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ABSTRACT

Microbial contamination assessment with SWAT in a tile-drained rural

watershed

Microbial contamination of drinking water poses an important health risk which causes
severe illnesses and epidemics. In order to improve surface and drinking water quality, the
understanding of fecal pathogen contamination processes including their prevention and
control needs to be enhanced. The watershed model soil water assessment tool (SWAT) is
commonly used to simulate the complex hydrological, meteorological, erosion, land
management and pollution processes within river basins. In recent years, it has been
increasingly applied to simulate microbial contamination transport at the watershed scale.
SWAT is used in this study to simulate Escherichia coli (E.coli) and fecal coliform
densities for the agriculturally dominated Payne River Basin in Ontario, Canada.
Unprecedented extensive monitoring data that consist of 30 years of daily hydrological
data and 5 years of bi-weekly nutrient data have been used to calibrate and validate the
presented model here. The calibration and validation of the streamflow and nutrients
indicate that the model represent these processes well. The model performs well for
periods of lower E. coli and fecal coliform loadings. On the other hand, frequency and

magnitude of higher microbial loads are not always accurately represented by the model.
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1. Introduction

Microbial contaminations of drinking water pose a health risk that causes severe illnesses
and epidemics. As seen in 2002 in Walkerton, Ontario, the occurrence of bacteria E.coli
0157:H7 and Campylobacter jejeuni in drinking water caused the infection of 2300 people
with gastroenteritis and led to several deaths (Locas et al. 2007). That outbreak alerted the
public to the health risks posed by pathogens. The detection of potentially pathogenic
microorganisms in water resources and drinking water supplies along with the resistance of
Cryptosporidium to conventional drinking water treatment (filtration, chlorination) (Marshall
et al. 1997, King & Monis 2006) reveal the necessity to reduce human exposure to these

pathogens through more efficient source protection strategies.

Fecal pathogens of concern excreted by animals and humans comprise bacteria (E.coli,
Campylobacter, Salmonella enterica), protozoa (Cryptosporidium, Giardia), and viruses
(rotavirus, norovirus). Contamination by fecal pathogens can be caused by point and non-
point sources. Point sources (direct entry of contaminants into the water resource) can be
usually better identified and controlled than non-point source contaminations. While non-
point source pollution with fecal pathogens can be derived from spatially dispersed and
multifaceted sources (human, agricultural livestock, wildlife), agricultural activities
(especially animal manure applications) have been identified as main contributors to non-
point source pollution with fecal pathogens (and nutrients) (USEPA 2007, Jamieson 2004).
In order to improve surface and drinking water quality, the understanding of fecal pathogen

contamination processes including their prevention and control needs to be enhanced. For
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example, research needs to be conducted at each level, starting with effective livestock
infection control to reduce pathogen shedding rates. Pathogen concentrations in manure need
to be controlled through manure management and treatment. Best management practices for
manure application and grazing have to be developed, improved, and implemented in order
to decrease surface and groundwater contamination. Furthermore, efficient water treatment

methods need to be studied in order to provide the public with pathogen free drinking water.

Watershed models are commonly used to simulate the complex hydrologic, meteorologic,
erosion, land management and pollution processes within river basins. Models have been
proven to be an efficient tool to inform sensible water management, design and test best
management practices, and forecast environmental impacts on the watershed. Moore et al.
(1983) developed a model to estimate the level of fecal coliform (FC) in runoff.
Subsequently, new models have been introduced (Ferguson et al. 2007). Additionally,
hydrological watershed models have been extended to simulate microbial transport (Dorner
et al. 2004a, Tian et al. 2002) such as the soil water assessment tool (SWAT) microbial sub-
model (Sadeghi & Arnold 2002). SWAT has been extensively used for water quality
assessments in diverse watershed conditions (Gassman et al. 2007). However, since the
introduction of its microbial sub-model, few applications of bacterial transport in agricultural
and forested watersheds have been published (Coffey et al. 2010, Chin et al. 2009, Parajuli et
al. 2009, Baffaut & Benson 2008). Although these studies have significantly contributed to
our knowledge of microbial transport in watersheds and its simulation, they are based on
limited calibration and validation data due to the high temporal and spatial variability of
pathogenic contaminants and the cost associated with their analysis. Therefore, a need for

microbial transport simulations calibrated and validated with long-term field data is
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fundamental. This thesis presents research conducted in the Payne River Basin of Ontario,
Canada to determine if SWAT can simulate the transport of nutrients (nitrogen (N),
phosphorus (P)) and fecal bacteria (FC and E. coli) and the degree to which these simulation
results agree with observed long-term field data. This research enhances our understanding
of sources as well as surface transport mechanisms of microbial contaminants at the

watershed scale.

1.1 Purpose and Objectives

The wealth of data generated through detailed field observations and water quality sampling
programs enables us to draw an accurate picture of the present situation and processes that
occur within watersheds. However, in order to forecast future scenarios and deepen the
understanding of these complex environmental interactions, watershed models are necessary
tools. Since 2004, the Agriculture and Agrifood Canada research group led by Dr. D. Lapen
has carried out an extensive water quality sampling program on several streams within the
South Nation River Basin. The Payne River Basin is a sub-basin of the South Nation River.
Long term hydrological data from the Environment Canada gauging station Payne River near
Berwick (02LB022) are available in addition to water quality observations. These are the
most important prerequisites for a robust and reliable model design and calibration. It is
therefore a natural choice to use these long-term observations for simulation purposes and

achieve the following objectives:

1. to simulate the transport of nutrients (N, P) and fecal bacteria (FC and E. coli) for

the years of 2004-2008;

Claudia Fall, M.Sc. Thesis 3



2. to parameterize the model by using geospatial data and in situ field analyses;

3. to determine to which degree these simulation results agree with observed long-term
field data in the Payne River Basin of Ontario, Canada; and

4. to enhance our understanding of sources as well as surface transport mechanisms of

microbial contaminants at the watershed scale.

1.2 Organization of Thesis

This thesis is in the form of an enriched manuscript that contains several chapters which
contribute to achieve the above stated thesis objectives. A review of the existing literature on
sources of microbial contamination, survival of bacteria in manure, soil and water, their
transport characteristics and the modeling of microbial contaminant transport is presented in
Chapter 4. The subsequent chapter describes in detail the model development, including
model parameterization and quantification of sources of microbial contamination in the
watershed. A sensitivity analysis, and calibration and validation of the model for discharge,
sediment and water quality (nutrients and bacteria) are presented in Chapter 6. Chapter 7
discusses in detail, the model results, which is followed by a summary of the most important

results of this study as well as conclusions and recommendations drawn from this thesis.
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2. Background

The following literature review has been performed with the purpose of better understanding
the mechanisms that drive microbial contamination in agricultural watersheds. A discussion
of the sources of microbial pollution, including FC and E. coli concentrations in feces, stored
manure and septic effluent, will be followed by a review of bacteria survival, transport

characteristics and modeling approaches at the watershed scale.

2.1 Sources of microbial contamination

Common sources of water pollution with pathogens are fecal matters of livestock (e.g.,
cattle, horses, goats, sheep), wildlife (deer, waterfowl, muskrat, raccoon, and beaver),
humans and pets. These sources are distributed either as point or most commonly as non-
point sources throughout the watershed depending on the actual land use (urban, water,
cropland, and forest). Point sources include mostly waste water treatment plants and straight
pipe sewage discharges of older houses. Non-point sources are more diverse and consist of
manure storage lagoons, manure land application as fertilizer on cropland, feces of grazing
livestock (placed on grazing land) and wildlife (placed on agricultural, residential, and forest
areas), human fecal matter deposited on land surfaces through failing septic systems as well
as livestock, wildlife and human fecal matter directly deposited into streams from individuals
or animals with access to streams or recreational use of water bodies. Generally, the amount
of pathogens contained in animal waste depends on the species, age, feed, health as well as

manure storage and treatment. Feces produced by confined livestock operations (principally
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poultry, swine, and dairy) are usually stored (Benham et al. 2004). During dung storage,
bacteria might increase, decrease or shift in species diversity (Lu et al. 2005). Examples of
FC and E.coli concentrations in fresh cattle and wildlife feces, as well as in stored cattle

manure and septic effluent, are summarized in Table 1.

Table 1  Examples of fecal coliforms and concentrations in different media

Fecal Coliform Range E. coli Range Units Source
Beef, fresh 1.74x10° 6.03x10° 1x10°  1x10 cfug” @yweigwy  van Kessel et al. 2007
Cattle Manure 8.48x10° 2.73x10 1x10°  1x10° cfug” @yweigny  Guber et al.2009, Trevisan et al. al. 2002
Geese 7x10° 1.3x10° cfu/g wetweigy ~ Middleton & Ambrose 2005
Muskrat 2.5x10° 2.5x10° cfulg wetweigny ~ Yagow et al. 2001
Septic System 7x10* 1.1x10° 3x10°  6.2x107 cful Sidhu et al. 2009

Concentrations of bacteria that are contained in fecal matter deposited on land surfaces
(manure, application, grazing animals) may decline due to dehydration and UV -radiation.
Rainfall that results in surface runoff can transport feces and the remaining bacteria into
streams or in the case of urban land use (pets) into a storm sewer that directly empties into
streams. The intensity and duration of runoff producing rainfall and the proximity to streams
control hereby the amount of bacteria that reach the watercourse (Jamieson et al. 2002).
Fecal matter and associated bacteria used as fertilizer and applied on cropland might reach
subsurface tile drainage systems (Jamieson et al. 2002) that empty into streams. During the
downstream transport, additional bacteria die-off can occur (Benham et al. 2004). If fecal
matter is directly deposited into streams, bacteria die-off is lower than bacteria deposited on

the land. Direct deposits are therefore a major source of water pollution.

The presence of fecal pathogens is usually detected by means of indicator bacteria (such as

FC (fecal coliforms) or Escherichia coli (E. coli)). To reduce fecal contamination of water,
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substantial efforts in source tracking and understanding the fate and transport of bacteria are

made (Benham et al. 2004).

2.2 Survival of bacteria in manure, soil and water

The survival of pathogens in manure, soil and water depends on multiple factors, including
soil type, temperature, moisture, pH, UV radiation, method of waste application, nutrient
availability, competition and pathogenic bacterial-protozoa interactions. Pathogen survival
has been reviewed by Reddy et al. (1981), Crane et al. (1983), Crane & Moore (1986),

Dorner (2004b), Snelling et al. (2006), and King & Monis (2007).

Among all factors that influence bacteria survival in the environment, nutrient availability
and temperature seem to be the most essential (Van Elsas et al. 2011). Foppen & Schijven
(2006) evaluated numerous studies on environmental inactivation of E.coli in solution and
attached to sediment, and concluded that despite the variety of experimental conditions, a
positive relationship between temperature and die-off coefficients is apparent. The average
E. coli die-off coefficient at 20° was found to be 0.5 d”' (with values ranging between 0.08
and 1.1). Furthermore, predation/antagonism seems to increase the die-off rate by 1 log-unit
on average.

The range of bacteria deactivation rates found in the literature is summarized in Table 2. The
table clearly shows that die-off coefficients vary with the bacteria host medium. In the

following, bacteria die-off in manure, soil and water will be discussed.
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Table 2 Bacteria Die-Off Coefficients within the Literature

Die-Off coefficients

Fecal Coliform E. coli Condition Source
day day ™ day day ™
manure 0.169 0.225 0.205 0.23 Field van Kessel et al. 2007
amended soil 0.0581 0.0995 Field Soupir et al. 2008
0.05 0.06 Field Sinton et al. 2007
0.016 Field Muirhead 2009
0.028 0.066 Field Crane & Moore 1986
0.054 0.096 Laboratory Oliver et al. 2006
0.071 0.08 Laboratory (21 C) van Kessel et al. 2007
fresh water 0.19 0.33 Laboratory Oliver et al. 2006
0.288 0.99 Laboratory (20 C) Crane & Moore 1986

Manure
E. coli and pathogen survival in manure is, according to Himathongkham et al. (1999), most

importantly influenced by temperature, pH, solid content, microbial content, oxidation-
reduction potential and time. The authors determined best survival rates for E. coli at a
temperature of 4° C and characterized bacteria decay as a first order reaction. On the other

hand, protozoan pathogens can persist for extended periods in the environment.

Nicholson et al. (2004) conducted research in Nottinghamshire, UK and mixed fecal matter
with E. coli 0157, Listeria monocytogenes, Campylobacter jejuni and Salmonella. Dairy
slurry and dirty water were then stored in 20 m’ above-ground circular steel tanks, solid
manures (dairy cattle and pig farmyard manure (FYM), and broiler litter) in 10 m’ turned
(composted) and unturned heaps. Their results indicate that E. coli O157, Salmonella and

Campylobacter survived in stored slurries and dirty water up to three months, and Listeria up
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to six months. On the other hand, in solid manure heaps with temperatures >55°C, pathogens

survived for less than one month.

E.coli and FC die-off rates in cowpats under field and laboratory incubation conditions were
compared by Van Kessel et al. (2007). In both settings, FC and E. coli concentrations
increased during the first week and subsequently decreased. Generally, the die-off rates of E.
coli and FC are higher under field conditions and highest in non-shaded cowpats.

Soil

The survival of pathogens in agricultural soil systems varies importantly (mean first order
die-off rate constants: FC - 1.14 d-1, fecal streptococci - 0.41 d-1, Salmonella - 1.33 d-1,
Shigella - 0.68 d-1 (Sjogren 1994)) and is mostly influenced by moisture content, soil type,
temperature and pH, nutrient availability and competition (Jamieson 2002). Reddy et al.
(1981) estimated survival times in soil for E .coli 20.7 to 23.3 months. According to
Jamieson (2002), various studies suggest that water saturation controls the survival of enteric
bacteria in soil (low moisture content -» low bacteria survival rate). Soil properties, like
particle size distribution and organic matter content influence moisture and nutrient retention
in soils (high fine particle and organic matter content -» high moisture and nutrient retention
capacity) and therefore bacteria survival (Garzio-Hadzick et al. 2010). According to Garzio-
Hadzick et al. (2010), higher fine particle and organic carbon content in sediments leads
moreover to lower sensitivity of the bacteria inactivation to temperature. Habitually, higher
temperatures increase bacteria mortality independently of their medium (Foppen & Schijven
2006). A pH between 6 and 7 was found to be optimal for bacteria survival (Jamieson 2002).
Nutrient availability and competing micro-organisms (competition for essential nutrients and

water) limit the survival of pathogens in soil (Jamieson 2002).
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The influence of nutrient availability on bacteria survival was documented by Estrada et al.
(2004). FCs and E. coli numbers in soil treated with waste water treatment plant sludge
declined over time under open-air and laboratory conditions, but considerably increased in
the presence of chemical fertilizers. These findings are supported by observations from Franz
et al. (2008), who found £ .coli O157:H7 to show prolonged survival in soil with increasing
levels of dissolved organic carbon per unit biomass carbon DOC/biomC. Furthermore, the
type of manure seems to impact bacteria survival as shown by Unc & Goss (2006), who
detected higher initial E. coli densities in soils treated with solid beef cattle manure, but

faster bacteria decline than those treated with liquid swine manure.

