE) station SE1 (Figure 2B)
was installed all 3 years (2022–2024) while SE2 (Figure 2D) at the
outlet was in operation during 2023 and 2024. A third station, SE3
(Figure 2C), was used in 2024 for targeting storm events (Table 1).

3.2 Sampling and processing

Groundwater and surface water samples were collectedmonthly,
during storm events, or for calibration purposes over the course of
the study. All water samples were immediately stored in a cooler
with ice until refrigeration at the laboratory, usually within 8 h from
sampling. Samples to be analysed for major anions were filtered into
30 mL HDPE single-use bottles using 0.45 μm Fisherbrand Basix
Syringe Filters, PVDF, non-sterile. Major anion analysis was
conducted by the Morwick G360 Groundwater Research Institute
laboratory using a Metrohm Eco IC Ion Chromatograph using Ion-
Suppressed Chromatography (2.925.0020).

3.2.1 Monthly sampling
Groundwater sampling from wells and drive point piezometers

were conducted using either a submersible pump (Grundfos),
peristaltic pump (GeoTech), or hand pump foot tubing (Waterra
HDPE tubing), depending on well diameter, screen depth, and
equipment availability. Wells and piezometers were purged by
pumping three well volumes or the amount of water required for
stabilization of field parameters measured with a YSI ProPlus
multiparameter (sensors included: specific conductivity,
temperature, pH, dissolved oxygen, and oxidation-reduction
potential). Clean 1 L HDPE sample bottles were rinsed three times
with fresh sample water, filled with no headspace for all groundwater
and surface water samples. Surface water grab samples were taken at
all steam gauging stations approximately 2.5 m from the bank of the
creek using an extendable dip pole at a depth between 0.25 and 0.5 m
at five locations along the stream (Figure 2A; Supplementary Figures
S1–S5). Grab samples in the tributary (Figure 2C; Supplementary
Figures S6–S8) were collected in the center of the creek at
approximately 0.25 m from the surface by hand.

3.2.2 Storm events
Three storm events (Nov. 11–12, 2022; Mar. 22–23, 2023; Mar.

25, 2023) were sampled with a Teledyne ISCO autosampler, which
collected surface water samples every 2 hours and stored samples
internally in 1 L HDPE bottles. Storm events assessed with the
SUNA/EXO instruments were sampled at a frequency between
15 min and 1 hour depending on the sampling site and season
(Table 1). Turbidity, sediment build-up, and sensor fouling impact
the performance of the SUNA by impeding the UV light
transmittance. The SUNA is designed to account for darker
conditions by increasing the amount of time the sensor takes to
scan its 256-channel spectrometer, but excessive fouling can still
impact performance (Seabird Scientific, 2024). Throughout the
deployment periods, sediments were manually removed from the
sensors approximately once per month, with the 2024 season seeing
cleaning occur every 2 weeks. Calibration with deionized water was
conducted monthly for the SUNA and NO3-N grab samples
analyzed using ion chromatography were taken for comparison.
The EXOs were also calibrated monthly following the procedures
outlined by the YSI EXO user manual (Revision K; Xylem, 2020).

4 Results

4.1 Surface water and groundwater
monthly sampling

Between November 2021 and November 2024, there were
890 continuous precipitation events (consecutive hours recording
precipitation >0.1 mm) recorded at the Brantford Airport Weather
station. A total of 76% of these events had intensities below 1 mm/hr
with an average duration of 2.1 h (Figure 4A). Storm events with
intensities above 2 mm/hr (red marks on Figure 4A) accounted for
11% during the study period with the most intense storm recording
22.4 mm/hr in a single hour (1 h duration, August 2022).

4.1.1 Flowrates and groundwater levels
Seasonal patterns in discharge at the Mt. Vernon station (S5) are

readily evident, such as the significant increase during the spring
snow melt, starting around February 15th in 2022, March 15th in
2023, and February 1st in 2024 (Figure 4A). Maximum spring season
flow rates then reached 33.3, 39.5 and 38.5 m3/s in 2022, 2023, and
2024, respectively. The extreme peak in discharge in August 2024,

TABLE 1 Sampling frequency and analysis methods–note measurement frequency in subsequent years was reduced from 15 min to 1 h for energy saving
purposes.

Manual grab ISCO SUNA/EXO

Year Oct. 2021 to Nov. 2024 Nov. 2022 and Mar. 2023 2022 2023 2024

Spatial Scale Subcatchment Field (HR site) Local (Inlet) Reach (Inlet, Outlet) Local (Inlet, Outlet, HR)

Frequency Monthly 2 h (3 events) 15 min 30 min 1 h

Water Surface water and groundwater Surface Water Surface Water

Analysis method

NO3-N Laboratory — ion chromatography Laboratory — ion chromatography In-situ UV spectrometry (SUNA)

Field Parameters In-field portable meter (YSI ProPlus) In-field portable meter (YSI ProPlus) In-situ sensor (YSI EXO)
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was linked to the tail of Hurricane Debby. Summer daily averages in
discharge range between 1.3 and 3.5 m3/s, reaching 0.4 m3/s in the
relatively dry summer and fall of 2022 while minimum discharge in
summer/fall 2023 and 2024 was 0.8 and 0.7 m3/s, respectively.

