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Chapter 1:

Introduction

Background of the Study

The surface water quality of local streams has experienced mostly poor to very poor
grades (Essex Region Conservation Authority [ERCA], 2018); these degrading watershed
conditions are distressing. Furthermore, during the summer seasons, a bacteria pollution
spike leads to a number of beaches being shut down in the Essex region due to increased
Escherichia coli (E. coli bacteria) levels in local streams. This degradation has exerted a
pervasive and profound influence on watershed health management.

Non-point source pollution is the key issue of the Essex region’s watershed which
comes from many sources and occurs when rainfall and snowmelt runs off from fields,
streets, parking lots etc., carrying soil particles and pollutants into the waterbodies. One of
the major contributors of the environmental degradation within rural watershed is the
runoff from agronomic activities that utilize animal manure contaminated with pathogenic
or parasitic organisms to watershed or basin contaminations (Sadeghi & Arnold, 2013;
Dorner et al., 2006). In Southwestern Ontario, Canada, subsurface tile drainage which is
installed to remove excess water quickly from the agricultural field also enhances non-
point source agricultural pollution by increasing the translocation of sediments, nutrients,
and pesticides from fields to streams and lakes, especially during the non-growing season
and after heavy summer rains (Liu et al., 2011). A major portion of the Essex region
watershed drains to Lake St. Clair. The land drained by local tributaries into Lake St. Clair

is characterized as one of the most productive agricultural areas in Canada.



Land use is considered as the single largest stressor in the Lake St. Clair watershed.
Inappropriate management of this watershed stressor results in the degradation of the water
quality of Lake St. Clair (Lake St. Clair Canadian Watershed Coordination Council
[LSCCWCC], 2008). Additionally, Lake St. Clair receives treated wastewater (with fine
screening, grit removal, four sequential batch reactors (SBRs), and UV disinfection, an
average daily sewage flow of 13,640 m®/d) from the Denis St. Pierre water pollution control
plant (WPCP) located in the Town of Lakeshore (Stantec, 2018). There are three
recreational beaches located on the Canadian side of Lake St. Clair, which are Sandpoint
beach, Belle River beach, and Michelle beach. Sandpoint beach and Belle River beaches
are located within the Essex region and are identified by Health Canada for significant
levels of microbial pollution, the principal health risk with exposure to recreational water

quality hazards (Health Canada, 2012).

Need for Beach Water Quality Control for Lake St. Clair

In 2010, over 73 million tourists visited in the Great Lakes Region with estimated
spending of $12.3 billion in consumable goods and equipment. Great Lakes recreational
anglers support more than $600 million to Ontario’s economy. One of the challenges for
the Great Lakes today is excessive bacteria levels in beaches, meaning that swimming is
not safe (Ontario Ministry of the Environment and Climate Change [MOECC], 2019).
Numerous closures of beaches and recreation areas due to health concerns cause loss of
revenue/ tourism (Lehouillier, 2015). Though significant success was achieved in restoring
and protecting Lake St. Clair, bacterial pollution is overwhelming old solutions. Lake St.
Clair, located in the central region of the North American Great Lakes basin between Lakes

Huron and Erie, serves as an international shipping channel and provides source of drinking



water for over 750,000 people (Gewurtz et al., 2007). Preserving Lake St. Clair beach water
quality, which depends greatly on the water quality in the larger system of lakes, is vital to
protecting public health and is an important economic consideration as well. Since
swimmable, drinkable, and fishable lakes all contribute to a high quality of life, the beach

water quality control is essential to the Lake St. Clair watershed.

Current Beach Water Quality and Monitoring

Beach closures and warnings against swimming in local waterways have been
numerous in summer. Bacteria of fecal origin are the primary causes of surface water
contamination. E. coli is fecal coliform bacteria found in large intestine of warm blooded
animals. E. coli is used as an indicator of fecal contamination, and the detection of E. coli
in a water body above regulatory standards poses a potential health hazard (Gregory, 2008).
The existence of E. coli bacteria is a strong indicator that there may be other disease-
causing organisms in the watercourse. In Ontario, the provincial recreational water quality
guideline for E. coli is 100 cfu/100 ml (Hayman, 2009) whereas the Canadian recreational
water quality guideline is 200 cfu/100 ml (Health Canada, 2012). The Health Unit of
Windsor Essex County (WECHU) monitors water quality of nine public beaches on a
weekly basis throughout the summer to ensure public health protection. A warning sign is
posted if the E. coli levels exceed 200 cfu/100 ml of water, which means swimming is not
recommended. If the E. coli counts are 1000 cfu/100 ml of water or higher, the beach will
be closed because swimming is not safe. The nine locations of the beaches monitored
results for more recent year of 2018 within the Essex region watershed are shown in Table

1.



Table 1: WECHU 2018 Beach Sampling Results

Name of Beach # of #of Times #of Times %o of % of
Times Beach Sampling  Closure  Warning
Beach Under Done

Closed Warning
Sandpoint Beach 4 1 17 23.53 5.88
West Belle River

1 6 15 6.67 40.00
Beach
Point Pelee North

0 3 14 0.00 21.43
West Beach
Seacliff 0 3 14 0.00 21.43
Mettawas Beach 0 6 14 0.00 42 .86
Cedar Beach 0 1 14 0.00 7.14
Holiday Beach 0 2 14 0.00 14.29
Colchester Beach 1 3 15 6.67 20.00
Cedar Island Beach 0 2 14 0.00 14.29

(Source: M. Bamotra, Personal Communication, April 5, 2019)

Table 1 shows the percentage of weekly samples exceeded the recreational water
quality guideline of E. coli in several Beaches. Along the Lake St. Clair shoreline within
the Essex region, the West Belle River and Sandpoint beaches are sampled. Both of these

beaches have incidents of involving high bacterial counts.