On the other hand, the existence of “naturalized” E. coli strains in soils is being discussed in
the literature. Ishii et al. (2010) found E. coli to be able to grow and survive long-term in
soils as long as soil temperature, moisture, and nutrient conditions are tolerable. According
to Brennan et al. (2010), E. coli would lose its value as an indicator of recent fecal
contamination if it can be proven that E. coli recovered in subsurface water (tile and
groundwater) is primarily mobilized from naturalized populations that reside within the soil

profile.

Water

E. coli is commonly considered to decline in a natural aquatic environment. When faced with
low nutrient concentrations and other environmental stresses, E. coli will enter a starvation
state and eventually die-off (Rozen & Belkin 2001). E. coli die-off rates in freshwater under
laboratory conditions will range from 0.19 to 0.99 d”' (Oliver et al. 2006, Crane & Moore
1986). Different microorganisms will show diverse persistence and in situ inactivation rates.

Lendrum (2006) found first order die-off kinetics of Cryptosporidium in ponds to be
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significantly different than those of E. coli and Enterococcus. Cryptosporidium (0.314 day ™)
decayed much more slowly than E.coli (0.0671day 1) or Enterococci (00540 day ™). On the
other hand, DeLoyde et al. (2007) showed that Giardia can survive up to 2.8 months in river
water at <10°C and ~1 month in lake water at 15-20°C. However, Vital et al. (2008)
provided evidence of the ability of E. coli O 157 to grow in sterile freshwater at low carbon

concentrations.

In addition to the water column itself, natural aquatic environments provide opportunities for
bacteria reservoirs in biofilms and bottom sediments. Balzer et al. (2010) found total
coliforms, E. coli and Enterococci concentrations in biofilms to be two magnitudes higher
than those in river water. Whereat, Garzio-Hadzick et al. (2010) determined that E. coli
survives in sediments much longer than in overlaying water. Sediments that act as reservoirs
of E. coli will affect microbiological stream water quality during high flow events (Sinclair

et al. 2009, Garzio-Hadzick et al. 2010).

2.3 Transport characteristics

Reviews on pathogen transport have been published by Mawdsley et al. (1994), Jamieson et
al. (2002), Ferguson et al. (2003), and Unc & Goss (2004). Soil type, soil water content, soil
pH, plant roots, surface properties of microorganisms, micro-and meso-faunal activities,
topography, climatic conditions, temperature, water infiltration, volume and type of manure
have been found to influence pathogen transport in overland flow, subsurface flow and

streams.
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Overland Transport
If pathogens are applied to land surfaces, they can either travel overland with runoff or

infiltrate (subsurface transport). The entrainment and suspension of pathogens depends on
the kinetic energy of the runoff and the physical characteristics (diameter, mass) of the
microorganisms. Sediment-microorganism associations change the physical characteristics of

the particles and influence their settling velocity.

Overland transport of Cryptosporidium oocysts from experimental plots has been assessed by
Tate et al. (2000). It was found that oocyst concentrations recovered downstream largely

depend on the volume of overland flow and pathogen supply.

Mishra et al. (2008) assessed bacterial transport in runoff from cropland. One and two days
after manure application (dairy manure, poultry litter) rainfall simulators were used to
stimulate surface runoff. Manure was either superficially applied or incorporated. They
concluded that manure application based on agronomic P rates result in significant bacterial
loadings (bacteria-FC, Escherichia coli, and Enterococcus) if rainfall occurs soon after
manure application. Different manure application techniques did not result in significant

different bacterial loadings.

Interestingly, the results of Muirhead et al. (2006a) indicate that Escherichia Coli in runoff
from cowpats do not attach to dense particle or flocks, and are predominantly transported as
individual cells. Furthermore, laboratory scale experiments conducted by Muirhead et al.
(2006b) show that E.Coli are mainly transported by advection in overland flow over

saturated soils. They attach predominantly to small particles (<2 pm) which do not attenuate

bacteria transport like particles >45 pm. Oliver et al. (2007) conducted batch sorption
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experiments on clay loam soil and found 65% of E.Coli associated with particles <2 um as

well as a preferential attachment to 16-30 pum fraction for the remaining bacteria.

Subsurface Transport
Bacterial transport to subsurface tile systems largely depends on soil moisture content (at

manure application time) and precipitation (up to 2-3 weeks after application) (Jamieson et
al. 2002). While soils with a high content of silt and clay can retain moisture and nutrients
and filter bacteria (0.2 - 5 Wm) successfully (in case of matrix flow), they are predisposed to
shrink or crack, and therefore offer preferential flow opportunities in macropores (non matrix
flow). Macropores have been found to be the dominant transport pathway for fecal
pathogens. They are formed by soil fauna (size: 1 - 50 mm, near the soil surface), cracks and
fissures, plant roots (near the soil surface), and subsurface flow erosion (Jamieson et al.
2002). Akhand et al. (2006) simulated liquid biosolids and precipitation induced tile flow
with the program MACRO and found that 97% of the total tile drain flux originate in
macropores. In addition, 7% of E.Coli O157H applied to grazing land reach tile drains during

rainfall events (Fenlon et al. 2000)

Ouellet et al. (2007) aftirmed that earthworm activity is an indicator of groundwater and tile
drainage contamination risk, and investigated in their study, the relationship between
earthworm biomass, physical and hydraulic soil properties, and land management. Tillage
practice and surface residue cover were found to most importantly influence earthworm
activity. Higher biomass contents were found in no till and conventionally tilled fields with
high surface residue covers. Tillage interrupts worm channels and integrates surface organic
residues into the soil, which is less favourable for earthworms. Surface residue covers offer

food supply and protection to earthworms and therefore create a favourable environment.
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Worm biomass could be an indicator of preferential flow, but is too sensitive to soil
temperature and humidity. Instead, soil saturated air-entry tension (AEV) that represents
continuous pore networks and strongly related to field saturated hydraulic conductivity (Kg)
could be used as an indicator of burrowing activity. With a regression trees analysis, robust
indicators of macropore flow (high K¢, low AEV and high earthworm biomass) have been
identified. Quellet et al. (2008) conducted their study in Eastern Ontario and collected data
on physical soil properties (soil texture, clay, silt, sand content, organic matter, bulk density,
water content, soil temperature, K¢ AEV, earthworm biomass) and management parameters
(tillage, vegetation cover, residue cover) on 78 fields (59 conventionally tilled, 19 long term

(>5 a) no-tillage).

Liu (2007) studied the influence of biofilm presence on E.coli transport in porous media.
Experiments in glass bead packed columns with and without a biofilm coating were
conducted and resulted in the following conclusions. High biofilm thicknesses enhance
bacteria cell adhesion. E.coli attached to biofilm coated media is able to grow to form an
integral part of the biofilm bacteria and persist in the filter media even under a low nutrient
supply. It was concluded that biofilm sloughing mostly influences the fate of E.coli over the

experimental period.

The potential movement of pathogens in ground water, including viruses, bacteria,
Cryptosporidium and Giardia, was reviewed by Robertson and Edberg (1997).

In stream Transport

Pathogenic microorganisms reach streams from their overland sources or are directly
deposited into water bodies. Within streams, they are transported by advection and

dispersion processes (Jamieson et al. 2004). The pathogen attachment to sediment or organic
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particles influences its settling characteristics. According to Jamieson et al. (2005a), bacteria

adsorption can be modeled as an irreversible process in freshwater environments.

Searcy et al. (2005 and 2006a) studied the transport of Cryptosporidium parvum in surface
water under laboratory conditions in flow cell system, settling column and flume
experiments. Cryptosporidium parvum oocysts were found to attach to inorganic and organic
particles (under typical surface water chemical conditions). The attachment on its part
increased oocyst settling velocities, so that the rate of oocyst deposition to the river bed
increases in the presence of suspended particles. Additionally, Searcy et al. (2006b) studied
the influence of biofilms on Cryptosporidium parvum oocyst attachment with flow cell
experiments. Surfaces covered by Pseudomonas aeruginosa biofilms would demonstrate
greater deposition of Cryptosporidium parvum oocysts than abiotic surfaces. They concluded
that the interaction of oocyst with sediment and biofilm reduces oocyst concentration under
low flow conditions and produces a resuspendable in-stream reservoir (at higher flows).
Angles et al. (2007) pointed out the need to further assess the possible extended infectivity of

biofilm-associated Cryptosporidium and their re-suspension mechanism.

Moghadam (2006) studied the settling characteristics of Cryptosporidium and Giardia in
filtered tap water in a column. It was concluded that Cryptosporidium settles faster than
Giardia. Their settling velocity increases with rising temperatures. Furthermore, the settling
velocities of inactive Cryptosporidium and Giardia (oo)cysts are higher than those of active

(0oo)cysts.

Cryptosporidium parvum oocyst surface macromolecules significantly hinder oocyst

attachment (Kuznar and Elimelech 2006). They investigated viable oocyst attachment
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efficiencies to quartz surfaces with a radial stagnation point flow system and compared them
to those of oocyst with removed surface macromolecules (digestive enzyme treatment
(proteinase K)). Low deposition rates and attachment efficiencies of viable oocyst are
explained with “electrosteric” repulsion between the oocyst surface macromolecules and the
quartz surface (both surfaces are negatively charged). After removal of surface
macromolecules, the Cryptosporidium parvum oocyst showed increased attachment

efficiencies and demonstrated the typical behaviour of colloidal particles.

Jolley (2005) studied the interactions of (bacteria indicator) FC and sediments in two fresh
water streams in South Carolina. In base flow conditions 10-10000 times higher, FC counts
were observed in bottom sediments than in the water column. Furthermore, during storm
flows, FC counts in water were found to be higher than at base flow conditions. This
confirms the statement by Jamieson at al. (2004) that resuspension of pathogens from bottom
sediments into a water column could be the result of storm flow, human or animal induced
disturbances to the riverbed. However, the amount of bacteria available for resuspension in
bottom sediments seems to be finite, as the supply is depleted on the rising limb of the storm

hydrograph (Jamieson et al. 2005b).

Surbeck et al. (2006) characterized the relationships between streamflow and concentration
of fecal pollution (fecal indicator bacteria and F+ coliphages viruses infecting E. coli) or total
suspended solids (TSS) in stormwater runoff from the Santa Ana River watershed
(California). During three storms, 4 samples per hour (peak flow) to 2 samples per day (end
of a storm) were taken at three locations with dominant residential, commercial and minor
agriculture land uses. Samples were analyzed for TSS (Standard Method 2540D), E.coli and

total coliform (Colilert test), enterococci bacteria (Enterolert test), fecal indicator viruses (F+
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Coliphage) (two-step enrichment method and plaque-forming unit assay) and 15 samples for
the presence of human adenovirus (nested PCR protocol) and human enterovirus (RT-PCR
procedure). Streamflow rates were obtained from the U.S. Geological Survey and Orange
County Water District. Log-log plots of fecal pollutant concentration versus streamflow
revealed little dependence between both variables and therefore, the flow independent nature
of fecal indicator bacteria and F+ coliphages. On the other hand, log-log plots of TSS versus
streamflow display a very strong dependence. These differences are explained by the authors
with different sources and transport pathways for stormwater constituents. Fecal pollutants
are ubiquitously present on the surface of urban landscapes and can be rapidly transported
into the surface water under rainfall conditions. In contrast, TSS represents shear-induced

erosion of drainage areas and channel bed sediments.

Characklis et al. (2005) demonstrated that pathogens do not exclusively exist as free
(unattached) organisms. They investigated microbial partitioning of several bacterial,
protozoan and viral indicator organisms to settleable particles in stormwater in three urban
streams under storm and dry weather conditions. Microorganisms associated with settleable
particles were estimated through the use of a centrifugation technique (calibration with
suspensions of standard glass, latex particles). An average of 20%—-35% of bacterial indicator
organisms (FCs, E.coli, enterococci) were attached to settleable particles in background
samples and 30%—55% in storm samples. Clostridium perfringen spores showed the highest
association level under storm conditions (50% to 70%). S. coliphage partitioning varied

between 20-60% during storms.
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2.4 Modeling of microbial contaminant transport
In order to characterize catchment processes and pathogen transport at a watershed scale,
different mathematical models have been developed in recent years. Several reviews that
compare the performances of these models have been published by Borah & Bera (2003 &
2004), Jamieson et al. (2004) , Shoemaker et al. (2005), Coffey et al. (2007), and Migliaccio
& Srivastava (2007). Catchment models are generally based on the hydrological cycle, and
simulate water yield as well as sediments, nutrients, and in some cases, pathogen transport.
Current microbial modeling approaches for watersheds are summarized in Table 1. They
include the Hydrologic Simulation Program (HSPF, Bicknell et al.,, 2000), Loading
Simulation Program in C++ (LSPC, Tetra Tech, Inc.& USEPA, 2002), SWAT (Arnold et al.
1998, Arnold et al. 2005, Neitsch et al. 2004), Storm Water Management Model (SWMM,
Donigian & Huber, 1991), Watershed Assessment Model with an ArcView Interface
(WAMView, SWET, 2006) linked to a bacteria model developed by Tian et al. (2002),
Watershed Modeling System (WMS, Dellman et al. 2002), Watershed Analysis Risk
Management Framework (WARMEF, Chen et al. 1999), MWASTE (Moore et al., 1989), Coli
(Walker et al. 1990), a model developed by Dorner et al. (2004a), and a model developed by

Ferguson et al. (2007).

HSPF was designed to simulate hydrological and pollutant transport in complex watersheds.
It is included in the USEPA supported BASINS model. Bacteria are modeled as free floating
contaminants with no sediment association (Bicknell et al. 2000). According to Coffey et al.
(2007), HSPF has been extensively applied to simulate bacteria transport and evaluate total
maximum daily loads (TMDL). HSPF is a process based model which relies on many

empirical relationships to represent physical processes. It includes model features like
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surface and groundwater, stream routing, and sediment, nutrient, pollutant, pesticide and
bacteria transport. Simulation time steps are user-defined and vary between minute and daily.
Disadvantages of the model include the lack of a tile drain component as well as the high

level of model expertise, time and data needed (Shoemaker et al. 2005).

