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Abstract 

The scientific community has increased its focus on studies dealing with land-use change and 

water quality. The emphasis on land use and water quality can be attributed to the continued rise in 

human population leading to an overall degradation of water quality and serious modifications in land use 

characteristics. The current study is focused on regional-level linkages between land use and surface 

water quality which in turn affect interrelationships at a larger scale.  The main objective of the present 

research is to discover the interrelationship between the change in land use and its impact on surface 

water quality in the Cataraqui Region. The feasibility of adopting Adaptive Environmental Management 

[AEM] techniques as a sustainable resource management process within the region is also discussed. A 

total of four watersheds with seven Provincial Water Quality Monitoring [PWQMN] stations under 

Cataraqui Region Conservation Authority [CRCA] jurisdiction are analysed. Eight parameters including 

water alkalinity, water hardness, phosphorus, iron, Aluminum, vanadium, manganese and chloride are 

examined under PWQMN guidelines for each station as indicators of  surface water quality over a time 

period of twenty years from 1993-2012. Land use maps are prepared using Landsat imagery at five-year 

intervals for areas drained by each creek. Final analysis shows a minor causal relationship between land-

use change and surface water quality within the four selected creeks. An increasing trend for metallic and 

persistently high concentration of non-metallic parameters indicates the need for better and improved 

AEM procedures to ensure sustainable utilization of water resources in the future. 
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Chapter 1 

Introduction 

As far back as 1864, in his book Man and Nature, George Perkins Marsh pointed out the 

detrimental effects of sustained human activity on both land and water (Easton, 2012). Citing examples 

from formerly fertile and productive civilizations like Rome, Mesopotamia, Northern Africa and Arabian 

Peninsula, Marsh stressed that overuse of natural resources by man had led to degradation of land, forests 

and water in the then-present day regional ecosystems. This continued and unprecedented utilization of 

resources has resulted in lasting consequences for mankind today with glaring implications for a bleaker 

future (Vitousek et al., 1997). 

 

1.0 Defining Water 

 Water was described as a liquid in the Aristotelian era but over the years this meaning became 

more complex to include both its physical state and chemical composition (Needham, 2000). Presently, 

The Shorter Oxford Dictionary defines water as “the liquid…which forms the main constituent of seas, 

lakes, rivers and rain..; it is a compound of hydrogen and oxygen (formula H2O) and was formerly 

regarded as one of the four elements” (Needham, 2000, p.14). Prominent Canadian water activist Maude 

Barlow prefers to describe it simply as “Earth’s life bud” (Marshall & McGrath, 2010) and “….source of 

all life” (Barlow, 2014). Hence, the definition of water has been quite abstruse through the ages. 

Understanding water dynamics is important because it plays a critical role in ecosystem processes 

(Gleick, 1998; Keppel, 2010; Ministry of Forests-British Columbia, 2002) especially the global 

hydrological cycle. This cyclic transfer of water through the environment is important for sustenance of 

all living beings as a source of drinking water; humans also utilize it for irrigation to grow their food 

(Altansukh & Dava, 2011; Rosegrant et al., 2002). The earth accumulates this water in the form of 

surface and ground water (Cosgrove & Rijsberman, 2000; Jackson et al., 2003; Krenkel, 1980; Oelkers, 
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et al., 2011; Shiklomanov, 2000). Of particular relevance to this research is water collected as a surface 

resource. 

Section 2.2.1 of this document explains the estimated distribution of global water resources and 

further elaborates on the conceptual basis of the hydrological cycle for this project. Overall, this research 

primarily focuses on watershed-based surface water interactions with land use over a twenty-year period 

within the Cataraqui Region of eastern Ontario (Figure1.3). The work has been undertaken in 

collaboration with the local Conservation Authority within the context of contributing to regional 

Adaptive Environmental Management [AEM] (as explained in section 2.2.2).   

 

1.1 Water Quality 

A comprehensive definition of water quality from the vast range of available literature is difficult 

to attain (Chapman, 1996). According to Houtven et al. (2007), several valuation studies have been 

conducted to assess the economic value of improvements in surface water quality as an attempt to further 

simplify the pre-existing definitions. Presently, however, a needs-based definition of water quality is 

widely accepted and used all over the world (Enderlein et al., 1998; Environment Canada, 2013a; 

Johnson, 2009; UN World Water Day, 2010). Cordy (2001) states,  “Water quality can be thought of as a 

measure of suitability of water for a particular use based on selected physical, chemical and biological 

characteristics” (p.1). 

The Environmental Protection Agency Public Law 92-500 also uses this definition; it further 

clarifies that water quality needs to be understood with regard to its corresponding domestic, industrial, 

agricultural, recreational and aesthetic values (Lee et al., 1982). Once these values are determined, water 

quality standards are developed with maximal allowable concentrations for several physical, chemical, 

biological and bacteriological parameters to measure water health. In USA, such guidelines were 

developed and described in the Green Book, 1968 and the Red Book, 1976 (USEPA, 2012). The Blue 
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Book, 1973 provides information about standards for major agricultural and industrial land uses; The Gold 

book, 1986 is the latest document which also incorporates human health standards and is continuously 

updated (USEPA, 2012). Figure1.1 presents a summary of typical factors used for estimating water 

quality as per Section 101 (a) of the Clean Water Act under United States Environmental Protection 

Agency. These factors are generally utilized for assessment of both surface and ground waters.  

 

   

Figure 1.1: Typical factors for water quality standards: This figure provides a 

comprehensive list of generally acceptable factors for developing water quality criteria based 

on designated uses of water under EPA Clean Water Act, Section 101(a). These factors are 

common to both surface and ground waters. Source: (USEPA, 2012) 

 

Nevertheless, formulation of common global standards for measuring general water quality 

remains elusive because of restrictions imposed by local factors. Therefore, various agencies like World 

Health Organization, European Community and Institute of Hydrosciences, Canadian Council of 

Ministers of the Environment, National Sanitation Foundation, USA and Water Resources Technology, 

Iran have developed their own set of criteria to qualitatively measure water (Nikoo et.al, 2010; 

Sargaonkar & Deshpande, 2003). Additionally, scholars agree that using a Water Quality Index [WQI] is  
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a suitable technique for gauging specific surface water conditions (Altansukh & Dava, 2011; Shinde et al., 

2012). A WQI presents a comprehensive comparison of contaminant concentration with the respective 

environmental standards. It reflects the frequency and intensity by which the environmental standards are 

not met for specific variables in a given time frame (Khan et al., 2003).  

 

1.2 Land use and its relationship with Water Quality  

The term ‘land use’ has been employed within a wide variety of fields for varied applications and 

contexts (Malczewski, 2004). Also, the terms ‘land use’ and ‘land cover’ were widely used in conjunction 

or interchangeably with each other for a number of years (Anderson et al., 1976). This necessitates a 

distinction between the two interrelated yet separate concepts. Land cover refers to biophysical attributes 

of the Earth’s surface that include different aspects of its natural environment such as surface and ground 

water, vegetation and soils (Lambin et. al, 2001; Meyer & Turner, 1994). Land use denotes the 

employment of this land cover for human purposes (Dale et al., 2000). A full understanding of land use 

involves a collective consideration of both the manner and purpose of utilization as equally important 

characteristics (Lambin et al., 2006).  

Traditionally, modelling was applied at different spatial and temporal scales to assess changes in 

land use patterns. Previous research also predicted future land use patterns in quantitative terms while 

stressing the need to conduct studies on inter-relationships between land use and biophysical drivers of 

change (Lambin & Veldkemp, 2001). This realization created a profound impact on more recent research 

work as well. For example, projects like the Land-use Cover and Change Project [LUCC] under 

International Geosphere-Biosphere Program [IGBP] and International Human Dimensions Program 

[IHDP] were started to compile biogeochemical effects on land use and vice versa (also see Section 

2.1.1).  
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Presently, the scientific community has been increasingly focused towards studies on land use 

change and its relationship with water quality despite complexities like difficulties in data availability and 

unpredictability of social data trends (Allan, 2004). Such efforts towards an integrated approach for land 

and water management had begun as early as 1930 with movements in New Zealand, England, Wales and 

USA; these movements recognized the necessity of managing land-water interrelationship on a watershed 

basis (Shrubsole, 1996). The current focus on understanding these linkages can be attributed in part to the 

global hydrological cycle (Hirschmann, 2006, Lambin et al., 2003) which is regarded as one of the major 

processes that governed the biogeochemical evolution of Earth (Elderfield et al., 1989). Section 2.1.1 

explains the hydrological cycle in detail. 

 Results from such land-water studies according to Baker (2005) have shown a non-uniform 

correlation between land use and water quality over different regions due to site-specific watershed 

conditions. Yet, depending on the type of land use, the growing global population has been found to 

negatively impact watersheds in general (Field & Samadpour, 2007; Fong & Lipp, 2005; Holland et al., 

2004; Kelsey et al., 2004; Mallin et al., 2000). 

W. Lee et al. (2009) note that in addition to the intensity and frequency of human induced land-

use change, spatial configurations which include the extent, structure, distribution and intensity of 

landscape have increasingly become an important component of such studies. They conducted a 

comprehensive evaluation of such spatial configurations in South Korean watersheds. Results indicated 

that water quality is more likely to be degraded in both scenarios where there is an amalgamation of 

different types and a large number of land uses within the watershed. A similar investigation conducted 

by Alberti et al. (2007) looked at urban patterns in Puget Sound lowland regions of USA on aquatic 

ecosystems. The results of this study also showed clear statistical relationships between urban landscape 

patterns and ecological conditions in water bodies; roads were found to be key urban stressors; land use 

intensity along with land cover composition were seen to directly impact the watershed ecological 



 

Land-Use Change and Surface Water Quality in the Cataraqui Region                                                                               6 

 

conditions. A further review of past work focused on land use-water quality interrelationship is presented 

in sections 2.3 and 2.4 of this document.  

 

1.3 Research Rationale  

1.3.1 A brief history of Natural Resource Conservation in Canada 

Conservation efforts in Canada began in the early twentieth century with the setting up of the 

Canadian Commission of Conservation; this development preceded several similar movements in other 

parts of the world (also see Section 1.2, p. 5). The Commission became a model for future conservation 

programs and was ahead of its times; it correctly anticipated the problems associated with indiscriminate 

natural resource use much before sustainability emerged as a concept (Shrubsole, 1990).  

Following the commission’s example, the then Ministry of Planning and Development of Ontario 

established a conservation branch in 1944 that perpetuated the Provincial Conservation Authorities Act, 

1946. The Act granted a voting appeal for establishment of a Regional Conservation Authority (CA) if 

two or more municipalities within the corresponding watershed petitioned the Minister of Public Works 

(Shrubsole, 1990). Further, The Regional Authority, if approved, would be responsible for conservation, 

restoration, development and management of natural resources within their jurisdiction (Cataraqui Region 

Conservation Authority [CRCA], 2008).  

According to Shrubsole, (1990) the establishment of Conservation Authorities with clearly 

defined functions was a major event associated with the development of water resource management in 

Ontario. Other important events included: formation of Ontario Water Resources Commission in 1956; 

emergence of regional municipalities in 1969 and 1975; Provincial Government reorganization in 1972 

(Shrubsole, 1990) and some reviews of the CAs over the years (Shrubsole, 1996). Currently, Ontario has 

a total of thirty-six CAs under Conservation Ontario framework (Conservation Ontario, 2009). A detailed 

explanation about the history of the Conservation Program in Canada is beyond the scope of this project;  
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however, it is important to note that water resource management has always been conducted with 

watersheds as the base unit (also see Section 1.3.2 for feasibility of watersheds in water resource 

management). 

 

1.3.2 Watershed as a basis for Water Management 

The term ‘watershed’ normally refers to surface water in the form of lakes, rivers and streams 

found above the ground (Goldfarb, 1993; Ministry of Environment-Integrated Environmental Planning 

Division [MOE-IEPD], 2004, pp.6-8). Yet there is an inherent disagreement regarding the formal 

definition of a watershed (Omernik & Bailey, 1997); it is variously defined in literature and by 

government resource agencies. USEPA typically defines it as, “Watersheds are those land areas bounded 

by ridgelines that catch rain and snow, and drain to specific marshes, streams, rivers, lakes or the 

groundwater” (McGinnis, 1999, p. 497). The Webster’s New Collegiate Dictionary provides a similar 

definition, “the whole region or area contributing to the supply of a river or lake; a drainage area” 

(McGinnis, 1999, p. 497). Blomquist & Schlager (2005) quote McGinnis, “Watersheds as hydrologic 

entities, which continue to exist even if stripped clean of biota, soil or culture” (p. 104). However, 

Blomquist & Schlager (2005) themselves prefer to define the term in context of its physical, economic 

and political characteristics. They state that physically, “watershed boundaries are real, natural and out 

there which gives them a privileged position…dating back…to…Thoreau” (p. 103) economically, “the 

watershed may appear to be a sort of factory of environmental services to be optimized for human uses” 

(p. 104) and politically as per USEPA “watershed-based efforts as a way of simplifying resource 

management for state policy makers” (p. 104). According to Goldfarb (1993), USEPA makes this 

definition more comprehensive by including other socio-economic factors and “groundwater as a 

receiving water body” (p. 484) together with surface water.  

In literature however, a commonly accepted definition of watershed identifies it as a topographic  
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area of land that contributes water to a common lake, river or stream; usually draining towards lower 

elevations and is also known as a drainage basin or catchment area (Cataraqui Source Protection 

Committee [CSPC], 2012a; Godfrey et al., 2008b; Omernik & Bailey, 1997;). A watershed drains all the 

non-evaporated water found in the area along with other substances to a common outlet. The location 

point for the common outlet is referred as the pour point; it is identified as lowest point along the 

boundary of the watershed or a sub-watershed (ESRI, 2012). The area with the network of streams 

through which the water drains down is called the drainage system. It can be envisioned as a tree and its 

branches are represented by the different streams (Lyon, 2002).  Streams are also interlinked with one 

another at specific points called as nodes. An overview of a basic structure for a watershed or drainage 

basin is provided in Figure 1.2. 

 

Figure 1.2: Structure of a basic watershed: A watershed is usually compared with a tree. 

The various streams act as branches, the lowest point along the boundary is identified as the 

pour point and the stream interlink points are called as nodes. Source: (Lyons, 2002). The 

smaller boundaries within a watershed are called sub watersheds. 

 

The feasibility of watershed as the jurisdiction for conservation and management can be verified 

through examples of previous watershed based projects like Muskinghum Conservancy District in Ohio, 

Tennessee Valley Authority and Ganaraska Watershed (Shrubsole, 1996). Catchments and watersheds are  
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used for various studies by Conservation Authorities in Ontario in the contemporary context as well. A 

recent example is the sub-watershed studies by the Upper Thames River Conservation Authority in 

collaboration with the city of London (Shrubsole, 1996). Several such Watershed Management proposals 

have also been drafted by various agencies in the USA like The Association of Metropolitan Sewage 

Agencies Watershed Management Act, 1993 and the Riverine Basin Plan by Water Quality 2000 based on 

the USGS four-tiered watershed system (Goldfarb, 1993). Thus, watersheds are the most practical unit for 

management as impacts on water usually conform to watershed boundaries rather than political ones 

(MOE-IEPD, 2004). 

 

1.3.3 Watershed-based Source Water Protection Program and rationale for present research 

The role of Ontario Conservation Authorities has been subject to several reviews over the years (see 

Section 1.3.1). In the aftermath of the Walkerton Tragedy May 2000, this role was brought into forefront 

again. The contamination of a drinking water system by E. Coli bacteria in Walkerton, Ontario (Ontario 

Ministry of Environment [Ontario MOE], 2003) led to a reassessment of water management practices for 

drinking water sources in the province. The reassessment was based on recommendations given by Justice 

O’ Connor Commission in the form of a Report after the tragedy. In a rapid response to this Report, the 

Ontario MOE, established an Advisory Committee on Watershed-based Source Protection Planning in 

November 2002. The Committee presented a set of twenty-two recommendations to protect natural water 

systems as an efficient means of safeguarding Ontario’s drinking water (Ontario MOE, 2003). The two 

most relevant suggestions of the committee were: 

 Even though the ultimate responsibility would lie with the province and specifically the Ministry 

of Environment [MOE]; the municipalities, First Nation governments and general public were 

identified as stakeholders for source water protection. Additional responsibilities were  
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recommended for local Conservation Authorities to ensure full functionality of the program 

(Ontario MOE, 2003).  

 It was recognized that both surface and ground water face the threat of contamination at the 

source, especially because pollutants can migrate between the two sources (MOE-IEPD, 2004). 

The tragedy occurred due to contamination of a well which is a ground water source, but the final 

recommendation stated, “the goal of watershed based source protection planning in Ontario is to 

protect human health through the protection of current and future sources of drinking water, 

including inland lakes, rivers and groundwater…” (Ontario MOE, 2003, p. 6). 

Based on suggestions of the Advisory Committee, the Ontario government began a Source Protection 

Planning Process and passed The Clean Water Act in 2006. This Act established watershed-based source 

protection committees under Conservation Authority Jurisdictions in all major settled parts of Ontario to 

undertake efficient source water protection (Ontario MOE, 2013 December).  

In the Cataraqui Region, this Committee is comprised of sixteen members from the twelve 

municipalities and several other representatives from relevant interest groups. They played an active role 

in the development of the Cataraqui Source Protection Plan. Surface water is identified as an important 

aspect of the plan (CRCA, 2011) because almost eighty percent (80%) of Cataraqui residents live in a 

municipally-served area that is supplied by either surface or ground water (CSPC, 2012c); seventy-five 

(75%)  percent of these resident drinking water systems use surface water as the source (CSPC, 2012a).  

 

1.4 Research Objectives and Methods 

The research presented in this report was conducted in collaboration with the CRCA for the 

Cataraqui Source Protection Committee (CSPC) and covered four major watersheds under the Authority 

jurisdiction (see Section 1.5). The CRCA confirmed the feasibility of this project as an important part of 

continued surface water management practices under the Clean Water Act, provided water quality data  
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and future suggestions, participated on the research committee and contributed to the research design. The 

goal of this research was to answer the following fundamental question: Has land-use change had an 

impact on the surface water quality within Cataraqui region watersheds during the past twenty years?  

This question was answered using a combination of GIS and statistical techniques to map land use 

changes and their links with selected water quality parameters. 

Contemporary environmental management aims to improve the use of natural resources and to 

encourage sustainability (also see Section 1.3.1); Integrated Water Resource Management [IWRM] is one 

‘”comprehensive, holistic, systems approach” (Mitchell, 2005, p. 1335) that has been undertaken to 

conserve water as a natural resource. Jønch-Clausen (2004) mentions that IWRM is defined under Global 

Water Partnership as “a process which promotes the coordinated development and management of water, 

land and related sources, in order to maximize the resultant economic and social welfare in an equitable 

manner without compromising the sustainability of vital ecosystems” (p. 14).Currently, adaptive 

management is advocated as an important technique and requirement to achieve the full benefits of 

IWRM which is widely utilized for water resource conservation world-wide (Pahl-wostl, 2007). 

However, planning for water utilization did not always consider the harmful impacts of 

indiscriminate use. During nascent stages, the functional aim of water resource planning was to 

appropriate the highest amount of water for human uses in the shortest possible time (Brabec et al., 2002). 

As a result, the study focus was restricted to understanding sources of nutrients from individual 

watersheds and little work was undertaken to observe cumulative land use effects on surface water 

(Brabec et al., 2002).  The same cannot be said for individual land use studies as important projects like 

LUCC (Scientific Steering Committee and International Project Office of LUCC [SSC-LUCC], 1999), 

Historical Crop Cover Study (Ramankutty and Foley, 1999) and History Database of the Global 

environment [HYDE] (Goldwejick, 2003) were conducted on a broader global scale in the last two 

decades and were hardly restrictive. It is now being realized that global land-use change results would not 
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give enough information for national and local variations at a meso or micro level (Lambin et al., 2003; 

SSC-LUCC, 1999).   

A preliminary literature review showed an overall paucity of similar research on land-use change 

and water quality within the CRCA jurisdiction. Bearing this in mind, the present study aims to conduct 

an exploratory time-scale analysis of land use change and resultant water quality linkages within a section 

of the Cataraqui Region. Specific objectives of this thesis are to: 

 prepare land-use maps of the region around the selected creeks and identify changes over the 

study area from 1993-2012; 

 carry out quantitative analysis to understand the changes in land-use and surface water quality, if 

any, indicating specific activities responsible for change; 

 define the relationship between change in land use and surface water based on quantitative 

results;  

 provide recommendations to enhance watershed monitoring based on the research findings and 

feasibility of AEM process application in the region. 

Figure 1.3 provides an overview of the methods used for fulfilment of the research objectives. In 

the first stage, an extensive literature review was conducted to understand basic concepts and to decide on 

the overall methodology for research. The second stage involved a preliminary analysis for water quality 

data. In this stage, initial land use maps were also prepared for areas around selected watersheds. The 

third stage included a final analysis for water quality where missing data gaps were analysed and seasonal 

variations were taken into account. Visual interpretation and statistical analysis was used for land-use 

change detection. Finally, the relationship between land-use change and surface water quality was defined 

based on the overall results. Chapter 3 documents the research methodology in further detail. 
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Figure 1.3:  A general overview of research methods: This flowchart provides a brief 

overview of general methods used for analysis at the various stages of the project. A detailed 

explanation for each stage with specific emphasis on the techniques used at each level is 

provided in the third chapter (Methodology and techniques) - I-stage (i): p51-54; II-stage (ii): 

p 55-63; III-stage (iii): p 64-68 
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1.5 The Study Area 

 The Cataraqui Region Conservation Authority jurisdiction (Figure 1.4) includes eleven major 

watersheds and twelve municipalities (CSPC, 2012a, 2012c).  Section A.1, Appendix A provides a brief 

description of the Cataraqui Source Protection Area which includes the CRCA jurisdiction. 

 

  Watersheds and Municipalities under Cataraqui Region Conservation Authority jurisdiction 

    

Figure 1.4: Map of Cataraqui Region Conservation Authority Municipalities and 

Watersheds: The eleven watersheds under the Cataraqui Region Conservation Authority 

jurisdiction are represented in this map. The watersheds span over a total of twelve 

municipalities under the jurisdiction. Source: (Godfrey et al., 2008a). 
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For the purposes of this study, four main watersheds were examined in terms of land use patterns 

and their associated interrelationship with surface water quality. Collins, Millhaven, Buells and Butler’s 

and Little Cataraqui Creek watersheds (Figures 1.5 and 1.6, pp. 17-18) were selected after careful 

consideration of the following points: 

 Demographic trends: There is a clear population, land use-water quality linkage observed in past 

studies on the subject (section 1.2, p.4). Under the CRCA jurisdiction, Kingston (Collins Creek 

and Little Catatraqui Creek) and Brockville (Buells and Butlers Creek) were identified as the two 

largest population centres of the Lake Ontario Study Region as per 2001 census in The Watershed 

Characterization Report (CRCA, 2008). Therefore, population size was an important 

consideration in the selection of creeks. Interestingly, in terms of population growth in the past 

two decades, this region has experienced a lower growth rate than the Frontenac region which 

might explain the lack of research on water quality and land use in this area. 

 Important smaller towns: Besides these two urban centers, important small towns and villages as 

identified in the report include Napanee, Odessa and Sydenham. Napanee, Loyalist, Sydenham, 

Kingston and Brockville also have municipal residential surface water intakes (CRCA, 2008). 

The selected watersheds comprise these areas. 

 Data accessibility: Maximum data availability for selected indicators during the study period was 

observed at the selected monitoring stations (see Section 3.2). 

 Suggestions by the CRCA for creek suitability: The watersheds were selected after careful 

deliberations with the CRCA for their suitability in fulfilling the research objectives and 

removing any possibility of a participant bias.  A diverse mix of land areas (also see pp.16-17) 

with slightly different soil and physiographic characteristics was selected for a possibility of 

better results. A detailed physiographic classification would be another area of research; however 

the Watershed Characterization Report (CRCA, 2008 p 7-27) provides a further overview.  
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These watersheds contain seven provincial water quality monitoring stations which is half of the total 

fourteen currently active throughout the Cataraqui region. A brief outline of the watersheds is given here 

(CSPC, 2012a): 

 Collins Creek is located in the western portion of CRCA jurisdiction. It is the largest creek in the 

corresponding watershed beginning at Inverary Lake and flowing southwards into Collins Lake. 

The landscape consists of a rural-urban mix; communities of Glenburnie, Elginburg and Inverary 

are predominantly rural. Glenvale and Westbrook Creek join Collins Creek south of Highway 401 

in the city of Kingston where it becomes more of an urban setup (Bourhill et al., 2007). The 

Provincial Water Quality Monitoring Network [PWQMN] station [stn.] 06018300202 is located 

north of Collins Bay (Figure 1.5). 

 Millhaven Creek is characterized by a predominantly agricultural landscape including the rural 

communities of Sydenham and Odessa (Figure 1.5). The watershed itself is reasonably small, 

flowing southwest on the limestone plain towards Lake Ontario (CRCA, 2005). There are 

currently two operational Provincial Water Quality Monitoring Network locations with respect to 

this Creek: stn.06018000502 is located upstream of Odessa on County Road 6, north of Highway 

401 while stn. 06018000402 situated downstream on Lucas Road (Figure 1.5). A sewage 

treatment plant was also located on the downstream site a few years ago. Both Millhaven and 

Collins Creeks drain into substantial lakes. 

 Little Cataraqui Creek: Located towards south east of Collins Creek, it includes a major portion 

of the Kingston urban area. This creek is urban for approximately one-third of its length; however 

it also contains a provincially significant wetland complex within the Little Cataraqui Valley 

(Kingston Field Naturalists [KFN], 2004). At present, three PWQMN stations are functional 

within this Creek (Figure 1.5). Stn.12000200402 near Princess Street, south east of Cataraqui  
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region and stn. 12000200502 on Perth road, North of Highway 401are located within the urban 

drainage basin of Kingston. Stn. 12000200802 is situated in the Little Cataraqui Creek 

Conservation Area, south of Reservoir Dam (Figure 1.5). 

 

Figure 1.5: Provincial Water Quality Monitoring Network Stations- Collins, Millhaven 

and Little Cataraqui Creeks:  This map represents the currently operational PWQMN 

stations for three Creeks under CRCA jurisdiction. Two monitoring stations for Millhaven 

Creek are located upstream and downstream of Odessa respectively; Collins creek has one 

station at the Northern End of Collins Bay and Little Cataraqui Creek has three operational 

stations at Princess Street, Perth Road and Little Cataraqui Conservation Area. All these 

stations are currently collecting water quality data for the PWQMN indicators as specified in 

Table C.1, Appendix C.  
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 Buells and Butler’s Creek: These creeks are located north of St. Lawrence River watersheds at 

the eastern end of the CRCA jurisdiction. They drain into the predominantly urban Brockville 

region. Presently, one PWQMN stn. 12003400102 is operational at King Street west, County 

Road 2 for water quality monitoring at these creeks (Figure 1.6). 

 

Figure 1.6: Provincial Water quality Monitoring Network Station- Buells and Butler’s 

Creek:  This map shows the currently operational PWQMN station for Buells and Butler’s 

Creek. One monitoring station at King Street west and County Road 2 is currently active for 

this Creek. Data is collected for all PWQMN indicators as specified in Table C.1, Appendix C.  
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1.6 Organization of the thesis 

This thesis document is organized into five chapters. Chapter one explains the problem, rationale 

and major objectives of this research with a brief description of the study area. The second Chapter 

explores existing literature and reviews its applicability to the present work in a global as well as regional 

context. Chapter three provides a description of the methodology and techniques used to fulfil the 

research objectives. Chapter four presents the data analysis results obtained using GIS, statistical and 

remote sensing techniques. The fifth chapter discusses research findings and looks at future implications 

for regional water management and land use planning. This chapter also includes suggestions for future 

research on land use and water quality. 
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Chapter 2 

Literature Review 

2.1 Studies in Land use 

2.1.1 Land-use change: A global perspective 

Land-use and land-cover change have been a topic of research interest for at least two centuries. 

Much work was concentrated on land use as affected by agricultural activities because of the importance 

attached to maintaining food production for global populations (Meyer & Turner, 1992). A more recent 

example of land use for agriculture research is the global reconstruction of the historical crop cover from 

1700 to 1992 by Ramankutty and Foley in 1999 (Goldewijk, 2003). However, several new land uses were 

already added to the existing repertoire as far back as the Industrial Revolution (Vitousek et al., 1997) and 

specialized land studies became more common (see section 2.1.2). During the last two decades, 

researchers in both social and physical sciences have also made efforts to initiate land use studies at 

varying scales from a global to regional level (Lambin et al., 2003).   

Presently, dissemination of land use information has become easier with improved satellite 

imagery and remote sensing data (Rogan & Chen, 2004). Foley et al. (2005) note that land use data is 

currently utilized for a variety of further studies on several anthropogenic and climatic aspects. Thus, land 

analysis acts as an effective means to an end as proven through research by Goldewijk (2003); Matthews 

(1983) and Petit & Lambin (2002). Additionally, the importance of historical and multi-scale land 

analysis cannot be understated. It is now recognized that historical land use studies are important because 

they help in better and informed present-day land use decisions by serving as a knowledge source on past 

choices. On the other hand, collating efforts at varying scales like regional and local is equally significant 

as it assists in understanding ecosystem processes at larger national or global scales (Ecological 

Monitoring and Assessment Network, [EMAN], 2001).  
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Specific land use activities are characterized by broad variations all over the world but their 

consequences are typically the same; immediate acquisition of land at the expense of ecosystem functions 

is a common factor underlining land use and land management practices globally (Foley et al., 2005). 

Besides being linked with degrading ecological characteristics, land-use change also parallels the 

economic development of a region and can be represented through various transition stages (DeFries, et 

al., 2004). The first stage or the pre-settlement phase is characterized by a low population density and 

economically under developed areas primarily consisting of natural vegetation. Further growth leads to 

frontier, subsistence and intensifying stages until it reaches the final intensive phase characterized by a 

highly developed economy and substantial urban populations (Figure 2.1). All countries in the world are 

at varied stages of transition based on their respective historical, socio-economic and ecological factors; 

the transition time frame also does not follow a common linear pattern (DeFries et al., 2004). 

              

Figure 2.1: Stages in land use transition: Land use transition regimes tend to mirror the 

economic development stages in a region: the initial stage of natural ecosystem is 

characterized by least economic development. Then a growth is witnessed through the frontier, 

subsistence and intensifying phases until it culminates in the intensive stage with high 

economic development and large urban populations. Presently, different parts of the world are 

in varied stages of transition based on historical, socio-economic and ecological factors. 

Source: (DeFries et al., 2004) 
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The scientific community has acknowledged that characteristics of all land uses are not well 

documented on a global scale (Lambin et al., 2001) which has led to an enhanced interest towards 

modelling land-use changes. The resultant models have successfully developed a broad understanding of 

human-environmental linkages through a series of scenario testing procedures to ensure best results for 

identifying different land-use characteristics (Turner et al., 2007). Thus, a land-change science has 

emerged as an integrated discipline incorporating environmental, human and GIS sciences (Lambin et al., 

2006);  the LUCC under the IGBP and the IHDP played a significant role in the development of this 

science as an important field of research (UNU-IHDP, 2012). 

The LUCC project under the IGBP -IHDP was credited for globalized efforts that led to the 

operation of more effective models for land-use change prediction (Lambin et al., 2006). Conversely, 

regional studies like those undertaken in Canada (EMAN, 2001; Hathout, 2002; Muller & Middleton, 

1994), China (Weng, 2002; Wu et al., 2006); and Africa (Stephenne & Lambin, 2001) supplemented the 

global efforts with detailed local information. Section 2.1.2 provides a comprehensive review of a number 

of these studies and their relevance for this research.  

 

2.1.2 Land use Studies 

A large scale project was proposed in 1991 to analyse land cover/ land use pattern metrics 

throughout the world under the IGBP and IHDP. This LUCC project was commissioned after the Global 

Change Institute of the Office of the Interdisciplinary Earth Sciences published a report on worldwide 

land use trends and resultant social-anthropogenic consequences (Meyer & Turner, 1992). The highlight 

of this study was that it incorporated the latest GIS and remote sensing techniques to model land use and 

land cover changes based on case studies in general global situations. These models were then used for 

further development of more comprehensive global prognostic models (SSC-LUCC, 1999). Broadly,  
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the LUCC project aimed to understand land use/ land cover dynamics at different spatial scales in a 

comprehensive combination of biophysical and socio-economic factors to achieve three important goals: 

sustainability promotion; biogeochemical cycle and biodiversity protection; and identification of 

vulnerable places in the world (SSC-LUCC, 1999). Table 1 (p.23) examines these goals or “big issues” 

(pp. 21-24, SSC-LUCC, 1999). Section A.2, Appendix A explains the three focus points of the project in 

greater detail.  

Much work for fulfilling the three focus objectives of the LUCC was accomplished by October 

2005, the designated official completion date for the project (Geist, 2002). A full explanation on the 

numerous results and related local projects is beyond the scope of this research. However, as indicated by 

Lambin & Geist (2006), the project provided a highly acclaimed and integrated outcome on the global 

LUCC change patterns through a successful culmination of its three goals. Table A-1, Appendix A 

enumerates some of the studies completed under the IGBP-IHDP LUCC project. 

