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ABSTRACT 

The Canadian province of Prince Edward Island has experienced declining 

conditions in many estuaries for more than a decade. Nitrates, derived from intensive land-

based agricultural activities, are thought to be the major driving force for these degrading 

conditions. In this research, a spatially lumped model was developed to estimate annual 

nitrate loads and concentrations coming from PEI watersheds. Nitrate attenuation, based 

on the width of riparian buffer zones, and the transport delay due to groundwater residence 

time are both accounted for in the model. A two-reservoir flow module is used to 

differentiate rapid flow from delayed flow, and these two flow paths are assigned nitrate 

concentrations that reflect the land-use composition of the watershed. To analyze the 

uncertainty of the results, key model parameters are assigned probability distribution 

functions. The model is then run several times with different sets of parameters chosen by 

a Latin hypercube sampling method. Twelve watersheds, with long-term monitoring data, 

were used for model calibration (R2=0.91), while 118 different watersheds were used for 

model verification (R2=0.82). The simulation results for the time period of 1996 to 2012 

indicate a good agreement with observed average annual concentrations, especially for 

agricultural watersheds having catchment areas larger than 6 km2. Overall, it is concluded 

that lumped parameter models can be accurate and useful tools for simulating annual nitrate 

loadings from such watersheds, when detailed temporal and spatial agricultural land-use 

data are available. In PEI, watershed-based nitrate loadings were found to mainly derive 

from agricultural land, especially land in potato production, and reductions in loading will 

have to address nitrate leaching from such areas.   
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1. Introduction 

The world population continues to increase (e.g. United Nations, 2013), and food 

shortages have already occurred in various locations around the world. Canadian primary 

agriculture accounts for only 1.7% of the gross domestic product of the country 

(Agriculture and Agri-Food Canada, 2013). With its vast area, its abundance of surface 

water, and its low population density, Canada is in a delicate position on the international 

stage. This position is likely to result in an expansion of its agricultural area in parallel with 

an increase in productivity. However, this development must be achieved without 

impairing environmental integrity.  

This challenging task is not always fulfilled as evidenced by conditions in the 

Canadian province of Prince Edward Island (PEI), where all drinking water is obtained 

from groundwater, intensive potato production has contributed to elevated nitrate 

concentrations in groundwater and surface water (Young et al., 2002; Benson et al., 2006; 

Savard et al., 2007a) (Figure 1-1 and Figure 1-2), and more than a dozen anoxic events in 

estuaries have been recorded annually since 2002 (PEI Department of Fisheries, 

Aquaculture and Environment, 2010). These low oxygen events alter the ecological 

balance within estuaries and have negative economic, social, and environmental impacts 

(Commission on Nitrates in Groundwater in PEI, 2008). Danielescu and MacQuarrie 

(2011) have noted that although many factors may affect estuarine functioning (e.g. tidal 

flushing), the current poor conditions reported (e.g. anoxic events, proliferation of Ulva 

sp.) in two small estuaries in PEI are expected to be largely related to elevated nitrogen 

loadings from the adjacent watersheds. Muttray et al. (2012) have also recently provided 
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evidence of an association between the intensity of potato farming and prevalence of soft-

shell clam leukemia at downstream estuaries in PEI. 

 

Figure 1-1: Land area in potato production in PEI (Statistics Canada, 2012; Statistics Canada, 2007) 

 

 

Figure 1-2: Annual long-term surface water nitrate concentrations at monitoring site MIR 15, Cains 

Brook, western PEI. Data is adapted from Environment Canada (2012) and PEI Department of 

Environment, Labour, and Justice (2013). Outliers are defined by The MathWorks (2013a). 
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Estuaries and coastal waters are the basis for a rich aquatic ecosystem influenced 

by both the surrounding watersheds and the ocean. Therefore, these waters can be impacted 

by sediments, nutrients such as nitrogen and phosphorous, and other substances derived 

from the adjacent lands. The Northumberland Strait – Environmental Monitoring 

Partnership (NorSt-EMP), initiated with funding from the Canadian Water Network 

(http://www.cwn-rce.ca/), aims to study and model the causal relationships between these 

land-based stressors and the environmental quality of estuaries. The study area not only 

focuses on PEI but also on the coastal watersheds in New Brunswick (NB) and Nova Scotia 

(NS) that drain into the Northumberland Strait (Figure 1-3).  

 

Figure 1-3: Watersheds along the Northumberland Strait as defined for the NorSt-EMP study. The 

inset map shows the location of the Northumberland Strait on the Atlantic coast of Canada. 

 

http://www.cwn-rce.ca/
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Although nitrogen exists in several inorganic and organic chemical forms, nitrate 

has been shown to be the dominant species in waters in PEI, where more than 90% of the 

total nitrogen in fresh waters is nitrate (Bartlett, 2011; Danielescu and MacQuarrie, 2011; 

PEI Department of Environment, Labour, and Justice, 2013). Nitrate is essential for plant 

growth; however, when present in excess, this substance becomes an important factor in 

the eutrophication of coastal waters (Valiela et al., 2004; Selman et al., 2008). The main 

sources of nitrate in PEI groundwater and streams include chemical fertilizers, manure, 

sewage, soil organic matter, and atmospheric deposition (Savard et al., 2010). PEI has 

approximately 20% of its land area under potato production rotations (Jiang et al., 2011), 

and the large quantities of chemical fertilizer that are applied are not entirely taken up by 

the crops. For example, potatoes are known to be inefficient in using nitrogen, leading to 

greater loss of nitrate through leaching than other crops (Eastern Canada Soil and Water 

Conservation Centre, 1998). Also, the crop residues left in the fields after crop harvesting 

can mineralize and transform into nitrates that later leach during the non-growing period 

(Savard et al., 2010). 

The direct quantification of long-term nitrogen loads to all estuaries in a large 

geographic area like the Northumberland Strait would be prohibitive, although such studies 

have been undertaken for several selected PEI estuaries (e.g. Danielescu and MacQuarrie, 

2011). Calibrated models can be of great use in providing information over larger spatial 

areas and for various time frames. Models can be used for scientific purposes (e.g. 

establishing linkages between nitrate loadings and conditions in observed estuaries (Valiela 

et al., 2004), to extend the usefulness of monitoring data (Smith et al. 1997), to improve 

the knowledge about transport and fate of nitrogen (Valiela et al., 1997; Rassam et al., 
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2008)), as a management tool (e.g. investigating how and when land-use change may 

impact nitrate loadings (Valiela et al., 1997; Billen and Garnier, 1999; Howden et al., 

2011)) or for mapping potential risk of nitrate contamination (Rios et al., 2013).  

The simulation of nitrate transport and fate in watersheds involves chemical, 

biological, and physical processes that can be modeled with different levels of complexity. 

Spatially distributed groundwater flow models like MODFLOW (Zheng et al., 2001) 

coupled with a solute transport simulator like MT3DMS (Zheng and Wang, 1999) represent 

process-based (also called physically based) models and, with sufficiently detailed 

parameter information, can accurately depict the dynamics of the natural processes 

involved. However, capturing this level of detail is made at the expense of two important 

criteria: the amount of input data required for model parameterization and the 

computational time. To find a compromise, process complexity and spatial heterogeneity 

are often simplified to produce models that are more amenable for use by decision makers 

at the spatial and temporal scales desired for management of watersheds.  

The degree of complexity in representing the main processes varies widely among 

nitrate transport and fate models. An important consideration is whether the goal is steady-

state or transient modeling. Many models produce steady-state results that are used for 

long-term management purposes (Valiela et al., 1997; Hajhamad and Almasri, 2009; 

Nishimura and Jiang, 2011; Rios et al., 2013). On the other hand, the model developed by 

Howden et al. (2011) considered a time lag, caused by transport via groundwater flow, to 

explain the temporally increasing nitrate concentration in the Thames River, UK. Some 

models use a relatively short time step to estimate daily variations in nitrate concentration 

and loadings (e.g. Hutchins et al., 2010; Dunn et al., in press). A decrease in the timescale 
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usually comes with a refinement in the modeling processes and a significant requirement 

to have detailed time series for model calibration and verification. 

Three levels of spatial distribution can be defined for nitrate models: lumped, semi-

distributed, and distributed (Daniel et al., 2011; Bourdin et al., 2012). Lumped models treat 

a watershed as a single unit (e.g. Valiela et al., 1997; Fernandez et al., 2002; Hajhamad and 

Almasri, 2009; Nishimura and Jiang, 2011), while a distributed model subdivides the 

watershed into small units using a grid (e.g. ArcNLET from Rios et al. 2013). In-between 

these two categories lay semi-distributed models. This type of model divides a watershed 

into smaller units like in a distributed model, but these units tend to be more homogeneous 

than the entire watershed and therefore easier to handle. SPARROW (Smith et al., 1997), 

for example, defines each unit according to the location of surface water gauge stations so 

that each unit covers a unique area. The Riverstrahler model (Billen and Garnier, 1999) 

also uses sub-basins whose characteristics are calibrated independently from each other. 

SWAT (Arnold et al., 1998) and the model developed by Hutchins et al. (2010) also fall 

into this category. Distributed models tend to be more computationally expensive and 

therefore slower to run, although the ArcNLET model (Rios et al., 2013), which was 

employed to simulate nitrate loadings from septic systems, managed to remain spatially 

distributed while requiring far less computational time (less than a minute) than 

MODFLOW/MT3DMS (several hours) (see Rios et al. (2013) for more details). Also, 

coupling such models with GIS software helps reduce the effort to prepare the required 

input datasets and post-processing of the output datasets (Fernandez et al., 2002; Fernandez 

et al., 2006; Rios et al., 2013). 
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Spatially lumped models cannot account for the spatial variability of the parameters 

within a watershed, and for this reason they tend to be less accurate than distributed models. 

However, when coupled with parameter uncertainty analysis, the results obtained from 

these models become more reliable because part of the spatial variability is captured in the 

ranges of the parameters. Most of the previous applications of lumped models have not 

fully taken advantage of this important modeling step; however, exceptions include 

Fernandez et al. (2002) and Howden et al. (2011). Howden et al. (2011) used a Monte-

Carlo sampling method and Fernandez et al. (2002) used a Latin Hypercube Sampling 

(LHS) method to produce nitrate concentration and loading results with upper and lower 

bounds that reflected the parameter uncertainty. 

In PEI, several different types of nitrate models have been applied. 

MODFLOW/MT3DMS was used to study nitrate loadings and groundwater nitrate 

concentrations in the 112 km2 Wilmot River watershed (Jiang et al., 2007; Jiang and 

Somers, 2009). Another spatially distributed model, FEFLOW (Diersch, 2004) has been 

used to simulate groundwater flow and nitrate transport for the entire island and to test the 

impact of different climate change scenarios (Vigneault et al., 2007). Nishimura and Jiang 

(2011) have developed a GIS-based spatially lumped model that has been applied in most 

watersheds in PEI. In this model, four different types of land use, emphasizing fields in 

potato rotation, were assigned a potential nitrate leaching concentration. An area-weighted 

average of these concentrations multiplied by the average annual groundwater recharge 

rate for the island was used to compute steady-state nitrate loadings at the outlet of the 

watersheds. The model also accounted for nitrate loadings from domestic septic systems. 
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The goal of the research presented in this thesis is to improve the ability to simulate 

nitrate loadings from watersheds to the coastal waters of the Northumberland Strait.  The 

main research objectives are to 

a) collect field information to provide a regional overview of the current nitrate and total 

nitrogen (TN) loadings from surface waters to the Northumberland Strait,  

b) develop and calibrate a watershed-based nitrate loading model,  

c) have the model run quickly and with readily available watershed information, so that it 

will be useful for people involved in decision making, 

d) undertake a systematic parameter uncertainty analysis that will provide uncertainty on 

the different model outputs (e.g. flow, loadings and concentrations), and 

e) provide an example application of the model for a scenario involving future land use 

changes within a watershed. 

The model that is developed is based on the GIS-based lumped watershed model 

presented by Nishimura and Jiang (2011); however, notable advancements have been made 

such as adding more land-use categories, implementing a time (transient) formulation, and 

simulating riparian zone nitrate attenuation.  For reasons that are more fully explained later 

in Chapters 2 and 3, the geographic scope of the modeling component of the research has 

been restricted to the province of PEI and the time period of 1996 - 2012. 

This thesis is composed of 10 chapters. To provide context, Chapter 2 briefly 

describes the main physical characteristics of the watersheds around the Northumberland 

Strait. Chapter 3 presents a regional overview of the nitrate loadings results obtained for 

this initial study area. Chapter 4 describes the conceptual model, while Chapter 5 presents 

and discusses the model calibration and verification. Chapter 6 summarizes the results 
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obtained using the calibrated model for the province of PEI between 1996 and 2012. The 

parameter uncertainty analysis development and the ensuing results are given in Chapter 

7. Chapter 8 presents an example application of the model to a scenario that simulates 

different ways to reduce nitrate loadings in the Southwest River Watershed, PEI. Chapter 

9 aims to compare the model results with those from previous studies, and Chapter 10 

concludes by giving a summary of the main achievements of this research. Appendices are 

presented at the end of the document to give additional details on several aspects of the 

main content. 
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2. Description of the study area 

For the current research, the large study area presented in Figure 1-3 has been 

reduced to include all PEI watersheds, those NB watersheds that lie south of the Miramichi 

River estuary, and mainland NS watersheds. There are several reasons for selecting this 

reduced area, including reducing the variability in watershed size and, as discussed below, 

the geological conditions.  

2.1 Geology 

2.1.1 Bedrock 

The bedrock of the selected watersheds, as presented in Table 2-1, mainly consists 

of Carboniferous or younger strata composed of sedimentary deposits of continental origin. 

Formations in PEI, characterized by its red sandstone, are the youngest in Atlantic Canada. 

The formation of the Pictou group (late Carboniferous) characterizes all the watersheds of 

interest in NB and some of those in NS. The bedrock formations are older in eastern NS 

and also less homogeneous than in PEI and NB. They consist of formations from the Pictou 

group to the Horton group (early Carboniferous – late Devonian) also including some 

Precambrian rock, especially watersheds 20, 21, and 22 (Figure 2-1). Even if the age of the 

bedrock can be significantly different from one watershed to the other, especially in NS, 

the main lithography tends to be sandstone. At the watershed scale, this anisotropic 

fractured sandstone behaves like a porous media and has a good aquifer potential with 

hydraulic conductivities mainly between 5∙10-6 to 10-4 m/s (Rivard et al., 2008b). The 

conductivity of the sandstones usually decreases with depth as the number of fractures 
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decreases. The aquifer is unconfined in PEI and partly confined in NB and NS (Rivard et 

al., 2008b). 

The watersheds in Cape-Breton Island have not been considered in this study 

because the geology is quite different than PEI, NB, and mainland NS. Most of the bedrock 

is an intricacy of strata older than the Carboniferous period (Keppie, 2000). The large 

Miramichi watershed (13465 km2) straddles several different types of lithography and has 

also not been included in this study. 

Table 2-1: Bedrock composition of the watersheds (Keppie, 2000; Rivard et al., 2008a; Rivard et al., 

2008b) 

Watersheds 
Age  

(Myr  BP) 

Main groups and 

formations 
Dominant lithology 

Aquifer 

potential 

PEI 

All 310 - 250 PEI group 
Red sandstone, wacke, 

and minor mudstone 
Good 

NB 

11 - 14 310 - 300 

Pictou group 

(Undivided 

formation) 

Sandstone and 

mudstone 

Usually 

good 

15 - 17 310 - 300 

Pictou group 

(Richibucto 

formation) 

Sandstone, 

conglomerate, and 

siltstone 

Usually 

good 

NS 

18 -19 415 - 300 
Mainly Pictou and 

Cumberland  

Mainly sandstone and 

conglomerate 
Variable 

20 445 - 300 

Pictou, Cumberland, 

Mabou, Windsor,  and 

Horton groups 

Sandstone, mudstone, 

siltstone, 

conglomerate, … 

 

21 
Precambrian 

- 315 

Mabou, Horton, and 

Arisaig groups 

Sandstone, mudstone, 

siltstone, granite… 
 

22 
Precambrian 

- 315 

Mabou, Windsor, 

Horton, and Arisaig 

groups 

Mudstone, sandstone, 

conglomerate, 

siltstone, shale … 
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Figure 2-1: Age of the bedrock in the selected Northumberland Strait watersheds (Keppie, 2000; New 

Brunswick Department of Natural Resources and Energy, 2000; Rivard et al., 2008b). The watershed 

numbering follows that established for the NorSt-EMP study and the name of the associated major 

estuaries are given in Appendix 1. 

 

2.1.2 Surficial geology and topography 

The surficial geology in the Maritimes Basin predominantly consists of till and 

glacio-fluvial deposits. The thickness of this surficial layer varies from 0 to 20 m with an 

average of 8 m for NB and NS, and 4 m for PEI (Rivard et al., 2008b). This type of soil 

has a low hydraulic conductivity on average (~10-6 m/s) and acts as a poor aquifer (Rivard 

et al., 2008b). However, most of the recharge that replenishes bedrock aquifers has to go 

through this layer.  
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The topography of the studied watersheds is presented in Figure 2-2, which shows 

that the NS watersheds have a larger range in elevation than those in NB and PEI. The 

elevation in PEI reaches 142 m with an average of 30 m above sea level. The maximum 

elevation in the study area in NB and NS is 201 m and 363 m, with an average of 46 m and 

104 m, respectively. The average slope calculated with the ArcMap slope tool (ESRI, 2012) 

on the digital elevation model presented in Figure 2-2 is 3.21% in PEI, 1.77% in NB and 

4.77% in NS. 

 

Figure 2-2: Topography of the selected Northumberland Strait watersheds. Adapted from PEI 

Department of Agriculture and Fisheries, (2013) and Natural Resources Canada (2009b) 

 

2.2 Climate 

The climate in the study area corresponds to a cool and humid maritime climate. 

According to climate stations located in or near the study area (Environment Canada, 

2013), the annual precipitation varies from 800 to 1400 mm, and the watersheds in the 
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eastern part of the study area tend to receive more precipitation. Approximately 75% of the 

precipitation falls as rain and the rest as snow in PEI (Table 2-2). This ratio tends to be 

similar in NB but higher in NS with 83% of the precipitation being rain according to the 

Tatamagouche climate station. Most of the snow falls from November to April, and the 

snow melt usually happens between March and May (Water Survey of Canada, 2013). 

Table 2-2: Mean annual precipitation (in mm of water) for three locations within the study area 

(Environment Canada, 2013) . The locations are shown in Figure 2-2. 

Station Rain  Snow Precipitation Period 

Charlottetown (PEI) 781 281 1063 1993 - 2006 

Moncton (NB) 873 276 1148 1993 - 2006 

Tatamagouche (NS) 905 183 1088 1993 - 2006 
 

2.3 Land-use overview 

There is a strong contrast in land use among the three provinces, with agricultural 

land being more dominant in PEI than in NB or NS. According to Figure 2-3, the percent 

area of annual crops circa 2000 was 31% for PEI, 5% in NB, and 3% in NS. On the other 

hand, the proportion of forest is extremely high in NB and NS; 39% of PEI is covered with 

forest while this land use is 74% for NB and 70% for NS. There is a small portion of urban 

area in all of the three provinces: 5.2% in NB, 5.6% in PEI, and 8.0% in NS. 
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Figure 2-3: Land use in watersheds around the Northumberland Strait circa 2000. Data adapted 

from Natural Resources Canada (2009a) 

 

The agricultural area in PEI is presented in Figure 2-4, which shows that most of 

the agricultural land is dedicated to the production of potatoes with 21% of the land in 

crops (including hay, field crops, tree fruits or nuts, berries or grapes, vegetables, and 

seeds). These fields are mainly located in the center and west of the island. Potatoes are 

typically cultivated in rotation with cereals for the second year and hay/grass for forage for 

the third year (Savard et al., 2010). The potato production in PEI increased from 11982 ha 

in 1951 to 43770 ha in 1996, and subsequently decreased to 35030 ha in 2011 (Figure 1-1). 