LSPC was designed to handle very large watersheds (=100 sub-watersheds). It is based on
HSPF and uses its algorithm to model hydrological, sediment, nutrient, pollutant, FC and
bacteria transport processes on land, in the subsurface and streams (Tetra Tech, Inc. &
USEPA 2002). LSPC is a process based model which relies on many empirical relations to
represent physical processes. It does not include tile drainage features and requires extensive

calibration, data, time, and a high level of expertise for application (Shoemaker et al. 2005).
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Table 3 Comparison of Watershed Models and their Capabilities
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SWAT was developed to predict the impact of land management practices on water,
sediment and agricultural chemical yields in large complex watersheds with varying soils,
land use, and management conditions over long periods of time (Gassmann et al. 2007).
SWAT is a process-based model which simulates sediment, nutrient, pollutant, pesticide, and
bacteria transport on land, in interflow, groundwater and streams. It simulates daily time
steps and is therefore not designed for single storm events. Its microbial sub-model was
developed by Sadeghi and Arnold (2002) and allows the partitioning of bacteria into
adsorbed and non absorbed fractions. The SWAT linkage to ArcGIS with graphic interfaces
was introduced by Di Luzio et al. (2004). SWAT has been extensively applied to model
hydrology, TMDL and non-point source pollution (Shoemaker et al. 2005, Parajuli et al.
2007). It is one of the few watershed models which include a tile drainage component (Du et
al. 2005). Model experience, time and data needed for SWAT applications are moderate

(Shoemaker et al. 2005).

SWMM was developed for the analysis of surface runoff and flow routing through complex
urban sewer systems. It is a process based model which includes surface and groundwater,
stream routing, and nutrient and bacteria transport features. Single-event or long-term
simulation by using various time steps are possible (Donigian & Huber 1991). SWMM is
primarily applied to urban areas. It is associated with substantial training, time and data as

well as high software costs (Shoemaker et al. 2005).

WAMView allows the user to assess the water quality of surface and groundwater based on
land use, soils and weather. WAMView is a process based model which is linked to a
bacteria model developed by Tian et al. (2002). It includes surface and groundwater,

streamrouting, and nutrient and bacteria transport features (SWET, 2006). The microbial
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component was developed to assess the pollution potential of surface water with E. coli (Tian
et al. 2002). According to Shoemaker et al. (2005), the model has proven to work well for

wetlands, but has a very elevated time and data need.

WARMF was designed to evaluate water quality management alternatives for river basins
and is capable of calculating the TMDL of pollutants (Chen et al., 1999). It simulates daily
time steps and includes surface and groundwater, and nutrient and bacteria transport
components. Tile drainage is not supported. Other limitations include that the model can not
account for individual source contributions and the user has to contact Systech to setup and

calibrate the model (Shoemaker et al. 2005).

WMS simulates all phases of watershed hydrology and hydraulics. The model is process
based, but relies on many empirical relations to represent physical processes (Dellman et al.
2002). It includes surface and groundwater, and nutrient and bacteria transport components.
Tile drainage is not supported. It is associated with substantial training, time and data as well

as high software costs (Shoemaker et al. 2005).

MWASTE simulates waste generation and bacterial concentrations in surface runoff from
agricultural areas and was developed by Moore et al. (1989). It estimates bacterial (FC and
fecal streptococci) surface transport with empirical equations. Limitations include the

missing groundwater, tile drain and stream routing components (Coffey et al. 2007).

Coli was developed by Walker et al. (1990) to predict FC bacteria concentration of runoff
from agricultural lands with Monte Carlo simulation. The surface transport of bacteria is

assumed to be associated with soil particles and therefore, computed by using a modified
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universal soil loss equation (Jamieson 2004). Limitations include the lack of groundwater,

tile drain and stream routing components (Coffey et al. 2007).

Dorner et al. (2004a) developed a watershed pathogen transport model based on the
hydrologic model WATFLOOD/SPL. The model simulates pathogen transport from non-
point and point sources in overland flow, subsurface flow and stream routing. It is a process

based model, but does not include nutrient transport and tile drain components.

The pathogen budget model developed by Ferguson et al. (2007) was designed for the
Wingecarribee catchment, Sydney, Australia, to predict and rank Cryptosporidium, Giardia
and E.coli loads exported from a catchment. It quantifies pathogen generation and transport
processes, and includes surface water, stream routing and bacteria transport components, but

no tile drain and nutrient features.

All these programs have their own strengths and weaknesses. HSPF and SWAT are useful
for long term continuous simulation and assessment of hydrological changes and watershed
management practices according to Borah & Bera (2003). While SWAT is suited for
predominantly agricultural watersheds and simulates well agrochemical and agricultural
management scenarios, HSPF is able to model the impact of urbanization and can be
employed in mixed agricultural and urban watersheds. Both models were found to be
suitable for predicting yearly and monthly flow volumes, and sediment and nutrient loads.
On the other hand, daily simulation results were poor in applications reviewed by Borah &

Bera (2004).

Only SWAT simulates tile drainage flow which is important in agricultural dominated

watersheds. Other models can simulate subsurface drainage by altering interflow parameters,
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but are not originally designed to include tile drain components (Migliaccio & Srivastava
2007). Furthermore, the authors characterized SWAT as a good choice for watersheds where

streamflow is dominated by groundwater recharge (Migliaccio & Srivastava 2007).

SWAT, HSPF and LSPC have been classified by Coffey et al. (2007) as the three best
choices among 13 microbial modelling approaches for watersheds. All three pathogen
models account for the input categories of soil, hydrological cycle, meteorological
conditions, bacterial loadings, non-point sources, land management, nutrients, and water
channel systems, and their applications have been published. However, Coffey et al. (2007)
stated that SWAT is the software with the greatest potential for high-level analyses. This is
because of the significant amount of data, empirical parameters, time, and modeling

experience needed to develop and calibrate HSPF and LSPC watershed models.

SWAT Model
SWAT is a physically based continuous-time watershed scale model that is designed to

predict the effect of land management practices on water, and sediment and crop yields in
large watersheds. Each watershed is divided into several sub-basins and hydrological
response units (HRU). HRUs are areas with unique combinations of slope, soil, land use, and
management practices. The required input parameters are numerous and include data on soil,
hydrological conditions, meteorological conditions, bacterial loadings, non-point sources,
land management, nutrients, water channel systems within the HRUs, sub-basins,
ponds/reservoirs, groundwater, and the channel itself (Arnold et al. 1989) (see Appendix A).

The general model inputs and main outputs are displayed in Figure 1.
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Figure 1 ArcSWAT Main Inputs and Outputs (Gollamudi 2006)

The most important equation that governs SWAT hydrological simulations is the water

balance equation:

[1] SWi= SWo+ X (Rday— Qsurf— Ea— Wseep— Qgw)

The final soil water content (SWtin mm H20) is computed by summing the initial soil water
content (SWo) and the amount of precipitation (Rday) less the amount of surface runoff Qsurt),
the amount of evapotranspiration (Ea), amount of water that exits the soil to the vadose zone

from the soil profile (wseep) and amount of return flow (Qgw).

The microbial contaminant module allows the simulation of transport, growth and decay of
two distinct bacteria species (persistent and less persistent bacteria). The flowchart in Figure

2 displays the different bacteria related processes considered by SWAT. The fate and
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transport of bacteria is described through different processes, including the input of bacteria
into the stream by point sources or on soil surfaces and foliage via manure application or
grazing. Pathogens are then transported by surface runoff into streams or lakes. Specific
partitioning coefficients determine the relative amount of bacteria in soluble and adsorbed
phases. Bacteria on soil surfaces and transported within streams adsorbed to sediment
particles encounter first order die-off as described by Moore et al. (1983) and Walker et al.
(1990) as well as re-growth. The equation that describes bacterial die-off according to

Chick’s Law is as follows:
[2] N =Np*10™

Here, the number of bacteria at any given time t (N; in cfu) equals the initial number of
bacteria (No in cfu) multiplied with 10 to the power of the negative product of p (decay
constant in day™) and t (time in days). The bacteria decay is further adapted to environmental

conditions by accounting for temperature differences as shown in the following equation:

[3] H=poo*0"

where [y is the die-off constant at 20°C (day™), 0 is the temperature adjustment factor and T

is the given temperature (°C).

In addition to runoff transport, infiltration and incorporation through tillage are considered.
Common tillage practices incorporate a portion of the applied bacteria into the soil profile.
Infiltrated and incorporated bacteria can not be transported by surface runoff and do not
contribute to interflow or groundwater. SWAT considers these bacteria as a loss, even

though several studies have shown that the subsurface transport of microorganisms can be
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significant (Jamieson et al. 2004), particularly in cases of preferential flow (tile-drain, karst)

(Fenlon et al. 2000, Akhand et al 2006).
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Figure 2 Conceptual Model of the SWAT Pathogen Tool

Applications of bacteria transport modeling are sparse. However, since the introduction of
the SWAT microbial sub-model, some applications of bacterial transport in agricultural and

forested watersheds have been published.

In his Master’s thesis, Mocan (2006) applied SWAT to two small (46 and 74 km?) rural

watersheds within the Grand River Basin in Ontario. The models were calibrated by using
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six months of field monitoring data, including hourly water level and semi weekly bacteria
data (total coliform and E. coli). His results indicated the ability of SWAT to capture
seasonal E. coli trends, but the model fails to accurately represent field conditions during the

study period.

Baffaut & Benson (2008) simulated bacteria transport in the 3600 km’ large James River
Basin in Missouri based on 7 years of occasional bacteria samples at 4 locations (max. 84
samples). Sources of bacterial contamination for this watershed have been estimated based
on surveys and include cattle, poultry, wildlife and human wastewater. The model

performance was evaluated at Nash-Sutcliffe efficiencies (NSE) =0.0-0.21.

The 15.6 km? Little River Watershed in Georgia was modeled by Chin et al. (2009). Model
calibration was performed on 53 FC samples taken occasionally over a period of 7 years. The
dominant land use of this watershed is forest and therefore, wildlife grazing and direct inputs
into the stream are the main contamination sources. The authors achieved very good NSE
values of 0.73, but relied on bacteria source inputs exclusively estimated through calibration

in their modeling approach.

Parajuli et al. (2009) simulated 3 sub-watersheds (51, 75.4 and 152 km?) of the Upper
Wakarusa Basin in Kansas. The models include FC inputs from cattle, wildlife, failing septic
systems as well as point sources, and were calibrated by using approximately 2 years of
weekly (growing season) to monthly (dormant period) samples. Model performances varied

between sub-watersheds between NSE=-2.2 and 0.31.

A watershed model for the Fergus catchment (29.05 km®) in Ireland was developed by

Coffey et al. (2010). The model was calibrated and validated by using 2 years of
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hydrological data and 12 monthly E. coli samples. Bacteria loadings include cattle and sheep
grazing, as well as manure applications on agricultural fields. The model predicted E. coil for

the given time frame with satisfactory accuracy (NSE=0.59).

The models discussed here are characterized by very different hydrological conditions, land
use settings, contamination sources, model period lengths and number of observed bacteria
data used for calibration and validation. The model results are found to be in the range of
NSE= -2.2 to 0.73. This may indicate that SWAT has the ability to represent bacteria
transport in watersheds with satisfactory accuracy under certain conditions. In order to
further enhance our knowledge on microbial transport in watersheds and better understand
the strengths and limitations of SWAT, more applications on microbial transport, especially

calibrated and validated with long-term field data, are essential.
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3. Model Development
In order to simulate bacteria and nutrient transport in the Payne River Basin, a physical-
based model capable of simulating processes like loading and movement of runoff, sediment,
nutrients, and bacteria to and within the main channel, as well as tile-drainage, had to be
chosen. The literature review revealed SWAT, HSPF and LSPC as the three best options
among the microbial modeling approaches. SWAT was ultimately chosen for its ability to
simulate agrochemical and agricultural management scenarios, the inclusion of a tile
drainage component (Du et al. 2005) as well as its microbial sub-model (Sadeghi & Arnold

2002).

1.3 Study Area
The present study focuses on developing a microbial transport model for FC and E.coli by
using SWAT for the 178 km” Payne River Basin situated in Eastern Ontario, Canada (Figure
3). The watershed is characterized by a generally flat topography with average elevations of
88 m asl and an average slope of 2%. Annual rainfall ranges from 750 to 1220 mm. The
main land use is agriculture (58%) followed by forest (39%) and urban areas (2%). Tile
drainage and groundwater are important contributors to river flow. Major bacterial
contamination sources in the catchment include manure applied to agricultural fields as
fertilizer, fresh manure deposited from grazing livestock on pasture and fresh manure

directly deposited into the stream or on agricultural areas from avian and other wildlife.

