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Source water protection is a key component of the multiple barrier approach to 

drinking water. The management of contamination within source water ecosystems is 

associated with many benefits but also several challenges. By its very nature, source 

water protection is site specific and requires the cooperation of numerous watershed 

stakeholders to ensure sufficient financial resources and social will. This work focused on 

two critical aspects of source water protection:  

1) The facilitation of effective communication to promote cooperation among 

watershed stakeholders and aid in public education programs. 

 A drinking source water quality index presents a potential communication and analysis 

tool to facilitate cooperation between diverse interest groups as well as represent 

composite source water quality. I tested the effectiveness of the Canadian Council of 

Ministers of the Environment Water Quality Index (CCME WQI) in capturing expert 

assessments of surface drinking source water quality. In cooperation with a panel of 

drinking water quality experts I identified a core set of parameters to reflect common 

Canadian surface source water concerns. Based upon existing source water guidelines, 
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drinking source water target values were drafted for use in the index corresponding to 

two basic treatment levels. Index scores calculated using the core parameter set and 

associated source water target values were strongly correlated with expert assessments of 

source water quality. Amended with a modified index calculation procedure to 

accommodate parameters measured at different frequencies within any particular study 

period, the CCME WQI provides a valuable means of monitoring, communicating, and 

understanding surface source water quality. 

 2) The application of source water protection strategies to the appropriate spatial scale 

in order to manage contaminants of concern in a cost effective manner.  

Using data gathered from 40 Canadian rivers across 4 western Canadian ecozones I 

examined the spatial scales at which landuse was most closely associated with drinking 

source water quality metrics. Linear mixed effects models revealed that different spatial 

areas of landuse influence drinking source water quality depending on the parameter and 

season investigated. Microbial risk, characterized using E. coli measures, was only 

associated with landuse at the local spatial scale. Turbidity measures exhibited a complex 

association with landuse suggesting that the landuse areas of greatest influence can range 

from the local to the watershed scale. Total organic carbon concentrations were only 

associated with landuse characterized at the entire watershed scale. The validated CCME 

WQI was used to provide a composite measure of seasonal drinking source water quality 

but did not provide additional information beyond the analyses of individual parameters. 

These results suggest that entire watershed management is required to safeguard drinking 

water sources with more focused efforts at targeted spatial scales to reduce identified risk 

parameters. 



 v 
The source water protection tools and knowledge that I present have immediate 

application within Canada. Practitioners must be aware of the limitations of the CCME 

WQI however it provides a validated means of communicating complex source water 

quality information to non-specialized end users. Combined with the scale dependency of 

landuse-source water relationships that I elucidated, water quality managers can target 

contaminant reduction strategies in a more cost-effective manner and relay water quality 

status and trends to concerned groups. 
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Chapter 1 General Introduction 

 Within Canada, water has four primary designated uses: 1) habitat for aquatic life, 

2) source water for domestic consumption (drinking), 3) water for recreational purposes, 

and 4) water for industrial uses (Canadian Council of Ministers of the Environment, 

2006a). All four prescribed water uses rely on a sufficient supply of clean water. 

However, the connection between human health and wellbeing and the environment is 

manifested most strongly in our dependence on a clean supply of drinking water (Davies 

and Mazumder, 2003). Despite continued advancements in drinking water treatment 

technology, training and legislation, an estimated 90 000 illnesses and 90 deaths each 

year in Canada are attributed to unsafe drinking water (Environment Canada, 2001). 

Although first nations, rural and remote communities are particularly vulnerable to 

drinking water related health risks (Swain et al., 2006; Eggertson, 2008; Kot et al., 2011), 

large urban centres are not immune. Over a six year period in the 1990’s, Aramini  et al. 

(2000) estimated that approximately 17500 physician visits, 85 hospital admissions and 

138 paediatric hospital emergency room visits were due to the consumption of unsafe 

municipal water in Vancouver. Furthermore, a study of tap-water drinkers in suburban 

Montreal estimated that greater than one third of all gastrointestinal illnesses were related 

to drinking water (Payment et al., 1991).  

 Of the greater than 250 waterborne disease outbreaks documented in Canada 

since the mid 1970’s (Schuster et al., 2005) the events in Walkerton during the spring of 

2000 have left the greatest mark on public consciousness and subsequently instigated 

comprehensive reviews of drinking water management at the municipal, provincial and 

federal levels (Patrick, 2009). Escherichia coli O157:H7 and Campylobacter jejuni 
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contamination of one of Walkerton’s municipal wells left more than 2300 of the town’s 

4800 citizens ill and resulted in 7 deaths (O’Connor, 2002a). The Walkerton Inquiry, an 

independent commission convened by the province of Ontario to investigate the outbreak, 

put forth a list of 122 recommendations to protect the future of drinking water 

(O’Connor, 2002b). These recommendations stress the importance of the multiple-barrier 

approach in ensuring drinking water safety. The multiple barrier approach is an integrated 

system of strategies to prevent the contamination of drinking water from source to tap 

(Canadian Council of Ministers of the Environment, 2004). Five separate but related 

barriers are commonly employed to protect drinking water safety: 1) Protection of source 

waters, 2) Robust water treatment, 3) A secure distribution system, 4) Comprehensive 

monitoring programs and 5) Response protocols for adverse conditions (O’Connor, 

2002b; Canadian Council of Ministers of the Environment, 2004).  

 Considering that the majority of health risks posed by adverse water quality 

conditions originate in the source water ecosystems (Canadian Council of Ministers of 

the Environment, 2004), source water protection is the root of an effective drinking water 

management plan. Source water protection refers to watershed and aquifer management 

via land use planning and other initiatives to prevent contamination of drinking water 

supplies (Patrick, 2009). Surface source water is particularly susceptible to contamination 

as it lacks the natural soil protection and filtration functions offered by ground water 

sources (Kistemann et al., 2001). Surface source water is defined as raw (untreated and 

unfiltered) water from rivers, lakes, reservoirs, and streams that is extracted by utilities 

and individuals to be used for drinking purposes (Davies and Mazumder, 2003). 
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Commonly located close to the communities they serve, surface source water supplies are 

vulnerable to anthropogenic and natural pollution inputs.  

 Surface source water hazards can introduce microbiological, chemical and 

radiological contaminants into receiving waters thereby deteriorating the quality of water 

as a drinking source (Health Canada, 2010). Drinking source water quality describes the 

physical, chemical, and biological characteristics of a source water supply and the 

corresponding risks posed by those characteristics to drinking water consumers. The 

ultimate health or aesthetic implications of the contaminants present in surface source 

waters depend on a variety of intervening factors, the most important of which is 

treatment. The goal of effective treatment is to reduce the perceived risks posed by 

drinking water to a level so negligible that a reasonable, well-informed individual would 

not be concerned nor have any rational basis to change their behaviour to avoid such a 

small, but non-zero risk (Hrudey et al., 2006). Though treatment systems are designed to 

“fail safe” numerous examples exist of treatment systems failing, whether due to 

mechanical or operational errors, in such a way as to expose consumers to unacceptable 

risks (Schuster et al., 2005). Therefore, simply stated, a cleaner source of drinking water 

presents lower chronic and acute risks to consumers and is of higher drinking water 

quality (Davies and Mazumder, 2003). However, the protection of drinking source water 

quality requires the management of multiple, potentially competing yet often interrelated, 

risk factors. 
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1.1 Drinking source water quality risk factors 

 Microbiological pathogens, including bacterial, viral and protozoan organisms, 

are of the greatest public health concern due to the acuteness and severity of their effects 

(Canadian Council of Ministers of the Environment, 2004). The sheer variety of 

waterborne pathogens necessitates that the characterization of microbial health risk in a 

timely and cost effective manner rely on bacterial indicators of fecal pollution and 

potential pathogen presence (Yates, 2007, Wilkes et al, 2009). Fecal contamination of 

surface source waters  increases drinking water health risks as it presents the potential for 

enteric pathogens to enter the drinking water system.  