Fenech et al. (2012) presented an overview of a national-level Landscape Change Project for six 

selected Biosphere Reserves which was undertaken by the Canadian Biosphere Reserve Association 

[CBRA] under the Ecological Monitoring and Assessment Network [EMAN]. The project was 

characterized by three important goals: testing different landscape change approaches in diverse 

environments across Canada; highlighting landscape changes since European settlement on Canadian land 

and providing analysed results to government agencies for better current decision making through 

monitoring and management. Additionally, the project aimed to provide a better understanding of the 

natural environments for the corresponding Biosphere Reserve communities (EMAN, 2001).  
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Table 1: The Land-Use Cover and Change [LUCC] Project: big issues and focus points 

Big Issues (Focus 1): Case Studies  

(LAND USE DYNAMICS) 

(Focus 2):GIS &RS  for 

model development 

(LAND COVER 

DYNAMICS) 

 

(Focus 3): Integrated 

Global and Regional 

Prognostic Models  

(INTEGRATED 

MODELS) 

Activities/Tasks undertaken 

Transition to a 

sustainable world 

1: Understanding land use 

decisions; 

2: Prediction of sustainable 

future scenarios through 

simulated land-use/land-cover 

change; 

Defining and modeling LUCC 

indicators 

1: Identification of issues 

in methodology for 

regional LUCC models; 

2: Understanding LUCC 

dynamics & inter links at 

various spatial scales; 

3: Identification of 

potential scenarios and 

critical environmental. 

themes 

Biogeochemical Cycles 

and Biodiversity 

1: Process to Pattern : linking 

local land use decisions to 

regional and global processes; 

2: Identification of 

biogeochemical and climate 

variables responsible for 

LUCC over longer time 

periods 

1: Monitoring biophysical and 

socio-economic indicators; 

2: Giving a social value to the 

‘pixel’ or ‘socializing the 

pixel’ for model development 

1: Identification of issues 

in methodology for 

regional LUCC models; 

2: Understanding 

dynamics of LUCC and 

interrelationships at 

various spatial scales; 

3: Water issues in 

regional LUCC 

Critical Regions and 

Vulnerable Places 

Predict key interactions 

associated with degradation 

and vulnerability 

1: Identification of hotspots 

and critical regions after land 

cover change identification; 

2: Final identification of risk 

zones and potential impacts 

1: Improving the  

Environment-economy 

linkage; 

2: Water issues in 

regional LUCC; 

3: Expanding the global 

food and fiber 

production; 

4: Identification of 

potential scenarios and 

critical environmental 

themes 

Notes: This table explains the major goals of the Land Use and Land Cover Change Project. 

These goals were   identified as three “big issues” within the scope of the project: promotion of 

sustainability; protection of biogeochemical cycles and diversity; and identification of 

vulnerable hotspots. LUCC dynamics were interrelated at different spatial scales under a 

comprehensive combination of various socio-economic factors and activities to fulfil these 

three focus-objectives. Adapted from: (SSC-LUCC, 1999, p. 24) 
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To fulfil these objectives, each reserve mapped local land-use change over varied available time 

frames utilizing relevant and applicable technologies through a series of unique regional-specific 

assessments (EMAN, 2001). Table 2 summarizes the geographical areas, time periods used and the 

relevant methods for The Biosphere Reserve Landscape Change Project undertaken by EMAN, Canada. 

Section A.3, Appendix A provides an overview of the project. 

Table 2: The Biosphere Reserve Landscape Change Project, Ecological Monitoring and 

Assessment Network (Canada) 

Biosphere Reserve Total Area Studied Time Frame 

 

Main Approach 

Charlevoix, QC 148.52 km2 located east of 

Quebec City, Quebec 

1970-1990 ecological forestry maps 

Long Point, ON 270 km2 on shore of Lake 

Erie in southern Ontario 

pre settlement 

1985-1990 

land survey; digital base 

maps 

Mont St. Hilaire, QC 150 km2 in southwestern 

Quebec 

1761, 1815, 1839, 1867, 

1932, 1963, 1993 

topographic maps; aerial 

photos for recent ones 

Niagara Escarpment, 

ON 

corridor stretching 725 km 

in southwestern Ontario 

regional 1976-1995 

area study 1974-1994 

aerial photos; satellite 

imagery; base digital data 

Riding Mountain, MB 144 km2 in Manitoba 1873,1948,1993 land survey; aerial photos; 

satellite imagery; 

topographic maps 

Waterton, AB 795km2 in southwestern 

Alberta 

logging since 1950s 

roads 1951-1997 

aerial photos; satellite 

imagery; road/trail digital 

data; clear digital data 

 

Notes: Each study under The Biosphere Reserve Landscape Change Project, Canada was 

undertaken with a different areal extent, time frame and available technologies. This table 

gives an overview of these characteristics for the selected biosphere reserves. Adapted from: 

(Fenech et al., 2012, p.119) 

 

Although each study generated individual results, common patterns were also observed across the 

six reserves. General results showed that resource development and human population growth are major 

drivers of landscape changes in the Biosphere Reserves since the advent of European settlements in  
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Canada. The study also found that significant changes are still occurring at these reserves and are 

predominantly visible in the form of forest fragmentation. Regeneration of forested lands is being 

witnessed in areas characterized by abandonment of agricultural production; most of these areas have 

been rendered unsuitable for agriculture due to soil infertility (Fenech et al., 2012). Table A-2, Appendix 

A summarizes the specific findings of this research.   

In contrast, Petit and Lambin (2002) used a data integration method to analyse a similar local–

scale study focused on Lierneux region in the Belgian Ardenne landscape. Utilization of data integration 

is useful because it helps in increasing the comparability of land cover maps from different sources as 

proven by a previous study on the highly fragmented African landscape (Petit and Lambin, 2002). The 

Linerneux Region project measured historical forest change from 1775- 2000 by using six multi-sourced 

historical land cover maps (1775-1973) and one Landsat image for the year 2000.  General results 

indicated maximum variation of forested land between 1923 and 1957 with an annual rate of change of 

1.4 percent. These changes included higher reforestation with coniferous species and an increase in the 

area covered by grasslands-croplands; higher forest fragmentation was also computed (Petit & Lambin, 

2002). Section A.4, Appendix A takes a more comprehensive look at data integration and specific results 

of this project.  

Apart from integrated efforts under the IGBP-IHDP program and EMAN in Canada, preliminary 

literature analysis also indicated attempts at studying land use and related aspects at local scales within a 

smaller time frame (Hathout, 2002; Muller & Middleton, 1994; Stephenne & Lambin, 2001; Wu et al., 

2006; Weng, 2002). According to Wu et al. (2006), research has shown that rapid urbanization and 

industrialization are major factors of decline in predominantly subsistence-based land uses. The issue of 

land use change has been accorded significant consideration in developing economies like China because 

of low per capita availability of land resources as compared to the global average; larger cities are 

observed to flout the environmental and subsistence-based land use policies in their quest for rapid  
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economic development. Therefore, they conducted a land use change detection study for Beijing from 

1986-2001 to understand land-use change dynamics over a fifteen year period.  

The Beijing research utilized Landsat-TM enhanced and georeferenced data to prepare land use 

maps for the selected four sample years based on the Anderson scheme of land use classification (Wu et 

al., 2006). Results indicated an uneven but persistent urban growth particularly in the inner and outer 

suburban areas; urban land itself increased by 49.28 percent with major expansion observed between 

1991 and 1996 (Figure.A.4, Appendix A). Regression and Markhov models further predicted continued 

loss of agricultural land leading to a marked ascension in the current environmental issues being faced by 

the city residents. Previous research on the Zhujiang coastal region of Southern China had also elicited 

parallel results (Weng, 2002); it observed a 47.68 percent increase in the urban or built-up areas while 

cropland decreased by 48.37 percent between 1989 and 1997. Markhov analysis predicted an unstable 

urbanization pattern with a projection of seven to fourteen percent of total area under urban land uses 

(Figure A.5, Appendix A).  

In Niagara Region of Ontario-Canada, comparable trends were observed (Muller & Middleton, 

1994). Spatial and temporal land use data were used to point out land-use changes over discrete time 

periods between 1935 and 1981. National Topographic Survey Maps for years with updated aerial 

photography cartographic information were used to generate data for 1886 sample points. The land was 

classified as urban, agricultural or wooded based on the predominant use in the buffer area of 250 meters 

around the sample points. A first-order Markhov analysis concluded that urban areas replaced agricultural 

lands during the study period and the region was still characterized by a continuous exchange of land 

between agricultural and wooded areas (Figure A.6, Appendix A).  

More recently, a similar study conducted in Winnipeg, Manitoba illustrated cognate results 

(Hathout, 2002). This project used two rural municipalities of East and West St. Paul to compare and 

investigate urban growth impact between 1960 and 1989. Aerial photographs from both years were used  
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to prepare land use maps with the Canada Land Inventory Classification Scheme (Hathout, 2002). 

Overall, urban land area increased by almost twenty five percent during the study period; a corresponding 

decline in agricultural land was also mapped (Figure A.7, Appendix A).West St. Paul was projected to 

experience a higher growth rate as per Markhov change analysis and most of the growth was expected to 

be dispersed towards suburban areas. Recent urban land use studies have started to incorporate simulation 

models of urban growth using cellular automata techniques (Li & Yeh, 2002).  

 Changes in agricultural and forested land use patterns have also been modelled at the regional-

national scale particularly under the IGBP-IHDP program (Table A-1, Appendix A). Such models are 

generally more complex because they are interspersed with several biophysical and anthropogenic factors 

as indicators of change (Etter et al., 2006; SSC-LUCC, 1999). As an example, research conducted in 

Colombia identified forest conversion to agricultural land with a combination of both biophysical and 

socio-economic drivers of change (Etter et al., 2006). Statistical analysis was performed using SPLUS to 

predict future conversion using three classification trees and three statistical models; deforestation 

hotspots were identified that helped in further understanding the relationship with population growth data. 

Moderate-resolution Imaging Spectroradiometer [MODIS] satellite imagery validated the initial results. 

The highest probability of forest conversion was observed in the Andean and Caribbean regions. Humid 

tropical forests of undulating plains in northern Amazon were predicted to be the most vulnerable based 

on transformations of total land area while very dry tropical forests in the Caribbean were expected to be 

the most at risk when proportion of remnant area ecosystem was taken into account. Additionally, most of 

the identified hotspots were designated biodiversity-rich areas. Therefore, the establishment of a regional 

ecosystem monitoring protocol to protect biodiversity was also recommended. Figure A.8 (Appendix A) 

presents some results from the best identified model for specific forest types used within the context of 

the Colombian forest research.  

In another research project, Stephenne and Lambin (2001) developed a simulation model for two  
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major agricultural land use factors in the Sudano-Sahelian countries of Africa: (1) expansion for extensive 

technological development and (2) further intensification on reaching a predefined agrarian threshold. 

This model was applied for Burkina Faso (1960-1997) to assess its feasibility. Results indicated that 

deforestation started during the late 1970s followed by a rapid increase in urbanization. The first visible 

signs of cropland degradation appeared in 1991. General results showed that high level land use changes 

were driven by variations in climatic conditions while low level changes were a factor of demographic 

trends. Overall change in cropland varied with each temporal phase. Figure A.9 (Appendix A) illustrates 

the results of this model. 

 On the whole, research has indicated that expanding agricultural area at the expense of forests is 

an increasing cause of concern (Figure 2.2). In the developing world, this problem is further compounded 

by a corresponding increase in urbanization (Lambin et al., 2003).  Recent developments in land use 

representation have pointed out the need for an improved understanding of the causes and complexities 

       

Figure 2.2: Global land-use change (1700-1990): This figure quantifies the decrease in 

global forested lands at the expense of agricultural lands, 1700-1990. In the developing world, 

this decrease is also accompanied by an increase in urbanization. Source: (Lambin et al., 2003) 

 

related with the concept of land use and land change. Simpler representations of two to three driving 

factors have now given way to more complex annotations; a larger number of drivers at varied spatio-

temporal scales are used to predict land use patterns for the future (Lambin et al., 2003).However,  
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sustainable land utilization can only be accomplished through future efforts concentrated on a 

combination of predictions for land use and ecological restoration through effective land management 

practices (Lambin et al., 2003). 

The methods employed for the land-use change component of the current research are well 

substantiated by the literature review as mentioned above.  Specific points of reference are mentioned in 

Table B-1, Appendix B. 

 

2.2 Studies in Water Quality 

2.2.1 The Hydrological Cycle 

Currently, an estimated seventy percent of the Earth’s surface is covered by water. Oceans, seas 

and bays account for ninety-six per cent of this aggregate water availability (The Hydrological Cycle-

USGS Pamphlet, 1984). While most of the water is saline or frozen making it unfit for human 

consumption (Vitousek et al., 1997), about 0.010 percent of the total surface water is accessible for direct 

use (Shikhlomanov, 1993). Globally, half of this amount available under fresh water resources has 

already been indiscriminately utilized (Vitousek et al., 1997). Table 3 shows an estimate of the global 

water distribution by Shikhlomanov (1993).  The overall volume of water on earth remains constant, it 

varies in distribution only because it is continuously in motion through the global hydrological cycle 

which is a major source of surface water for all living beings on earth (Bhardawaj, 2012). 
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Table 3: An estimate of global water distribution 

Source Of Water Water Volume (km3) Percent of Freshwater Percent of total water 

Ocean, seas & bays 1,338,000,000 --- 96.54 

Ice caps, glacier & snow 24,064,000 68.6 1.74 

Groundwater 

Fresh 

Saline 

Soil Moisture 

23,400,000 --- 1.69 

10,530,000 

12,870,000 

16,500 

30.1 

--- 

0.05 

0.76 

0.93 

0.001 

Ground ice & permafrost 300,000 0.86 0.022 

Lakes 

Fresh 

Saline 

Atmosphere 

176,400 --- 0.013 

91,000 

85,400 

12,900 

0.26 

--- 

0.04 

0.007 

0.007 

0.001 

Swamp water 11,470 0.03 0.0008 

Rivers 2,120 0.006 0.0002 

Biological water 1,120 0.003 0.0001 

Notes: This table gives an estimation of global distribution of water availability. Water for 

human consumption accounts for only 0.010 percent of the total surface water; combining it 

with ground water resources, only about one percent of total water is obtainable for human 

use. Rest of the water is ether saline or frozen, thus it is largely unutilized. Adapted from: 

(Shikhlomanov, 1993) 

 

 Section 1.2 of this document mentions the global hydrological cycle as an important factor for 

biogeochemical evolution of the earth (Elderfield et al., 1989).  The cycle consists of three major 

processes: evaporation, condensation and precipitation (Figure 2.3). Surface water evaporates due to the 

heat and transpiration from plants; it collects in the atmosphere as water vapour. This leads to lower 

atmospheric temperature and pressure causing the moisture to finally become visible as clouds. A further 

decrease in temperature causes condensation and resultant precipitation reaches the earth in different 

forms like hail, sleet, snow and rain. Part of this precipitation after reaching the surface as run-off 

commences the cycle again; another part percolates through the ground to be stored as groundwater 

resource (Hopkins, 1908).  
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Figure 2.3: The global hydrological cycle: This figure shows the process of the global 

hydrological cycle. Evaporation of surface water due to heat and evapo-transpiration turns it 

into water vapour when it reaches the atmosphere. Lower temperatures condense these vapours 

into clouds which then precipitate down in various forms. Part of this precipitation reaches the 

surface as run-off for the water cycle to begin again while the other part percolates down as 

underground water. Source: (Environment Canada, 2013b) 

 

Several studies (Dudgeon, 2000; Huntington, 2006; Legesse et al., 2003; Liu et al., 2010; Liu & 

Zheng, 2004; Loaiciga et al., 1996) have explored the role of the water cycle in maintaining the balance 

of the ecosystem both globally as well as regionally as a part of the final analyses; these analyses usually 

involve both quality and quantity measures and/or pattern metrics with other variables. The World 

Climate Research Programme [WCRP] is credited with initiation of such research; The International 

Satellite Cloud Climatology Project [ISCCP] (Schiffer & Rossow, 1983) and The Global Energy and 

Water Cycle Experiment or [GEWEX] (Chahine, 1992) are major examples of projects undertaken to 

understand and model the hydrological cycle for fulfilment of specific objectives. A detailed explanation 

about the projects is not possible within the restricted scope of this thesis; however, Figures B.1(a),(b) and 

B.2, Appendix B present a brief summary of the projects. 
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2.2.2 Conceptual framework for water quality 

Historically, water was always considered a natural entitlement for humans (Grimble & Gass, 

1996). It was utilized with scant regard for its quality over the past few decades. Various anthropogenic 

activities contributed to placing the surface waters under severe environmental stress even in remote areas 

of the world (Shinde et al., 2012; United Nations Environment Programme GEMS [UNEP-GEMS], 

2008a). In the late Nineteenth Century, first attempts were made towards understanding water quality 

aspects as a direct result of an advancing industrial revolution and human activity (Johnson, 2009).  

Today there has been a significant shift in the perception of water from just being a natural 

resource to its recognition as an economic commodity. This broad change in mind-set has led to 

predictions that water distribution conflicts will become commonplace both nationally and internationally 

(Grimble & Gass, 1996). Given the extent of current environmental issues, it is expected priority will be 

assigned to global water sufficiency and quality (Vitousek et al., 1997) by all nations in the future.  

However, recent global efforts also recognize the significant dangers of commodifying water and 

its indiscriminate use.  An important development in this regard was the formulation of United Nations 

Millennium Development Goals [MDGs] to tackle health and socio-economic impacts of global poverty 

under which goal 7c placed an emphasis on water quality (Classen, 2012; Haller et al., 2007; Hutton & 

Bartram, 2008; Jimenez & Perez-Foguet, 2008; Oki & Kanae, 2006; Onda et al., 2012; UNEP- GEMS, 

2008b). This goal clearly states the target for global access to safe drinking water:  

“To reduce by half, between 1990 and 2015, the proportion of population without sustainable 

access to safe drinking-water and basic sanitation” (Bain et al., 2012, p. 228). 

Yet scholars opine that under the current level of financial, economic and political commitments, targets 

like these might prove hard to achieve (Gleick, 2003a). Classen (2012) dismisses the United Nations 

claim of target 7c fulfilment as ‘premature’. In order to achieve the goals, it is imperative that more  
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comprehensive studies encompassing a wide range of natural and socio-economic factors are undertaken 

at the global level while forging a necessary interlink with improved water management at the regional 

level (Jackson et al., 2001).  

According to Halpern et al. (2008), a large scale management of water and its ecosystems would 

require synthesized spatial data on the distribution and intensity of anthropogenic activities. Vorosmarty 

et al. (2000) further emphasize the need for predictive studies, understanding future water vulnerabilities 

in the light of expected global population changes and impending economic development. The emerging 

concept of ecosystem services as related to the hydrological cycle for ensuring AEM seeks to provide an 

answer to this problem.  

Ecosystem service is a modern conceptualization of an old idea from the Plutonian era; the issue 

of maintaining environmental capacity to ensure sufficiency of resources for the continuously expanding 

human population has always been an important topic of research (Brauman et al., 2007). According to  

Fisher et al. (2009), there is a lack of a consistent definition for ecosystem services in the literature; a 

wider understanding of this concept was only made possible by the Millennium Ecosystem Assessment 

(MA) in 2005. In simple terms it is defined as “benefits people obtain from ecosystems” (Brauman et al., 

2007, p. 68). A more comprehensive definition has been provided by Fisher et al. (2009) where they state, 

“ecosystem services are the aspects of ecosystems utilized (actively or passively) to produce human well-

being; the key points are that the services must be ecological phenomena and they do not have to be 

directly utilized” (p. 645). 

Section 2.2.1 explains the importance of the hydrological cycle for various biogeochemical 

processes on earth. The concept of ecosystem services can be applied within the context of the global 

water cycle as hydrologic ecosystem services. These services deal with the benefits accruing to human 

populations due to terrestrial ecosystem effects on freshwater (Brauman et al., 2007). An important way  
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to classify terrestrial ecosystem effects is through relevant inter connections with land use and spatial 

pattern metrics (Fisher et al. 2009). The final analysis can then be used to form effective land 

management strategies under various attributes of water quantity, quality and location through adaptive 

environmental best management practices (Brauman et al., 2007; Fisher et al., 2009). AEM is a useful 

environmental tool for “learning by doing” (Williams & Brown, 2012, p.5); it helps in improving 

management practices through active and passive management policies (Nyberg, 1999). 

For the Cataraqui region project, the AEM concept was utilized to find out the presence, if any of 

land-use change and surface water interrelationships as a function of hydrologic ecosystem services 

within the Region. Furthermore, the analysis was used to determine the feasibility and necessity of an 

Adaptive environmental framework within the regional context (Figure 2.4).  
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Hydrological Cycle 

ADAPTIVE ENVIRONMENTAL MANAGEMENT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            

 

 

 

 

 

 

 

 

Figure 2.4: The Adaptive Environmental Management [AEM] concept for the Cataraqui 

Region project: This figure shows the concept of Ecosystem Services as applicable to the 

current project. The hydrological cycle works as an important source for various ecosystem 

services in any region; water quality and land use interlinks are explored under hydrologic 

ecosystem services. Based on the results from the analysis, AEM can then be implemented if 

so required. Adapted from: (i) Brauman et al. (2007); (ii) Nyberg (1999) 
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2.2.3 Water Quality studies 

Research by scholars like Shikhlomanov (1993) and Postel et al., (1996) have assessed global 

water use through regional analysis inclusive of various factors like socio-economic development, 

climatic conditions and physical characteristics of the region (Gleick, 2003b). Most of the traditional 

approaches to estimate water use rely on population projections and simple assumptions of water-use 

intensities. Presently, these methods have changed to incorporate demands for evaluating water 

availability in terms of the ‘need’ of water utilization and its future sustainability (Gleick, 2003b). 

 A major global water initiative is underway through joint efforts by World Health Organization 

[WHO] and United Nations Children’s Fund [UNICEF]  to ensure target fulfilment under Millennium 

Development Goal[MDG] 7c (see Section 2.2.2). Work on this began in the early 90s under the Joint 

Monitoring Program (JMP) and more recently, a Rapid Assessment of Drinking-Water Quality Project 

(RADWQ) in 2004-2005 expanded on the already existing programme (Bain et al., 2012). Under the 

RADWQ project, data on contamination was collected based on improved and unimproved sources of 

water (Table 4).  

Table 4: Rapid Assessment of Drinking Water-Quality Project: sources of drinking-water 

Source Class Type of Source 

Unimproved drinking-

water source 

Unprotected dug well; unprotected spring, cart with small 

tank or drum; surface water (example river, dam, lake, 

pond, stream, canal or irrigation channel) and bottled water 

Improved drinking-water 

source (piped to dwelling, 

plot or yard) 

 

Piped water connection located inside the user’s dwelling , 

plot or yard 

Improved drinking-water 

source (other sources) 

Public taps or standpipes; tube wells; boreholes; protected 

dug wells, protected springs and rainwater collection 

Notes: A classification of various drinking-water sources that was applied before collecting 

data for contaminated water sources under the RADWQ Project. Two major classes were 

designated: unimproved and improved drinking-water sources; a minor class under improved 

sources was also recognized. Examples of the different types of sources within each class are 

also provided. Adapted from: (Bain et al., 2012) 
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A restricted set of water quality parameters including coliform bacteria, fluoride, arsenic and 

nitrate compounds were recognized as potential risk factors. These parameters were tested and examined 

for five countries (Figure B.3, Appendix B) under water quality guidelines set by the World Health 

Organization guidelines to access the progress in the achievement of MDG 7c. A percentage of each type 

of water source that complied with the acceptable WHO guidelines in every country was collected based 

on the total percentage of population with access to these sources. The results from individual surveys and 

census were plotted over time series graphs with up to two years of extrapolation if required. Least Square 

Linear regression method was used to fit separate temporal trend lines for rural and urban areas; the MDG 

targets for four countries were then reassessed accounting for year 1990 as the baseline; Tajikistan’s 

earliest figures were available from 1995. Results showed a substantially reduced percentage of 

population with access to safe drinking water as per 2008 figures in each of the five nations. Microbial 

contamination was found to be the major reason for declining water quality while chemical contamination 

had a very limited effect. Bain et al. (2012) describe the results in detail; Figures B.4(a),(b) in Appendix B 

show an overview of the RADWQ project results. 

The RADWQ project was conducted on the assumption that all improved sources of water were 

indicators of safe water use. However, Onda et al., (2012) clearly state that this assumption might lead to 

an overestimation of the population that uses safe water, as some improved sources may still be 

contaminated both microbiologically and chemically by the time they reach homes. Therefore, a modified 

version of RADWQ research was carried out independently in 2010 wherein the water quality for ninety 

two percent (92%) of the global population was tested for fecal contamination and JMP targets were 

reassessed again based on the results (Onda et al., 2012). Using Principal Component Analysis [PCA] of 

selected national socio-economic covariates, empirical-statistical models predicted the proportions of 

fecally contaminated piped and other improved water sources. Linear extrapolation methods were used to 

estimate trends for two years of 1990 and 2010 with 2004-2005 figures as the base. The results indicate  
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that twenty-eight percent of the global population used unsafe water in 2010 which is considerably higher 

than the estimated eleven percent as per the earlier JMP calculations. An overall decline of ten percent 

over the JMP estimates was noted for 2010 global access to safe drinking water and the need for more 

informed decision making towards global water quality was recognized (Onda et al., 2012). Figure B.17, 

Appendix B contains the revised results and trend analysis for MDG target baselines under the different 

scenarios. 

 Attempts were also made to investigate water quality at the regional level. These studies usually 

incorporated temporal and spatial trends to query water quality parameters at various scales from smaller 

watersheds up to the larger national level. Singh et al. (2004) utilized four multivariate statistical 

techniques with Excel, SPSS and Unscrambler to interpret the water quality of Gomti river in Northern 

India from 1994-1998. A total of twenty four parameters at eight different sites were arranged in three 

relevant clusters. Figure B.5, Appendix B shows the Cluster Analysis [CA] results for sites with similar 

characteristics; these were further used to calculate spatial variations using Discriminant Analysis. 

Spearman coefficient method was used to check the correlation between variables; CA and PCA 

attributed water quality variations to natural soluble salts and organic anthropogenic pollution loads for all 

three cluster-sites (Singh et al., 2004).  

Shrestha & Kazama (2007) used the same techniques with Microsoft Excel and STATISTICA to 

assess water quality from 1995-2002 for the Fuji river basin, Japan. In this case, twelve parameters at 

thirteen different sites were placed under three clusters: relatively less polluted, medium polluted and 

highly polluted. The results from Factor Analysis [FA] indicated that parameters responsible for water 

quality variations were mainly related to organic pollution with different point and non-point sources for 

all three clusters. Additional variations were attributed to discharge and temperature for relatively less 

polluted areas and nutrients in highly polluted areas. Figure B.6, Appendix B presents the water quality 

parameters used in this research.  
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Another water quality research project was conducted in Northern Greece for three major river 

systems wherein twenty seven parameters were analysed using twenty five sampling sites (Simeonov et 

al., 2003) from 1997-2000. PCA and FA results indicated that the influences of point sources like 

municipal and industrial effluents were the major factors contributing towards water quality variability. 

Contributions of the various sources to water variability were also designated after PCA using an 

environmetric-source apportionment approach; this approach calculates the weighted source within the 

total sum of the contaminant using Multiple Regression. The results indicated that point and nonpoint 

sources were the main contributors towards organic and nutrient impacts. Figure B.7, Appendix B shows 

the results from the source apportionment approach. 

Akin to these efforts, a project was carried out in South Korea to study the spatial and temporal 

variations in water quality for the Han river and its tributaries between 1993 and 2002 (Chang, 2008). 

Both GIS and statistical analysis was used to examine eight parameters for 118 stations located on the 

river. GIS analysis included land-cover change calculation at multiple scales; full basin, 100 meters 

riparian buffer and near sample-site 500 meters circular buffer was used for most of the sites to estimate 

land- cover change for 1990 and 2000. Mean elevation and slope percentage were also calculated using 

ArcGIS 9.2 spatial analyst tool.  Temporal changes for all the parameters were represented using 

statistical techniques including seasonal Mann-Kendall Test, Moran’s I for spatial autocorrelation of 

water quality parameters with time and step wise multiple linear regressions with ordinary least square 

methods in SPSS 13. Final results showed no significant trends in temperature but Total Nitrogen [TN] 

concentrations increased for majority of the stations. The 100 meters buffer scale analysis was useful for 

understanding Biological Oxygen Demand [BOD] and TP [Total Phosphorous] variations while dissolved 

oxygen was better explained by whole basin analysis; non-point source pollution exhibited strong positive 

spatial autocorrelation. Figure B.8, Appendix B shows the temporal trends for TN and BOD levels at 

seven stations in two regions as per the study. 
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 Water quality studies are also carried out for fulfilment of specific interdisciplinary objectives. 

These studies are common all over the world and predominantly utilize statistical techniques to analyse 

the quality of water over vast spatial and temporal scales. A study conducted to measure changes in water 

quality for the Mississippi River during the last century (Turner & Rabalais, 1991) used statistical 

analysis while presenting future implications for coastal food sources; the data set was restricted to two of 

the four seasons in each year to ensure uniformity. Nitrates, silicates and total phosphorus for four major 

monitoring stations in the lower Mississippi basin were examined. Box plots and linear graphs were used 

to illustrate annual concentrations and seasonal trends for the selected parameters. Results indicated an 

increase in the nitrate concentration during the last thirty-five years while silicates showed a decline of 

fifty percent after 1950 with changing seasonal patterns. Phosphorus concentrations showed an upward 

trend after 1972. Overall, water quality changes were found to be mirroring the trajectory of increased 

nitrogen and phosphorus fertilizer use. Results also indicated that the change in the US policy on 

phosphorus use had greatly reduced but not completely ended eutrophication in freshwater. Figure B.9, 

Appendix B shows the relevant graphs for monthly average nitrate, silicate and TP concentrations at 

selected stations for this study. 

 One of the early examples of such studies is the bathing water quality and health study that was 

conducted by Environmental Health Centre in Cincinnati, Ohio (Stevenson, 1953). Three adjacent 

locations were selected to assess median bacterial coliform values. These measurements were further 

correlated using statistical ratios with disease and swimming data collected through questionnaires to 

examine overall health implications based on water quality in the swim zones. No significant correlation 

was observed between water quality at selected areas of study and number of disease incidences due to 

swimming; however overall illness incidence was higher in swimmers than non-swimmers (Figure B.10, 

Appendix B). 
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Largely, it is expected that surface water ecosystems will experience the consequences of an 

increasing human population on various spatial scales. Riverine lowlands are predicted to undergo the 

most degradation particularly in poor and developing countries. Developed nations on the other hand are 

expected to incorporate better management practices in their efforts to improve running water ecosystems 

(Malmqvist & Rundle, 2002). A case study on the Bay of Quinte Remedial Action Plan (Berquist, 

Campbell, Whitelaw & Millard, 2012) also identifies with this view. It points out the necessity of accurate 

long-term monitoring, tracking trends and stakeholder participation as major aspects to ensure continued 

restoration efforts in the region. Thus, improving the efficiency of water use is imperative to sustain water 

for future generations (Gleick, 2003a). 

Table B-2, Appendix B presents a brief summary of the literature review for water quality studies 

with specific emphasis on surface water in the context of their applicability to the present research. 

 

 

2.3 Review of studies exploring land-use change and water quality linkages 

The effect of land-use patterns on water quality are generally inconsistent (Griffith, 2001). This 

can be attributed to the fact that along with land use, a complex interplay of various factors like 

topography, socio-cultural influences and regional geomorphology tends to influence the overall water 

quality (Baker, 2005). However, importance of specific studies interlinking only land-use change and 

water quality cannot be denied (also see section 1.2). Past research has contributed to some understanding 

of interrelationship between land-use change and water quality (Section 1.2). Though water quality and 

land- use change assessment is carried out either in the entire catchment area or uniformly spread out 

buffer zones surrounding the corresponding land use; studies on entire catchment areas are better 

represented in literature (Baker, 2005). Significant results have been observed, however, using both the 

methods of evaluation.  
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Implications on water quality along a rural-urban gradient in Little Tennessee River Basin, South 

Carolina were examined by Wear et al. (1998). Land-cover change measured from Landsat MSS imagery 

(1975 and 1980) and statistical models were used to construct simulations for twelve distance scenarios 

including six each for public and private lands based on a hypothetical landscape. Results indicated that 

private lands were the most affected by their position along the gradient. Impacts on water quality were 

estimated to be inconsistent throughout the watershed; only two locations along the gradient were found 

to be in immediate need of sustained water quality management measures: the most remote part of the 

entire landscape and the outer envelope of urban expansion. Figure B.11, Appendix B provides a sample 

of simulated results from the analysis. Conversely, a similar project by Johnson, Richards, Host and 

Arthur (1997) had already identified both specific landscape patterns and entire catchment area to 

influence seasonal water chemistry variability. This study examined the Saginaw Bay Catchment Area on 

Lake Huron in Michigan to conduct several statistical analyses including Multiple Regression, 

Redundancy and box plots.  

Work on land use and water quality relationships is also known to use various statistical methods 

depending on the required outcome and data availability. A major study was carried out in Alafia and 

Hillsborough river watersheds, Tampa Bay, Florida to examine water quality with continued expansion 

towards urban land use (Khare, et al., 2012). This temporal study utilized ten water quality constituents 

along with stream flow, base flow and percentage base flow to relate water quality with concomitant land-

use changes between 1974 and 2007. Web-based Hydrograph Analysis, ArcHydro, non-parametric 

Seasonal Kendall Trend Analysis (water quality) and line graphs (land-use change) were employed to 

study the relationship between changing land use scenarios and water quality. Direct cause-effect 

relationships could not be identified in spite of drastic land-use change for Alafia watershed as opposed to 

the fairly stable land use observed in Hillsborough. Overall, more water quality issues were discovered in 

Alafia with a higher number of exceeded parameters. Also, TP and Dissolved Fluorides were found to 
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be higher in mining areas and Total Nitrogen occurred in greater concentrations relative to agricultural 

areas (also see Figure B.13, Appendix B).  

Previous research conducted in Upper Oconee Watershed of Georgia (Fisher et al., 2000) related 

four selected surface water quality parameters with the predominant agricultural land use types in 

corresponding parts of the watershed for 1995-1996. This research dealt with comparative impacts of 

agricultural land use and its change on water quality in the Upper Oconee with two other designated areas 

in the watershed. Concentrations of fecal coliform were found to increase in areas designated for cattle 

grazing. Even though the region was experiencing a slow change towards an urban oriented land use, 

conflicts with agricultural operations in the headwaters of Upper Oconee watershed were minimal due to 

geographic separation. It was also realized that effective management practices were required to minimize 

agricultural impacts both in the Upper Oconee and between Athens-Lake Oconee watersheds. Figure 

B.12, Appendix B shows most probable fecal bacteria concentrations within the three designated areas.  