 

16 

 

 

Figure 2-4: Main PEI land-use categories for 2009. Data adapted from Statistics Canada 

(2009). 
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3. An overview of the current situation regarding nitrate loadings 

around the Northumberland Strait 

A limited field program was conducted in order to obtain an overview of the current 

magnitude and spatial distribution of nitrate and TN concentrations and loadings and to 

better focus the geographic scope of the research. The nitrate data were also used to 

supplement existing calibration datasets.  For comparison purposes, this regional water 

sampling and stream discharge program was carried out in September - October 2012 and 

again in July - August 2013. A total of 59/64 rivers were sampled and 22/23 of them were 

manually stream gauged in 2012 and 2013, respectively. 

3.1 Methods 

Nitrate loadings were computed using measured nitrate concentrations and the 

associated surface water discharges. It was not feasible to sample and measure the 

discharge in every river that flows into the Northumberland Strait (i.e. too time consuming 

and expensive); however, selected representative rivers were monitored, and an estimation 

of the nitrate loadings was made by following the procedure presented in Figure 3-1. 

First, the study area was subdivided into coastal watersheds as shown in Figure 2-1. 

Within each of these watersheds, one stream gauging location and at least one water quality 

sampling site were chosen. The number of sampling sites per coastal watershed was 

adjusted to provide representative results for the watershed. The method consisted of 

estimating for each coastal watershed both the average concentration and the discharge. 

The product of these two attributes provided the estimate of the watershed-based nitrate 

loadings. 
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Each coastal watershed was assigned a nitrate concentration estimated by 

calculating a weighted average considering the drainage area of each sampling site. Then, 

the discharge of this watershed was estimated by measuring the discharge of a river within 

this watershed1. The flow was assumed to be directly proportional to the upgradient 

drainage area. Therefore, the discharge of the entire watershed was obtained by multiplying 

the discharge measured at the stream gauging site by the ratio of the entire coastal 

watershed area to the drainage area upgradient of the measurement site.  

 

Figure 3-1: Procedure followed to obtain regional nitrate loadings. For readability, the calculation 

steps are only displayed for the “Watershed # 11”. 

 

ArcMap (ESRI, 2012) has been used to delineate and estimate the surface area of 

each watershed using the digital elevation model presented in Figure 2-2.  

                                                 

1 In a couple of watersheds no suitable stream-gauging site was found. In that particular case, the discharge 

was computed by averaging the discharge per area obtained in the bordering watershed(s) 
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3.2 Site selection 

3.2.1 Water quality sampling site 

The different sampling sites were chosen according to four criteria presented below 

by order of importance. First, the sampling site had to be as close as possible to the estuary 

but representative of fresh water with salinity levels below 1 ppt. This threshold, defined 

within the NorSt-EMP project, was never exceeded, as all the sampling locations had a 

salinity level below 0.5 ppt. Second, the drainage area associated with the site had to be as 

large as possible in order to be representative of a major proportion of the coastal 

watershed. Third, the site should have historical nitrate concentration data to which the 

more recent data could be compared for consistency. Fourth, the site had to be easily 

accessible. 

3.2.2 Stream gauging site selection 

The stream gauging sites and the sampling sites were most of the time at the same 

location, but when the sampling site was not suitable for stream gauging another nearby 

location was chosen. A stream gauging site was considered appropriate when the following 

criteria were met: the drainage area associated with the site had to be as large as possible 

to be representative and to minimize the error associated with computing drainage areas 

with GIS software, the river had to be wadeable with a relatively smooth riverbed to avoid 

errors due to sudden water depth changes, and the discharge should not be influenced by 

tides. 
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3.3 Equipment and procedures 

3.3.1 Sample handling procedure 

Two samples were taken at each water quality sampling site: one unfiltered for TN 

analysis and one 0.45µm-filtered for nitrate analysis. All the samples were stored in a 

cooler containing ice during the sampling trip. Some of the filtered samples were later 

frozen to around -20°C for long-term storage, while the majority of the filtered samples 

and all the unfiltered samples were stored for several days at 4°C before being analyzed. 

Some samples were analyzed before being frozen to assess if freezing may have affected 

subsequent analyses; a comparison of results for frozen and non-frozen samples showed 

there was no difference. Duplicate samples were randomly taken every 12 - 15 samples 

and blanks were included for each sampling trip. TN concentration was measured using 

combustion, oxidation, and chemiluminescence detection (Total Nitrogen Module TNM-

1, Shimadzu Corporation, Japan), and nitrate concentration was determined by ion 

chromatography (761 Compact IC, Metrohm). 

3.3.2 Stream gauging procedure 

The discharge measurements were performed by two different operators at 

the same location with a minimum of 20 stations across the river cross section. Two 

hand-held ADV flow meters (Flowtracker, Sontek/YSI Inc., CA, USA) were used. The 

two discharge measurements were averaged for the final result. The percentage difference 

between these two discharge values was always below 15%, with the exception of two 

sites, where the difference was between 15% and 20% (Grand River, PEI, watershed #28, 

2012 - 2013, and the Kinnear River, NB, watershed #16, 2012). These two rivers had 
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very low flow, below 30 L/s. The two discharge measurements always differed less than 

5% for flows higher than 1 m3/s. 

3.4 Results 

As shown in Figure 3-2, the measured water flow per surface area varied 

significantly from watershed to watershed. Spatially non-uniform precipitation is the main 

reason for this variability. For example, in 2012, according to climate stations 

(Environment Canada, 2013) in or nearby the studied watersheds, the cumulative amount 

of precipitation occurring two weeks prior to stream gauging was approximately 180 mm 

for NS, 80 mm for PEI, and 25 mm for NB. The flow to drainage area ratio followed the 

same trend with a flow per surface area of 4295, 4056, and 808 m3/ha/yr in NS, PEI, and 

NB respectively. This ratio generally tended to decrease from East to West in 2012. In 

2013, the only particular trend depicted was a gradual decrease from North to South in NB. 

The flow per surface area was on average lower in 2013 than in 2012. 

Summaries of the nitrate concentration results are displayed in Table 3-1 and Figure 

3-3. The measured nitrate concentration in PEI surface water was significantly higher than 

in NB and NS. The average nitrate concentration of 2.0 mg-N/L for the PEI sampling sites 

was higher than in NB and NS, where the average was only 0.04 and 0.08 mg-N/L 

respectively. The highest concentrations were obtained in the center and western parts of 

the island. Although surface water discharge in 2012 was approximately twice as much as 

in 2013, the area-weighted average nitrate concentration was 0.1 mg-N/L higher in 2012 

(Figure 3-3). 
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Table 3-1: Nitrate sampling results summary. Concentration is given in mg-N/L 

 
Number of 

sites 

Range of nitrate 

concentration 

Average nitrate 

concentrationa 

PEI - 2012 30 0.34 - 6.47 2.24 

PEI - 2013 36 0.00 - 5.79 1.76 

NB - 2012 18 0.00 - 0.24 0.04 

NB - 2013 18 0.00 - 0.43 0.05 

NS - 2012 12 0.04 - 0.22 0.11 

NS - 2013 12 0.03 - 0.27 0.06 
a
 Area-weighted average 

 

Nitrate loadings, displayed in Figure 3-4, were around two times higher in 2012 

than in 2013 because of the higher discharges in 2012 and the approximately constant 

concentration. The eastern portion of PEI exhibited high nitrate loadings both in 2012 and 

2013, mostly because the flow was higher than in the rest of the island. The estimated 

loading in PEI was 6.6 kg-N/ha watershed/yr on average over the two years, while it was 

only 0.25 and 0.06 kg-N/ha watershed/yr in NS and NB, respectively. In other words, PEI 

accounted for 96% of the total nitrate loading within the study area although this province 

represents only 34% of the land surface area. TN results are similar to those shown for 

nitrates (see Appendix 2). The coastal watershed #28, located around the Malpeque Bay 

(Figure 2-1), had lower nitrate loadings than the rest of the watersheds in central and 

western PEI because of an abnormal low flow (Figure 3-2). The flow measurement was 

performed in the Grand River which has a drainage area of only 8 km2 (but this was the 

best stream-gauging site found in watershed #28). A small drainage area increases the error 

on the calculation of the watershed area and also decreases the chance that the watershed 

is representative of the entire coastal watershed. It was also mentioned in section 3.3.2 that 
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the difference between the discharge measurements of the two operators was high for the 

Grand River, between 15 - 20%. 

 

Figure 3-2: Observed surface water discharge around the Northumberland Strait: a) 

September/October 2012 and b) July/August 2013. The statistics are obtained from the set of 25 

watersheds composing the study area. 



 

24 

 

 

Figure 3-3: Nitrate concentration measured in fresh surface waters around the Northumberland 

Strait: a) September/October 2012 and b) July/August 2013. The statistics are obtained from the set 

of 25 watersheds composing the study area. 
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Figure 3-4: Nitrate loadings from fresh surface waters around the Northumberland Strait: a) 

September/October 2012 and b) July/August 2013. The statistics are obtained from the set of 25 

watersheds composing the study area. 
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The relatively high proportion of land being used for agriculture in PEI, as 

discussed in Chapter 2, is reflected in the nitrate concentration results shown in Figure 3-3, 

and the computed nitrate loadings shown in Figure 3-4. The field results thus provide 

evidence that, when considering nitrate loadings to the Northumberland Strait, the primary 

watershed-based loads are derived from PEI. For this reason, and because detailed 

agricultural land-use information is currently only available for the province of PEI, the 

modeling component of the research presented in the remainder of this thesis is focused 

primarily on PEI. Appendix 6 provides results obtained from application of the model in 

NB and NS; however, these results were obtained after making numerous assumptions 

about the cultivated crops in these watersheds, and thus, they should be considered as 

illustrative.  
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4. Model Development 

4.1 Conceptual model 

The model developed within this research is designed to compute annual nitrate 

loadings and concentrations for watersheds in PEI. The model is spatially lumped, meaning 

that each watershed is considered as a single entity with no smaller subdivision, and no 

interaction occurs among adjacent watersheds. It is an extension of the model developed 

by Nishimura and Jiang (2011), with the major improvements being the addition of a time 

(transient) formulation with an annual time step similar to the work of Howden et al. 

(2011), the consideration of nitrate attenuation, and the addition of different land-use 

categories. 

The structure of the model is presented in Figure 4-1. The first component of the 

model involves determining the average annual nitrate leaching concentration (CL) for the 

selected watershed. This concentration is established by determining the land-use 

distribution within the watershed and assigning the different land uses corresponding 

nitrate leaching concentrations. Then, CL is computed as an area-weighted average based 

on the land-use categories. The idea of estimating the leaching concentration from different 

land uses, rather than applying a nitrogen mass balance, has been proposed by several 

studies (e.g. Billen and Garnier, 1999; Nishimura and Jiang, 2011; Volf et al., in press). To 

directly establish CL under different types of land use is generally easier than establishing 

a nitrogen budget and simulating the nitrate leaching concentration. First, the various 

sources of nitrogen like manure, chemical fertilizers, and dry and wet atmospheric 

deposition do not need to be individually estimated. Although the differentiation of these 
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sources cannot be obtained with this method, CL represents the integrated influence of all 

N sources and a high CL value is more likely to be associated with a significant quantity of 

nitrogen inputs. Second, the complex transformations and interactions that the various 

nitrogen compounds undergo within the crop and root zone before leaching become 

unnecessary to model (e.g. mineralization and non-saturated flow; a more complete list of 

these processes can be found in physically-based models like LEACHN (Hutson and 

Wagenet, 1991) or ANIMO (Kroes and Roelsma, 1997)). This simplification of the 

physical and biogeochemical processes involved in determining the concentration of nitrate 

leaching from different land areas will be partly compensated by the parameter uncertainty 

analysis (see Chapter 7). 



 

29 

 

 

Figure 4-1: Flowchart depicting the components of the conceptual model 

 



 

30 

 

The hydrologic flow module (Figure 4-1) estimates the annual water discharge 

coming from the watershed and partitions this into rapid and future delayed flow (see 

section 4.1.2). In the context of this study, rapid flow refers to the flow that will exit the 

watershed in less than one year, while delayed flow exits the watershed at some time in the 

future (i.e. beyond the current year).  

These two flow reservoirs, once estimated, are assigned the area-weighted average 

nitrate concentration CL. This computation therefore leads to two loading components: 

rapid and future delayed loading. Delayed nitrate loadings are increased by adding the 

estimated contributions from home septic systems in the watershed. Each residence that is 

not connected to a centralized sewage system is assigned a 10 kg-N annual load (Nishimura 

and Jiang, 2011). The number of residences within a watershed is estimated using civic 

address data. This loading is assumed to be delayed because of transport via groundwater, 

as explained in section 4.1.3. The rapid loading, which is considered immediate because of 

the annual time step of the model, is reduced due to nitrate attenuation that is assumed to 

be correlated with the average width of the vegetated riparian zone (e.g. Vought et al., 

1994; Kellogg et al., 2010); more details are given in section 4.1.4. Finally the rapid loading 

and the delayed loading (MD) are added to get the total loading coming from the watershed 

(MO).  

The annual average nitrate concentration (CO) is obtained by dividing MO by the 

total annual discharge coming from the watershed. If the watershed is defined by an outlet 

then CO represents the nitrate concentration at the outlet of this watershed. However, in the 

case of a watershed that is connected to an estuary or coastal shorelines, CO is a theoretical 
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average concentration that cannot be measured physically as it encompasses nitrate coming 

from surface water and groundwater that goes directly in the estuary. 

The model is developed for the time period from 1996 to 2012. Before 1996, no 

digital data could be found for the land-use distribution on PEI. The most recent layer 

depicts land use in 2009 and because the land-use distribution tends to be more 

homogeneous as time goes by (Crane, C. , 2013, personal communication), the study period 

was extended to 2012 by making some assumptions about the land-use distribution (see 

section 4.2). Generally, the land-use data have not exhibited any major change since 1996 

because the large increase in potato production happened progressively before 1996, as 

displayed on Figure 1-1. This intensification is partially captured by the model when 

assigning the initial nitrate concentration (Ci) that affects the delayed flow concentration 

(see section 4.1.3). 

4.1.1 Land-use categories 

Nishimura and Jiang (2011) considered 4 different land-use layers that emphasize 

potato crop rotation, which covers 20% of PEI (Jiang et al., 2011). However, this is not the 

only commercial crop, and the type of crops being cultivated are changing. For example, 

in recent years fewer potatoes have been produced while there is currently a surge in 

soybean production (Statistics Canada, 2007; Statistics Canada, 2012).  

It is not feasible to create a particular land-use layer and assign a nitrate leaching 

concentration for each possible crop rotation that occurs in PEI. Firstly, the layers would 

be constantly evolving, and secondly, the number of different crop rotations would be too 

numerous to document and capture in a model. An alternative approach is to consider each 
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crop grown in a particular year and to assign a nitrate leaching concentration to each crop 

type.  One of the main problems with this approach is that the nitrate leaching concentration 

also depends on the field history. For instance, when potatoes are cultivated a portion of 

the nitrate mass that is derived from potatoes remains in the field, and the leaching 

concentration in the following years will be affected (e.g. Milburn et al., 1990). A 

compromise for estimating the nitrate leaching concentrations is to group the land uses into 

complementary categories that reflect  the current and previously cultivated crop(s) in the 

selected area.  These groupings therefore provide a relatively simple way to capture the 

effect of previous years’ crops on current and future nitrate concentrations. Table 4-1 

shows the different categories that have been chosen. Category RC and RCp include row 

crops other than potatoes, but currently this only includes soybeans and corn as these are 

the only other row crops identified in the land-use layers obtained from Statistics Canada 

(2009). The land area of each watershed is subdivided into these nine land-use categories 

and assigned a corresponding nitrate leaching concentration as discussed in section 5.1.2.  
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Table 4-1: Land-use categories chosen for the current model 

Category Description 

P Land in potato production this year 

RC 
Land in row crop production (other than potato) this year, which was not in 

potato production the previous year 

RCp 
Land in row crop production (other than potato) this year, which was in 

potato production the previous year 

G 
Land in grain production this year, which was not in potato production the 

previous year 

Gp 
Land in grain production this year, which was in potato production the 

previous year 

HPG 
Land in pasture, forage, hay or grass this year, which was not in potato 

production the previous year 

HPGp 
Land in pasture, forage, hay or grass this year, which was in potato 

production the previous year 

OA Other agricultural area 

BG Other area (non-agricultural) 
 

4.1.2 Flow module 

The purpose of the flow module is twofold. Firstly, it evaluates the rapid and 

delayed flow components entering a watershed, and it also estimates the water discharge 

coming from the watershed. Rapid flow is conceptualized to include runoff and “rapid” 

subsurface flow, while delayed flow includes groundwater flow and shallow delayed 

subsurface flow. The term “rapid” is more directly related to the time step used in the model 

in that all flow that reaches the outlet of the watershed in less than a year is considered 

“rapid”. 

The flow calculation process displayed in Figure 4-2 consists of, first, evaluating 

the excess water, which is computed as the total precipitation minus the evapotranspiration 

as explained in section 4.1.2.1. This excess water represents the water that will contribute 
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to river flow and groundwater recharge or, in the case of a coastal watershed, the freshwater 

that will discharge into the estuary. It is further assumed that there are two different possible 

flow paths: delayed and rapid. The baseflow index, which is the ratio of baseflow to stream 

flow, discussed in section 4.1.2.2, will give an estimation of how much goes into these two 

categories.  As only annual values are of interest in the current work, rapid flow will be 

considered instantaneous while delayed flow will be postponed using Equation 1 of section 

4.1.3. 

 

Figure 4-2: Flowchart showing the procedure followed for the flow module 
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4.1.2.1 Excess water estimation 

A simple way to estimate evapotranspiration is to use the monthly method presented 

by Thornthwaite and Mather (1955).  The data required for the calculation are the mean 

monthly temperature, the total monthly snow precipitation, the total monthly rainfall, the 

coordinates of the climate station(s), and the soil water storage. For this study, the soil 

water storage was set to 125 mm as suggested by Dingman (2002); a variation of ±50 mm 

in the soil water storage was found to result in a variation of less than 3% in the computed 

evapotranspiration. The computed annual evapotranspiration is subtracted from the annual 

precipitation to find the excess water. This computation was performed at 20 climate 

stations across PEI for each month from 1996 to 2012. The climate records were not 

continuous for all 20 climate stations, but for each year the number of stations having data 

was at least 7, and, on average, was 10 out of 20.  An inverse squared-distance weighted 

interpolation was done for each year to estimate excess water throughout the entire island 

(Figure 6-1). The process is illustrated in detail in Figure 4-3. 
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Figure 4-3: Excess water estimation process 

 

4.1.2.2 Baseflow estimation 

Baseflow represents the portion of stream discharge coming from groundwater 

(Fetter, 2011). It also represents the discharge that can be sustained during periods of little 

or no precipitation. In PEI, baseflow can represent up to 100% of the stream discharge 

during the summer months (Savard et al., 2010) (also see Appendix 4). The baseflow index 

(BFI) is the ratio of annual baseflow to annual stream discharge and can vary from year to 

year depending on the weather conditions. In this research, this ratio is assumed to be equal 

to the percentage of excess water that will infiltrate, and thus, contribute to delayed flow.  
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A recursive digital filter, as discussed by Nathan and McMahon (1990), was used 

to compute the BFI for hydrometric stations located in PEI. This method removes high 

frequency variability from the stream discharge hydrograph that is more likely associated 

with runoff events. A filter parameter of 0.925 was used as recommended by Nathan and 

McMahon (1990). In order to reproduce the Wilmot River (central PEI) BFI of 66% (Jiang 

and Somers, 2009), three passes of the digital filter had to be applied. This number of passes 

was then used for the other discharge datasets. The BFI was computed at six hydrometric 

stations in PEI monitored from 1990 to 20102 (Water Survey of Canada, 2013). An inverse 

squared-distance weighted interpolation was used to spatially extend the results from the 

locations of the hydrometric stations. The process is depicted in Figure 4-4. More detailed 

results regarding the BFI are provided in Appendix 4. 