 In order to reduce the risk of pathogens reaching the tap, primary disinfection of 

surface source waters is mandated in all Canadian jurisdictions. Chlorination remains the 

most common form of microbial inactivation in Canada due in part to its low cost and 

effectiveness (Province of Manitoba, 2005). Chlorination of drinking waters provides 

several advantageous functions along with the reduction of acute microbial risk however 

chronic chemical risks, in the form of disinfection by-products (DBPs), may be 

simultaneously introduced (Sadiq and Rodriguez, 2004). It has long been acknowledged 

that the oxidation of natural organic matter (NOM) can produce harmful DBPs (Rook, 

1974). The formation of these DBPs is a function of operational parameters such a 

chlorine dose and contact time as well as source water conditions (Amy et al., 1987; 

Hong et al., 2003). In particular, the nature of the NOM present in source waters (namely 

the humic and fulvic acid composition), pH, temperature and bromide ion concentration 

influence DBP speciation and concentration (Sadiq and Rodriguez, 2004; Krasner et al., 

2006). Aquatic organic matter is the product of both allochthonous and autochthonous 

processes (Gergel et al., 1999; Chow et al., 2007). Allochthonous  organic matter makes 
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up the majority of inputs to lotic systems whereas autochthonous contributions via algal 

and macrophyte exudates are well documented in lentic environments (Parks and Baker, 

1997). Organic carbon concentration is commonly used to represent source water DBP 

potential because under standard conditions, waters with lower organic carbon levels will 

produce fewer DBPs thereby presenting lower risk when oxidized (Symons et al., 1975). 

 Nutrient inputs to drinking source waters pose direct and indirect risks to 

consumers. High levels of nitrogen, specifically nitrate and nitrite ions, can result in 

methaemoglobinaemia, a blood disorder to which infants are particularly susceptible 

(WHO, 2008). The combined effects of nitrogen and phosphorus additions to aquatic 

systems can result in enhanced aquatic productivity leading to eutrophication (Smith, 

2003). The process of cultural eutrophication is associated with higher organic carbon 

concentrations (Smith et al., 1999) and thus increased DBP formation risks. Furthermore, 

induced shifts in algal communities can affect DBP levels and speciation (Hong et al., 

2008). The growth of toxin producing cyanobacteria is also associated with high nutrient 

levels (Davies and Mazumder, 2003, Giani et al., 2005). 

 In addition to the drinking water quality impacts of inorganic nutrients, the 

Guidelines for Canadian Drinking Water Quality recommend over 80 chemical 

substances that should be limited in finished drinking water (Health Canada, 2010). 

These substances include heavy metals, pesticides and industrial chemicals known to 

have serious implications for health. Also included among the listed chemicals are 

several parameters with strictly aesthetic guidelines. These aesthetic considerations 

include such parameters as colour, iron, pH and temperature. Consumer perception of 

drinking water safety is often based on aesthetic concerns (Davies et al., 2004; Macguire, 
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1995; Levallois et al., 1999). Therefore, regardless of the actual health risks, perceived 

risk is a strong determinant of consumer confidence and treatment requirements 

(Canadian Council of Ministers of the Environment, 2004).  

 As outlined, drinking water treatment is imperative to reduce health risks to 

acceptable levels as well neutralize taste, colour, and odour compounds. The maintenance 

of an effective treatment and distribution system is a critical component of the multiple-

barrier system (Canadian Council of Ministers of the Environment, 2004). Therefore,  

source water conditions that may not present individual health risks or aesthetic concerns 

but may compromise treatment or distribution system integrity have important 

management implications (WHO, 2008). Emelko et al. (2011) stress the need to consider 

source water “treatability” along with contaminants that present significant health risks. 

Under the Guidelines for Canadian Drinking Water Quality, turbidity is listed as a 

microbiological parameter in finished drinking water (Health Canada, 2010). Turbidity is 

often used as a proxy for microbial contamination due to the demonstrated correlation 

between turbidity and fecal contamination of water supplies (LeChevallier et al, 1991). 

However, high turbidity levels in source waters present several challenges to treatment 

systems. Turbidity increases disinfectant demand and decay rates, can shield pathogens 

from disinfection as well as stimulate bacterial growth (Province of Manitoba, 2005; 

WHO, 2008). Similarly, pH control is critical to reduce corrosion and precipitation in the 

distribution system while ensuring efficient, low DBP chlorination (Health Canada, 

2010).  

 The preceding brief review of source drinking water contamination reveals three 

broad pollutant categories. Fecal and chemical pollutants in source drinking water present 
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serious health risks to consumers. Aesthetic contaminants affect water palatability and 

consumer confidence in water safety. Finally several source water constituents, including 

physical characteristics, can interfere with treatment processes. Source water parameters 

need not fit neatly into one of the three pollutant categories. For example, NOM 

characterized as organic carbon presents health risks via DBP production upon oxidation 

(Krasner et al., 2006), aesthetic concerns in the form of taste and odour compounds and 

operational concerns as it increases the need for and difficulty in maintaining efficient 

solids removal processes (Emelko et al., 2011). These health, aesthetic and operational 

concerns all contribute to what we define as drinking source water quality. 

1.2 Source water protection to manage drinking source water quality risks 
 The application of source water protection initiatives to help provide high quality 

drinking water offers an attractive alternative to traditional treatment-centric management 

philosophies. Source water protection can take several forms ranging from proactive land 

use planning strategies to the responsive application of best management practices 

(Patrick, 2008; Islam et al., 2011). Several studies have demonstrated the effectiveness of 

source water protection in reducing contaminants in the drinking water supply 

(LeChavalier et al., 1991; Larsen et al., 1994; Daniels and Gilliam, 1996; Ong et al., 

1996; Hathaway et al., 2009). Along with the clear connection between source water 

protection and drinking water quality, source water protection offers economic and social 

benefits as well. Source water protection is an economically prudent means of providing 

safe drinking water for three primary reasons (Patrick, 2008): 1) remediation of 

contaminated water supplies is more expensive than the prevention of initial 

contamination, 2) investment in natural capital (watersheds) is more cost effective than 
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the investment in physical capital (treatment technology) and 3) maintenance of a high 

quality drinking water source significantly reduces treatment challenges and costs. 

Source water protection also has the potential to reconnect health and place for 

communities, particularly First Nations peoples (Patrick, 2011). Watershed management 

at the local level has the potential to promote community engagement, facilitate 

partnerships, educate watershed users and integrate the concepts of water quality and 

quantity with land conservation (Patrick, 2011; Timmer et al., 2007).  

 Despite its numerous benefits, source water protection is not easily attainable 

(Patrick, 2008). Challenges to source water protection include issues of site specificity, 

scale, authority, communication, social will and economics (Ivey et al., 2006; Timmer et 

al., 2007; Patrick, 2008; Patrick, 2011). Source water protection is very much a site-

specific management strategy due to the diversity of natural waters and watersheds 

(Timmer et al., 2007; Patrick et al., 2008). Therefore, the broad scale application of 

source water protection initiatives is not appropriate (Robbins et al., 1991). Instead the 

identification of current and future source water vulnerabilities followed by the 

development and implementation of suitable protection strategies is necessary on a 

source by source basis (Patrick et al., 2008). Watersheds frequently cross jurisdictional 

boundaries as well, necessitating the cooperation of multiple authorities and stakeholders 

(Ivey et al., 2006; Timmer et al., 2007). Large metropolitan areas may have the financial 

means to purchase the exclusive rights to source watersheds, resources which are not 

available to smaller scale water suppliers (Patrick et al., 2008).  

 Factors that have been identified as critical to facilitating source water protection, 

especially for nonmetropolitan areas, include the building of relationships and 
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communication among watershed users (Patrick, 2008) as well as public education (Ivey 

et al., 2006; Patrick, 2008; Islam et al., 2011). Support of community members is 

especially critical to ensure the availability of sufficient financial resources for source 

water protection and to reduce opposition to restrictions on activities on private 

watershed lands (Timmer et al., 2007). This thesis aims to provide tools and knowledge 

that promote source water protection facilitating factors.  

1.3 Thesis objectives and structure 
 The work presented in this thesis focuses on two primary aspects of source water 

protection: 1) the facilitation of effective communication to promote cooperation among 

stakeholders and educate the public and 2) the application of source water protection 

strategies to the appropriate spatial scale in order to manage contaminants of concern in a 

cost effective manner. These two research topics are presented in separate thesis chapters. 

Chapters 2 and 3 explore the application of a drinking source water quality index to 

characterize Canadian drinking source water quality while Chapter 4 utilizes the 

developed index tool to investigate the spatial extent of landuse-drinking source water 

quality relationships. 