Another study in the St. Louis metropolitan area of the US investigated long term impacts of 

changes in land use on three particulate pollutants of concern in the Mississippi River: Total Nitrogen, 

Total Phosphorus and Total Suspended Particles (Wang et al., 2005). A Long Term Hydrologic Impact 

Assessment Model or L-THIA with parameters of precipitation, soil and land use data was utilized to 

conduct the analysis. Simulated land use maps with a utility based reclassification for predictive trends 

from 2005-2030 were generated using Land Use Evolution and Impact assessment Model (LEAM) and 

ArcView. The results indicated a non-significant increase for mean annual Total Nitrogen concentrations 

under base, high and low economic growth. Run-off patterns also showed an unsteady increase within 

different growth scenarios. In totality, a slight but unsteady increase in particulate pollution was noted; 

however, varied temporal trends were observed with different types of predicted land use changes. Figure 

B.14, Appendix B shows some of the results from this study. The L-THIA model in collaboration with a 

LTM land-use change model was also utilized to study the effect of urban patterns on water quality in the  
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Muskegon River watershed (Tang et al.,2005). In this project, urban growth was found to be significantly 

correlated with water quality; sub watersheds along the cities were projected to experience higher run-off 

and nitrogen impact with spatial variation in urbanization patterns. 

 In Southern New Zealand, a related large-scale study focused on linking catchment modifications 

with forty five different types of water bodies (Galbraith & Burns, 2007). Multivariate analyses including 

PCA, Analysis of Variance [ANOVA] and Pearson’s Correlation was carried out using SPSS 10 to 

examine the interrelationship for data from 1999. ArcView was utilized for preparing land use maps with 

selected regrouped classes. General trends showed water quality to be significantly correlated with the 

type of water body and land use practices. Higher nitrogen concentrations were observed in the catchment 

areas of dairy farming regions but were lower in areas predominantly used for pastoral grazing. 

Phosphorus content was highest in the catchment regions that comprised of erodible hill pastures. Results 

are also presented in Appendix B, Figure B.15.  

Land use influence on water quality was also studied in Puerto Rico (Uriarte et al., 2011) as one 

of the objectives of a broader study with the main aim of understanding the influence of spatial scale and 

precipitation on water quality. A total of six water quality parameters and covariates for 105 stations 

between 1977 and 2000 were statistically analysed using mixed linear models. Water quality variables 

with less than a specified threshold value were used as half of the specified value to maintain uniformity. 

Land use maps were generated with reclassification of land use types using ArcGIS 9.2. Watersheds were 

delineated using the AGREE surface algorithm; a goodness of fit model defined the relationship between 

land-use change and water quality. Results indicated that water quality degradation was a consequence of 

increased urbanization and pasture development through changes in land-use. In contrast, agriculture and 

forest regrowth were observed to have mixed impacts on water quality depending on the spatial scale. 

Large watersheds recorded a higher concentration of dissolved oxygen as opposed to fecal matter and 

phosphorus concentration at the sub-watershed scale. Urban land cover steadily increased during the  
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study period ; it was found to be negatively correlated with dissolved oxygen concentration and positively 

correlated with TN. The highest TP levels were recorded in watersheds dominated by pastureland and 

agricultural activities (also see Figure B.16, Appendix B). 

A more recent observation regarding land use and water quality linkages is the presence of buffer 

zones as a barrier towards nutrient runoff and loading from agricultural areas adjacent to surrounding 

catchments. As mentioned by Muscat et al. (1993), there is reasonable success in reducing pollutant loads 

with riparian buffer zones. However, it has also been recognized that buffer-related effects require 

additional research to more effectively describe for water quality and land use linkages (Muscat et al., 

1993).  

 Land use change-water quality analysis for the present research was carried out with validated 

methods through past research as enumerated above with specific emphasis on surface water quality. 

Table B-3, Appendix B lists the points of reference and corresponding prior studies as discussed above. 

 

2.4 Land use and water quality studies in the Cataraqui Region 

Previous attempts to study land use and water quality within the Cataraqui region (also see 

section 1.4) as individual dimensions have been largely successful (Ayukawa et al., 2010; Bourhill et al., 

2007; CRCA, 2005; CRCA, 2008; CSPC, 2012a; Godfrey et al., 2008b; KFN, 2004). A broad overview 

of some past studies conducted within the region is provided below.  

Comprehensive research was undertaken by the CRCA for characterization of the various 

watersheds to evaluate source water in the Cataraqui Source Protection Area (CRCA, 2008). As a part of 

this project, surface water quality and land use were examined for the entire region along with several 

other parameters. The CSPA was examined by dividing it into five smaller study areas: Lake Ontario; 

Cataraqui River; Gananoque River; St. Lawrence and Tri Islands (CRCA, 2008, p. 77). Water quality was  
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measured through statistical analysis techniques including mean, median, percentile, box and whisker 

plots using Microsoft Excel for each PWQMN station. Trend Analysis using a seasonal Mann-Kendall 

Test was also conducted to determine statistically significant data. Some findings for surface water 

quality indicated higher water alkalinity and hardness in predominantly limestone bedrock areas; 

aluminum and iron concentrations were significantly high for these areas. TP concentrations were 

discovered to be consistently declining. Turbidity was negatively correlated with forest cover while 

copper levels were found to be extremely high in the Butler’s Creek Station. Chloride and sodium 

concentrations were also found to be increasing especially in areas with higher urban development. 

Overall results indicated higher agricultural land use within all five study areas. However, settlements 

were found to be increasing; Lake Ontario and St. Lawrence study areas experienced highest settlement 

concentration during the study period. On the whole, mining and forestry were not found to be a major 

component of land use; conversely, transport accounted as a significant component of the CSPA land use. 

A description of the results for the entire region is not possible within the scope of this research, but 

Figure B.17, Appendix B summarizes the methodology for water quality and land use component of the 

CRCA research. 

A previous study undertaken by the CRCA looked at Millhaven Creek water quality and land-use 

change as a part of formulating environmental flow guidelines for the Creek (CRCA, 2005). All 

parameters from a total of five past and present monitoring stations were analysed for selected statistical 

values like average, standard deviation and percentiles using MS Excel; they were further compared to 

recommended standards for final water quality results. An overall acceptable level of water chemistry 

based on set guidelines was indicated despite a higher risk of eutrophication due to elevated nutrient 

concentrations. In terms of drinking water, the amount of lead and aluminum were found to be above the 

recommended levels at the Lucas road monitoring station. Land use according to 1983 had already been 

characterized as predominantly agricultural with more than ninety–five percent land under various  
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agricultural and related uses. This land use map was expanded by a field mapping exercise in 2003 and 

2004 between Sydenham and Lake Ontario during low flow months of July and August. Results showed a 

significant change in land use due to increasing human interference; a higher number of total settlements; 

diversion in stream channels because of damming and construction of artificial concrete or limestone 

banks. Figures B.18 and B.19, Appendix B show a land use map and YSI trend line for water quality 

indicators from this study. 

A smaller scale project was taken up by the Ayukawa et al. (2010), Queen’s University wherein 

only water quality was assessed for the Frontenac Arch Biosphere region. Four indicators were examined 

under the chosen pattern matrix and Provincial Drinking Water Indicator exceedances were analysed for 

five selected sites. Associated metrics for water quality included nitrate, nitrite and benthic measurements. 

Trend analysis and graphical representation in MS Excel was used to formulate results. Overall, the 

surface water quality was found to be healthy and sustainable at four sites; only Brockville showed 

extensive E.Coli contamination. Figure B.20, Appendix B further explains this project. 

Another study conducted by the CRCA in collaboration with Godfrey et al.-Queen’s University 

(2008b) investigated selected inland lakes in terms of water quality and natural-cultural environment. A 

full review of the current inland lakes within the region; municipal practices; relevant theories and 

policies surrounding lakeshed management at different governmental levels was conducted. Based on 

present policies and performed analysis, recommendations were made regarding best practices for lake 

management; Desert Lake was chosen as an example to represent these practices in quantitative terms. A 

preliminary review indicated that lakes of the region exhibit good quality in terms of general ecosystem 

health, landscape and visual character in spite of noticeable regional variations. Land use planning around 

the lakes was also studied in terms of existing policy and its impact on water quality to “highlight the 

importance of taking an ecological approach to land use planning” (p. iii). The recommendation of 

developing a Cataraqui Region watershed report card for analysing overall watershed health has now been  
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implemented. Further, a Build-Out Analysis was carried out using GIS software for Desert Lake to depict 

potential future outcomes. This analysis involved creation of three potential Build-Out Scenarios (Figures 

B.21 (a),(b),(c), Appendix B) to analyse various projected impacts for the lake. Impervious surfaces were 

then estimated as an indicator of lake health. Results showed that only five percent of the area around the 

lake was impervious; it was expected to cross the protected threshold value calculated under the 

Maximum Build-Out Scenario. On the whole, impervious surfaces technique in conjunction with Build-

Out Analysis was found to be an acceptable tool for linking water shed quality and land use.  

Water quality and land use problems have also been addressed under applied studies for 

fulfilment of interdisciplinary objectives. A project was conducted by Bourhill et al.-Queen’s University 

(2007), under which Collins creek was examined for building a greenway system within the watershed. 

Land use within the watershed was investigated with existing policies to suggest ways and means for 

enhancing preservation of ecologically significant lands. The results identified provincially significant 

wetlands along Collins Creek as important areas for ecological preservation including the lands 

surrounding the Bayview bog. A GIS model created in ArcGIS 9.2 was used to designate core, secondary 

and peripheral areas for preservation. This model utilized buffer zones around four selected ecological 

features: evaluated wetlands, unevaluated wetlands, areas of natural and scientific interest and sensitive 

species locations. For  final analysis, real values based on the overlap of buffers and their importance via 

sources like CRCA recommendations were assigned to identify areas requiring preservation. Figure B.22, 

Appendix B shows the areas identified to be ecologically important as an output of the model.  

An earlier study for the west side of Little Cataraqui Creek Wetland by KFN (2004) had also 

examined the corresponding watershed in an identical manner; this was done as a part of a comprehensive 

project for documenting the ecosystem of the study area. Figure B.23, Appendix B shows a detailed map 

of the study area. An interesting feature of this research was multiple scales of focus for analysis shifting 

from small portions like a tributary to bigger scales including Lake Ontario; scale selection was based on  
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different considerations for each section. The final report was divided into three parts to present a 

comprehensive wetland-watershed analysis: geographical and historical background; biological inventory 

and planning considerations for land use. Analysis was undertaken with information from literature 

review, field survey (June-August 2004), aerial photograph interpretation and existing maps of the area. 

In addition, the need for designating appropriate buffer widths to predict safe zones for varied biota was 

recognized because of a potential road-construction within the Provincially Significant Wetland. This 

predictive analysis was useful in giving recommendations to establish safe zones for preservation of 

different varieties of flora and fauna within the wetland ecosystem; the size of the buffer was non-uniform 

for each group of biota studied due to their varying needs.  A general recommended buffer width of 30-

300 m for vertebrate species based on literature review was advocated for the region. Overall water 

quality at the mouth of the creek was found to be within acceptable limits in terms of through research 

conducted by Environment Canada and the Central Ontario Conservation Authority in 2003.  

 

2.5 The scope of the current study in the context of past regional research  

Thus, significant studies examining water quality and land use have been carried out within the 

region in the past decade; these studies have provided substantial points of reference for the current 

research as enumerated in Table B-4, Appendix B. However, it was noted that there is a paucity of 

regional studies tracking the linkages of land-use change with water quality over any historical time 

frame. Hence, the current research attempts to provides an exploratory base for land-use change and 

surface water quality at the watershed level within the region. The results for four selected watersheds 

from this research are expected to supplement the ongoing surface water management procedures under 

Cataraqui Source Protection Plan (also see section 1.3.3). Based on the results, it can be decided whether 

there is a further scope and feasibility of specialized research on interlinks between water quality and 

land-use change in the region within a broad framework of AEM practices. 
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Chapter 3 

Methodology and Techniques 

3.1 Introduction 

Assessment of land-use change and water quality interrelationship is a complex task incorporating 

a broad spectrum of region specific factors and indicators (also see section 2.3). In terms of land use, 

evolution of remote sensing and GIS technologies over the past three decades has greatly impacted 

various monitoring studies. Currently, remotely sensed data can be obtained from both ground based and 

atmospheric platforms at varied spatial scales making it a valuable source of land use information (Rogan 

& Chen, 2004). Yet, application of satellite data is still restricted for water quality monitoring due to 

spatial and spectral limitations in the sensors. Also, the spectral and thermal properties of surface waters 

remain unaffected by most chemicals and pathogens making it difficult to gather information exclusively 

through remote sensing techniques (Ritchie et al., 2003). However, the feasibility of using remotely 

sensed data for understanding landscape-water quality interrelationships in general cannot be 

underestimated (Griffith, 2002). Its applicability for recognition of future trends and patterns has also 

been recognized (Rogan & Chen, 2004). Thus, a significant portion of the research methodology for this 

study involves GIS and remote sensing techniques especially for land use data analysis.  

 

3.2 Data selection and acquisition 

3.2.1 Literature review 

The literature review was carried out using the Queen’s University Library web proxy server at 

http://library.Queen’su.ca/ (Youden, 2010) using Google Scholar and various academic databases (for 

example EBSCOHost, Scholars Portal, GeoBase and Environment Complete). The research incorporated 

different combinations of keywords including, “land use+ water quality+ land use-water quality 

interrelationships+ cataraqui region+ Environment Canada+ IGBP-IHDP LUCC+ ISCCP + USGS+ land  
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cover+ remote sensing +GIS+PWQMN+ water cycle+ environmental management+ ecosystem services”. 

The overall review was conducted through a two-phase approach (Figure 3.1). Preliminary or 

initial review stage included a detailed study of relevant research for formulating the current research 

question; a suitable time frame for the Cataraqui region project was also selected at this stage. This review 

was conducted between January and July 2012.The second or specific review stage was undertaken 

between March and December 2013. This stage included appraisal of corresponding global and regional 

research for land use and water quality. Previous reports prepared by the CRCA were reviewed to look at 

analysis results from parallel studies already conducted within the region. Data acquisition was also 

completed at this stage along with a further assessment of procedures and methodologies based on 

requirements specified by the CRCA.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Literature review for current research: The approach for literature review for 

the current research is presented in Figure 3.1. Initial review from January-July 2012 was 

conducted to decide the research question and time frame for the project. Specific reviews 

from March to December 2013 included selection of watersheds based on previous Cataraqui 

Region Conservation Authority [CRCA] report reviews and further methodology selection 

based on assessment of other relevant research projects. 
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Time frame and watershed selection 

Four watersheds falling within the purview of CSPA were selected for analysis. A detailed 

explanation on the selected watersheds was provided in Section 1.5. The selection criteria for the twenty 

year (1993-2012) time frame included the following considerations: 

 Literature review suggested a lack of research within a moderate time frame at local level, most 

of the research was identified as either historical or yearly ; 

 Availability of feasible water quality data with lesser data gaps  to ensure a decreased margin of 

error (also see Table C-4, Appendix C) after discussions with the CRCA; 

 Obtainable land use data. 

 

3.2.2 The data 

Water quality data 

Conservation authorities across Ontario like CRCA (2004, 2008) and Grand River Conservation 

Authority (2005) have made efforts to collect water quality data for specific studies. However, data for 

temporal studies can be more easily obtained from centralized agencies utilizing uniform methods of data 

assimilation over a considerable period of time. One such agency in Ontario providing reliable and 

comprehensive water quality data is PWQMN. Data collection under the network began in 1964 and 

currently, stream-water quality information is supplied for over four hundred locations across Ontario 

(Provincial Water Quality Monitoring Network [PWQMN], 2012).  This data is used for identifying water 

quality trends and source water protection through identification of land use impacts on water quality and 

watershed management. A combination of field, laboratory and specific methods for different parameters 

are utilized to collect this data; examples include Nephlometry for turbidity measurement; Potentiometry 

for pH values, conductivity and alkalinity; Colourimetry for TP and membrane filteration for Fecal  

Coliform data. Appendix C, table C-2 provides a detailed description of the different methods used to  
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collect the PWQMN data. Presently, PWQMN is working with thirty Conservation Authorities and other 

partner organizations across Ontario to gather water quality data for more than seventy parameters 

(PWQMN, 2012). Monthly Provincial water quality data, for over thirty-five selected parameters 

(Appendix C, table C-1) and their importance for water quality is available with the CRCA in Microsoft 

Excel format which was utilized for preliminary data analysis. The PWQMN guidelines for these 

parameters represent acceptable levels of contaminants for maintaining the general groundwater quality 

and safe aquatic life. Section 2.4 gives examples of other projects within the region that have utilized 

PWQMN datasets for related research. 

In addition, it is important to note that the terms ‘variables’ and ‘parameters’ for water quality 

concentrations have been used interchangeably (Shrestha and Kazma, 2007; Singh et al., 2004) in 

research . The PWQMN uses the term ‘parameter’ in the guideline chart (Appendix C, table C-1); the 

current document also uses this term for specific indicator concentrations. 

 

Data for land use  

Different research projects have applied various sources of data for land use and change detection 

analysis (Holland et al., 2004; Liu & Tian, 2010; Muttitanon & Tripathi, 2004; Tin-Seong, 1995; Treitz, 

et al., 1992). Currently, advances in remote sensing have led to satellite data being accepted as the most 

reliable source for land analysis (also see section 3.1). There is a general consensus that medium 

resolution imagery has optimal utility for a wide variety of applications varying from land area between 

10s to 100s of metres (Franklin & Wulder, 2002). The present research utilized medium resolution 

Landsat-5 TM and 2012 Landsat-7 Enhanced TM image for preparing land use maps. All data were 

obtained through bulk order from the USGS website at http://landsat.usgs.gov/Landsat_Search.php. 

For ensuring consistency and error minimization, a yearly day image from June or July (also see 

Table 10) with less than ten per cent cloud cover was incorporated. All images were captured on WRS-2  
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flight paths 16 and row 29 through the satellite sensor. Selecting consistent imagery ensured that a 

complex data integration procedure was rendered unnecessary. A Scan Line Corrector Failure in 2003 

resulted in Landsat-7 data gaps (USGS, 2012b). As a result, spatial enhancement was performed to fill 

missing data gaps for Buells and Butlers Creek (see section 3.3.2). There were no identifiable data gaps 

for Collins, Millhaven and Little Cataraqui Creeks in the image. 

 

3.3 Preliminary Data Analysis 

An important aspect for data analysis is becoming familiar with the data and getting a basic 

overview for further analysis. Both land use and water quality data were examined through initial analysis 

techniques for further interpretation (also see Appendix B.4 for sample techniques from literature review). 

 

3.3.1 Exploratory water quality data analysis 

Specific objectives for a water quality analysis under a monitoring program are too complex to be 

defined; it may address issues like trend detection and spatial changes in water quality (Harmancioglu & 

Alpaslan, 1992). Typically, statistical techniques have been a preferred method of water quality analysis 

in several studies (also see Chapter 2) because collected data are generally characterized by uncertainties 

which may be either random or systematic (Pengra & Dillman, 2009). Random uncertainty stems from 

process variation; examples include unexpected changes in hydrological cycle and seasonal fluctuations. 

Systematic uncertainty on the other hand is usually apparent due to variations in sampling procedure and 

data collection either through human error or improper utilization of field instruments. As a result of these 

uncertainties, the data may be characterized by some errors like extreme values or outliers and data below 

detection limits (Pengra & Dillman, 2009). Hence, an initial data analysis for water quality helps in 

determining the extent of these problems for the entire data set.  

An exploratory water quality analysis for the present project was conducted using SPSS 21.0  
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where time plots of various parameters were prepared using least squares method for the selected creeks. 

The corresponding equation for the linear time graphs is denoted by (Rajagopalan& Sattanathan, 2009): 

y= mx+b        where m=slope and b= intercept.  

Graphical representation of data was subject to the following assumptions: 

 A common unit of either milligram or microgram (1mg=1000mcg) was used for data 

representation ; 

 The time frame of data collection between two values was assumed to be exactly one month; 

 Outliers with a difference of three orders of magnitude from the lower and upper thresholds were 

not included in the final plot and were considered as missing values; 

 Average values of data collected multiple times a day were considered; 

 The values depicting a negative-positive margin of error (LIMS_QUALIFICATION) were added 

to the final measured value for data adjustment ; 

 Values with trace amount or no measurable response were replaced by fifty per cent of the 

corresponding threshold values (Uriarte et al., 2011). Specific thresholds for each indicator were 

denoted by the upper limit safe concentration values as per provincial or aesthetic guidelines. 

Trend lines were added to the graphs for clearer depiction of the results. ‘Trend’ refers to a series of 

observations pertaining to a random variable over time. A trend analysis is essential to determine the 

change in the probability of distribution over time (Helsel & Hirsch, 2002). Available data was fitted to a 

cubic trend line for best analysis. Statistically, it is represented by (IBM Corp., 2013): 

y= b0+ (b1*t) + (b2*2t) + (b3*3t)         where t=time and b= intercept.  

A list of eight suitable parameters was decided based on the results from the exploratory trend 

analysis, literature review and suggestions by the CRCA; parameters with significant visible change at the  
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respective monitoring stations were selected for further analysis. Table C-4, Appendix C depicts the 

overall temporal data availability at all stations for ten indicators examined in the first screening before 

exploratory analysis. It may be pointed out that in spite of much importance attached to both TP and TN 

as significant water quality parameters apparent through the literature review, only TP was included for 

analysis because the change in TN values was extremely insignificant to warrant an inclusion. Turbidity, 

vanadium and copper indices were also not selected because of static data values over the selected time 

frame at most of the stations.  

Further, a ‘value analysis’ which statistically summarized the total number of missing, threshold 

and exceedance incidences in the selected dataset was undertaken. The last step for the preliminary water 

quality study dealt with an elaborate seasonal analysis to get information on the extent of seasonal 

variation in the eight selected parameters. Winter data were not included in the overall analysis as 

suggested by the CRCA to ensure normal data distribution. Table 5 shows seasonal groupings used to 

class various seasons based on a similar water quality study at Bosworth Creek-NWT, Canada (Collins, et 

al., 2011).  A slight variation in the seasons was applied keeping in mind the provincial difference in 

weather and climatic conditions. Seasonal trends, missing, threshold and exceedance values were all 

analysed and represented through appropriate charts, tables and maps. The results of preliminary water 

quality analysis are enumerated in section 4.2.1, Chapter 4. 

Table 5: Months of seasonal groupings 

 

Season Months included 

Spring (Sp) March-May 

Summer(Su) June-August 

Autumn/Fall (A/F) September-October 

Notes: Table 9 examines the months of seasonal groupings for the analysis of seasonal trends 

in water quality data. These groupings are based on a similar study carried out for Bosworth 

Creek, Northwest Territories under Department of Natural Resources, Government of Canada 

(Collins et al., 2011). 
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3.3.2 Processing of land use data  

According to Franklin and Wulder (2002), there are eight major tasks required to complete a full 

land cover multiple image classification in any large area (also see Fig C.1, Appendix C). After 

acquisition of imagery, these methods were adapted for the present research with some modifications.   

 

(a) Image Geoprocessing 

Geometric preparation of the image data after acquisition is identified as an important step to 

prepare the image for further analysis.  This procedure involves relating the image coordinate system with 

actual earth coordinates through a map projection (Franklin & Wulder, 2002). All Landsat imagery for the 

study area contained WGS 1984 Geographic Coordinate System with a projection of UTM Zone 18 

North. The images were processed with a standard terrain correction level 1T as indicated in the metadata 

information (USGS, 2012c). 

ArcGIS 10.1 was used to create a shape file for the area of study. The shape file was imported in 

ERDAS IMAGINE 2013 and used to clip the satellite image to the actual study area. ArcGIS was also 

used to represent and map the results obtained after analysis. 

 

(b) Spectral, Spatial and Radiometric Enhancements 

Image enhancement is the basic step for removal of blurring in the processing of any kind of signals 

(Osher &Rudin, 1990). It is a necessary step for clearer interpretability of an image in any application and 

helps in extracting the required information easily (Faust, 1989). Spectral, Spatial and Radiometric 

enhancements were performed on all the Landsat scenes for better image interpretation. 

Spectral enhancement transforms the pixel values of the image on a multiband basis (ERDAS 

Field Guide [EFG], 2010, p.405). Since the goal of present land use analysis was to prepare generalised 

maps for selected watersheds, all Landsat TM bands from 1 to 7 (Table C-3, Appendix C) were used to  
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generate maps through the layerstack functionality in ERDAS. The Landsat image from 2012 was 

processed with better gain layer 6 data and layer 8 panchromatic data was ignored while stacking the 

various layers to ensure consistent procedure for all imagery. 

Spatial correction process uses neighbouring pixel values to produce an enhanced image. It deals 

with spatial frequency or the number of changes in pixel brightness values per unit distance in any part of 

the image (EFG, 2010, p.423). This procedure was performed using the convolution toolset in ERDAS 

that incorporates a matrix to average small sets of pixels in the image. Image sharpness and photographic 

enhancements were applied as a part of convolution technique. Data gaps for Buells and Butlers Creek 

were also rectified using the inbuilt Focal Analysis spatial enhancement procedure for modifying the class 

values in an image file (EFG, 2010, p.407). Since this method is applicable only for aesthetic 

modification of an image (USGS, 2012a), a manual verification procedure was undertaken to further 

rectify the modified imagery and get better statistical results. 

Radiometric enhancement uses the values of individual pixels within each band to create an 

improved image (EFG, 2010, p.407). Automated atmospheric correction for haze reduction was applied to 

all the Landsat 5 images for better interpretation accuracy during classification. 

 

(c) Selection of suitable legend and land use classification approach 

The selection of land use classification legend is another important step in a classification 

process. Different classification schemes have been developed over the years to suit various research 

objectives; Section C.1, Appendix C gives an overview of selected classification schemes. Franklin and 

Wulder (2002) state that previously developed satellite remote sensing classification schemes are the best 

source of information for any new classification exercise. Hence, land use classes for the current research 

were selected after an extensive literature review examining the previously utilized schemes of 

classification. Previous land use maps provided by the CRCA were also an important reference point for 

deciding the six land use classes. Since this research mainly focuses on the land use water quality  
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interrelationship within the region, emphasis was placed on broader land use classes rather than a detailed 

hierarchical classification.  Table 6 notes the selected land use classes for the present research. Roads and 

streams were overlaid using separate GIS data. 

 

Table 6: Land use classes for current research 

Notes: Table 10 lists the classes utilized for the land use component of the current research. 

Examples of corresponding research and classification schemes utilizing same land use classes 

have also been provided from the literature review. Separate GIS data was used and modified 

to denote the roads. 

 

(d) Past and present land use maps based on selected classification decision-rule 

Typical updating processes on land use and land cover are generally significant on an interval 

scale of five years (Rogan & Chen, 2004). Thus, classification for the current study was completed using 

the geo processed Landsat imagery to build past and present land use maps for 1993-2012 with a five year 

difference beginning with 1993 as the base year.  

According to Abdeini, MdSaid and Ahmad (2012) classification of satellite imagery to prepare 

land use maps is a complex process and deals with “merging different spectral clusters rationally to form  

Land use classes Examples of  schemes and research utilizing same categories 

Water ASC, 1976; EMAN, 2001; CRCA, 2005, 2008; CLUMP, 2012; various 

Wetlands CRCA, 2005, 2008 

Forest/Trees Anderson Scheme of classification [ASC], 1976; EMAN Report 

Summary, 2001; Belgian Ardennes Study, Petit & Lambin, 2002; 

Colombia forest conv,  Etter et al., 2006;  CRCA, 2005, 2008; CanSIS-

Government of Canada, 2013 

Agriculture/cropland/grass Land cover along urban-rural gradient, Tennesse River,Wear et al., 

1988; CRCA, 2005, 2008; CLUMP, 2012; Geogratis data, Natural 

Resources Canada, 2013 

Industrial/settlements and other buildings 

(also referred to as ‘Settlements’) 

Muller & Middleton, 1994; Weng, 2002; Wu et al., 2006; CRCA, 2005, 

2008; Godfrey et al.-SURP, 2008 ; CLUMP, 2012; Geogratis data, 

Natural resources Canada,2013; Wilson & Weng , 2010; CanSIS- 2011 

Other (including rocks and bare land) CRCA Maps and various 
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meaningful information classes” (p.810). Image pixels are arranged in definite classes based on their data 

file values after applying a certain set of criteria. If the criteria are satisfied for the pixel, it is assigned to 

the corresponding land use class. Land use maps for the present research were generated using supervised 

maximum likelihood classification procedure in ERDAS Imagine 2013. Previous studies (Abou El-Magd, 

Islam & Tanton, 2003; Fuller, Groom & Jones, 1994; IGBP-IHDP LUCC Project (1995-2005); Shrestha 

& Zinck, 2001) have used this technique through varied levels of complexities with considerable success. 

A comprehensive description of the supervised maximum likelihood classification procedure is provided 

in the following paragraphs. 

Supervised training as opposed to unsupervised training is characterised by higher analyst control. 

Pixels for a particular pattern are selected based on a pre-chosen classification scheme or classes as per 

the analyst’s discretion. Knowledge of data and desired classes is an important pre-requisite before 

performing the procedure. Thus, this technique is generally preferred if prior information about the study 

area is readily available in the form of ground-truthing, maps and similar datasets (EFG, 2010).  Further, 

based on the selected samples or clusters a signature set is defined; this helps the computer system in 

identification of pixels with similar characteristics to complete the classification process. Lastly, 

classification of data is implemented using a decision rule or a defined statistical algorithm with the help 

of generated signatures to get the final land use map (EFG, 2010).  

A simple maximum likelihood classification decision rule was applied to prepare land use maps 

for the current project. This decision rule begins with the probability that a pixel belongs to a particular 

class. Since this rule in its basic form assumes that probabilities are equal for all classes and all input 

bands have normal distributions, the default Bayesian value of 1.0 was kept as indicative weight for all 

classes. It is represented by the following equation (EFG, 2010): 
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D= In(ac)-[0.5 In(|Covc|)]-[0.5(X-Mc)T (Covc-1) (X-Mc)]    

where  

D= weighted distance (likelihood);  

c= a particular class;  

 X= the measurement vector of the candidate pixel;  

            Mc=the mean vector of sample class c;  

           ac= default bayesian probability of 1 indicating that candidate pixel is a member of class c;  

          Covc= Covariance Matrix of pixels in class c;  

         |Covc|= determinant of Covc;  

Covc
-1= inverse of Covc;  

In= natural logarithm function;  

T= transposition function 

 

Additionally, the Cataraqui Research project also utilized prior CRCA land use maps, aerial 

photography for selected years and CRCA land use reports as sources of ground-truthing for final map 

preparation. Non-parametric signatures based on manually drawn Area of Interests were used to define 

sample datasets for each class within the designated area of the image. These signatures were iterative in 

nature as they were merged, deleted and recreated several times before a final signature set was obtained. 

For data validation and accuracy assessment of the final maps, manual rectification and correction based 

on visual interpretation was carried out as an additional step for better classification results. 

Figure 3.2 summarizes the second stage of project methodology by enumerating all the methods 

and techniques in the form of a flowchart. These methods and techniques provided the foundation for the 

final analysis stage. The results for preliminary land use data analysis are enumerated in section 4.3.1, 

Chapter 4. 
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Figure 3.2: Preliminary data analysis: methods and techniques: The approach for the 

initial analysis of land use and water quality data is shown in Figure 3.2. Initial water quality 

analysis involved constructing simple linear time plots with cubic trend lines for various 

parameters to ascertain the extent of uncertainties in the data. Uniformity in data values was 

ensured by conversion of all milligram values to microgram values and seasonal analysis along 

with a value analysis for missing and exceeded data was undertaken for better interpretation. 

Land use data was checked for the right coordinate system and literature review was used to 

decide specific land use classes for the current research.  Maximum likelihood supervised 

classification technique and manual rectification for map accuracy assessment was conducted 

to prepare past and present land use maps. For easier image interpretation, spectral, spatial and 

radiometric image enhancement procedures were also used to prepare land use maps. 
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3.4 Final quantitative data analysis  

3.4.1 Water quality data   

The feasibility and applicability of statistical techniques for water quality analysis has been 

discussed in Chapter 2 of the current document. Hirsh and Slack (1984) state that non parametric tests are 

useful especially for the hydrological data set when skewed or non-normal, characterized by several 

missing values and censored with “lesser than” or “greater than” values (p.728). In the context of the 

current research, preliminary data exploration comprised of an analysis of trend for selected water quality 

variables (section 3.3.1). All PWQMN sites were examined individually rather than in groups because of 

the restricted number of the total sites. After initial trend investigations, several inconsistencies in the 

form of missing data values and moderate-high seasonal trends were apparent (see section 4.1). As 

previously stated, for data with minimum value below the detection limit, fifty per cent of the threshold 

value was used; censored data incidences were not found to be significant enough to affect the final 

analysis results. Analysing seasonal trends and filling in the missing data values ensured a more reliable 

data set for further analysis. 

 

(a) Data gaps 

Seasonally arranged five-year data were used for bridging the data gaps; this ensured that 

estimated values followed the minor to medium seasonal data trend detected during preliminary analysis.  

Binomial Data Expansion method was applied for filling in the missing data values (Jain et al. 2012).  