The baseflow index method may overestimate the quantity of delayed flow because 

part of the actual baseflow is expected to be composed of shallow subsurface flow having 

a residence time less than one year. However, more detailed models for estimating the 

delayed flow would require significantly more hydrogeological data (e.g. Jiang and 

Somers, 2009) for each watershed, and such information is only available for relatively 

few of them in PEI. 

                                                 

2The Bear River gauge station only has records starting from 1995 
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Figure 4-4: Baseflow index estimation process 

 

4.1.3 Nitrate transport delay process 

When nitrates percolate into aquifers, it may take many years before this mass 

reaches a river or estuary (e.g. Howden et al., 2011; Hutchins et al., 2010; Jiang et al., 

2007). This lag time can be approximated by the groundwater residence time, that is, the 

time required for water to go through the aquifer and arrive in a discharge location. This 

approximation implies that there is no significant nitrate storage in the matrix of the 

sandstone bedrock aquifer, which is the typical aquifer type in PEI, and that nitrates in 

groundwater are not attenuated during transport. These assumptions have often been made 

in the development of previous models applied to PEI aquifers (Jiang and Somers, 2009; 

Jiang et al., 2007). Although it was beyond the scope of the thesis to evaluate these 
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assumptions, research is currently being carried out to investigate the impact of matrix 

storage on nitrate transport in PEI bedrock aquifers (Malenica et al., 2013). 

The groundwater residence time can be obtained, for example, from isotope studies 

(e.g. Jiang et al. 2007), large-scale tracer tests, or by using three-dimensional (3D) 

groundwater-transport models (e.g. Jiang et al., 2007; Basu et al., 2012). Howden et al. 

(2011) have proposed a simpler approach, and one that is consistent with the concept of a 

lumped parameter approach, for the Thames River watershed. Howden et al. (2011) 

employed a 1D model based on the Ogata and Banks (1961) analytical solution: 

𝐴(𝑡) =
1

2
{𝑒𝑟𝑓𝑐 [

𝐿 − 𝑉𝑡

√4𝐷𝑡
] + 𝑒

𝐿𝑉

𝐷 ∙ 𝑒𝑟𝑓𝑐 [
𝐿 + 𝑉𝑡

√4𝐷𝑡
]}  , Equation 1 

 V is the average groundwater flow velocity (L/T) 

 D is the hydrodynamic dispersion coefficient (L2/T) 

 L is the average groundwater flow path length (L) 

 t is the time (T) 

A(t) is the mathematical solution of the 1D advection-dispersion equation for the 

injection of a solution with a constant concentration at the time t=0. A(t) represents the ratio 

of the outlet concentration at t divided by the constant inlet concentration; however, this 

function can also represent the  nitrate loading (Howden et al., 2011). The integral of A 

over time is equal to one, so that the input loading or flow is conserved. As CL changes 

annually the principle of superposition is applied, and the delayed loading at time t, MD(t), 

is a linear composition of functions A(t) as shown in Equation 2: 
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𝑀𝐷(𝑡) = 𝑀𝑖 , 𝑖𝑓 𝑡 = 1 

𝑀𝐷(𝑡) = 𝑀𝑖 + (𝑀1 − 𝑀𝑖) ∙ 𝐴(1), 𝑖𝑓 𝑡 = 2 

𝑀𝐷(𝑡) = 𝑀𝑖 + (𝑀1 − 𝑀𝑖) ∙ 𝐴(𝑛) + ∑(𝑀𝑘+1 − 𝑀𝑘) ∙ 𝐴(𝑛 − 𝑘),

𝑛−1

𝑘=1

     𝑒𝑙𝑠𝑒. 

Equation 2 

Equation 2 is presented for the nitrate loading; however, it can also be applied to 

determine future delayed flow. One important characteristic of Equation 2 is that the input 

of the current year will be considered only from next year onwards.  The initial delayed 

loading (Mi) is obtained by multiplying the initial concentration (Ci) by the initial delayed 

flow (Qi). The estimation of Ci was computed to reflect the land use in PEI in 1991. 

Category P (potato) was reduced by 28% as well as category RCp, Gp, and HPGp (Table 

4-1) because their areas also are related to the area of category P. The aforementioned 

factor of 28% was found by comparing total agricultural land in potato in 1991 and 1996 

(Statistics Canada, 2007). The initial delayed flow, Qi, was simply assumed equal to the 

average future delayed flow over the study period.  

 

Equation 1 contains three parameters that need to be estimated for each watershed: 

L, V, and D. Darcy’s law is used to estimate the average groundwater flow velocity 

(Schilling and Wolter, 2007; Basu et al., 2012): 

𝑉 =
𝐾 ∙ 𝑖

𝑛
, Equation 3 

 K is the hydraulic conductivity (L/T) 

 i is the hydraulic gradient (Ø) 

 n is the porosity (Ø) 
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K and n are assumed to be constant values for the entire province, and their values 

have been determined during the flow module calibration (see section 5.1.1). The hydraulic 

gradient (i) is computed through ArcMap (ESRI, 2012) by using the topographic data for 

each watershed (Schilling and Wolter, 2007; Basu et al., 2012).  A raster of the slope is 

computed, and a zonal statistic is calculated to determine the average slope (S). The value 

is then multiplied by 0.65 because experience has indicated that the water table in PEI is at 

an elevation that is usually between 60 - 70% of the ground surface elevation (Somers G. 

and Jiang Y., 2013, personal communication). L is also computed with the digital elevation 

model using ArcMap (ESRI, 2012). Under the assumption that the groundwater table 

mimics the topography, L can be estimated by the actual surface flow path length. Thus, a 

raster like the example shown in Figure 4-5 is computed for each watershed, and the 

average of this raster is used to estimate L. For the same reason that the computed i is 

adjusted, L is reduced by a factor of 0.65. The adjustment of both L and i by the same factor 

has no effect on the average residence time, but it does have an effect on Equation 2. 
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Figure 4-5: Flow path length raster calculated with the ArcGIS Taudem tools (Tarboton, 2013) for 

the Wilmot River watershed, PEI. The average flow path length for this watershed is 581m. The 

digital elevation data are adapted from data retrieved from (PEI Department of Agriculture and 

Fisheries, 2013) 

 

For solute transport, the hydrodynamic dispersion D is usually defined as the sum 

of the molecular diffusion and mechanical dispersion terms (Fetter, 2011). When there is 

significant groundwater flow, the influence of molecular diffusion is typically assumed to 

be negligible compared to mechanical dispersion (Gillham and Cherry, 1982). The 

mechanical dispersion is, in a 1D problem, equal to the product of the longitudinal 

dispersivity α and the average linear velocity V.  Longitudinal dispersivity is known to be 

dependent upon the scale of the problem (Neuman, 1990), which can be estimated by L, 

the average flow path length. The empirical equations presented by Neuman (1990) are 

then used to estimate α: 
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𝛼 = 0.32 ∙ 𝐿0.83, 𝑖𝑓 𝐿 > 100 𝑚 Equation 4 

𝐷 = 𝛼 ∙ 𝑉 = 0.32 ∙ 𝐿0.83 ∙ 𝑉 , 𝑖𝑓 𝐿 > 100 𝑚 Equation 5 

The condition L > 100 m is always verified for PEI’s watersheds. 

4.1.4 Nitrate attenuation 

Nitrate attenuation can occur in reservoirs, lakes, streams, groundwater, wetlands, 

and riparian zones (Kellogg et al., 2010). This research focuses only on riparian zone 

attenuation that may occur within the permanently vegetated land along a river or stream 

that marks the interface between terrestrial and aquatic ecosystems. Runoff and shallow 

subsurface flow have to cross this region before discharging into a river or other water 

body (Figure 4-6). In doing so, nutrients such as nitrate may be partially removed by 

denitrification and plant uptake (McClain et al., 2003). Denitrification is an anaerobic 

process during which denitrifying bacteria convert nitrate into dinitrogen (Wenger, 1999). 

Plant uptake occurs when water, including nutrients, is absorbed by the roots of the riparian 

plants or trees. 
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Figure 4-6: Water flow paths in a riparian zone and potential nitrate attenuation processes 

(from Vought et al. 1994) 

 

The nitrate-removal rate in riparian zones depends on several parameters  including 

the degree of anoxia, the amount of available organic carbon, the width of the riparian zone, 

the type and density of vegetation, the topography, and the root zone depth (Fennessy and 

Cronk, 1997). Considering all these parameters would overly complicate the model and 

not fulfil one of the objectives of the model, which is to use readily available data. Thus, 

only the width of the riparian zone, which can be obtained from a land-use data base, is 

considered as shown in Equation 6. This equation is based on the findings of Kellogg et al. 

(2010) and Vought et al. (1994). Kellogg et al. (2010) developed a simple riparian 

attenuation model that assigns nitrate attenuation with respect to the width of vegetated 

riparian area with hydric soil. Hydric soil maps do not exist for PEI, and so this parameter 
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was not included in the current model. In Equation 6, the attenuation rate is directly 

proportional to the width as suggest by Vought et al. (1994). 

%𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 80 ∙
𝑀𝑖𝑛(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑖𝑝𝑎𝑟𝑖𝑎𝑛 𝑧𝑜𝑛𝑒 𝑤𝑖𝑑𝑡ℎ , 30 𝑚)

30 𝑚
 Equation 6 

A study conducted in PEI (Dunn et al., 2011) determined that a 10 m wide grassed 

area removed approximately 38% of the nitrates in runoff after rainfall events. For a 10 m 

wide riparian zone, Equation 6 predicts a 27% reduction in the nitrate load, which is 

considered to be sufficiently close to the findings of Dunn et al. (2011) for the present 

modeling purposes. 

To determine the average riparian zone width, a buffer area is computed by creating 

a 30 m zone around the hydrologic network of each watershed. This buffer area is then 

intersected with the land-use layer to estimate its vegetated percentage. Thus, if 50% of the 

buffer area is vegetated, the riparian zone width will be on average equal to 15 m. The 

vegetation composition of the riparian area was assumed constant and the land use was 

derived from Natural Resources Canada (2009a) and includes native grass, forest, shrub, 

and wetland (but not commercial crops).  

Two isotopic studies, one conducted in the Wilmot River watershed (Savard et al., 

2010) and the other in the Trout River watershed and McIntyre Creek watershed 

(Danielescu and MacQuarrie, 2013), have shown that denitrification was not taking place 

in groundwater. Therefore, in the current work nitrate attenuation is only considered for 

rapid flow. 
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4.2 Land use interpolation 

Table 4-2 displays the different layers used to establish the land cover distribution 

of the different watersheds over the period 1996 - 2012. As the model requires the annual 

land-use composition of the watersheds, estimations have been performed between the time 

periods represented by the different layers. As explained in section 4.1.1, each watershed 

is broken down into nine categories according to Table 4-1.  

As shown in Table 4-2, only for the years 2007 to 2009 can the land use be 

subdivided into these nine categories without making any assumptions or interpolations. 

The land-use distribution of these three years was therefore used as the basis to estimate 

the missing data of the other years following the procedure presented in Appendix 7. The 

time series has been completed with two moving windows. The land use for the period 

2001 - 2005 was set identical to the period 1996 - 2000, while the period 2010 - 2012 was 

set identical to the period 2006 - 2008. The final land-use composition for PEI is shown in 

Figure 4-7. Category HPG (hay, pasture, forage, and grass not following potatoes) is 

underestimated for the period 1996 to 2000 (and subsequently for the period 2001 to 2005 

with the aforesaid assumption), and this is probably coming from the difference between 

set#2 and set#3 (Table 4-2). This is compensated by an increase in the area of category OA 

(Other agricultural area) before 2006.  
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Table 4-2: Land-use data sets used to estimate the annual land use on PEI for the period 1996 to 2012 

Name Description 
Period  

covered 
Source 

Set#1 Land in potato production 

1996  

- 

2000 

PEI Department of 

Agriculture, Fisheries, 

and Aquaculture  

Set#2 

Land-use data including the following 

categories: canola, corn, soybean, potato, 

hay/pasture/grass or forage, grain,  other 

agricultural area and fallow 

2006  

-  

2009 

Statistics Canada 

(2009) 

Set#3 Hay/pasture or grass land 

1996  

- 

 1999 

PEI Department of 

Environment, Labour, 

and Justice 

Set#4 
Land-use data including agricultural land, 

forest, pasture, and others categories 

Circa  

2000 

Natural Resources 

Canada (2009a) 

 



 

48 

 

 

Figure 4-7: Land-use reconstruction for PEI (5660 km2) following the procedure defined in Appendix 

7. The category BG (other area) has not been displayed in this graph to improve the visibility of the 

other categories.  
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5. Model Calibration and Verification 

5.1 Calibration 

The calibration process aims to adjust parameters, within reasonable bounds, that 

are unknown or poorly known, to optimize the goodness of fit of the model. 

Initially a calibration of all the model parameters, using the inverse modeling 

program PEST (Doherty, 2005a), was attempted. However, some problems of convergence 

arose probably due to large differences in the composite parameter sensitivities among the 

different parameters. For this reason, the flow module, which operates independently and 

involves the hydrogeological parameters K, n, and r, was calibrated separately using the 

annual discharge data from six hydrometric stations (see section 5.1.1). The model was 

subsequently calibrated with respect to the nitrate concentrations in surface water at 12 

long-term monitoring sites (see section 5.1.2). The model was also verified with respect to 

nitrate concentrations in surface water but for sites with shorter-term data sets (see section 

5.2).  

5.1.1 Flow module calibration 

5.1.1.1 Method 

The flow module was calibrated by varying K, n, and r and using the total annual 

discharge of six gauge stations in PEI (Water Survey of Canada, 2013) over a period of 21 

years3. This information resulted in 121 calibration data points. The calibration was 

                                                 

3The Bear River gauge station only had records for 16 years 
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conducted with MATLAB (The MathWorks, 2012) by running the model with different 

values of K, n, and r. The range and increment of these values are presented in Table 5-1 

and discussed next. As the sum of the squared residuals (SSR) has been used for assessing 

the results of the calibration, the true error should be random with a mean of zero if the 

module is accurately representing the system (Hill and Tiedeman, 2005). These errors were 

then analyzed through the study of the residuals which were defined as observed total 

annual flow minus simulated total annual flow. 

Table 5-1: Parameter bounds and increments used for the flow module calibration 

 Lower Bound Upper Bound Increment 

K (m/s) 1∙10-7 1∙10-3 1∙10-7 

n 0.01 0.2 0.01 

r 0.6 0.7 0.01 

 

The hydraulic conductivity as well as the porosity have a significant impact on the 

lag time. Rivard et al. (2008a) reported hydraulic conductivities ranging between 4.3∙10-6 

m/s and 2.5∙10-3 m/s in the PEI group, while Jiang and Somers (2009) reported similar 

values ranging between 1∙10-7 m/s and 7∙10-4 m/s. The range for K considered during the 

flow module calibration generally captures the range reported in these previous studies 

(Table 5-1).  Rivard et al. (2008b) reported total porosity between 0 and 0.2, with an 

average between 0.05 and 0.1. In their model, Jiang and Somers (2009) used an effective 

porosity of 0.05 - 0.07 depending on depth. As shown in Table 5-1, the effective porosity 

was allowed to vary between 0.01 and 0.2 during the flow module calibration. The range 

for the parameter r, the ratio of groundwater table elevation to ground surface elevation, 

was set to 0.6 - 0.7 (Somers G. and Jiang, Y., 2013, personal communication). 
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5.1.1.2 Results 

The parameter r was found to have a very small influence on the objective function. 

Globally, a better fit was obtained with a lower value, but the variation in the objective 

function was too small (<1%) to be meaningful. The parameter r was therefore set to a 

fixed value of 0.65, the central value of its interval of variation.  

Figure 5-1 shows the objective function for the annual discharge for different values 

of K and n. There are two areas of low objective function values. The first one is when K 

is less than 1∙10-6 m/s; in this case, the delayed flow becomes constant, and the annual 

discharge would only vary due to variations in the rapid flow component. To specify such 

low values for K, would, however, be unrealistic, given the values obtained from field 

investigations and the significant contributions of groundwater to stream discharge in PEI. 

The other area having low objective function values is the one represented by a “canyon” 

where K and n seem to vary proportionally with approximately the same objective function 

value (Figure 5-1). 
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Figure 5-1: Surface of the objective function for the flow module calibration. 

 

As shown in Figure 5-2, the minimum of the objective function in the “canyon” is 

practically constant. To find a unique solution, n was fixed to 0.07, and K was then found 

to be 2.3∙10-5 m/s (Figure 5-2) with an objective function of 5.05∙1015 m6/yr2.  If K is 

rounded to 2.0∙10-5 m/s, the objective function is then 5.08∙1015 m6/yr2. 
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Figure 5-2: Sum of the squared residual as a function of the hydraulic conductivity for various 

porosity values. After fixing n to 0.07, the best K was 2.3∙10-5 m/s, latter rounded to 2∙10-5 m/s. 

 

The residual plot in Figure 5-3 shows that the model residuals are approximately 

distributed normally and centered on zero. The normality is confirmed by the Kolmogorov-

Smirnov test (The MathWorks, 2013d), the results of which did not lead to the rejection of 

the null hypothesis that the data came from a normal distribution (p-value of 0.22). 

However, the Lilliefors test (The MathWorks, 2013c) and Jarque-Bera test (The 

MathWorks, 2013b) rejected this null hypothesis (p-values of 0.01 and 0.001 respectively, 

which are below the significance level set to 0.05).  
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Figure 5-3: Histogram of the residuals of the flow module calibration for K=2∙10-5 m/s and n= 

0.07 

 

Figure 5-4 presents the simulated annual total flow versus the observed annual total 

flow for K=2∙10-5 m/s and n= 0.07. The coefficient of determination for the linear 

regression is equal to 0.93, and the RMSE is equal to 6.52∙106 m3/yr. The calibrated annual 

flows are considered to be quite acceptable given the limited amount of data used. 
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Figure 5-4: Flow module calibration results: simulated versus observed annual total flows 

for the six calibration watersheds (R2=0.93; RMSE=6.52∙106 m3/yr; SSR = 5.083∙1015 m6/yr2) 

 

Other methods for estimating the annual flow have also been explored.  A first 

attempt was made by simply assuming that the annual fresh water flow from each 

watershed was equal to the computed excess water. Despite this simplification, the results 

from this approach were quite good. The objective function value (7.35∙1015 m6/yr2) was 

only 45% more than that of the BFI-based module objective function value reported above, 

and the coefficient of determination was 0.91.  

The flow module has not been separately verified as no other independent flow data 

were available. The variables K, n, and r were held constant for the rest of the model 

calibration and verification as presented in sections 5.1.2 and 5.2. 
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5.1.2 Nitrate concentration calibration 

5.1.2.1 Method 

In this component of the calibration, the nine different land-use nitrate leaching 

concentration values were first estimated with the software PEST (Doherty, 2005a) and 

then adjusted manually to honor the parameter ranges reported in the literature while 

maintaining a low objective function. All the other nitrate module parameters were held 

constant. The objective function was taken as the sum of the squared residuals (SSR) and 

the residuals were defined as the observed concentration minus the simulated one. Nitrate 

loadings to streams or estuaries are rarely measured directly, and this limitation is why the 

calibration was carried out with respect to surface water nitrate concentrations. 

Data were obtained from Environment Canada (2012) and the PEI Department of 

Environment, Labour, and Justice (2013) for the 12 long-term surface water quality 

monitoring sites displayed in Figure 5-5. This resulted in having 204 data points available 

for model calibration. These 12 sites were chosen because they have been more routinely 

monitored compared to other sites in PEI. Nine of them have a continuous set of data, and 

the other three have only a few years of data missing over the 17 year study period of 1996 

- 2012.  In order to obtain the annual average nitrate concentration, all the concentrations 

for a given year were averaged. Only 29% of the computed annual concentrations were 

based on six or fewer samples, and the majority of these samples were separated by at least 

a month.  
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Figure 5-5: Watersheds used for the model calibration and verification with respect to nitrate 

concentration. The 12 sites indicated with the alphanumeric codes were the locations where long-

term surface water nitrate concentration data were available. 