Bacterial monitoring for the public beaches during summer seasons by WECHU
was started in 2010. WECHU currently samples for E. coli to take decision for the
recreational activities. Therefore, bacterial contamination as measured by the presence of

E. coli is employed as the determinant of pollution levels.



Non-point Source Microbial Pollution

Agricultural non-point source pollution is the significant source of water quality
problem for any region (Green et al., 2007). The most common non-point source pollutants
in agricultural watersheds are sediment and nutrients. Microbial pollution at the nearshore
beaches of the Essex region persists for over a decade. Non-point source is more complex
to identify and control than the point source pollution because of various potential sources
causing bacterial pollution in stream are normally quite difficult to identify. It can
potentially originate from various sources i.e., the defecation of animals in streams, manure
storage facilities, land application of manure, grazed pastures, and faulty septic systems
(Niazi et al., 2015; Fall, 2011). Since the primary source of bacteriological inputs to the
environment is represented by non-point sources, more attention has been given to non-

point source pollutants.

Surface Water Quality Modelling

Non-point source pollution modelling was started since 1970s (Oudin et al., 2008).
E. Coil can be analyzed through various models. However, it has to be site specific. It is
vital to identify critical source areas for the bacterial loadings and to apply best
management practices as soon as possible. Because of the costing and time associated with
the monitoring of bacteria in each local stream, water resources managers were looking for
spatial and temporally distributed computer modelling techniques to predict the levels of
microbial pollution in rural watersheds. Since the predicted numbers of E. coli were
observed to be clearly linked to hydrologic processes (Dorner et al., 2006), water budget
analysis needs to be performed prior to surface water quality modelling. For the Essex

region, the conceptual water budget report (ERCA, 2008) and the Tier 1 water budget



report were based on only the subwatersheds having gauge station (ERCA, 2015). To
identify the critical source areas of the Lake St. Clair region watershed with respect to

bacterial risk, water budget analysis needs to be done at the local subwatersheds.

The Soil and Water Assessment Tool (SWAT) has been used to predict different
components of water budget and the E. coli concentrations at watershed scale in several
studies both nationally and internationally. This study will perform the water quantity and
quality analysis using the SWAT model following parameter regionalization approach at

local subwatersheds in the Lake St. Clair region watershed.

Purpose of the Study

Watershed modelling can be used to predict E. coli levels in recreational water.
With sufficient data and observations, watershed modelling may allow public health
inspectors to assess conditions of recreational water at public beaches in real time (Ontario
Ministry of Health and Long- Term Care [MOHLTC], 2018). Watershed level hydrologic
budget analysis using the SWAT model determines the surface and groundwater flow
conditions; and quantifies the amount of runoff, recharge, and evapotranspiration within a
watershed in seasonal, monthly, and yearly basis. In fact, the longer-term seasonal
conditions for flow make the calibration of pathogen model more reliable (Niazi et al.,
2015). Therefore, it is essential to conduct water budget analysis at spatial and temporal

scales for water quality management.

This research proposes the application of the SWAT watershed model in the Lake
St. Clair region watershed in order to identify critical source areas in a microbial point of

view following the water budget analysis. The SWAT-CUP (calibration and uncertainty



procedures), developed for calibration, would be used following manual calibration to
calibrate the SWAT model for years 2003-2010 to fit with the observed hydrographs. The
SWAT pathogen model will be calibrated for E. coli following the calibration of the

hydrologic model.

Thesis Objectives

The objectives of this study are to:

1. Develop the SWAT model and quantify water budget components at spatial and
temporal scales in the tile drained agricultural Lake St. Clair watershed within the
Essex region

2. Model the microbial loadings in the Essex region’s Lake St. Clair watershed and

delineate the critical source areas

To facilitate the microbial analysis with the SWAT model, the study is divided into
four chapters. The first chapter presents the introduction of the study. The 2" chapter
deliberates the water budget analysis for local subwatersheds in the Essex region’s Lake
St. Clair watershed following the calibration and validation of the SWAT model. The 3rd
chapter discusses the quantification of E. coli concentrations from local subwatersheds
following the SWAT pathogen and fate model calibration and validation. Finally, the

conclusions and recommendations are described in Chapter 4.
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Chapter 2:
Develop the SWAT Model and Quantify Water Budget Components at Spatial and
Temporal Scales in the Tile Drained Agricultural Lake St. Clair Watershed within

the Essex Region

Introduction

Water budget analysis is the first step for source water protection through the
identification of water sources, assessment of contamination, and elimination of the
contamination (Ontario Ministry of the Environment and Climate Change [MOECC],
2006). Water budget analysis enables us to quantify the water resources of the hydrological
cycle within various reservoirs including precipitation, runoff, evapotranspiration, and
recharge, and to understand the water movement within the watersheds (Essex Region
Conservation Authority [ERCA], 2008). Since watersheds located upstream of receiving
waterbodies seem to be affecting the quality of those waterbodies, the impact of the
hydrological processes on the transport of non-point source pollutants is substantial
(Parajuli & Ouyang, 2013). For example, the presence of fecal molecules in an aquatic
environment indicates the fate and transport of bacteria from the watershed. In the process,
water quality management follows the estimation of pollutant loads; both follow the water
budget process (ERCA, 2008). Additionally, water budget analysis can quantify the water
resources spatially and temporally which helps in understanding non-point source pollutant
loadings at spatial and temporal scales in a watershed (Ayivi & Jha, 2018).