The first step in this method involves appropriating the leading difference of the total number of known 

values to zero. It is represented by the formula: 

    ∆0
𝑛

 = (y-1) n =0  

where n= the total number of known values and y is the value of the dependent variable.  
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Binomial expansion is calculated by the following equations: 

 ∆0
𝑛

= (y-1) n 

 = +𝑦𝑛 − 𝑛𝑦𝑛−1 +
𝑛(𝑛−1)

1×2
𝑦𝑛−2 −

𝑛(𝑛−1)(𝑛−2)

1×2×3
𝑦𝑛−3 … . = 0  …......... (i)   

 

For calculating two missing values, the subscript of each term in equation 1 is increased by one: 

 

 =∆1
𝑛 

 = +𝑦(𝑛)+1 − 𝑛𝑦(𝑛−1)+1 +
𝑛(𝑛−1)

1×2
𝑦(𝑛−2)+1 −

𝑛(𝑛−1)(𝑛−2)

1×2×3
𝑦(𝑛−3)+1 … . = 0…... (ii) 

 

Equations (i) and (ii) are then solved to derive the missing values (Jain et al. 2012). 

 

(b) Seasonal data trend 

The data were assumed to be unaffected by any other factors except the season which includes 

temperature, rainfall and river flow values.  After filling in the seasonal missing values, an overall trend 

analysis for the present time frame was conducted. Trend analysis graphs and time plots were created for 

the year 2008-2012 using SPSS 21.0. A generated code was used to quantify the date values in the graphs 

for easier analysis.  

 

(c) Overall quantitative analysis 

A final quantitative analysis involved use of non-parametric descriptive statistics and pooling 

together of data to explore the changes in water quality. This technique has been utilized by the CRCA for 

other projects as well (CRCA, 2005, 2008). Previous research in the region has also identified that 

pooling together of five years of data is useful because of small yearly sample size of PWQMN data.  It 

minimizes the influence of unusual conditions like water flow and spills during final statistical analysis 

because it assumes that the samples have been taken from the same population with minimal watershed  

 



 

Land-Use Change and Surface Water Quality in the Cataraqui Region                                                                               66 

 

change over the five-year period. The seasonal analysis helped to identify particular trends within the 

seasons and compared the seasonal results across the seven monitoring stations after accounting for all 

missing values. 

 Descriptive statistics used to arrive at final results included median, other quartile values, 

maximum value and minimum value. Water quality data usually exhibits a non-symmetrical or non-

normal skewed distribution because of run-off events and water discharges. Median value is a better 

indicator of analysis for skewed data because the sum of absolute error of judgement from the median 

value is minimum while mean values are influenced by extremities in the data set (Sharma, 2007). 

Median is the middle value of the data when arranged in a sequential order and is represented for even 

number of observations by: 

 

𝑛

2
𝑡ℎ 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 +(

𝑛+1

2
)𝑡ℎ 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛

2
 …… (vii)       where n= total number of observations 

Maximum and Minimum values denote the highest and the lowest values in the dataset. Quartiles are the 

values that divide a sequentially arranged data set into four equal quarters. Median value is also denoted 

by second order Quartile (Q2) because it divides the entire data set into two equal halves. The first-order 

quartile (Q1) denotes twenty-five per cent data points below the Q1 value and the third order quartile 

(Q3) denotes seventy-five per cent of data points below the Q3 value. They are represented by: 

(Q1) = 
𝑛

4
 …… (viii)  and 

 

(Q3) = 3 
𝑛

4
 …… (ix)     where n= total number of observations  (Sharma, 2007). 

 

Guideline comparison was undertaken through visual interpretation methods in MS Excel including box 

plots, scatter plots, line and bar graphs and formulation of tables.  Sections 4.2.2 and 4.2.3, Chapter 4 

discuss these results in detail. 
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3.4.2 Land use data   

Land-use change analysis was carried out through statistical calculations in MS Excel. Previous 

land use maps prepared for the CRCA have effectively used statistical techniques to compute change 

detection based on pixel values for all classes (also see Appendix B, Table B-4). The generated land use 

maps included the number of pixels classified in a particular class. Since medium resolution Landsat 

imagery is based on 30 m pixel resolution, the total area under each class was easily quantified for all 

maps (Section 3.3.2).  Based on this classification, total hectare area under each class was calculated at 

five-year intervals. Percentage of total area for each class within the respective creeks was also calculated. 

Final results were enumerated in the form of graphs and tables for easier assessment and comparison over 

the twenty year time frame. Section 4.3.2, Chapter 4 discusses the land use results in detail. 

 

3.4.3 Relationship between land-use change and water quality 

Previous studies have utilized a range of techniques from specialized models (Wang et al, 2005; 

Wear et al., 1998) and statistical analysis (Galbraith &Burns, 2007; Khare et al., 2012) to a combination 

of models and statistics (Fisher et al., 2000; Uriarte et al., 2011) for gauging the relationship between land 

use and water quality at different spatial scales. Based on the literature review (also see Section 2.3), 

hydrological GIS modelling procedure was considered to be the most effective procedure to depict the 

land-use and water quality interrelationship. However individual results for water quality and land use did 

not yield statistically significant results in terms of changes in both water quality and land use. The non-

significant results rendered the modelling procedure unnecessary. Section 4.4, Chapter 4 discusses the 

inter relationship between land-use and water quality characteristic in detail. Suggestions for further 

research have been incorporated in chapter five of the present document. 
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Figure 3.3 below represents the methodology and techniques for final quantitative analysis in the 

form of a flowchart. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Final data analysis: methods and techniques: Figure 3.3 presents the methods 

and techniques utilised for the final analysis. For water quality, filling of data gaps and 

seasonal trend representation was followed by an overall quantitative analysis to represent 

temporal change. Graphs, tables and box-plots in MS Excel were used for depiction of water 

quality change over 20 years. For land use, the past and present maps prepared in the 

preliminary stage were analysed for change through statistical analysis; the change was 

illustrated through bar graphs, line graphs and tables. Hydrological modelling to explore the 

interrelationship between water quality and land use was rendered unnecessary due to 

statistical non-significant results for land use and water quality as individual indices. Based on 

the obtained results, future implications and suggestions incorporating AEM were enumerated 

as a final step for this project 
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Chapter 4 

Results and Analysis 

4.1 Introduction 

Data analysis was carried out to fulfil the objectives set out in Chapter One. The methodology and 

techniques used to achieve these objectives have been explained in Chapter 3. The overall aim was to 

detect and identify interrelationships, if any, between water quality and land use characteristics within 

selected watersheds of the Cataraqui Region. 

 

4.2 Water quality data analysis results 

4.2.1 Primary analysis of water quality data 

 The main purpose of conducting a preliminary/initial/primary analysis was threefold: 

 data compilation and selection for further analysis; 

 identifying missing data values; 

 general clean-up and data correction. 

An initial analysis of all available data was conducted for both water quality and land use (section 4.3.1) 

characteristics (also see Section 3.3 for explanation on preliminary data analysis techniques). 

Primary water quality data analysis looked for overall trends, missing values and exceedance 

incidence in available data. Seasonal data trends were also analysed. As mentioned in section 3.2.2 The 

PWQMN objectives used for analysing the trends have been compiled in Table C-1, Appendix C. Section 

1.5, chapter 1 and Table 14  below indicate station and creek numbers for easier identification of trends. 

Trend Analysis: A total of fifty-six graphs (8 indicators * 7 stations) were made using SPSS 21.0 

to depict overall preliminary trends. Simple scatter plots in MS Excel can only be plotted with the date  
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value as a string variable. Therefore, as an additional step for better analysis, coding functionality in SPSS 

was used for changing the dates to numeric variables before plotting the graphs. The data-set mostly 

followed a linear-cubic trend pattern. As such cubic trends representing two changes in the direction of 

the trend (Field, 2009) were better suited for the current data set rather than a fully linear or quadratic 

trend. Water alkalinity, hardness and phosphorus concentrations remained consistently high for all 

stations in comparison with the acceptable PWQMN standards. However, most trend values were 

statistically non-significant with a recorded cubic trend (R2) of below 0.5 at all stations. Overall, metallic 

indicators showed minor to medium trends at some stations. Stn.06018300202, Collins Creek recorded 

the least trends for the selected parameters with only vanadium (0.35) showing minor trends. Millhaven 

Creek, stn.06018000502 depicted some of the highest trends for metallic indicators. At this station some 

major preliminary trend values included manganese (0.6), iron (0.53), aluminum (0.48) and vanadium 

(0.44). Significant initial trends at this station can be attributed to the existence of a sewage treatment 

plant within close proximity of the monitoring site till recently. Stn. 06018000402 located upstream at 

Odessa did not record any significant trends; highest parametric values included vanadium (0.38), 

aluminum (0.13) and chloride (0. 13).  

Minor trends were indicated at all Little Cataraqui Creek PWQMN locations. Vanadium 

concentration was again calculated to be the most statistically significant in comparison with the other 

selected indicators; R2 ranged between 0.2-0.4 at all stations. Aluminum (0.1) at stn.12000200802 and 

chloride (0.2 and 0.15 respectively) at stn.12000200402 and stn.12000200502 also showed slight trends. 

Similar trend in vanadium (0.36) concentration was also indicated at stn.12003400102.  

Indicator-wise, recorded vanadium concentrations were the most normally distributed among the 

eight analysed indicators. Initial results also depicted highest statistically significant concentration levels   

for Vanadium at all stations. Aluminum, manganese, iron and chloride indicated very-low to low trends 

for the study period at different locations. Figure 4.1 below shows a sample trend graph prepared for  
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preliminary water quality analysis using ‘scatter plots’ functionality in SPSS 21.0.  

 

Figure 4.1: Preliminary Chloride concentration trend at Princess Street Station 12000200402, 

Little Cataraqui Creek: The graph-image above depicts the chloride concentration at Little Cataraqui 

Creek stn. 12000200402 as represented after preliminary water quality data analysis. A total of fifty-

six graphs were prepared for eight indicators at the selected monitoring stations depicting initial linear-

cubic trends. Vanadium concentration was calculated to be the most statistically significant and 

normally distributed out of the eight selected indicators. 

 

Overall, thirty percent of the values were classed as ‘missing’ (Table 7). Indicator wise, the 

highest number of missing values were calculated for manganese (45%) and aluminum (39.5%). Station-

wise, highest value discrepancies were observed at stn.12000200502, Little Cataraqui Creek [LCC] with 

38% values classified as ‘missing’. Overall, Millhaven Creek indicated 32.5% values as ‘not available’ 

which was slightly more than LCC at 32.16% (also see Table14). Figure D.1, appendix D presents a 

combination of pie-charts with missing values for selected indicators at each station. 
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Table 7: Indicator-wise missing value analysis 

 

Indicator  Total Missing Total available Available (%) Missing (%) 

Alkalinity 192 928 82.86 17.14 

Hardness 353 767 68.48 31.52 

Phosphorus 207 913 81.52 18.48 

Iron 373 747 66.70 33.30 

Aluminum 442 678 60.54 39.46 

Manganese 504 616 55.00 45.00 

Vanadium 422 698 62.32 37.68 

Chloride 194 926 83.04 16.96 

Total 2493 6277 70.06 29.94 

Notes: Table 7 shows the results of the indicator-wise missing value analysis as calculated 

using MS Excel functionality. Manganese and Aluminum account for the highest number of 

missing values with 45% and 39.45% values respectively classed as not available or ‘missing’. 

 

Further, the dataset showed a significant exceedance percentage (Table 8). ‘Exceedance’ refers to 

the recorded values over the guideline limit. Water alkalinity, hardness (97.39%), manganese and chloride 

(32%) were measured based on aesthetic values.   

Table 8: Indicator-wise exceedance incidence 

 
Indicator  Total Exceeded Total available Available (%) Exceeded (%) 

Alkalinity 878 928 82.86 94.61 

Hardness 747 767 68.48 97.39 

Phosphorus 673 913 81.52 73.71 

Iron 195 747 66.70 26.10 

Aluminum 189 678 60.54 27.88 

Manganese 197 616 55.00 31.98 

Vanadium 2 698 62.32 0.29 

Chloride 679 926 83.04 73.01 

Total 3560 6277 70.06 56.71 

Notes: Table 8 enumerates the results of the indicator-wise exceedance incidence (values 

exceeding the PWQMN guideline). Water hardness (97.39%) showed the highest number of 

exceeded cases when results from all stations were combined. Among metals, manganese 

(32%) recorded the maximum exceedance incidence. 
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Station-wise, the highest exceedance rate was calculated at LCC, stn.12000200502 with 71.23% values 

exceeding recommended guidelines. Overall, Collins Creek indicated a 62% exceedance rate which was 

slightly more than LCC at 61.61% (also see Table 10). 

 The number of calculated threshold values out of the total available values was not statistically 

significant. Vanadium concentration was characterised by the most converted threshold values while 

water alkalinity, hardness and chloride had the least threshold incidence (Table 9). 

Table 9: Indicator-wise threshold value incidence 

 

Indicator  Threshold Val Total available Available (%) Threshold (%) 

Alkalinity 0 928 82.86 0.00 

Hardness 0 767 68.48 0.00 

Phosphorus 5 913 81.52 0.55 

Iron 62 747 66.70 8.30 

Aluminum 68 678 60.54 10.03 

Manganese 29 616 55.00 4.71 

Vanadium 83 698 62.32 11.89 

Chloride 0 926 83.04 0.00 

Total 247 6277 70.06 3.94 

Notes: Table 9 looks at the results of the indicator-wise threshold incidence as calculated 

using MS Excel functionality. Overall results were insignificant with only 3.94% threshold 

incidence. Vanadium (11.89%) showed the highest threshold incidence; water alkalinity, 

hardness and chloride did not require threshold value conversion. 

 

Overall, Millhaven Creek showed the highest percentage of converted threshold values (8.28%). Table 10 

below shows the creek-wise distribution of missing, exceeded and threshold incidence from the total 

number of available values; these values must be considered independent of each other. 
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Table 10: Station-wise distribution of missing, exceeded and threshold values 

 

Creek/Stn.Name Stn. no Missing (%) Exceedances (%) Threshold (%) 

Collins 06018300302 25.78 62.00 2.84 

MH-Lucas rd 06018000402 27.81 46.21 7.03 

MH-Milldam rd 06018000502 37.19 31.34 9.70  

Buells & Butlers 12003400102 22.66 60.30 2.42 

LCC-Princess St 12000200402 21.17 66.30 0.00 

LCC-Perth Rd 12000200502 37.81 71.23 2.76 

LCC- Cons. Area 12000200802 37.50 46.13 3.88 

 Total 29.94 56.71 3.94 

Notes: Table 10 shows a creek-wise summary of incidences for missing, exceeded and 

threshold values for the PWQMN water quality selected dataset provided by the CRCA. 

Overall, the dataset was characterized by a significant number of exceeded values and 

minimal threshold incidences were calculated. These values must be considered independent 

from each other. 

 

Seasonal Analysis: The trend analysis with both a ‘general’ and ‘seasonal’ focus objective also 

helped in identifying some potential anthropogenic and natural sources. For example, higher trends for 

water alkalinity could be attributed to larger limestone area particularly incorporated by the LCC Creek 

while higher phosphorus contamination could be due to pesticide use for agricultural activities.  

Seasonal analysis (also see Table 6, section 3.3.1 for distribution of seasons) comprised of a 

seasonal trend analysis, seasonal missing value analysis and a seasonal exceedance comparison. Seasonal 

trend was calculated with the same technique as the main trend analysis in SPSS 21.0.  A total of one 

hundred and sixty-eight time plots (eight indicators*7 stations *3 seasons) were generated using the SPSS 

coding functionality for the date variable. Cubic trend lines were applied for better interpretation of the 

graphs.  

Indicator-wise, vanadium showed the most significant seasonal trend (r2) at all monitoring 

stations with values ranging between 0.1 and 0.67; the highest trend was recorded in the spring season at  
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stn. 12003400102, Buells and Butlers Creek. Manganese (0.92) and Iron (0.75) showed very high to high 

trends at Millhaven Creek stn.06018000502 during autumn and spring season respectively. vanadium 

concentration also showed moderate summer (0.40) and fall trends (0.47) at the same station. Besides 

vanadium, manganese (0.1-0.92), aluminum (0.1-0.35), iron (0.4-0.75) and chloride concentrations (0.1-

0.45) reported minor to moderate seasonal trends at various stations in different seasons. Overall, graph 

comparison clearly shows that most trends are visible in the summer season. Creek-wise, Millhaven 

Creek particularly stn.06018000502 experienced most significant trends followed by Little Cataraqui 

Creek, stn. 12000200802. Figure 4.2 below depicts a sample autumn season graph from Little Cataraqui  

prepared for initial seasonal water quality analysis using ‘scatter plots’ functionality in SPSS 21.0. The 

red line signifies autumn seasonal trend. A black line is interpolated to connect the available 

concentration values. 

 

 Figure 4.2: Autumn preliminary seasonal trend for Aluminum concentration at Little 

Cataraqui Creek stn. 12000200802: The graph-image above depicts sample aluminum 

autumn season trends at stn. 12000200802. A total of one hundred and sixty eight graphs were 

prepared for eight indicators at the selected monitoring stations depicting cubic seasonal 

trends. Summer season indicated the highest seasonal trends. 
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Seasonal missing values were enumerated using MS Excel as percentage of total expected 

seasonal values (section 3.3.1). The available values for each season were denoted as: 

Spring and Summer: 3 (months)* 20 (number of years 1993-2012)* 8 (total indicators) 

Autumn/Fall: 2 (months)* 20 (number of years 1993-2012)* 8 (total indicators) 

Summer season was characterised with the least percentage of missing values (also see table 11) which 

explains the better visible trends (seasonal trends, pp.74-75). Indicator-wise, manganese and aluminum 

depicted the highest number of missing values. Figure D.2, Appendix D illustrates the percentage of 

missing values for the eight selected indicators in all three seasons with three different tables. Overall, 

LCC Conservation Area station recorded the highest amount of missing values for spring and summer; for 

autumn season, Collins Creek showed the most missing values (Figure 4.2).  

 
 

Figure 4.3: Seasonal missing value analysis: The above graph-table combination depicts the 

percentages of seasonal missing values for all CRCA monitoring stations. LCC 

stn.12000300802, Conservation Area recorded the highest number of missing values for 

spring and summer while stn. 06018300202, Collins Creek had the most number of autumn 

values classed as unavailable. 
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Seasonal exceedance incidence was also calculated as percentage of total available values in MS 

Excel. Summer season recorded the most exceedance cases (also see table 11) with more than half of the 

values beyond the recommended guidelines. Water alkalinity and hardness showed the most exceedance 

incidence in all three seasons. Among metals, iron recorded 73% exceedance rate in the summer season at 

Collins Creek and aluminum showed 90% exceedance at LCC Creek Princess street station in the spring. 

Table D-1, Appendix D shows the station-wise percent exceedance incidence for all indicators in each 

season. A sample butterfly chart (Figure 4.4) compares the overall spring-summer incidences. Further, 

Table 11 summarizes the preliminary overall seasonal analysis.  

 

   

  Figure 4.4: Preliminary seasonal indicator exceedances: A seasonal indicator chart above 

takes a comparative look at the total seasonal exceedance incidence for each indicator in the 

spring and summer season. Water Alkalinity and hardness showed the maximum exceedance 

incidence in all seasons. Among the metals, aluminum concentration indicated the highest fall 

and spring exceedance rate; iron recorded the highest numbers for summer. Chloride and 

phosphorus concentration was also significantly exceeded in all seasons.  
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Table 11: Overall preliminary seasonal analysis 

 

Season Total values 

required 

Total values 

available 

Exceedance 

Incidence 

Exceedance 

(%) 

Missing 

values 

Missing 

(%) 

Spr (Mar-May) 3360 2171 1122 51.68 1189 35.39 

Sum (Jun-Aug) 3360 2612 1530 58.57 748 22.26 

Fall (Sep-Oct) 2240 1506 863 57.30 734 32.77 

 

Notes: Table 11 shows a summary of the overall preliminary seasonal analysis. Spring season 

recorded the lowest percentage exceedance (51.68%). However, it had the highest percentage 

of missing values (35.39%). 

 

Figure D.3, Appendix D shows a snapshot of the initial table based on CRCA dataset used for all 

calculations and representations in MS Excel and SPSS. 

 

4.2.2 Overall general data analysis for water quality 

The preliminary analysis results were used as a basis for an overall computation of water quality 

results. The main purpose of this analysis was to gather information about the change in water quality 

within the selected watersheds after filling in the missing data values.  

Filling water quality data gaps:  Initial analysis classed thirty percent of the total water quality 

parametric values as ‘missing’ (section 4.2.1). These data gaps were filled using binomial expansion 

method (section 3.4.1). All data was arranged seasonally to maintain uniformity in calculations and five 

years of data was pooled together to get significant results. After filling the data gaps, general and 

seasonal trend graphs were generated for 2008-2012 for a visual overview of present trends. These recent 

water quality trends were used to look at the current state of water quality for the seven monitoring 

stations. Further, summary statistics for 2008-2012 were also generated after pooling together the five 

years data at each monitoring station. Overall results showed that alkalinity, hardness and phosphorus 

concentrations have exceeded the PWQMN guidelines at all the stations. Among metals, iron  
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indicated the highest concentration over the set guidelines at stn.06018300202, Collins Creek and 

stn.12000200502, LCC. Overall, out of the eight selected indicators, vanadium and aluminum showed 

consistent concentration within the acceptable PWQMN limits at all stations. Manganese Concentration 

was marginally higher at stn.12000200502 while chloride concentrations were within the set limits only at 

stn.6018000402, Millhaven Creek. Minor seasonality was apparent for alkalinity, hardness and 

phosphorus concentrations at all stations.  

Figure 4.5 shows a sample illustration from the missing data-value analysis table. 

            

  Figure 4.5: Sample illustration for missing value analysis:  Gaps in the PWQMN dataset were 

filled using the Binomial Expansion Method. The data was arranged seasonally and five years of 

parametric values were pooled together to calculate the missing values. The sample picture above 

shows data for Water alkalinity parametric values at Collins Creek, stn. 06018300202.   

 

Table 12 below shows the median value comparison for all indicators.  Median value indicates the 

cut–off point where half of the dataset values converge. If most of the values (that is the median) are 

below the guideline limit, then there is no cause for concern with regard to water quality degradation.   
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Table 12: Water quality parameters: Median value comparison (2008-2012) 

 

Indicator/ 

Stn. 

Guideline 

 

060183- 

00202 

0601800- 

402 

0601800- 

502 

120002- 

00402 

120002- 

00502 

120002- 

00502 

12003400- 

102 

Stn. Name 
All values 

in mg/l 
Collins Millhaven Creek  Little Cataraqui Creek 

Buells and 

Butlers 

Alkalinity 100 204.00 121.00 114.0000 186.33 226.50 152.00 195.00 

Hardness 100 216.00 125.00 115.8000 210.50 156.75 157.00 203.50 

Phosphorus 0.03 0.0800 0.0200 0.0160 0.0540 0.0575 0.0425 0.0455 

Iron 0.30 0.3925 0.0688 0.1017 0.2575 0.3011 0.2297 0.2270 

Aluminum 0.10 0.0367 0.0283 0.0930 0.0969 0.0937 0.0631 0.0883 

Vanadium 0.006 0.0029 0.0024 0.0021 0.0029 0.0031 0.0063 0.0016 

Manganese 0.15 0.0746 0.0750 0.0750 0.0918 0.1746 0.1113 0.0505 

Chloride 20 43.90 19.30 16.6000 56.60 35.35 31.00 69.45 

Notes: Table 12 compares the median values (mg/l, n=40) for selected indicators at each 

station. Median is a useful tool because it indicates where half of the values in the dataset are 

located. If this value is below the guideline limit for most indicators then the water quality is 

indicated to be stable. Overall results after median comparison clearly indicate that water 

alkalinity and hardness have exceeded the PWQMN recommended guidelines. Phosphorus 

and chloride (aesthetic) also indicated a higher concentration at all stations; chloride 

concentrations recorded at Millhaven Creek were marginally below the set guideline. Among 

metals, iron indicated the higher concentrations at stn.06018300202, Collins Creek and 

12000200502, LCC; vanadium was higher at LCC, stn.12000200802 and manganese 

concentration was also slightly higher than the prescribed guidelines at stn.1200020002. 

Aluminum concentrations remained below the limit but showed a cause for concern at 

stn.060180002, Millhaven Creek and LCC stns.12000200402 and 12000200502. 

 

Tables D-2 to D-8, Appendix D show the most recent summary statistical results from all the 

monitoring stations. 
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4.2.3 Overall quantitative comparative analysis for parameter concentrations affecting water quality 

Quantitative analysis results were used to get information on overall water quality conditions with 

respect to the eight selected indicators for each watershed. Summary statistical tables and box plots were 

prepared to indicate the state of water quality with respect to individual parameters over the twenty year 

time frame. Table 13 and Figure 4.6 show a sample summary statistics table and box plots for Princess 

Street stn.12000200402, Little Cataraqui Creek. Results indicate that concentrations at this station 

remained fairly consistent throughout the past twenty years. Water alkalinity, hardness, chloride and 

phosphorus observations were mostly higher than the recommended limit for the last two decades. 

Chloride concentrations showed the most apparent fluctuations while vanadium showed an increase over 

the past twenty years with a few observations reaching quite close to the guideline limit.    

Table 13: Summary Statistics at Princess Street stn.12000200402, LCC (1993-2012) 

 

Indicators(mg/l) Years Min Max Median Q25 Q75 

 

Water Alkalinity 

n=40 

guideline=100 

1993-1997 

1998-2002 

2002-2007 

2008-2012 

 

122.37 

135.00 

101.00 

102.15 

301.80 

231.00 

267.00 

299.00 

183.10 

182.00 

205.00 

186.33 

170.00 

160.25 

192.25 

171.00 

196.10 

200.50 

216.00 

206.00 

 

Water Hardness 

n=40 

guideline=100 

1993-1997 

1998-2002 

2002-2007 

2008-2012 

 

138.93 

151.00 

158.00 

158.00 

298.20 

341.00 

289.00 

259.00 

211.00 

216.50 

213.00 

210.50 

195.52 

192.50 

203.25 

198.50 

230.25 

231.63 

238.50 

221.25 

 

Total Phosphorus 

n=40 

guideline=0.03 

1993-1997 

1998-2002 

2002-2007 

2008-2012 

 

0.0220 

0.0240 

0.0158 

0.0020 

0.1960 

0.2200 

0.1320 

0.1550 

0.0640 

0.0580 

0.0591 

0.0540 

0.0415 

0.0395 

0.0423 

0.0338 

0.0785 

0.1025 

0.0778 

0.0828 

 

Iron 

n=40 

guideline=0.3 

1993-1997 

1998-2002 

2002-2007 

2008-2012 

 

0.1200 

0.1027 

0.0808 

0.0943 

0.7600 

0.6460 

0.5990 

0.6850 

0.3000 

0.2780 

0.2420 

0.2575 

0.2000 

0.1925 

0.1673 

0.2130 

0.4825 

0.4153 

0.3043 

0.3830 

 

Aluminum 

n=40 

guideline=0.1 

1993-1997 

1998-2002 

2002-2007 

2008-2012 

 

0.0248 

0.0143 

0.0158 

0.0213 

0.3400 

0.3710 

0.3650 

0.3030 

0.1300 

0.1110 

0.1067 

0.0969 

0.0686 

0.0515 

0.0604 

0.0611 

0.1780 

0.1965 

0.1695 

0.2003 
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Indicators(mg/l) Years Min Max Median Q25 Q75 

 

Vanadium 

n=40 

guideline=0.006 

1993-1997 

1998-2002 

2002-2007 

2008-2012 

 

0.0002 

0.0005 

0.0010 

0.0010 

0.0050 

0.0052 

0.0043 

0.0055 

0.0014 

0.0018 

0.0020 

0.0029 

0.0010 

0.0016 

0.0016 

0.0019 

0.0019 

0.0022 

0.0025 

0.0039 

 

Manganese 

n=40 

guideline=0.15 

1993-1997 

1998-2002 

2002-2007 

2008-2012 

 

0.0120 

0.0312 

0.0128 

0.0187 

0.3620 

0.4880 

0.3910 

0.4270 

0.0990 

0.1083 

0.0671 

0.0918 

0.0715 

0.0532 

0.0413 

0.0565 

0.1500 

0.2052 

0.1283 

0.1815 

 

Chloride 

n=40 

guideline=20 

1993-1997 

1998-2002 

2002-2007 

2008-2012 

 

21.70 

40.50 

42.90 

28.00 

144.00 

127.00 

139.30 

85.00 

54.30 

75.98 

72.95 

56.60 

46.55 

60.30 

62.75 

48.63 

74.00 

89.05 

86.80 

65.68 

Notes: Table 13 presents the summary statistics for Princess Street station, Little Cataraqui 

Creek from 1993-2012. These statistics were compiled in mg/l format after filling the missing 

values from a total of forty observations over the five-year pool of water quality indicator 

concentration data. A combination of box-plots in figure 4.6 below displays these statistics for 

an enhanced visual analysis. 
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Figure 4.6: Box plots for Princess Street stn.12000200402 water quality indicators (1993-

2012):  The summary statistics from Table 13 are represented graphically through the box 

plots in figure 4.7 above. Minimal overall change can be observed in all the indices; however, 

this station showed most change over time with respect to all indicators out of the selected 

seven monitoring stations. Water alkalinity, hardness, chloride and phosphorus remained 

consistently high over the prescribed limit. Vanadium concentration was recorded as 

‘increasing’ but it was below the prescribed guidelines. Chloride concentration showed the 

highest fluctuation particularly in the 1998-2007 decade but reached the initial level in 2008-

2012 time period. Iron and aluminum concentrations declined slightly. 

 

The overall results were also used to conduct a comparative analysis for water quality at all the seven 

stations. Tables, graphs and box plots were used to compare and contrast the indicator concentrations at 

the seven stations for each five-year time frame.  Table 14 and Figure 4.7a illustrate the results of the 

comparison analysis for the most recent time frame (2008-2012). Tables D-9 to D-11, Appendix D 

represent the comparative summary analysis from 1993-2007. 

Overall results though not statistically significant, follow the preliminary general trends (see 

section 4.2.1); both the stations at Millhaven Creek-stn.6018000402 and stn. 6018000502 show the least 

trends while Princess Street-stn.12000200402, Perth Road-stn.12000200502 and King Street-

stn.12003400102 stations indicate the highest trends among the selected monitoring stations.  
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Table 14: Comparative summary statistics for water quality indicators (2008-2012) 

 

Indicators(mg/l) Years Min Max Median Q25 Q75 

 

Water Alkalinity 

n=40 

guideline=100 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

137.00 

97.00 

75.60 

102.15 

161.00 

95.90 

50.00 

277.25 

151.00 

148.00 

299.00 

293.00 

258.00 

278.00 

204.00 

121.00 

114.00 

186.33 

226.50 

152.00 

195.00 

190.50 

111.50 

98.90 

171.00 

206.25 

133.75 

157.50 

219.00 

132.50 

124.25 

206.00 

242.25 

159.50 

233.25 

 

Water Hardness 

n=40 

guideline=100 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

110.00 

30.00 

27.00 

158.00 

50.00 

72.00 

83.00 

388.66 

238.00 

199.00 

259.00 

286.00 

230.00 

350.00 

216.00 

125.00 

115.80 

210.50 

156.75 

157.00 

203.50 

191.75 

115.06 

74.25 

198.50 

50.00 

129.75 

176.50 

239.75 

138.00 

133.50 

221.25 

212.00 

175.50 

270.63 

 

Total Phosphorus 

n=40 

guideline=0.03 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0110 

0.0030 

0.0100 

0.0020 

0.0100 

0.0150 

0.0160 

0.2850 

0.1470 

0.4090 

0.1550 

0.2700 

0.2650 

0.7280 

0.0800 

0.0200 

0.0160 

0.0540 

0.0575 

0.0425 

0.0455 

0.0420 

0.0168 

0.0140 

0.0338 

0.0368 

0.0360 

0.0343 

0.1148 

0.0300 

0.0210 

0.0828 

0.0793 

0.0605 

0.0683 

 

Iron 

n=40 

guideline=0.3 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0538 

0.0209 

0.0135 

0.0943 

0.1148 

0.0430 

0.0580 

0.9891 

0.2670 

0.3384 

0.6850 

0.6273 

0.6017 

0.7550 

0.3925 

0.0688 

0.1017 

0.2575 

0.3011 

0.2297 

0.2270 

0.1632 

0.0494 

0.0492 

0.2130 

0.1704 

0.1500 

0.1613 

0.5853 

0.1000 

0.1957 

0.3830 

0.4682 

0.3210 

0.3185 

 

Aluminum 

n=40 

guideline=0.1 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0065 

0.0100 

0.0232 

0.0213 

0.0166 

0.0123 

0.0328 

0.1900 

0.0948 

0.3527 

0.3030 

0.2968 

0.2310 

0.2030 

0.0367 

0.0283 

0.0930 

0.0969 

0.0937 

0.0631 

0.0883 

0.0248 

0.0169 

0.0541 

0.0611 

0.0581 

0.0499 

0.0527 

0.0581 

0.0401 

0.1132 

0.2003 

0.2081 

0.1333 

0.1208 

 

Vanadium 

n=40 

guideline=0.006 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0008 

0.0004 

0.0001 

0.0010 

0.0001 

0.0010 

0.0002 

0.0076 

0.0110 

0.0071 

0.0055 

0.0145 

0.0120 

0.0106 

0.0029 

0.0024 

0.0021 

0.0029 

0.0031 

0.0063 

0.0016 

0.0018 

0.0017 

0.0014 

0.0019 

0.0025 

0.0040 

0.0010 

0.0039 

0.0035 

0.0036 

0.0039 

0.0099 

0.0083 

0.0032 
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Indicators(mg/l) Years Min Max Median Q25 Q75 

 

Manganese 

n=40 

guideline=0.15 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0016 

0.0157 

0.0035 

0.0187 

0.0498 

0.0366 

0.0102 

0.4790 

0.3778 

0.1799 

0.4270 

0.4873 

0.1975 

0.2441 

0.0746 

0.0750 

0.0750 

0.0918 

0.1746 

0.1113 

0.0505 

0.0456 

0.0325 

0.0458 

0.0565 

0.0972 

0.0758 

0.0284 

0.1663 

0.0757 

0.0960 

0.1815 

0.2207 

0.1465 

0.0830 

 

Chloride 

n=40 

guideline=20 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

14.50 

10.00 

10.00 

28.00 

13.50 

7.00 

9.60 

98.70 

37.90 

37.71 

85.00 

48.00 

47.80 

139.60 

43.90 

19.30 

16.60 

56.60 

35.35 

31.00 

69.45 

29.30 

15.53 

14.08 

48.63 

29.73 

26.56 

45.73 

57.52 

23.78 

19.18 

65.68 

40.35 

38.75 

97.25 

Notes: Table 14 presents the comparative summary statistics for 2008-2012. These statistics 

were calculated in mg/l format after filling the missing values from a total of forty 

observations over the five-year pool of water quality indicator concentration data. A 

combination of box-plots in figure 4.7a below displays these statistics for visual analysis. 
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Figure 4.7a: Box plots for comparative summary analysis (2008-2012):  The summary 

statistics from Table 18 are represented graphically through the box plots in figure 4.8a above. 