 The multi-parametric nature of drinking source water quality makes the 

communication of quality status and trends to non-specialized stakeholders a difficult 

task (de Rosemond et al., 2009). Considering the importance of effective communication 

towards implementing and managing source water protection initiatives, the complex 

nature of drinking source water quality can impede relationship building and public 

education. Developed to integrate, interpret, and communicate environmental monitoring 

data, indices have been used to successfully characterize water quality and relay that 
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information to concerned groups (Cude, 2001; Lumb et al. 2006). The objectives of the 

first component of this thesis were to: 1) develop/adapt a water quality index for the 

Canadian drinking source water context, 2) calibrate the resulting index using expert 

assessments of source water quality and 3) pilot test the index using real world data to 

investigate sensitivity to input variability. Chapter 2 titled Water quality indices: 

Canadian drinking source water opportunities and challenges first presents a review of 

existing index literature, highlighting the challenges specific to Canadian drinking source 

water quality characterization. Secondly an appropriate index template is selected to meet 

the challenges posed by drinking source waters. Chapter 3 titled Adaptation and 

evaluation of the CCME WQI as an effective tool to characterize source water quality 

utilizes a panel of drinking water quality experts to select appropriate index inputs to 

capture drinking source water quality risk. Expert assessments of drinking source water 

quality are then used to adjust the index output to reflect consensus evaluations of 

quality. Finally water quality data from British Columbia, Alberta and Manitoba sites are 

used to calculate real-world index scores and a sensitivity analysis performed. 

 Spatial scale is an important ecological concept (Levin, 1992; Schneider, 2001). It 

is well acknowledged that landuse activities have strong implications for water quality in 

general and drinking source water quality in particular (Allan, 2004). However, the 

spatial scales at which landuse influences water quality are not well understood (Gergel 

et al., 1999; Tong and Chen, 2002). With this in mind, the goals of the second research 

component of this thesis were to: 1) establish the long-term seasonal trends in western 

Canadian riverine drinking source water quality, 2) identify relationships between the 

spatial variability in drinking source water quality and watershed characteristics and 3) 
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determine the upstream spatial scales at which quantified landuse is most strongly 

associated with drinking source water quality variability. Chapter 4 titled Understanding 

the role of watershed characteristics in protecting surface source water quality: An 

investigation of the spatial scale of landuse impacts examines drinking source water 

quality characterized using individual parameters representative of various risk factors as 

well as the validated composite index measure. Long-term seasonal trends among 40 

river sites in British Columbia, Alberta and Manitoba are described to identify periods of 

peak contamination. Landuse, climate and natural physiographic features are then used to 

explain the spatial variability in seasonal drinking source water quality. In particular, the 

relationship between landuse and drinking source water quality is investigated across a 

range of spatial scales. Landuse is characterized at scales ranging from the immediate 

upstream area to the entire upstream watershed area to identify at what scale landuse and 

water quality are most strongly associated.  

 Chapter 5 provides a synthesis of the research findings of the previous chapters. 

The contributions of this work to source water protection are highlighted as well as some 

of the potential challenges to the application of the developed tools and knowledge. 

Unanswered and new questions are also identified to help guide future research. 
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Chapter 2  Water quality indices: Canadian drinking source 

water opportunities and challenges 

 A water quality index (WQI) is a single number that is derived from a 

mathematical aggregation of two or more subindices, with the subindices derived from 

measured parameter values (Ott, 1978). In other words, an index combines the measures 

of several water quality variables in such a way as to produce a single score that is 

representative of quality impairments or suitability of use (Dunnete, 1979). As such, 

indices are a simplification of real data that can result in a loss of information. It must be 

acknowledged that indices are not designed as a stand-alone monitoring tool but should 

instead be used in conjunction with a detailed analysis of environmental monitoring data 

(Canadian Council of Ministers of the Environment, 2001). Continued controversy exists 

surrounding index use due to several reasons: 

1) The sensitivity of indices to their inputs and formulation (Swamee and Tyagi, 

2000; Khan et al., 2004; de Rosemond et al., 2009,) 

2) The loss of information regarding interactions (Khan et al., 2003) 

3) The potential for index misapplication (Ott, 1978; Dunnette, 1979) 

However, if an index is well designed and applied as intended, the lost information 

should not seriously influence the answer that the index is designed to represent (Ott, 

1978).  It is estimated that over 100 scientists have been involved in the development of 

various water quality indices (Smith, 1990), several of which have been used extensively 

by government and international agencies (Boyacioglu, 2009). The advantages associated 

with water quality indices include: 
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1) The reduction of complex multi-parameter data to a single metric using a 

consistent and objective methodology (Canadian Council of Ministers of the 

Environment, 2001; Cude, 2001) 

2) The facilitation of communication with stakeholders through the use of a clear 

diagnostic (Terrado et al., 2010) 

3) The evaluation of spatial and temporal trends in water quality (House, 1989; 

Canadian Council of Ministers of the Environment, 2001; Cude, 2001) 

4) The evaluation of existing management or pollution control practices (House, 

1989; Cude, 2001) 

Currently, policy makers rely on indices to draft, enact, monitor, and review 

environmental policies and programs while researchers use indices to analyze 

environmental impacts and trends (Swamee and Tyagi, 2007). Considering the continued 

application and development of water quality indices, the scientific consensus clearly 

supports the use of indices.  

2.1 Water quality index development 
In general, water quality index development employs a 3-step process (Figure 2.1.1). 

First, parameters are selected that are representative of overall quality with respect to a 

given end-use. These parameters should cover a wide range of water quality conditions, 

be frequently monitored, and have published maximum or minimum permissible criteria 

(House, 1989).  In order to reduce the subjectivity associated with the selection of 

appropriate parameters for inclusion, consensus strategies using a panel of experts are 

often employed. Such consensus strategies include traditional surveys (Canadian Council 

of Ministers of the Environment, 2001) and the Delphi technique (Ott, 1978; Dunnette, 
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1979; House and Ellis, 1987; Smith, 1990). The Delphi technique is a systematic opinion 

gathering procedure in which panellists are polled, the results tabulated, and then reported 

back to each member, giving respondents the opportunity to compare their opinion with 

that of the group. Panellists are then polled again to arrive at a consensus (Ott, 1978). 

Secondly, parameters are transformed to a common scale using subindex functions. 

These functions are derived based upon a detailed understanding of the relationship 

between the level of each parameter and the associated suitability of water for its 

intended use. The Delphi technique may be used again to integrate the opinions of 

various experts (Dunnette, 1979). Subindex transformation functions can take on a 

variety of forms. The most common subindex functions include linear increasing or 

decreasing, unimodal, segmented and nonlinear (Ott, 1978; Swamee and Tyagi, 2000). 

 
 

Figure 2.1.1 General index development procedure with common methods used to accomplish 

each of the 3 steps. 

2) Parameter transformation 

1) Parameter selection 

3) Subindex aggregation 

Survey (Delphi) 

Subindex function (Delphi) 

Aggregation function 

Step Common Method 
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In the final step of index development, the subindices are combined to produce a single 

value via an aggregation formula. Aggregation formulas take on many different forms 

and are each associated with different advantages and disadvantages (Table 2.1.1).  The 

broadest classification of aggregation functions concerns the scale of the resulting index. 

Pollution indices have an increasing scale (low scores represent better conditions than 

high scores) while quality indices, such as water quality indices, have a decreasing scale 

(high scores represent better conditions than low scores). Common aggregation 

approaches include logical operators (minimum operator), averaging operators (eg. 

arithmetic mean, weighted arithmetic mean, geometric mean, weighted product) and 

several other formulations (eg. linear sum, root sum power, root sum-square, and 

multiplicative approaches) (Sadiq and Tesfamariam, 2007). The three primary concerns 

surrounding any aggregation procedure are eclipsing, ambiguity, and rigidity (Swamee 

and Tyagi, 2000; Swamee and Tyagi, 2007). Eclipsing occurs when an overall index is 

insensitive to a single variable. Therefore, eclipsing can result in an acceptable index 

score despite one variable having extremely poor quality (Ott, 1978; Swamee and Tyagi, 

2000). Ambiguity (or exaggeration) is somewhat of the opposite problem in which the 

overall index is reflective of poor quality conditions despite no single subindex having a 

poor score (Ott, 1978). Both eclipsing and ambiguity tend to increase with increasing 

numbers of parameters (Swamee and Tyagi, 2000). Rigidity is the direct result of adding 

parameters to an index formulation. Rigidity arises when additional parameters are 

included in an index to address quality concerns and due to the index formulation, 

artificially reduce the resulting score (Swamee and Tyagi, 2007). Table 2.1.2 outlines 
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some important issues that must be taken into account when selecting an appropriate 

index aggregation technique. 