Groundwater levels in the sand aquifer (Figure 5C) responded to
seasonal changes in inputs from precipitation and snowmelt
(Figure 4). The maximum difference in groundwater levels was
seen in PGMN1 (2.1 m; Figure 5C). The two in-stream drive points
located at the HR site (DP5 and DP7) showed the least total change
in water level (0.65 and 0.61 m respectively, Figure 5C). LPD, LPS,

DP3, and DP4 were more sensitive to precipitation, as noted by the
noisier data (Figures 4C,D), than MAD, MAS, and
PGMN2 (Figure 4B).

4.1.2 Water chemistry
For major anions across all groundwater and surface water

sampling locations throughout the study period, only NO3-N,
Cl−, and SO42- had measurable concentrations (Table 2;
Supplementary Material). Nitrite (NO2

−), bromide (Br−), and
phosphate (PO4-) were always below the minimum detection

FIGURE 4
(A) Daily precipitation and stream discharge at the outlet; (B–D) groundwater NO3-N concentrations and groundwater levels for different
monitoring stations during the study period. PGMN1 was excluded from graph due to NO3-N concentrations consistently below detection limit.
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limit (MDL) at all sites (0.10 mg/L). Across all groundwater samples,
only 25% had fluoride (Fl−) concentrations above the MDL (mean =
0.7 mg/L; maximum = 3.2 mg/L) while surface water above the MDL
occurred in 46% of samples (mean = 0.6 mg/L; maximum = 3.6 mg/
L). Other field parameters measured over the study period were
specific conductivity, pH, dissolved oxygen, and oxidation-
reduction potential. Groundwater and surface water mean,
minimum, and maximum values for the field parameters are

summarized in Table 2 (timeseries graphs for each sampling
location and field parameter are in the Supplementary
Figures S1–S5).

NO3-N concentrations in the shallow monitoring wells MAS
and LPS averaged 17.2 and 5.0 mg/L NO3-N with maximum values
38.4 and 11.4, respectively (Figure 5A). The deeper wells, MAD and
LPD, had averages of 2.8 and 0.4 mg NO3-N/L, and maximum
values 20.2 and 6.9, respectively. Samples from the PGMN1 well

FIGURE 5
Trends in monthly NO3-N concentrations over the study period: (A)measurements from the six monitoring wells (red) and drivepoint piezometers
at the HR Site (purple), (B) surface water concentrations ordered in downstream direction for Whitemans Creek (blue) and Landon’s Creek (green), (C)
average GW level over the course of the study period as compared to the ground elevation and screened depth of each well (in meters above sea level).
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never exceeded the NO3-N detection limit while the
PGMN2 samples averaged 12.5, peaking at 17.6 mg/L. Mean
NO3-N concentrations in the shallow drive point piezometers
(DP1 to DP7) ranged between 21.4 (DP1) and 1.0 (DP4) mg/L
NO3-N, with a maximum value of 40.7 mg/L occurring in
DP2 (Figure 5A).

Average NO3-N concentrations at the five sampling locations on
the main creek (S1-S5) varied between 4.1 (Inlet) and 3.9 (S2) mg/L
(Figure 5B). Results from the tributary sampling sites (S6-S8) had
NO3-N concentrations between 4.3 (S7) and 5.6 (S8) mg/L, but the
point nearest the outlet (S8) having a higher average concentration
than the inlet (S7) (Figure 5A).

4.2 Event-based sampling

Two approaches for capturing responses of the study area to
precipitation events were used and are referred to as the “ISCO” and
“SUNA/EXO” methods. The three events captured using the ISCO
method saw precipitation intensity ranging from 0.45 to 1.93 mm/

hr, with the highest precipitation event and most intense event both
occurring on 25 March 2023 (Table 3). A total of seven events
captured by the SUNA/EXO method were analysed further, at times
when most sensors were functioning properly. The intensity of six of
these seven events were within the top 11% of most intense events
recorded during the study period (see Section 4.2). Difference in the
scale of storm events which were captured (i.e., intensity and timing
of events) between the twomethods were due to resource availability
and difficulties in predicting when it was ideal to initiate
ISCO sampling.

4.2.1 ISCO method
The ISCO method captured storm event responses at a single

location on Landon’s Creek tributary (S6). During the storm events
(Figure 6), the NO3-N concentrations varied between 5.5 and
6.5 mg/L (November 11–12, 2022), 1.1 and 1.9 mg/L (March
22–23, 2023), and 0.90 and 2.0 mg/L (25 March 2023). For the
three events, NO3-N concentrations decreased between 0.8 and
1.1 mg/L during the storm. Figures 6B,C were consecutive events,
with the second occurring 41 h after the first. The sampling gap

TABLE 2 Summary table of field parameters during study for groundwater and surface water samples [mean (minimum-maximum)]. See Supplementary
Material for averages per location.

Parameter Groundwater (n = 319) Surface Water (n = 238)

Major Anions NO3-N (mg/L) 9.6 (0–40.7) 4.3 (0.9–16.9)

Cl− (mg/L) 60.3 (1.5–346.5) 53.4 (11.4–814.2)

SO4
2- (mg/L) 29.2 (0–109.6) 60.6 (12–136.0)

Field Parameters SPC (μS/cm) 771.8 (10–1772) 756.3 (8–2652)

pH 7.4 (6.3–8.7) 7.6 (−68.4–8.7)

DO (mg/L) 8.2 (0.1–97.2) 23.7 (4.8–806.4)

ORP (mV) 47 (−281.1–498.2) 68.5 (−280.3–306.8)

TABLE 3 Summary of captured storm event characteristics.