Minimal overall change can be seen for all indices; however, Buells and Butlers Creek 

stn.12003400102 and LCC stn.12000200502 show maximum change for all indicators 

specially chloride and vanadium respectively. Water alkalinity, hardness, chloride and 

phosphorus remained consistently high over the prescribed limit at all stations. Aluminum 

showed negative concentration as well and least trends were observed at stns. 6018000402 and 

601800502, Millhaven Creek. 
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Additionally, indicator exceedance levels were computed and graphically contrasted through simple bar 

graphs. Figure 4.7b below shows a sample comparative bar graph that looks at maximum values for 

Chloride concentration at all stations during the past 20 years. King Street station 120003400102 has 

shown the maximum concentration within all four time frames. 

 

       

Figure 4.7b: Comparative maximum chloride concentrations (1993-2012):  Figure 4.7b 

shows a sample comparative graph prepared for maximum Chloride concentration values at all 

stations. The highest concentrations were recorded at King Street stn.12003400102 and LCC 

stn.12000200402 while stns.6018000402 and 12000200802 had lowest chloride exceedance. 

 

 

Comparative Seasonal Analysis 

According to Cohen (1992), statistical power analysis in research is characterized by a lack of 

standardization. Each study, especially in the human or behavioural domain, is unique and results 

obtained cannot be easily categorized with a common scale. The present study did not involve human 

elements but the trend results obtained were not significant to merit a full research on power analysis for 

dividing the R-squared values under low, medium and high categories. The R-squared trend values for as  
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suggested by Cohen (1992, p. 159) were not feasible for the current research on water quality as it did not 

involve any human aspects. However, based on the trend results obtained, values between 0-0.099 were 

classed as ‘very low (VL)’, 0.1-0.299 indicated a ‘low (L)’ trend, 0.3-0.599 was named as a ‘medium 

(M)’ category and 0.6 and above was labelled as ‘high (H)’ trend category. These values might be 

relevant for a similar research in the future. 

Seasonal trends showed a minor change after the missing value analysis. Both summer and 

Autumn/Fall season witnessed higher number of trends in the moderate to high trend category which is a 

slight deviation from the preliminary results where only summer season showed minor statistically 

significant trends because of the least number of missing values (Table 11). 

Station-wise, the monitoring stations located near the dams for Little Cataraqui and Millhaven 

creeks showed highly significant trends with a total of ten parametric concentrations within the medium 

to high categories particularly in the summer and fall/autumn season. Milldam stn.6018000502 also 

showed the highest trends in the spring and fall seasons while Little Cataraqui Creek, Conservation Dam 

stn.12000200802 recorded the highest trends in the summer season. Most observations within the medium 

to high category were recorded at downstream stations within the creeks (also see land use maps in 

section 4.3.1).  

However, overall results still indicate a general lack of substantial seasonal trend in the dataset. A 

total of 7, 10 and 12 values in the spring, summer and autumn seasons respectively fell within the 

medium-high category. Thus, more than 75% of the 56 concentration values in all seasons were within the 

very low to low category.   

Table 15 below shows the seasonal R-squared values for parametric time plots at all stations from 

1993-2012. Further, figure 4.7c shows sample summer season box plots from LCC stn. 12000200802, 

Conservation Dam for a visual analysis of the seasonal trends. 
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Table 15: Seasonal R-squared values for parameter time plots at all stations (1993-2012) 

 

Season Spring  Summer Autumn/Fall 

Category VL       L        M        H       VL       L        M        H        VL       L         M        H       

Collins Cr. 

stn.06018300202 

Alkalinity 

Hardness 

Total Phosphorus 

Iron 

Aluminum 

Vanadium 

Manganese 

Chloride 

Total 

 

 

0.024 

0.034 

0.034 

0.011 

0.029 

            0.170 

0.063 

            0.147 

6            2 

 

 

0.008 

0.026 

            0.133 

                       0.311 

0.037 

                       0.450 

0.040 

            0.180 

4           2          2 

 

 

0.062 

0.003 

0.023 

0.028 

              0.286 

                           0.395 

              0.235 

0.090 

5             2          1 

Millhaven Cr. 

stn.06018000402 

Alkalinity 

Hardness 

Total Phosphorus 

Iron 

Aluminum 

Vanadium 

Manganese 

Chloride 

Total 

 

 

           0.204 

           0.207 

0.095 

           0.176 

           0.231 

                        0.497 

           0.140 

           0.280 

1           6           1 

 

 

0.041 

0.098 

           0.141 

           0.159 

           0.258 

                      0.312 

0.006 

           0.114 

 3           4          1 

 

 

              0.155 

0.065 

0.069 

0.090 

              0.134 

                                  0.606 

              0.281 

              0.151 

3            4                     1 

Millhaven Cr. 

stn.06018000502 

Alkalinity 

Hardness 

Total Phosphorus 

Iron 

Aluminum 

Vanadium 

Manganese 

Chloride 

Total 

 

 

0.037 

            0.270 

0.097 

                                0.744 

                        0.547 

                        0.315 

            0.141 

            0.280 

2            3          2        1 

 

 

0.056 

0.012 

0.019 

                      0.571 

                      0.598 

                      0.359 

           0.222 

           0.179 

3           2         3 

 

 

0.098     

            0.194 

0.031 

                      0.359 

                      0.456 

                                   0.607 

                      0.475 

            0.259 

2             2          3        1 

Little Cataraqui Cr 

stn.12000200402 

Alkalinity 

Hardness 

Total Phosphorus 

Iron 

Aluminum 

Vanadium 

Manganese 

Chloride 

Total 

 

 

0.075 

0.027 

0.049 

0.086 

0.011 

            0.242 

0.044 

            0.128 

6            2          

             

 

            0.281 

0.055 

0.030 

            0.210 

            0.180 

            0.208 

0.045 

            0.184 

3           5         

             

 

            0.286 

            0.177 

            0.269 

            0.116 

0.056 

            0.285 

0.057 

            0.277 

2            6        

 

 

 

 



 

Land-Use Change and Surface Water Quality in the Cataraqui Region                                                                               92 

 

Season Spring  Summer Autumn/Fall 

Category VL       L       M      H       VL       L       M      H        VL       L       M       H       

Little Cataraqui Cr 

stn.12000200502 

Alkalinity 

Hardness 

Total Phosphorus 

Iron 

Aluminum 

Vanadium 

Manganese 

Chloride 

Total 

 

 

             0.125 

             0.130 

             0.147 

             0.160 

             0.228 

                      0.474 

            0.107 

            0.192 

             7           1 

             

 

0.023 

            0.172 

            0.120 

0.024 

            0.128 

            0.240 

0.031 

            0.245 

3           5         

             

 

            0.118 

                                  0.613 

0.066 

            0.189 

                         0.342 

            0.282 

            0.237 

            0.176 

1            5          1          1 

Little Cataraqui Cr 

stn.12000200802 

Alkalinity 

Hardness 

Total Phosphorus 

Iron 

Aluminum 

Vanadium 

Manganese 

Chloride 

Total 

 

 

0.089 

0.075 

0.020 

0.030 

0.058 

                      0.544 

            0.209 

            0.276 

5           2         1 

             

 

            0.276 

                       0.357 

0.039 

                       0.314 

0.072 

                       0.504 

           0.132 

                       0.484 

2           2         4 

             

 

0.030 

                           0.431  

0.015 

            0.235 

0.042 

                           0.573 

            0.141 

                           0.453 

3            2             3         

Buells & Butlers Cr. 

stn.12003400102 

Alkalinity 

Hardness 

Total Phosphorus 

Iron 

Aluminum 

Vanadium 

Manganese 

Chloride 

Total 

 

 

0.067 

            0.217 

0.031 

0.029 

           0.123 

                        0.383 

0.047 

           0.133 

4            3         1 

 

 

           0.122 

0.024 

0.068 

0.084 

0.024 

          0.244 

0.020 

            0.102 

5           3          

 

 

0.089 

0.095 

              0.149 

              0.142 

              0.207 

                           0.592 

              0.110 

0.087 

3             4         1 

Total trend in each 

category 

 

24        25       6        1 

 

23        23        10 

 

19         25        9       3 

Notes: Table 15 compares the R-squared values for seasonal trend analysis after filling in the 

missing parametric concentrations. The dataset is characterised by a lack of seasonal trend 

with less than 25 percent of the total values falling within the medium to high trend category. 

The conservation dam station and Millhaven dam stations have shown the most seasonal 

trends particularly within the summer and fall seasons. The Millhaven Dam station has also 

recorded a significant spring season trend. Figure 4.7(c) below presents a visual analysis of 

seasonal trends at LCC stn. 12000200802. 
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Figure 4.7c: Box plots- Little Cataraqui Creek summer season trends after preliminary 

analysis (1993-2012):  Figure 4.10c shows the box plots derived from summary concentration 

statistics for the LCC stn.12000200802, Conservation Dam in the summer season. Vanadium 

and Iron concentrations show a significant change while aluminum, alkalinity and water 

hardness remained relatively stable from 1993-2012. Overall, summer season witnessed the 

most trends within the moderate to high category along with Autumn/Fall trends (also see 

table 15). 
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4.3 Land use data analysis results 

4.3.1 Land use map preparation 

Initial analysis of land use data was carried out as per the methodology enumerated in section 

3.3.2. Past and present land use maps were prepared at five-year interval keeping 1993 as the base year 

after completing data geoprocessing and enhancements. The combination of images in Figure 4.8 below 

shows the 1993 and 2012 land use and change maps for each creek prepared using ArcGIS 10.1. 
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Figure 4.8: Land use maps for selected creeks (1993 and 2012):  A combination of images 

above illustrates the land use maps prepared after preliminary analysis of land use data. A 

black outline has been used to demarcate some changes in land use. Maps were prepared for 

the land area drained by each creek at a five year interval with 1993 as the base year. These 

images show the maps for 1993 and 2012. Final analysis involved the use of these maps to 

calculate and represent change detection using statistical -graphical methods apart from a 

visual analysis of change (section 4.3.2). 

 

Section D.2, Appendix D includes the maps prepared for 1997, 2002 and 2007. A more detailed 

analysis of land use is included below in section 4.3.2. 
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4.3.2 Analysis of land-use change 

Visual interpretation without map overlays was used to understand changes in land use within the 

area covered by the selected creeks. Land use maps prepared from 1993 onwards (also see section 4.3.1) 

were utilized to assess land use changes in the areas drained by the selected creeks. Figures 4.9a and 4.9b 

below represent sample subsets of land–use change maps derived after visual assessment. 

      

 

 

Figure 4.9a: Land-use change in an area drained by Buells and Butlers Creek (1993-

2012): The above map subsets show the land use change in an area south of Buells creek 

reservoir from 1993 where it was predominantly forested to 2012 when it changed to an urban 

land use. 
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Figure 4.11b: Land-use change in an area drained by Collins Creek (1993-2012): The 

above map subsets show the land use change around parts of Kingston from 1993 to 2012 

where the area changed to urban land use from predominantly grassy/agricultural land. 

 

 For a more in-depth analysis procedure, MS excel was used to compute land use statistics from 

the maps. Total area represented by each type of land use was calculated with the pixel value of the 

landsat image used for map preparation. Each pixel in a landsat image covers 30*30 meter area; this value 

was used to compute the total land area under each type of land use based on the total number of pixels.  

Overall results indicate little change in land use patterns over the past twenty years within the 

areas drained by all the four creeks (figure 4.10-4.12). The highest amount of change in land use was 

computed for Buells and Butlers Creek. A considerable increase in cropland and a marginal growth in 

land area under settlements with a corresponding decline in total forested area can be clearly observed  
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(figure 4.12). Bare land is also ‘reclaimed’ for various uses. However, the land-use change for Buells and 

Butlers Creek was classified with a high margin of error due to changing cropping pattern (section 5.1.4). 

Hence, the overall change was classified to be within the two-five percent (2-5%) change bracket similar 

to the areas drained by the other three creeks. 

 

 

Figure 4.10: Landsat analysis for land-use change in the area drained by Buells and 

Butlers Creek (1993-2012): Buells and Butlers creek showed the highest amount of change in 

land use among the areas drained by the four selected creeks. This creek was characterised by 

a significant increase in cropland with a corresponding decline in total forested area; the 

settlements also increased along with the bare land being reclaimed for various uses. 

 

Figure 4.11 displays the land use analysis graphs for Collins and Millhaven Creeks.  Collins creek 

illustrated a very slight settlement and bare surface increase with a decrease in cropland (also see table 

16). Millhaven Creek was the only creek indicating an increase in the forested area; it also showed a 

slight decrease in the cropland and bare land. 
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Figure 4.11: Landsat analyses for land-use change in the area drained by Collins and 

Millhaven Creeks (1993-2012): Both these creeks showed very low to low change in land 

use. Collins creek illustrated a slight increase in the total area covered by both settlements and 

bare land. Millhaven creek was characterised by an increase in forested land during the same 

period. 

 

For Little Cataraqui Creek, the area drained by this creek showed a considerable increase in 

settlements which corresponded with a decline in the cropland at the same rate (Figure 4.12).  
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Figure 4.12: Landsat analysis for land-use change in the area drained by Little 

Cataraqui Creek (1993-2012): In Little Cataraqui creek, the increase in settlements was a 

clear effect of a corresponding decrease in the land area under croplands. The rest of the land 

use categories remained stable with a slight fluctuation for bare land noticed between 1993 and 

2002. 

 

Figure 4.13 and its subset table 16 below take a comparative look at the percentage change in land 

use classes and overall land-use for the area covered by all the four creeks within the past twenty years.  

As mentioned above (p. 104), the change in Buells and Butlers creek was due to a higher margin of error 

where a large part of forested land in 2012 was classified under ‘cropland’ and ‘other’ category due to 

significant cropping pattern shift.  Inclusive of the margin of error, Little Cataraqui Creek indicated the 

highest overall percentage change in land use even accounting for the cropping pattern margin of error.  

Millhaven creek illustrated the least percentage change in terms of overall land use for all categories 

where accounting for a margin error would lead to an almost negligible land-use change. Collins creek 

showed an increase in settlements with a corresponding minor decline in the area under crops inclusive of 

the margin of error. 
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Figure 4.13: Comparative percentage change in land use (1993-2012): Overall highest 

percentage change in land use was observed in Buells and Butlers creek where a sixteen 

percent increase in cropland and four percent increase in settlements corresponded with a 

twelve percent decline in the total area covered by forests. Little Cataraqui creek and Collins 

creek showed a decline of three to four percent in the cropped area. Millhaven creek witnessed 

the least percentage change in land use during the twenty year period.  

 

Table 16: Creek-wise percentage change in land use classes (1993-2012): subset table 

Change in area 

(%) 

Water Wetlands Cropland Forest/Trees Settlements Other (Bare 

land/Rock 

Outcrop) 

Total area 

(ha) 

Buells & Butlers 0.02 0.82 16.52 -12.52 3.86 -8.69 5427.09 

Little Cataraqui  

 

0.00 0.00 -3.67 -0.04 3.20 0.51 6403.05 

Millhaven 

 

-0.09 -0.01 -1.39 1.74 0.64 -0.88 17846.46 

Collins 

 

-0.19 -0.14 -3.02 -0.20 1.35 2.21 16193.43 

Notes: Table 16 is a subset table from the percentage land-use change diagram for a detailed 

look at percentage land-use change per land use class. 
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Table 17 shows the overall land use change within the four selected time-divisions for all creeks. 

The highest change in hectares for Collins and Little Cataraqui creeks was recorded in 2007-2012.  

Millhaven creek showed the biggest hectare change in land use between 2002 and 2007 while Buells and 

Butlers land use transformed the most in the 1993-1997 time period.  

 

Table 17: Creek-wise temporal hectare change in land use 

Year/Creeks Water Wetlands Cropland Forest/Trees Settlements Other 

(Bare 

land/Rock 

Outcrop) 

Total ha 

change 

(loss or 

gain not 

considered) 

1993-1997 

Collins 

Millhaven 

Little Cataraqui  

Buells & Butlers 

 

0.00 

-2.52 

0.00 

-9.00 

 

0.00 

-9.27 

0.00 

36.18 

 

-147.42 

-118.71 

-85.95 

421.92 

 

8.55 

121.86 

-0.09 

-47.79 

 

30.15 

5.31 

17.19 

-34.92 

 

108.72 

3.33 

68.85 

-366.89 

 

294.84 

261.00 

172.08 

916.7 

1998-2002 

Collins 

Millhaven 

Little Cataraqui  

Buells & Butlers 

 

0.00 

1.08 

0.00 

-9.72 

 

0.00 

8.91 

0.00 

-7.61 

 

-96.03 

-116.91 

3.60 

204.12 

 

-27.09 

-109.98 

3.69 

-190.53 

 

69.66 

80.28 

65.88 

32.22 

 

53.46 

136.62 

-73.17 

-28.44 

 

246.24 

453.73 

146.34 

472.64 

2003-2007 

Collins 

Millhaven 

Little Cataraqui  

Buells & Butlers 

 

-32.22 

-15.22 

0.00 

4.86 

 

-24.48 

-2.07 

-0.09 

10.08 

 

-52.56 

0.18 

0.00 

134.46 

 

40.14 

299.43 

4.32 

-371.43 

 

17.91 

0.00 

-4.23 

203.85 

 

51.21 

-282.33 

0.00 

18.18 

 

218.22 

599.23 

8.64 

742.86 

2008-2012 

Collins 

Millhaven 

Little Cataraqui  

Buells & Butlers 

 

0.00 

0.00 

0.00 

15.21 

 

0.00 

0.00 

0.00 

5.67 

 

-215.55 

-12.33 

-152.91 

135.81 

 

55.08 

-1.26 

-10.35 

-69.93 

 

110.34 

28.53 

126.36 

8.19 

 

160.29 

-14.29 

36.90 

-94.95 

 

541.26 

56.41 

326.52 

329.76 

Notes: Table 17 presents the land use change (ha) within four selected time-divisions for all 

creeks. Highest land use change for the areas drained by Collins and Little Cataraqui creeks 

was recorded for the 2008-2012 time period; Millhaven creek showed the biggest hectare 

change between 2002 and 2007. The CRCA area drained by Buells and Butlers creek 

transformed the most from 1993-1997. 
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4.4 Interrelationship between land-use change and water quality  

The land use and water quality interrelationship within the region can be classified into the 

following four possible scenarios: 

 Land-use change reflecting in the water quality indicators through a causal relationship; 

 Land-use change not affecting water quality at all indicating the successful application of various 

control measures; 

 Limited land-use change but a higher rate of variation in water quality characteristics which 

might be due to other factors at work; 

 Limited land use and water quality change manifesting a relatively stable situation within the 

region with regard to land use and water quality (Rob McRae, personal communication, June 26, 

2013). 

 The results for overall water quality and land-use change have not been highly statistically significant. 

However, out of the results obtained, the highest land-use change has been calculated for Little Catarqui 

Creek (pp.106-107). Highest water quality trends among all stations were computed for stn. 

12000200402, Princess Street and stn. 12000200502, Perth Road at Little Cataraqui Creek (p.84). 

Although limited land use change has been observed within the past twenty years; this minor change has 

been reflected in the selected water quality indicators with a corresponding minimal influence. Therefore, 

the present research corroborates with the first scenario showing a minor causal relationship. Chapter five 

below further elaborates on these outcomes, outlining possible reasons for specific creek-wise results.  A 

comparison with previous research has also been facilitated and finally suggestions have been provided 

for further research in the future. 
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Chapter 5 

Discussion, Conclusions and Recommendations 

5.1 Results and discussion 

This section analyses the results obtained (refer to Chapter 4: Results and Analysis) and examines 

the reasons for these outcomes in the context of previous research (see Chapter 2: Literature Review). The 

main objective of this study was to address the question of whether land-use change has translated into 

any significant surface water quality impacts on the Cataraqui region selected watersheds. 

The results specified a minor to minimal causal relationship between water quality indicators and 

land-use change (section 4.4). Overall, land-use change is within 2-5% range, inclusive of the margin of 

error for the four selected Creeks. In terms of surface water quality, non-metallic indicators including 

hardness, alkalinity and chloride have shown persistently higher concentrations than the recommended 

levels but without any statistically significant trends. Conversely, metallic parameters indicate a slight 

increase in overall concentration values (section 4.2.2) even while remaining below the PWQMN 

guidelines.  Enhanced AEM techniques (section 2.2.2) with an improved monitoring design are 

recommended to effectively capture the water quality changes in the future. 

 

5.1.1 Overall water quality  

Section 4.2.2 explains the general water quality trends as calculated from the PWQMN data. 

Selected indicators including water alkalinity, water hardness, chloride and manganese have no specified 

upper limit recommendation value as per PWQMN objectives (Table C-1, Appendix C). Therefore, only 

aesthetic values for these indicators have been considered for the analysis. Chloride concentration values 

have been included as per USEPA guidelines because chloride value recommendations are available only 

as sodium chloride concentrations under major guideline recommendations. 
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Previous research (Bain et al., 2012; Chang, 2008; Shreshtha and Kazama, 2007; Simeonov et al., 2003 

and Singh et al., 2004) also looked at increasing metallic concentration for various metals in water 

quality. However, these studies also found a higher concentration for Total Nitrogen. The present research 

did not discover any changing trends for Nitrogen irrespective of the land use change. Temporal 

Mississippi River water quality studies (Turner and Rabalais, 1991) showed higher nitrate and 

phosphorus concentrations. Similarly, the present Cataraqui region study also showed higher phosphorus 

concentrations but surprisingly no trends or fluctuations were observed over the twenty year period. The 

general phosphorus trends remained consistently high over the PWQMN guidelines throughout the study 

period.  Also, the highest statistically significant trend was indicated in vanadium concentrations at all 

stations. Interestingly, Vanadium data points were also the most normally distributed out of all selected 

concentration values. 

Further, Berquist et al., (2012) point out the necessity of incorporating accurate long-term 

monitoring and water quality trend tracking for improved sustenance of water resources in developed 

nations. The results from the current research corroborate with this view; improved and better techniques 

of water quality management are required to contain the increasing concentration of both metallic and 

non-metallic indicators. Using median values (CRCA, 2005, 2008; Stevenson, 1953) for water quality 

analysis gave more accurate results.  

Minor seasonal trends in water quality were also apparent. After filling the missing values, the 

summer season and autumn/fall season indicated higher trends than the spring season. A major reason for 

this could be the reduced precipitation or rainfall during the summer season that results in reduced water 

flow. Interestingly, stn.120002000802 and stn.06018000502 near the dams at Little Cataraqui Creek and 

Millhaven Creek respectively recorded the highest seasonal trends; this factor along with other parameters 

could be used for further research in terms of water quality characteristics.  
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5.1.2 Overall land-use change 

Minimal land-use change was recorded within the area drained by the four creeks for the past 

twenty years. The area drained by Buells and Butlers Creek recorded the highest percentage change in 

land use: a sixteen percent increase in cropland with a corresponding decline of twelve percent in the total 

forested area and an increase of four percent in the area under settlements. Previous research by Muller 

and Middleton (1994) within the Niagara region and Hathout (2002) in Winnipeg, Manitoba also showed 

comparable trends where a continuous exchange between wooded-agricultural areas over discrete time 

periods between 1935 and 1981 was recorded along with a corresponding increase in the urban areas. 

However, a major part of the cropland increase for Buells and Butlers creek can be attributed to 

seasonality within the agricultural practices. As a result of seasonal cropland change, significant land area 

was classified as bare land or even forested because of similar spectral signatures.  This in turn lead to an 

overall high percentage land use change and should be considered under ‘margin of error’ during analysis 

and map preparation. Therefore, the results were estimated to be at par with other creeks within the 2 to 5 

percentage rate of land use change (also see section 5.1.4).  

Considering the margin of error for Buells and Butlers Creek, the highest land-use change was 

recorded for the area drained by Little Cataraqui Creek. In this creek, the total area under cropland 

decreased by around four percent with a comparable rise in settlements. Previous research (Lambin et al., 

2003) has indicated an increased incidence of the same problem in the developing world where decline in 

forests is followed by increase in both agricultural as well as settlement area. The larger area under 

settlements can be attributed to the presence of one of the largest urban centres within the CRCA 

jurisdiction-the city of Kingston. Millhaven creek showed the least percentage change in land use with the 

largest hectare change being recorded between 2002 and 2007. These results correspond with a previous 

study undertaken by the CRCA (2005) where results showed a significant change in land use from 2003-

2004. The present research has been updated to include the years of 2008-2012; a minor decline in the 
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agricultural areas has been noticed over the past ten years even though the entire watershed is still 

predominantly under agricultural uses. 

 

5.1.3 Land-use change and water quality interrelationship  

 Galbraith & Burns, (2007) identified the type of land use as one of the most important factors 

influencing water quality parameters. Comparable trends have been observed through previous research 

(Hare et al., 1998; Tang et al., 2005; Wang et al., 2005) where urban land use was identified to be 

significantly correlated with water quality. Similarly, the current research depicts a minor causal 

relationship between water quality and land use change for the selected creeks within the CRCA 

jurisdiction. The highest percentage land-use change has been observed within the Little Cataraqui Creek 

where both stn.120002000402 and stn.120002000802 have also shown the highest water quality trends.  It 

is important to note that although the present research did not show higher statistical significance in terms 

of land-use change and water quality characteristics, the minor change in land use was followed by 

corresponding minor trends in water quality through which the causal relationship could be identified. 

Higher seasonal trends during the summer and fall seasons have been recorded for Millhaven 

Creek Milldam stn.06018000502 and Conservation area Dam stn.12000200802 for Little Cataraqui 

Creek. Another reason for a higher trend could be the increased agricultural activity during these months 

leading to higher pesticide and insecticide use.  Also, the land use for the area drained by Millhaven creek 

has been identified as predominantly agricultural (see section 5.1.2) which supports the analysis and 

trends. 

 

5.1.4 Limitations  

Section 3.3.1, chapter 3 explains some assumptions for the graphical representation of water 

quality data. The overall results were also subject to limitations that are enumerated below: 
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 Missing Data: Thirty percent of the water quality data values were classified as ‘missing’ after 

preliminary analysis. No change in the overall results was noted after filling in the data values 

(section 3.4.1) which makes the missing data a liability in the context of the present research. 

 Margin of Error in land use data: Land use results particularly in the Buells and Butlers creek 

were subject to a margin of error (section 5.1.2). The major reason for this can be attributed to the 

classification of land with changing cropping patterns under ‘other’ class, specifically bare land. 

Therefore, the change in overall land use within Buells and Butlers Creek was assumed to fall 

within the 2-5 percentage range as indicated for other Creeks. Additionally, a minor error margin 

can be indicated for Millhaven Creek (predominantly agricultural) and Collins Creek (a 

combination of both rural and urban land area). For Little Cataraqui Creek, more change was seen 

from cropped land to settlements. Figure 5.1 below presents a sample subset showing an 

erroneously classified area from Buells and Butlers Creek. 

    

 

Figure 5.1: Margin of error due to cropping pattern change: sample area- Buells and 

Butlers Creek: Error margin due to misclassification as a result of change in cropping 

patterns is presented for Buells and Butlers Creek in this figure. The area classified as ‘other’ 

in the 1993 map should actually be under ‘cropland/agriculture/grass/shrubs’, however it was 

misclassified due to similar spectral signatures as a result of change in cropping patterns. 
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 Inadequate number of monitoring stations: A total study area of 46590.3 hectares (table 16) is 

monitored through seven currently operational stations set up by PWQMN. This is definitely an 

inadequate number of stations for such a vast area. Lesser number could be a factor for lack of 

parametric trends. 

 Location of the monitoring stations: Minor trends have been observed at Little Cataraqui Creek 

especially Perth Road (stn.12000200502) and seasonal trends are high at Millhaven Creek, 

Milldam station (stn. 6018000502). Even though they are located upstream, they are former 

sewage treatment plant sites which might have contributed to the water quality trends.   

 Clubbing together Cropland/Agriculture/Grass/Shrubs: Due to similar spectral signatures, grass, 

shrubs and agriculture were selected as one class for the purpose of this research. However, this 

might lead to skewed results because the source of contaminants from agriculture (nitrogen, 

fertilizer and pesticide contamination) might not be fully depicted in the trends with contaminants 

from grass/shrubs. 

 Time period for study: The time period of twenty years for the present study was decided based 

on the availability of water quality data to minimize missing values and errors. Huge gaps in 

water quality data were noted (Table C-4, appendix C) for many indicators before 1990’s. There 

is a possibility that twenty years might have been a short time period for land-use change or any 

major land-use change might have already occurred before the selected time frame. 

 

5.2 Conclusions 

The unique nature of the present research stems from the fact that in spite of previous examples of 

stand-alone land use and water quality studies within the Cataraqui region, no research has examined 

temporal change in land use and its impact on water-quality for the purpose of understanding the  
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interrelationship between these two characteristics. The author’s present research was conducted under 

the guidance of the CRCA (also see section 1.3.3) and is expected to contribute towards the Cataraqui 

Region Source Water Program for ensuring continued surface water management under the Clean Water 

Act. The results obtained have provided a preliminary basis for continued research within the region in 

the future using specialized models and more parameters. Section 5.3 below explains these 

recommendations in detail. The aim of the research was to conduct a basic analysis for understanding the 

land-use change and its impacts on surface water quality within the region. Based on the results, it can be 

stated that although minor trends have been observed, appropriate and sustained environmental 

management    practices need to be applied to maintain the current water quality trends. Sustained and 

unplanned land use is strongly expected to affect the water quality negatively in the future. Overall, the 

following conclusions can be drawn from the results of this research: 

 Water-quality parameters particularly iron and aluminum have shown an increasing concentration 

within the past twenty years.  Aluminum levels have been consistently below the guideline limit 

but are a cause for concern at LCC stn.12000200802 and stn.12000200402 respectively. 

Stn.12000200402 also showed the highest fluctuation for all indicators among the seven 

monitoring stations; 

 A general lack of seasonal trend in the water quality dataset was observed with less than 25 

percent values falling in the medium to high trend category as computed through the R-squared 

values for the indicators. However, out of the trends observed, summer and falls season showed 

the most trend at stations located near the dams for Millhaven (stn.502) and LCC Creeks 

(stn.802); 

 Highest percentage land use change within the area drained by Buells and Butlers Creek is 

characterised by a larger error margin (section 5.1.4). Therefore, LCC recorded the highest 

change in land use specifically between 2007 and 2012; 
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 Water quality and land-use change  have shown a causal relationship within the area drained by 

the selected creeks. Minor water quality trends at LCC correspond with the minimal land-use 

change observed within the entire area drained by the Creek (results in sections 4.3.2 and 5.1.3). 

 

 5.3 Recommendations 

The recommendations based on the results and conclusions of the research are listed below. As 

mentioned before, this is an initial attempt to study the land use and water quality characteristics in the 

region. This research can act as a foundation for a more specialized research in the future. From a 

practical perspective, the following points need to be considered for overall management of water quality 

to maintain a sustainable and clean water supply with the changing land use: 

 Better and effective monitoring of water quality variables needs to be ensured with an improved 

monitoring design. Overall water quality results have not been statistically significant whether in 

general or seasonally (section 4.2.2). Total Nitrogen was not included in the present research 

because the overall trends in Nitrogen were too static for inclusion. This can be indicated as a 

major anomaly. Previous research (Galbraith and Burns, 2007; Khare et al., 2012, Uriarte et al., 

2011) has pointed out the effect of Total Nitrogen concentration through agricultural activities on 

water quality (also see Section 2.3). Therefore, more effective monitoring practices need to be 

established within the region. An important suggestion in this regard is to increase the total 

number of monitoring stations for water quality monitoring. For example, the St. Lawrence 

watersheds (Figure 1.4) located south of Little Cataraqui and Collins Creeks do not currently 

have any operating monitoring station. Results from all the three watersheds should be gathered 

to form better conclusions as natural boundaries of different watersheds do not necessarily adhere 

to administrative boundaries as represented on the map; 

 



 

Land-Use Change and Surface Water Quality in the Cataraqui Region                                                                               118 

 

 The change in water quality has not been reflected fully through land-use change as the results 

have shown only minor fluctuations. Minor trends for water quality and minimal land-use change 

to indicate a causal relationship is an introductory analysis towards establishing more complex 

land-water interactions in the future with further specialized research. Improvement in the 

monitoring design is an important step towards AEM (section 2.2.2). Therefore, this follows that  

there is a need for improved Adaptive Environmental Management procedures within the region; 

 Water monitoring frequency needs to be increased. Average of data readings at different times 

during the day would lead to a better data reading rather than the current one reading per day. 