Table 2.1.1 Characteristics of select index aggregation formulas (adapted from D’Costa, 2008 

and UKWIR, 2007). K = number of subindices used in the aggregation (k = 1,2,…k), Fk 

= transformed value of the kth subindex, wk = normalized weight of the kth subindex (!wk 

= 1), r = power constant (recommended range is 2 to 3). 

Aggregation Function Mathematical Formulation Quality Index Attributes 
Minimum operator 
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Numerous examples of water quality indices exist. Ott (1978) and Abbasi (2002) 

provide detailed descriptions of many of the foundational and widely applied varieties. 

The majority of indices developed to date concern general use water quality (Dinius, 
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1972; Dunnette, 1979; House, 1989; Liou et al., 2004; Smith, 1990; Dojlido et al., 1994; 

Cude, 2001; Hambright et al., 2000; Pesce and Wunderlin, 2000; Sargoankar and 

Deshpande, 2003).  Specific applications for which water quality indices have been 

applied include recreational waters (Smith, 1990), the protection of aquatic life (House, 

1989, Smith, 1990), as well as the public water supply (House, 1989, Smith, 1990). 

Flexible index formulations, including the Canadian Council of Ministers of the 

Environment Water Quality Index (CCME WQI), facilitate the assessment of water 

quality for any prescribed use (Canadian Council of Ministers of the Environment, 2001). 

Table 2.1.2 Important considerations when selecting an index aggregation technique (adapted 

from UKWIR, 2007). 

Characteristic Considerations 
Functional form • Increasing scale 

• Decreasing Scale 
Aggregation concerns • Eclipsing 

• Ambiguity 
• Rigidity 

Parsimony principle • If more than one function produces 
the same results with respect to 
eclipsing and ambiguity, the 
mathematically simpler function 
should be chosen 

Transparency • Aggregation should be transparent 
and simple 

• Aggregation should be sensitive to 
changes in subindices 

• Aggregation should not be biased 
towards quality extremes 

2.2 Application of a water quality index to Canadian drinking source 
waters 

Considering the outlined advantages of water quality indices along with the factors that 

facilitate source water protection there is a clear opportunity for index application in the 

Canadian drinking source water context. A Canadian drinking source water quality index 

offers the potential to communicate complex quality status and trend data to watershed 
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stakeholders in an easily understood manner (Cude, 2001; Lumb et al. 2006; Terrado et 

al., 2010). Despite the successes of water quality indices in synthesizing and 

communicating water quality, their application to drinking source water in general and 

Canadian surface sources in particular has been limited. 

In order to draft an effective index tool to characterize Canadian surface source 

drinking water quality, the monitoring framework and theoretical context of Canadian 

surface sources must first be understood. The Canadian constitution gives provinces the 

proprietary rights to water and the responsibility for managing water pollution (Davies 

and Mazumder, 2003). As such, Canada lacks an established national water quality 

monitoring program (Khan et al., 2003). With the exception of Newfoundland and 

Labrador, which has attached particular significance to the monitoring of drinking water 

quality (Khan et al., 2004), monitoring of surface sources is spatially and temporally 

fragmented. Instead, key operational parameters are relied upon to ensure the safety of 

many public water supplies. Those source waters that are monitored are surveyed using a 

site specific risk based approach. Parameters of concern at one location and thus 

necessitating monitoring may not be of concern elsewhere and therefore receive limited 

attention. 

In part, this site specific monitoring is reflective of the inherent diversity of natural 

waters (Patrick, 2008). Such site specificity poses several problems for index 

development. If quality is to be effectively characterized by an index score, all 

parameters that are of significance should be considered. However, if these parameters 

are not monitored on a routine basis at all sites then alternative versions of the index are 

required – one employing a core set of parameters for comparative purposes and a second 
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including all parameters of concern.  Depending on the aggregation technique employed, 

such parameter addition may result in rigidity (Swamee and Tyagi, 2000). 

 An additional challenge is posed by the very nature of the concept of drinking 

source water quality. Source water is ultimately intended for human consumption. Within 

Canada, all waters must, at minimum, receive some form of microbial disinfection. 

Therefore, there exists an intermediate quality altering process between the parameters 

measured at the source and the end use of the water. Chlorination remains the primary 

means of providing microbial disinfection (Province of Manitoba, 2005). The process of 

chlorination has clear implications for quality.  Along with the inactivation of microbes, a 

process that serves to increases the suitability of source waters for consumption, 

chlorination can also alter source waters in such a way as to have competing negative 

implications for quality (WHO, 2008). Primary among health risks introduced by 

treatment processes are DBPs (Sadiq and Rodriguez, 2004)  In this way, surface drinking 

source water quality is highly contingent upon treatment. Furthermore, different 

treatment techniques have the capacity to remove or inactivate different levels of 

contaminants. A drinking source water quality index must consider the effects of 

treatment and be adaptable to various treatment regimes so as to accurately reflect 

quality.  

 The site specificity and treatment considerations of surface source water limit the 

index development strategies that can be employed. Rigidity is a clear problem 

introduced by the site specific nature of source water monitoring. The contingency of 

source water quality on treatment along with site specificity necessitate the development 

of subindices for each parameter that could be of concern in any particular source along 
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with variations of those subindices for different treatment techniques. Such an onerous 

task would only serve to produce an unmanageable index tool. What is instead required is 

a flexible index template allowing for parameter omissions, substitutions, and additions 

along with alternative treatment based assessment scenarios. The CCME WQI provides 

an appropriate template design to deal with the challenges posed by Canadian drinking 

source waters. 

2.3 The Canadian Council of Ministers of the Environment Water Quality 
Index 

The CCME WQI is an objective based index that compares measured water quality 

values to guidelines or objectives to produce a score ranging from 0, representing worst 

quality, to 100, representing best quality. The index score is calculated by aggregating 3 

factors: F1, F2, and F3 representing the scope, frequency and amplitude of guideline / 

objective violations respectively. In contrast to traditional indices in which each subindex 

is based upon a transformed parameter value, each of the three factors of the CCME WQI 

is calculated considering all measured parameters. Therefore, regardless of the number of 

parameters used to calculate the index, 3 subindices are always computed and combined 

via a root mean additive aggregation function with r =2. The final score (CCME WQI) 

and factors values (F1, F2 and F3) are calculated as follows (Statistics Canada, 2007): 
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Where: 

The divisor 1.732 normalizes the index score to a value between 0 (worst quality) to 

100 (best quality) 
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F1 (scope) represents the percentage of the selected parameters that do not meet their 

respective objective at least once during the time period considered, relative to the total 

number of parameters included in the index calculation. 
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F2 (frequency) represents the percentage of individual sample measurements (tests) that 

do not meet their respective objective in the time period considered, relative to the total 

number of measurements of all parameters. 
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F3 (amplitude) represents the amount by which failed measurements do not meet their 

respective objective, calculated in 3 steps: 

i) when a measured variable does not meet its objective it is deemed an excursion and 

calculated as follows: 

When the measured variable must not exceed the objective 
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When the measured variable must not fall below the objective 
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ii) The total amount by which measurements are out of compliance with their objective 

is calculated by summing the individual excursions and dividing by the total number of 

measurements made (both those that meet and do not meet their objective). This is the 

normalized sum of excursions (nse). 
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iii) F3 is then calculated by scaling the nse to a value between 0 and 100. 
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The CCME WQI has been used to characterize the quality of water for several intended 

uses. Within Canada, the index has been used to assess spatial and temporal changes in 

water quality for agriculture and the protection of aquatic life (Khan et al., 2003; Lumb et 

al., 2006) as well as to communicate treated drinking water quality data to the public 

(Khan et al., 2004). Internationally the index has been adopted to assess quality using 

data gathered with automated systems (Terrado et al., 2010). Though previously applied 

to characterize water intended as a source for drinking purposes (Khan et al., 2003; 

Boyciaglu, 2009; Rickwood and Carr, 2009) a standardized methodology for index 

application has not been proposed nor has the effectiveness of the resulting index scores 

in capturing expert understanding of quality been tested.  
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Chapter 3 Adaptation and evaluation of the CCME WQI as an 
effective tool to characterize source water quality 

Abstract 
Protecting drinking source water quality is a critical step in ensuring a safe supply of 

drinking water. Increasingly, source water protection programs rely on the active 

participation of various stakeholders with differing degrees of water science knowledge. 