Claudia Fall, M.Sc. Thesis 30



CANADA

‘e
Ky |

* Water Quality Sampling Payne River near Crysler
@ Ciimate Station
A Gauging Station Payne River near Berwick

m— Waterbody

==
| Watershed

Subwatersheds

Figure 3 Payne River Watershed, Eastern Ontario, Canada

1.4 Data and Model Setup
The modeling of hydrological processes at a watershed scale with SWAT requires large
quantities of detailed climate, topographical, land use, land management, population (human,
livestock, wildlife) as well as observed stream flow and water quality data. Data sources used
are listed in Table 4. The necessary data have been prepared as geographic information
system (GIS) layers and used as input files into the ArcGIS interface (ArcSWAT) of SWAT
2005. Appendix A includes the complete inventory of parameters needed to successfully run

SWAT 2005.
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Table 4 Data sources used for the SWAT model

Type of Data Source Scale/Time Description
Step
Topography NRVIS- Ontario Ministry of 10m Digital elevation model

Natural Resources
Hydrography NRVIS- Ontario Ministry of 1:10 000 Stream network
Natural Resources

Soil CANSIS- Agriculture and Agri- 1 :25 000 Soil classification and physical properties
Food Canada

Land use Agriculture  and  Agri-Food 30m Land-use classification
Canada

Land management Statistics Canada 2006 Census of Agriculture

Climate Environment Canada, daily Precipitation, air temperature, solar
Agriculture and Agri-Food radiation, humidity, and wind speed
Canada

Hydrology Environment Canada daily Streamflow

Waterquality Environment Canada, biweekly Nutrients (N, P) and bacteria (fecal
Agriculture and Agri-Food coliform, E.coli)
Canada

To initiate the model setup, a digital elevation model (DEM) from the Natural Resources and
Values Information System (NRVIS 2002) with a 10 m resolution was used. DEM resolution
affects the stream flow, and sediment and nutrient predictions (Chaubey et al. 2005, Di Luzio
2005) of the model. Elevation data are also critical for SWAT stream networks and
watershed delineation. NRVIS flowlines were “burned” into the DEM and a critical source
area of 512 ha (2% of the watershed) was defined in order to allow for a realistic stream
network definition. Forty five sub-basins were defined (Figure 3) in accordance with a
watershed subdivision level of 2% as recommended by Migliaccio & Chaubey (2008) and
Jha et al. (2004). This division is required because simulated sediment and nutrient yields are

influenced by sub-basin size (Arabi 2006, FitzHugh & Mackay 2000, Bingner 1997). Based
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on the digital elevation model described above, the slope was calculated and classified into
two groups. The first class contains areas with 0% and 6% slope and the second class with
areas steeper than 6%. These slope classes are combined with soil and land use data in order
to compute the Hydrological Response Units (HRU). The HRUs represent areas with similar
hydrological properties. During HRU definition, no thresholds for land use, soil or slope
were defined. For each sub-basin, one point source was created to allow the direct input of
human and wildlife contributions to fecal contamination. Furthermore, weather station, soil,
land cover, fertilizer and tillage databases were updated; point source loadings as well as
sub-basin and watershed data were defined. Parameters that govern tile drainage in SWAT
were estimated based on knowledge of the study site. A deep impermeable layer was
assumed to be at a depth of 0.8 m for all tile drained fields. Furthermore, subsurface drains
were fixed in the model at a depth of 0.9 m. The time to drain the soil to field capacity and
the drain tile lag time were estimated to be 48 h and 24 h, respectively. A CANMX value of
2.5 mm was used for all forested HRUs in this study (Hancock & Crowther, 1979). The

automatically computed channel depth was multiplied by 2.5

Climate data

Daily climate data were compiled from nine Environment Canada weather stations and one
Agriculture and Agri-Food Canada (AAFC) weather station (Figure 3). Long term records
for precipitation, temperature, humidity, solar radiation, and wind speed were derived from
the closest available weather station. Missing data as well as periods of no records were then
substituted with values from other stations. Table 5 lists all consulted climate stations and the

data sets used.
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Table 5 Climate Stations and Datasets Employed in the Model.

Name Latitude Longitude Eleva- Data used for Modelling Period
tion(m) of
Record
A Little 45°15.834'N  75° 9.643W 66.5 Precipitation, Temperature, 2004-2010
Castor Humidity, Solar Radiation,
River Wind Speed
B Avonmore  45° 10.200°'N 74° 58.200W 914 Precipitation, Temperature 1976-2006
C Ottawa 45°19.200' N 75°40.200W  114.0 Humidity, Wind Speed 1953-2010
Airport
D Ottawa 45°22.800'N 75°43.200W  79.2 Solar Radiation 1985-2010
CDA
E Winchester 45°3.000'N 75°20.400'W  75.0 Humidity 2003-2007
F St Albert 45° 16.800'N 75° 3.600' W 70.0 Precipitation, Temperature 1986-2006
G Kemptvile 45°0.000' N 75° 37.800'W 994 Precipitation 2001-2010
Cs
H Cornwall1 45°1.200'N 74° 45.000'W  64.0 Precipitation, Temperature 1950-2010
| Cornwall 2 45° 1.800' N 74°40.8000 W  85.0 Humidity 2003-2007
K  Cornwall 45° 1.800'N 74° 48.000W  76.2 Solar Radiation 1955-1995
Ont Hydro
Soil

Soil physical characteristics have a major impact on hydrological processes. Information on
soil names, maximum rooting depth of the soil profile, number of soil layers, texture of the
soil layer, depth from surface to bottom of soil layer, moist bulk density, saturated hydraulic
conductivity of the soil layer, as well as sand, silt, clay, rock and organic carbon content of
the soil within the study area were obtained from the Canadian Soil Information System

(CANSIS).

The available water capacity of soils was derived from water retention curves published by

Schut & Wilson (1987). Moist soil albedo was estimated based on Munsell soil colours and
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literature values (Post, 2000). Soil erodibility factors (universal soil loss equation K values)
for different soil texture classes and organic matter contents have been calculated by Wilkes
(2004). Based on the CanSIS soil map for Eastern Ontario, 19 different soil types are
identified within the watershed (Figure 4). For model purposes, soil properties of adjacent
soil polygons were afterwards assigned to all areas within river basins identified as eroded in

the soil map.

: Kilometers
0 1 2 4 6

- Achigan - Cheney - Grenville - Matilda - MNorth Gower - Osnabrook - Uplands
- Allendale - Eroded - Kars - Morrisburg - Qrganic - Rubicon - Wl ford
- Carmp - Farmington - Manotick - Mountain - Osgoode - St Samusl

Figure 4 Soil Map of the Area (CanSIS)
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Land Use Data
Detailed and consistent land use and management data are of fundamental importance in

order to guarantee reliable model results. Data which comprise type and date of management
operations, including tillage, fertilizer application, planting, harvest, grazing as well as
information on type and amount of fertilizer and manure applied, type of crops, and depth of
subsurface drains are required. Land use data for the SWAT model was created by using
remotely sensed images (e.g., LANDSAT and SPOT) classifications from 2004-2007 (Figure
5) and agricultural management information extracted from Statistics Canada Census of

Agriculture 1991.

2000

Scale:
- Water |:| Urban - Wtland |:| Pasture/Forage | | Soy | \ Carn | | Cereals - Forest 1:170,000 "\

Figure 5 Land Use Classifications Derived from Remotely Sensed Imagery (2004 to 2007)
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In order to identify general land use groups and crop rotation types, the four raster images
were combined and reclassified based on majority criteria into the following groups: forest,
forested wetland, urban, water, crop, grass, and crop - grass rotation. As land use information
used in SWAT should not include water, these areas were filled in with classified values of
their nearest neighbours. The resultant general land use map was combined with estimated
grazing areas (300 m buffer around surveyed cattle farms), manure application areas (700 m
buffer around grazing areas) and known tile drain locations (Figure 6). The ArcGIS majority

filter was then used to smoothen borders and filter out isolated pixels.

& Cattle Farms ’ tile I:l Crop-Hay Rotation l:l Grass/Hay 0 1 2 4 8 g

E Grazing_Manure |:| Crop - Forest |:| Urban —— i

Figure 6 General Land Use Groups
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By using statistical data from the Census of Agriculture 1991, Statistics Canada (Table 6),
and field boundaries, the dataset was then populated with detailed crop information by using
random distribution. The resulting land use map shown in Figure 7 sufficiently reflects the
1991 crop distribution characteristics for the North Stormont County as well as crop

management practices required for SWAT inputs.

g
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Figure 7 Resulting Generated Land Use Map
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Table 6 Crop distribution based on Census of Agriculture 1991, Statistics Canada

1996
% of Agricultural Land
Soy 4
Corn grain 22
Corn silage 5
Cereals (Wheat, Barley, Rye...) 11
Alfalfa 14
Hay 44

Land Management
SWAT requires detailed land management information for each land use/ land cover class.

General land cover classes like corn have to be divided into subclasses that represent specific
land management practices, for example, corn/tile/manure for tile drained areas that grow

corn and use manure as a fertilizer.

Manure is commonly used as a natural fertilizer. Besides its beneficial effects, manure also
constitutes a source of bacterial contamination. In the model, five different sources of
manure are being used. These sources are applied either in fields and pasture areas (cattle
manure stored in lagoons, fresh manure from grazing livestock, geese droppings) or directly
into the water course (muskrat droppings, failing septic systems).

Detailed management scenario information is listed in Table 13. In order to determine tillage,
timing, fertilizer application rates, manure properties and tillage practices, the following

assumptions and estimations are made.

- Tillage: Cereal and corn fields receive generic spring and fall tillage, whereas soy is

only tilled during spring.
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- Timing: Dates of planting, fertilizer application and harvest have been based on
provincial recommendations (OMAFRA 2009).

- Mineral fertilizer: In spring, all designated crop areas (corn, cereal and soy) receive
mineral fertilizer treatments according to Ontario Ministry of Agriculture, Food and
Rural Affairs (OMAFRA) recommendations (OMAFRA 2009) and local knowledge
(personal communication Mark Sunohara, South Nation Conservation Authority).
Cereal crops receive 70 kg of mineral nitrogen, corn, 170 kg and soy, 7 kg.
Additionally, all three crops are fertilized with 20 kg of mineral phosphorus (Table
13) in accordance with average measured 2008 soil phosphorus levels of about 14-16
ppm (Sunohara et al. 2010).

- Manure: Cattle manure is applied on cereals and corn in the spring and on cereal,
corn and soy in the fall. Only areas identified as potential manure application areas
within the 300 to 700 m buffer zone around the cattle farms receive manure
applications. Manure application rates have been calculated based on the estimated
manure production for 2006 (Table 7) less the amount of manure applied during

grazing.
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Table 7 Livestock numbers and manure production in 2006

Dry Manure kg/year  Total Heads Total Dry Manure kg/year (dry weight)

(dry weight)

Calves 511 ,1031 526,841
Heifers 1,351 1,284 173,4042
Dairy 3,249 1,946 6,321,581
Beef,

Steers,

Bulls 2,409 544 1,310,496
z 4,805 9,892,960

- Livestock Grazing: The number of grazing cattle on pasture areas was estimated
based on agricultural census data and a typical density of one cow per hectare. In
Eastern Ontario, beef cows, steers, bulls and heifers usually graze from the end of
May to the end of October for about 150 days. Dairy cows commonly stay inside
their freestyle operations. However, each day, about 30% of the milk cows will spend
some time outside on exercise yards (personal communication Brent Corrigan,
Supervisor Farm Operations, Canada Agriculture Museum). Assuming a density of
one grazing cow per hectare of pasture area, the number of grazing animals within the
study area has been estimated based on the availability of pasture areas. Based on
these estimations, the number of grazing cattle has dropped from 4610 heads in 1976

to 971 in 2006 (Table 8).
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Table 8 Cattle and Grazing Cattle in the Payne River Catchment

Unit 1976 2006 Source
Cattle heads 7313 4805 Agricultural Census
Cattle, estimation heads 4534 Land Survey
Pasture Area ha 4609.6 971 Agricultural Census
Grazing Cattle heads 4610 971 Estimation (density:1 cow/ha)

- Avian Wildlife Grazing: Every year, thousands of Canada geese migrate through
Eastern Ontario. Based on personal communication from Ken Ross, Head Population
Management Unit, Canadian Wildlife Service Ontario, Environment Canada, geese
densities of 50-500 head/km™ (0.5 to 5 geese ha) between late March and early May
(= 6 weeks) and 50 to 250 head/km™® from mid September to mid October (=10
weeks) are estimated. Geese are assumed to be present on all crop and pasture areas
with total numbers between 5203 and 26018 for the entire watershed (Table 9). Given
a manure production of approximately 250 grams per geese (Hussong 1979),

application rates of 0.18 to 1.75 kg ha™ day™ (Table 12) have been estimated.

Table 9 Geese estimations

Land Use Area Time of presence Duration Geese Total Geese
(km?) (weeks) Densities (head)

(head/ km?)

Cropland, 104 Late March - Early May 6 50 - 500 5,203 - 52,030
Grassland
Early September - Mid 10 50 - 250 5,203 - 26,018
November
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- Rodent Direct Water Input: The muskrat (Ondatra zibethicus) has been shown to be a
non-negligible source of Giardia and Cryptosporidium in perennial streams (Ruecker
et al. 2007). One of the reasons might be the direct deposition of feces into the
watercourse. Therefore, muskrat contribution to bacterial loadings to the watercourse
have been estimated and implemented as point sources into the model (lone
management option for direct deposition into the stream). According to Allen &
Hoffmann (1984), muskrats prefer still or low velocity water, water depths between
0.46 — 1.2 m, and streams bordered by agricultural crops (55 animals km™ water
course). Furthermore, cattail banks are preferred over those without vegetative cover
(Kadlec et al. 2007) or forested areas. Nadeau (1995) found muskrat burrow densities
of 37.4 per km in farm ditches in southwestern Quebec. The home ranges of this large
field mouse are less than 2.5 ha (Marinelli and Messier 1993). Consequently, given
the size of the study area, a conservative estimate of 3600 muskrats is made based on
the watercourse size as well as the area of land use (Table 10). As a result, an

estimated 360 kg day of muskrat manure is applied to the watershed (Table 12 ).

Table 10 Muskrat Estimations

Animals / km

Land Use Category Length km Total Muskrat
Watercourse

Crop, Pasture Payne River 26 20 520
Tributaries 53 35 1855
Very small ditch 111 5 553

Forest, Forested Payne River 16 7 112

Wetland, Urban Tributaries 39 12 468
Very small ditch 92 1 92

p> 3600
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- Human direct waste water input: According to Petersen et al. (2009), 1-35% of septic
systems fail. Therefore, the impact of human waste on microbial water quality might
be significant and has to be considered in the model. Septic effluent could rise to the
soil surface and be considered in the model as a fertilizer input. On the other hand,
effluent could directly flow into the stream and be considered a point source. Parajuli
et al. (2009) showed that only the impact of direct input of septic effluent into the
stream 1is significant. Therefore, only direct waste water input will be considered in
the model. A number of 38 out of 671 private septic systems (road side survey,
Census of Agriculture 2006) in the basin are located in close (30 m) proximity to the
stream. In the model 20% of theses 38 private septic systems are assumed to fail, and
therefore directly discharging 3 m’day™ of sewage effluent into streams and ditches

of the Payne River Basin (Table 11).