Additional questions that can be researched include whether the time of the day in a particular 

season would have any influence on the concentration of parameters  or even on the flow 

(quantity) of water in the watersheds;    

As such, future work can concentrate on the following methods for more specialized 

studies: 

 The present research included eight water quality parameters that could not be standardized into 

one level of statistical values as there was too much variability between the parameter 

concentrations and the set guidelines prescribed by the PWQMN.  Therefore, a GIS-based 

analysis and separate statistical analysis for both land use and water quality parameters were used 

to understand the interrelationship. It is recommended that a more in-depth analysis for 

understanding land-use and water quality interrelationship be conducted. An example would be 

Multivariate statistical analysis using correlation, bivariate statistics and regression for hypothesis 

testing (Fisher et al., 2000; Khare et al, 2012). The results from such analysis would add to the 

current research; 
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 Buffer Zone Analysis for location of future monitoring stations: According to Mcgray (2003), the 

concept of buffer zones has been employed as an effective AEM conservation strategy since the 

establishment of the MAB program (also see A.3, Appendix A). The need for effective 

monitoring and enhanced AEM within the four selected watersheds as indicative of Cataraqui 

region watersheds has already been indicated above (see pp. 117-118). Therefore, a buffer zone 

analysis would be ideal for future research in the region particularly for deciding feasible 

locations of additional creek- wise monitoring stations under the CRCA jurisdiction.  

In the real world, buffer zones contain ecosystem services and wildlife habitat outside a 

designated protected area; the local population can also derive socio-economic and cultural 

benefits from this zone. In practice, buffer zone guidelines are formulated under the land use and 

planning policy by the respective governmental agencies that specify buffer widths for various 

objectives like preservation of riparian zones (KFN, 2004). In the context of spatial analysis with 

GIS, the same concept is applied for analysis of land use. A buffer in terms of GIS software is 

generally defined as an area that is within a given distance or time from a map feature. Buffering 

a set of features leads to a polygonal output that defines an inside and an outside region 

depending on the location of these regions to the specified buffer distance (ESRI, 2013).  Further, 

a near sample site proximity analysis can be undertaken with a fixed distance buffer (also see 

Chapter 2) from arbitrarily selected sample sites. Buffer distances can be selected using the land 

use policy of the area under consideration. 

 

 Additional parameters for a comprehensive land –use and water quality interrelationship 

analysis: Water flow characteristics; temperature and precipitation can be incorporated for a 

detailed  analysis; specific pre-developed models like L-THIA or LEAM (Wang et al., 2005), 

specifically developed WQI (section 1.1 ) can be tested for their applicability within the region; 
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 Multi Criteria Decision Analysis: This technique has been partly used by Godfrey et al.-Queen’s 

University (2008b; Appendix B, Figure B.21) for lakeshed management within the region. This 

method would enable human elements like municipal boundaries and socio- economic factors to 

be included in the decision making criteria. For example, in order to decide feasible locations for 

monitoring stations; population factors can be considered in the form of census tracts; each 

selected factor could be given a weightage point within the GIS environment based on their 

importance within a pre-decided module. All these factors can then be used to predict potential 

water quality monitoring sites for the future. 

 

 Health conditions related with land use and water quality interrelationship: Specific 

investigative studies for health conditions related with water quality parametric concentrations 

can be undertaken. For example, a sample research question could be:  Does higher hardness and 

alkalinity of water in the region lead to increased incidence of skin problems? How does this 

result compare with other regions having lesser water hardness and alkalinity measurement? 

 

 Relationship of each water quality parameter with a specific land use type: The current research 

did not find any significant links with higher concentration of contaminants and a particular land 

use within the selected creeks. As such additional research could focus on identifying the nutrient 

contaminant pathways responsible for a specific land-use change within a set time period; 

 

The methodology for future research in the region is not limited to the techniques elaborated 

above. Additional specialized research is required to understand land-water dynamics in a more efficient 

manner. This will further ensure better IWRM (see section 1.4) and a sustainable natural resource use in 

the future.   
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Appendix A 

A.1 The Cataraqui Source Protection Area 

The Cataraqui Source Protection Area (CSPA) is defined to include the CRCA, Township of 

Frontenac Islands including Howe and Wolfe Island and some water sources surrounding Lake Onatrio 

and St. Lawrence River. This includes portions of Bay Of Quinte, Hay Bay, the southern portion of 

Rideau Canal and Thousand islands (CSPC, 2012a, 2012c). It spreads over thirty-five hundred square 

kilometers (Godfrey et al., 2008b).  Figure A.1 provides an overview of the CSPA in context of Southern 

Ontario SPA’s. 

     

Figure A.1: Source Protection Areas and Source Protection Regions in South-Eastern 

Ontario: This map represents the Source protection areas in Southern Ontario. The CSPA is 

located in the south-eastern part of Ontario. It includes the CRCA Jurisdiction, Frontenac 

Islands and water sources of Lake Ontario and St. Lawrence River. Source: (CSPC, 2012b). 
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A.2 The IGBP-IHDP LUCC Project 

Focus Points of the LUCC Project: The LUCC research followed a three-point approach towards 

establishing the focus-objectives (SSC-LUCC, 1999, pp. 14-15): 

 Inductive approach: The first focus point was decided under this approach; it dealt with specific 

case studies to analyse land use and land management in generalized global situations; 

 Deductive approach: This approach characterized the second area of focus which dealt with 

“development of empirical, diagnostic models of land-cover change through direct observations 

and measurements of explanatory factors” (p.15); 

 Dialectic approach: The third point of emphasis focused on dialectic approach whereby results 

from the first two foci were expected to be combined for resultant prognostic global and regional 

models. 

 

Figure A.2: Focus points of the Land-Use Cover and Change Project: LUCC project had 

three focus points. The first focus dealt with using an inductive approach for conducting 

specific case studies dealing with land use and other factors like population or history; the 

second point emphasized the utilization of remote sensing and GIS techniques under a 

deductive approach for development of empirical and diagnostic models and lastly, a dialectic 

approach characterized the third focus area under which economic modeling and integrated 

assessment was expected to be covered. Source: (SSC- LUCC, 1999). 
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          Table A-1: Selected completed Projects under the Land-Use and Cover Change Program 

Focus Points The projects Year published Area/Region 

(Focus 1): Case Studies 

(LAND USE DYNAMICS) 

 

Proximate causes and 

underlying driving forces of 

tropical deforestation (Geist 

& Lambin) 

2002 tropical areas of the world 

Dynamic causal patterns of 

desertification (Geist & 

Lambin 

2004 tropical areas of the world 

Meta-analysis of agricultural 

change (McConnell & Keys) 
2005 global croplands 

Seeing the forest and the 

trees: Human-environment 

interactions in forest 

ecosystems (Moran and 

Ostrom) 

2005 global western hemisphere 

(Focus 2):GIS &RS  for 

model development 

(LAND COVER DYNAMICS) 

 

Under The International BIOME 300 Project 

Estimating historical changes 

in global land cover: 

Croplands from 1700-1992 

(Ramankutty & Foley) 

1999 

historical global projects 

 

Land cover change over the 

last three centuries due to 

human activities: The 

availability of new global 

datasets (Klein & 

Ramankutty) 

 2004 

The Terrestrial land cover 

and GOFC-GOLD project for 

Millennium Ecosystem 

Assessment 

A synthesis of information on 

rapid land cover change for 

the period 1981-2000 (Lepers 

et al.) 

 2005 

The TREES Project  

Tropical Ecosystem 

Environment Observations by 

Satellite (Achard) 

 2006 

 

humid tropical forests 

worldwide 
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Focus Points The projects Year published Area/Region 

(Focus 3): Integrated 

Global and Regional 

Prognostic Models 

(INTEGRATED MODELS 

and LAND USE STUDIES  

Nang Rong District (Entwisle 

et al.; Walsh et al.) 
1998; 1999 Northeastern Thailand 

Serengeti-Mara ecosystem 

Project (Homewood et al.) 2004 

border zone between 

Tanzania and Kenya (East 

Africa) 

SYPR-Southern Yucatan 

peninsular region project 

(Turner et al.) 

2004 southeastern Mexico 

PRELUDE (Prospective 

Environmental Analysis of 

Land Use), 2000-2006 

Interactive scenarios 

launched on the European 

Environmental Agency 

website in 2006 

 European Union 

Notes: This table gives selected examples of studies conducted under the three focus 

objectives of the IGBP-IHDP LUCC Project. Tabulated from: (Lambin et al., 2006, pp. 1-8) 

 

A.3 The biosphere reserve landscape change project, Canada 

The initial steps towards this project were undertaken in 1995 when the Canada Man and the 

Biosphere Program (MAB) signed a Memorandum of Co-operation along with the MAB programs of 

Mexico and United States. Under this commitment, Canada agreed to make land cover maps available 

from its Biosphere Reserves for the purpose of further research and information (Fenech et al., Whitelaw 

and Sian, 2012). In 1997, the project was finally initiated through coordinated efforts of CBRA under 

EMAN, the Land Use Policy Branch of MOE-Ontario (Fenech et al., 2012) and Environment Canada’s 

Science Horizon Students Program (EMAN, 2001). The six selected Biosphere Reserves undertook their 

own study of the local historical land use changes with a different set of local objectives, available 

technologies and accessible resources. As a result, varied methods and techniques were used by each 

Reserve to analyse the collected data including land Surveyor records (historical pre-settlement data), 

topographical Maps (historical-more recent data), aerial photographs (data from past fifty years) and 

satellite imagery (data from past twenty-five years). Table A-2 below describes the methods and 

techniques in detail. 
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Table A-2: Methods and techniques of the Biosphere Reserve Landscape Change  

Project- Ecological Monitoring and Assessment Network (Canada) 

Method/Technique Strengths  Weakness Corresponding 

Biosphere Reserve 

METHODS 

Land Surveys Historical Data Less accurate due to 

surveyor’s individual bias  

Mont St. Hilaire, Long 

Point 

Aerial Photographs Subject to availability along 

certain flight lines 

Relatively recent (Niagara 

Escarpment) 

Riding Mountain, 

Waterton 

Satellite Images Accurate Recent, expensive Waterton, Niagara Escarp. 

TECHNIQUES 

Map and Crayons Inexpensive, low 

technological requirements 

Time consuming, less 

accurate and non-quantifiable 
Charlevoix 

 

GIS Comprehensive, Database 

creation, querying capability 

Expensive, expertise and 

technology intensive 
Riding Mountain, 

Waterton, Long Point, 

Niagara Escarp., Mont St. 

Hilaire 

FRAGSTATS Analytical tool for assessing 

forest fragmentation 

GIS and expertise intensive Niagara Escarp. 

Notes: This table explains the methods and techniques used for the completion of The 

Biosphere      Reserves Landscape Change Project, Canada. Each technique had its feasibility 

with regard to different time frames: land surveys were useful for mapping pre-settlement data 

and comparisons with more recent topographical maps; aerial photographs were available for 

the last fifty years and satellite imagery provided a much better resolution for the past 25 

years. Techniques included general mapping and GIS. Adapted from: (EMAN, 2001) 

 

Results indicate that significant landscape changes continue to occur today at all the biosphere 

reserves. Most dramatic landscape changes occurred during the initial European settlements and 

agricultural production except at Waterton where road development and forestry continue to dramatically 

alter the landscape even today.  As a result of urbanization and fragmentation, the biodiversity is 

predicted to be profoundly impacted; however, the buffer zones around water and fields are expected to 

enhance the number of supported species. Reforestation in abandoned agricultural lands where the soils 

have not been depleted is a positive development but overall urbanization has led to a constant threat for a 

variety of ecosystem services. Table A-3 explains the specific results of this project. 

Table A-3: Specific results of the Biosphere Reserve Landscape Change Project-  
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Table A-3: Specific results of the Biosphere Reserve Landscape Change Project- Ecological 

Monitoring and Assessment Network (Canada) 

Biosphere Reserve Key Pressures for 

Landscape Change 

Impacts Specific Biodiversity 

threats 

Waterton Road development due to 

industrial activity 

 

Off-road vehicle use 

 

 

 

Water logging 

 

Wildlife species more 

vulnerable to hunting 

 

Habitat Degradation (soil 

compaction and reduced 

cover) 

 

Habitat Degradation (loss 

and/or fragmentation) 

 

 

 

Grizzly bear and Elk 

 

 

 

 

Niagara Escarpment Mineral extraction (above 

Escarp.) and Clearing for 

agriculture (below Escarp.); 

urban development 

Forest fragmentation with 

dwindling forest interior and 

increasing nest predation; 

agricultural clearing also 

leads to increased species 

invasion 

Scarlet tanger , Wood 

thrush and European 

buckhorn 

Long Point House or cottage 

development 

Forest fragmentation with 

dwindling forest interior 

Netropical migrants 

Charlexvoix Abandoned agricultural areas 

 

House or cottage 

development 

Slow rate of forest 

replenishment due to 

increasing soil infertility 

 

Altering natural landscape 

Change in species 

 

change in greenspace 

patterns 

Riding Mountain Clearing for agricultural 

activity 

Habitat loss and 

fragmentation; wildlife 

decline and genetic isolation 

due to conflicts with 

surrounding land owners 

Wolves, Moose and Elk 

Mont St. Hilaire Clearing and drainage of 

swampy lands for agriculture 

 

Reforestation of unsuitable 

agricultural land 

 

Development of house or 

cottage; roads and railways 

Forest fragmentation 

 

 

 

 

Forest regrowth 

 

 

Forest fragmentation, 

pollution and barrier to 

ecological processes 

 

 

 

change in greenspace 

patterns 

Notes: Table A-3 summarizes the findings of Biosphere Reserve Landscape Change Project, 

EMAN, Canada. Agricultural development and initial settlements have been major drivers of 

change except in Waterton (road development). Urbanization and industrialization has 

increased the forest fragmentation further; profound impacts can be seen in Niagara Escarp. 

Reforestation is one positive development particularly in Mont. St. Hilaire; in Charlexvoix, the 

rate of reforestation is extremely slow due to soil infertility. Adapted from: (EMAN, 2001) 
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A.4 Historical land use dynamics in Belgian Ardennes  

This project measured historical land/use land cover dynamics at landscape scale for the rural 

municipality of Lierneux, Belgian Ardennes spreading over a total area of 91 square kilometers (Petit & 

Lambin, 2002). Since a time series of land cover data from the past 225 years from different sources was 

utilized for the study; the need to integrate multi-source data with various levels of errors was deemed 

necessary. Therefore, a data integration technique previously utilized for a highly fragmented African 

landscape (also see Section 2.1.2) was applied as a means of final analysis. Hence, the purpose of this 

project was actually twin fold: measurement of land use/ land cover dynamics and checking the variation 

of result with the utilization of data integration techniques for the analysis. 

Petit and Lambin (2002) explain data integration as “a two-step process to increase the 

comparability between land cover maps produced from different sources” (p.118). Under this process, the 

level of thematic content and spatial detail are equalized at a target-level for purposes of change detection. 

The two steps include: 

 Production of a set of generalized maps; the generalized map that is closest to the target map in 

terms of spatial details is then selected for further analysis. It is recommended that the target map 

should be the coarsest resolution map among all available resources. The finer resolution maps 

are first generalized thematically and later at varied levels of spatial resolutions to generate a set 

of generalized maps; 

 In the second step, five selected non-redundant landscape metrics are utilized to compute 

distances between the target map and generalized maps. For this project, indices like Shannon’s 

Diversity Index (SHDI) and Total Core Area Index (TCAI) were used. A minimum distance 

criterion is then used to find the generalized map closest to the target map in terms of spatial 

structure (Petit & Lambin, 2002). 
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Three different approaches were used to analyse the data and all three approaches clearly 

indicated maximum land-cover changes between 1923 and 1957. A significant difference was also 

noticed in the annual land cover rate of change with integrated as opposed to non-integrated data; it is 

usually a question of choice between going as far as possible in time versus an accurate change detection 

process (Petit & Lambin, 2002). The results of analysis after data integration by reference to the 1775 

land cover map are supplied in Figure A.3 below. 

                   

 

Figure A.3: Annual percent land-cover change in the Lierneux region, Belgian Ardennes 

after data integration: The results of the study indicated maximum LUCC between 1923 and 

1957. There was a significant quantifiable difference between integrated and non-integrated 

data; the purpose of the study as a question between historical data versus an accurate change 

detection was explored within the context of research results. In terms of land cover change, 

Results showed the increasing landscape fragmentation within the region due to expansion of 

grasslands-croplands and reforestation with coniferous species. Source: (Petit & Lambin, 

2002) 

 

A.5 Figures and tables pertaining to literature review for other land use studies 

This section looks at the results of other land use studies as explained in section 2.1of this 

document. Most of these studies were carried out locally over shorter time scales and are specific to the 

represented region; yet specific methodological characteristics and techniques are universally applicable 

in comparable studies. 
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Figure A.4: Land-use change in Beijing (1986-2001): Landsat-TM data was used to prepare 

land use maps for the four sample years. Persistent but uneven urban growth can be observed 

in the area. The highest expansion of 1.29 percent for urban areas was observed between 1991 

and 1996; rural residential land increased as well but the rate of change was much less than 

urban expansion. However, cropland showed a significant decline; forests dwindled 

marginally as well. Regression and Markhov analysis predicted a continued loss of agricultural 

land. Source: Wu et al. (2006) 

 

 

Figure A.5: Land-use change in Zhujiang Delta (1989-1997): Landsat-TM data was used to 

prepare land use maps for the three sample years 1989, 1994 and 1997. Results showed a 

significant increase in the urban or built-up area and horticultural farms. However, cropland on 

the whole showed a significant decline of forty-eight percent within the eight year period. 

Markhov analysis predicted a continued increase in urban or built-up land and dwindling of 

cropland with the present rate of change. Source: Weng (2002). 
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 Figure A.6: Markhovian modelled land-use change in Niagara Region, Ontario (1935-

1981): This study used National Topographic Survey maps for five different years between 

1935 and 1981 to collect land use information for 1886 sample data points. These results show 

the proportional equilibrium values of land use classes as calculated by Markhov Analysis 

along with results of land-use change from the sample points. Markhovian results after 1956 

point out an increase in urban and wooded lands with the corresponding decrease in 

agricultural area. Urbanization of agricultural land particularly between 1952 and 1976 is a 

major cause of land-use change in the region; another factor that contributed to significant 

differences in the land use is the exchange of area between agricultural and wooded lands. 

Source: (Muller & Middleton, 1994) 

 

 

Figure A.7: Land-use change in East and West St. Paul, Winnipeg (1960- 1989): This 

research utilized aerial photographs for both years to map urban and agricultural land 

cover/use for the two rural municipalities located in the urban fringe of Winnipeg, Manitoba. 

Results indicated a total increase of almost twenty five percent for the urban area at the cost of 

agricultural land in both municipalities within the research time frame. Markhov analysis 
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further indicated that West St. Paul is expected to experience a higher growth rate in the 

future. Source: (Hathout, 2002) 

  
 

Figure A.8: Forested ecosystems at risk due to agricultural conversion in Colombia: This 

figure shows the quantifiable risk to forested ecosystems in Colombia based on the best 

identified hotspot model out of the six utilized for Forested Ecosystem Research. Two 

scenarios of total area at risk (a) and percentage remnant area vulnerable (b) were used to 

identify the most vulnerable forested areas in Colombia. Overall results indicated possibility 

of greater deforestation in regions with fertile land, sustained agriculture and higher human 

settlements. Humid tropical forests of undulating plains in Northern Amazon and very dry 

Tropical forests in Caribbean were identified as the most vulnerable forested ecosystems 

based on scenarios (a) and (b) respectively. Source: (Etter et al., 2006) 
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Figure A.9: Land-use change model simulations for Burkina Faso (1960-1997): The 

results of a simulation model applied to Burkina Faso in Africa are presented in figure A.9. 

This is an agricultural land use model based on two major factors: expansion for extensive 

technological development and further intensification on reaching a predefined agrarian 

threshold. Results indicated that deforestation began during the late 1970s followed by rapid 

urbanization. First noticeable cropland degradation occurred in 1991 although it varied with 

each temporal phase. Source: (Stephenne & Lambin, 2001) 
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                                            Appendix B 

B.1 Related figures and tables for water quality studies (Section 2.2)  

The International Satellite Cloud Climate Project [ISCCP] 

ISCCP (1983) was the first project undertaken by the World Climate Research Program [WCRP] 

with two recognized components: operations and research; the research component included an 

investigation of the role of clouds on the atmosphere’s radiation budget and water cycle (Schiffer & 

Rossow, 1983). Final analysis was undertaken through a data management test and a cloud analysis 

algorithm as shown in Figures 14 (a) and (b). 

 

  

Figure B.1 (a): Data Specifications for International Satellite Cloud Climate Project 

(1983): This figure shows the data specifications for the ISCCP which is the first project 

undertaken by the World Climate Research Program. The research component in this project 

included an investigation of the role of clouds on the atmosphere’s radiation budget and water 

cycle. Source: (Schiffer & Rossow, 1983) 
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Figure B.1(b): Schematic for ISCCP Cloud Analysis Algorithm: The schematic for ISCCP 

Cloud Analysis Algorithm is presented in Figure B.1(b). Radiance Satellite data from GOES-E 

visible for 1 km  and infrared variances for 8 km was selected to complete the analysis. Each 

Algorithm was then applied to the radiance data for fulfilment of two objectives: to infer cloud 

properties from radiance values and to decide which radiance values correspond to cloudy 

scenes. Source: (Schiffer & Rossow, 1983) 
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The Global Energy and Water Cycle Experiment 

WCRP began the Global Energy and Water Cycle Experiment [GEWEX] in 1988; it is one of the 

world’s largest geoscience experiments and is operational today figure (figure B.12). The main aim of this 

project is to acquire all important information to predict variations in global hydrological regimes and 

changes in the regional water resources and processes (Chahine, 1992).  

 

Figure B.2: The Global Energy and Water Cycle Experiment (1988): A brief summary of 

GEWEX is presented above in Figure B.2. This project began in 1988 as one of the world’s 

largest geoscience experiments and is still operational today.  It employs the technique of 

scientific model-creation to predict variations of the global hydrological regimes and regional 

hydrological changes. Source: (Chahine, 1992) 
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Figure B.3: The Rapid Assessment of Drinking Water-Quality Project (2004-2005): This 

figure shows the estimated percentage of population in five selected countries with access to 

safe drinking water as per an assessment method used under the RADWQ Project. Under this 

project, potential risk factors for water quality parameters like coliform, fluoride, arsenic and 

nitrates were examined in accordance with WHO guidelines; the MDG targets were reassessed 

for all countries with 1990 figures, Tajikistan had earliest records available only from 1995. 

The data used was collected under the Joint Monitoring program [JMP]; JMP-MC and JMP-

OC figures indicate adjustment for percentage microbial compliance and percentage overall 

compliance as per WHO figures. Results show a substantially reduced percentage of 

population with access to safe drinking-water in 2008. Source: (Bain et al., 2012) 

 

 

 Figure B.4(a): Reassessed category results of global piped and other sources (2010) 
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Figure B.4(b): Overall results of reassessment of Rapid Assessment of Drinking Water- 

Quality Project (2010)  

Figures B.4(a) and (b) present the reassessed results of the RADWQ project using all countries 

for which JMP estimates were available. The improved and unimproved sources of drinking 

water were reassessed based on selected national and socio-economic covariates like GDP, 

HDI and WQI from Yale; results showed that one billion people with improved sources might 

be at risk for unsafe drinking water and 1.2 billion people with otherwise safe water were 

expected to be under higher sanitary risk. Using the most stringent measures for water safety 

also changed the projected estimated values calculated under the RADWQ Project. The 1990 

baseline value was estimated to increase to 53% which showed that the baseline values for 

1990 were grossly underestimated. Based on the new value, a revised target emerged where in 

26% for only water quality and 46% when both water quality and sanitary risk were taken into 

account was estimated. (Source: Onda et al., 2012) 
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Figure B.5: Cluster Analysis for studying surface water quality in Gomti river, India 

(1994-1998): Figure B.5 shows CA results which was one of the four multivariate statistical 

techniques employed for surface water quality study- Gomti river, India. A total of twenty four 

parameters for eight sites across the river were measured monthly. Examples of parameters for 

the study include electrical conductivity, total alkalinity, total hardness, potassium, calcium 

and magnesium. Three cluster sites were identified as characterized by relatively low pollution 

(1-3),very high pollution (4-6) and moderate pollution. Overall results indicated natural 

soluble salts and organic anthropogenic pollution loads for all three clusters as a major source 

of variability in water quality. Source: (Singh et al., 2004) 

 

 

Figure B.6: Parameters for studying surface water quality in Fuji river basin, Japan 

(1995-2002): Figure B.6 lists the parameters used to study surface water quality for Fuji river 

basin, Japan. These twelve parameters were placed under three relevant clusters: relatively less 

polluted, medium level pollution and highly polluted sites. Results from Factor analysis 

pointed to water quality variations mainly related to organic pollution with varied point and 

non-point sources for all three clusters. Additional variations were attributed to discharge and 

temperature for relatively less polluted areas and nutrients in highly polluted regions. Source: 

(Shreshta & Kazama, 2007) 
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Figure B.7: Results of source apportionment approach - surface waters, Northern Greece 

(1997-2000): Figure B.7 looks at the results of a water quality research conducted in Northern 

Greece for three major river systems with twenty seven parameters and twenty five sampling 

sites. General PCA results indicated that point sources like municipal and industrial effluents 

were the major factors contributing towards water quality variability. Applying the 

environment-centric source apportionment approach, specific results indicated that point and 

non-point sources were the main contributors towards organic and nutrient impacts like COD 

and BOD. Source: (Simeonov et al., 2003) 
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Figure B.8: Temporal trends for Biological Oxygen Demand and Total Nitrogen in Han 

river valley basin, South Korea (1993-2002): Temporal trends for two regions with seven 

stations under Han river, South Korea are presented in the above figure. This research utilized 

both GIS and statistical techniques for studying the spatial and temporal variations in water 

quality. Land cover was calculated at multiple scales and then statistically related with 

temporal parameters of water quality. TN concentrations were found to increase for majority 

of the stations while no significant trends were seen for temperature. Non- point source 

pollution exhibited strong spatial autocorrelations. Source: (Chang, 2004) 
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Figure B.9: Water quality in the Mississippi river during the past century: sample 

parameter concentrations: Monthly trends for water quality parameters as recorded for the 

Mississippi river study in 1991 are shown in Figure B.9. The study used box plots and linear 

graphs to measure changes in the selected water quality parameters at four major monitoring 

stations in the lower Mississippi basin. Figure B.9 above includes results from two stations: 

New Orleans water plant at Carrollton for 1905-1906 and St. Francisville, Louisiana for the 

other two years. Overall results indicated an increase in nitrate concentration during the past 

35 years while silicates showed a declining trend of almost 50 percent. Phosphorus 

concentration generally showed an incline after 1972; water quality changes were therefore 

mirroring the growth of higher nitrogen and phosphorus fertilizer use. Source: (Turner & 

Rabalais, 1991) 
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Figure B.10: Results from bathing water quality and health studies, Cincinnati, Ohio 

(1951-52): The bathing water study conducted by Environmental Health Center in Cincinnati, 

Ohio showed no significant correlation between water quality for bathing and number of 

disease incidences. This study was conducted in three different locations; methodology for 

each study area was kept similar and selected population groups majorly belonged to the same 

socio-economic societal strata. Questionnaires provided to all inhabitants were returned to the 

authorities within two months. Methods used for statistical analysis included: observation of 

disease prevalence as related to swimming experience and average water quality; identifying 

periods of significantly poor bathing quality and occurrence of illnesses corresponding to that 

period. Calculation of number of people suffering from an illness a specified number of days 

after swimming in contrast with water quality during the day of swimming was also utilized 

for analysis. Median fecal coliforms were used an indicator of water quality. Overall illness 

incidence was found to be higher in swimmers than non-swimmers. The graphic above shows 

ratio of illness incidence of swimmers to non-swimmers by illness type, area, water quality 

and swimming frequency. 
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B.2 Figures and tables for general water quality-land use studies (section 2.3) 

                                

Figure B.11: Simulated landscape changes based on a sample scenario of shifting the 

hypothetical landscape closer to Franklin, North Carolina: Wear et al. (1998) explain the 

importance of land use for determining water quality. Based on expected simulated changes, 

the results from their research (1975 and 1980) shows that potential water quality impacts 

were unevenly spread out throughout the region. Most changes however, are predicted to occur 

where land is moving from distance scenario 100- 0 (urban predominance) and in distance 

scenario 500-400 (moving out of a remote zone) 

 

                                        

Figure B.12: Most Probable Number of fecal coliform bacteria per 100 ml of water, 

Upper Oconee watershed, Georgia (1995-1996): Figure B.12 shows MPN concentrations 

from one of the selected parameters for the Upper Oconee Watershed study. Results indicated 

that Total FC concentrations were increasing in areas dominated by cattle grazing. Source: 

(Fisher et al., 2000) 
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Figure B.13: Land use and water quality trends for Alafia and Hillsborough river 

watersheds: This figure shows the percentage change in land use for two stations at both 

watersheds from 1974-2007. Corresponding results of water quality change from Seasonal 

Kendall Results for both stations are enumerated on the right side; here, n=total number of 

observations, 0= neutral trend, +1= increasing or positive trend and -1=decreasing or negative 

trend. Overall results indicated more water quality issues with changing land use in Alafia 

watershed. Also, Total Fluorides and TP were highly concentrated in areas dominated by 

mining activity. Source: (Khare et al., 2012). 
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Figure B.14: Results obtained for St. Louis Metropolitan Area, USA (2000): This figure 

shows the mean annual run off volume, TN, TP and Total Suspended Particles (TSP) from 

each land use and 1961-1990 precipitation figures. A slight but unsteady increase in particulate 

pollution was one of the major results from this study but temporal results never followed a set 

pattern for different predicted land use changes. Source: (Wang et al., 2005) 

 

   

Figure B.15: Significant Pearson’s correlation between water quality concentrations and 

types of land use, New Zealand (1999): This study linked 45 water body types and water 

quality parameters with land use in Otago region of New Zealand. Catchment areas of dairy 

farming regions were characterized by higher nitrogen concentration while TP was highest in 

erodible hill pastures. Turbidity was highest in bare ground areas. Source: (Galbraith & Burns, 

2007) 
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Figure B.16:  Results obtained after application of a Goodness of Fit Model for land use 

and water quality assessment in Puerto Rico (1977 and 2000): Figure B.16 shows 

percentage predicted pasture land area within a 60 m buffer for large watersheds against 

predicted values for TP and TN. Final overall results indicated that water quality degradation 

was a consequence of increasing urbanization and pasture lands. Larger watersheds recorded 

more TP concentrations at sub-watershed scale (Uriarte et al., 2011). 
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B.3 Figures and tables for Cataraqui Region water quality-land use studies (section 2.4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.17:  Flowchart for water quality and land use study under the Watershed 

Characterization Project, Cataraqui Source Protection Area: The Cataraqui Region 

Conservation Authority published a report on Watershed Characterization in 2008. This 

flowchart adapted from the report presents a summary of water quality and land use aspects 

within the overall study. Significant results indicated consistently declining TP concentrations; 

negative correlation of Turbidity with forest cover and higher chloride concentrations in 

urbanized areas. All the five areas were characterized by higher agricultural land use and total 

land under settlements also showed a persistent increase; transportation was a major 

component of the Cataraqui Source Protection Area land use. Adapted from: (CRCA, 2008) 
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 Land use in Millhaven Creek Watershed-2004 

        

Figure B.18:  Land use map for Millhaven Creek watershed (2004): This land use map 

was prepared by the CRCA based on 2003 and 2004 field mapping exercise for a scoped 

wetland examination under Millhaven Creek Pilot Project. Overall land use was indicated to 

be changing significantly from the predominant agricultural uses in 1983; human interference 

in the form of more limestone and concrete constructions; increasing settlements and stream 

channel blockages due to damming were noted. Source: (CRCA, 2005) 
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Figure B.19: Sampling Results for Millhaven Creek watershed (2004): This trend line 

water chemistry analysis was undertaken by the CRCA based on 2004 field mapping exercise 

for a scoped wetland examination under Millhaven Creek Pilot Project. Although existing data 

was sufficient for the research, but it was decided to collect periodic daily samples for selected 

water quality parameters using a YSI 600QS-01 measure. Results from samples from one day 

are enumerated above Source: (CRCA, 2005) 
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Figure B.20: Frontenac Arch water quality assessment project, 2010: Figure B.10 shows 

the study area for the Frontenac Arch water quality assessment project conducted in 2010. 

Selected indicators and sites are also represented on the map. Nitrate, Nitrite and Benthic 

measurements were selected to analyse Provincial Drinking Water Indicator exceedances for 

the area. Overall water quality for the region was indicated as healthy and sustainable at four 

sites; Brockville showed extensive E. coli contamination. Source: (Ayukawa et al., 2010) 
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Build-Out Analysis 

 A Build-Out Analysis is used to determine outcomes by contrasting future land use practices with 

one another (Godfrey et al., 2008b). For the Lake and Watershed Planning Project in the Cataraqui 

Region, this tool was used on a sample lake to project three Build-Out Scenarios based on current policy 

guidelines: maximum, current trends and recommended scenarios. Figures B.11(a), B.11(b) and B.11(c) 

show the outcomes of this analysis. 

 

 

Figure B. 21(a): Maximum built-out scenario for Desert Lake: This Scenario shows 

maximum number of lots that can be currently created under the planning policies. Twelve 

assumptions were undertaken for this scenario and a major limitation was also identified; there 

is no defined time line for this scenario to take effect. Some outcomes were recognized as 

unrealistic based on current trends but may be possible in the future. Source: (Godfrey et al., 

2008b) 
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Figure B. 21(b): Built-out scenario as per current planning policies, Desert Lake: This 

Scenario shows a projected outcome considering the current planning policies to remain in 

effect. Nine assumptions were taken for this scenario and no defined time line was again 

identified as a major limitation. This outcome was classed as ‘plausible’ as per current trends. 