 

Appendix 5 shows that each different type of land use can potentially have a large 

range in the associated nitrate leaching concentration, CL. Additionally, some categories 

have few or no previous CL data, including category RC and RCp (Row crops other than 

potatoes), category G (Cereals not following a year of potato production), category HPGp 

(hay, pasture, forage, and grass following a year of potato production), and category OA 

(Other agricultural area).  The composite parameter sensitivity (Doherty, 2005b), 

computed with PEST, can be used to identify parameters with low sensitivity that may be 

degrading the parameter estimation process. For example, land-use categories that have very 

small areas are likely to have a nitrate leaching concentrations that is poorly defined. The 
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composite parameter sensitivity results were used to determine which nitrate leaching 

concentrations should be specified outside the automated PEST calibration procedure. 

5.1.2.2 Results 

Figure 5-6 shows that the nitrate leaching concentration for land-use categories RC 

and RCp could not be defined adequately using PEST relative to the seven other categories, 

and thus, they have been defined manually. Categories RC and RCp represent a small 

percentage of the total area (less than 1% of the island, Figure 4-7), explaining why the 

sensitivity is low compared to the other categories. Generally, the composite sensitivity of 

a category is explained by its relative surface area with a quasi-proportional relationship 

(R2 = 0.99). Hence, category BG turns out to be the most sensitive because it accounts for 

an average of 47% of the area of the watersheds used for the model calibration, over the 

study period. For the same reason, the category HPG (hay, pasture, forage, and grass not 

following a year of potato production) is the second most sensitive, with a land coverage 

rate of 21%. 

As category RC (row crops not following potatoes) only includes corn and 

soybeans, and because the latter was only present in significant proportions after 2006, a 

concentration of 4 mg-N/L has been used. This concentration represents the average annual 

nitrate leaching concentration measured beneath land in corn production (Milburn and 

Richards, 1994). As no previous value has been found in the literature for category RCp 

(row crops following a year of potato production), a concentration of 11 mg-N/L has been 

assumed. There is no strong justification for this value and the impact of this assumption 

will be explored during the parameter uncertainty analysis (see Chapter 7).  
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Figure 5-6: Composite parameter sensitivities for the nine different land-use categories. 

Refer to Table 4-1 for the definition of the categories. 

 

The final results obtained using the combination of PEST and manual parameter 

adjustment are presented in Table 5-2, while Figure 5-7 graphically depicts the results of 

the calibration. The coefficient of determination is equal to 0.91, which means that 91% of 

the variance in the observed data is explained by the model, and the RMSE is equal to 0.51 

mg-N/L. These two statistics indicate a good quality model calibration. 

The results at MIR15 (Cains Brook) and MIR16 (Carruther’s Brook) in the west of 

the province (Figure 5-5) are interesting because they were not well simulated. The 

simulated concentrations were essentially constant at these locations because the 

watersheds had a fairly constant land use from 1996 to 2012, while the observed 

concentrations varied over a range of 2 mg-N/L. These two discrepancies account for 

approximately 39% of the objective function value. There are two possible explanations 
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for this misfit. First, it may indicate that something other than land use and home septic 

tanks has an impact on the nitrate concentration of these streams (e.g. different land-use 

practices or important point-source pollutions). The second explanation involves the 

residence time of these watersheds, which was computed to be very long. Actually, both 

watersheds are very flat with an average slope around 1.0%; the average flow path length 

is typical for the province at 675 m and 535 m for MIR15 and MIR16, respectively. These 

values result in an average residence time of 9 years for MIR15 and 6 years for MIR16, 

which are higher than the average of 3.2 years for PEI (using the calibrated values of K and 

n, see Appendix 3). The residence time for these two watersheds may not be long enough 

to completely explain the misfit, but if K happened to be smaller than the calibrated value 

in these watersheds, then the measured concentrations may reflect land-use activities prior 

to 1996. A more accurate conclusion could be drawn by refining the residence time for 

these two watersheds and obtaining land-use data prior to 1996.  
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Table 5-2: Nitrate leaching concentration results obtained from the nitrate module 

calibration – bold values have been obtained by manual adjustment. The land-use categories 

are explained in Table 4-1. A more detailed literature review on the nitrate leaching 

concentration can be found in Appendix 5. 

Land-use 

Category 

Potential nitrate leaching concentration (in mg-N/L) 

Range from literature From calibration 

P 7 - 45 a, b ,c ,d ,e 18 

RC 0.6 - 6 f, j  4 

RCp - 11 

G 0.6 - 4.1 j  1 

Gp 2.9 - 28  a, b ,c ,d ,e 7 

HPG 0.75 - 3 a, f, g, j  1 

HPGp - 4 

OA 0.6 - 4.1 j 1 

BG 0.06 - 1.6 e, h, i 0.1 

Sources: Milburn et al., 1990a ; Milburn et al., 1997b ; Jiang and Somers, 2009c ; Jiang et 

al., 2011d ; Savard et al., 2007be ; Milburn and Richards, 1994f ; Eastern Canada Soil and 

Water Conservation Centre, 1998g ; Nishimura and Jiang, 2011h ; Haith and Shoemaker, 

1987 i ; Volf et al., in press j 
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Figure 5-7: Nitrate module calibration results: simulated versus observed nitrate 

concentrations for the 12 calibration watersheds (R² = 0.91; RMSE = 0.51 mg-N/L, SSR = 

50.54 (mg-N/L)²) 

 

The final CL values presented in Table 5-2 are considered acceptable even if the 

concentration for category G (grains not following a year of potato production) seems 

somewhat low compared to the range reported in the literature. Unfortunately as the main 

crop rotation in PEI is one year potato – one year cereals – one year forage, most of the 
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available leaching information does not pertain to cereals grown outside of this rotation. 

The impact of uncertainty in the CL values is investigated further during the parameter 

uncertainty analysis (see Chapter 7). 

5.2 Model verification 

5.2.1 Methods 

The purpose of the verification is to evaluate how well the calibrated model is able 

to predict the average annual nitrate concentration for other watersheds in PEI. The 

verification was done in two steps: first, the influence of the drainage surface area on the 

predicted nitrate concentrations was examined, and then the validation was conducted 

using a smaller subset of watersheds. 

Step 1: Influence of the watershed area on the model results 

The first step of the verification was to assess whether the fit between measured 

and simulated concentrations was influenced by the area of the watersheds. To answer this 

question, the RMSE was computed for groups of watersheds having approximately the 

same surface area. A minimum of five watersheds per group was used to compute this 

indicator. This analysis was conducted on the watersheds presented in Figure 5-5, which 

vary in area between 1 km2 and 152 km2, with an average of 18.9 km2. This includes data 

already presented in section 5.1.2 and 196 other watersheds having recorded nitrate 

concentration data for any years between 1996 and 2012. The data for these 196 sites came 

from the PEI Department of Environment, Labour, and Justice (2013) and were usually 

scattered in time and not as complete as the data sets used for calibration. The data 
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consisted of 642 average annual nitrate concentrations, which means that, on average, a 

watershed had only 3 years of recorded nitrate concentration out of the 17 years between 

1996 and 2012. Furthermore, the quality of this data may be impaired by the number of 

samples taken per year. For example, 13% of the annual average nitrate concentrations 

were based on only one sample and 83% were computed with fewer than 6 samples per 

year. As the nitrate concentration may vary by several mg-N/L within a year (e.g. Figure 

1-2), these average annual values are inevitably uncertain.  

Step 2: Validation with an appropriate dataset 

Once the preceding analysis was completed, the number of watersheds used for the 

validation of the model was restricted according to their drainage area. The 12 watersheds 

used for the calibration in section 5.1.2 were not considered during the model validation 

step.  

As the SSR has been used for the calibration, the true error should be random with 

a mean of zero if the model is accurately representing the system (Hill and Tiedeman, 

2005). The rest of the validation process aimed to test this statement by analyzing the 

residuals defined as the difference between the observed and computed concentrations.  

5.2.2 Results 

Step 1: Influence of the watershed area on the model results 

 Figure 5-8 shows the RMSE computed on groups of watersheds having 

approximately the same size. The results indicate that the nitrate concentrations for small 

watersheds are poorly represented compared to the larger watersheds. This finding may 
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arise for several different reasons. For example, the spatial land use obtained from GIS 

methods may not provide a representative picture of the watershed at small scales because 

of the resolution of the land-use layer. Another cause could be local unresolved 

heterogeneities in land use and agricultural management activity. A relatively small area 

of heterogeneous land use in a large watershed would not have a large impact on the 

computed nitrate concentrations; however, in a smaller watershed the same absolute area 

could have a large influence on the simulated loading or concentration. 

 There is no obvious delimitation between “small” and “large” watershed 

categories and an arbitrary threshold of 6 km2 has been chosen. This value is a compromise 

between the number of watersheds analyzed and the accuracy of the simulated results. 

Indeed most of the watersheds considered in this research are small and by setting this 

threshold to 6 km2, 78 small watersheds (~40%) have been omitted from the verification 

process (Figure 5-9). It is interesting to note that the same watershed threshold area of 6 

km2 has been independently suggested by Dunn et al. (in press), who employed a semi-

distributed daily model with a grid resolution of about 50 - 100 m to estimate nitrate 

concentrations and loadings in agricultural catchments in north east Scotland. The 

agricultural practices, especially those related to livestock inputs, were thought to be the 

main source of error in the small watersheds they considered (Dunn et al., in press). 
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Figure 5-8: RMSE for nitrate concentration versus area of the watersheds. The horizontal dotted line 

indicates the RMSE value used to differentiate small and large watersheds. 

 

Step 2: Validation with an appropriate dataset 

The validation was conducted using data from 118 watersheds. Figure 5-9 shows 

that the model tends to slightly over predict the concentration when the concentration is 

less than approximately 1 mg-N/L and under predict when the concentration is above 4 to 

5 mg-N/L. 
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Figure 5-9: Concentration module verification, observed versus simulated (for the regression 

performed with only the large watersheds: R²=0.82; RMSE= 0.74 mg-N/L) 

 

On average, the sum of the residuals is null and Figure 5-10 indicates that the 

residuals distribution is visually similar to a normal distribution. However, the null 

hypothesis that the residuals come from a normal distribution was rejected by the Jarque 

Bera test (p-value less than 1∙10-3), the Lilliefors test (p-value less than 1∙10-3), and the 

Kolmogorov-Smirnov test (p-value of 0.02). Figure 5-11 does not exhibit any particular 

patterns in the residuals distribution, indicating that the model is free of structural misfit. 
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Moreover the residuals shown in Figure 5-12 appear to be randomly distributed across the 

island. 

 

Figure 5-10: Histogram of the residuals from the verification dataset 

 

 

Figure 5-11: Residuals versus simulated concentration - The standard deviation of the residuals 

(0.74) has been used to define the grid lines for the residuals 
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Figure 5-12: Spatial distribution of the nitrate concentration residuals: a) root mean squared of the 

residuals (mg-N/L), and b) temporal average of the residuals (mg-N/L). 
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6. Application of the calibrated model  

6.1 Whole island results  

6.1.1 Flow estimations 

 The total annual flow, computed as explained in section 4.1.2, varies from 

year to year and is on average equal to 3.6 ∙109 m3 (6.4∙103  m3/ha watershed/yr) for the 

entire province. The maximum flow was simulated in 2011 with 4.3 ∙109 m3 (7.6 ∙103 m3/ha 

watershed/yr), and the lowest flow was obtained in 2007 with 3.0 ∙109 m3 (5.3 ∙103 m3/ha 

watershed/yr). Figure 6-1 displays the excess water (EW) computed for the entire island 

for 1996, 2002, and 2009. EW varies temporally, but also spatially by almost threefold 

depending on the location. These variations are mainly attributed to the spatial distribution 

of the precipitation.  EW alone is not sufficient to explain the flow results shown in Figure 

6-2, as the computed flow also depends on other parameters including the BFI, L, and S. 

The spatial patterns of the computed annual flows also vary significantly between the three 

years shown in Figure 6-2. 
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Figure 6-1: Excess water rasters for 1996, 2002, and 2009 – An inverse squared-distance 

weighted interpolation has been used to extend the results of individual climate stations. The 

same type of interpolation has been used for the BFI. 



 

72 

 

 

Figure 6-2: Annual flow estimations (m³/ha) for 1996, 2002, and 2009. The statistics are obtained 

from the set of 172 watersheds composing the island for the given year.  
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6.1.2 Nitrate loading estimations 

 The simulated nitrate loadings in PEI watersheds range from 1.2 to 45 kg-

N/ha watershed/yr with an average of 12 kg-N/ha watershed/yr (or 6.7∙106 kg-N/yr) for the 

period 1996-2012 (Figure 6-3). The average annual nitrate loading has an increasing trend 

and varies between 8.7 kg-N/ha watershed/yr in 1996 to 13.8 kg-N/ha watershed/yr in 2011 

(Figure 6-4). The regions having the highest watershed-based nitrate loadings are mainly 

in the center and west of the island as already noted in Chapter 3; however, the average 

simulated value is almost two times higher than the 6.6 kg-N/ha watershed/yr given in 

Chapter 3. This discrepancy mainly comes from the difference in flow. Results provided 

in Figure 3-4 are computed with summer flows, which are lower than the average annual 

flow estimated by the flow module.  
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Figure 6-3: Loadings estimations for 1996, 2002, and 2009. The statistics (in kg-N/ha watershed/yr) 

are obtained from the set of 172 watersheds composing the island for the given year. 



 

75 

 

6.1.2.1 Correlation between flow and loading 

Figure 6-4 reflects the strong correlation between flow and loading. The model 

assumes that nitrates are transport limited, rather than supply limited, on an annual scale. 

This assumption was made in the conceptual model by considering the leaching 

concentrations rather than nitrogen budgets for different land uses. This assumption is 

probably true for the delayed flow, where the reservoir of nitrates in the aquifer is large 

and capable of buffering the variations of concentration (Basu et al., 2010). Jiang and 

Somers (2009) also found with their model that around 2.1∙106 kg-N of nitrate has been 

accumulated in the aquifer since 1965 in the Wilmot River watershed. Bartlett (2011) has 

also determined, for intertidal spring discharge in the Trout River watershed, that 

groundwater nitrate concentrations remain quite constant with respect to time. Savard et 

al. (2007b) noted that groundwater nitrate concentration varied over a wide range from site 

to site but remained relatively constant at each site throughout their study period (2003 - 

2005). These results partially support the aforementioned assumption that irrespective of 

the discharge, the nitrate concentration will remain relatively constant. However, for the 

rapid flow, the nitrate concentration may vary significantly with time, and there is the 

potential that the current model overestimates the rapid loading component for years with 

very high precipitation. 
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Figure 6-4: Simulated water flow and nitrate loadings for the entire province of Prince Edward 

Island (5660 km2). 

 

6.1.2.2 Distribution of nitrate sources across PEI 

Figure 6-5 presents the annual contribution computed for each nitrate source 

category for the entire island.  Domestic septic systems contribute around 4% of the total 

provincial nitrate loadings. Even if the contribution of septic systems seems insignificant, 

it can locally be an important component, especially in residential watersheds not 

connected to any municipal sewage system. For example, the sample location TRB 44 in 

the Winter River, located at Hardy Mill Pond inlet (PEI Department of Environment, 

Labour, and Justice, 2013), has an average nitrate loading of 16 kg-N/ha watershed/yr and 

42% is calculated to be derived from domestic septic systems. Figure 6-5 shows that most 

of the loadings come from potato fields represented by land use category P, but also 

partially from category RCp, Gp, and HPGp (row crop; grain; hay, pasture, forage, and 

grass; following a year of potato production respectively, Table 4-1). According to the 
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model, 57% of the loadings are due to potato production and 91% from agriculture in 

general. Category OA exhibits a large variation over the simulation period, which is 

directly linked to the interpolation method used to fill the missing land use information 

(see section 4.2). The delayed and rapid flow carry annually, on average, 70% (min=55%, 

max=80%) and 30% (min=20%, max=45%) of the nitrate loadings, respectively. Riparian 

attenuation is simulated to remove 37% of the nitrate loadings coming from the rapid flow. 

 

Figure 6-5: Annual contribution of each land-use category (Table 4-1) to the total annual nitrate 

loadings coming from PEI. 

 

6.1.3 Nitrate concentration estimations 

Figure 6-6 shows the simulated nitrate concentration in different watersheds of the 

island in 1996, 2002, and 2009. The computed concentrations in 1996 were lower than in 

2002 and 2009. In 2002, the concentrations were also higher than the ones in 2009 as shown 

by the different statistics presented in Figure 6-6. The variations are accentuated in 

watersheds where potatoes were grown in relatively large quantities. These regions were 



 

78 

 

mainly in the center and west of the island which agrees with the results shown in Figure 

3-3 in Chapter 3. The maximum concentrations given in Figure 6-6, which are good 

indicators for these areas, jumped from 5.52 mg-N/L in 1996 to 6.37 mg-N/L in 2002, and 

then decreased to 5.78 mg-N/L in 2009. The nitrate concentrations in these intensively 

cultivated watersheds seem to follow a trend similar to that presented for island-wide potato 

production, which began to decline between 2001 and 2006 (Figure 1-1). 
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Figure 6-6: Average nitrate concentration estimations for 1996, 2002, and 2009. The statistics (mg-

N/L) are obtained from the set of 172 watersheds composing the island for the given year.  
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6.2 Results for four selected watersheds 

 The model results for four selected watersheds are shown to illustrate the 

behavior obtained for particular watershed characteristics. The four watersheds were 

located in different regions of the province and had contrasting land uses. These watersheds 

were part of the model calibration group and their locations are displayed in Figure 5-5. 

The Wilmot River watershed, SSH36, situated in the center of the island, has been well 

studied (e.g. Jiang et al., 2007; Jiang and Somers, 2009; Savard et al., 2010) and had around 

90% of its land under agriculture in 2009 (Statistics Canada, 2009). The associated water 

quality monitoring station has one of the highest nitrate concentrations in PEI surface water 

(PEI Department of Environment, Labour, and Justice, 2013). The other extreme, MSC33, 

the Bear River, located in the northeast, had more than 80% of its area forested and had, 

consequently, a very low nitrate concentration compared to most of PEI. MGR2, the 

Montague River, located in the east of the island, and MIR15, Cains Brook watershed, 

located in the west, had intermediate land use with approximately half of their area under 

agriculture. With these different land-use configurations, nitrate concentrations for the four 

watersheds span a wide range from less than 0.5 mg-N/L to more than 6 mg-N/L.   

Figure 6-7 presents the annual simulated flow at the outlet of the four watersheds. 

As expected, all of them followed a pattern similar to the annual precipitation for the study 

period. On average over the study period, MGR2 had the highest flow per surface area of 

watershed (6.9∙103 m3/ha watershed/yr), followed by MSC33 (6.6∙103 m3/ha watershed/yr), 

MIR15 (6.4∙103 m3/ha watershed/yr) and SSH36 (5.9∙103 m3/ha watershed/yr). 



 

81 

 

 

Figure 6-7: Simulated annual flow at the outlet of four watersheds: (a) MGR2 – Montague River 

(61.6 km2); (b) MSC33 – Bear River (14.8 km2); (c) SSH36 – Wilmot River (46.3 km2); (d) 

MIR15 – Cains Brook (49.3 km2). Refer to Figure 5-5 for the location of these watersheds. 

 

Figure 6-8 shows the annual nitrate loadings at the outlet of these four watersheds. 