Table 11 Septic Systems

Payne Basin Dwellings Average Total Number Average Sewage
with Septic  Number of of Habitants Residential Effluent
Systems Habitants per Contributingto Water Use  (m*day™)

Dwelling Septic System (I*day™*
person™)

Houses with 671 2.7 1812 160 290
Septic Systems
Septic Systems 38 27 103 160 16
within 30 m
distance from
reach
Failing Septic 7.6 27 21 160 3

Systems (20 %)
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Table 12 Manure Application Rates and Point Source Loadings Estimated within the Study Area

Time SWAT Number of Animals/ Total Manure/ Units Density Application Units  Operation Application
(days) Area(ha) Point Sources Failing Septic Effluent (head/ha) Rate Area
Systems
Cattle 150 801 971 775,545 kg/150 days 1 6.5 kg><ha'1 Grazing Pasture
(dry weight) xday’”
1 1,166 4,946,480 kg/application 4,241 kgxha" Spring Cropland
(dry weight) Fertilizer (Com,
Application  Cereals)
1 1,261 4,170,935 kg/application 3,308 kgxha' Fall Fertiizer Cropland
(dry weight) Application  Comn, Cereals,
Soy)
Geese 42 10,400 5203-52,030 54,632-546,315 kg/42days 05-1 0.13-1.25 kgxha' Grazing Crop- and
(wet weight) ><day'1 Grassland
70 10,400 5,203 - 26,018 91,053 - kg/70 days (wet 0.5-25 0.13-063 kgxha' Grazing Crop- and
4554315  weight) xday’ Grassland
Muskrat 240 40 3,600 86,400 kg/ 240 days 1-20 9 kgxday Point Reach
(wetweight)  (head/km) " xpoint  Sources
source”
Septic 240 40 8 720,000 I 240 days (wet 75 Ixday'  Point Reach
Systems weight) xpoint  Sources
source”
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Table 13 Land Management Parameters

Land use Date (HU) Management Grazing Fertilizer Min. N Min.P Org.N Org. P Fecal Coliform  E.coli (cfu/hal)
(days) (kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) (cfu/ha)
Alfalfa 01-Mar (0.015) Graz. Geese 42 1/day 0 0 0 0 1.53x10° 1.43x10°
18-Apr (0.04) Planting
12-Jun (0.6) Harvest
19-Jul (1.2) Harvest
01-Sep (1.9) Graz. Geese 70 0.55/day 0 8.42x10’ 7.86x10’
Cereal 27-Mar (0.015) Graz. Geese 41 1/day 0 1.53x10° 1.43x10°
11-Apr (0.029) Tillage
12-Apr (0.03) Planting
07-Aug (1.2) Harvest+Kill
02-Sep (1.6) Tillage
02-Sep (1.6) Graz. Geese 70 0.55/day 0 0 0 0 8.42x10" 7.86x10’
Option 1: 16-Apr-10-May Manure 4241 424 12.7 131.5 12.7 4.07x10" 4.03x10"
08-Aug - 1-Sep  Manure 3308 33.1 9.9 102.5 9.9 3.18x10" 3.14x10"
Option 2: 12-Apr (0.03) Min. Fertilizer 35 10
15-May (0.1) 35 10
Corn 27-Mar (0.015) Graz. Geese 42 1/day 0 0 0 0 1.53x10° 1.43x10°
28-April (0.09) Tillage
06-May (0.1) Planting
30-Sep (1.17) Harvest+Kill
09-Oct (1.2) Tillage
02-Sep (0.97) Graz. Geese 70 0.55/day 0 0 0 0 8.42x10’ 7.86x10’
Option 1: 01-May-25-May  Manure 4241 29.7 21.2 131.5 12.7 4.07x10" 4.03x10"”
06-May (0.1) Min. Fertilizer 7
01-Oct - 25-Oct  Manure 3308 23.2 16.54 102.5 9.9 3.18x10" 3.14x10"
Option 2: 06-May (0.1) Min. Fertilizer 85 10
06-Jun (0.3) Min. Fertilizer 85 10
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Land use Date (HU) Management Grazing Fertilizer Min. N Min.P Org.N Org. P Fecal Coliform  E.coli (cfu/hal)
(days) (kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) (cfu/ha)
Grass 27-Mar (0.015) Graz. Geese 42 1/day 0 0 0 0 1.53x10° 1.43x10°
12-Apr (0.03) Planting
02-Sep (1.06) Graz. Geese 70 0.55/day 0 0 0 0 8.42x10’ 7.86x10"
Option 1: 26-May (0.17) Graz. Cattle 150 6.5/day 0.065 0.026 0.195 0.05 7.54x10° 6.89x10"
Option 2: 16-Jul (0.6) Harvest
06-Sep (1.1) Harvest
Soy 27-Mar (0.015) Graz. Geese 42 1/day 0 0 0 0 1.53x10° 1.43x10°
01-May (0.09) Tillage
17-May (0.15) Planting
07-Oct (1.17) Harvest+Kill
02-Sep (0.96) Graz. Geese 70 0.55/day 0 0 0 8.42x10" 7.86x10’
Option 1: 08-Oct—1-Nov  Manure 3308 23.2 16.5 102.5 9.9 3.18x10"™ 3.14x10"
Option 2: 01-May (0.09) Min. Fertilizer 7 20
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Bacteria parameter

Aside from defining manure application rates and point source contributions, in order to
simulate microbial water quality, initial bacteria concentration, bacteria die-off, the bacteria
partition coefficient and the temperature adjustment factor are most sensitive on bacteria
model output (Coftey et al. 2010, Parajuli et al. 2009). Bacteria related parameter estimations
are explained below.

- Initial bacteria concentration: bacteria concentrations in manure depend on several
factors, including animal species, animal age, feed, health as well as manure storage
and treatment. Examples of FCs and E.coli concentrations in fresh beef, muskrat,
geese feces, stored cattle manure and septic effluent are summarized in Table 14. In
the model, FC concentrations of 9.6x10° cfu/g (beef), 1.16x10° cfu/g (cattle manure),
1.53x10° cfu/g (geese), 2.5x10° cfu/g (muskrat), 1x10® cfu/l (septic effluent) and
E.coli concentrations of 9.5x10° cfu/g (beef), 1.06x10° cfu/g (cattle manure),
1.43x10° cfu/g (geese), 2.5x10° cfu/g (muskrat), 6x107 cfu/l (septic effluent) are

assumed.

- Bacteria die-off: some values on bacteria die-off exist within the literature, but their
magnitude significantly varies, especially between laboratory and in situ field studies.
Die-off values between 0.016 and 0.23 day” for manure and manure amended soil
have been observed in the literature. Therefore, model parameters with regards to E.
coli and FC adsorbed to soil particle die-off (WDPS, WDLPS) are set to 0.03 day™.
Within water, bacteria decay more rapidly and values range from 0.19 to 0.99 day™

(Table 2). The SWAT parameters, WDPQ, WDLPQ (bacteria in soil solution),
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WDPRCH, and WDLPRCH (bacteria in moving water) are set to 0.3 day’ and

WDPRES, WDLPRES (bacteria in still water) to 0.4 day .

Table 14 FCs and E. coli Concentrations in Livestock and Wildlife Feces, Stored Manure

and Septic Effluent
Fecal Coliform E. coli
Average Range Average Range Units Source
Beef, 9.6x10° 9.5x10° cfu g 4y weighy Model Assumption
fresh 1.74x10°  6.03x10°  6x10° 1x10°  1x10"  cfug’ @wyweigwy van Kessel et al. 2007
1.78x107  1.16x10° 8.63x10" cfu g’ (wyweigwy Soupir et al. 2008
6.61x10° 5 25%10°  cfug” @yweigy Moriarty et al. 2008
2.2x10° 22x10° 3x10°  cfug” @yweigy Sitton et al. 2007
Cattle,  1.16x10° 1.06x10° cfu g7 4y weighy Model Assumption
stored 8.48x10°  2.73x10’ cfu g’ @yweigwy Guber et al.2009
manure 3.39x10° cfu g’ @yweigy Hodgson et al. 2009
1x10°  1x10°  cfug’ @yweigwy Trevisan et al. 2002
5.37x10"° 3.55x10"° cfug’ @yweigwy Unc & Goss 2003
Geese  1.53x10° 1.43*10° cfulg wetweighy Model Assumption
3.6x10° cfu/g wetweigny  Hussong et al. 1979
1.53x10°  4.5x10° 2.42x10" cfu/g wetweigny  Alderiso & DeLuca 1999
6.6x10°  7x10* 1.3x10° cfu/g wetweigy ~ Middleton & Ambrose 2005
Muskrat 2.5x10° 2.5x10° cfulg (wetweighy Model Assumption
2.5x10° 2.5x10° cfu/g wetweigny  Yagow et al. 2001
1.90x10° cfulg (wet weight) MapTech Inc. 2000
Septic  1x10° 6x10" cful” Model Assumption
System 4.8x10" cful Peterson et al. 2009
7107 3.6x10* 8.9x10" cful’ Ferguson et al. 2009
9.3x10°  1.47x10" cful’ Geldreich 1996
3.4x10"  7x10* 1.1x10° 1.5x10" 3x10°  6.2x10" cful’ Sidhu et al. 2009
2.88x10° cful Map Tech INC 2000
1.17x10° cful’ Weiskel et al. 1996
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- Bacteria partition coefficient: for the bacteria partition coefficient, BACTKDDB, a
value of 0.5 was chosen as studies suggest the high attachment rates of bacteria to soil
particles. Recent studies found about 30% to 50% of E.coli in runoff, and river and
storm water to be particle associated (Soupir et al. 2010, Garcia-Arminsen & Servais
2009, Krometis et al. 2009).

- Default values are used for the bacteria percolation coefficient, BACTMX (10), soil
partitioning coefficient, BACTKDQ (175), and temperature adjustment factor,

THBACT (1.07).

Observed Data
Discharge data (m’s™) were obtained from the Environment Canada gauging station Payne

River near Berwick (02LB022). Flow data spanned from 1976 to 2008. The records were
split into periods used for model warm up, calibration and validation. Model warm up
includes the years 1976 to 1978. The calibration period includes daily discharge data
between April 1979 to March 1989, and January 2004 to October 2006. The model was
validated by using streamflow data between April 1989 to March 1997, and November 2006
to December 2008. The base flow contribution to total observed flow as well as the base flow
recession constant (Alpha BF) were estimated by using the baseflow filter program

developed by Arnold and Allen (1999).

Water quality was monitored biweekly by AAFC, Ottawa, Ontario, for 5 years (2004 —2008)
at the basin’s outlet (Payne River near Crysler, ca. 5.6 km downstream of gauging station
Payne River near Berwick). Surface water grab samples were collected bi-weekly at
approximately 1 m depth of the water profile by using sterile 1 L bottles. Samples were then

cooled and shipped within 24 hours to the AAFC laboratory (London, Ontario) and the

Claudia Fall, M.Sc. Thesis 50



Robert O. Pickard Environmental Center (ROPEC, Ottawa, Ontario) for determination of
total P, total N, FC, and E. coli analyses.

Nitrate and ammonia/ammonium were colourimetrically analysed with a TrAAcs 800
autoanalyzer (Bran and Luebbe Analyzing Technologies, Inc., Elmsford, NY, USA) by using
the cadmium reduction method for nitrate and the phenate method for ammonia. Total P was
analyzed with a SMART Spectro spectrophotometer from LaMotte Company (Chestertown,
MD, USA) by using the ascorbic acid method, preceded by a persulfate digestion.

For microbial enumeration, a series of sterile GN-6 membranes (Pall-Gelman, VWR,
Mississauga, Ontario) was placed onto a series of selective differential media. FCs were
enumerated on mFC agar (Difco) following incubation for 18-20 h at 44.5°C by counting
colonies that produce a distinctive indigo blue color. For E. coli enumeration, colonies that
generated a characteristic blue color which indicates b-glucuronidase activity were counted
on an mFC basal medium (Difco) supplemented with 3-bromo-4-chloro-5- indolyl-b-D-
glucuronide (100 mg 1", Med-Ox Diagnostics, Ottawa, Ontario) after 18—24 h of incubation

at 44.5°C (Wilkes et al., 2009).
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4. Model Calibration and Validation

Model setup, input parameters and data sources for the SWAT model have been discussed in
Chapter 3. This chapter will discuss the sensitivity analysis performed to identify model
parameters that are most influential on predicted flow, sediment and nutrient model results.
Furthermore, the calibration and validation approach used to increase the ability of the model

to accurately model replicate watershed processes will be described.

4.1 Sensitivity
A Latin hyper-cube one-at-a-time (LH-OAT) sensitivity analysis (van Griensven et al. 2006),
of parameters related to flow and nutrient simulation was carried out in order to understand
their influence on model results and to select calibration parameters. Table 15 shows the 16
hydrological and 10 nutrient transport parameter used for the sensitivity analysis as well as
their respective sensitivity ranks and sensitivity values. The soil evaporation compensation
factor (ESCO), the initial SCS runoff curve number for moisture condition II (CN2), and soil
depth (SOL-Z) have been identified by the sensitivity analysis as the most influential
parameters for flow simulation. Furthermore, the effective hydraulic conductivity in the main
channel alluvium (CH-K2), available water capacity of the soil layer (SOL-AWC), threshold
depth of water in the shallow aquifer for “revap” or percolation to the deep aquifer to occur
(REVAPMIN) as well as the threshold depth of water in the shallow aquifer for return flow
to occur (GWQMN) have shown some influence on discharge outputs. Nutrient simulation
results show highest sensitivity towards the deep aquifer percolation fraction (RCHRG-DP),
snow pack temperature lag factor (TIMP), nitrate percolation coefficient (NPERCO) as well

as phosphorus soil partitioning coefficient (PHOSKD) (Table 15).
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Table 15 Sensitivity Analysis Results for Flow and Nutrients

Rank Discharge Mean Total N Mean Total P Mean
1 ESCO 0.0860 RCHRG-DP 0.443 RCHRG-DP 0.501
2 CN2 0.0771 TIMP 0.42 TIMP 0.464
3 SOL-Z 0.0529 NPERCO 0.114 PHOSKD 0.0761
4 CH-K2 0.0164 PHOSKD 0.0156 NPERCO 0.0258
5 SOL-AWC 0.0155 PPERCO 0.00499 PPERCO 0.012
6 REVAPMN 0.0124 SHALLST-N 0 SHALLST-N 0

7 GWQMN 0.0108 SOL-LABP 0 SOL-LABP 0

8 GW-REVAP 0.0088 SOLNO3 0 SOLNO3 0

9 CH-N2 0.0035 SOL-ORGN 0 SOL-ORGN 0

10 EPCO 0.0016 SOLORGP 0 SOLORGP 0

11 ALPHA-BF 0.0015

12 SURLAG 0.0005

13 SLOPE 0.0005

14 GW-DELAY 0.0005

15 SOL-K 0.0002

16 SLSUBBSN 0.0002
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4.2 Calibration and Validation

The field data described in Chapter 5 were used to calibrate and validate the presented model

here. Data sources are summarized in Table 16.