Measurement of every data in the hydrological process is impractical due to
watershed heterogeneity and the limitation of data measurement in cost and time (Teshager

et al., 2016; Mengistu & Woyessa, 2019). Hydrological models represent the natural

11



systems physically by acting as a mediator between mathematical theory and the real
world. Prior to estimating the pollutant loads, the hydrologic model should be developed
for the watershed (United States Environmental Protection Agency, 2015). Hydrological
models can simulate the hydrologic processes and be used as a tool for linking pollutants
to the receiving streams following quick and cost-effective assessment of water quality
conditions. Hydrological models can take account of watershed heterogeneity and can

extrapolate information spatially and temporally to the watershed scale (Beven, 1991).

Currently, the Soil and Water Assessment Tool (SWAT), which acts as a watershed
scale model, is widely used as a physically based semi-distributed hydrologic model
worldwide. SWAT was first designed to simulate management impacts on water and
sediment movement in ungauged rural basins across United States (Gassman et al., 2007).
Later, SWAT was applied widely for data-scarce catchment by transferring calibrated
parameters identified through the regionalization approach to the ungauged catchment. The
regionalization approach means the parameters obtained through the calibration for a
“gauged” catchment will be extended to ungauged watershed. This method has been widely
used in the prediction of hydrologic variables in ungauged watersheds (Oudin et al., 2008;
Mengistu et al., 2019; Gitau & Chaubey, 2010; Emam et al., 2017). Generally, there are
three methods to undertake the regionalization approach: spatial proximity, regression
method, and physical similarity. The spatial proximity approach is assumed for
neighboring catchments, which have similar hydrological responses with homogeneous
physical and climate conditions. Hence, calibrated parameters could be transferred from
gauged to ungauged neighboring catchments. For the calibration with regression methods,

some empirical relationships are established between catchment descriptors and model

12



parameter values. The regionalization with physical similarity depends on the similarity
between an ungauged catchment and gauged donor catchment. According to Mengistu et
al. (2019), there will be higher uncertainty of model output if the calibration and validation
is conducted outside the target catchment. Therefore, the focus will be given on the
parameter regionalization approach with spatial proximity. Both Oudin et al. (2008), and
Gitau and Chaubey (2010) followed the basics of spatial proximity approach by computing
the mean of the parameters from gauged watersheds and using the mean value of each
parameter to the ungauged watersheds. Oudin et al. (2008) expressed that parameter
averaging using more than five catchments decreases the model efficiency. In this present
study, the basics of the spatial proximity approach will be followed. Since, only one flow
gauging station is available in the Lake St. Clair region watershed, the model will be
calibrated for that subwatershed, and the calibrated parameters will be transferred to the

other ungauged subwatersheds to perform water budget analysis.

In most cases, the first step to develop the hydrologic model is to calibrate the model
against the streamflow since the availability of flow data is abundant and any type of loads
will follow the streamflow. Water budget analysis is always the next step once the
hydrologic calibration is done (Tyagi & Rao, n.d.; Ayivi & Jha, 2018; Dhami et al., 2018).
Researchers found that the performance of SWAT in a rural agricultural watershed works
quite well for the hydrologic simulation on the basis of sensitivity analysis and most
commonly used statistical measures, such as the Coefficient of Determination (R?) and the
Nash-Sutcliffe Efficiency (NSE) (Mocan, 2006; Parajuli, 2007; Fall, 2011; Teshager et al.,

2016). For modelling a tile drained agricultural watershed using SWAT, researchers found

13



that the incorporation of the tile drainage parameter helps in obtaining realistic water

balance for the watershed (Green et al., 2006).

Tyagi & Rao (n.d.) suggests the SWAT model as a promising tool for water balance
analysis for sustainable water management. Dhami et al. (2018) tested the SWAT model
for the hydrologic calibration in the Karnali River basin, Nepal, and used SWAT-CUP
(calibration and uncertainty procedures) for the sensitivity analysis in order to perform
water balance analysis. The study recommended the SWAT model performance was
satisfactory for water budget analysis. There is a wide application of SWAT-CUP that is
applied in a number of hydrologic analysis studies to use the SWAT model to perform
sensitivity analysis (Tang & Xu, 2012). SWAT-CUP links other uncertainty analysis
techniques, i.e., Generalized Likelihood Uncertainty Estimation (GLUE), Parameter
Solution (Parasol), Sequential Uncertainty Fitting (SUFI-2), and Markov chain Monte
Carlo (MCMC) procedures, to SWAT whereas SUFI-2 is the more frequently used

calibration and sensitivity analysis method.

In 2007, the major components of water budget were estimated for the Lake St.
Clair drainage area by reviewing the data for drainage, landuse, soil, geology,
hydrogeology, climate, and streamflow (ERCA, 2008), and no modelling approach was
followed. The major water budget components were computed using the gauge stations’
data and were assumed as a regional estimate for the Lake St. Clair drainage area.
Additionally, the tile drainage component was considered as a data gap and was
recommended to be incorporated for future water budget analysis. A similar approach was
followed in the TIER 1 water budget analysis where water budget analysis using the gauge

station data was assumed to be representative for the ungauged station (ERCA, 2015).
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The Ruscom River Watershed had previously been calibrated using the SWAT
model on a monthly basis for the period of 1990 to 1994 (Rahman et al., 2010), and the
neighbouring subwatersheds were not incorporated in the SWAT model. Due to the
unavailability of the old model, changes in the land management practices, and the
necessity of doing sensitivity analysis, a revised calibration for the Ruscom River
watershed is necessary to perform the water budget analysis for the local subwatersheds.
In fact, the impact of land management practices has significant influence on runoff and
sediment characteristics of any catchment (Arnold et al., 2012; Abbaspour et al., 2015;
Worku et al., 2017). Considering the background of the study, a revised water budget
analysis is necessary for local subwatersheds of the Lake St. Clair region watershed by
incorporating tile drainage parameters and performing sensitivity analysis of the SWAT

model.