A drinking source water quality index presents a potential communication and analysis 

tool to facilitate cooperation among diverse interest groups as well as represent composite 

source water quality. I tested the effectiveness of the Canadian Council of Ministers of 

the Environment Water Quality Index (CCME WQI) in capturing expert assessments of 

surface drinking source water quality. In cooperation with a panel of drinking water 

quality experts I identified a core set of parameters to reflect common Canadian surface 

source water concerns. Drinking source water target values were drafted for use in the 

index corresponding to two basic treatment levels. Index scores calculated using the core 

parameter set and associated source water target values were strongly correlated with 

expert assessments of water quality. I recommend a modified index calculation procedure 

to accommodate parameters measured at different frequencies within any particular study 

period. The resulting drinking source water CCME WQI provides a valuable means of 

monitoring, communicating, and understanding surface source water quality. 
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3.1 Introduction 

The adoption of the multi-barrier approach to providing safe drinking water highlights 

the acknowledged importance of water system protection and maintenance from source to 

tap. The raw water that is extracted from rivers, lakes, reservoirs, streams, and aquifers 

presents the initial and most susceptible point of drinking water contamination (Canadian 

Council of Ministers of the Environment, 2004). Drinking source waters polluted by 

urban, agricultural, or industrial activities are associated with higher treatment costs. 

Even under increased treatment regimes poor source water quality inherently poses a 

greater risk to public health (Davies and Mazumder, 2003). An effective strategy to 

minimize source water risks must operate at the broad scale and as such requires the 

cooperation of many different stakeholders. Watersheds frequently span multiple 

municipal, provincial and even federal jurisdictions (Ivey et al., 2006; Timmer et al., 

2007).  Communication among watershed stakeholders, particularly in the realm of 

public education has been identified as a key facilitating factor for source water 

protection (Ivey et al., 2006; Patrick, 2008; Islam et al., 2011). Therefore appropriate 

analysis and knowledge translation tools are required to bridge communication gaps 

among scientists, policy makers, and the public. 

 Traditional drinking source water quality assessments have relied on a parameter 

by parameter assessment of all variables that, either individually or through interactive 

effects, contribute to quality conditions (Chang et al., 1999). Such analysis requires a 

comprehensive knowledge of drinking water science to understand and may not provide a 

composite measure of source drinking water quality (de Rosemond et al., 2009).  

Developed to integrate, interpret, and communicate environmental monitoring data, 
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indices have been used to successfully characterize water quality status and trends and 

relay that information to concerned groups (Cude, 2001; Lumb et al. 2006).  

 A water quality index (WQI) combines the measures of several water quality 

variables in such a way as to produce a single score that is representative of quality 

impairments or suitability of use (Dunnete, 1979). To date, the application of an index to 

characterize and communicate drinking source water quality data has not been fully 

explored and more importantly, the effectiveness of any resulting index scores have not 

been sufficiently verified. The very nature of drinking source water quality may be 

responsible for the lack of an effective source water quality index. Drinking source 

waters provide two primary challenges to index development:  

1) Site specificity - Parameters of concern at one location and thus necessitating 

monitoring may not be of concern elsewhere and therefore are rarely monitored. Such site 

specificity poses several problems for index development. If a consistent set of 

parameters is not monitored on a routine basis at all sites then alternative indices are 

required that can incorporate all parameters of concern at all locations.  

2) Treatment considerations - Since source waters are ultimately intended for human 

consumption, they generally must undergo some form of treatment. A drinking source 

water quality index must consider the effects of treatment, both beneficial (e.g. microbial 

inactivation) and unfavourable (e.g. disinfection byproducts), and be adaptable to various 

treatment regimes so as to accurately reflect ultimate quality.  

 The Canadian Council of Ministers of the Environment (CCME) WQI provides a 

flexible index template adaptable to the site specificity and treatment considerations of 

drinking source water. In this study I present a modified version of the CCME WQI that 
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effectively characterizes surface drinking source water quality. In consultation with a 

panel of drinking water quality experts I propose a core set of parameters for use in the 

index. Based on available literature, defensible drinking source water target values are 

drafted for each of the core parameters. Resulting quality scores calculated using the core 

set of parameters are verified against expert assessments of drinking source water quality. 

Pilot testing of the index is carried out using historical monitoring data and an alternative 

index calculation procedure adopted to reduce the impact of parameter unevenness. 

Finally a sensitivity analysis is performed and challenges to widespread index 

implementation discussed. 

3.2 Methods 

3.2.1 Parameter selection 
In order to facilitate spatial and temporal comparisons among index scores, a core set 

of source water parameters was identified to which appropriate site specific parameters of 

concern could be subsequently added. A comprehensive multi-step procedure similar to 

that of Dunnette (1979) was employed to identify a suite of priority drinking source water 

parameters.  Listed in order, the parameter selection procedure involved: 1) a review of 

existing index literature, 2) use of a rejection rationale to produce a screened set of source 

water parameters, and 3) a parameter selection survey e-mailed to a panel of drinking 

water quality experts from academia, government and industry.  

The rejection rationale (step 2 of the parameter selection procedure) was based upon 

three distinct requirements. Parameters satisfying any of the following criteria were 

excluded from future consideration: 

1) Parameter is not sufficiently monitored (minimum of once per season/year) in 

commonly collected raw water quality data in Canada 
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2) Parameter does not have significant implications or its implications are 

questionable in regards to the effectiveness of treatment processes (specifically 

chlorination) or the aesthetic or health concerns of drinking water 

3) Published source water quality guidelines/objectives do not exist for the 

parameter  

 Step 3 of the parameter selection procedure involved a single survey instead of the 

commonly used Delphi technique due to the time and logistic requirements of the Delphi 

approach (Appendix A). Prospective participants were identified based upon job title, 

experience, published work, referrals, and existing relationships. The composition of the 

panel was specifically selected to gather the opinions of academics, government workers, 

industry personnel, and service providers. A total of 34 surveys were e-mailed to 

individuals who had confirmed their willingness to participate. Panellists were asked to 

identify a set of 10 parameters that should be monitored in source water to identify the 

most common risks (health risks, treatment interference, etc.) within Canada prior to next 

stages: chlorination and distribution.  Respondents were instructed to designate 

parameters as “include” or “don’t include” and assign a relative significance rating 

between 1 and 5 (where 1 suggests that the parameter has little significance in assessing 

source water quality while 5 suggests that the parameter is very significant). Freedom 

was given to add variables if desired. 

3.2.2 Source water target value selection 
Three published, accessible drinking source water guideline sets were used to draft 

drinking source water target values for the identified core parameters. The three source 

water quality guideline documents used were: the European Economic Community’s 
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Drinking Water Abstraction Directive 75/440/EEC amended by Directives 79/869/EEC 

and 91/692/EEC (Office for Official Publications of the European Communities, 1975), 

Chang et al.’s Taiwanese source water quality standards (Chang et al.,1999) and the 

British Columbia Ministry of the Environment’s (BC MOE) water quality guidelines (BC 

MOE, 2010). Drafted target values aimed to reflect a conservative consensus among the 

three guideline documents. If available guidelines differed substantially, BC MOE 

guideline values were accepted due to the availability of supporting documentation. 

Source water quality target values are proposed anticipating two levels of treatment: 1) 

chlorination alone and 2) chlorination preceded by (slow sand) filtration. The proposed 

source water target values are not intended to represent a definitive set of source water 

criteria for the 2 respective treatment levels. Instead, the target values provide a 

defensible benchmark against which parameter measures can be compared and violations 

quantified. 

3.2.3 Index score validation 
To support index applicability and any inferences drawn from the resulting index score, 

calibration with reference to expert opinion is a commonly used index validation 

technique (Smith, 1990; Khan et al., 2004, Canadian Council of Ministers of the 

Environment, 2009). The panellists that completed the initial parameter selection survey 

were e-mailed a second survey asking for their assessment of 20 water quality scenarios 

(Appendix B). The scenarios were drafted using actual source water data along with 

simulated parameter values. Each scenario was composed of 6 values, with the exception 

of one scenario that only had 5 values, for 6-8 of the selected core parameters. A total of 

six values for each parameter were chosen based on CCME recommendations (Canadian 
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Council of Ministers of the Environment, 2006b). The 20 water quality scenarios were 

specifically selected to span a broad range of quality conditions. Expert panellists were 

asked to provide a rank and score for each scenario corresponding to a slightly modified 

CCME WQI scoring system tailored to drinking source water quality (Appendix B). 