Method Event Total precip. Duration Intensity

Year Month Day (mm) (hours) (mm/hr)

ISCO 2022 November 11–12 6.4 6 1.07

2023 March 22–23 3.6 8 0.45

4.4 4 1.10

25 17.4 9 1.93

SUNA/EXO 2024 May 17 12 8 1.50

June 29 18.2 6 3.03

August 2 5.8 2 2.90

5 13.6 1 13.60

6 8.6 6 1.43

4.6 2 2.30

7 0.2 1 0.20

9 4.8 3 1.60
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between the two events was 30 h, after which the NO3-N returned to
the pre-storm high of ~2 mg/L before dropping again during the
following event.

Stream temperature varied slightly throughout the course of
each storm. When compared to change in atmospheric temperature,
surface water temperature changed by 1.9 °C (8.4–10.2) and air
temperature by 6.8 °C (6.1–12.9) (Nov.11), 1.1 °C (3.1–4.2) and air
temperature by 5.5 °C (2.2–7.7) (Mar. 22), and 1.1 °C (2.9–4.0) and
air temperature by 10.8 °C (0.3–11.1) (Mar. 25). Shallow
groundwater temperature (DP3, DP4) did not change during any
of the three storms.

Change in water level for both surface water (S6) and shallow
groundwater (DP3, DP4) varied over the course of each storm.
S6 and DP4 showed similar changes the water level magnitude
2.8 vs. 2.9 cm (Nov. 11), 22.0 vs. 19.2 cm (Mar. 22), and 29.4 vs.
24.5 cm (Mar. 25) while DP3 saw changes of 1.4, 8.4, and 9.0 cm,
respectively.

4.2.2 SUNA/EXO method
High resolution temporal data were captured at specific locations

using the SUNA/EXO stations. All data collected with the SUNAs were
filtered by removing measurements for which the difference between
the light spectrum absorbance (up to 20,000 counts) and the dark
spectrum absorbance (thermal noise; typically between
500–600 counts) readings was less than 1,500. It was found that
values below this range indicated significant sediment build-up on
the sensor, resulting in unreliable readings. Validation of the sampling
method was done through comparing grab sample concentrations
measured in lab with ion chromatography to SUNA readings
(Figure 7). The SUNA consistently recorded higher concentrations
of NO3-N than the grab samples, averaging +0.75 mg/L [±0.77] (max.:
2.87 mg/L; min.: 0.28 mg/L).

Daily average NO3-N concentration and water temperature
were compared to daily precipitation. During the fall of 2022, a
SUNA-EXO (SE) station was set up at the inlet (S4) and recorded a

FIGURE 6
NO3-N concentrations and water temperature in the stream during storm events from the ISCOmeter, along with hourly precipitation and variation
in stream stage during three storm events (A) November 11–12, 2022, (B) March 22–23, 2023, and (C) 25 March 2023.
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NO3-N range of 1.24–2.28 mg/L. In 2023, the SE station at the outlet
(S5) varied between 3.68 and 8.32 mg/L. During the 2024 sampling
season, when all three SE stations were operational, NO3-N
concentrations varied between 2.18–5.65 (Inlet), 2.76–5.55
(Outlet), and 2.09–8.47 mg/L (HR). Daily averages of NO3-N
(considering only days with at least 8 h of measurements) had
noisier readings from mid-April (DoY 100) to early August (DoY
220). When compared with the second part of the season, the noisier
period corresponded to days with more daily precipitation (Figures
8A,C). Additionally, cooler temperatures in the tributary (S6)
corresponded with higher concentrations of NO3-N (Figures 8B,C).

During the 2024 sampling period, NO3-N concentrations were
compared to precipitation, water temperature, and change in stream
level (i.e., stage height). The inlet and outlet SE stations were compared
for two events,May 17 and 29 June 2024 (Figures 9A,B). NO3-N peaked
5 days after the May event while it peaked just under 2 days after the
June event at the inlet. The outlet peak for both events occurred after an
additional 12 h. Peak values for the change in water level occurred
approximately 12 h prior to all four peak values in NO3-N.

For the first 10 days in August 2024 (DoY 213–222), three SE
stations were compared (Inlet, Outlet, HR). NO3-N notably dropped
promptly over the course of a storm event at the HR site, also
corresponding with an increase in water level (Figure 10). Such a
relationship was not observed at the inlet and outlet SE stations

during the same period (note: water level measurements at the inlet
were lost during this period and NO3-N concentrations are only
available during daylight hours).

5 Discussion

To assess the transport pathways of NO3-N in groundwater and
surface water in connection to storm events in the study area,
combinations of spatiotemporal sampling methods targeting
different parameters were assessed. Concurrent methods for
NO3-N sampling were defined by low frequency high spatial
coverage (monthly sampling on the entire LWC) or high
frequency local scale (storm event sampling at a small number of
specific locations). Water level and temperature measurements were
sampled at high frequency (hourly) and at both reginal scale
(monitoring wells distributed over the LWC) and local scale
(high-resolution site instrumented with drive-point piezometers).