Obijectives of the Study

The main goal of this study is to analyse different components of water budget
throughout the local subwatersheds of the Lake St. Clair region watershed using the SWAT
hydrologic model. The key objectives of this study are:

1. To incorporate tile drainage parameters, agricultural management, and crop

rotation to obtain more accurate water balance

2. To perform sensitivity analysis of the hydrologic model through the process of

calibration and validation at daily time step to identify the highly sensitive
parameters

3. Transfer calibrated parameters to the ungauged watersheds as a method of

parameter regionalisation to understand the water budget at spatial scale
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4. To quantify water budget components including evapotranspiration, surface runoff,
tile drainage flow, groundwater flow, and water yield at both spatial and temporal
scales

Description of the Study Area
Study Area Boundary

Based on the data availability and problem identification, the Canadian side of the
Lake St. Clair watershed located the Essex region was selected as a study area. This study
area is one of the major subwatersheds in the mainland of the Essex region that drains into
Lake St. Clair and consists of eight individual subwatersheds including Pike Creek, Puce
River, Belle River, Duck Creek, Moison Creek, Ruscom River, Stoney Point Drainage, and

Little Creek, respectively. The total area of this watershed is 577 km? (Figure 2- 1).
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Figure 2- 1: Study Area Boundary at the Lake St. Clair Watershed, Essex County
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Hydrology, Geology, and Hydrogeology

The Essex region watershed is predominantly made up of flat land, and the
predominant land use of this watershed is agricultural which is more than two thirds of the
area of the watershed. The reminder of the watershed is urban land use and natural heritage.
The agricultural fields in the watershed region are extensively drained by tile drains and
man-made drains. According to the Conceptual Water Budget Report (ERCA, 2008), the
annual mean temperature lies above 9°C. The annual means of daily maximum temperature
and minimum temperature range between 13.0°C - 14.7°C and 1.7°C - 6.7°C, respectively.
The mean annual rainfall range between 686 mm and 849 mm in the mainland of the Essex
region based on the climate data period of 1950 to 2005. The highest recorded annual

rainfall was 1152 mm in 1983, and the lowest recorded rainfall was 569 mm in 1988. The
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actual evapotranspiration rates ranged from 545 to 590 mm which was equivalent to 65 -
85% of precipitation. The Essex region has lower baseflow rate and the percentage of
baseflow range is 6 - 16% of precipitation. The geology and hydrogeology of the Essex
region/Chatham-Kent region was evaluated by Dillon (2004). The Region’s surficial
geology is dominated by glacial tills and lacustrine clays, that both have very low
permeability (Dillon, 2004), The near-surface tills and clays are the primary controlling
factor for maintaining shallow groundwater environment. The study indicates that the
glacial sediments in the northern portion of the section are dominated by clay soil with only
a minor presence of contact aquifer. In the southern portion, a very thick sand and gravel
deposit represents the Leamington-Harrow Aquifer at the base of glacial material. Dillon
(2004) did not quantify the tile drainage impacts and had expressed that a portion of
shallow groundwater diverted by tiling would either evaporate or move laterally into the
surface water regime of its own accord.

Overview of the Soil and Water Assessment Tool

Understanding of the methods for model development is very important because
the methodology used for modelling can significantly influence the model output results
(Parajuli & Ouyang, 2013). The SWAT simulation of the hydrology is separated into two
divisions, which are land phase and routing phase, respectively. Land Phase controls the
movement of water and pollutants from each subbasin to the main channel. Routing phase
controls the movement of water and pollutants from the channel network of the watershed

to the outlet. Figure 2- 2 represents the schematic representation of the hydrologic cycle.
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Figure 2- 2: Schematic Representation of the Hydrologic Cycle (Adapted from Neitsch,
2009)
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The land phase of the SWAT hydrologic cycle is based on the following water

balance equation:
SWq = SW, + Zg=1(Rday - qurf —E, — Vvseep - ng) (2.1)

where SWj is the final soil water content (mm H20), SW, is the initial soil water content
on day n (mm H20), d is the time (days), Rday is the amount of precipitation on day n (mm
H20), Qsurf is the amount of surface runoff on day n (mm H20O), Ea is the amount of
evapotranspiration on day n (mm H20), Wseep is the amount of water entering the vadose

zone from the soil profile on day n (mm H20), and Qqw is the amount of return flow in day
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n (mm H20). The flow chart as shown in Figure 2- 3 explains the land phase of the

hydrologic cycle of the watershed:

Figure 2- 3: Processes in the Land Phase of Hydrologic Cycle in SWAT
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SWAT has three methods to incorporate potential evapotranspiration (PET): the
Hargreaves method (Hargreaves et al., 1985), the Priestley-Taylor method (Priestley &
Taylor, 1972), and the Penman-Monteith method (Monteith, 1981). SWAT computes
surface runoff using either from the Curve number method which operates in a daily time
step or the Green & Ampt method which requires subdaily precipitation. Peak runoff
predictions are made with a modification of the rational methods. The details of this model

can be found in the theoretical document for SWAT (Neitsch et al., 2011).

Methodology

There are three preliminary Steps (Figure 2- 4) for building the SWAT hydrological

model, which are described in the following subsections.

Figure 2- 4: Components of Building SWAT Model
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Model Setup

Create the SWAT Model with Inputs

Since SWAT is a physically based model, it requires specific information about
topography, soil properties, climate, and land management practices occurring in the
watershed to model the physical processes i.e., hydrology, sediment movement, bacterial

transport.

Digital Elevation Model (DEM). A digital elevation model (DEM) represents the

topography of the watershed and is the foundation for GIS interfaced hydrologic modeling.