Table 16 Calibration and Validation Parameters

SWAT Basin Output

Field Monitoring Data

Average daily stream flow out of reach during
time step

Total sediment concentration

Total nitrogen transported with water out of
reach

Total phosphorus transported with water out
of reach

Number of persistent bacteria transported out
of basin

Number of less persistent bacteria
transported out of basin

[m%s]

[mglkg]

(kg N]

(kg P

[#cfu/100

ml]

[#cfu/100
ml]

Daily streamflow
Gauging station Berwick

9 suspended sediment
samples

Gauging station Berwick

bi-weekly, Agriculture &
Agri-Food Canada

bi-weekly, Agriculture &
Agri-Food Canada

bi-weekly E coli,
Agriculture & Agri-Food
Canada

bi-weekly fecal coliform,
Agriculture & Agri-Food

Canada

1976-2008

May 1993 —
November 1994

May - December
2005 to 2008

May - December
2005 to 2008

May - December
2005 to 2008

May - December
2005 to 2008
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Separate surface runoff (SR) and
baseflow (BF) for measured daily flow

Run model, then initial
graphical analysis

If average of
Sim SR is +10%
of average Meas SR
and
NSE > 0.65
RSR < 0.60

4

Adjust appropriate
parameters

Run model, then

-

If average of
Sim BF is +10%
of average Meas BF
and
NSE > 0.65
RSR < 0.60

\ 4

graphical analysis

Adjust appropriate
parameters

Run model, then

y 3

If average of
Sim Sed is +15%
of average Meas Sed
and
NSE > 0.65
RSR < 0.60

\ 4

graphical analysis

Adjust appropriate
parameters

Run maodel, then

A

If average of
Sim Org N&P is £25%

Yes of average Meas Org N&P

and
NSE = 0.65
RSR = 0.60

graphical analysis

A

Adjust appropriate
parameters

Run model, then

\ 4
A

If average of
Sim Min N&P is +25%
of average Meas N&P

and
NSE = 0.65
RSR = 0.60

Calibration complete

Figure 8 Watershed Model Calibration Procedure (Moriasi et al. 2007)
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Flow
Calibration was conducted by using the procedure by Moriasi et al. (2007), and Santhi et

al. (2001) (

Figure 8 Watershed Model Calibration Procedure (Moriasi et al. 2007). In the first step,
model results were compared to yearly meteorological (snowfall) and hydrological
(surface runoff, baseflow, deep aquifer recharge) budget averages. Daily discharge
simulation results were then manually calibrated based on a visual inspection of daily
hydrographs and NSEs. The soil evaporation compensation factor (ESCO), Manning’s
roughness coefficient for channels (CH-N), effective hydraulic conductivity in the channel
alluvium (CH-K), curve number (CN2), delay time for aquifer recharge (GW-DELAY),
threshold depth of water for return flow to occur (GWQMIN), groundwater revap
coefficient (GWREVAP), threshold depth of water for revap or percolation to occur
(REVAPMN), Manning’s roughness coefficient for overland flow (OV-N) as well as
slope and slope length have been used to calibrate daily discharge. This selection was later
extended to snow related parameters, as their importance in northern climates has been
shown by Levesque et al. (2008). Therefore, the parameter snowfall temperature threshold
(SFTM), snowmelt base temperature (SMTMP), maximum melt factor (SMFMX),
minimum melt factor (SMFMN), and snowpack temperature lag factor (TIMP) have been
included in the calibration procedure. The automatic model calibration option was
computationally burdensome because of the complexity of our model and was therefore
abandoned. The simulation time required is explained by the large number of HRUs

required in order to implement detailed land management practices in our basin.
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Figure 9 Observed versus simulated discharge for the calibration period.

The model predicted flow for the calibration period (April 1979 to March 1989, and January
2004 to September 2006) and showed good agreement between observed and simulated
values. Even though high flow is generally underpredicted by the model, baseflow conditions
are very well represented (Figure 9). The Nash-Sutcliffe Efficiencies (NSE) for the
calibration period is 0.61 and the coefficient of determination (R?) is 0.62. The model results
were validated with observed daily discharge values between April 1989 to March 1997, and
October 2006 to December 2008. During this period, the underprediction of high flow peaks
is more accentuated than during calibration. However, the performance criteria of NSE=0.45
and R? = 0.45 indicate that the model generates a reasonably good agreement between the

observed and simulated series. Therefore, it can be concluded that the model is able to
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simulate hydrological and especially baseflow processes that occur in the watershed with
adequate precision.

Sediment

Due to restricted data availability on sediment data in the Payne River (nine analyses of
suspended sediment between 1993 and 1994), the model was only partially calibrated and
not validated for this parameter. The calculated NSE of 0.52 indicates that sediment transport
simulated by the model sufficiently reflects the limited number of observations available and

is doubtless in the same order of magnitude as in field conditions.

Nutrients
Total N and P were calibrated for the period of January 2004 to October 2006 by using field

data. Total daily N and P loads were calculated by using N and P concentrations and
simulated discharge values for the sampling point. Parameters used for total N calibrations

include the deep aquifer percolation coefficient (RCHRG-DP), snowpack temperature lag
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Figure 10 Observed and Simulated Total Nitrogen Loads

factor (TIMP), nitrogen percolation coefficient (NPERCO) and nitrogen plant uptake
(NUPDIS). Calibrated total N loads are slightly underpredicted for high flow situations. On
the contrary, loads in the middle and lower ranges are well represented. NSE values of 0.62
for calibration and 0.59 for validation illustrate a good agreement between observed and

simulated total N loads achieved by the model.
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Figure 11 Observed and Simulated Total Phosphorus Loads

Total P was calibrated by using a deep aquifer percolation fraction (RCHRG-DP), snow pack
temperature lag factor (TIMP), phosphorus soil partitioning coefficient (PHOSKD),
phosphorus percolation coefficient (PPERCO), and phosphorus plant uptake (PUPDIS). The
model performed very well during calibration, but overpredicted higher total P loads. NSEs
of 0.88 for calibration and 0.73 for validation indicate the model accuracy for total P (Figure

11).

Bacteria

E.coli and FCs were calibrated for the same period as nutrients. Bacteria concentrations
analysed from bi-weekly field samples were assumed to be daily averages and multiplied by
the predicted daily discharge values in order to calculate daily bacteria loads. Calibration

parameters used include initial bacteria concentration, bacteria die-off, and bacteria partition
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coefficient (BACTKDDB). The resulting model predicts E.coli and FC loads generally well

for periods of lower loadings. It is able to capture many of the high load peaks, but not

always their magnitude. Model performance statistics reflect these results. FC simulation

yields in NSE values of 0.18 for calibration and 0.01 for validation. E.coli simulation

performance is better with NSE values of 0.3 for calibration and 0.05 for validation.
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Figure 12 Observed and Simulated E.coli Loadings
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Figure 13 Observed and Simulated E.coli Loadings

5. Discussion
The overall model results for the Payne River catchment indicate good performances for

hydrological and nutrient transport. The model is able to simulate these processes and the
application of this model for future predictions would be suitable. Furthermore, simulation of
sediment transport could be improved by calibrating the model to more frequent field data.
Nevertheless, the model performance indicates that simulated sediment transport is in the
same order of magnitude as observed values. The suitability of our model to simulate
hydrological, sediment and nutrient transport processes builds a strong foundation for
bacteria transport simulations. SWAT was able to account for human, wildlife and livestock
sources of bacterial contamination. It was observed that lower E.coli and FC loading
simulations are mostly driven by point source inputs. Without these constant daily loadings,

only separate high bacteria loadings are predicted and the simulated bacteria level falls
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immediately back to zero after each peak. SWAT simulated these lower bacteria loadings

generally well and it can be concluded that the detailed estimation of point source inputs

from human, wildlife and livestock sources is crucial for meaningful simulation results.

On the other hand, higher FC and E.coli loadings were temporally consistent with

observations, but their magnitude was not always captured and some observed high bacteria

loads were not predicted by the model. The reasons for the lack of definition in the high

loading range might include the following factors:

tile drain contribution: SWAT assumes bacteria transported within the subsurface to
be lost from the system. However, several studies have shown that the rapid
subsurface transport of microbial contaminants may be significant (Akhand et al.
2006, Fenlon et al. 2000, Jamieson et al. 2002, Ouellet et al. 2007). In this context, it
1s important to observe that 85% of all observed FC and 81% of E.coli loads > 1 x 10
12 ¢fu day” occurred during periods when the model simulated tile flow contribution
to streamflow (Figure 14). Since Student’s t-tests (two tailed, unequal variance) on
log normalized bacteria loads resulted in p-values of 2.37*%10” for FC and 2.9%107"°
for E.Coli, it can be concluded that the means of the observed FC loads or E.Coli
loads that occur during tile flow episodes are significantly different from those

observed during modeled no tile flow periods.

This is supported by observed tile flow occurrences in a neighbouring sub-basin of
the South Nation River Basin. It was found that 78% of all FC and 87% of E.coli
loads > 1 x 10 '? cfu day™” observed in the Payne River Basin occur when tiles of the
neighbouring watershed were flowing (Figure 15). P values of 1.82*%107 for FC loads

and 4.38%107 for E.Coli loads indicate once more that the means of bacteria loads
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observed during tile flow episodes are significantly different during no tile flow

periods.

Improving this aspect of the SWAT model and allowing bacteria transport through

tile drains may improve the performance of the SWAT microbial sub-model.
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Figure 14 Observed Bacteria Loadings in Relation to Modeled Tile Flow Contributions

(129 Observations)

o Input uncertainties: High spatial and temporal diversity is a characteristic for

contaminants like bacteria, viruses and parasites. It is therefore difficult to precisely

define contaminant sources and model inputs have high associated uncertainties.

Great care has to be applied to the quantification of human, wildlife and livestock

populations and their manure or septic effluent production. More research and field

data are needed to better quantify bacteria concentrations and their ranges in manure.

Furthermore, knowledge of contaminant deposition characteristics need to be

improved (direct deposition of feces into streams, failing septic systems, farm yard
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runoff, and manure applications).
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Figure 15 Observed Bacteria Loadings in Relation to Observed Tile Flow

Contributions (67 Observations)

e Bacteria Decay: In order to achieve more precise model results, knowledge of the
decay of microbial contaminants in different media needs to be enhanced, especially
for field conditions. In addition, environmental factors that influence bacteria die-off

like nutrient availability, isolation, and desiccation, need to be quantified.

e Bacteria Re-growth: Studies show the influence of bacteria re-growth and microbial
contaminant behaviour in the natural environment. Sinton et al. (2007) and Oliver et
al. (2010) observed patterns of bacteria increases and decreases in bovine feces in
pastures. SWAT allows the user to define bacteria re-growth coefficients. However,

in reality, little quantifiable data on the natural environment is available. Therefore,
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our model assumes no bacteria re-growth. More research is clearly needed to define

bacteria re-growth and die-off in order to improve model performance.

o Sediment: The re-suspension of settled bacteria attached to sediment within the water
course has been identified by Jamieson et al. (2005) as an important and unaccounted
source of water quality impairments. He et al. (2007) showed that FC levels in river
or lake sediments can be even higher than those in water. For ponded waters, it is 70-
160000 cfu per 100 ml compared to 220-90000 cfu g'1 (dry weight) 1N bottom sediments
and for flowing water conditions, the FC level is 2 to 1300 cfu per 100 ml in contrast
to 5000 cfu g (4ry weighy in sediment. Therefore, it is likely that some of the high
E.coli and FC levels that were observed in the field, but measurements that were not

accurately simulated by the model, are probably linked to bacteria re-suspension.

e Soil: The existence of microbial contaminant reservoirs in soils has been described by
Texier et al. (2008) as naturalized E. coli populations that became part of the natural
soil community. Moreover, Avery et al. (2004) observed E. coli survival on grass for
at least 5-6 months. Consequently, further data on the influence of soil bacteria levels

on water contamination should be acquired.
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6. Summary and Conclusion

This study responds to the need for microbial transport simulations that are calibrated and
validated with long-term field data. The objective of this study is to determine if SWAT
calibrated with 30 years of hydrological data and 5 years of water quality data can accurately
simulate the impact of fecal contamination on the Payne River Basin. The model results
confirm the reasonable performance of SWAT for discharge and nutrients. E. coli and FC
simulations demonstrate satisfactory results for base-conditions and low microbial loadings.
The magnitude of higher loadings is not always accurately represented because of the
extremely high spatial and temporal variability of microbial contaminants. However, the
modification of SWAT to allow bacteria transport in tile drains could improve model
performances for higher bacteria loading events. Furthermore, even though major efforts
have been made to parameterize the model, there are still high uncertainties associated with
bacteria inputs. Since model results are only as good as the model inputs, wildlife
contributions should be estimated from wildlife surveys, bacteria concentrations in manure
need to be better quantified, and understanding of bacteria processes (decay, re-growth, re-
suspension) needs to be enhanced.

Overall, SWAT has been proven to be a proficient tool to inform prudent water
management strategies. It sufficiently predicts the influence of fecal contamination on water
quality for base flow conditions and helps to determine the range of bacteria loads expected
during high flow conditions. It has therefore the potential to predict river pathogenity,
thereby contributing to landscape management policies and the protection of drinking water

resources for human health.
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7. Recommendations

Based on the experience with this research investigation, the following opportunities to

improve the data collection and modeling procedure have been identified.

e In the beginning of the model development phase, the most reliable and continuously

monitored discharge data was available from the Environment Canada gauging

station Payne River near Berwick (02LB022). This data allowed the long term

calibration and validation of the flow component of the model. However, since the

research group is now continuously monitoring water level at the watershed outlet, it

is recommended to additionally include this data for calibration and validation

purposes in additional model efforts.

e In order to further validate the findings about bacteria occurrence during modeled tile

flow events, it is recommended to either monitor tile flow within the study area or

peruse modeling activities in areas that are already monitoring tile flow.

e Furthermore, calibration and validation of the model could be improved by increasing

the number of samples on bacterial concentrations during peak flow conditions,

especially during the spring.

e Moreover, it is advisable to conduct a detailed wildlife survey in the study area to

improve model inputs on wildlife grazing.

e Ideally, a collection of manure and wildlife feces within the study region to determine

locally typical bacteria concentrations in these mediums is advised and should be able

to facilitate more precise bacteria model input estimations.
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e The presented model here now constitutes a tool for water quality management
within the study area. It is therefore recommended to simulate several management
scenarios in order to determine effective microbial pollution control mechanisms.

e Finally, the author recommends the evaluation of the usability of the presented
watershed model to simulate the transport of other pathogens of concern, like Giardia

and Cryptosporidium.
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Appendix A SWAT Input Parameter (Neitsch ez al. 2004)