The nitrate loadings at MGR2 and MSC33 tended to increase continuously during the study 

period while the ones at SSH36 and MIR15 followed the same trend as the annual flow 

(Figure 6-7). The land use, and consequently the annual nitrate leaching concentration, did 

not change significantly over the study period in these two watersheds so that the nitrate 

loadings became roughly proportional to the annual flow.  
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Figure 6-8: Simulated nitrate loadings at the outlet of four watersheds: (a) MGR2 – Montague 

River, (b) MSC33 – Bear River, (c) SSH36 – Wilmot River, and (d) MIR15 – Cains Brook. Refer 

to Figure 5-5 for the location of these watersheds. 

 

The comparison between the simulated and observed annual concentrations, shown 

in Figure 6-9, is quite good except for MIR15. The potential reasons for the poor 

comparison at MIR15 have already been discussed in section 5.1.2.2. However, most of 

the simulated concentrations, even for MIR15, fall within the range of variation of the 

observed concentrations. For MGR2 and SSH36, the model captures the increase in nitrate 

concentration that took place between 1996 and 2001 and the relatively constant 

concentrations that existed from 2001 to 2013. For MSC33, the low and constant observed 

concentration over the study period was also well simulated. 
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Figure 6-9: Simulated and observed nitrate concentrations at the outlet of four watersheds: (a) 

MGR2 – Montague River, (b) MSC33 – Bear River, (c) SSH36 – Wilmot River, and (d) MIR15 – 

Cains Brook. Refer to Figure 5-5 for the location of these watersheds.  
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7. Incorporating parameter uncertainty 

Nitrate leaching under each specific land use is not constant in time and space and 

depends on many parameters that have not been explicitly accounted for in the preceding 

model (e.g. the agricultural practices of individual farmers, soil property variations within 

watersheds, etc.). This is reflected in Appendix 5, which shows that many of the land-use 

categories can have a large variation in nitrate leaching concentration. Also the 

hydrogeological parameters are assumed fixed for the province, but the reality shows a 

large possible range depending on the location (Rivard et al., 2008a; Jiang and Somers, 

2009). In addition, the values assigned for L or i depend on the quality of the digital 

elevation model and the assumption that the groundwater table mimics the ground surface. 

Moreover, during the model calibration process all the parameters have been assigned a 

unique value, but this process also showed that there may be other possible parameter 

combinations that would lead to similar results.  

All the above arguments support the need for considering parameter uncertainty in 

the modeling process. The goals of this analysis are to take into account the uncertainty 

and spatial variability of the parameters and to quantify their impacts on the final results. 

The method used in this study consists of ascribing each parameter a probability 

distribution function (pdf), and then running the model many times (~1000 times to get a 

good estimate) with a set of parameters drawn from the pdf by a Latin Hypercube Sampling 

method (The MathWorks, 2013e). The flow, the loading, and so, the concentration results 

are bounded by two intervals determined from quartiles and percentiles of the set of results 

obtained from such an approach. The 50% interval is defined as the difference between the 
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lower and upper quartiles, while the 90% interval represents the difference between the 5th 

and 95th percentiles. 

7.1 The parameter probability distribution functions 

To assign a parameter a particular pdf is difficult when there are few data available 

for the parameter. Table 7-1 summarizes all the pdfs used, and Figure 7-1 and Figure 7-2 

display the empirical pdfs of most parameters. Each pdf was defined so that the central 

value of the distribution matches the value obtained during the model calibration; however, 

the final pdfs may be slightly offset if the distribution encompasses nonphysical negative 

values. The choice between normal or uniform distributions was typically equivocal, and 

it should be noted that these pdfs can easily be changed in the future when more data 

become available. The primary pdfs for the parameters were defined as follows: 

 The shape of the K distribution was specified as log-normal as advised by Sohrabi et 

al. (2003). The mean and the deviation of the distribution were found from Rivard et 

al. (2008b) and Jiang and Somers (2009) (see section 5.1.1.1). The effective porosity, 

n, has also been derived from the same sources. According to Rivard et al. (2008b), n 

is mainly between 0.05 and 0.1. Jiang and Somers (2009) used values between 0.05 

and 0.07 depending on the depth. Their model was then tested with extreme porosities 

of 0.01 and 0.2. In order to fit these ranges, a beta function has been chosen.  

 L and S were assumed to follow a normal distribution with the same mean as 

determined with ArcMap (ESRI, 2012) and a standard deviation equal to 20% of the 

mean. 

 The water table in PEI is most of the time at a level between 60 - 70% of the surface 
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elevation (Somers, G. and Jiang, Y., 2013, personal communication). Thus, the pdf for 

r was specified as uniform between 0.6 and 0.7. Both L and S were multiplied by this 

ratio. 

 A normal or a uniform distribution was attributed to the different nitrate leaching 

concentrations. The pdfs generally represented the variation discussed in Appendix 5, 

but if no data were found in the literature for a land-use category, then the interval of 

variation was set to what was judged to be a reasonable value.  

 Home septic system nitrate load, initial nitrate concentration, and initial excess water 

were each assigned a normal distribution. 

 

 If a non-physical negative value was selected from a pdf during the LHS 

procedure, then another value was randomly chosen. This ultimately leads to a change in 

the shape of the distributions, especially for normal distributions with a low average and 

high deviation like category G (Cereals not followed by potato) and OA (Other agricultural 

area). Because the calibrated value was at the lower end of the range found in the literature 

for these two categories, it was not possible to find a pdf that would be both centered on 

the calibrated value and respect the literature. It was decided to give more importance to 

the shape of the interval rather than its average. Effectively, this means that the central 

value of these pdfs is higher than the calibrated value. 
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Table 7-1: Pdfs selected for the different input parameters. 𝝁 is the “average” and 𝝈 is the “standard 

deviation”. 

 pdf Parameter a Parameter b 

K – Hydraulic conductivity (m/s) Log-normal 𝜇 = log (2.10−5) 𝜎 = 1.25 

n –  Porosity Beta 𝛼 = 7 𝛽 = 80 

S – Slope Normal 𝜇 = 𝑆 𝜎 = 0.2𝑆 

L – Average flow path length (m) Normal 𝜇 = 𝐿 𝜎 = 0.2𝐿 

r - Ratio surface elevation to 

water table elevation 
Uniform 𝑀𝑖𝑛 = 0.6 𝑀𝑎𝑥 = 0.7 

Category P (mg-N/L) Normal 𝜇 = 18 𝜎 = 3 

Category RC (mg-N/L) Uniform 𝑀𝑖𝑛 = 2 𝑀𝑎𝑥 = 6 

Category RCp (mg-N/L) Uniform 𝑀𝑖𝑛 = 7 𝑀𝑎𝑥 = 15 

Category G (mg-N/L) Normal 𝜇 = 1 𝜎 = 2 

Category Gp (mg-N/L) Normal 𝜇 = 7 𝜎 = 2 

Category HPG (mg-N/L) Normal 𝜇 = 1 𝜎 = 1 

Category HPGp (mg-N/L) Normal 𝜇 = 4 𝜎 = 2 

Category OA (mg-N/L) Normal 𝜇 = 1 𝜎 = 3 

Category BG (mg-N/L) Normal 𝜇 = 0.1 𝜎 = 0.1 

Home septic system load (kg-N) Normal 𝜇 = 10 𝜎 = 1 

Ci (mg-N/L) Normal 𝜇 = 𝐶𝑖 𝜎 = 0.2𝐶𝑖 

EWi Normal 𝜇 = �̂�(𝐸𝑊) 𝜎 = �̂�(𝐸𝑊) 

 

Figure 7-1 and Figure 7-2 represent the empirical distribution functions attributed 

to the different parameters given in Table 7-1. Parameters that change for each watershed 

(e.g. S, L or Ci) are not displayed. In order to smooth the curves presented in Figure 7-1, 

2000 runs were conducted with MATLAB (The MathWorks, 2012).  
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Figure 7-1: Empirical pdfs for the nitrate leaching concentration from different land-use 

categories (Table 4-1). The label “P-1” means “following a year of potato production”. 
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Figure 7-2: Empirical pdfs for nitrate leaching concentrations for several land-use categories 

(Table 4-1), nitrate loads from domestic septic systems, hydraulic conductivity, and effective 

porosity 

 

7.2 Whole island results 

The annual flow obtained with the parameter uncertainty analysis is equal to 3.6∙109 

m3 on average over the study period. This is identical to the value found with the calibrated 
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model (see section 6.1.1). The 5th and 95th percentiles are only ±8% away from this value, 

respectively 3.3 and 3.9∙109 m3, indicating a small uncertainty for this result.  

Figure 7-3 shows the parameter uncertainty analysis for the total annual loadings 

coming from PEI. It indicates a large range of possibilities in which the results from the 

calibrated model often fall between the 5th percentile and the 25th percentile. The average 

of the parameter uncertainty analysis over the study period is equal to 7.9∙106 kg-N/yr, 

which is higher than the 6.7∙106 kg-N/yr found with the set of calibrated parameters. The 

50% and 90% intervals are, on average, 2.2∙106 and 5.5∙106 kg-N/yr wide, respectively. 

Both intervals decrease over the simulation period mainly because the effect of the 

variation of the initial values for Ci and EWi diminishes as time goes by. 

The results obtained with the calibrated model are not always consistent with the 

results computed with the parameter uncertainty analysis. As explained in section 7.1, the 

average of a pdf of a parameter is not always equal to its calibrated value. This is the case 

for categories where the pdf could not be adjusted properly with the range of values 

observed in the literature by keeping the average of the pdf equal to the calibrated value. 

For example, the central value of the empirical pdf (Figure 7-1 and Figure 7-2) for category 

G (grains, cereals not following potato) and category OA (other agricultural area) is equal 

to 2 and 2.8, respectively, instead of 1 mg-N/L for both. This explains why the calibrated 

model results tend to be lower than the mean of the parameter uncertainty analysis results.  

The average simulated concentration obtained from the parameter uncertainty 

analysis is 99% of the time higher than the one obtained from the calibrated one, with an 

average difference of 0.37 mg-N/L (Figure 7-4).  
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Figure 7-3: Total annual nitrate loadings coming from PEI and parameter uncertainty analysis 

 

 

Figure 7-4: Histogram of the difference between the average simulated concentration obtained from 

the parameter uncertainty analysis and the one obtained from the calibrated model. The histogram 

was based on 172 watersheds over 17 years representing a total of 2924 data points. The watershed 

delineation can be seen on Figure 6-6. 
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7.3 Results for four selected watersheds 

The parameter uncertainty analysis was successively tested on the flow, the annual 

nitrate loading, and the annual average nitrate concentration for the four watersheds already 

discussed in section 6.2. 

Figure 7-5 shows the annual simulated flow and the variations induced by the 

parameter uncertainty analysis. The variations tend to be more important at the beginning 

rather than at the end of the study period. This is explained by the normal pdf assigned to 

EWi, which will affect the flow for a lapse of time depending on the average residence time 

and the hydrodynamic dispersion coefficient. This effect is noticeable for MIR15 which is 

characterized by an 8.6 year residence time. This long Ta also dampens the variation of the 

delayed flow.  
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Figure 7-5: Simulated annual flow and parameter uncertainty analysis at the outlet of four 

watersheds: (a) MGR2 – Montague River (61.6 km2); (b) MSC33 – Bear River (14.8 km2); (c) 

SSH36 – Wilmot River (46.3 km2); (d) MIR15 – Cains Brook (49.3 km2). Refer to Figure 5-5 for 

the location of these watersheds. 

 

Figure 7-6 presents the parameter uncertainty analysis of the annual nitrate 

loadings. Generally, the higher the loading, the wider the range will be. However, 

predominately forested watersheds like MSC33 have a wider relative variation than do 

cultivated watersheds. Annual nitrate loading is more sensitive, compared to the annual 

simulated flow, because the loading calculation introduces several other parameters that 

increase the uncertainty. 
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Figure 7-6: Simulated nitrate loadings and parameter uncertainty analysis at the outlet of four 

watersheds: (a) MGR2 – Montague River, (b) MSC33 – Bear River, (c) SSH36 – Wilmot River, 

and (d) MIR15 – Cains Brook. Refer to Figure 5-5 for the location of these watersheds. 

 

Figure 7-7 presents the parameter uncertainty analysis results for the average annual 

nitrate concentrations. Table 7-2 provides simple indicators of the variations that occur for 

both the simulated and observed nitrate concentrations. V50 and V90 are indicators of the 

absolute variation and are equal to the average value of the 50% and 90% interval, 

respectively. V50 and V90 graphically represent the average length of the large bars and 

whiskers presented in Figure 7-7, respectively. RV50 and RV90 are indicators of the 

relative variation. Their calculations are similar to V50 and V90 except that they are scaled 

by the average of each interval. As for the annual loadings, the absolute interval of variation 

of the simulated concentrations tends to be wider for higher concentrations, as indicated by 
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V50 and V90. On the other hand, RV50 and RV90 show that relative variations are higher 

for watersheds with lower concentrations. A similar conclusion can be drawn for the 

observed concentrations, except for MIR15 that tends to fluctuate more than MGR2, which 

has a comparable land-use composition and nitrate concentration. 

It should be noted that observed and simulated variations have a different meaning. 

The observed variations indicate how the measured nitrate concentration can vary within a 

year, while the simulated variation refers to the possible fluctuations of the annual average 

nitrate concentration due to watershed parameter uncertainties. Figure 7-7 shows that, in 

general, the annual average simulated concentration varies over the same order of 

magnitude as the observed concentration. MIR15 is an exception, as the observed 

concentration varied by almost twice as much as what was simulated.  
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Figure 7-7: Simulated and observed nitrate concentrations and parameter uncertainty analysis 

results at the outlet of four watersheds: (a) MGR2 – Montague River, (b) MSC33 – Bear River, 

(c) SSH36 – Wilmot River, and (d) MIR15 – Cains Brook. Refer to Figure 5-5 for the location of 

these watersheds. 
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Table 7-2: Indicators for the simulated and observed nitrate concentration variations (Figure 7-7) at 

the outlet of the four watersheds. 

 MGR2 MSC33 SSH36 MIR15 

                                                     Simulated 

Average nitrate concentration 2.2 0.48 6.4 2.0 

V50 (in mg-N/L) a 0.52 0.19 1.4 0.51 

V90 (in mg-N/L) b 1.3 0.46 3.5 1.2 

RV50 (in %) c 24 41 22 25 

RV90 (in %) d 61 100 56 61 

                                                     Observed 

Average nitrate concentration 2.0 0.39 6.2 2.3 

V50 (in mg-N/L) a 0.48 0.25 1.2 1.2 

V90 (in mg-N/L) b 1.1 0.56 3.2 2.3 

RV50 (in %) c 28 70 20 54 

RV90 (in %) d 58 146 55 98 
a Average of the difference between lower and upper quartile 
b Average of the difference between 95th percentile and 5th percentile 
c Average of the difference between lower and upper quartile divided by the average of this interval 
d Average of the difference between 95th percentile and 5th percentile divided by the average of this 

interval 
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8. Application of the model to a land-use modification scenario 

8.1 Methods 

The following scenario has been inspired by a management plan set up in the 

Southwest River with the goal being to reduce nitrate loadings (Kensington North 

Watersheds Association, 2013). This watershed is located in the center of the island 

(Figure 8-1) and is highly impacted by nitrate contamination. The model was applied with 

modified land-use data and parameters to investigate how long it may take to reduce 

nitrate loadings. Several actions presented in the watershed management plan, but not all 

of them, were simulated from 2013 onwards. The actions included in the simulation were:  

 Replace 50% of the Russet Burbank potato crop by the Prospect variety. The latter 

requires approximately 35% less nitrate input according to Cavendish farms (CBC 

news, 2010). To simulate this change, the nitrate leaching concentrations for categories 

P, RCp, Gp, and HPGp were assumed to be reduced by 17.5%. 

 Help farmers improve their nutrient management practices through the use of PEI 

Agrilogic software assisted by an agronomist. A 14% decrease in nitrate loadings could 

be achieved according to the management plan. To simulate this change, the nitrate 

leaching concentrations under agricultural areas, including all categories except BG, 

were reduced by 14%. 

 Reforest 5% of the agricultural area. Hence, category BG was increased by 5%. To 

compensate for this increase, the area of all other agricultural categories was decreased 

proportionally to their respective area. As the area of category P (potato) was decreased, 

the area of the categories that follow a year of potato production (categories RCp, Gp, 
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and HPGp) was also decreased proportional to their respective areas, while those which 

do not follow potato (categories RC, G, and HPG) were increased. 

 Reforest riparian zones. To simulate this change, the riparian width was assumed to 

increase by two metres every year, to a maximum of 30 m.  

 

 All the land-use changes that were simulated were based on the 2009 land 

use (Figure 8-1), which is the most recent available layer. The parameters were set up 

with the values defined according to Table 8-1. Only the leaching concentration 

parameters have been changed whereas the others have the same values as defined in 

section 5.1 and 7.1. To consider the reduction of CL during the parameter uncertainty 

analysis, parameter values were selected from the distributions presented in Table 7-1 

and scaled by the factor of reduction presented in Table 8-1 before being used in the 

model.  

Table 8-1: Nitrate leaching concentration values used for this scenario. The other parameters K, r, 

and n have the same values as defined in section 5.1. 

Category 
1996 - 2012 

(in mg-N/L) 

2013 - 2035 

(in mg-N/L) 

Factor of 

reduction (in %) 

P 18 12.77 29 

RC 4 3.44 14 

RCp 11 7.80 29 

G 1 0.86 14 

Gp 7 4.97  29 

HPG 1 0.86 14 

HPGp 4 2.84 29 

OA 1 0.86 14 

BG 0.1 0.1 0 
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 In order to estimate the future EW as well as the future BFI after 2012, the 

previous data from 1996 - 2012 were used. In order to isolate the impact of land use 

changes, the values for these two parameters were set as the mean of their respective 1996 

- 2012 datasets. Unlike what would be expected, EW and BFI were consequently constant 

after 2013 (i.e. no year-to-year variation), and their values only changed as a result of the 

parameter uncertainty analysis. The pdf associated to these variables was normal, with the 

same mean and standard deviation as previously defined. 
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Figure 8-1: Southwest River watershed. The land-use data were adapted from Statistics Canada 

(2009) and the topography from PEI Department of Agriculture and Fisheries (2013). 
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8.2 Results 

Figure 8-2 represents the annual simulated flow at the outlet of the watershed. After 

2012, the flow variation increases because of the value and pdf assigned to the unknown 

future EW and BFI. The mean annual flow becomes stable in 2015 because of a lag time 

of approximately one and half years.  

 

 

Figure 8-2: Annual total flow of the Southwest River watershed  

 

The simulated effects of the management plan on the two modes of transport of 

nitrate are shown in Figure 8-3. According to the model, if the plan would be fully 

implemented in 2013, it could reduce the nitrate loadings by 49%, down to around 14 kg-

N/ha watershed/yr, by 2025 (compared with the loading obtained in 2012). However this 
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is mainly due to the nitrate delivered by rapid flow, which is reduced by 79% while the 

delayed loadings are reduced by only 40%. The nitrate associated with rapid flow decreases 

progressively because of the increased riparian zone attenuation associated with gradual 

riparian zone replanting. The initial riparian zone width was small, only about 5 m, and 

removed only 13% of the nitrates in the rapid flow. After 13 years, the average width 

reaches 30 m, and the removal rate increases to its maximum of 80% (Equation 6). 

 

Figure 8-3: Simulated delayed and rapid nitrate loadings for the Southwest River watershed 

 

Figure 8-4 shows that a concentration below 2.9 mg-N/L, which is the guideline for 

the protection of aquatic life (Canadian Council of Ministers of the Environment, 2012), is 
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potentially achievable by implementing this plan. The concentration is simulated to 

decrease quickly for the first 2 - 3 years as a result of the combination of a sudden drop in 

CL and a lag time of one and half years. Then, the concentration decreases more slowly as 

the riparian zone width progressively increases.  

 

Figure 8-4: Simulated average annual nitrate concentration of the Southwest River watershed 
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9. Comparison with other studies 

In this chapter the results obtained with the present model are briefly compared with 

the results from other selected studies.  Table 9-1 presents nitrate and nitrogen loadings 

reported in the literature, including several previous investigations conducted in PEI 

watersheds.  