21



DEM data is presented in raster format, where each map cell represents the elevation of
any point in a given area. The 10 m x 10 m resolution DEM data for the Lake St. Clair
watershed was downloaded from Natural Resources Canada under the license agreement
that limits use to educational purposes
(http://ftp.geogratis.gc.ca/pub/nrcan_rncan/vector/index/html/geospatial _product_index_

en.html#link). In this study area, the elevation varies from a minimum 175 above mean sea
level (msl) to a maximum 226 msl. Figure 2- 5 depicts the image of the DEM for the study

area watershed.

Figure 2- 5: Digital Elevation Model Map of the Lake St. Clair Watershed, Essex County
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Soil Data. The version 3.2 of soil dataset was obtained utilizing the available
dataset (Soil Landscapes of Canada [SLC] Working Group, 2010) at a scale of 1 in 1
million which contains detailed information about the agricultural soils of Canada
(http://sis.agr.gc.ca/cansis/nsdb/slc/index.html). SLC Working Group (2010) is part of
National Soil Database (NSDB) of Canadian Soil Information System (CanSIS). In total,
15 different soil types were identified and Brookston Clay (BKO0) was the major soil found
in the catchment area covering approximately 87%. The soil contained clay 47%, silt 37%,

sand 1%, and organic C 2%. Figure 2- 6 explains the soil classification map.

Figure 2- 6: Soil Map of the Lake St. Clair Watershed, Essex County
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Table 3- 14: List of SWAT E. coli Model Calibrated Parameters

Parameter Definition Default Manual Reference
Value | Calibration
Concentration of
BACTPDB persistent bacteria 0 various i
in manure (#cfulg
manure)
Bacteria Partitioned (Niazi et al.,
BACTKDDB fert.dat co-efficient 0 0.5 2015),
(Parajuli,
2007)
Die-off factor for (Niazi et al.,
persistent bacteria 2015),
WDPQbsn in soil solution at 0 03 (Moce?n,
20°C (1/day) 2006)
Die-off factors for
persistent bacteria
WDPRCH.bsn in streams (moving 0 0.5 (Fall, 2011)
water) at 20°C
(1/day)
Die-off factor for
persistent bacteria
WDPRES.bsn in water bodies (still 0 0.1 (Fall, 2011)
water) at 20°C
(1/day)
Die-off factor for (Mocan
persistent bacteria 2006) ’
WDPS.bsn adsorbed to soil 0 0.03 e
. (Parajuli,
particles at 20°C 2007)
(1/day)
Minimum bacteria
BACTMINLP.bsn daily loss (tcfulm?) 0 0.1 -

Bacteria Calibration and Validation

The model parameters identified during sensitivity analysis for calibration are
provided in Table 3- 14 along with the default and calibrated values. The SWAT model
was manually calibrated and validated for E. coli at five sampling locations on a monthly
basis. At the Ruscom River PQWMN station, the SWAT model was calibrated for the

period of April 2014 to November 2015 and validated from April 2015 to September 2018,
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and the model provides a “good” prediction of E. coli (E = 0.74). For the other four
sampling stations including Pike Creek, Puce River, Belle River, and Duck Creek, the
SWAT model was calibrated from 2011 to 2015 (0.13 < E < 0.46) and validated from 2016
to 2018 (0.15 < E < 0.41). The model efficiency compared favourably with many other
similar pathogen modelling studies (Niazi et al., 2015; Coffey et al., 2010). The average of
measured values for each month was compared to the monthly simulated values for E. coli
at these five sampling stations (Figures 3- 6, 3- 7, 3- 8, 3- 9, 3- 10, 3- 11, 3- 12, 3- 13, 3-
14, 3- 15, and 3- 16). The E. coli calibration and validation results for each of these five

sampling stations are described in the following sections.

Bacteria Calibration and Validation at the Ruscom River PWQMN Station.
The model performance was found to be “very good” during the calibration period
(NSE:0.74, and R?: 0.75) at the Ruscom River station. Using the same parameter values,
the SWAT model was validated for the period of 2016 to 2018, and the model performance
was satisfactory (NSE:0.42 and R? 0.43). Most of the reported studies calibrated the
SWAT model for bacteria using one year of monthly observations, and model efficiency
was found to be satisfactory (Niazi et al., 2015; Coffey et al., 2010). The present study used
two years of monthly observations for calibration and three years for validation at the
Ruscom River PWQMN station. Figures 3- 6 and 3- 7 are a stark illustration that the SWAT
model was able to accurately predict the trend of E. coli for seasonal variations except for
some months in which the model underpredicted and over predicted. Furthermore, a “very
good” correlation was observed between observed and simulated E. coli concentrations in

the calibration period as depicted in Figure 3-8. Since the monthly E. coli simulation does
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not allow for evaluation of the peaks in detail (Igbal et al., 2019), the focus was given to

long-term trends.

Figures 3- 6 and 3- 7 show that the monthly mean observed E. coli concentrations
in Ruscom River routinely exceeded the provincial water quality standard (100 cfu/100 ml)
from 2014 to 2018. The E. coli concentration peaks in the range of 400 to 1,600 cfu/100
ml were observed for several months: two months (May and June) in 2014, three months
(April, June, and July) in 2016; and September 2018. The SWAT model was able to predict
the trends accurately but had underpredictions as illustrated in Figure 3- 6, having the
concentrations range from 350 to 750 cfu/100 ml. Conversely, the SWAT model had
overpredictions for peaks in the range of 229 to 500 cfu/100 ml for several months: two
months (September and October) in 2015, three months (May, August, and October) both
in 2016 and 2017; and two months (June and August) in 2018. These variations indicate
that a number of factors contribute to the uncertainty with the SWAT watershed input.
These factors include the seasonal variation in farm practices, animal grazing, and faulty
septic systems. Moreover, no wildlife data was available for this region, and the wildlife

contribution was not considered during E. coli simulation.