Data Units Source Status
fig Watershed configuration
File.cio Master watershed file
.bsn Basin
SFTMP Snowfall temperature °C default 1.0, calibration parameter to obtain
SMTMP Snow melt base temperature °C default 0.5, calibration parameter to obtain
SMFMX Melt factor for snow on June 21 mmH20/° | default4.5 to obtain
C-day
SMFMN Melt factor for snow on December 21 default 4.5 to obtain
TIMP Snow pack temperature lag factor default 1.0 to obtain
SNOCOV Minimum snow water content that | mmH20 default 1.00, literature to obtain
MX corresponds to 100% snow cover
(SNOCOVMX)
SNO50CO Fraction of snow volume represented default 0.50, literature to obtain
v by SNOCOVMX that correspond to
50% snow cover
IPET Potential evapotranspiration method Penman Monteith
ESCO Soil evaporation compensation factor Literature, default value 0.95, calibration parameter to obtain
EPCO Plant uptake compensation factor Literature, default value 1, calibration parameter to obtain
EVLAI Leaf Area index at which no default value 3 to obtain
evaporation occurs from water surface
(depressional areas/potholes)
FFCB Initial soil water storage Result of 2 year equilibrium simulation to obtain
DEPIMP_B | Depth to impervious layer for | mm optional to obtain
SN modeling perched water tables
IEVENT Rainfall runoff routing option default: daily curve number to obtain
ICN Daily curve number calculation Calculate CN as function of soil moisture/ as | to choose
method function of plant evapotranspiration
CNCOEF Plant ET curve number coefficient Default 1 to obtain
ICRK Crackflow code Default: Do not model crack flow to obtain
SURLAG Surface runoff lag coefficient Default 4, estimate based on sub basin size, | to obtain
calibration parameter
ISED_DET | Calculation of daily max. halfhour Chose option 0: Generate daily value to obtain
rain values
ADJ_PKR Peak rate adjustment factor for Default 1 to obtain
sediment routing
RTCN Concentration of nitrogen in rainfall mg N/L Default 1 to obtain
CMN Rate factor for humus mineralization Default 0.0003 to obtain
of active organic nutrients (N+P)
CDN Denitrification ~ exponential ~ rate Default 1.4 to obtain
coefficient
SDNCO Denitrification threshold water content Default 1.10 to obtain
N_UPDIS Nitrogen uptake distribution Default 20 to obtain
parameter
P_UPDIS Phosphorus ~ uptake distribution Default 20.0 to obtain
parameter
NPERCO Nitrate percolation coefficient Default 0.20 to obtain
PPERCO Phosphorus percolation coefficient 10 m’/mg | Default 10 to obtain
PHOSKD Phosphorus partitioning coefficient m’/mg Default 175.0 to obtain
PSP Phosphorus availability index Default 0.40 to obtain
RSDCO Residue decomposition coefficient Default 0.05 to obtain
ISUBWQ Subbasin water quality code Default: do not calculate algae / CBOD loadings to obtain
WDPQ Die off factor for persistent bacteria in | [1/day] Literature to obtain
soil solution at 20°C
WGPQ Growth factor for persistent bacteria Literature to obtain
in soil solution at 20°C
WDLPQ Die off factor for less persistent Literature to obtain
bacteria in soil solution at 20°C
WGLPQ Growth factor for less persistent Literature to obtain
bacteria in soil solution at 20°C
WDPS Die off factor for persistent bacteria Literature to obtain
adsorbed to soil particles at 20°C
WGPS Growth factor for persistent bacteria Literature to obtain

adsorbed to soil particles at 20°C
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Data Units Source Status

WDLPS Die off factor for less persistent Literature to obtain
bacteria adsorbed to soil particles at
20°C

WGLPS Growth factor for less persistent Literature to obtain
bacteria adsorbed to soil particles at
20°C

WDPF Die off factor for persistent bacteria Literature to obtain
on foliage at 20°C

WGPF Growth factor for persistent bacteria Literature to obtain
on foliage at 20°C

WDLPF Die off factor for less persistent Literature to obtain
bacteria on foliage at 20°C

WGLPF Growth factor for less persistent Literature to obtain
bacteria on foliage at 20°C

BACT_SW | Fraction of manure applied to land Literature, default to obtain

F that has active colony forming units.

WOF_P Wash-off fraction for persistent Literature to obtain
bacteria

WOF _LP Wash-off fraction for less persistent Literature to obtain
bacteria

BACTKDQ | Bacteria soil partitioning coefficient m’/Mg Literature, default to obtain

BACTMIX | Bacteria percolation coefficient 10 m’Mg | Literature, default to obtain

THBACT Temperature adjustment factor for Literature, default to obtain
bacteria die-off/ growth

BACTMIN Minimum daily bacteria loss for less | [#cfu/m’] Literature, default to obtain

LP persistent bacteria

BACTMIN Minimum daily bacteria loss for | [#cfu/m’] Literature, default to obtain

LP persistent bacteria

WDLPRCH | Die off factor for less persistent | [1/day] Literature to obtain
bacteria in streams (moving water) at
20°C

WDPRCH Die off factor for persistent bacteria in | [1/day] Literature to obtain
streams (moving water) at 20°C

WDLPRES | Die off factor for less persistent | [1/day] Literature to obtain
bacteria in water bodies (still water) at
20°C

WDPRES Die off factor for persistent bacteria in | [1/day] Literature to obtain
water bodies (still water) at 20°C

Reaches to obtain

IRTE Channel water routing method Variable storage or /Muskingum method to choose

TRNSRCH | Fraction of Transmission losses from Default 0 to obtain
main channel that enter deep aquifer
(important for arid climate)

EVRCH Reach evaporation adjustment factor Default 1 to obtain
(important for arid climate)

IDEG Channel degradation code Default 0 to obtain

PRF Peak rate adjustment factor for Default 1 to obtain
sediment routing in the main channel

SPCON Linear parameter for calculating Default 0.0001 to obtain
sediment reentrained during channel
sediment routing

SPEXP Exponent parameter for calculating Default 1.0 to obtain
sediment reentrained in channel
routing

WQ In stream water quality code Do not model in stream nutrient transformations/ | to choose

model in stream...
.sub Subbasin
SUB_KM Area of subbasin [km*] Calculated based on Natural Resources and Values existing
Information System (NRVIS), DEM + Streamlines

SUB LAT Latitude of subbasin [°] NRVIS, DEM existing

SUB_ELE Elevation of subbasin [m] NRVIS, DEM existing

\

SNO _SUB Initial snow water content Mm H20 Literature to obtain

CH_L(I) Longest tributary channel length in [km] NRVIS Streamlines to obtain
subbasin

CH_S(I) Average slope of tributary channel [m/m] NRVIS, DEM existing
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Data Units Source Status
CH_W() Average width of tributary channel [m] Satellite image existing
CH_K(I) Effective hydraulic conductivity in [mm/hr] Literature to obtain
tributary channel alluvium
CH_N(I) Manning’s roughness coefficient n for Literature Chow 1959 to obtain
tributary channel flow
HRUTOT Total number of HRU modeled in Based on number of observation points and | to obtain
subbasin (minimum 1) tributaries
pcp Precipitation
Daily
LATITUDE | Latitude of precipitation recording Environment Canada Climate Data existing
gage location
LONGITU Latitude of precipitation recording Environment Canada Climate Data existing
DE gage location
ELEVATIO | Latitude of precipitation recording Environment Canada Climate Data existing
N gage location
YEAR Environment Canada Climate Data existing
DATE Julian Date Environment Canada Climate Data existing
PRECIPIT Precipitation per day [mm] Environment Canada Climate Data, -99 if missing | existing
ATION data
.tmp Temperature
MAX Daily maximum temperature [°C] Environment Canada Climate Data ,-99 if missing existing
TEMP data
MIN TEMP | Daily minimum temperature [°C] Environment Canada Climate Data ,-99 if missing existing
data
Sir Solar radiation
SOL RAD Daily total solar radiation [MJ/m’] Agriculture Canada, -99 if missing data existing
.wnd Wind
WND_SP Daily average wind speed [m/s] Environment Canada Climate Data,-99 if missing | existing
data
.hmd Humidity
RHD Daily average relative humidity Environment Canada Climate Data,-99 if missing | existing
data
.hru Hydrological Response Unit
HRU_FR Fraction of subbasin contained in km?/km’ NRVIS, DEM + Land use existing
HRU
SLSUBBS Average slope length (distance for m NRVIS DEM, default 50 (rule: 90 is considered a | to
N sheet flow runoff) very long slope length) estimate
SLSOIL Slope length for lateral subsurface | m Default SLSOIL=SLSUBBSN to obtain
flow
HRU_SLP Average slope steepness m/m NRVIS DEM, GIS sets all HRU to same value if | to obtain
wished it can be varied by soil type and land cover
CANMX Maximum canopy storage [mm H,O] | Literature to obtain
OV_N Manning’s roughness coefficient n for Literature Chow 1959 to obtain
overland flow
LAT _TTIM | Lateral flow travel time day Default 0 to obtain
E
POT_FR Fraction of HRU that drains into Calculated from land use layer to obtain
pothole
DEP_IMP Depth to impervious layer in soil | [mm] 0 if no perched water table to obtain
profile
ESCO Soil Evaporation compensation factor Default 0.95, calibration parameter to obtain
EPCO Plant Uptake Compensation Factor Default 1, calibration parameter to obtain
ERORGN Organic N enrichment ratio for Default 0 to obtain
loading with sediment
ERORGP Phosphorus enrichment ratio for Default 0 to obtain
loading with sediment
.mgt Management
IGRO Land cover status No land cover/ land cover growing, land use and | existing
time of the year
PLANT ID | Land cover identification number SWAT database existing
LAI INIT Initial leaf area index If land cover growing at begin of simulation not needed
BIO_INIT Initial dry weight biomass kg/ha If land cover growing at begin of simulation not needed
PHU PLT Total number of heat units needed to If land cover growing at begin of simulation not needed
bring plant to maturity
BIOMIX Biological mixing activity Optional, Default 0.2, calibration parameter

Claudia Fall, M.Sc. Thesis

84




Data Units Source Status
CN2 Initial SCS runoff curve number for Literature (Neitsch ez al., 2004)) to obtain
moisture condition II
USLE P USLE equation support practice factor Literature to obtain
BIO_MIN Minimum plant biomass for grazing [kg/ha] Literature, no grazing unless biomass at or above | to obtain
BIO MIN
URBLU Type of urban area Satellite image existing
DDRAIN Depth to subsurface drain [mm] OMAFRA, 90 mm common to obtain
TDRAIN Time to drain soil to field capacity hours Literature to obtain
GDRAIN Drain tile time lag (Time between hours Calibration parameter to obtain
water from soil into drain and release
into reach)
NROT Number of years of crop rotation Land use, OMAFRA to obtain
MONTH of operation OMAFRA to obtain
DAY of operation OMAFRA to obtain
MGT OP Type of management operation OMAFRA to obtain
PLANT ID | Plant identification number Land use, SWAT Crop database existing
CURYR_M | Current age of trees years to estimate to obtain
AT
HEAT Total heat unit for plant to reach can be calculated with daily mean temperatures and | to obtain
UNITS maturity base temperature of crop in question
CNOP SCS runoff curve number for moisture Optional, literature, calibration parameter to obtain
condition II
FERT_ID Type of Fertilizer / manure OMAFRA to obtain
FRT _KG Amount of fertilizer applied [kg/ha] OMAFRA to obtain
FRT_SURF | Fraction of fertilizer applied to top 10 Literature, default to obtain
ACE mm of soil
MONTH Date of harvest/kill operation (or OMAFRA to obtain
DAY Fraction of total base zero heat units at
which operation takes place)
MONTH Date of tillage operation OMAFRA to obtain
DAY
Till ID Type of Tillage OMAFRA to obtain
MONTH Date of harvest operation OMAFRA to obtain
DAY
MONTH Date of kill operation OMAFRA to obtain
DAY
MONTH Date of grazing operation OMAFRA to obtain
DAY
GRZ DAY | Length of grazing operation [days] OMAFRA to obtain
S
MANURE_ | Manure identification SWAT Fertilizer Database existing
ID
BIO_EAT Dry weight of biomass consumed | [kg/ha*da | To estimate based on livestock density to obtain
daily yl
MANURE _ | Dry weight of manure deposited daily | [kg/ha*da | To estimate based on livestock density to obtain
KG yl
.wus Consumptive water use
WUPND(m | Average daily water removal from the | 10° Optional, to estimate based on number of habitants | to obtain
on) pond for the month m’/day and livestock operations
WURCH(m | Average daily water removal from 10° Optional, to estimate based on number of habitants to obtain
on) reach for the month m’/day and livestock operations
WUSHAL( | Average daily water removal from 10° Optional, to estimate based on number of habitants to obtain
mon) shallow aquifer for the month m’/day and livestock operations
WUDEEP( Average daily water removal from 10 Optional, to estimate based on number of habitants to obtain
mon) deep aquifer for the month m’/day and livestock operations
.sol Soil
HYGRP Soil hydrological group USDA classification, Infiltration rate, permeability, existing
shrink-swell potential, depth to bedrock,
CANSIS
SOL ZMX | Maximum rooting depth of soil profile | [mm] CANSIS, default existing
SOL_CRK Potential or max. crack volume of the Optional, if vertisols dominant 77?
soil profile expressed as fraction of
the total soil volume
SOL Z Depth of soil [mm] CANSIS existing
(layer #)
SOL_BD Moist Bulk Density [g/em’] CANSIS + Literature, Ouellet ef al. 2007 existing
(layer #)
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Data Units Source Status
SOL_AWC | Available water capacity of the soil [mm CANSIS existing
(layer #) layer H,O/mm
soil]
SOL K(lay | Saturated hydraulic conductivity [mm/hr] CANSIS existing
er#)
SOL_CBN( | Organic carbon content [% soil CANSIS existing
layer #) weight]
CLAY Clay content [% soil CANSIS existing
(layer #) weight]
SILT (layer | Silt content [% soil CANSIS existing
#) weight]
SAND Sand content [% soil CANSIS existing
(layer #) weight]
ROCK Rock fragment content [% soil CANSIS existing
(layer #) weight]
SOL_ALB Moist soil albedo To estimate based on soil colour to obtain
(layer #)
USLE_K USLE soil erodibility factor Literature Wichmeier & Smith (1978), based on soil | to obtain
(layer #) texture classes and organic matter contents
.chm. Chemical soil characteristics optional
gW Groundwater
SHALLST Initial depth of water in shallow | [mm H,O] | 2 year equilibrium to obtain
aquifer
DEEPST Initial depth of water in deep aquifer [mm H,O] | 2 year equilibrium to obtain
GW_DELA | Groundwater delay time (time until | [days] Calculation (Johnson 1977) to obtain
Y water in soil enters shallow aquifer)
ALPHA B Baseflow alpha factor [days] Calculation (o = 2.3 / Number of baseflow days), | to obtain
F Discharge and waterlevel data, AgCan
GWQMN Threshold depth of water in shallow | [mm H,O] | Estimate based on depth of river reach and depth of | to obtain
aquifer required for return flow to shallow aquifer, calibration parameter
occur
GW_REVA | Groundwater re-evaporation Depend on type of plant cover to obtain
P coefficient
REVAP_M | Threshold depth of water in shallow | [mm H,O] | Calibration parameter to obtain
N aquifer  for  re-evaporation  or
percolation to the deep aquifer to
occur
RCHRG_D | Deep aquifer percolation fraction Between 0.0-1.0 to obtain
P
rte Physical characteristics of main
channel
CH_W(Q) Average width of main channel at top [m] Satellite image existing
of bank
CH_D Depth of main channel from top of [m] Measurements to obtain
bank to bottom
CH _S(2) Average slope of main channel [m/m] NRVIS DEM existing
CH L(2) Length of main channel [km] NRVIS Streamlines existing
CH N(2) Manning’s n value for main channel Literature Chow (1959) to obtain
CH_K(2) Effective hydraulic conductivity in [mm/hr] Literature, Table in Neitsch et al. 2004 to obtain
main channel alluvium
CH_EROD | Channel erodibility factor To estimate based on channel changes seen on aerial | to obtain
photographs
CH_COV Channel cover factor Ratio of degradation from a channel with a specified | to obtain
vegetative cover to the corresponding degradation
from a channel with no vegetative cover (vegetative
coverT causes stream velocityd and erosive power{)
Satellite Images
ALPHA B Baseflow alpha factor for river bank [days] If no value entered assumed to be same as alpha to obtain
NK storage factor for groundwater ALPHA BF
WW(Q general water quality for processes Only for in stream nutrient cycling modeling
modeled uniformly over entire
watershed
SWq Stream water quality for specific Only for in stream nutrient cycling modeling
reaches
.pnd Ponds and wetlands
PND_FR Fraction of sub basin that drains into To calculate based on sub basin and pond location to obtain

ponds
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Data Units Source Status