5.1 Interpretation of lower resolution data

On the monthly scale over the study period (Oct. 2021 to Nov.
2024), assessment of groundwater NO3-N concentrations showed

FIGURE 7
Comparison of NO3-N concentrations recorded using the SUNA with grab samples taken near the same time at inlet, outlet and high resolution
(HR) sites.
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distinct differences at the varying locations and depths. Average
measurements from shallow wells MAS and LPS (17.2 and 5.0 mg/L)
were markedly higher than in their paired deeper wells MAD and
LPD (2.8 and 0.4 mg/L). The other two deep monitoring wells
studied were PGMN1 (undetectable NO3-N), and PGMN2 which
consistently recorded some of the highest concentrations of NO3-N.
Wells screened at similar depths, but different locations, e.g., MAD
(12.8–14.3 m bgs) vs. PGMN1 (13.9–16.9 m bgs), had notable
differences in the average concentrations (2.2 mg/L in MAD and
not detected in PGMN1). Finally, wells screened closer to the
average water table level had higher NO3-N concentrations than
wells screened deeper, while still being in the overburden aquifer
(screened near water table: MAS, LPS, PGMN2; screened relatively
deeper than water table: PGMN1, MAD, LPD). Many factors can be
contributing to this. For example, the vadose zone has been
identified as an overlooked yet significant store of NO3-N
impacting groundwater quality, especially in agricultural areas

where the vadose zone is thick (Ascott et al., 2017a), thicker than
in the LWC where it varies between 0–7 m.

5.1.1 Hydrogeologic factors
Sensitivity of the water table to precipitation (Figure 4) was

assessed by comparing stream discharge at the outlet (Mt. Vernon)
to the water levels recorded in the monitoring wells. The frequency
of fluctuations for each well hydrograph was highest for MAD and
MAS, followed by PGMN2, then LPD, LPS, and then PGMN1. The
fluctuations in groundwater levels in LPD and LPS notably follow
changes in discharge closely, perhaps due to the proximity of these
wells to the main creek, which contrasts with PGMN1, a well
significantly further from the creek, that followed a smooth
seasonal pattern with lowest levels during summer. Given the
fluctuations in LPD/S following stream discharge, it is possible
that WC is either a losing or gaining stream at this location,
depending on season and storm event, which could be affecting

FIGURE 8
Comparison of (A) daily precipitation to (B) daily average stream temperature, and (C)NO3-N concentrations in the stream from the SUNA and EXO
at inlet, outlet and high resolution (HR) sites. Daily precipitation shown for full operating period each year.
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GW NO3-N in LPS/D. For example, if WC is losing during high
flows in the spring, the shallow groundwater would reflect NO3-N
concentrations inWC. During low flows, whenWC is gaining, NO3-
N in LPS/D would be expected to reflect a different source, such as
upgradient GW NO3-N. While the pattern appears to reflect
concentrations in LPS, it is not seen in LPD (see S1-5, Figure 5;
Supplementary Figure S6). Therefore, LPD/S having lower relative
NO3-N as compared toMAD/S is likely caused by other factors, such
as anthropogenic or biogenic factors discussed below.

On the south side of Whitemans Creek, only one well, PGMN2,
was studied. It is screened at a depth comparable to that of MAD and
PGMN1, yet it had a comparable average NO3-N to MAS (15 and
17 mg/L). PGMN2 has a relatively deeper average GW level (~8 m
bgs) compared to PGMN1 (~6 m bgs) and MAD/MAS (~5.5 m bgs)
and had smoother (less variable) well hydrographs which could
imply less connection to surface. This could also imply a higher
storativity, i.e., the aquifer at this location can store more water and
effectively buffer impacts from surface inputs. Differences in
storativity may impact response times and thus NO3-N

concentrations. Although both MAD/MAS and PGMN2 are
screened into similar overburden material, coarse sand (Osman,
2017) and gravelly sand (Government of Ontario, 2017) respectively,
the quaternary hydrostratigraphic units are different, with MAD/
MAS in the Upper Erie phase aquifer (AFB1) and PGMN2 in
outwash deposits (ATA2) (Bajc and Dodge, 2011). Further
testing using pumping tests would help determine the extent to
which storativity may be impacting responses.

5.1.2 Anthropogenic factors
Land use (Table 4) likely also impacted the results, since the

MAD and MAS wells (2.8 and 17.2 mg NO3-N/L) were surrounded
by cash crops which are fertilized with nitrogen during the corn
rotation. PGMN2 (12.68 mg NO3-N/L) was similar in that nearby
fields are corn or potatoes, whereas PGMN1 (n.d.) is in a tree
nursery and the LPD and LPS wells (0.4 and 5.0 mg NO3-N/L) are in
a forested park (Figure 2).

Land use surrounding the PGMN2 well is notably different than
other wells monitored. Moreover, PGMN2 is located less than 1 km

FIGURE 9
Comparison of stream NO3-N concentrations and water temperature in the stream as a response to precipitation events (A) in May 2024 and (B) in
June 2024 at inlet and outlet sites.
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from a housing subdivision in the Township of Burford, where
residences use septic systems for wastewater treatment (County of
Brant, 2023; Maxwell, 2020). The PGMN2 well is screened near a

similar elevation (~250 m asl) as the potentiometric surface located
under the nearby houses (250–245 masl, Figure 3), from which
elevated NO3-N may be related, due to the septic systems which are

FIGURE 10
Comparison of stream NO3-N concentrations and water temperature as a response to precipitation in August 2024 at inlet, outlet, and high
resolution (HR) tributary site.

TABLE 4 Summary of conditions surrounding monitoring wells during the study period. Land use data from Annual Crop Inventory (AAFC, 2023). Coloured
rotation legend corresponds to land use map (Figure 1).

Well ID Sampling Surrounding land use Rotation

Start date 2020 2021 2022 2023

LPD, LPS 2021–10-25 Corn Soybeans Corn Soybeans

MAD, MAS Corn

PGMN1 Forest

PGMN2 2021–11-22 Potatoes Winter Wheat Corn Other Veg.