In the SWAT model simulation period from 1998 to 2018, assumptions for the
application period for non-point source loading include the following: livestock manure
from April to May for this subwatershed, cattle direct deposit from June to October, grazing
geese manure from mid-March for 225 days, cattle graze manure from May 26 for 150
days, and faulty septic effluent from January to December. In addition, the model
assumption for the E. coli concentration and loading amount are provided in Tables 3- 5,

3-7,3-9,3-10 and 3- 13. The possible reason for the model underprediction could be that
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the number of loadings for non-point sources in the real field was higher for these months
as compared to Tables 3- 7, 3- 9, 3- 10, and 3- 13. Another reason would be the time period
of manure application and livestock grazing in the real field, which depends on the weather.
Similar reasons would be applied for model overpredictions as compared to observed E.
coli.

Therefore, more accurate data for seasonal effects of wildlife, grazing animals, farm
practices for agronomic activities, and effluents from faulty septic systems is required in

order to accurately simulate E. coli concentrations in local streams.

Figure 3- 6: E. coli Calibration at the Ruscom River PWQMN Station
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Figure 3- 7: E. coli validation at the Ruscom River PWQMN Station

Validation Period (2016-2018)
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Figure 3- 8: Scattered plot of E. coli calibration and validation
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Bacteria Calibration and Validation at the Pike Creek Sampling Station. The
SWAT model was calibrated from 2011 to 2015 and validated from 2016 to 2018 at the
Pike Creek sampling station (0.21< NSE <0.46, 0.28< R? <0.48) as depicted in Figures 3-

9 and 3- 10. The observed and predicted E. coli concentrations were relatively higher (>
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200 cfu/100ml) during summer than spring, fall and winter. E. coli concentration above
200 cfu/100 ml was found in fall 2011 and 2012, spring 2018, and winter 2014 (Figures 3-
9 and 3- 10). The model was able to predict the seasonal variations accurately except some

underpredictions and overpredictions, and the possible reasons could be the unaccounted

factors as discussed above.
Figure 3- 9: E. coli Calibration at the Pike Creek Sampling Station
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Figure 3- 10: E. coli Validation at the Pike Creek Sampling Station
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Bacteria Calibration and Validation at the Puce River Sampling Station.

Figure 3- 11 shows the calibration results from 2011 to 2015, and Figure 3- 12 shows the
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validation results from 2016 to 2018 at the Puce River sampling station (0.13< NSE <0.18,
0.16< R?<0.28). Puce River’s seasonal variation for E. coli concentration was similar to
that of Pike Creek. Summer season’s E. coli concentration was observed higher (>200
cfu/100 ml) as compared to the other seasons except for in the year of 2018. The observed
E. coli concentrations were low in summer 2018, and the model shows limitations to
predict low concentration in summer 2018. High E. coli concentration was observed in
2012, 2014, and 2016 during summer season, and the model shows limitations to capture
these peaks. E. coli concentrations above 200 cfu/100 ml were observed to be higher in fall
2012, 2013 and 2018; spring 2014, 2016 and 2018; and winter 2014, and 2015. The model
was able to predict the seasonal variation of observed E. coli accurately for these years
except some under predictions and over predictions for the unaccounted factors as

described above.

Figure 3- 11: E. coli Calibration at the Puce River Sampling Station
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Figure 3- 12: E. coli Validation at the Puce River Sampling Station

Validation Period (2016-2018)

1000

_ 900 NSE: 0.18, and R2: 0.28

T 800

o 700

o

= 600

>

& 500

O | J P

— 400 AA' ‘./\’ < ..

S 300 e ° ° ) °

o o o

L 200 °

108 ¢88 e oee 08¢ o° pe
P35 EE2FEESEE288E 25288
O T T S AR ST < R - - -

@ Simulated Observed

Bacteria Calibration and Validation at the Belle River Sampling Station.
Figures 3- 13 and 3- 14 show the calibration and validation results at the Belle River
sampling station. The SWAT model was calibrated from 2011 to 2015 and validated from
2016 to 2018 (0.15< NSE <0.17, 0.18< R?<0.35). Unlike Pike Creek and Puce River, the
Belle River watershed’s observed E. coli concentration was higher during spring, fall and
winter seasons as compared to summer season except for the years of 2011, 2014 and 2017
in which summer E. coli concentration was observed to be higher (Figures 3- 13 and 3-
14). There could be agricultural practice during winter and fall seasons that may influence
these concentrations. The SWAT model’s prediction of E. coli was relatively higher during
summer and fall in the Belle River watershed. The possible reasons could be the application

of loadings as discussed above.
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Figure 3- 13: E. coli Calibration at the Belle River Sampling Station
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Figure 3- 14: E. coli Validation at the Belle River Sampling Station
Validation Period (2016-2018)
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Bacteria Calibration and Validation at the Duck Creek Sampling Station. The
SWAT model was calibrated from 2011 to 2015 and validated from 2016 to 2018 at the
Duck Creek sampling station (0.27 < NSE <0.41, 0.31< R?<0.42) as shown in Figures 3-
15 and 3- 16. For the Duck Creek watershed, summer season’s E. coli concentration was
found to be higher in 2011, 2012, 2013, 2014, and 2016 as compared to other seasons. For

some months in 2011, 2013 and 2016, fall season’s E. coli concentration was greater than
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200 cfu/100 ml. Spring season’s E. coli concentrations were observed to be higher than
200 cfu/ 100 ml in some months of 2014 and 2016. Winter season’s E. coli concentration
was found to be low from 2011 to 2018. The SWAT model was able to predict the seasonal
variations except for some months that had higher predictions and others with low

predictions due to some unaccountable factors as discussed above.
Figure 3- 15: E. coli Calibration at the Duck Creek Sampling Station
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Figure 3- 16: E. coli Validation at the Duck Creek Sampling Station
Validation Period (2016-2018)
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Contribution of the Contaminated Sources