PND_PSA Surface area when filled to principal ha Refers to normal pond storage volume, estimate | to obtain
spillway based on satellite image

PND_PVO Volume of water stored in ponds 10' m’ To estimate based on depth and surface of pond to obtain

L when filled to principal spillway H,O

PND_ESA Surface area when filled to emergency | ha Refers to maximum | pond storage volume to obtain
spillway

PND_EVO Volume of water stored in ponds 10* m’ Refers to maximum pond storage volume to obtain

L when filled to emergency spillway H,0

PND_VOL Initial volume of water in ponds 10° m’ 2 year equilibrium period to obtain

H,0

PND_SED Initial sediment concentration in pond | mg/l Literature to obtain
water

PND K Hydraulic Conductivity through mm/hr To estimate based on soil properties to obtain
bottom of ponds

IFLODI Beginning month of non-flood season To define based on wetland characteristics to obtain

IFLOD2 Ending month of non-flood season To define based on wetland characteristics to obtain

NDTARG Number of days needed to reach target Default 15 days to obtain
storage from current pond storage

PSETLPI Phosphorus settling rate in pond for m/year Literature to obtain
months IPND1 through IPND2

PSETLP2 Phosphorus settling rate in pond for m/year Literature to obtain
months other then IPND1 - IPND2

NSETLPI Nitrogen settling rate in pond for m/year Literature to obtain
months IPND1 through IPND2

NSETLP2 Nitrogen settling rate in pond for m/year Literature to obtain
months other then IPND1 - IPND2

CHLAP Chlorophyll a production coefficient Default 1 to obtain
for ponds

SECCIP Water clarity coefficient for ponds Default 1 to obtain

PND_NO3 Initial concentration of NO3-N in mg N/1 2 year equilibrium to obtain
pond

PND_SOLP | Initial concentration of soluble P in mg P/1 2 year equilibrium to obtain
pond

PND_ORG | Initial concentration of organic N in mg N/1 2 year equilibrium to obtain

N pond

PND_ORG | Initial concentration of organic P in mg P/1 2 year equilibrium to obtain

P pond

IPND1 Beginning month of mid-year nutrient To define based on wetland characteristics to obtain
settling season

IPND2 Ending month of mid-year nutrient To define based on wetland characteristics to obtain
settling season

WET_FR Fraction of subbasin area that drains To calculate based on sub basin and pond location to obtain
into wetland

WET NSA | Surface area at normal waterlevel ha To estimate based on satellite image to obtain

WET _NVO | Volume of water stored at normal 10° m’ to estimate based on depth and surface area to obtain

L waterlevel H,O

WET_MXS | Surface area at maximum water level ha To estimate based on satellite image to obtain

A

WET _MX Volume of water stored at maximum 10* m’ Refers to maximum pond storage volume, to | to obtain

VOL waterlevel H,O estimate based on depth and surface area

WET_VOL | Initial volume of water in wetland 10* m’ 2 year equilibrium period to obtain

H,O

WET_SED Initial sediment concentration in mg/1 2 year equilibrium period to obtain
wetland water

WET_N_S Equilibrium sediment concentration in | mg/l to obtain

ED wetland water

WET_K Hydraulic Conductivity through mm/hr To estimate based on local soil properties to obtain
bottom of wetland

PSETLWI Phosphorus settling rate in wetland for | m/year Literature to obtain
months IPNDI through IPND2

PSETLW2 Phosphorus settling rate in wetland m/year Literature to obtain
for months other then IPNDI - IPND2

NSETLWI Nitrogen settling rate in wetland for m/year Literature to obtain
months IPNDI through IPND2

NSETLW2 Nitrogen settling rate in wetland for m/year Literature to obtain
months other then IPNDI - IPND2

Claudia Fall, M.Sc. Thesis

87




Data Units Source Status
CHLAW Chlorophyll a production coefficient Default 1 to obtain
for wetland
SECCIW Water clarity coefficient for wetland Default 1 to obtain
WET_NO3 | Initial concentration of NO3-N in mg N/1 2 year equilibrium to obtain
wetland
WET_SOL Initial concentration of soluble P in mg P/l 2 year equilibrium to obtain
P wetland
WET_ORG | Initial concentration of organic N in mg N/1 2 year equilibrium to obtain
N wetland
WET_ORG | Initial concentration of organic P in mg P/l 2 year equilibrium to obtain
P wetland
IPND1 Beginning month of mid-year nutrient To define based on wetland characteristics to obtain
settling season
IPND2 Ending month of mid-year nutrient To define based on wetland characteristics to obtain

settling season
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Appendix B Soil Properties

Soil Layer Hydro Soil Depth Bulk Available  Saturated Organic Clay Silt Sand Rock Albedo USLE_K
Group Depth (mm) Density Water Hyraulic Carbon (%weight) (%weight) (%weight) (%weight)
(mm) g/lcm3) Capacity Conductivity Content
(mm/mm) (mm/h) (%weight)
ACHIGAN 1 B 1000 220 0.9 0.29 53.31 6.3 12 11 77 0 0.05 0.22
2 450 1.39 0.06 93.64 0.3 1 2 97 0 0.14 0.22
3 700 1.47 0.07 63.67 0.3 3 4 93 0 0.143 0.22
4 1000 1.49 0.05 78.17 0.1 1 5 94 0 0.154 0.22
ALLENDALEC 1 C 1000 270 1.32 0.13 43.83 15 4 6 90 0 0.03 0.42
2 410 1.39 0.09 63.98 0.2 4 9 87 0 0.154 0.42
3 550 1.39 0.16 11.97 0.2 15 10 75 0 0.154 0.42
4 1000 1.49 0.02 1.97 0.2 54 34 12 0 0.154 0.42
CARP 1 ] 1150 280 1.12 0.29 5.68 3.54 26 46 28 0 0.083 0.40
2 430 1.39 0.17 2.88 0.6 31 48 21 0 0.143 0.40
3 700 1.39 0.17 2.87 0.3 31 49 20 0 0.143 0.40
4 950 1.49 0.36 19.32 0.3 33 50 17 0 0.154 0.40
5 1150 1.49 0.11 2.14 0.2 34 48 18 0 0.154 0.40
CHENEYF 1 B 1110 190 1.2 0.31 54.23 10 10 24 66 0 0.03 0.40
2 260 1.41 0.08 68.92 1 3 8 89 0 0.03 0.40
3 310 1.39 0.11 55.49 0.9 5 10 85 0 0.03 0.40
4 510 1.47 0.06 71.94 0.5 2 96 0 0.03 0.40
5 760 1.47 0.1 44.59 0.3 6 4 90 0 0.03 0.40
6 1110 1.49 0.05 78.77 0 1 1 98 0 0.03 0.40
FARMINGTONN 1 B 500 210 1.1 0.29 19.69 3.7 12 44 44 0 0.083 0.62
2 380 1.39 0.15 30.14 3.1 6 45 49 0 0.143 0.62
3 500 1.61 0.11 19.79 1.3 7 36 57 0 0.143 0.62
GRENVILLESH 1 B 1000 370 1.23 0.2 37.65 24 8 31 61 4 0.05 0.27
2 530 1.39 0.17 28.43 1.1 8 33 59 5 0.083 0.27
3 700 1.61 0.13 15.68 0.6 7 48 45 21 0.143 0.27
4 1000 2 0.13 15.68 0.6 7 48 45 0 0.143 0.27
KARSP 1 A 1000 200 1.46 0.12 35.37 0.05 6 31 63 0 0.083 0.37
2 320 1.39 0.14 37.83 0.05 7 25 68 0 0.143 0.37
3 1000 1.49 0.05 78.17 0.05 1 7 92 0 0.083 0.37
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Soil Layer Hydro Soil Depth Bulk Available  Saturated Organic Clay Silt Sand Rock Albedo USLE_K

Group Depth (mm) Density Water Hyraulic Carbon (%weight) (%weight) (%weight) (%weight)
(mm) g/lcm3) Capacity Conductivity Content
(mm/mm)  (mm/h) (%weight)
MANOTICKSH 1 B 1000 260 1.25 0.14 58.71 22 6 15 79 0 0.143 0.32
2 420 1.39 0.1 47.47 1 6 14 80 0 0.143 0.32
3 660 1.49 0.08 51.29 0.3 4 15 81 0 0.154 0.32
4 1000 1.49 0.03 2.03 0.3 52 29 19 0 0.154 0.32
MATILDAZ 1 B 1000 220 1.26 0.23 13.83 21 14 39 47 20 0.143 0.40
2 350 1.39 0.18 23.61 04 8 43 49 25 0.143 0.40
3 1000 1.61 0.12 14.6 0.3 8 44 48 25 0.143 0.40
MORRISBURG 1 ] 1000 150 1.16 0.28 10.23 31 19 37 44 15 0.083 043
2 280 1.39 0.19 8.9 3.7 15 40 45 20 0.083 043
3 500 1.47 0.16 8.34 0.6 16 35 49 25 0.083 043
4 1000 1.61 0.11 7.02 4 13 38 49 30 0.154 043
MOUNTAINS 1 B 1000 190 1.34 0.13 46.22 1.3 7 13 80 0 0.083 0.32
2 280 1.39 0.11 47.87 0.6 6 14 80 0 0.154 0.32
3 460 1.39 0.1 54.74 0.2 5 14 81 0 0.154 0.32
4 660 1.49 0.07 2.16 0.1 44 32 24 0 0.154 0.32
5 1000 1.49 0.04 1.93 0.1 71 26 3 0 0.154 0.32
NORTHGOWER 1 C 1000 250 1.08 0.31 13.75 3.9 16 41 43 25 0.05 0.45
2 370 1.47 0.16 7.52 3.3 15 40 45 20 0.143 0.45
3 1000 1.49 0.2 2.9 0.5 17 63 20 30 0.143 0.45
ORGANIC 1 C 1490 990 0.9 0.2 34.55 10 60 17 23 0 0.05 0.00
2 1490 1.47 0.08 2.1 0.6 60 17 23 0 0.05 0.00
OSGOODES 1 C 1000 200 1.32 0.23 8.32 1.5 17 42 41 0 0.083 0.40
2 400 1.39 0.19 5.47 0.3 21 40 39 0 0.154 0.40
3 700 1.39 0.19 4.54 0.1 23 42 35 0 0.143 0.40
4 1000 1.49 0.16 3.24 0.1 23 46 31 0 0.143 0.40
OSNABRUCK 1 C 1000 210 1.12 0.29 13.93 35 18 31 51 13 0.028 0.37
2 320 1.47 0.15 16.55 0.9 13 19 68 63 0.154 0.37
3 1000 1.61 0.13 3.49 0.1 19 43 38 16 0.154 0.37
RUBICON 1 B 900 120 1.16 0.14 76.85 3.1 5 10 85 0 0.083 0.62
2 300 1.39 0.08 69.27 0.8 3 8 89 0 0.165 0.62
3 500 1.47 0.09 49.53 0.2 5 7 88 0 0.083 0.62
4 900 1.49 0.06 68.87 0.2 2 6 92 0 0.143 0.62
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Soil Layer Hydro Soil Depth Bulk Available  Saturated Organic Clay Silt Sand Rock Albedo USLE_K

Group Depth (mm) Density Water Hyraulic Carbon (%weight) (%weight) (%weight) (%weight)
(mm) g/lcm3) Capacity Conductivity Content
(mm/mm)  (mm/h) (%weight)
STSAMUEL 1 B 1000 210 1.2 0.19 43.47 2.7 19 26 55 0 0.143 0.15
2 390 1.47 0.06 70.51 0.7 2 7 91 0 0.05 0.15
3 520 1.47 0.05 81.34 0.2 1 2 97 0 0.083 0.15
4 690 1.49 0.07 61.55 0.1 3 4 93 0 0.154 0.02
5 1000 1.49 0.05 78.36 0.1 1 3 96 0 0.154 0.15
UPLANDS 1 A 1050 200 1.2 0.1 95.37 2.7 3 8 89 0 0.05 0.23
2 350 1.39 0.05 93.2 0.5 1 2 97 0 0.143 0.23
3 650 1.39 0.05 93.75 0.3 1 1 98 0 0.143 0.23
4 800 1.47 0.05 78.57 1.5 1 5 94 0 0.143 0.23
5 1050 1.49 0.05 78.45 0.2 1 1 98 0 0.143 0.23
WOLFORD 1 B 1000 300 1.23 0.22 27.58 24 9 40 51 0 0.05 0.58
2 600 1.39 0.18 17.34 0.4 11 37 52 0 0.083 0.58
3 800 1.39 0.19 13.71 0.3 13 36 51 0 0.154 0.58
4 1000 1.61 0.13 9.22 0.2 12 38 50 0 0.154 0.58
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