The Trout River watershed, located on the north shore of PEI in the New London 

Bay, was studied by Danielescu and MacQuarrie (2011) from July 2005 to July 2007. 

Based mainly on field data, Danielescu and MacQuarrie (2011) reported an annual nitrate 

loading of 9.0 ± 0.7 kg-N/ha watershed/yr for this 44.4 km2 watershed. The calibrated 

model result obtained was 8.9 kg-N/ha watershed/yr, with a 90% interval from the 

parameter uncertainty analysis of 7.4 to 16.9 kg-N/ha watershed/yr. The two results are 

thus considered to be in relatively good agreement. 

Bartlett (2011) also investigated nitrate loading in a portion of the Trout River 

watershed, but for the period of 2009 to 2011. The average annual loading estimated from 

flow and concentrations measurements in the Trout River, with a catchment area of 18.3 

km2 at the sampling location, was 12.1 kg-N/ha watershed/yr. This value is greater than 

the simulated average loading of 10.0 kg-N/ha watershed/yr obtained here, but lies within 

the 50% interval of 9.4 - 12.3 kg-N/ha watershed/yr obtained from the parameter 

uncertainty analysis. Cranford et al. (2007) computed the nitrogen budget for Tracadie Bay, 

located 25 km east of Trout River, between 2002 and 2003. They estimated a total inorganic 

nitrogen loading between 6.0 and 8.5 kg-N/ha watershed/yr, which encompasses the 8.4 

kg-N/ha watershed/yr annual nitrate loading obtained with the present model and partly 
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overlaps the 90% interval of 6.9 - 18.9 kg-N/ha watershed/yr obtained when considering 

parameter uncertainty.  

Jiang and Somers (2009) developed a nitrate model for the Wilmot River watershed 

with MODFLOW and MT3DMS and estimated an annual loading of 25 kg-N/ha 

watershed/yr in 2004. This result compares well with the annual average result from the 

present model of 23.3 kg-N/ha watershed/yr. The 50% interval obtained from the parameter 

uncertainty analysis was 20.7 - 26.6 kg-N/ha watershed/yr. These numbers only consider 

delayed loadings as the model developed by Jiang and Somers (2009) only simulated 

nitrate loads from groundwater.  

The other studies included in Table 9-1 relate more broadly to the east coast of the 

United States. Andres (1992) estimated nitrate loadings coming from groundwater in two 

bays in Delaware. The Indian River Bay loadings are comparable to the most impacted 

region of PEI. The intensive poultry production that was present in this watershed at the 

time showed higher loadings than the nearby Rehoboth Bay watershed. The Bay of 

Maryland is similar to the Trout River with an average annual nitrate loading of 9.5 kg-

N/ha watershed/yr (Dillow and Greene, 2012). TN Loadings from Barnegat Bay (Kennish 

et al., 2007), Charlotte Harbor (Squires et al., 1998), Tampa Bay (Squires et al., 1998), and 

Lemon Bay (Tomasko et al., 2001) are lower than the average nitrate loadings in PEI. 

These watersheds are more impacted by urbanization than PEI. Indeed, PEI only has 5.6% 

urban area (see section 2.3) while these watersheds have 7%, 24%, 29%, and 43% for 

Charlotte Harbor, Tampa, Barnegat, and Lemon Bay, respectively (Kennish et al., 2007). 

According to Kennish et al. (2007), all point source nitrogen inputs in the Barnegat Bay 

watersheds are currently treated, and the majority of the nitrogen loadings come from non-
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point sources associated with urbanization and agriculture. The situation is similar in the 

southwest Florida watersheds indicated in Table 9-1 (Kennish et al., 2007). 

Table 9-1: Nitrogen loadings review 

Location Time 
Loadings (kg-N/ha 

catchment/yr) 
Source 

Trout River 

watershed, PEI 
2005 - 2007 8.3 - 9.7 a 

(Danielescu and 

MacQuarrie, 2011) 

Trout River 

watershed, PEI 
2009 - 2011 12.1 a (Bartlett, 2011) 

Tracadie Bay 

watershed, PEI 
2002 - 2003 6.0 - 8.5 b (Cranford et al., 2007) 

Wilmot River 

watershed, PEI 
2004 25 a 

(Jiang and Somers, 

2009) 

Bay of Maryland, 

USA 
1981 - 1997 9.5 a 

(Dillow and Greene, 

2012) 

Rehoboth Bay, 

Delaware, USA 
1988 - 1990 12.4 - 16.6 a (Andres, 1992) 

Indian River Bay, 

Delaware, USA 
1988 - 1990 23.1 - 42.3 a (Andres, 1992) 

Barnegat Bay, New 

Jersey,  USA 
1978 - 1997 3.5 - 8.6 c (Kennish et al., 2007) 

Charlotte Harbor, 

Florida, USA 
1985 - 1994 1.6 - 5.6 c (Squires et al., 1998) 

Tampa Bay, Florida, 

USA 
1985 - 1994 1.8 - 4.6 c (Squires et al., 1998) 

Lemon Bay, Florida, 

USA 
1995 8.4 c 

(Tomasko et al., 2001) 

 
a Nitrate loading; b Total inorganic nitrogen loading; c TN loading 
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10. Conclusions 

The purpose of this research was to develop a nitrate loading model applicable to 

the watersheds around the Northumberland Strait. Because of the demonstrated severity of 

the nitrate contamination in PEI, relative to the other provinces, and the lack of detailed 

agricultural land-use data for NB and NS, the study was focused on PEI. The model was 

developed with the aim of providing estimates of annual nitrate loadings and 

concentrations with watershed data that could be easily accessed. For this reason, point 

sources other than domestic septic systems were not considered, while non-point sources 

were estimated from land-use data. The model can be used to quickly implement land-use 

scenarios to estimate the efficiency of a nitrate reduction plan as well as the time required 

to produce the desired effects. However, some land-use practices such as tillage and 

fertilizer application timing cannot be simulated because of the annual time step of the 

model. 

A lumped GIS-model developed by Nishimura and Jiang (2011) was used as the 

basis for model development and further improved by adding several new components: 

 A time component including a groundwater delay that defers the arrival of nitrates in 

the estuary; 

 A flow module accounting for rapid flow which is affected by riparian zone attenuation 

depending on the average width of the riparian zone; 

 Land-use categories that consider the current year’s crop as well as the influence of the 

previously cultivated crops; 

 A parameter uncertainty analysis that quantifies the uncertainty of the results by 

assigning each parameter an appropriate pdf and by using a LHS sampling method. 
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The model has been implemented to simulate conditions in PEI for the period 1996 

- 2012. Model calibration was conducted using data from 12 long-term surface water 

quality monitoring sites and a correlation coefficient of 0.91 and a RMSE of 0.51 mg-N/L 

were obtained. The verification was performed using data from 118 different, shorter-term, 

surface water quality monitoring sites having drainage area greater than 6 km². A 

correlation coefficient of 0.82 and a RMSE of 0.74 mg-N/L were obtained for the 

verification, indicating that the simulated concentrations agree well with the concentrations 

observed over the past two decades. However, the model tends to slightly overestimate 

concentrations for watersheds with observed annual average nitrate concentrations below 

1 mg-N/L and underestimate concentrations for watersheds having concentrations above 5 

mg-N/L.  

Simulated annual nitrate loadings in PEI are estimated as 12 kg-N/ha on average, 

varying spatially over a range from 1.2 to 45 kg-N/ha. This result represents a total of 

6.7∙106 kg-N of nitrate annually exported from the watersheds on PEI. This number may 

vary between 5.4∙106 and 1.1∙107 kg-N when considering the 90% interval of variation of 

the parameter uncertainty analysis. The most impacted regions are those having a high 

percentage of agricultural area used to grow potatoes, principally in the center and western 

parts of the island, which is consistent with the regional sampling campaign conducted in 

2012 and 2013. Indeed, 57% of the nitrate loadings are attributed to potato production and 

91% to agriculture in general. Only 4% is estimated to be derived from home septic 

systems. On average, 70% of the nitrate loadings come from delayed flow, taking longer 

than one year to be transported, while the remainder comes from rapid flow. Approximately 

37% of the rapid loadings are attenuated by riparian zones.  
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More confidence is attached to the simulated delayed loadings compared to rapid 

loadings. Indeed, few studies have investigated nitrate loadings from runoff, rapid 

subsurface flow, and riparian attenuation in PEI. Secondly, the one-year time step of the 

model makes it difficult to accurately capture the rapid loading processes. 

It is concluded that lumped parameter models can be accurate and useful tools for 

simulating annual nitrate loadings from agricultural watersheds such as those found in PEI. 

However, such models require accurate temporal and spatial agricultural land-use data and 

cannot be expected to perform well when such data are missing. Poor resolution of land 

use in small watersheds has also been revealed as a potential limiting factor for model 

application.  

Because the simplified structure of lumped parameter models allow them to run 

quickly, a thorough parameter uncertainty analysis can be performed to account for the 

variability and uncertainty associated with key parameters. Such methods increase the 

credibility of the results by quantifying the limitation and reliability of the available data. 

For PEI, it is concluded that nitrate loadings to estuaries are strongly related to the 

agricultural land, especially those in potato production, and reductions in loading will have 

to address nitrate leaching from such areas. 

Recommendation for future users and developers 

 Future users should delineate watersheds as large as possible, with a minimum value 

of 6 km2. 

 It is expected that more accurate spatial land-use data will be available in the future and 

will differentiate more crops. It would be useful to investigate nitrate leaching under 
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these different crops, particularly soybean and other legumes. The model could then 

include more land-use categories. 

 The agricultural practices are likely to evolve. These changes will modify the nitrate 

leaching concentration under agricultural areas with respect to time. Hence, if the study 

period overlaps these changes, leaching concentrations should be considered variable 

over time. 

 Nitrogen attenuation in riparian zones should be further studied in PEI. Only one 

quantitative study has analyzed the efficiency of riparian attenuation of nitrate in runoff 

in PEI. This amount of research is not enough to be certain of the accuracy of the 

modeling. 

 The rapid loadings may be overestimated for years with high precipitation. This 

component should be considered carefully by the users and further investigated. 

  



 

112 

 

Bibliography 

Agriculture and Agri-Food Canada, 2013. An Overview of the Canadian Agriculture and 

Agri-Food System 2013. A38-1/1-2012E-PDF.  

 

Andres, A.S., 1992. Estimate of Nitrate Flux to Rehoboth and Indian River Bays, 

Delaware, through Direct Discharge of Ground Water. DGS Open File Report OFR3.  

 

Arnold, J.G., Srinivasan, R., Muttiah, R.S., Williams, J.R., 1998. Large area hydrologic 

modeling and assessment part I: Model development. J. Am. Water Resour. Assoc. 34, 

73-89.  

 

Bartlett, G.L., 2011. Quantifying the temporal variability of discharge and nitrate 

loadings for intertidal springs in two Prince Edwards Island estuaries. MScE thesis, 

Department of Civil Engineering, University of New Brunswick, Fredericton, NB. 

 

Basu, N.B., Destouni, G., Jawitz, J.W., Thompson, S.E., Loukinova, N.V., Darracq, A., 

Zanardo, S., Yaeger, M., Sivapalan, M., Rinaldo, A., Rao, P.S.C., 2010. Nutrient loads 

exported from managed catchments reveal emergent biogeochemical stationarity. 

Geophys. Res. Lett. 37.  

 

Basu, N.B., Jindal, P., Schilling, K.E., Wolter, C.F., Takle, E.S., 2012. Evaluation of 

analytical and numerical approaches for the estimation of groundwater travel time 

distribution. Journal of Hydrology. 475, 65-73.  

 

Benson, V.S., VanLeeuwen, J.A., Sanchez, J., Dohoo, I.R., Somers, G.H., 2006. Spatial 

analysis of land use impact on ground water nitrate concentrations. J. Environ. Qual. 35, 

421-432.  

 

Billen, G., Garnier, J., 1999. Nitrogen transfers through the Seine drainage network: A 

budget based on the application of the 'Riverstrahler' model. Hydrobiologia. 410, 139-

150. 

 

Bourdin, D.R., Fleming, S.W., Stull, R.B., 2012. Streamflow modelling: A primer on 

applications, approaches and challenges. Atmosphere - Ocean. 50, 507-536.  

 

Canadian Council of Ministers of the Environment, 2012. http://st-ts.ccme.ca accessed 

May, 7th 2013. Water Quality Guidelines for the protection of Aquatic Life.  

 

CBC news, 2010. Cavendish Farms touts eco-friendly spud. 

www.cbc.ca/news/canada/prince-edward-island/cavendish-farms-touts-eco-friendly-

spud-1.886370 accessed October, 17th 2013. Canada, PEI. 

 

http://st-ts.ccme.ca/


 

113 

 

Commission on Nitrates in Groundwater in PEI, 2008. The Report of the Commission on 

Nitrates in Groundwater in PEI. http://www.gov.pe.ca/photos/original/cofNitrates.pdf 

accessed August, 14th 2013.  

 

Cranford, P.J., Strain, P.M., Dowd, M., Hargrave, B.T., Grant, J., Archambault, M., 2007. 

Influence of mussel aquaculture on nitrogen dynamics in a nutrient enriched coastal 

embayment. Mar. Ecol. Prog. Ser. 347, 61-78.  

 

Daniel, E.B., Camp, J.V., LeBoeuf, E.J., Penrod, J.R., Dobbins, J.P., Abkowitz, M.D., 

2011. Watershed modeling and its applications: A state-of-the-art review . The Open 

Hydrology Journal. 5, 26-50.  

 

Danielescu, S., MacQuarrie, K.T.B., 2013. Nitrogen and oxygen isotopes in nitrate in the 

groundwater and surface water discharge from two rural catchments: implications for 

nitrogen loading to coastal waters. Biogeochemistry, 115(1-3), 111-127.  

 

Danielescu, S., MacQuarrie, K.T.B., 2011. Nitrogen loadings to two small estuaries, 

Prince Edward Island, Canada: A 2-year investigation of precipitation, surface water and 

groundwater contributions. Hydrol. Process. 25, 945-957.  

 

Diersch, H.J.G., 2004. FEFLOW: Finite Element Subsurface Flow and Transport 

Simulation System - Reference Manual. WASY Institute for Water Resources Planning 

and System Research Ltd. 

 

Dillow, J.J.A., Greene, E.A., 2012. Ground-Water Discharge and Nitrate Loadings to the 

Coastal Bays of Maryland. http://md.water.usgs.gov/publications/wrir-99-

4167/html.htm  accessed August, 14th 2013. USGS - WRIR-99-4167.  

 

Dingman, L.S., 2002. Physical Hydrology. Prentice Hall, second ed. 

 

Doherty, J., 2005a. PEST: Model-Independent Parameter Estimation User 

Manual. Watermark Numerical Computing. 

http://www.pesthomepage.org/getfiles.php?file=pestman.pdf accessed September, 9th 

2013. 

 

Doherty, J., 2005b. The Parameter Sensitivity File, in: Doherty, J., PEST: Model-

Independent Parameter Estimation User Manual.Watermark Numerical Computing; pp. 

145-148.  

 

Dunn, A.M., Julien, G., Ernst, W.R., Cook, A., Doe, K.G., Jackman, P.M., 2011. 

Evaluation of buffer zone effectiveness in mitigating the risks associated with agricultural 

runoff in Prince Edward Island. Sci. Total Environ. 409, 868-882.  

 

Dunn, S.M., Johnston, L., Taylor, C., Watson, H., Cook, Y., Langan, S.J., in press. 

Capability and limitations of a simple grid-based model for simulating land use 

http://www.gov.pe.ca/photos/original/cofNitrates.pdf
http://md.water.usgs.gov/publications/wrir-99-4167/html.htm
http://md.water.usgs.gov/publications/wrir-99-4167/html.htm
http://www.pesthomepage.org/getfiles.php?file=pestman.pdf


 

114 

 

influences on stream nitrate concentrations. Journal of Hydrology. doi: 

http://dx.doi.org/10.1016/j.jhydrol.2013.10.016.  

 

Eastern Canada Soil and Water Conservation Centre, 1998. Nitrate - Agricultural sources 

and fate in the environment - perspectives and direction; Proceedings of a workshop held 

February 26, 1998 in Charlottetown, PEI.  

 

Environment Canada, 2013. National Climate Data and Information Archive. 

www.climate.weatheroffice.gc.ca/advanceSearch/searchHistoricData_e.html?Month=7&

Day=19&Year=2013&timeframe=2 accessed July, 20th 2013.  

 

Environment Canada, 2012. Database accessible 

at http://map.ns.ec.gc.ca/envirodat/root/main/en/extraction_page_e.asp, 

accessed September, 3th 2012.  

 

ESRI, 2012. ArcMap 10.1. ESRI, Redlands, California 10.1.  

 

Fennessy, M.S., Cronk, J.K., 1997. The effectiveness and restoration potential of riparian 

ecotones for the management of nonpoint source pollution, particularly nitrate. Crit. Rev. 

Environ. Sci. Technol. 27, 285-317.  

 

Fernandez, G.P., Chescheir, G.M., Skaggs, R.W., Amatya, D.M., 2006. DRAINMOD-

GIS: A lumped parameter watershed scale drainage and water quality model. Agric. 

Water Manage. 81, 77-97.  

 

Fernandez, G.P., Chescheir, G.M., Skaggs, R.W., Amatya, D.M., 2002. Watgis: A GIS-

based lumped parameter water quality model. Transactions of the American Society of 

Agricultural Engineers. 45, 593-600.  

 

Fetter, C.W., 2011. Applied Hydrogeology. Prentice Hall, fourth ed.  

 

Gillham, R.W., Cherry, J.A., 1982. Contaminant migration in saturated unconsolidated 

geologic deposits. Geological Society of America Special Papers, 189, 31-62.  

 

Haith, D.A., Shoemaker, L.L., 1987. Generalized watershed loading functions for stream 

flow nutrients. Water Resour Bull. 3, 471-478.  

 

Hajhamad, L., Almasri, M.N., 2009. Assessment of nitrate contamination of groundwater 

using lumped-parameter models. Environmental Modelling and Software. 24, 1073-1087.  

 

Hill, M.C., Tiedeman, C.R., 2005. Comparing Observed and Simulated Values using 

Objective Functions, in Hill, M.C., Tiedeman, C.R., Effective Groundwater Model 

Calibration. John Wiley & Sons, Inc. pp. 26-40.  

 

http://dx.doi.org/10.1016/j.jhydrol.2013.10.016.
http://www.climate.weatheroffice.gc.ca/advanceSearch/searchHistoricData_e.html?Month=7&Day=19&Year=2013&timeframe=2
http://www.climate.weatheroffice.gc.ca/advanceSearch/searchHistoricData_e.html?Month=7&Day=19&Year=2013&timeframe=2
http://map.ns.ec.gc.ca/envirodat/root/main/en/extraction_page_e.asp


 

115 

 

Howden, N.J.K., Burt, T.P., Worrall, F., Mathias, S., Whelan, M.J., 2011. Nitrate 

pollution in intensively farmed regions: What are the prospects for sustaining high-

quality groundwater? Water Resour. Res. 47(11), W00L02.  

 

Hutchins, M.G., Deflandre-Vlandas, A., Posen, P.E., Davies, H.N., Neal, C., 2010. How 

do river nitrate concentrations respond to changes in land-use? A modelling case study of 

headwaters in the river Derwent catchment, North Yorkshire, UK. Environmental 

Modeling and Assessment. 15, 93-109. 

 

Hutson, J.L., Wagenet, R.J., 1991. Simulating nitrogen dynamics in soils using a 

deterministic model. Soil Use & Management. 7, 74-78.  

 

Jiang, Y., Somers, G., Paradis, D., 2007. Estimation of groundwater residence times in 

the Wilmot river watershed on Prince Edward Island - Implication for nutrient reduction.  