In order to understand each of the non-point sources’ contributions to the total E.
coli concentrations in local subwatersheds, the SWAT model was simulated separately for
each of the sources, and their share in the total concentration was calculated for the
simulation period of January 2011 to December 2018 for the four major subwatersheds,
including Pike Creek, Puce River, Belle River, and Ruscom River as depicted in Figures
3- 17 and 3- 18. The details of calculating each source’s contribution for each of these local
subwatersheds are provided in Appendix B. For the small subwatersheds including Duck
Creek, Moison Creek, Stoney Point Drainage, and Little Creek, both the faulty septic
systems in 30 m proximity of streams and direct cattle deposit were absent, and livestock
manure was the contributing non-point source pollutant for these subwatersheds.

The monthly average E. coli concentration from livestock manure was the highest
as compared to the other non-point sources. The maximum monthly average E. coli
concentrations in Pike, Creek, Puck River, Belle River and Ruscom River were found to
be 670, 336, 714, and 815 cfu/100 ml, respectively as depicted in Figure 3- 17. The
contribution of livestock manure to the total E. coli concentrations for Pike Creek, Puce
River, Belle River and Ruscom River were found to be 85%, 57%, 65%, and 59% as
depicted in Figure 3- 18. The E. coli concentration was usually higher in the spring and
summer seasons staring from April to June when the manure was applied. Both the cattle
grazing and geese grazing had the lowest contribution to the simulated E. coli
concentrations, and the maximum monthly average E. coli concentration was observed to
be 3 cfu/100 ml in the Ruscom River subwatershed. The probable reason would be the

application of a low number of loadings. The contribution from direct deposit of grazing
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cattle standing in the stream from June to October was found to be higher, and the
maximum monthly average concentrations were found in the range of 50 to 203 cfu/100
ml in local subwatersheds. The contribution of cattle direct deposit to the total E. coli
concentrations for the Pike Creek, Puce River, Belle River, and Ruscom River were found
to be 14%, 39%, 32%, and 37%, respectively as depicted in Figure 3- 18. There were no
E. coli loadings due to cattle direct deposit from January-May and November-December.
The maximum monthly average E. coli concentration from faulty septic systems could
range from 1.8 to 11 cfu/100 ml in local subwatersheds. Overall, the livestock manure was
found to be the major non-point source pollutant for the Lake St. Clair region watershed.

Figure 3- 17: Simulated E. coli Concentration from Each Non-Point Source Pollutant, a)
Pike Creek, b) Puce River, c) Belle River, d) Ruscom River
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Figure 3- 18: Contribution of Different Non-Point Source Pollutants to the Total E. coli

Concentration, a) Pike Creek, b) Puce River, c) Belle River, d) Ruscom River
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Identification of Critical Source Areas

Figure 3- 19 shows the results of the SWAT model predicting seasonal E. coli

concentration at the outlet of each subbasin in the Lake St. Clair region watershed. The
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predicted monthly average E. coli concentration for the subbasins was low during winter,
varying from 0-200 cfu/100 ml. Based on the simulation results, the higher E. coli
concentration occurred where the surface runoff is higher as well as in areas where
agricultural activities are higher and in the areas that are vulnerable due to the direct animal
deposition. The E. coli concentration was found to be the highest in the Belle River
watershed in all the seasons. In addition, the simulation results found that the predictions
of the monthly average E. coli concentration routinely exceeded the recreational water
quality guideline (200 cfu/100 ml) in the local streams including Pike Creek, Puce River,

Belle River, and Ruscom River as depicted in Figure 3- 20.

Pike Creek. High spatial variability in seasonal E. coli concentration was observed
in the Pike Creek subwatershed as depicted in Figure 3- 19. The concentration was lower
than 50 cfu/100 ml during winter and in the range of 150-200 cfu/100 ml during fall. In
spring, the predicted concentration was observed to be more than 200 cfu/100 ml in the
upstream subbasins of this subwatershed. In summer, the concentration can vary from 400
to 1,200 cfu/100 ml in the subbasins located downstream of this subwatershed. Overall, the
monthly average concentration in the downstream subbasin was predicted in the range of
400 to 500 cfu/ 100 ml and identified as critical as compared to the upstream subbasins as

depicted in Figure 3- 20.

Puce River. As per the spatial distribution of E. coli concentration on a seasonal
basis (Figure 3- 19), winter’s E. coli concentration was lower than the other seasons. In the
upstream subbasins, the concentration varied from 300-600 cfu/100 ml during spring and
fall seasons, and 600 to 1,000 cfu/100 ml during summer (Figure 3- 19). The major portion

of the watershed was identified to be impaired since the monthly average E. coli
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concentration was higher than the recreational water quality guideline (200 cfu/100 ml) as

depicted in Figure 3- 20.

Belle River. In the Belle River subwatersehd, higher spatial variability was
observed on a seasonal basis as compared to the other subwatersheds. The downstream
subbasins were observed to be more impaired than upstream subbasins in all four seasons.
The winter concentration was observed to be low, and the summer season’s E. coli could
be as high as 1,200 cfu/100 ml. The fall and summer seasons’ E. coli concentrations were
observed from 200 to 700 cfu/100 ml. The monthly E. coli concentration (Figure 3- 20)
shows that all the subbasins of the Belle River subwatershed were found to be impaired
since the spatial variations of the monthly average E. coli concentration were exceeded

both the recreational water quality guide and PWQO (100 cfu/100 ml).