Source: (Godfrey et al., 2008b) 
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Figure B.21(c): Recommended Built-out scenario, Desert Lake: This Scenario shows a 

projected recommended outcome for Desert Lake. Eighteen assumptions were taken for this 

scenario and privately owned land was deemed a major limitation. Development on the land is 

possible any time since it is privately owned; however, the time frame of such development is 

still uncertain. This outcome is the most positive out of the three scenarios. Source: (Godfrey 

et al., 2008b) 
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Figure B.22: Areas of ecological importance, Collins Creek Watershed Greenway System 

(2006-2007): This map shows the areas of ecological importance in the Collins Creek 

watershed Greenway Area. Analysis results were obtained by running a GIS model where 

numerical values were given to nested buffers around four selected ecological features and 

linkage lines. The values were assigned based on the importance of the feature as understood 

through various sources like CRCA guidelines. The maximum distance between linkage lines 

and edge of the habitat was observed to be 600 meters. Within this 600 metres, Jenks Natural 

Breaks method was used to classify core, secondary and peripheral areas as represented in the 

map. Source: (Bourhill et al., 2007) 
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Figure B.23: Designated study area for Little Cataraqui Creek wetland study (2004): 

This map shows the study area for a comprehensive research undertaken by Kingston Field 

Naturalists within the Little Cataraqui Creek. The main aim of this research was to document 

the ecosystem including the different types of biota within the selected region. Analysis was 

carried out using ArcView and was based on various sources like field assessments, literature 

review and existing maps. Potential road construction within the Provincially Significant 

Wetland necessitated a predictive analysis; buffer zones with appropriate buffer widths 

(example 30-300m for vertebrate species) were recommended for the same. Source: (KFN, 

2004) 
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B.4 Tables depicting methodology derived from Literature review  

Table B-1: Specific points of relevance for land use component of the current research 

Specific points of 

reference 

Corresponding study 

from literature review 

 

Authors and year 

published 

Notes 

Importance and 

significance of remote 

sensing/GIS for land use 

studies (why GIS for land 

use component?) 

Biosphere Reserve 

Landscape Change Project, 

EMAN (Canada) 

 

Dynamics of land use and 

land-cover change… 

Remote Sensing Tech. … 

EMAN Report Summary, 

2001 

 

 

Lambin, et al., 2003 

 

Rogen & Chen, 2004 

Explained further in 

Chapter 3, section 3.1 

Use of satellite imagery for 

preparation of land use 

maps; 

(the current project used 

LANDSAT -TM  imagery) 

 

IGBP-IHDP LUCC Project 

 

 

Biosphere Reserve 

Landscape Change Project, 

EMAN (Canada) 

 

 

Belgian Ardennes Study 

 

LUC, Beijing (1986-2001) 

 

LUC, Zhujiang Delta 

(1989-1997) 

 

Colombia Forest Conv. 

LUCC Report, 1999; 

Lambin & Geist, 2006 

 

EMAN Report Summary, 

2001; 

Fenech et al., 2012 

 

 

Petit & Lambin, 2002 

 

Wu et al., 2006 

 

Weng, 2002 

 

 

Etter et al., 2006 

Different global studies at 

varied scales; 

 

Niagara and Waterton 

Biosphere Reserves 

utilized satellite imagery 

(SPOT) for more recent 

land use studies ( 25 years) 

 

Year  2000 (LANDSAT) 

 

LANDSAT TM imagery 

 

LANDSAT TM imagery 

(TM is preferred over MSS 

due to higher resolution) 

MODIS imagery 

Preparing LANDSAT 

imagery for change 

detection 

LUC, Beijing (1986-2001) 

 

LUC, Zhujiang Delta 

(1989-1997) 

 

Belgian Ardennes Study 

(no data integration 

required) 

 

Wu et al., 2006 

 

Weng, 2002 

 

 

Petit & Lambin, 2002 

 

- Images of the same 

season were used for 

maintaining uniformity; 

-georeferenced to a 

common coordinate system  

-no data integration was 

required as images were 

acquired from the same 

source for all years 
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Specific points of 

reference 

Corresponding study 

from literature review 

 

Authors and year 

published 

Notes 

Preparing LANDSAT 

imagery for change 

detection 

LUC, Beijing (1986-2001) 

 

LUC, Zhujiang Delta 

(1989-1997) 

 

Belgian Ardennes Study 

(no data integration 

required) 

 

Wu et al., 2006 

 

Weng, 2002 

 

 

Petit & Lambin, 2002 

 

- Images of the same 

season were used for 

maintaining uniformity; 

-georeferenced to a 

common coordinate system  

-no data integration was 

required as images were 

acquired from the same 

source for all years 

Categories for land use 

classification 

Specific studies for 

corresponding land uses. 

Examples: 

Forests: 

- Colombia Forest Conv.; 

- Belgian Ardennes study; 

 

Land exchange between 

forest and agriculture: 

-Historical land use in 

Niagara region, Canada 

 

 

 

 

Etter et al., 2006 

Petit & Lambin, 2002 

 

 

 

Muller & Middleton, 1994; 

 

 

 

Importance of forests, 

urban areas-built up and 

agriculture-cropland and/or 

built-up; all three were 

included as specific classes 

for land use classification 

Land-use change ‘baseline 

concept’ 

Historical land use in 

Niagara region, Canada 

Muller & Middleton, 1994 

 

Time period was not big 

enough for multiple 

baselines for this research; 

first year considered as ‘bl’ 

Technique/analysis for 

future predictions 

-IGBP-IHDP LUCC Proj. 

 

-LUC, Beijing  

-LUC, Zhujiang Delta  

 

-Historical land use in 

Niagara region, Canada 

 

-East and West St. Paul, 

Manitoba  

Lambin & Geist, 2006 

 

Wu et al., 2006 

Weng, 2002 

 

Muller & Middleton, 1994 

 

 

Hathout, 2002 

Markhov analysis not 

useful because of lesser 

parameters; cellular 

automata techniques also 

not applicable because of 

lesser number of variables 

(Li & Yeh, 2002). Buffer 

Analysis for water station 

prediction most suitable 

Notes: Table B-1 enumerates some specific points of reference based on the literature review 

for land use studies that were useful in formulating a methodology for the present research. 

This cannot be treated as an exhaustive list; some points of reference were specific to a 

particular study while some overlapped with other studies. 
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Table B-2: Specific points of relevance for water quality component of the current research 

Specific points of 

reference 

Corresponding study 

from literature review 

 

Authors and year 

published 

Notes 

Statistical methods for 

measuring and representing  

water quality parameters 

 

(explained further in 

section 3.3, Chapter 3) 

 

Rapid Assessment of 

Drinking Water-Quality 

Project [RADWQ] 

 

 

 

 

RADWQ Project 

reassessment, 

Accounting for water 

quality and impact on 

Millennium Development 

Goal [MDG] Progress 

 

Bain et al., 2012 

 

 

 

 

 

Onda et al., 2012 

 

Time series graphs and two 

years of extrapolation for 

data; Least square linear 

regression temporal lines 

for rural-urban areas 

 

Trend lines as analysis 

method [this project is 

majorly focused on 

parameter concentrations 

to assess water quality, 

therefore pattern metrics 

like FA and CA are not 

stressed upon ] 

Statistical methods for 

measuring and representing  

water quality parameters 

 

Water quality-Mississippi 

river 

 

 

Water quality-Han river 

Turner & Rabalais, 1991 

 

 

 

Chang,2008 

 

Box plots, linear graphs 

 

 

 

Understanding water 

quality parameters and 

patterns over time 

Land-use change GIS 

analysis using buffers 

Water quality-Han river 

Niagara Region land-use 

change (Section 2.1.2) 

Chang, 2008 

Muller & Middleton, 1994 

(250 m buffer for randomly 

selected sample points) 

100m riparian buffer, 

500m circular buffer and 

full basin analysis 

Software utilized Water quality-Gomti river 

Water quality-Fuji basin 

Water quality-Han river 

Singh et al., 2004 

Shrestha & Kazama , 2007 

Chang,, 2008 

Excel, SPSS 

 

SPSS, ArcGIS 9.2 

Notes: Table B-2 looks at some specific points of reference based on the literature review for 

water quality studies that were useful in formulating a methodology for the present research. 

This review was conducted with a special emphasis on surface water sources as an important 

aspect of the current  research. 
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Table B-3: Specific points of relevance for the relationship between land-use change and water 

quality component of the current research 

Specific points of 

reference 

Corresponding study 

from literature review 

 

Authors and year 

published 

Notes 

Parameters for water 

quality study 

Various  Various Most studies included 

nitrogen and phosphorus 

concentrations 

Statistical methods for 

studying land use water 

quality relationship 

 

Alafia and Hillsborough 

Watersheds Study, Florida 

 

 

Khare et al. 2012 

 

Non-Parametric Trend 

analysis, 5% significance 

level is the most common 

for statistical analysis, time 

series plots 

 

Statistical methods for 

studying land use water 

quality relationship 

 

 

 

 

 

(explained further in 

section 3.3, Chapter 3) 

 

 

 

 

 

 

 

Upper Oconee Watershed 

study, Georgia 

 

 

Land use and water quality 

linkages in Otago, 

Southern New Zealand 

 

 

St. Louis Metropolitan 

Area study 

Fisher et al., 2000 

 

 

 

Galbraith and Burns, 2007 

 

 

 

 

Wang et al., 2005 

Using annual mean values 

for comparisons between 

watersheds 

 

Removing monthly data for 

winter (to ensure better  

normal distribution of 

data);  

 

Mean concentration of 

parameters for specific 

land uses 

Important land use classes Various studies based on 

the objectives (example- 

Saginaw Bay study 

grouped forests under 

permanent vegetation 

while the project in Otago, 

New Zealand had three 

different forest categories) 

Various 

 

[The focus of the current 

study was on land use 

(anthropogenic factors); 

Geology ( non-

anthropogenic factors) 

were not taken into account 

(from : Johnson et al., 

1997)] 

General classes based on 

various studies include: 

Agriculture 

Settlements 

Forests 

Urban/Industrial 

Water bodies 

Transportation 

 



 

Land-Use Change and Surface Water Quality in the Cataraqui Region                                                                               178 

 

Specific points of 

reference 

Corresponding study 

from literature review 

 

Authors and year 

published 

Notes 

Non-forest land use class Land cover along urban-

rural gradient, Tennesse 

River 

 

Wear et al., 1988 

 

Grassy and non-vegetated 

cover combined together 

Water quality indicators 

less than a specified 

threshold 

Land use- water quality, 

Puerto Rico 

 

Uriarte et al., 2011 To maintain uniformity, 

half of the value was 

incorporated rather than 

ignoring the data or simply 

using the threshold value.  

Software  Alafia and Hillsborough 

Watersheds Study, Florida 

Land use- water quality, 

Puerto Rico 

Land use and water 

chemistry in Saginaw Bay 

Area 

 

Land use and water quality 

linkages in Otago, 

Southern New Zealand 

 

Khare et al., 2012 

 

Uriarte et al., 2011 

 

Johnson et al. 1997 

 

 

 

Galbraith and Burns, 2007 

 

ArcGIS for land use 

 

 

ArcGIS, patch density for 

measuring each type of 

land use 

 

SPSS for statistical 

analysis 

Notes: Table B-3 lists some specific points of reference based on the literature review for land 

use-water quality studies that were useful in formulating a methodology for the present 

research. This is not an extensive list as each study had unique aspects while also using similar 

techniques like other studies. 
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 Table B-4: Specific points of relevance for the relationship between land-use change and water 

quality component of the current research based on past studies in the Cataraqui Region 

Specific points of 

reference 

Corresponding study 

from literature review 

 

Authors and year 

published 

Notes 

Environmental approach to 

land use water quality 

interrelationship 

Lake and watershed 

planning in the Cataraqui 

Region 

Godfrey et al., 2008a 

[SURP-Queens University] 

An Ecological approach 

towards analysis was 

applied for the SURP work; 

present project is based on 

AEM-ecosystem services 

concept (Section 2.1.2) 

Build-Out Analysis 

(suggestion for future 

analysis) 

Lake and watershed 

planning in the Cataraqui 

Region 

Godfrey et al., 2008a The Build-Out Analysis for 

Desert Lake is further 

explained in Appendix B. 

Buffers and buffer widths 

as a part of future 

analysis/suggestions 

(mostly predictive) 

Lake and watershed 

planning in the Cataraqui 

Region 

Little Cataraqui Creek 

wetland study 

Collins Creek greenway 

Project 

 

Godfrey et al., 2008a 

 

KFN, 2004 

 

Bourhill et al., 2007 

 

 

 

Recommended width of 30-

300m as per KFN report 

Related Maps 

(CRCA watershed map) 

 

Millhaven Land use Map 

(1983) 

 

Lake and watershed 

planning in the Cataraqui 

Region 

Millhaven Creek Study 

Godfrey et al., 2008a 

 

CRCA, 2005 

Other maps include Collins 

Creek map and Little 

Cataraqui Creek Map 

included in the Appendix 

as additional research 

material 

 

Trend analysis and 

graphical representation for 

exploratory water quality 

analysis 

 

Statistical analysis mean, 

median, box plots, 

percentiles 

 

Water quality in Frontenac 

Arch region 

 

 

 

Millhaven Creek Study 

Watershed Characterization 

Report 

 

Ayukawa et al., Queen’s 

University, 2010 

 

 

CRCA, 2005 

CRCA, 2008 

 

PWQMN exceedances used 

 

 

CRCA(2008) report also 

included significant 

classifications for land use; 

these were helpful in 

deciding land use 

categories for the current 

research 

Notes: Table B-4 lists some specific points of reference based on the literature review for 

Cataraqui land use-water quality studies that were useful in formulating a methodology for the 

present research. 
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Appendix C 

C.1 Selected land use / land cover classification systems 

United States Geological Survey land classification system (general):  

The initial classification system developed by Griggs in 1965 was further modified to include a 

hierarchical system by Anderson et al. in 1976. Land use is determined using land cover as a principle 

surrogate. The first two tiers of this classification system are presented below (Anderson et al., 1976) 

1. Urban or Built-up Land 

 Residential 

 Commercial and Services 

 Industrial 

 Transportations, Communications, Utilities 

 Industrial and Commercial Complexes 

 Mixed Urban or Built-up Land 

 Other Urban or Built-Up Land 

2. Agricultural Land 

 Cropland and Pasture 

 Orchards, Groves, Vineyards, Nurseries and Ornamental Horticultural Areas 

 Confined Feeding Operations 

 Other agricultural land 

3. Rangeland 

 Herbaceous Rangeland 

 Shrub and Brush Rangeland 

 Mixed Rangeland 

4. Forest Land 

 Deciduous Forest Land 

 Evergreen Forest Land 

 Mixed Forest Land 

5. Water 

 Streams and Canals 

 Lakes 

 Reservoirs 

 Bays and Estuaries 

6. Wetland 

 Forested Wetland 

 Nonforested Wetland 
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7. Barren Land 

 Dry Salt Flats 

 Beaches 

 Sandy Areas other than Beaches 

 Bare Exposed Rock 

 

 Strip Mines, Quarries and Gravel Pits 

 Transitional areas 

 Mixed Barren Land 

8. Tundra 

 Shrub and Brush Tundra 

 Herbaceous Tundra 

 Bare Ground Tundra 

 Wet Tundra 

 Mixed Tundra 

9. Perennial Snow or Ice 

 Perennial Snowfields 

 Glaciers 

 

General Land Cover Classification - IGBP-IHDP LUCC Project (Geist, 2002) 

1. Natural Vegetation 

 Forest 

 Shrub land, Grasslands and Wetlands 

2. Developed Lands 

 Agriculture 

 Natural Vegetation/Cropland 

 Urban Lands 

3. Non vegetated Lands 

 Barren 

 Snow and Ice 

 Water 

Canada Government Land Use (Ontario Ministry of Natural Resources) (MNR website, 2013) 

1. Commercial 

2. Government/Institutional 

3. Open Area 

4. Parks and recreational 

5. Residential 

6. Resource and Industrial 

7. Water body 

8. Agricultural Land 
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CLUMP CLASSIFICATION (Canada Land Use Monitoring Program (University of Waterloo, 2012) 

These are integrated with CLI (Canada Land Inventory) shoreline layer and do not extend into water. 

1. Urban built-up area (B) 

2. Mines, quarries, sand and gravel pits (E) 

3. Outdoor recreation (O) 

4. Horticulture (H) 

5. Orchards and Vineyards (G) 

6. Cropland (A) 

7. Improved pasture and forage crops (P) 

8. Unimproved pasture and range land (K) 

9. Productive woodland (T) 

10. Non-productive woodland (U) 

11. Swamp, marsh or bog(M) 

12. Unproductive land- sand (S) 

13. Unproductive land-rock (L) 

14. Unmapped Areas (8) 

15. Water Areas (Z) 

 

NATIONAL-SCALE ONTARIO LAND COVER CLASSES - GEOGRATIS DATA DISTRIBUTION 

(Natural Resources Canada, 2013) 

1. Water  

2. Marshes  

3. Open Wetlands  

4. Treed Wetlands  

5. Tundra Heath  

6. Dense Deciduous Forest  

7. Dense Coniferous Forest  

8. Mixed Forest  

9. Sparse Forest  

10. Early Successional Forest  

11. Successional Forest  

12. Mine Tailings, Quarries, Bedrock Outcrop, Mudflats  

13. Settlement and Developed Land  

14. Agriculture  

15. Unclassified Areas (within the province) 

 

LAND USE CLASSES IN KITCHENER (CanSIS-Government of Canada, 2013) 

1. Forest and scrub vegetation 

2. Swamps and plains 

3. Improved Agricultural Land 

 Pasture and forage crops 

 Mixed Cropping 

 Individual Crops 

 Animal Rearing 

 Horticulture 

4. Unimproved Pasture Land 
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5. Urbanized Land 

6. Recreation Land 

7. Water Bodies 

8. Mining/Excavation 

 

Cataraqui Region Land use (CRCA land use maps, 1986 and 2005) 

 

1. Coniferous forest 

2. Deciduous forest 

3. Mixed forest 

4. Pasture 

5. Cropland 

6. Shrubland 

7. Industrial 

8. Residential 

9. Rock outcrops 

10. Wetlands 

11. Water 

12. Other 
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C.2 Other tables and figures 

Table C-1: Provincial water quality objectives for selected Provincial Water Quality Management Network 

Parameters 

 

PWQMN Parameter Provincial Water 

Quality Objectives  

Notes 

 

   
 

Alkalinity, total 

narrative (to prevent 

leaching and corrosion, < 

than  100mgl but highest 

danger levels at 

>500mgl) Toxicity of metals can vary as a function of alkalinity (CaCO3). 
 

(ALKT) (literature review) 

Alkalinity buffers aquatic ecosystems from fluctuations in pH 
 

  
 

  and serves as a reservoir of carbon for photosynthesis. 
 

   
 

Aluminum, unfiltered  Total aluminum concentration, as measured in the PWQMN, 
 

total (ALUT) (5-100 µg)  should not be evaluated against the PWQO for clay-free samples. 
 

  Sources include weathering of rocks and clays, industrial wastes, 
 

  treatment plants that use alum as a flocculent. 
 

   
 

Ammonia (un-ionized) 20 µg/L NH3 Unfiltered ammonia nitrogen (NNHTUR) includes ammonia 
 

Calculated from 

 (NH3) and ammonium (NH4
+). Un-ionized ammonia refers to all 

 

 

forms of ammonia with the exception of the ammonium ion. 
 

Ammonium, total 

 
 

  
 

unfiltered reactive  Un-ionized ammonia (NH3) concentration varies with pH and 
 

(NNHTUR) using  water temperature. See OMOE (1994)1 for a helpful summary 
 

Field (FWPH) or  table and equations. 
 

Laboratory pH and  

PWQMN ammonia concentrations are expressed as mg/L total 
 

Water Temperature 

 
 

 ammonia-N. Others report as mg/L NH3. To convert mg/L NH3 to mg/L 

total ammonia-N multiply by 0.8. 
 

(FWTEMP). 

 
 

 

 
 

  
 

   Ammonia is highly soluble in water. Sources include sewage 
 

  treatment plants, steel mills, fertilizer plants, petroleum 
 

  industries, intensive farming, natural decomposition of organic 
 

  wastes, gas exchange with the atmosphere. 
 

  Ammonia in surface water is naturally converted to nitrate. This 
 

  conversion, in addition to increasing nitrate concentration, 
 

  removes oxygen from the water, which also can adversely affect 
 

  fish and invertebrates. 
 

   
 

Barium, unfiltered total 

(BAUT)  Common element in earth’s crust. Trace amounts usually found 
 

  In surface water 
 

Beryllium, unfiltered total 

(BEUT) 

11µ g/L 

(< 75 mg/L CaCO3) 

1100 µg/L 

(> 75 mg/L CaCO3) 

Sources include combustion of fossil fuels, manufacture of alloys 

and organic chemicals. Some beryllium compounds are readily 

soluble in water (e.g. chloride and nitrate salts). 
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Biochemical Oxygen  BOD is the amount of oxygen that is consumed by bacteria and 
 

Demand, 5-day  other microorganisms while they decompose organic matter 
 

(BOD5)  under aerobic conditions at a specified temperature. Five-day 
 

  BOD (BOD5) is a measure of the amount of oxygen consumed in 
 

  a sample incubated for five days at 20 °C. 
 

   
 

Cadmium, unfiltered 0.1 µg/L Present in trace amounts as a result of natural weathering 
 

total (CDUT) (< 100 mg/L CaCO3) processes. Anthropogenic sources: mining (particularly zinc processing) 
 

 

0.5 µg/L 

agriculture, burning of fossil fuels, nickel/cadium batteries 
 

 

 
 

 

(> 100 mg/L CaCO3) 
 

  
 

   
 

Calcium, unfiltered  Calcium is a cation dissolved from rocks and soils. The highest 
 

total (CAUT)  concentrations are usually found in waters that have been in 
 

  contact with limestone, dolomite, or gypsum. 
 

   
 

√ Chloride, unfiltered  

Road salts have been designated a ‘toxic’ substance under the 

Canadian Environment Protection Act. Assessment report 

documents toxicity for sensitive species at 210 mg/L 

 

reactive (CLIDUR)  
 

 

230 mg/l (chronic-4 day 

average-USEPA) 1 Day: 

57.5 mg/l 
 

  

(Environment Canada/Health Canada, 2001). EPA recommends less than 

20 mg of sodium chloride in drinking water. 
 

   
 

Chromium, unfiltered N/A Total chromium concentration, as measured in the PWQMN, 
 

total (CRUT)  should not be evaluated against the PWQO or CWQG for 
 

  

hexavalent or trivalent chromium. Different forms of chromium 

have different degrees of toxicity. 

 
 

 

Cobalt, unfiltered 

total(COUT) 

 

  

Sources include weathering of cobalt-rich ores and from anthropogenic 

sources such as emission from coal burning industries 

 

Conductivity, 25°C 

Field (CONDAM) or 

Laboratory(COND25) 

  

Conductivity varies with water temperature and is corrected to a standard 

temperature of 25°C 

 

Indicates water's ability to conduct an electrical current and 

provides an indication of the amount of dissolved ions. 
 

Copper, unfiltered 

total (CUUT) 

1 µg/L 

(< 20 mg/L CaCO3) 

 

5 µg/L 

(> 20 mg/L CaCO3) 

Sources include the weathering of copper minerals and numerous sources from 

human activities (e.g. copper pipe, metal alloys wiring, fungicides and 

insecticides) 

 

Dissolved Solids or Residue, 

Filtered (RSF) 
 

Refers to minerals, salts, metals, cations or anions dissolved in water. In many 

streams there is a direct linear relationship between dissolved solids 

concentration and conductivity 
 

Dissolved Oxygen 

(DO) 

>5 – 8 

(warm water biota) 

> 4 – 7 

(cold water biota) 

Guidelines are designed to protect cold water biota (e.g. salmonid fish 

communities) and warm water biota (e.g. centrarchid fish communities)  

Decomposition of organic matter may deplete dissolved oxygen below 

concentrations required by aquatic life. 
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Hardness, total 

80-100 mgl in general; 

very poor water quality 

indicated by >200mg/l 

(literature review) A measure of cations in water, primarily calcium and 
 

(HARDT)  magnesium. Influences the form and toxicity of metals. 
 

   
 

Iron, unfiltered total 300 µg/L Sources include weathering of rocks and soils, mining and 
 

(FEUT)  processing of iron ores, steel making and metal fabricating, 
 

  burning of fossil fuels, corrosion of iron or steel products. 
 

Kjeldahl Nitrogen, unfiltered 

reactive total  (NNKTUR)  

Total Kjeldahl nitrogen is a measure of the total nitrogenous matter 

present, excluding nitrate and nitrite. The total Kjeldahl nitrogen 

concentration less the ammonia nitrogen concentration gives a measure of 

the organic nitrogen present 
 

Lead, - unfiltered 

total (PBUT) 

1 µg/L 

(< 30 mg/L CaCO3) 

 

 

5 µg/L 

(> 80 mg/L CaCO3)  
 

Magnesium, unfiltered 

total (MGUT) 

   
 

Manganese, unfiltered 

total (MNUT) 

 Aesthetic (50-150mcgl)  
 

Molybdenum, 

unfiltered total 

(MOUT) 

40 µg/L 

 
 

Nickel, unfiltered total 

(NIUT) 
25 µg/L 

Sources include weathering of rocks and soils, the burning of fossil fuels, 

processing of nickel ores, smelting and electroplating industries. 
 

Nitrate 

 

calculated by 

subtracting Nitrite unfiltered 

reactive (NNO2UR)  

from  

Nitrates, total unfiltered 

reactive(NNOTUR) 

Nitrite:0.06 mg/l 
PWQMN nitrate concentrations are expressed as mg/L NO3

--N. Others report 

concentration as nitrate ion (i.e. mg/L NO3
-). To convert mg NO3

--N/L to 

mg/L NO3
- multiply by 4.43. The EPA (1996) maximum contaminant level 

(MCL) for nitrate (as nitrogen) is 10 mg NO3
--N/L. 

 

pH, Field (FWPH) or 

Laboratory (pH) 

Acceptable range of 6.5-

8.5. 

pH is reported as the logarithm of the reciprocal of the hydrogen ion 

concentration. pH represents a measure of the acidity (pH less than 7) or 

alkalinity (pH greater than 7) of a solution; a pH of7 is neutral. 
 

Phosphate, filtered reactive 

(PPO4FR) 
 

 
 

Phosphorus,  

unfiltered total (PPUT) 

30 µg/L (streams) 

20 µg/L (lakes) 

Phosphorus is associated with eutrophication—the enrichment of a body of 

water with nutrients resulting in accelerated algal or plant production.  

 

PWQO for TP is intended to prevent the nuisance growth of algae. TP is 

not toxic to aquatic life but excess concentrations can lead to undesirable 

changes in aquatic ecosystems (e.g. reduced biodiversity, reduced oxygen 

conditions, toxic algae blooms, impaired aesthetics and recreational 

opportunities).  

 

The EPA recommends that total phosphorus concentration (as phosphorus not 

exceed 0.10 milligram per liter in streams  

not discharging directly into reservoirs and not exceed 0.05 milligram per 

liter in streams discharging directly into reservoirs 
 

Potassium, unfiltered 

total (KKUT) 
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Notes: This table gives a detailed explanation of selected Provincial water quality objectives 

for selected PWQMN parameters. The PWQ objectives indicate the threshold values (the 

values beyond which the concentration becomes unsafe for water quality guidelines) Source: 

(PWQMN, 2012). 

 

Table C-2: Methods of data collection for Provincial Water Quality Management Network Data 

 

 

Suspended Solids or 

Residue, particulate 

(RSP) 

 

narrative 

 
 

Sodium, unfiltered 

total (NAUT) 
20 mg/l 

There is no health based guideline for sodium in drinking water.  However, public 

drinking water systems under Safe Drinking Water Act are required to report to 

the Medical Health Officer when sodium levels exceed 20 mg/l to help persons on 

sodium-restricted diets when they consult physicians (simcoemuskokahealth.org) 
 

Strontium, unfiltered 

total (SRUT) 
 

 
 

Temperature, Field 

(FWTEMP) 
narrative 

Water temperature data are sensitive to time of measurement. Temperature is 

influenced by season, weather conditions, time of day and streamflow velocity. 

Typically, peak daily temperatures occur in late afternoon, and daily minimal 

occur just before dawn. Temperature should be measured continuously to 

examine daily fluctuations 
 

Titanium, unfiltered total 

(TIUT) 
 

Temperature controls the rate of many chemical reactions (e.g. the equilibrium 

between unionized ammonia and ammonium is temperature-dependent). 
 

Turbidity (TURB) narrative 

Turbidity is a measure of the cloudiness of water resulting from 

suspended particles such as clay, silt, organic matter and 

microorganisms. Turbidity is measured by quantifying the 

degree to which light traveling through a water column is observed. High 

turbidity may reduce light transmission and therefore reduce photosynthesis 

of aquatic plants. High turbidity may also interfere with disinfection. 
 

Vanadium, unfiltered total 

(VNUT) 
6 µg/L 

 
 

Zinc, unfiltered total 

(ZNUT) 
20 µg/L 

 
 

Method name (as per 

data files) 

Description 

(The determination of) 

E3449 Mosquito Larvacide and adulticide and the screening of decomposition by-products of methoprene 

in Environmental matrices using Time of Flight GC-MS 

FIELD 

P2041 

Data collected in the field and is not subject to laboratory QA/QC protocol 

Dissolved nutrients in water by Colourimetry 

P2044 

P2045 

Solids in aqueous matrices 

Total Phosphorus and Total KJELDAHL Nitrogen in water, sewage and effluents 

P2046 

P2047 

pH, conductivity and alkalinity in aqueous matrices 

Cations in aqueous matrices 

P2048 Turbidity in aqueous matrices 
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Notes: Table C-2 explains the various methods for data collection used by the PWQMN to get 

data for various parameters. This table has been adapted from the excel datasets provided by 

the CRCA for the current project. 

 

 

Method name (as per 

data files) 

Description 

(The determination of) 

E3089A Arsenic, Selenium and Antimony in water by Hydride Flameless Atomic Absorption 

Spectrophotometry (HYD-FAAS) 

E3001A 

E3016A 

Gross Alpha and Beta activity in water (Ministry of Labour) 

Chloride in drinking and surface water, sewage and industrial waste by Colourimetry 

E3060B 

 

Mercury in water by Cold Vapour Flameless Atomic Absorption Spectrophotometry (CV-FAAS) 

E3169A 

E3170A 

Chlorophyll in river and lake samples by Spectrophotometry 

Chemical Oxygen Demand (COD) in domestic and surface water by Colourimetry 

E3171A 

E3172A 

Cations in surface water by Atomic Absorption Spectrophotometry (AAS) 

Fluoride, Sulphate in water; leachates, effluents by Automated Ion Chromatography (AI) 

E3179A 

E3182A  

Phenolic compounds in water, industrial wastes, landfill leachates and sewage by Colourimetry 

BOD in surface water and sewage effluents by Dissolved Oxygen Meter 

E3188B  

E3196A  

Solids in liquid matrices by gravimetry  

LIMS calculations-ION Balance 

E3218A  

E3219A 

Conductivity, pH and alkalinity in water and effluents by Potentiometry  

True colour in water, effluents and industrial wastes by Colourimetry 

E3247B  

E3311A 

Total organic carbon in aqueous samples by Combustion and Infrared Spectrometry 

Turbidity in water by Nephelometry under Robotic Control 

E3364A 

 

Ammonia nitrogen, Nitrite nitrogen, nitrite plus nitrate nitrogen and reactive ortho-phosphate in 

surface water, drinking water and precipitation by Colourimetry 

E3367A  

E3370A 

Total KJEDAHL nitrogen and TP in water, precipitation and soil extracts by Colourimetry 

Molybdate reactive silicates and dissolved carbon in water, industrial wastes, soil extracts and 

precipitation by Colourimetry 

E3371A A membrane filtration method for the detection and enumeration of Total Coliform, Escherichia 

Coli, Pseudomonas Aeruginosa and Fecal Streptococci  

E3386A 

 

Surface water metals-Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) 

using ultrasonic nebulization 

 

E3391A Trace metals in surface water by Inductively Coupled Plasma-Mass Spectrometry using an 

internal standardization procedure 

E3400A 

 

Organochlorine pesticides; chlorobenzenes (CBS);  Aroclors, toxaphenes in water; effluent and 

wastewater by Hexane Microextraction and GasChromatography-Mass Spectrometry (GC-MS) 
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Figure C.1: Eight Major tasks for any large area, multiple image land cover analysis: 

Figure C.1 gives a detailed explanation on the eight steps for a generalized land cover 

classification along with applicable references. A modified version of these steps was used to 

fulfil the current project objectives; it was adapted to suit a regional classification for land use 

as found suitable for the current research. Landsat images acquired were from the same season 

with zero or less than ten percent cloud cover and were projected with UTM 18N, WGS_1984 

Projection. The default geometric correction of STC-Level 1T was found to be adequate. Since 

the main aim of the project is to examine land use-water quality interrelationship, specific 

mapping variables for all classes were not found be useful. Classification classes have been 

explained in Section C.1 previously. Table 11 lists the specific land use classes utilized for this 

research. Source: (Franklin & Wulder, 2002) 
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                        Table C-3: Bands of Landsat imagery 

 

 

 

 

 

 

 

 

 

 

 

 

Notes: Table C-3 looks at the usefulness of different bands in Landsat imagery. All bands 

with different combinations were used for land use map preparation as the aim of land use 

analysis for this research was to develop generalized land use maps for the region over time. 