DP1, DP2, DP3 2022–08-04 Pasture Corn Soybeans Winter Wheat

DP4 Soybeans Pasture

DP5, DP6, DP7 2023–06-20 Forested Wetland
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known to contribute NO3-N, along with many other contaminants,
to groundwater systems globally (Gyimah et al., 2024; Robertson,
2021). Monthly sampling data for specific conductivity and chloride
was notably higher in PGMN2 (1,348 μS/cm and 253mg Cl−/L) than
all other groundwater samples taken during the study (See
Supplementary Table S1; Supplementary Figures S1, S2 for
comparison). Additionally, the mixed agricultural land use
(Figure 1) has recently consisted of potatoes and other vegetables
along with corn and winter wheat (Table 4) on fields equipped with
irrigation capabilities. These high concentrations measured at
depths further below ground surface than the other wells (MAS,
LPS) also screened near the water table may be indicative of legacy
NO3-N build up due to the relatively thicker vadose zone (Ascott
et al., 2017a) or different antecedent GW geochemistry coming from
the west, among other factors.

A comparable well to PGMN2 from Gardner et al. (2020) had
high NO3-N concentrations (average 13.5 mg NO3-N/L) in Norfolk
County, just south of LWC and in a sand plain aquifer, where
proximity to residences on septic systems were identified as the
likely source via timeseries patterns and isotopic signatures.
However, not enough data was taken on the south side of the
LWC catchment to be able to determine conclusively the sources of
NO3-N and its relationships to precipitation in PGMN2. Further
study of NO3-N isotopes could help identify sources of NO3-N
(Nikolenko et al., 2018). Some samplings of NO3-N isotopes were
conducted in 2023 at the site (for collection and processing methods
see Arce-Rodriguez (2024); Supplementary Material), but
PGMN2 did not show notable signatures for septic waste.

5.1.3 Geochemical and biogenic factors
Heterotrophic denitrification, a redox transformation, in

groundwater can occur under specific conditions, typically when
NO3-N concentrations are greater than 1 mg/L, dissolved oxygen is
below 2 mg/L, pH is between 5.5 and 8.0, and chloride is below
500 mg/L (Rivett et al., 2008). Presence of electron acceptors (e.g.,
dissolved organic carbon) are also typically needed. To determine
redox state of natural waters, methods such as cross-referencing
dissolved oxygen (DO), manganese (Mn), iron (Fe), and NO3-N to
field measured oxidation-reduction potential (ORP), categorized
into anoxic (−300 to 0 mV), suboxic (0–50 mV), and oxic
(50–300 mV) (Gardner et al., 2020; Kehew, 2001; Stumm and
Morgan, 1996). As the transformation of NO3-N requires anoxic
environments, when the redox potential is moderate-to-low, NO3-N
is not expected to be present (Grant Ferris et al., 2021; Kehew, 2001).

When comparing monthly groundwater samples over the course
of the study the deeper wells averaged between 2.7 and 4.1 mg DO/L
(MAD, LPD, PGMN1) while the shallow ranged from 6.7 to 11.2 mg
DO/L (MAS, LPS, PGMN2, DP1-7). Only wells LPD and
PGMN1 had, on average, reducing conditions with ORPs
of −35.34 and −19.49 mV respectively. However, all groundwater
samples recorded ORP values below zero at varying points in the
study (See Supplementary Table S2; Supplementary Figures S3, S4
for further detail). Chloride concentrations never exceeded 350 mg/
L in any groundwater samples and pH consistently ranged between
6.2 and 8.5 (Supplementary Tables S1, S2). Considering these
factors, it seems unlikely that denitrification contributed to the
noted lower concentrations of NO3-N with depth between MAS
and MAD. A stronger argument may be made for denitrification

potentially occurring at LPS and LPD during times when DO fell
below 2 mg/L. For PGMN2 and DP1-7 favorable conditions for
denitrification were less likely, since all these monitoring points are
screened just below the average water table depth and have relatively
high DO and ORP values. However, sampling these wells required
the use of foot valve hand pumping, which prevented a flowthrough
cell from being used when sampling, thus may have artificially
increased the measured DO values. PGMN1 had the strongest
evidence for denitrification contributing to NO3-N rarely being
detected in the well, as the DO was consistently low (2.7 mg
DO/L) and ORP averaged below 0 mV.

The 2023 NO3-N isotopes samples from Arce-Rodriguez (2024)
show indications of denitrification in only three of the 75 samples
taken, all three originating from the MAD well. Further delineation
of sources was not possible due to most samples falling within the
Soil-N range, where sources of NO3-N range from possible mineral
fertilizers, naturally occurring in soil, manure, or septic sources
(+3‰ to +8‰; Nikolenko et al., 2018).

5.2 Interpretation of higher resolution data

5.2.1 Hydrogeologic factors
During all storm events, water elevations in streams and

groundwater level both rose within a short timeframe, within a
day on Landon’s Creek (Figures 6, 10) or within two to 5 days in
Whitemans Creek (Figure 9). Deeper monitoring wells further away
from the tributary and creek (MAD/S, PGMN2) did not appear to
respond in the same rapid fashion as seen at the high resolution site
(DP3, DP4) or the shallow well near the main creek (LPD/S), which
can be seen in the relative smoothness of water level measurements
in Figure 4B as compared to Figures 4C,D.When linked with NO3-N
concentrations, the rapid response in the tributary to storm events
initially lowered the NO3-N concentration but was followed within a
day by a return to pre-storm levels (e.g., 1.1 mg/L at the end of
March 23 and 2.1 mg/L beginning 24 March 2023; Figure 6). In the
LWC, no noticeable NO3-N dilution was seen due to the storm
events and, on the contrary, a noticeable increase occurred slightly
delayed from the peak in discharge. Additionally, the outlet for both
May and June/July lagged about half a day behind the peak in
concentration occurring at the inlet (Figure 9). The August 1–10,
2024 rain event was the most thoroughly captured event using the
methods attempted. Decreasing NO3-N concentrations were
observed at the HR site, followed by a rapid rise to pre-storm
levels (e.g., ~6.5 mg/L pre Aug. 6th storm, ~5.5 mg/L mid storm, and
return to ~6.3 mg/L by Aug. 8th, 2024; Figure 10), while no notable
drop in NO3-N was recorded during the same period at the Inlet and
Outlet stations (Figure 10).