Ruscom River. Unlike Pike Creek, Puce River, and Belle River subwatersheds, the
seasonal E. coli concentration for the major part of Ruscom River watershed was
comparatively lower as depicted in Figure 3- 19. The winter E. coli concentration was
lower than 50 cfu/100 ml in all the subbasins. The spring E. coli concentration was
predicted to be in the range of 200-800 cfu/100 ml in the middle and upstream subbasins.
During fall, E. coli concentration varied from 0-400 cfu/100 ml. A major part of the
watershed’s E. coli concentration ranged from 0-200 during fall and 200-400 during
summer. A small portion of the watershed located in the middle of the subwatershed had
E. coli concentration in the range of 200 to 400 cfu/100 ml in spring and 600 to 1,200 cfu/
100 ml in summer. The monthly average E. coli concentration was lower than 200 cfu/100

ml for a major portion of the subwatershed as shown in Figure 3- 20. Only a small portion
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of the watershed had monthly average E. coli concentration that varied from 300 to 600

cfu/100 ml.

Duck Creek, Moison Creek, Stoney Point Drainage and Little Creek.
According to Figure 3- 19, the winter and fall seasons’ E. coli concentration for Duck,
Moison and Little Creeks, and Stoney Point Drainage area was lower than 100 cfu/100 ml.
In spring, the E. coli concentration was found to be lower than 100 cfu/ 100 ml for Duck
Creek and Stoney Point drainage, in the range of 101 to 200 cfu/100 ml for Little Creek,
and 201 to 300 cfu/100 ml in Moison Creek. In summer, the E. coli concentration was
lower than 200 cfu/100 ml for these subwatersheds. The monthly average E. coli
concentration was lower than 100 cfu/100 ml as shown in Figure 3- 20. The possible
reasons would be lower agricultural activities, the absence of direct animal deposit, and

faulty septic systems in 30 m proximity of local streams.
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Figure 3- 19: Seasonal Spatial Distribution of the E. coli Concentrations at Each of the

Subbasins, a) Spring, b) Summer, c) Fall, d) Winter
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Figure 3- 20: Spatial Distribution of the Monthly Average E. coli Concentrations at Each

of the Subbasins
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Conclusions

The application of the SWAT model to the Essex region’s Lake St. Clair watershed
represents perhaps the first qualitative modelling approach to identify bacterial risk
spatially for this watershed. Monthly mean E. coli data was used to calibrate and validate
the model on a monthly basis at five sampling locations including the Ruscom River
PWQMN station, and Pike Creek, Puce River, Belle River and Duck Creek sampling
stations. At the Ruscom River PQWMN station, the model provides a “good” prediction
of E. coli (E = 0.74) for the calibration period of April 2014 to November 2015. For the
other four sampling stations, the model efficiency (0.13 < E < 0.46) compared favourably
with many other similar pathogen modelling studies for the calibration period of 2011 to
2015. The model was able to simulate the seasonal variation of E. coli concentration

accurately at these sampling stations except some incidents of under prediction and over
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prediction. In addition, each of the non-point sources’ contribution to the total E. coli
concentration was evaluated in the Pike Creek, Puce River, Belle River, and Ruscom River
subwatersheds, and the contribution from livestock manure was found to be the highest
(>55%) compared with other non-point source pollutants including cattle direct deposit,
faulty septic systems, and animal grazing. For the Duck Creek, Moison Creek, Stoney Point
Drainage, and Little Creek subwatersheds, livestock manure was the major non-point

source pollutant due to the absence of faulty septic systems and cattle direct deposit.

The spatial distribution of seasonal E. coli concentration results show that summer
season’s E. coli concentration was observed to be the highest, and the monthly E. coli
concentration range was 1,001-1,200 cfu/100 ml at the downstream of Pike Creek, Belle
River, and in a small portion of the watershed located at the middle of the Ruscom River
subwatershed. In spring, downstream of Belle River had the highest E. coli concentration
in the range of 601 to 700 cfu/100 ml, and the concentration was 601 to 800 cfu/100 ml in
fall. In winter, the monthly average E. coli concentration was lower than 200 cfu/100 ml

in all the subbasins.

The Belle River subwatershed was identified as the most impaired watershed
compared to other local subwatersheds where the monthly average E. coli concentration
varied from 201 to 601 cfu/100 ml. Furthermore, higher monthly average E. coli
concentrations were observed in the subbasins located downstream of Pike Creek and
upstream of Puce River. For the subwatersheds of Duck Creek, Moison Creek, Stoney
Point area, and Little Creek, monthly average E. coli concentrations were found to be lower
than the PQWO (100 cfu/100 ml). The possible reasons would be fewer agricultural

activities and the absence of discharge from cattle’s direct deposit and faulty septic systems
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in 30 m proximity. For the Ruscom River subwatershed, a major portion of the
subwatershed’s monthly average E. coli concentration was lower than the recreational

water quality guideline (200 cfu/100 ml) but higher than the PWQO (100 cfu/100 ml).

The monthly average E. coli concentration ranges from 10-700 cfu/100 ml at
various points located at the near shore regions discharging to Lake St. Clair. Additionally,
more reliable watershed input for non-point source pollutants with respect to manure
application, animal grazing, faulty septic systems, and direct animal deposition could
improve the model prediction. The simulation results reveal that the subwatersheds located
on the western side of the Lake St. Clair region watershed have comparatively higher E.
coli concentrations than the subwatersheds located on the eastern side of the watershed.

The outputs of the model should be used to drive best management practices.
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