60th Canadian Geotechnical Conference and 8th Joint CGS/IAH-CNC Conference, 

Ottawa, 21-24 October 2007. 

 

Jiang, Y., Zebarth, B., Love, J., 2011. Long-term simulations of nitrate leaching from 

potato production systems in Prince Edward Island, Canada. Nutr. Cycling Agroecosyst. 

91, 307-325.  

 

Jiang, Y., Somers, G., 2009. Modeling effects of nitrate from non-point sources on 

groundwater quality in an agricultural watershed in Prince Edward Island, Canada. 

Hydrogeol. J. 17, 707-724.  

 

Kellogg, D.Q., Gold, A.J., Cox, S., Addy, K., August, P.V., 2010. A geospatial approach 

for assessing denitrification sinks within lower-order catchments. Ecol. Eng. 36, 1596-

1606.  

 

Kennish, M.J., Bricker, S.B., Dennison, W.C., Glibert, P.M., Livingston, R.J., Moore, 

K.A., Noble, R.T., Paerl, H.W., Ramstack, J.M., Seitzinger, S., Tomasko, D.A., Valiela, 

I.,  2007. Barnegat Bay-little egg harbor estuary: Case study of a highly eutrophic coastal 

bay system. Ecol. Appl. 17, S3-S16.  

 

Kensington North Watersheds Association, 2013. An Adaptive Management Plan to 

Reduce Nitrates in the Upper Watersheds of the Southwest River. Unpublished data.  

 

Keppie, J.D. (Compiler), 2000. Geological Map of the Province of Nova Scotia, 

Department of Natural Resources, Mineral and Energy Branch, Map ME 2000-1, scale 

1:500,000.  

 

Kroes, J.G., Roelsma, J., 1997. ANIMO 3.5; User’s guide for the ANIMO version 3.5 

nutrient leaching model. Technical Document 46. DLO-Staring Centrum, Wageningen.  

 



 

116 

 

Malenica, A., Parker, B.L., Chapman, S.W., Cherry, J.A., 2013. Matrix Diffusion Effects 

on Nitrate Fate and Transport in Prince Edward Island's Sedimentary Bedrock Aquifer. 

NGWA Conference on Groundwater in Fractured Rock and Sediments, Burlington, VT, 

USA, 23-24 September 2013. 

 

McClain, M.E., Boyer, E.W., Dent, C.L., Gergel, S.E., Grimm, N.B., Groffman, P.M., 

Hart, S.C., Harvey, J.W., Johnston, C.A., Mayorga, E., McDowell, W.H., Pinay, G., 

2003. Biogeochemical Hot Spots and Hot Moments at the Interface of Terrestrial and 

Aquatic Ecosystems. Ecosystems 6, 301-312.  

 

Milburn, P., MacLeod, J.A., Sanderson, B., 1997. Control of fall nitrate leaching from 

early harvested potatoes on Prince Edward Island. Can. Agric. Eng. 39, 263-271.  

 

Milburn, P., Richards, J.E., 1994. Nitrate concentration of subsurface drainage water 

from a corn field in southern New Brunswick. Can. Agric. Eng. 36, 69-78.  

 

Milburn, P., Richards, J.E., Gartley, C., Pollock, T., O'Neill, H., Bailey, H., 1990. Nitrate 

leaching from systematically tiled potato fields in New Brunswick, Canada. J. Environ. 

Qual. 19, 448-454.  

 

Muttray, A., Reinisch, C., Miller, J., Ernst, W., Gillis, P., Losier, M., Sherry, J., 2012. 

Haemocytic leukemia in Prince Edward Island (PEI) soft shell clam (Mya arenaria): 

Spatial distribution in agriculturally impacted estuaries. Sci. Total Environ. 424, 130-142. 

 

Nathan, R.J., McMahon, T.A., 1990. Evaluation of automated techniques for base flow 

and recession analyses. Water Resour. Res. 26, 1465-1473.  

 

Natural Resources Canada, 2009a. Land Cover, Circa 2000 - Vector Digital data, 

http://geobase.ca/geobase/en/data/landcover/csc2000v/description.html accessed 

November, 29th 2012.  

 

Natural Resources Canada, 2009b. National topographic database 50k. 

http://ftp2.cits.nrcan.gc.ca/pub/bndt/50k_shp_en/ accessed July, 19th 2013.  

 

Neuman, S.P., 1990. Universal scaling of hydraulic conductivities and dispersivities in 

geologic media. Water Resour. Res. 26, 1749-1758.  

 

New Brunswick Department of Natural Resources and Energy, 2000. Bedrock Geology 

of New Brunswick. Mineral and Energy Division, Map NR-1 (2000 edition) scale 

1:500,000.  

 

Nishimura, P., Jiang, Y., 2011. GIS-Based agricultural land use analysis and nitrate 

model verification for Prince Edward Island, Canada. Unpublished document.  

 

http://geobase.ca/geobase/en/data/landcover/csc2000v/description.html
http://ftp2.cits.nrcan.gc.ca/pub/bndt/50k_shp_en/


 

117 

 

Ogata, A., Banks, R.B., 1961. A solution of the differential equation of longitudinal 

dispersion porous media. USGS Geological Survey Professional paper No. 411-A.  

 

PEI Department of Agriculture and fisheries, 2013. 2 Metre Contours. 

http://www.gov.pe.ca/gis/index.php3?number=1012857&lang=E  accessed July 17th, 

2013. 

 

PEI Department of Environment, Labour, and Justice, 2013. Prince Edward 

Island Surface Water Quality Database. 

http://maps.gov.pe.ca/mapserver2012/PEI_Maps/Public_Water/waterdata/tool.php 

accessed August, 14th 2013.  

 

PEI Department of Fisheries, Aquaculture and Environment, 2010. State of the 

environment.  

 

Rassam, D.W., Pagendam, D.E., Hunter, H.M., 2008. Conceptualisation and application 

of models for groundwater–surface water interactions and nitrate attenuation potential in 

riparian zones. Environmental Modelling & Software. 23, 859-875.  

 

Rios, J.F., Ye, M., Wang, L., Lee, P.Z., Davis, H., Hicks, R., 2013. ArcNLET: A GIS-

based software to simulate groundwater nitrate load from septic systems to surface water 

bodies. Computers and Geosciences. 52, 108-116.  

 

Rivard, C., Michaud, Y., Deblonde, C., Boisvert, V., Carrier, C., Morin, R.H., Calvert, 

T., Vigneault, H., Conohan, D., Castonguay, S., Lefebvre, R., Rivera, A., Parent, M., 

2008a. Canadian Groundwater Inventory: Regional hydrogeological characterization of 

the south-central part of the Maritimes Basin. Geological Survey Of Canada. Bulletin 

589.  

 

Rivard, C., Michaud, Y., Lefebvre, R., Deblonde, C., Rivera, A., 2008b. Characterization 

of a Regional Aquifer System in the Maritimes Basin, Eastern Canada. Water Resources 

Management 22, 1649-1675.  

 

Savard, M.M., Paradis, D., Somers, G., Liao, S., Van Bochove, E., 2007a. Winter 

nitrification contributes to excess NO3 - in groundwater of an agricultural region: A dual-

isotope study. Water Resour. Res. 43.  

 

Savard, M.M., Paradis, D., van Bochove, E., Vigneault, H., Lefebvre, R., Thériault, G., 

De Jong, R., Jiang, Y., Qiang, B., Ballard, M., Cherif, R., Ziadi, N., Macleod, J., Pantako, 

O., Yang, J.Y., 2007b. Consequences of climatic changes on contamination of drinking 

water by nitrate on Prince Edward Island. http://geoscan.Ess.Nrcan.Gc.ca/cgi-

bin/starfinder/0?path=geoscan.fl&id=fastlink&pass=&format=FLFULL&search=R=2257

75 accessed August, 15th 2013, Earth Sciences sector ed. Natural Resources Canada.  

 

http://www.gov.pe.ca/gis/index.php3?number=1012857&lang=E
http://maps.gov.pe.ca/mapserver2012/PEI_Maps/Public_Water/waterdata/tool.php
http://geoscan.ess.nrcan.gc.ca/cgi-bin/starfinder/0?path=geoscan.fl&id=fastlink&pass=&format=FLFULL&search=R=225775
http://geoscan.ess.nrcan.gc.ca/cgi-bin/starfinder/0?path=geoscan.fl&id=fastlink&pass=&format=FLFULL&search=R=225775
http://geoscan.ess.nrcan.gc.ca/cgi-bin/starfinder/0?path=geoscan.fl&id=fastlink&pass=&format=FLFULL&search=R=225775


 

118 

 

Savard, M.M., Somers, G., Smirnoff, A., Paradis, D., Bochove, E.v., Liao, S., 2010. 

Nitrate isotopes unveil distinct seasonal N-sources and the critical role of crop residues in 

groundwater contamination. Journal of Hydrology. 381, 134-141.  

 

Schilling, K.E., Wolter, C.F., 2007. A GIS-based groundwater travel time model to 

evaluate stream nitrate concentration reductions from land use change. Environ. Geol. 53, 

433-443.  

 

Selman, M., Greenhalgh, s., Diaz, R., Sugg, Z., 2008. Eutrophication: An Overview of 

Status, Trends, Policies, and 

strategies.  http://pdf.wri.org/eutrophication_policies_actions_and_strategies.pdf  accesse

d August, 14th 2013. World Resources Institute.  

 

Sohrabi, T.M., Shirmohammadi, A., Chu, T.W., Montas, H., Nejadhashemi, A.P., 2003. 

Uncertainty analysis of hydrologic and water quality predictions for a small watershed 

using SWAT2000. Environmental Forensics. 4, 229-238.  

 

Squires, A.P., Zarbock, H., Janicki, S., 1998. Loadings of total nitrogen, total 

phosphorus, and total suspended solids to Charlotte Harbor. p187–200 in S. F. Treat, 

editor. Proceedings of the Charlotte Harbor Public Conference and Technical 

Symposium, 15-16 March 1997. Charlotte Harbor National Estuary Program, Technical 

Report No. 98-02, South Florida Water Management District Publication, West Palm 

Beach, Florida, USA.  

 

Statistics Canada, 2012. 2011 Census of Agriculture, Farm and Farm operator data. 

www29.statcan.gc.ca/ceag-web/eng/index-index accessed May, 19th 2013. Catalogue  

95-640-X 

 

Statistics Canada, 2009. Annual Land use data from 2006 to 2009 surveyed by Statistics 

Canada contracted by the Department of Agriculture and Forestry and the Department of 

Environment, Labour and Justice.  

 

Statistics Canada, 2007. A statistical portrait of agriculture, Canada and provinces: census 

years 1921 to 2006. Catalogue 95-632-XWE.  

 

Tarboton, D.G., 2013. ArcGIS Taudem tools. 

http://hydrology.uwrl.usu.edu/taudem/taudem5.0/index.html  accessed August, 4th 2013.  

 

The MathWorks, I., 2013a. Boxplot tool, compact style. 

www.mathworks.com/help/stats/boxplot.html  accessed August, 10th 2013.  

 

The MathWorks, I., 2013b. Jarque-Bera test. www.mathworks.com/help/stats/jbtest.html 

accessed July, 28th 2013.  

 

http://pdf.wri.org/eutrophication_policies_actions_and_strategies.pdf
http://hydrology.uwrl.usu.edu/taudem/taudem5.0/index.html
http://www.mathworks.com/help/stats/boxplot.html
http://www.mathworks.com/help/stats/jbtest.html


 

119 

 

The MathWorks, I., 2013c. Lilliefors test. www.mathworks.com/help/stats/lillietest.html 

accessed July, 28th 2013.  

 

The MathWorks, I., 2013d. One-sample Kolmogorov-Smirnov test. 

www.mathworks.com/help/stats/kstest.html accessed October, 22nd 2013.  

 

The MathWorks, I., 2013e. lhsdesign: Latin hypercube sample. 

www.mathworks.com/help/stats/ lhsdesign.html accessed October, 22nd 2013.  

 

The MathWorks, I., 2012. MATLAB and Statistics Toolbox released 2012b. Natick, 

Massachusetts, United States of Amercia.  

 

Thornthwaite, C.W., Mather, J.R., 1955. The Water Balance. Publication in Climatology. 

8(1), 1-104.  

 

Tomasko, D.A., Bristole, D.L., Ott, J.A., 2001. Assessment of present and future nitrogen 

loads, water quality, and seagrass (Thalassia testudinum) depth distribution in Lemon 

Bay, Florida. Estuaries. 24, 926-938. 

United Nations, Department of Economic and Social Affairs, Population Division, 2013. 

World Population Prospects: The 2012 Revision, Highlights and Advance 

Tables. http://esa.un.org/unpd/wpp/Documentation/pdf/WPP2012_HIGHLIGHTS.pdf 

accessed October, 28th 2013. ESA/P/WP. 228.  

Valiela, I., Collins, G., Kremer, J., Lajtha, K., Geist, M., Seely, B., Brawley, J., Sham, 

C.H., 1997. Nitrogen loading from coastal watersheds to receiving estuaries: New 

method and application. Ecol. Appl. 7, 358-380.  

 

Valiela, I., Mazzilli, S., Bowen, J.L., Kroeger, K.D., Cole, M.L., Tomasky, G., Isaji, T., 

2004. ELM, an estuarine nitrogen loading model: Formulation and verification of 

predicted concentrations of dissolved inorganic nitrogen. Water Air Soil Pollut. 157, 365-

391.  

 

Vigneault, H., Paradis, D., Ballard, J.M., Lefebvre, R., 2007. Numerical modelling of the 

evolution of groundwater nitrate concentrations under various Climate Change scenarios 

and agricultural practices for Prince Edward Island., in: Somers, G., Savard, M.M. (Eds.), 

Consequences of Climatic Changes on Contamination of Drinking Water by Nitrate on 

Prince Edward Island. http://geoscan.Ess.Nrcan.Gc.ca/cgi-

bin/starfinder/0?path=geoscan.fl&id=fastlink&pass=&format=FLFULL&search=R=2257

75 accessed August, 15th 2013, Earth Sciences sector ed. Natural Resources Canada, pp. 

93-93-109.  

 

Volf, G., Atanasova, N., Kompare, B., Ožanić, N., in press. Modeling nutrient loads to 

the northern Adriatic. Journal of Hydrology. doi: 

http://dx.doi.org/10.1016/j.jhydrol.2013.09.044. 

http://www.mathworks.com/help/stats/lillietest.html
http://esa.un.org/unpd/wpp/Documentation/pdf/WPP2012_HIGHLIGHTS.pdf
http://geoscan.ess.nrcan.gc.ca/cgi-bin/starfinder/0?path=geoscan.fl&id=fastlink&pass=&format=FLFULL&search=R=225775
http://geoscan.ess.nrcan.gc.ca/cgi-bin/starfinder/0?path=geoscan.fl&id=fastlink&pass=&format=FLFULL&search=R=225775
http://geoscan.ess.nrcan.gc.ca/cgi-bin/starfinder/0?path=geoscan.fl&id=fastlink&pass=&format=FLFULL&search=R=225775
http://dx.doi.org/10.1016/j.jhydrol.2013.09.044


 

120 

 

 

Vought, L.B.M., Dahl, J., Pedersen, C.L., Lacoursière, J.O., 1994. Nutrient Retention in 

Riparian Ecotones. 23(6), 342-348.  

 

Water Survey of Canada, 2013. Hydrometric stations in PEI, NS and NB. 

www.wateroffice.ec.gc.ca/index_e.html accessed July, 20th 2013.  

 

Wenger, S., 1999. A review of the scientific literature on riparian buffer width, extent and 

vegetation. http://dnr.wi.gov/topic/ShorelandZoning/documents/lit_review.pdf  accessed 

October, 28th, 2013. Office of Public Service & Outreach Institute of Ecology - 

University of Georgia.  

 

Young, J., Somers, G., Raymond, B., 2002. Distribution and trends for nitrate in PEI 

groundwater and surface waters. Proceedings of 2002 National Conference on 

Agricultural Nutrients and Their Impact on Rural Water Quality. Agricultural Institute of 

Canada Foundation: Waterloo, Ontario. 313–319. 

 

Zheng, C., Hill, M.C., Hsieh, P.A., 2001. MODFLOW-2000, the U.S. Geological Survey 

modular ground-water model - user's guide to the LMT6 package, the linkage with 

MT3DMS for multi-species mass transport modeling. U. S. Geological Survey Open-File 

Report 01-82.  

 

Zheng, C., Wang, P.P., 1999. MT3DMS, A modular three-dimensional multi-species 

transport model for simulation of advection, dispersion and chemical reactions of 

contaminants in groundwater systems; documentation and user's guide. U.S. Army 

Engineer Research and Development Center Contract. Report SERDP-99-1.  

 

 

http://www.wateroffice.ec.gc.ca/index_e.html
http://dnr.wi.gov/topic/ShorelandZoning/documents/lit_review.pdf


 

121 

 

Appendix 1. Watershed number and associated estuaries 

Table A.1 presents the name of the major estuaries associated with each coastal 

watershed presented in Chapter 2. The watershed numbers are given in the Figure 2-1. 

Table A.1: Name of the major estuaries associated with the different watershed numbers (Figure 2-1) 

Watershed# Major estuaries 

New Brunswick 

11 Kouchibouguac and Kouchibouguacis estuaries 

12 Richibucto Harbour 

13 Buctouche Bay 

14 Cocagne Harbour 

15 Shediac Bay 

16 Aboujagane, Kouchibouguac, Shemogue, and little Shemogue estuaries 

17 Verte Bay 

Nova Scotia 

18 Pugwash Harbour, Wallace Harbour, and Verte Bay 

19 Tatamagouche Bay 

20 Pictou estuary 

21 Sutherlands - French estuary 

22 St. George’s Bay (Antigonish) 

Prince Edward Island 

26 Egmont Bay 

27 Cascumpec Bay 

28 Malpeque Bay 

29 New London Bay 

30 Wilmot - Dunk estuary 

31 Westmoreland estuary 

32 Rustico, Covehead, and Tracadie Bay 

33 Hillsborough Bay 

34 Saint Peters Bay 

35 Rollo Bay 

36 Boughton and Cardigan Bay 

37 Hillsborough Bay 

38 Murray Harbour 
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Appendix 2. Current overview of the TN Loadings 

Observed TN concentration and loadings have been measured and estimated, as 

explained in Chapter 3, and the results are presented in this appendix. As shown for the 

nitrate concentration results presented in section 3.4, the TN concentrations were higher in 

PEI than in the studied watersheds of NB and NS (Table A.2 and Figure A.3).  