This can be interpreted as the small tributary likely acting as a
conduit for NO3-N entering the main creek. From the research
conducted at the HR site, Landon’s Creek appears to be a gaining
stream, which could explain why it has particularly high NO3-N
concentrations. The creek supports coldwater species of brook,
brown, and rainbow trout (personal communication with Trout
Unlimited Canada [now Freshwater Conservation
Canada) – Middle Grand Chapter, 2024; (OMNR, 2025)]. It
maintains a higher temperature relative to LWC during the
winter (min.: 2.3 °C–4 °C at S6 vs. 0 °C–0.2 °C at S1) and lower
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during the summer (max.: 16.4 °C–20 °C at S6 vs. 20.7 °C–22.5 °C at
S1) (Supplementary Table S2), did not freeze over in the winter
(both the inlet and S3 froze at times), and did not go dry in the
summer. A similar study on the larger Bazile Creek in Nebraska
(1958 km2) highlighted the higher impact of some groundwater-fed
tributaries in conducting NO3-N to the main creek, emphasizing the
need for sampling lower-order streams (Richards et al., 2021).

5.2.2 Anthropogenic factors
On the field scale at the HR site, DP4 has the lowest average

NO3-N concentration (1.40 mg/L) and is located on an alfalfa field
only receiving potash (potassium) as fertilizer. Highest
concentrations are on the cash crop field (Corn-Soybean-Winter
Wheat) (DP1:19.8 mg/L, DP2:17.8, DP3: 15.4) and in between are
the bank/bed DPs (DP5:11.0 mg/L, DP6: 10.6, DP7: 10.6
(Figure 5A). Elevated levels of NO3-N in shallow groundwater
can be linked to fertilization under high water inputs, such as the
case with irrigation (Su et al., 2022). While the HR site fields are not
irrigated, as is the case with the majority of operations within the
LWC catchment, the associated shallow GW levels also appear to
correspond to surface inputs from precipitation (rain and snow), as
highlighted by the increase in apparent noise of the timeseries where
the water table is nearer to the surface (Figure 4). The delay time
difference between stream stage (S6) and GW levels at the HR Site,
where DP4 responds before S6 and DP3 responds after, may, in-part,
be due to different land usage. Rapid (sub-daily delay) shallow
groundwater verses stream response to precipitation events have
been shown to vary in a small subcatchment, with GW responding
before or after depending on land use (Gootman and Hubbart,
2021). The implication being that local land use can notably change
response to precipitation and should be considered for assessing
response to non-point source contaminants. However, more events
than those captured in this study would be needed to draw a stronger
connection to land use specifically, as differences in slope and
relative location to S6 are present.

The shallow groundwater below a corn-soybean-winter wheat
rotational field (Figure 1) averaged between 15–19 mg/L (DP1-3)
and the groundwater in the nearby stream between 10–11 mg/L
(DP5,7), while the tributary (S6) averaged 5 mg NO3-N/L
(Figure 5B). The difference between the average groundwater and
surface water at the HR Site may be the result of water contributions
from the shallow GW on the alfalfa field (1.40 mg/L at DP4) or
deeper groundwater from further away (e.g., MAD averaging
2.2 mg/L) discharging to Landon’s Creek, causing a dilution.
Alternatively, the difference may, in part, be due to the shallow
GW and SW being transported through a wetland area (Figure 3C),
as retention in the hyporheic zone via denitrification is a possibility
(Boulton et al., 2010; Lefebvre et al., 2024).

5.2.3 Geochemical and biogenic factors
Over the course of the study, it was noted that Landon’s Creek

had a pattern of downstream increase of NO3-N, implying the ability
of the stream to retain nitrogen is less than the overall contribution, a
common situation in groundwater fed streams near cropped fields
(Hill, 2023). As the water travels downstream in Landon’s Creek the
average concentration increases from 4.0 to 5.5 mg/L. In contrast,
Whitemans Creek holds a relatively constant average of 4.1 mg/L
between the inlet and the outlet (S1-5, Figure 5). Since the discharge

also increases, either groundwater or surface water necessarily
contributes to the stream flow. If the surface water from other
small streams act similarly to Landon’s Creek, then Whitemans
Creek must either be retaining NO3-N, receiving discharge from the
lower parts of the aquifer (i.e., PGMN1, MAD, LPD), or some
combination to maintain a constant NO3-N at the outlet when
contributing SW is higher.