Furthermore, the ranks and scores were to be made considering the two different 

treatment levels for which guidelines were drafted. Experts were also asked to indicate 

which parameters were most important in deciding on each rank and score. 

 Average expert scores for each scenario were calculated and compared to the 

corresponding index scores. The arithmetic mean of all expert numeric scores was used to 

represent the central tendency of the sampled panel. Simple linear regression was used to 

assess the relationship between index and expert scores under both treatment scenarios. 

The resulting regression line was compared to a theoretical 1:1 line (y = x) to gauge index 

effectiveness in characterizing drinking source water quality. 

3.2.4 Exploration of factor weights 
In its traditional root mean additive aggregation form, the factors that compose the 

CCME WQI are unweighted / equally weighted.  No weights are assigned to the 

individual constituent parameters as the relative significance of the individual parameters 

is considered to be addressed in their corresponding guideline / target values (Canadian 

Council of Ministers of the Environment, 2001). However, assigning different weightings 

to the factors F1, F2 and F3 has not been explored. 

 Using Excel Solver software (Frontline Systems Inc., North Lake Tahoe, Nevada) 

alternative factor weightings were investigated. Factor values for each of the 20 scenarios 
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were calculated using standard CCME methods. The incorporation of factor weights into 

the CCME WQI index aggregation function produces the following weighted formula:  
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Factor weightings were optimized so as to minimize the deviation between the mean 

expert rating of each scenario and the resulting weighted index score. Optimized weights 

were not permitted to be zero, which would effectively remove that factor from the index 

calculation. Scenarios in which optimized weights were heavily skewed toward 1 factor, 

assigning weights of near zero to the other 2 were excluded from the analysis. This was 

done to ensure that all 3 factors contributed to the index scores. It was felt that each of the 

factors individually reflected important quality considerations that should be captured 

within the index formulation. Normality was verified using the Shapiro-Wilk test before 

testing for differences in mean optimized factor weightings under each treatment level. 

3.2.5 Index application and sensitivity analysis 
Index scores calculated using historical general water quality monitoring data were 

used to investigate the relative contribution of each factor and parameter to resulting 

scores. Seasonal scores (Winter: December-February, Spring: March-May, Summer: 

June-August, Fall: September-November) were calculated for a total of 47 sites located in 

3 Canadian provinces (Figure 3.2.1). Data spanned various time periods between 1990 

and 2009. Scores were tabulated separately for the two treatment level target value sets. 

Due to inconsistent monitoring programs, scores could not be calculated for all seasons at 

all sites. A total of 186 scores were calculated under each treatment scenario. British 

Columbia water quality data were provided by the Water and Aquatic Sciences Research 

Program at the University of Victoria (3 sites) as well as the BC MOE Environmental 
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Monitoring System Web Reporting (6 sites). Alberta data were collected from the Alberta 

Environment’s publicly accessible River Network Station Water Quality Data program 

(26 sites). Manitoba values were provided by request from Manitoba Water 

Stewardship’s Water Management Section (12 sites). 

The effect of the number of samples of each parameter on index score was investigated 

using Pielou’s evenness index (Pielou, 1966). Developed as an index of biodiversity, 

Pielou’s evenness index measures how close in number the populations of each species in 

a community are to each other. The index is bounded by 0 and 1, with a value of 1 

representing a community where all species are equally abundant and a value of 0 

representing a community dominated by a single species. Adapted to the source water 

quality context, the water quality parameters represent the different species while their 

respective number of samples are equivalent to the abundance of each species. Parameter 

evenness index values were calculated as follows: 

    

! 

Evenness =  

" pj ln pj
j=1

m

#
ln m

 

Where: 

j represents the different parameters included in the index calculation numbered 1 to m 

and pj represents the number of samples (tests) of parameter j expressed as a proportion 

of the total number of samples (tests) of all parameters  

    

! 

pj = number of parameter j samples 
total number of samples of all parameters

" 

# 
$ 

% 

& 
' . 

 The remainder of the sensitivity analysis was based on the approach of Rickwood and 

Carr (2009). 
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Figure 3.2.1 Map of Canadian water quality sites used in sensitivity analysis. 

3.3 Results 

3.3.1 Parameter Selection 
The review of existing source water quality indices and associated literature produced a 

list of 39 potential parameters for inclusion in the core parameter set. Application of the 

rejection rationale reduced the number of parameters to a total of 27 for consideration by 

the expert panel. A total of 24 completed surveys were returned, a response rate of 71% 

(see Appendix C for list of panellists). The majority of respondents recommended that 

turbidity, pH, total organic carbon (TOC), E. coli, nitrate, total coliforms, iron, and 

pesticides be included among the variables used to assess general source water quality 

conditions. These eight parameters meet the recommendation that seven parameters be 
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used when calculating CCME WQI scores (Canadian Council of Ministers of the 

Environment, 2006b), this recommendation being more conservative than the 4 parameter 

absolute minimum, and could potentially serve as a core set of source water quality 

parameters. However, several survey respondents suggested that pesticides is too vague a 

term and that different pesticides should be considered individually instead of as a single 

unit. This fact, along with the inconsistency in monitoring of pesticides resulted in the 

exclusion of pesticides from the set of core parameters. Temperature, a very frequently 

monitored parameter with aesthetic and treatment efficacy implications was designated as 

“include” by 46% of panellists, placing it just outside of the top eight selections. The 

inclusion of temperature along with the expert recommendation that nitrate and nitrite be 

considered together so as to allow for comparisons to guideline values produced a core 

set of 8 representative source water quality parameters (Table 3.3.1). E. coli was 

identified as the most important parameter, followed by turbidity and total organic 

carbon. Iron received the lowest significance rating. Figure 3.3.1 presents all parameters 

identified by the survey panel as important in characterizing surface drinking source 

water quality risks. The list is not meant to be exhaustive but instead convey the diversity 

of variables that may be used to monitor surface source water quality concerns. 
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Table 3.3.1 Core parameters identified by survey panellists. Parameters are listed in order of the 
percent of surveys that designated the parameter as “include”.  Mean significance ratings were 
calculated based on each experts relative significance rating. 
 

Core Parameter Common Units Percent 
“include” 

Mean Significance Rating 
(1 = little significance, 5 = 

very significant) 
pH pH units 92 3.41 

Turbidity NTU 88 4.29 

Total organic carbon mg/L 83 4.25 

E. coli CFU/100mL 79 4.95 

Nitrate and Nitrite mg/L as N 75 3.33 

Total coliforms CFU/100mL 63 4.00 

Iron mg/L 50 2.33 

Temperature Degrees Celsius 46 3.18 

3.3.2 Source water target value selection 
Proposed source water target values are presented in Table 3.3.2. Target values are 

presented for two anticipated levels of treatment: 

Treatment level 1 - chlorination alone 

Treatment level 2 - chlorination preceded by (slow sand) filtration 

Several of the target values correspond with treated drinking water quality guidelines. 

Initially the turbidity target value for source waters receiving chlorination alone was set 

at 1 NTU. However, subsequent comparison of expert scores to index scores suggested 

that a turbidity target value of 1 NTU was too high. Survey respondents placed a 

considerable importance on turbidity values when assessing drinking source water 

quality, even those turbidity values less than 1 NTU. Therefore, the treatment level 1 

turbidity target was reduced from 1 NTU to 0.3 NTU. A turbidity target of 0.3 NTU 

corresponds to the United States Environmental Protection Agency (USEPA) standard 
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against which 95% of treated water samples in a month must be lower (USEPA, 2009). 

Appendix D presents additional information regarding drinking source water target value 

selection. 

 

 
Figure 3.3.1 Surface source water parameters identified by the expert panel as important in 

characterizing drinking source water risks. Parameters are broadly categorized as health 

concerns, impairments to effective chlorination or aesthetic concerns. Core source water 

parameters are identified in bold 
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Table 3.3.2 Proposed surface drinking source water target values for 8 core parameters. Target 
values refer to two treatment levels: 1) chlorination alone and 2) slow sand filtration and 
chlorination. 
 