Table A.2: Nitrate sampling results summary. Concentration is given in mg-N/L 

 
Number of 

sites 

Range of TN 

concentration 

Average TN 

concentrationa 

PEI - 2012 30 0.74 - 6.90 2.22 

PEI - 2013 36 0.71 - 5.79 2.08 

NB - 2012 18 0.31 - 1.09 0.48 

NB - 2013 18 0.46 - 1.50 0.74 

NS - 2012 12 0.35 - 0.92 0.48 

NS - 2013 12 0.41 - 0.78 0.47 
a
 Area-weighted average 

 

Mainly because of the flow conditions, NB had lower TN loadings in 2012 than in 

2013, while the contrary occurs for NS and PEI, which had higher TN loadings in 2012 

than in 2013 (Figure A.4). The sum of TN loadings over the entire study area was estimated 

to be 1.8∙104/1.1∙104 kg-N/day, with a great disparity between the provinces: 79%/75%, 

3%/19%, and 18%/6% for PEI, NB, and NS in 2012/2013, respectively. Even though the 

majority of the TN loading can be attributed to PEI, the percentage contribution is lower 

than it is for nitrates because more of the TN in PEI water samples was nitrate compared 

to the TN in water samples from the two other provinces (Figure A.1 and Figure A.2). 
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Figure A.1: TN concentration versus nitrate concentration observed in PEI fresh surface waters 
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Figure A.2: TN concentration versus nitrate concentration observed in NB and NS fresh surface 

waters around the Northumberland Strait. The nitrate concentrations below the detection limit 

(~0.02 mg-N/L) were set to zero. 
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Figure A.3: TN concentration measured in fresh surface waters around the Northumberland Strait: 

a) September/October 2012 and b) July/August 2013. The statistics are obtained from the set of 25 

watersheds composing the study area. 
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Figure A.4: TN loadings measured in fresh surface waters around the Northumberland Strait: a) 

September/October 2012 and b) July/August 2013. The statistics on the left are obtained from the set 

of 25 watersheds composing the study area.  
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Appendix 3. Average groundwater residence time in PEI 

The average groundwater residence time can be calculated as: 

𝑇𝑎 =
𝐿

𝑉
=

𝑛. 𝐿

𝐾. 𝑖
 Equation 7 

The results of applying this equation to watersheds in PEI are presented in Figure 

A.5. The distribution of the average groundwater residence time (Ta) is presented in Figure 

A.6. Among the 172 watersheds, the average Ta was 3.2 years, and the median was 2.3 

years. The watersheds with a small average slope and a long average flow path length 

exhibit a longer Ta. This is principally the case in the western watersheds that have Ta of 

more than seven years, the maximum being 14.4 years. Watersheds having a long coast 

line also have a larger Ta because of the flat topology occurring along the coast. The 

assumption that the ground surface gradient can be used as a substitute for hydraulic 

gradient may be incorrect in these flat areas (Basu et al., 2012).  Watersheds with residence 

times less than a year mainly occur in the center of the island, with examples being the 

Southwest River watershed and the West River watershed.  

At the difference of the parameter uncertainty analysis presented in Chapter 7, the 

porosity and hydraulic conductivity used in Equation 7 have been set constant for the entire 

province to create Figure A.5. Therefore, this figure does not consider any potential spatial 

hydrogeological heterogeneity. A small variation in K or n can obviously change the 

calculated results drastically. For example if K is twice as large as the calibrated value 

(2∙10-5 m/s) for a particular watershed then Ta presented in Figure A.5 would be divided by 

2. As K is often assumed to follow a log-normal distribution (Sohrabi et al., 2003) such a 

variation is quite likely. 
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Figure A.5: Average groundwater residence time in PEI as computed using average water table 

gradient (based on watershed slope) and flow path length. A uniform hydraulic conductivity of 2∙10-5 

m/s and aquifer porosity of 0.07 have been assumed for all watersheds. 

 

 

Figure A.6: Distribution of the 172 average groundwater residence times presented in Figure A.5.   
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Appendix 4. Baseflow estimation 

The baseflow estimation process is explained in section 4.1.2.2. This appendix 

provides partial results and examples of the method presented by Nathan and McMahon 

(1990). Figure A.7 shows the BFI at different gauge stations around the Northumberland 

Strait. The western part of PEI exhibits a smaller BFI (~45%) compared to the rest of the 

island. The center of PEI has a BFI around 65% which may be due to a large percentage of 

agricultural land that allows for more percolation. The east of PEI has a lower BFI value 

than the center, but higher than the west (~55%). In NS and NB, the BFI is significantly 

lower (~35%). 
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Figure A.7: BFI at different gauge stations, computed with daily flow data obtained from the Water 

Survey of Canada (2013). 

 

Figure A.8 shows an example of the baseflow separation results after 1, 2, and 3 

passes of the filter. At every pass, the baseflow is reduced. Three passes have been chosen 

to match the 66% BFI found by Jiang and Somers (2009) for the Wilmot River, PEI. 
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Figure A.8: Hydrograph separation results for the gauge station in the Wilmot River from January 

to September 2008. The method involving three passes have been used in this thesis.  
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Appendix 5. Nitrate leaching concentration review 

Table A.3 and Table A.4 summarize the different nitrate leaching concentrations 

reported in the literature as a function of the land use area. A special focus was devoted on 

studies conducted in Atlantic Canada.  

Table A.3: Annual nitrate leaching concentration review (part 1). Range is given between brackets 

followed by the average, if applicable 

CL Location Year Study type Sources 

Grass, hay, and pasture 

1 NB 1988 Tile drain 

Eastern Canada Soil and 

Water Conservation 

Centre, 1998 

1 NB 1988 
Tile drain, random 

samples 

Milburn and Richards, 

1994 

3 NB 1987 Tile drain Milburn et al., 1990 

[0.75 - 3] - - 

Model 

recommended 

values 

Volf et al., in press 

Potato 

[7 - 45], 17.8 NB 1987 - 1988 Tile drain Milburn et al., 1990 

[8.8 - 27.5], 16.9 PEI 1989 - 1992 Tile drain Milburn et al., 1997 

19.4 PEI 1991 - 2009 Nitrogen budget Jiang and Somers, 2009 

[14 - 15], 14.5 PEI 1991 - 2009 Numerical modeling Jiang and Somers, 2009 

15.7 PEI 1999 - 2008 Numerical modeling Jiang et al., 2011 

29.4 PEI 2004 Lysimeter  Savard et al., 2007b 
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Table A.4: Annual nitrate leaching concentration review (part 2). Range is given between brackets 

followed by the average, if applicable 

CL Location Year Study type Sources 

Grain following potato 

[13 - 28], 20.5 NB 1988 Tile drain Milburn et al., 1990 

[2.9 - 7.7], 6 PEI 1990 ; 1992 Tile drain Milburn et al., 1997 

[6.7 - 19.5], 14.8 PEI 2005 
Drainage water 

sample 
Savard et al., 2007b 

[7 - 8], 7.5 PEI 1991 - 2009 
Nitrogen budget and 

numerical modeling 
Jiang and Somers, 2009 

10.1 PEI 1999 - 2008 Numerical modeling Jiang et al., 2011 

Corn 

[1 - 6], 3.7 NB 1989 - 1993 Tile drain 
Milburn and Richards, 

1994 

Row crops and other crops 

[0.6 - 4.1] - - 

Model 

recommended 

values 

Volf et al., in press 

Forested area 

[0.5 - 6.9], 0.8 PEI 2004 - 2005 Lysimeter Savard et al., 2007b 

0.3 PEI 2006 - 2009 Numerical modeling 
Nishimura and Jiang, 

2011 

[0.1 - 0.2] - - 

Model 

recommended 

values 

Volf et al., in press 

[0.06 - 0.19], 

0.11 
USA Before 1977  

Stream flow 

concentration from 

watershed more 

than 90% forested 

Haith and Shoemaker, 

1987 
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Appendix 6.  Model application in New Brunswick and Nova Scotia 

At the beginning of this research it was intended that the nitrate loading model 

would be developed and applied for PEI and parts of NB and NS. After further investigation 

(see Chapter 3), it became apparent that the watershed-based nitrate loadings coming from 

NB and NS watersheds were negligible compared to PEI. The model was then exclusively 

developed based on conditions in PEI.  

In this appendix, the goal is to apply the model in selected NB and NS watersheds 

(Figure A.9) and to determine whether the model could be an efficient tool to estimate 

nitrate loadings and concentration in these areas. The following assessment was made 

based on numerous assumptions and under a steady-state condition, that is, the assumed 

land use was considered to have remained unchanged indefinitely. Hence, every parameter 

involved in the delay process becomes obsolete. 

 

Figure A.9: Test watersheds in NB and NS 
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Table A.5: NB Watersheds composition 

Category 
Aboujagane 

River 

Tedish 

River 

Kouchibouguac 

River (South) 

Kinnear 

River 

Kouchibouguacis 

River 

Area (km²) 

P 0.24 0.24 0.34 0.01 0.08 

RC 0.02 0.02 0.02 0.00 0.01 

RCp 0.02 0.02 0.03 0.00 0.01 

G 0.09 0.09 0.12 0.00 0.03 

Gp 0.17 0.17 0.23 0.01 0.06 

HPG 3.12 2.16 2.25 0.15 1.35 

HPGp 0.03 0.03 0.04 0.00 0.01 

OA 0.02 0.02 0.03 0.00 0.01 

BG 46.99 15.55 31.73 41.12 225.06 

Other parameters 

Average 

riparian 

width (m) 

23.4 24.1 21.4 25.0 28.6 

Riparian 

attenuation 

(%) 

62.5 64.3 57.1 66.7 76.2 

Number of 

houses 
512 329 229 90 502 
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Table A.6: NS Watersheds composition 

Category 
South River at 

Antigonish 

Wallace 

River 

Middle River at 

Pictou 

Area (km²) 

P 0.0 0.1 0.0 

RC 0.2 0.5 0.2 

RCp 0.0 0.0 0.0 

G 0.2 0.5 0.2 

Gp 0.0 0.0 0.0 

HPG 25.1 5.9 7.0 

HPGp 0.0 0.0 0.0 

OA 0.0 0.0 0.0 

BG 154.4 283.2 87.6 

Other parameters 

Average riparian 

width (m) 
21.4 27.0 27.4 

Riparian 

attenuation (%) 
57.1 72.0 73.1 

Number of houses 1192 1024 328 

 

The set#4 from Table 4-2 was used to estimate the riparian width for both provinces 

and to obtain the agricultural area of the NS watersheds presented in Table A.6. The 

agricultural area of the NB watersheds (Table A.5) was composed using more recent land 

cover information from Natural Resources Canada (2009b). In order to divide the 

agricultural land into the different categories proposed in Table 4-1, the census of 

agriculture has been reviewed and averaged over 2006 and 2011 (Statistics Canada, 2007; 

Statistics Canada, 2012). These statistics give the proportion of agricultural area under 

potato, row crop, cereals, and forage within the province. Categories RCp (row crop 

following a year of potato production), Gp (grain following a year of potato production), 

and HGPp (hay, grass, pasture, and forage following a year of potato production) were set 
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proportional to category P (Potato) with a coefficient of 0.09, 0.69, and 0.13. The 

coefficients of proportionality were extracted from PEI set#2 from Table 4-2. 

The baseflow index in NB was estimated to be 0.35 from gauge station data for the 

Coal River over the period 2000 - 2011 (Figure A.7). This parameter is similar in NS with 

a value of 0.34, which is the average value obtained from the gauge stations at the Middle 

River at Pictou and the South River at Antigonish from 2000 to 2011 (Figure A.7). These 

values are lower than PEI (~0.6), which will allow for more water to be routed through 

rapid flow. 

The results presented in Table A.7 indicate that the model clearly overestimates the 

nitrate concentrations when domestic septic systems are considered. In the contrary case, 

when point source pollution is ignored, the results agree well with the observed 

concentrations except for the Kouchibouguac River watershed. As it is not known whether 

the houses are connected to a centralized sewer system, it cannot be concluded that the 

accuracy of the model is good enough to be used in these areas. The proportion of nitrates 

coming from agriculture is very small compared to the simulated results for PEI (see 

section 6.1.2.2). Even when point-source pollution from domestic septic systems is not 

considered by the model, the percentage of nitrates derived from agricultural land is on 

average 46%/47% with a standard deviation of 19%/35% in NS and NB, respectively, the 

rest being mainly derived from forested area.  In contrast, point-source nitrogen inputs have 

a more important role. Indeed, if all the houses were to have domestic septic systems, this 

pollution source would be a more important contribution than non-point source nitrogen 

inputs.  
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Table A.7: Simulated nitrate concentrations versus observed concentrations for selected NS and NB 

watersheds. 

Watershed 

Simulated 

concentration
a 

Observed concentration 

Average Range 

Number 

of 

samples 

Period 

Aboujagane 

River 
0.62 / 0.15 0.16 <0.01 - 0.66 30 

2003 - 

2011b 

Tedish River 1.11 / 0.26 0.17 <0.01 - 0.70 30 
2003 - 

2011b 

Kouchibouguac 

River (South NB) 
0.52 / 0.21 0.43 <0.01 - 2.1 30 

2003 - 

2011b 

Kinnear River 0.16 / 0.06 0.07 <0.01 - 0.25 30 
2003 - 

2011b 

Kouchibouguacis 

River 
0.16 / 0.06 0.02 <0.01 - 0.04 36 

1996 - 

2008c 

South River at 

Antigonish 
0.42 / 0.15 0.19 0.08 - 0.31 40 

1974 - 

2011c 

Wallace River 0.21 / 0.07 0.09 <0.01 - 0.22 31 
1974 - 

1999c 

Middle River at 

Pictou 
0.24 / 0.09 0.07 0.02 - 0.15 36 

1974 - 

2011c 

Concentrations are given in mg-N/L 
 

a The first figure is computed under the assumption that all the houses have their own septic system. The 

second one assumes that the sewage of all houses goes into a central water treatment facility. 
 

Sources: 
b The Village of Cap-Pelé and Beaubassin-est rural community watershed group called Vision H2O, 

http://visionh2o.com accessed October 20th, 2013. 
c Environment Canada (2012) 

  

http://visionh2o.com/
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Appendix 7.  Land-use interpolation procedures 

The following tables explain the approach used to reconstruct missing land-use data. 

When an entry is represented by a symbol made of the juxtaposition of a letter and a 

number, without further explanations, it means that this figure is directly obtained from the 

GIS layers presented in Table 4-2. The different categories (denoted as “Cat” for Table 

A.8) on the left side of the tables refer to Table 4-1. The land use for the period 2001 - 2005 

was set identical to the period 1996 - 2000, while the period 2010 - 2012 was set identical 

to the period 2006 - 2008. 

 

 

Table A.8: Land-use estimation procedure (2006 - 2009) 

Cat 2006 2007 2008 2009 

P D1 E1 F1 G1 

RC 
𝑅 =  

𝐸3 + 𝐹3 + 𝐺3

𝐸3 + 𝐹3 + 𝐺3 + 𝐸2 + 𝐹2 + 𝐺3
 

 
𝐷2 = (1 − 𝑅). (𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑖𝑛 𝑟𝑜𝑤 𝑐𝑟𝑜𝑝 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛) 

E2 F2 G2 

RCp 𝐷3 =  𝑅. (𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑖𝑛 𝑟𝑜𝑤 𝑐𝑟𝑜𝑝 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛) E3 F3 G3 

G 
𝑅 =  

𝐸5 + 𝐹5 + 𝐺5

𝐸5 + 𝐹5 + 𝐺5 + 𝐸4 + 𝐹4 + 𝐺4
 

 
𝐷4 = (1 − 𝑅). (𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑖𝑛 𝑔𝑟𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛) 

E4 F4 G4 

Gp 𝐷5 = 𝑅. (𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑖𝑛 𝑔𝑟𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛) E5 F5 G5 

HPG 

𝑅 =  
𝐸7 + 𝐹7 + 𝐺7

𝐸7 + 𝐹7 + 𝐺7 + 𝐸6 + 𝐹6 + 𝐺6
 

 
𝐷6

= (1 − 𝑅). (𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑖𝑛 ℎ𝑎𝑦, 𝑝𝑎𝑠𝑡𝑢𝑟𝑒, 𝑓𝑜𝑟𝑎𝑔𝑒 𝑜𝑟 𝑔𝑟𝑎𝑠𝑠) 

E6 F6 G6 

HPGp 𝐷7 = 𝑅. (𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑖𝑛 ℎ𝑎𝑦, 𝑝𝑎𝑠𝑡𝑢𝑟𝑒, 𝑓𝑜𝑟𝑎𝑔𝑒 𝑜𝑟 𝑔𝑟𝑎𝑠𝑠) E7 F7 G7 

OA D8 E8 F8 G8 

BG D9 E9 F9 G9 
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Category 2000 

P C1 

RC C2 = D2+E2+F2+G24 

RCp C3 = D3+E3+F3+G34 

G 

𝐶4 =  
𝐸4 + 𝐹4 + 𝐺4

𝐸5 + 𝐹5 + 𝐺5
. 𝐶5 𝑖𝑓 𝐶5 > 0 𝑎𝑛𝑑 (𝐸5 + 𝐹5 + 𝐺5)  ≠ 0  

Else  
 

𝐶4 =
𝐷4 + 𝐸4 + 𝐹4 + 𝐺4

4
 

Gp 𝐶5 = 𝐵1 (1999) − 𝐶3 − 𝐶7 

HPG 

𝑅 =  
𝑠𝑢𝑚(𝐵7)

𝑠𝑢𝑚(𝐵7) + 𝑠𝑢𝑚(𝐵6)
 

 

𝐶6 = (1 − 𝑅).
𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝐵6 + 𝐵7) + 𝐶6 + 𝐶7

2
 

HPGp 𝐶7 = 𝑅.
𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝐵6 + 𝐵7) + 𝐶6 + 𝐶7

2
 

OA 𝐶8 =
𝑠𝑢𝑚(𝐷1: 𝐹8)

4
− 𝑠𝑢𝑚(𝐶1: 𝐶7) 

BG 𝐶9 = (𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟𝑠ℎ𝑒𝑑) − 𝑠𝑢𝑚(𝐶1: 𝐶8) 

Table A.9: Land-use estimation procedure (2000) 
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Table A.10: Land-use estimation procedure (1997 - 1999) 

Category 1997 - 1999 

P B1 

RC B2 =
D2 + E2 + F2 + G2

4
 

RCp B3 =
D3 + E3 + F3 + G3

4
 

G 

𝐵4 =  
𝐸4 + 𝐹4 + 𝐺4

𝐸5 + 𝐹5 + 𝐺5
. 𝐵5 𝑖𝑓 𝐵5 > 0 𝑎𝑛𝑑 (𝐸5 + 𝐹5 + 𝐺5)  ≠ 0 

 
Else 

 

𝐵4 =
𝐷4 + 𝐸4 + 𝐹4 + 𝐺4

4
 

Gp 
𝐵5 = 𝐵1 (𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑦𝑒𝑎𝑟) − 𝐵3 − 𝐵7 𝑓𝑜𝑟 1998 𝑎𝑛𝑑 1999 

 
𝐵5 = 𝐴1 − 𝐵3 − 𝐵7 𝑓𝑜𝑟 1997 

HPG B6 

HPGp B7 

OA 𝐵8 =
𝑠𝑢𝑚(𝐷1: 𝐹8)

4
− 𝑠𝑢𝑚(𝐵1: 𝐵7) 

BG 𝐵9 = (𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟𝑠ℎ𝑒𝑑) − 𝑠𝑢𝑚(𝐵1: 𝐵8) 
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Table A.11: Land-use estimation procedure (1996) 

Category 1996 

P A1 

RC A2 = D2+E2+F2+G2 

RCp A3 = D3+E3+F3+G3 

G 

𝐴4 =
𝐸4 + 𝐹4 + 𝐺4

𝐸5 + 𝐹5 + 𝐺5
. 𝐴5 𝑖𝑓 𝐴5 > 0 𝑎𝑛𝑑 (𝐸5 + 𝐹5 + 𝐺5) ≠ 0  

 
Else  

 

𝐵4 =
𝐷4 + 𝐸4 + 𝐹4 + 𝐺4

4
 

Gp 𝐴5 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝐵5+𝐶52 

HPG 
𝑅 =  

𝑠𝑢𝑚(𝐵7)

𝑠𝑢𝑚(𝐵7) + 𝑠𝑢𝑚(𝐵6)
 

 
𝐴6 = (1 − 𝑅). (𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑖𝑛 ℎ𝑎𝑦, 𝑝𝑎𝑠𝑡𝑢𝑟𝑒, 𝑓𝑜𝑟𝑎𝑔𝑒 𝑜𝑟 𝑔𝑟𝑎𝑠𝑠) 

HPGp 𝐴7 = 𝑅. (𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑖𝑛 ℎ𝑎𝑦, 𝑝𝑎𝑠𝑡𝑢𝑟𝑒, 𝑓𝑜𝑟𝑎𝑔𝑒 𝑜𝑟 𝑔𝑟𝑎𝑠𝑠) 

OA 𝐴8 =
𝑠𝑢𝑚(𝐷1: 𝐹8)

4
− 𝑠𝑢𝑚(𝐴1: 𝐴7) 

BG 𝐴9 = (𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟𝑠ℎ𝑒𝑑)−𝑠𝑢𝑚(𝐴1:𝐴8) 
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