The scientific literature shows that the presence of wetlands can
contribute to reduce non-point source pollutant loading to
groundwater and surface water (Nsenga Kumwimba et al., 2023;
Ranalli and Macalady, 2010; Walton et al., 2020). Natural
attenuation of NO3-N occurs mainly via denitrification, but plant
assimilation, andmicrobial immobilization can also play a role, all of
which can vary with location, season, hydrogeology. Some recent
studies focused on small groundwater-fed wetlands used 222Rn as a
natural tracer to delineate water source (Lefebvre et al., 2024), or in-
stream high-frequency NO3-N sampling (Crossley et al., 2025).
They demonstrate both the potential for retention and the many
simultaneous factors (e.g., temporal changes in geochemical
conditions for denitrification or storm intensity) affecting this
retention. Lefebvre et al. (2024) found that 80% of groundwater
entering a small stream was via the wetland flow, where
denitrification and plant assimilation can occur. In the current
study, beavers were observed to create dams which flooded the
HR site, something which potentially can decrease NO3-N
downstream transport and increase nutrient storage (Larsen
et al., 2021). Here, the experimental methods were not designed
to highlight these effects, but the presence of a riparian wetland
inhabited by beavers in the HR site may decrease NO3-N
concentrations in the shallow groundwater of DP5-7 and in
Landon’s Creek (S6-8). However, beaver activity on Landon’s
Creek may also negatively impact nearby farms through flooding
and the coldwater species through water temperature increase
associated with stream bank deterioration.

5.3 Advantages and limitations of the
sampling methods addressing various
spatiotemporal scales

Each of the three methods used for characterizing NO3-N in the
LWC watershed under varying conditions had advantages and
limitations, as described below (see summary in Table 5). The
monthly sampling methods allowed for a regional spatial scale
assessment and a low-frequency temporal scale assessment of NO3-
N concentrations within the subcatchment. Some visible seasonal
trends and relationships to land use can be assessed with these
methods (Figure 4), but the low frequency does not allow for event-
based assessment. However, this method is important for
contextualizing water dynamics when using higher frequency
methods such as the ISCO or SUNA/EXO. Supplementation of the
monthly NO3-N samples with groundwater level, precipitation, and
discharge at the outlet helped to highlight seasonal trends (Figure 4).
Use of discharge was restricted to the outlet due to complications
creating stage-discharge rating curves with stream levels recorded at the
inlet and HR site. These difficulties stemmed from beavers damming
the creek (downstream of S6 and upstream of Inlet) and subsequent
clearing by farmers whose fields were being flooded.
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Semi-automatic sampling of events, using the ISCO
autosampler, were more reliable for capturing a whole
precipitation event (i.e., less susceptible to sediment fouling than
the SUNA/EXO station), but the total number of samples that could
be taken was limited and the time invested for each storm event
campaign was significantly greater than the SUNA/EXO station. In
this study, 24 samples were taken at 2-h intervals over the storm and
collected at a later point, rather than in situ. Potential for negative
impacts using the method (e.g., biofilm build-up in the intake line;
Koopman et al., 1989) can be a concern but a recent report showed
that this study offered optimal conditions for its use (i.e., small
watershed, targeted event, short duration etc.) (Wilson et al., 2024).
Nevertheless, time invested for each storm event campaign was
significantly greater than the SUNA/EXO station.

The SUNA/EXO stations provided high frequency data,
allowing for many paths of inquiry into the stream and, when
paired with groundwater logger data, shallow groundwater
dynamics. However, in the stream environments in which the
SUNAs and EXOs were installed two distinct issues arose: 1)
power failure and 2) impacts of sediment transport. Firstly, all
three riparian locations available for installation of the sites were
forested which reduced the efficiency of the solar panels while at the
HR site the battery to be manually recharged and changed
frequently. Additionally, failure of the batteries themselves was
common (e.g., Figure 10: the inlet instruments during this period
failed to record stream temperature while the outlet instrument was
only operational during daylight hours, due to internal battery
failure and solar panel charging failures respectively). Secondly,
sediment transport in the stream was found to be important,
rendering readings from the sensors unreliable at times. In
particular, storm events fouled the equipment quickly, playing a
role in the number of usable events captured (e.g., Figure 9A: NO3-N
signal measured by the SUNA degrade following peak in stream level

after a storm in May 2024). Both issues can be addressed by either 1)
increasing the manual effort or 2) increasing costs. Manually
cleaning sediment once every 2 weeks and after significant storm
events reduced long periods of lost data. Installation of wipers and
back-up power systems would increase system costs but reduce
manual efforts. The benefits of high-frequency sampling to capture
storm events are increasingly being discussed (Pellerin et al., 2016;
Rozemeijer et al., 2025). These challenges are known and reported in
the literature (e.g., power loss/ice, Wollheim et al., 2017; sediment
build-up; Crossley et al., 2025; Miller et al., 2017).

5.4 Study limitations

The study focused on varying temporal and spatial sampling
scales for NO3-N within an agricultural subcatchment with a focus
on understanding storm events. Monthly grab sampling and ISCO
sampling targeted water quality parameters and major anions. If the
study had been conducted for a longer period, an index-based
method, such as the one suggested by Ascott et al. (2017b) to
associate precipitation events with groundwater flooding, could
be potentially used for shallow groundwater NO3-N
concentrations and precipitation. Also, tracer methods using
isotopes (e.g., stable isotopes of water, radon) were not assessed,
but have been shown in other studies to provide valuable
information regarding NO3-N transport and should be
considered in more detail for future studies (Jafari et al., 2021;
Lefebvre et al., 2013; Nikolenko et al., 2018; Sukanya et al., 2022).
The role of wetlands as nature-based solutions that contribute to the
natural attenuation of nitrate needs to be investigated further.

The importance of tributary contribution of NO3-N to the main
creek were drawn from sampling focused on a single tributary,
Landon’s Creek. In the subcatchment, there are many smaller

TABLE 5 Comparison of sampling methods conducted during the research period.