 Treatment Level 1: Chlorination 
alone 

Treatment Level 2: Slow sand 
filtration and chlorination 

Parameter 
(units) 

Maximum 
Acceptable 

Value 

Minimum 
Acceptable 

Value 

Maximum 
Acceptable 

Value 

Minimum 
Acceptable 

Value 
pH 8.5 6.5 8.5 6.5 
Turbidity 
(NTU) 

0.3  5  

Total organic 
carbon (mg/L) 

4  4  

E. coli 
(CFU/100mL) 

10  100  

Nitrite and 
Nitrate as N 
(mg/L) 

10  10  

Total coliforms 
(CFU/100mL) 

100  100  

Iron (mg/L) 0.3  0.3  
Temperature 
(°C) 

15  15  

 

3.3.3 Index score validation 
A total of 11 of the 24 panellists that completed the parameter selection survey 

responded to the second survey, a 46% response rate (see Appendix D for list of 

respondents). A close association between expert and index scores is clear (Figure 3.3.2) . 

The mean absolute deviation of the CCME WQI from the expert scores was 7.17±1.11 

for treatment level 1 and 7.48±1.14 for treatment level 2. In both cases, the regression 

line characterizing the relationship between the mean expert rating and the CCME WQI 

score  (Treatment Level 1: CCME WQI = 1.03(Mean expert rating) – 0.50, r2 = 0.77, p < 

0.01, df = 18; Treatment Level 2: CCME WQI = 1.11(Mean expert rating) – 8.49, r2 = 

0.77, p < 0.01, df = 18) was not significantly different (P < 0.05) from a theoretical 1:1 

relationship (y = x). 
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Figure 3.3.2 Mean expert scores (n=11) for each of the 20 water quality scenarios plotted against 

calculated CCME WQI index scores. Expert assessments were made considering two 

different treatment levels: Panel A) Treatment Level 1 – chlorination only and Panel B) 

Treatment Level 2 – slow sand filtration and chlorination. The mean expert scores for 

each treatment level are plotted against CCME WQI scores calculated using the 

corresponding treatment level target values. Error bars represent the 95% confidence 

intervals. The continuous solid line represents a theoretical line with gradient = 1 

corresponding to a perfect match between index and expert score. 

3.3.4 Exploration of factor weights 
Mean optimized factor weights and standard errors under both treatment levels are 

presented in Table 3.3.3. A total of 4 scenarios under treatment level 1 and 5 scenarios 

under treatment level 2 were excluded due to optimized weights of near zero for 2 of the 

3 factors. Factor weight optimization reduced the difference between index scores and 

corresponding mean expert scores to within at least 8.0x10-7 points for all included 

scenarios. Treatment level 1 optimized factor weightings were not significantly different 

from one another (ANOVA; F(2,42) = 1.45, p = 0.25).  Similarly, treatment level 2 mean 

optimized factor weightings did not provide evidence for the application of unequal 

weights to the 3 index factors (ANOVA; F(2,42) = 0.88, p = 0.42).  
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Table 3.3.3 Mean optimized factor weights and standard errors for treatment levels 1 and 2 
 
 Treatment Level 1: Chlorination alone Treatment Level 2: Slow sand 

filtration and chlorination 
Weight n Mean Standard 

Error 
n Mean Standard 

Error 
w1 16 0.92 0.09 15 0.83 0.19 
w2 16 0.93 0.09 15 1.07 0.12 
w3 16 1.14 0.13 15 1.05 0.12 

 

3.3.5 Index application and sensitivity analysis 
Data limitations only permitted index calculations to be made using a total of six 

parameters (pH, turbidity, total organic carbon, E. coli, nitrate and nitrite as N, and 

temperature). Several sites monitored dissolved organic carbon (DOC) instead of total 

organic carbon. DOC makes up greater than 80% of TOC in natural waters (Owen et al., 

1995; Larsen et al., 2011). However, to accommodate sites where only DOC was 

measured, a regression equation was computed to describe the relationship between DOC 

and TOC (for 6 of the 47 sites). The regression equation was then used to convert DOC 

measures to TOC estimates. 

 Immediate concerns became apparent in regards to the number of measures of 

each parameter. Though not all 47 sites were specifically monitored for drinking source 

water quality considerations, all share the issue of an unequal number of samples among 

the six core parameters analyzed. Pielou’s evenness index values ranged from 0.80 to 1 

with a mean value of 0.97. This unequal number of samples results in a score bias, the 

magnitude and direction of which depends on the behaviour of the parameter measures 

relative to their target values. Overrepresented parameters with a high proportion and/or 

magnitude of failures will drive down the score while an overabundance of a parameter 

with a low probability and/or magnitude of failure will artificially inflate the score. In 
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order to reduce the effect of deviation from parameter evenness I have a modified CCME 

WQI in which factors F2 and F3 are calculated on a parameter by parameter basis before 

being averaged. Factor F1 is calculated using the original formulation. Original and 

modified factor formulas are presented in Table 3.3.4. Of note, the relationship between 

water quality scenario scores calculated using the modified CCME WQI formulation and 

mean expert scores was the same as that depicted in Figure 3.3.2. The scenarios evaluated 

by the expert panel were specifically constructed with high evenness. Of the 20 scenarios, 

19 had Pielou’s evenness index scores of 1. The single scenario that strayed from perfect 

evenness had an evenness index score of 0.995 due to one parameter having 5 measures 

instead of the standard 6 common to all other parameters. 

 Rank distributions for the modified CCME WQI scores calculated under both 

treatment scenarios are presented in Figure 3.3.3. Approximately 74% of scores were 

ranked as poor when chlorination was the only anticipated form of treatment. No stations 

received an excellent rank under treatment level 1. On average, treatment level 2 scores 

were 20.17±0.53 points higher than their corresponding treatment level 1 scores. Under 

treatment level 2, approximately 7% of scores were ranked as excellent. The largest 

proportion of treatment level 2 scores was marginal (40%) however roughly a quarter of 

all scores were still classified as poor. 
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Figure 3.3.3 Percent of scores classified as poor, marginal, fair, good, and excellent using 

treatment level 1 and 2 drinking source water target values  

 

Turbidity was the parameter that most frequently violated source water target values 

for both treatment levels (Figure 3.3.5). The mean proportion of turbidity measures that 

violated the treatment level 1 target value of 0.3 NTU was 0.94±0.01 across all sites and 

seasons.  The treatment level 2 target value of 5 NTU reduced the mean turbidity 

violation rate to approximately 0.55±0.02 for each calculated score. TOC target values 

were the same for both levels of treatment and resulted in a mean violation rate of 

0.47±0.03. Under treatment level 1, the average proportion of E. coli measures that 

exceeded the drafted 10 CFU/100mL target value was 0.36±0.02 for each seasonal score. 

The treatment level 2 target value reduced the mean violation rate to 0.08±0.01. No 

nitrate and nitrite as N values were greater than the 10 mg/L target value. 
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Table 3.3.4 CCME WQI original factor formulas and recommended modified formulations to 

control for parameter unevenness 

Factor Original CCME WQI Formula Modified CCME WQI Formula 
F1 

    

! 

F1 =
number of failed parameters
total number of parameters

" 

# 
$ 

% 

& 
' x100  

F1 calculation unchanged from 
original formulation 

F2 

    

! 

F2 =
number of failed tests
total number of tests

" 

# 
$ 

% 

& 
' x100  

    

! 

F2 =

Number of failed samplesj

Total number of samplesj

" 

# 
$ $ 

% 

& 
' ' 

j=1

m

(

m
x100

where: j represents the different 
parameters included in the index 
calculation numbered from 1 to m 

F3 i) when a measured variable does not 
meet its guideline it is deemed an 
excursion and calculated as follows: 
When the measured variable must not 
exceed the guideline (objective) 

  

! 

excursioni =
failed test valuei

objectivei

" 

# 
$ 

% 

& 
' (1 

When the measured variable must not 
fall below the guideline (objective) 

  

! 

excursioni =
objectivei

failed test valuei

" 

# 
$ 

% 

& 
' (1 

where: j represents the different 
parameters included in the index 
calculation numbered from 1 to m 
ii) Normalized sum of excursions (nse) 

  

! 

nse =

excursioni
i=1

n

"
total number of tests

 

 
iii)  

    

! 