Adapted from: (USGS, 2012d) 

 

 

Table C-4: Time frame for selected parameter data availability at all stations  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Band  Wavelength  Useful for Mapping 

Band 1-blue 0.45-0.52 Distinguishing soil from vegetation and further 

difference between deciduous and coniferous  

Band 2-green 0.52-0.60 Peak vegetation for plant vigour 

Band 3-red 0.63-0.69 Distinguishes vegetation slopes 

Band 4 –near Infrared 

(IR) 

0.77-0.90 Biomass content and shorelines 

Band 5-shortwave IR 1.55-1.75 Moisture content of soil and vegetation, penetrates 

thin clouds 

Band 6-thermal IR 10.40-12.50 Thermal mapping and estimated soil moisture 

Band 7 2.09-2.35 Rocks associates with mineral deposits 

Band 8 (Landsat-7) 0.52-0.90 15 meter resolution, sharper image definition 

Parameters Years of data availability 

Collins Creek (stn.6018300202-Woodbine) 

Water Alkalinity 1967-1972; 1992-2004; 2005-2012 

Water Hardness 1967-1972; 1992-2004; 2005-2012 

TN 1967-1979; 1992-2004; 2005-2012 

TP 1967-1979; 1992-2004; 2005-2012 

Iron 1969-1972; 1992-2004; 2005-2012 

Aluminum 1994-2004;  2005-2012  

Manganese 1994-2004;  2005-2012 

Vanadium 1994-2004;  2005-2012 

Copper 1992-2004;  2005-2012 

Turbidity 1967-1979; 1992-2006(FTU). Also available-stn.06018300102 1964-1967 (JTU) 
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Parameters Years of data availability 

Millhaven Creek (stn. 6018000402-Lucas Road) 

Water Alkalinity 1972; 1981-2004; 2005-2012 

Water Hardness 1972; 1988-2004; 2005-2011 

TN 1972-1980; 1982; 1986-2004; 2005-2012 

TP 1972-2004; 2005-2012 

Iron 1972; 1986-1988; 1990-2004; 2005-2011 

Aluminum 1994-2004; 2005-2011 

Manganese 1994-2004; 2005-2011 

Vanadium 1994-2004; 2005-2011 

Copper 1981-1988; 1990-2004; 2005-2011 

Turbidity 1972-2006 (in FTU) 

(stn. 6018000502-County road 6-Highway 401 North) 

Water Alkalinity 1972; 1981-2004; 2005-2012 

Water Hardness 1972; 1988-2004; 2005-2009 

TN 1972-1980; 1986-2004; 2005-2012 

TP 1972-2004; 2005-2012 

Iron 1972; 1981-1988; 1990-2004; 2005-2006 

Aluminum 1994-2004; 2005-2006 

Manganese 1994-2004; 2005-2006 

Vanadium 1994-2004; 2005-2011 

Copper 1981-1988; 1990-2004; 2005-2011 

Turbidity 1972-2006 (in FTU) 

Buells and Butlers Creek (stn. 12003400102-County road 2/King Street West-Downtown Brockville) 

Water Alkalinity 1967-1972; 1981-2004; 2005-2012 

Water Hardness 1967-1972; 1988-2004; 2005-2011 

 

TN 1967-1980; 1986-2004; 2005-2012 

TP 1967-1981; 1986,88-2004; 2005-2012 

Iron 1967-1972; 1981-2004; 2005-2011 

Aluminum 1994-2004;  2005-2011 

Manganese  1994-2004;  2005-2011 

Vanadium 1994-2004;  2005-2011 

Copper 1967-2004;  2005-2011 

Turbidity 1967-1981;  1986-2006 (in FTU) 
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Parameters Years of data availability 

Little Cataraqui Creek (stn. 12000200802-Conservation Dam)  [recent station] 

Water Alkalinity 1981-2012 

Water Hardness 1988-2006 

TN 1980; 1986-2012 

TP 1980-2012 

Iron 1981-1988; 1990-2007 

Aluminum 1994-2007 

Manganese 1994-2007 

Vanadium 1994-2007 

Copper 1981-1988;  1990-2007 

Turbidity 1980-2007 (in FTU) 

(stn. 12000200502-Perth Road) 

Water Alkalinity 1967-1972; 1984; 1988-2012 

Water Hardness 1967-1972; 1988-2012 

TN 1966-79; 1984; 1988-2012      

TP 1966-79; 1984; 1988-2012 

Manganese 1994-2007 

Vanadium 1994-2007 

Copper 1984;1988;  1990-2007 

Turbidity 1966-1972 (in JTU); 1973-79 (in FTU); 1984; 1988-2006 (in FTU) 

(stn. 12000200402-Princess Street) 

Water Alkalinity 1967-1972; 1981-2012 

Water Hardness 1967-1972; 1988-2006 

TN 1966-1980; 1986-2012 

TP 1966-2012 

Iron 1967-1972; 1981-1988; 1990-2012 

Aluminum 1966; 1994-2012 

Manganese 1994-2012 

Vanadium 1994-2012 

Copper 1981-1988;  1990-2012 

Turbidity 1966-1972 (in JTU); 1973-2004 (in FTU) 

 

 

 

 

 

 

 

 

 

 

Notes: Table C-4 lists the time frame for data availability of selected parameters at each 

station.  Turbidity values are consistently available only till 2004 and are measured under both 

Jackson and Formazin Units. Data collection for metals including Aluminium, Vanadium and 

Manganese began only in 1994. This table has been derived from PWQMN data as accessed 

through CRCA; it was also used to decide the time frame for overall research analysis. 
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Appendix D 

D.1 Additional tables and figures related with results and analysis 
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       Figure D.1: Pie-charts for indicator missing value percentages: Figure D.1 shows a 

combination of pie-charts illustrating indicator-wise missing values percentages at individual 

monitoring stations. Overall, Millhaven Creek indicated 32.5% missing values followed by 

LCC at 32.16%. 
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SPRING  

Indicator/ (%) 

stn.0601830

0202 

stn.1200340

0102 

stn.0601800

0402 

stn.0601800

0502 

stn.1200020

0402 

stn.1200020

0502 

stn.1200020

0802 

Alkalinity 25 25 25 14 23.35 14 35 

Hardness 23.33 25 30 29 23.35 29 58.33 

Phosphorus 21.67 25 30 15 23.35 14 36.67 

Iron 21.67 28.33 30 25 25 28 56.67 

Aluminum 30 36.67 41.67 29 31.67 28 66.67 

Manganese 43.33 36.67 60 32 28.33 28 66.67 

Vanadium 30 36.67 36.67 29 28.33 28 65 

Chloride 34 25 23.33 14 23.33 14 35 

 

SUMMER 

Indicator/ (%)  

stn.0601830

0202 

stn.1200340

0102 

stn.0601800

0402 

stn.0601800

0502 

stn.1200020

0402 

stn.1200020

0502 

stn.1200020

0802 

Alkalinity 6.67 5 5 8.33 5 8.33 5 

Hardness 11.67 5 15 38.33 10 38.33 35 

Phosphorus 10 8.33 6.67 10 8.33 11.67 6.67 

Iron 45 13.33 15 40 11.67 48.33 36.67 

Aluminum 18.33 21.67 31.67 53.33 20 51.67 46.67 

Manganese 28.33 21.67 40 63.33 20 48.33 46.67 

Vanadium 20 21.67 25 48.33 21.67 45 45 

Chloride 6.67 5 5 11.67 8.33 8.33 5 

 

FALL Indicator/ 

(%) 

stn.0601830

0202 

stn.1200340

0102 

stn.0601800

0402 

stn.0601800

0502 

stn.1200020

0402 

stn.1200020

0502 

stn.1200020

0802 

Alkalinity 25 20 17.5 17.5 27.5 20 13.33 

Hardness 30 22.5 27.5 42.5 27.5 45 30 

Phosphorus 27.5 20 22.5 22.5 25 22.5 15 

Iron 40 22.5 22.5 42.5 25 47.5 28.33 

Aluminum 35 27.5 42.5 50 32.5 52.5 30 

Manganese 30 35 62.5 65 27.5 47.5 30 

Vanadium 30 32.5 40 50 27.5 47.5 31.66 

Chloride 25 20 15 17.5 25 20 13.33 

 

       Figure D.2: Station-wise seasonal missing value percentages: Figure D.2 shows a 

combination of tables illustrating station-wise seasonal missing values percentages. Overall, 

most missing values correspond with metallic concentrations including Iron, Aluminum and 

Manganese while Water Alkalinity is characterised by the least missing values. 
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Parameters Threshold Value Adjustment Missing Values and Season Outliers 

Buells and Butlers Creek (stn. 12003400102-County road 2/King Street West-Downtown Brockville) 

Water 

Alkalinity 

Nil  1993-Mar, May(Sp); 

1996-Mar(Sp),Sep(A); 

1997-Mar(Sp); 2001-Sep(A); 

2002-Mar-May (Sp), June, 

July(Su); 

2003-Mar(Sp); 2004-Oct(A); 

2005-Mar(Sp); 2006-Mar-May 

(Sp), June(Su),Sep-Oct(A); 

2007-Apr(Sp); 

2008-Mar(Sp); 2009-Mar(Sp), 

Oct(A); 

2010- Oct(A); 2012- Oct(A) 

Nil  

June 1997 (Avg) 

(Graph to be made again) 

 

Water 

Hardness 

Nil 1993-Mar, May(Sp); 

1994-Oct (A); 

1996- Mar(Sp),Sep(A); 

1997-Mar(Sp); 

2001-Sep(A); 

2002-Mar- May(Sp), June, 

July(Su);2003-Mar(Sp); 

2004-Oct(A); 2005-Mar(Sp); 

2006-Mar-May (Sp),  

June(Su),Sep-Oct(A); 

2007-Apr(Sp);2008-Mar(Sp) 

2009-Mar(Sp), Oct(A); 

2010- Oct(A); 2012- Oct(A) 

Nil  

June 1997(Avg) 

(Graph to be made again) 

 

Phosphorus Nil 1993-Mar, May(Sp); 

1996- Mar(Sp), June(Su)  

Outlier, Sep(A);1997-

March(Sp);2001-Sep(A); 

2002-Mar- May(Sp), June, 

July(Su);2003-Mar(Sp); 2004-

Oct(A);2005-Mar(W); 

2006-Mar-May (Sp), June(Su), 

Sep(A);2007-Apr(Sp); 2008-

Mar(Sp)2009- Oct(A); 2010- 

Oct(A), 2011- Aug(Su); 2012-

Sep-Oct(A) 

1 Outlier 

06/96 

June97(Avg.) 

(Graph to be made again) 

Iron 1 Threshold Value-Oct/93 + 124 

LIMS Values=125 Values in Total 

1993-Mar, May(Sp); 

1996-Mar(Sp),Sep(A); 

1997-Apr(Sp) Outlier; 

March(Sp); 2001-Sep(A); 

2002-Mar- May(Sp), June, 

July(Su);2003- Oct(A) Outlier; 

Mar(Sp);2004-Oct(A); 2005-

Mar(Sp);2006-MarMay (Sp),  

June(Su),Sep(A);2007- 

Apr(Sp) June(Su) Outlier; 

2008-Mar(Sp)2009- Oct(A); 

2010- Oct(A), 2012-Not 

available(extrapolate) 

3 Outliers-04/97, 10/03,10/07; 

(Graph to be made again) 

June97(Avg) 
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Figure D.3: Snap shot of the initial table based on dataset provided by Cataraqui Region 

Conservation Authority: Figure D.3 shows a snap shot of the initial table based on the 

original dataset provided by Cataraqui Region Conservation Authority. This table was used as 

the base table to conduct further statistical analysis and data representation. 

 

 

Table D-2: Summary concentration statistics, Woodbine station (2008-2012)  

 

Indicator Guideline Min Max Median Q25 Q75 

Alkalinity 100 137.0000 277.25 204.0000 190.50 219.00 

Hardness 100 110.0000 388.6600 216.0000 191.7500 239.7500 

Phosphorus 0.03 0.0110 0.285 0.0800 0.0420 0.1148 

Iron 0.30 0.0538 0.989 0.3925 0.1632 0.5853 

Aluminum 0.10 0.0065 0.190 0.0367 0.0248 0.0581 

Vanadium 0.006 0.0008 0.008 0.0029 0.0018 0.0039 

Manganese 0.15 0.0016 0.479 0.0746 0.0456 0.1663 

Chloride 20 14.5000 98.70 43.9000 29.3000 57.5200 

 

Notes: Table D-2 highlights the most recent summary statistics (mg/l, n=40) for Woodbine 

monitoring station, Collins Creek. Water alkalinity, hardness, phosphorus and chloride 

concentrations were considerably over the guideline limit while none of the metals showed 

exceedances at this station. 

 

 

 

Aluminum 10 Threshold Values-4,5,6,7,8,9,10, 

/95; 5,6,7/96 +126 LIMS Values= 136 

Values in total 

 

1993-Not available(interpolate) 

1994-Mar- May (Sp), June-

Aug(Su), Sep(A); 

1996-Mar(Sp),Sep(A); 

1997-Mar(Sp), Apr(Sp) 

Outlier; 

2001-Sep(A); 

2002-Mar- May (Sp), June, 

July(Su); 

2003-Mar(Sp); 2004-Oct(A); 

2005-Mar(Sp); 

2006-Mar-May (Sp), June(Su), 

Sep(A); 

2007-Apr(Sp), Oct(A) Outlier; 

2008-Mar(Sp) 

2009- Oct(A); 2010- Oct(A),  

2012-Not available(extrapolate) 

3 Outliers-04/97;10/03, 10/07 

(Graph to be made again) 

June97(Avg.) 
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Table D-3: Summary concentration statistics, Lucas Road station (2008-2012)  

  

Indicator Guideline Min Max Median Q25 Q75 

Alkalinity 100 97.0000 151.00 121.0000 111.50 132.50 

Hardness 100 30.0000 238.0000 125.0000 115.0625 138.0000 

Phosphorus 0.03 0.0030 0.147 0.0200 0.0168 0.0300 

Iron 0.30 0.0209 0.267 0.0688 0.0494 0.1000 

Aluminum 0.10 0.0100 0.095 0.0283 0.0169 0.0401 

Vanadium 0.006 0.0004 0.011 0.0024 0.0017 0.0035 

Manganese 0.15 0.0157 0.378 0.0750 0.0325 0.0757 

Chloride 20 10.0000 37.90 19.3000 15.5250 23.7750 

 

Notes: Table D-3 shows the most recent summary statistics (mg/l, n=40) for Lucas Road 

monitoring station, Millhaven Creek. This station showed lesser exceedance rate with two 

indicators of water alkalinity and hardness above the guideline limit. 

 

 

Table D-4: Summary concentration statistics, Mill Dam Station (2008-2012)  

 

Indicator Guideline Min Max Median Q25 Q75 

Alkalinity 100 75.6000 148.00 114.0000 98.90 124.25 

Hardness 100 27.0000 199.0000 115.8000 74.2500 133.5000 

Phosphorus 0.03 0.0100 0.409 0.0160 0.0140 0.0210 

Iron 0.30 0.0135 0.338 0.1017 0.0492 0.1957 

Aluminum 0.10 0.0232 0.353 0.0930 0.0541 0.1132 

Vanadium 0.006 0.0001 0.007 0.0021 0.0014 0.0036 

Manganese 0.15 0.0035 0.180 0.0750 0.0458 0.0960 

Chloride 20 10.0000 37.71 16.6000 14.0750 19.1750 

 

Notes: Table D-4 illustrates the most recent summary statistics (mg/l, n=40) for Mill Dam 

monitoring station, Millhaven Creek. This station showed least exceedance rate with only two 

indicators of water alkalinity and hardness above the PWQMN limit. 
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Table D-5: Summary concentration statistics, Perth Road station (2008-2012)  

 

Indicator Guideline Min Max Median Q25 Q75 

Alkalinity 100 161.0000 293.00 226.5000 206.25 242.25 

Hardness 100 50.0000 286.0000 156.7500 50.0000 212.0000 

Phosphorus 0.03 0.0100 0.270 0.0575 0.0368 0.0793 

Iron 0.30 0.1148 0.627 0.3011 0.1704 0.4682 

Aluminum 0.10 0.0166 0.297 0.0937 0.0581 0.2081 

Vanadium 0.006 0.0001 0.015 0.0031 0.0025 0.0099 

Manganese 0.15 0.0498 0.487 0.1746 0.0972 0.2207 

Chloride 20 13.5000 48.00 35.3500 29.7250 40.3500 

 

Notes: Table D-5 highlights the most recent summary statistics (mg/l, n=40) for Perth Road 

station, Little Cataraqui Creek. Water alkalinity, hardness, phosphorus, chloride, manganese and 

iron concentrations were over the guideline limit at this station for most of the observations. 

Aluminum concentration also showed a cause for concern as the recorded observations were 

close to the PWQMN limit. 

 

Table D-6: Summary concentration statistics, Conservation Dam station (2008-2012)  

 

Indicator Guideline Min Max Median Q25 Q75 

Alkalinity 100 95.9000 258.00 152.0000 133.75 159.50 

Hardness 100 72.0000 230.0000 157.0000 129.7500 175.5000 

Phosphorus 0.03 0.0150 0.265 0.0425 0.0360 0.0605 

Iron 0.30 0.0430 0.602 0.2297 0.1500 0.3210 

Aluminum 0.10 0.0123 0.231 0.0631 0.0499 0.1333 

Vanadium 0.006 0.0010 0.012 0.0063 0.0040 0.0083 

Manganese 0.15 0.0366 0.198 0.1113 0.0758 0.1465 

Chloride 20 7.0000 47.80 31.0000 26.5575 38.7500 

 

Notes: Table D-6 highlights the most recent summary statistics (mg/l, n=40) for Conservation 

Dam station, Little Cataraqui Creek. Water alkalinity, hardness, phosphorus, manganese and 

vanadium concentrations were over the guideline limit at this station for most of the 

observations.  
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Table D-7: Summary concentration statistics, Princess Street station (2008-2012) 

 

 

 

 

 

 

 

 

 

Notes: Table D-7 illustrates the most recent summary statistics (mg/l, n=40) for Princess Street 

monitoring station, Little Cataraqui Creek. This station showed highest exceedance rate among 

all stations. 

 

Table D-8: Summary concentration statistics, King Street station (2008-2012) 

 

 

 

 

 

 

 

 

Notes: Table D-8 illustrates the most recent summary statistics (mg/l, n=40) for King Street 

monitoring station, Buells and Butlers Creek. This station showed the second highest 

exceedance rate among all stations. 

 

 

 

 

 

 

Indicator Guideline Min Max Median Q25 Q75 

Alkalinity 100 102.15 299 186.33 171 206 

Hardness 100 158 259 210.5 198.5 221.25 

Phosphorus 0.03 0.002 0.155 0.054 0.03375 0.082825 

Iron 0.30 0.0943 0.685 0.2575 0.213003 0.383003 

Aluminium 0.10 0.0213 0.303 0.09685 0.061125 0.20025 

Vanadium 0.006 0.000953 0.00552 0.002895 0.001923 0.00388 

Manganese 0.15 0.0187 0.427 0.0918 0.05645 0.1815 

Chloride 20 28 85 56.6 48.625 65.675 

Indicator Guideline Min Max Median Q25 Q75 

Alkalinity 100 50.0000 278.00 195.0000 157.50 233.25 

Hardness 100 83.0000 350.00 203.5000 176.5000 270.6250 

Phosphorus 0.03 0.0160 0.728 0.0455 0.0343 0.0683 

Iron 0.30 0.0580 0.755 0.2270 0.1613 0.3185 

Aluminum 0.10 0.0328 0.203 0.0883 0.0527 0.1208 

Vanadium 0.006 0.0002 0.011 0.0016 0.0010 0.0032 

Manganese 0.15 0.0102 0.244 0.0505 0.0284 0.0830 

Chloride 20 9.6000 139.60 69.4500 45.7250 97.2500 
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Table D-9: Comparative summary concentration statistics for water quality indicators (1993-1997)  

Indicators(mg/l) Years Min Max Median Q25 Q75 

 

Water Alkalinity 

n=40 

guideline=100 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

111.60 

96.50 

89.20 

122.37 

109.20 

103.00 

114.30 

367.93 

294.60 

214.80 

301.80 

347.60 

250.00 

249.00 

200.50 

129.55 

121.75 

183.10 

207.60 

148.25 

173.50 

173.60 

120.00 

114.23 

170.00 

176.50 

127.78 

150.13 

218.03 

145.00 

140.00 

196.10 

236.18 

161.03 

202.75 

 

Water Hardness 

n=40 

guideline=100 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

100.00 

111.00 

87.91 

138.93 

121.00 

82.20 

137.04 

335.00 

301.00 

225.60 

298.20 

291.66 

270.30 

398.00 

216.00 

140.50 

128.50 

211.00 

217.77 

155.00 

221.00 

188.50 

133.25 

118.23 

195.52 

198.75 

139.75 

182.10 

243.05 

156.05 

144.50 

230.25 

255.00 

165.75 

256.50 

 

Total Phosphorus 

n=40 

guideline=0.03 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0100 

0.0120 

0.0080 

0.0220 

0.0160 

0.0100 

0.0180 

0.3140 

0.0930 

0.1960 

0.1960 

0.4200 

0.1560 

0.2820 

0.0710 

0.0290 

0.0220 

0.0640 

0.0640 

0.0500 

0.0653 

0.0510 

0.0218 

0.0180 

0.0415 

0.0418 

0.0355 

0.0393 

0.0981 

0.0380 

0.0295 

0.0785 

0.1020 

0.0620 

0.0890 

 

Iron 

n=40 

guideline=0.3 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0730 

0.0372 

0.0123 

0.1200 

0.1400 

0.0635 

0.0600 

0.7700 

0.5820 

0.2296 

0.7600 

0.6600 

0.4200 

0.5900 

0.2932 

0.1500 

0.1500 

0.3000 

0.3000 

0.1600 

0.2000 

0.1580 

0.1075 

0.1500 

0.2000 

0.2175 

0.1197 

0.1575 

0.6820 

0.1500 

0.1500 

0.4825 

0.3780 

0.2217 

0.2659 

 

Aluminum 

n=40 

guideline=0.1 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0057 

0.0081 

0.0025 

0.0248 

0.0500 

0.0127 

0.0314 

0.2400 

0.2280 

0.1148 

0.3400 

0.2900 

0.2190 

0.2140 

0.0500 

0.0500 

0.0500 

0.1300 

0.0807 

0.0500 

0.0807 

0.0178 

0.0334 

0.0202 

0.0686 

0.0750 

0.0498 

0.0500 

0.0523 

0.0500 

0.0500 

0.1780 

0.1109 

0.0616 

0.1328 

 

Vanadium 

n=40 

guideline=0.006 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0010 

0.0003 

0.0005 

0.0002 

0.0008 

0.0006 

-0.0005 

0.0059 

0.0108 

0.0069 

0.0050 

0.0086 

0.0053 

0.0129 

0.0030 

0.0030 

0.0029 

0.0014 

0.0030 

0.0030 

0.0030 

0.0015 

0.0018 

0.0015 

0.0010 

0.0020 

0.0024 

0.0012 

0.0034 

0.0033 

0.0030 

0.0019 

0.0031 

0.0031 

0.0041 
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Indicators(mg/l) Years Min Max Median Q25 Q75 

 

Manganese 

n=40 

guideline=0.15 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0070 

0.0193 

0.0066 

0.0120 

0.0260 

0.0200 

0.0160 

0.6900 

0.2636 

0.0936 

0.3620 

0.4335 

0.2407 

0.2234 

0.1420 

0.0750 

0.0750 

0.0990 

0.1359 

0.0550 

0.0666 

0.0472 

0.0668 

0.0476 

0.0715 

0.0750 

0.0358 

0.0385 

0.3300 

0.0750 

0.0750 

0.1500 

0.2227 

0.1079 

0.1114 

 

Chloride 

n=40 

guideline=20 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

7.10 

12.90 

7.60 

21.70 

15.90 

10.00 

15.20 

87.20 

82.40 

29.20 

144.00 

64.60 

50.80 

140.00 

34.20 

20.15 

16.42 

54.30 

26.25 

22.95 

59.50 

26.55 

17.20 

14.35 

46.55 

21.40 

19.38 

47.60 

46.00 

22.90 

18.40 

74.00 

32.65 

28.73 

85.98 

 

Notes: Table D-9 presents the comparative summary statistics for 1993-2007. These statistics 

were calculated in mg/l format after filling the missing values from a total of forty 

observations over the five-year pool of water quality indicator concentration data. 

 

Table D-10: Comparative summary concentration statistics for water quality indicators  

(1998-2002) 

Indicators(mg/l) Years Min Max Median Q25 Q75 

 

Water Alkalinity 

n=40 

guideline=100 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

124.00 

95.00 

77.50 

135.00 

76.50 

96.00 

81.00 

230.00 

259.00 

250.00 

231.00 

274.00 

192.00 

314.00 

197.50 

126.20 

122.50 

182.00 

213.50 

145.00 

195.50 

177.00 

115.00 

101.00 

160.25 

197.75 

123.75 

168.00 

212.00 

134.25 

129.25 

200.50 

232.25 

159.88 

232.00 

 

Water Hardness 

n=40 

guideline=100 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

65.25 

90.00 

89.00 

151.00 

95.00 

85.80 

99.40 

363.00 

221.00 

266.00 

341.00 

304.00 

224.00 

374.00 

206.50 

138.00 

129.63 

216.50 

223.50 

158.00 

234.00 

185.75 

117.00 

112.50 

192.50 

204.00 

133.75 

187.75 

232.75 

150.00 

145.25 

231.63 

251.00 

168.50 

287.25 

 

Total Phosphorus 

n=40 

guideline=0.03 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0126 

0.0160 

0.0060 

0.0240 

0.0240 

0.0140 

0.0160 

0.2800 

0.4160 

0.4180 

0.2200 

0.2700 

0.2440 

0.4180 

0.0740 

0.0340 

0.0240 

0.0580 

0.0855 

0.0430 

0.0610 

0.0415 

0.0240 

0.0180 

0.0395 

0.0615 

0.0355 

0.0430 

0.1120 

0.0650 

0.0400 

0.1025 

0.1258 

0.0575 

0.0930 
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Indicators(mg/l) Years Min Max Median Q25 Q75 

 

Iron 

n=40 

guideline=0.3 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0481 

0.0284 

0.0128 

0.1027 

0.0203 

0.0125 

0.0806 

0.8930 

0.5481 

0.1554 

0.6460 

0.6384 

0.5324 

0.6314 

0.3161 

0.1234 

0.0360 

0.2780 

0.3617 

0.1305 

0.2735 

0.1563 

0.0701 

0.0249 

0.1925 

0.2423 

0.0829 

0.2171 

0.7232 

0.2130 

0.1023 

0.4153 

0.4503 

0.2121 

0.3028 

 

Aluminum 

n=40 

guideline=0.1 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0083 

0.0063 

0.0046 

0.0143 

0.0120 

0.0114 

0.0129 

0.1790 

0.2140 

0.0779 

0.3710 

0.3840 

0.3010 

0.3150 

0.0229 

0.0449 

0.0128 

0.1110 

0.1070 

0.0538 

0.1008 

0.0160 

0.0293 

0.0092 

0.0515 

0.0622 

0.0310 

0.0772 

0.0424 

0.0783 

0.0222 

0.1965 

0.1982 

0.0895 

0.1481 

 

Vanadium 

n=40 

guideline=0.006 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0006 

0.0007 

0.0003 

0.0005 

0.0006 

0.0009 

-0.0003 

0.0049 

0.0050 

0.0028 

0.0052 

0.0072 

0.0069 

0.0069 

0.0012 

0.0013 

0.0012 

0.0018 

0.0015 

0.0017 

0.0008 

0.0010 

0.0011 

0.0010 

0.0016 

0.0014 

0.0014 

0.0005 

0.0016 

0.0017 

0.0015 

0.0022 

0.0020 

0.0028 

0.0013 

 

Manganese 

n=40 

guideline=0.15 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0054 

0.0156 

0.0058 

0.0312 

0.0258 

0.0220 

0.0059 

0.6856 

0.3476 

0.1194 

0.4880 

0.4910 

0.3087 

0.2868 

0.0850 

0.0750 

0.0234 

0.1083 

0.1160 

0.0477 

0.0652 

0.0359 

0.0429 

0.0152 

0.0532 

0.0748 

0.0359 

0.0422 

0.2174 

0.1221 

0.0410 

0.2052 

0.1836 

0.1001 

0.0991 

 

Chloride 

n=40 

guideline=20 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

10.40 

18.60 

7.00 

40.50 

14.80 

15.25 

7.80 

114.00 

85.20 

55.60 

127.00 

69.40 

51.40 

137.00 

39.90 

24.50 

19.80 

75.98 

34.80 

31.40 

86.40 

30.95 

22.25 

17.35 

60.30 

28.76 

25.40 

53.75 

59.70 

29.03 

23.21 

89.05 

41.50 

37.05 

110.50 

Notes: Table D-10 presents the comparative summary statistics for 1998-2002. These 

statistics were calculated in mg/l format after filling the missing values from a total of forty 

observations over the five-year pool of water quality indicator concentration data. 
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Table D-11: Comparative summary concentration statistics for water quality indicators  

(2003-2007) 

Indicators(mg/l) Years Min Max Median Q25 Q75 

 

Water Alkalinity 

n=40 

guideline=100 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

80.40 

100.00 

42.00 

101.00 

99.20 

83.50 

66.90 

263.00 

211.00 

189.00 

267.00 

381.00 

253.99 

317.00 

190.88 

134.50 

131.50 

205.00 

233.00 

140.00 

193.50 

169.50 

118.75 

103.19 

192.25 

214.75 

130.50 

176.25 

211.50 

148.25 

141.00 

216.00 

258.25 

166.42 

220.25 

 

Water Hardness 

n=40 

guideline=100 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

52.00 

88.00 

86.00 

158.00 

74.34 

46.50 

81.00 

353.30 

236.00 

171.50 

289.00 

344.00 

227.00 

360.50 

198.50 

141.50 

135.75 

213.00 

254.50 

156.25 

241.50 

177.00 

125.00 

114.13 

203.25 

224.00 

137.00 

208.75 

220.50 

163.25 

149.75 

238.50 

280.00 

180.50 

274.00 

 

Total Phosphorus 

n=40 

guideline=0.03 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0120 

0.0100 

0.0130 

0.0158 

0.0207 

0.0110 

0.0130 

0.3980 

0.1970 

0.1560 

0.1320 

0.2790 

0.2320 

0.2570 

0.0595 

0.0375 

0.0240 

0.0591 

0.0755 

0.0480 

0.0630 

0.0338 

0.0248 

0.0180 

0.0423 

0.0478 

0.0380 

0.0370 

0.1233 

0.0665 

0.0370 

0.0778 

0.1033 

0.0693 

0.0988 

 

Iron 

n=40 

guideline=0.3 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0864 

0.0289 

0.0103 

0.0808 

0.1134 

0.0593 

0.0913 

0.9730 

0.2630 

0.2220 

0.5990 

0.6868 

0.5290 

0.5588 

0.4187 

0.0738 

0.0406 

0.2420 

0.3623 

0.1725 

0.2161 

0.2113 

0.0572 

0.0269 

0.1673 

0.2486 

0.1221 

0.1648 

0.7038 

0.1184 

0.0614 

0.3043 

0.5108 

0.2209 

0.2708 

 

Aluminum 

n=40 

guideline=0.1 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0037 

0.0054 

0.0035 

0.0158 

0.0256 

0.0243 

0.0150 

0.2310 

0.1600 

0.1460 

0.3650 

0.3010 

0.2880 

0.2530 

0.0242 

0.0228 

0.0147 

0.1067 

0.0976 

0.0643 

0.0971 

0.0155 

0.0177 

0.0087 

0.0604 

0.0580 

0.0500 

0.0761 

0.0426 

0.0328 

0.0412 

0.1695 

0.1814 

0.1229 

0.1250 

 

Vanadium 

n=40 

guideline=0.006 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0004 

0.0001 

0.0004 

0.0010 

0.0001 

0.0009 

-0.0006 

0.0078 

0.0046 

0.0039 

0.0043 

0.0074 

0.0067 

0.0076 

0.0017 

0.0015 

0.0012 

0.0020 

0.0021 

0.0025 

0.0012 

0.0012 

0.0009 

0.0009 

0.0016 

0.0014 

0.0019 

0.0006 

0.0028 

0.0023 

0.0022 

0.0025 

0.0031 

0.0031 

0.0020 
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Indicators(mg/l) Years Min Max Median Q25 Q75 

 

Manganese 

n=40 

guideline=0.15 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

0.0052 

0.0182 

0.0108 

0.0128 

0.0216 

0.0127 

0.0217 

0.6800 

0.2538 

0.1348 

0.3910 

0.4914 

0.2080 

0.2110 

0.0715 

0.0503 

0.0284 

0.0671 

0.1427 

0.0713 

0.0579 

0.0197 

0.0330 

0.0176 

0.0413 

0.0889 

0.0426 

0.0385 

0.1313 

0.0922 

0.0612 

0.1283 

0.3160 

0.1079 

0.0735 

 

Chloride 

n=40 

guideline=20 

stn.6018300202 

stn.6018000402 

stn.6018000502 

stn.12000200402 

stn.12000200502 

stn.12000200802 

stn.12003400102 

20.95 

17.53 

13.90 

42.90 

18.30 

13.10 

8.60 

102.00 

81.30 

45.87 

139.30 

75.60 

52.00 

146.00 

40.05 

27.25 

21.65 

72.95 

39.25 

36.70 

77.93 

31.75 

23.78 

19.90 

62.75 

32.90 

30.68 

58.73 

56.13 

34.58 

25.78 

86.80 

45.00 

42.53 

109.00 

Notes: Table D-11 presents the comparative summary statistics for 2003-2007. These 

statistics were calculated in mg/l format after filling the missing values from a total of forty 

observations over the five-year pool of water quality indicator concentration data. 

 

D.2 Additional land use maps 
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Figure D.4: Land-use change maps for Collins Creek (1997-2007): Figure D.4 above 

shows combination maps for Collins Creek (1997-2007). Land –use change analysis results 

for all Creeks are explained in section 4.3.2 of this thesis.  
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Figure D.5: Land-use change maps for Millhaven Creek (1997-2007): Figure D.5 above shows a 

combination of maps for Millhaven Creek (1997-2007). Land –use change analysis results for all 

creeks are explained in section 4.3.4 of this thesis.  
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Figure D.6: Land-use change maps for Little Cataraqui Creek (1997-2007): Figure D.6 

above shows a combination of maps for Little Cataraqui creek (1997-2007). Land –use change 

analysis results for all creeks are explained in section 4.3.4 of this thesis. 
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Figure D.7: Land-use change maps for Buells and Butlers Creek (1997-2007): Figure D.7 above 

shows a combination of maps for Buells and Butlers creek (1997-2007). Land –use change analysis 

results for all creeks are explained in section 4.3.4 of this thesis.  