Method Monthly sampling ISCO SUNA/EXO

Situation Contextualizing the broader catchment over
longer periods of time.
Surface water and groundwater

Storm events
Surface water only

Storm events
Surface water only

Reliability Conditions on collection day and related impacts
difficult to quantify.

Not measured in-situ (delay between collection and
processing)

Fouling and technical failure, expensive and large
equipment may be targets for vandalism.

Temporal Very coarse (once per month but continually over
3 years)

Can be very fine but limited in number of total
samples that can be taken (24)

Very fine (15–60 min intervals)

Spatial Throughout the 65 km2 subcatchment at 8 SW and
13 GW sites.

Immediate – only one location was possible per
storm event as only one ISCO was available

Coarse distribution with only 3 stations – inlet,
outlet, and one centrally located on a tributary

Cost High cost per sample but distributed over a long
period of time.

High cost per sample over a short period of
time – over 1–2 days of a storm event.

Very high upfront costs for complex equipment
but low operational and post-processing cost.

Collection Significant manual effort requiring 12 h of
fieldwork by two researchers, but only occurring
monthly.

Significant manual effort requiring one research in
the field multiple days in a row to conduct set up,
sample collection, and in-field post processing. The
need for repeated storm event capture increases the
associated effort with this method.

Very low manual effort when sampling, requiring
only initial installations and monthly checks and
calibrations.

Analysis Smaller datasets cannot differentiate between
outliers and typical variation due to antecedent
conditions without many years of data, inter-year
trends may be deducible if long enough study
period taken place.

Reasonable quantity of data per storm and prompt
assessment of sampling errors (i.e., equipment
failure can be noted when samples are collected)
allows for data reliability to be assessed quickly for
each event.

Very large datasets, difficult to “clean” for
unknown facts as sensors are not monitored
throughout storm events (e.g., sediment build-up,
equipment failures)
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tributaries and two larger tributaries (Schofield Drain and Lewis
Drain, northwest and southwest respectively) of similar scale to
Landon’s Creek (Figure 2). The scope of the project did not include
assessing multiple tributaries. However, differences in each due to
location, soils, and topography would likely reveal differences in
response and comparative studies would likely provide additional
depth to conclusions. Additionally, the south side of the catchment,
while showing similar hydrogeological characteristics (i.e., water
table depth and material), would require further investigation since
limited spatial groundwater sampling was done there.

Finally, the large datasets from high frequency sampling have
the potential to reveal useful patterns in transport dynamics but can
demand complex data analysis methods for cleaning and
interpretation. Here, visual interpretation of spatiotemporal
trends was performed. Further applications of such high
frequency chemical datasets, such as with stream baseflow
separation with a focus on nutrient transport (Miller et al., 2017),
could better inform the relationship of loading to storm events.
Significant gaps in datasets complicate such efforts, but methods for
filling in gaps using predictive machine learning models could be
investigated further to address the shortcomings (Crossley et al.,
2025; Elsayed et al., 2024; Jones et al., 2022). Numerical models, such
as SWAT-MODLFOW-RT3D (e.g., Wei et al., 2019) or
HydroGeoSphere (e.g., Saleem et al., 2020), can be developed for
specific sites and calibrated, using what data has been collected, to
model spatiotemporal variability and test the watershed under
controlled conditions.

6 Conclusion

This study has assessed NO3-N transport in a sandy sub-
catchment of an agriculturally intense region in southwestern
Ontario through monthly and storm event sampling while
evaluating data collection methods. The field-based study in the
Lower Whitemans Creek sub-catchment used three water quality
monitoring methods (monthly sampling, 2-h autosampling, and in
situ multiparameter instruments) varying at different spatial scales
and frequency between October 2021 and November 2024 and
compared these parameters with hourly records of precipitation,
discharge, GW and SW water levels, as well as water and
atmospheric temperature.

The results showed that groundwater-fed streams can contribute
NO3-N to the main creek, indicating the need to find ways to reduce
loading. The results also show that targeted storm sampling of NO3-
N and water level monitoring may be helpful to quantify this NO3-N
loading. High frequency sampling using autosamplers (such as the
ISCO or SUNA/EXO) has been shown to be useful to capture storm-
related transport of NO3-N, but some issues were identified with
data collection. ISCO sampling is more time intensive but, due to the
nature of collection and relative simplicity of method, the
technology was found to be more reliable. In contrast, the
complexity of the SUNA/EXO systems can readily collect the
extensive datasets needed to assess many storm events; however,
this can lead to noisy data and frequent maintenance issues, causing
assessment of results to be difficult.

Bringing to the forefront some of the complications associated
with sampling in an open system is a major implication of this study.

This showcasing of methods for targeted storm event sampling,
highlighting the advantages and disadvantages of the different
approaches, needs to be emphasized for greater explanatory
power of results to be achieved. The best sampling technique
necessarily depends on study objective, but also depends on land
use, geology, and meteorology, among other factors presenting
unique conditions. Using data collection methods best suited to
assess NO3-N concentration in surface and groundwater in rural
areas, especially related to high-intensity rain events, should be a
crucial component of any study to optimize field sampling
campaigns, post treatment of datasets, and accounting for data
uncertainty. Ultimately, more adapted techniques will lead to
better understanding of the factors impacting NO3-N mitigation
in agricultural settings. These techniques will thus contribute to
identifying approaches to reduce loading and enhance natural
attenuation to the advantage of the human population and of the
ecosystems.
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