F3 =
nse

0.01nse + 0.01
" 

# 
$ 

% 

& 
'  

 

i) when a measured variable does not 
meet its guideline it is deemed an 
excursion and calculated by parameter 
as follows: 
When the measured variable must not 
exceed the guideline (objective) 

  

! 

excursioni, j =
failed test valuei, j

objective j

" 

# 
$ $ 

% 

& 
' ' (1 

When the measured variable must not 
fall below the guideline (objective) 

  

! 

excursioni, j =
objective j

failed test valuei, j

" 

# 
$ $ 

% 

& 
' ' (1 

where: j represents the different 
parameters included in the index 
calculation numbered from 1 to m 
ii) Average Excursion calculated by 
parameter for n total excursions 

  

! 

Average Excursion j =

excursioni, j
i=1

n

"
n

 

iii) Normalized sum of average 
excursions (nsae) 

  

! 

nsae =
Average Excursion j

j=1

m

"

m
 

where: Total number of variables is 
equivalent to m 
iv) 

    

! 

F3 =
nsae

0.01nsae + 0.01
" 

# 
$ 

% 

& 
'  
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Figure 3.3.4 Mean proportion of samples per index score in violation of source water target 

values. Proportions are presented for each of the 6 parameters used to calculate 186 

seasonal scores under treatment levels 1 and 2. Error bars represent the standard error of 

the mean. 

In order to evaluate the relative impact of the included parameters on the modified 

index scores, each of the six core parameters included in the calculation were individually 

removed and the scores recalculated. The recalculated scores were then compared to the 

modified score produced when the parameter was part of the index aggregation. For 

scores calculated using treatment level 1 target values, the removal of turbidity caused the 

largest change in index scores. Excluding turbidity from the index resulted in a mean 

increase in score of 19.03±1.01 under treatment level 1 and a mean increase of 7.70!±0.93 

under treatment level 2 (Figure 3.3.6). The removal of nitrate and nitrite as N resulted in 

the greatest change in treatment level 2 scores (-8.27±0.57). The removal of E. coli 

caused a mean increase in treatment level 1 scores (1.12±0.49) but a mean decrease in 

treatment level 2 scores (-3.12±0.59). TOC exclusion produced a mean increase in score 

under both treatment scenarios (Figure 3.3.6). All calculated scores were significantly 
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inter-correlated for each treatment level (Spearman’s correlation; p < 0.01). Turbidity 

removed scores showed the least strong Spearman’s correlation with the scores calculated 

when all six parameters were included (treatment level 1 " = 0.78, p < 0.01; treatment 

level 2 " = 0.79, p < 0.01). 

 
Figure 3.3.5 Effect of parameter removal on index score.  n = 186 for each parameter and 

treatment level. Error bars represent the standard error of the mean. 

 

The average excursions of all parameters except nitrate and nitrite as N were 

significantly correlated with modified index scores (Table 3.3.4; p < 0.05). Turbidity was 

most strongly correlated with modified index scores under both treatment level 1 and 

treatment level 2 (" = -0.81, p < 0.01; " = -0.87, p <0.01). 
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Table 3.3.5 Spearman’s correlation values for average excursion of parameters against 

corresponding modified index score. Average excursions and modified index scores were 

calculated separately using treatment level 1 and treatment level 2 source water target 

values. 

 Treatment Level 1: 
Chlorination alone 

Treatment Level 2: Slow sand 
filtration and chlorination 

Parameter n " p n " p 
pH 186 -0.19 0.01 186 -0.16 0.03 
Turbidity 186 -0.82 <0.01 186 -0.87 <0.01 
TOC 186 -0.52 <0.01 186 -0.53 <0.01 
E. coli 186 -0.59 <0.01 186 -0.52 <0.01 
Nitrite and Nitrate as N 186 - - 186 - - 
Temperature 186 -0.66 <0.01 186 -0.65 <0.01 

3.4 Discussion 
Drinking source water protection is increasingly encouraged and applied as a strategy 

to ensure the safety of Canadian drinking water (Patrick, 2008). Effective source water 

protection requires cooperation among watershed stakeholders and government regulators 

as well as public education (Ivey et al., 2006; Patrick, 2008; Islam et al., 2011). The 

increased community involvement highlights the need for effective data analysis and 

communication tools to synthesize and convey important source water quality trends. The 

Canadian Council of Ministers of the Environment Water Quality Index has previously 

been shown to be a useful means of communicating treated drinking water quality data 

(Khan et al, 2004). Though the index has been applied to characterize drinking source 

water quality (Boyciaglu, 2009; Rickwood and Carr, 2009), the effectiveness of the 

resulting scores has not been verified. I present a modified CCME WQI that effectively 

characterizes drinking source water quality when evaluated anticipating 2 different levels 

of treatment. 
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3.4.1 Parameter selection to capture source water quality risks  

A core set of parameters was identified to characterize common Canadian source water 

quality concerns. These core parameters are intended to serve as a guide for parameter 

selection and  provide a standard parameter set to facilitate comparisons among scores. 

Only scores calculated using the same set of parameters can be compared in any 

meaningful way (Canadian Council of Ministers of the Environment, 2001). The 8 core 

parameters are frequently monitored, have significant implications for source water 

quality, cover a wide range of quality conditions, and are supported by recommended 

source water guideline/objective values. Furthermore, the core set is in close agreement 

with the parameters suggested by the Canadian Council of Ministers of the Environment 

for monitoring drinking water sources  (Table 3.4.1). Where differences exists, such as 

between dissolved organic carbon and total organic carbon or total dissolved solids and 

turbidity, the same broad quality impairment (disinfection byproduct formation and 

clarity respectively) is addressed using a different metric. Notably, iron is among the 8 

core parameters identified by the panel of experts though it is recommended as a 

supplementary parameter by the CCME.  
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Table 3.4.1 CCME proposed core and supplementary parameters for consideration in the 

protection of the suitability of source water for use as a drinking water supply (Canadian 

Council of Ministers of the Environment, 2006a) 

Core parameters • E. coli 
• Total coliform 
• Nitrate/Nitrite 
• Colour 
• Odour 
• Taste 
• Chloride 
• Ammonia 
• Temperature 
• Total Dissolved Solids 
• Dissolved Organic Carbon 
• pH 
• Flow (where applicable) 

Supplementary Parameters • Other parameters of concern (on a 
site specific basis) eg. iron, 
managanese, bromide 

 

The flexibility of the CCME WQI allows for the incorporation of any additional or 

supplementary parameters while avoiding rigidity (Islam et al., 2011). Rigidity is the 

direct result of adding parameters to an index formulation. Rigidity arises when 

additional parameters are included in an index to address quality concerns and due to the 

index formulation, artificially reduce the resulting score (Swamee and Tyagi, 2007). I do 

recommend that the core set of parameters be supplemented by other site specific 

parameters of concern. In particular, the CCME WQI provides the opportunity to 

communicate information related to the management of local parameters of concern. 

Source waters are very diverse, reflecting natural and anthropogenic watershed inputs 

(Timmer et al., 2007; Patrick et al., 2008). Therefore, to effectively characterize drinking 

source water quality, supplementary parameters may need to be included in the index 

calculation. Additional parameters may include pesticides such as atrazine or chlorpyrifos 

as well as heavy metals, all of which have previously been used to assess source water 
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quality (Islam et al., 2011). However, supplementary parameters and target values must 

be relevant to source drinking water quality and provide information about local 

stressors. For example, clear concern was expressed by various panellists in regards to 

the need for the inclusion of protozoan pathogens among the core variables. Giardia and 

Cryptosporidium are serious drinking water health concerns due in part to their low 

infective dose, resistance to common disinfection techniques, and common occurrence in 

surface waters (LeChevallier  et al., 1991). When sufficiently monitored and associated 

with appropriate source water target values their inclusion in the index calculation would 

provide valuable information regarding source water risks.  

3.4.2 The use of drinking source water target values as a management tool 
 The adoption of drinking source water quality standards as a means of protecting 

public health is a contentious issue (Chang et al. 1999). Very few jurisdictions have 

proposed source water quality guidelines. Research revealed three examples of non-

binding guidelines for the protection of drinking source waters: the European Economic 

Community’s Drinking Water Abstraction Directive 75/440/EEC amended by Directives 

79/869/EEC and 91/692/EEC (Office for Official Publications of the European 

Communities, 1975), Chang et al.’s Taiwanese source water quality standards (Chang et 

al.,1999) and the British Columbia Ministry of the Environment’s (BC MOE) water 

quality guidelines (BC MOE, 2010). Environment Canada has recommended that Health 

Canada work towards developing source water guidelines under different treatment 

processes. However, the drafting of source water quality guidelines is not a trivial 

undertaking due to a variety of issues including variability in treatment efficiencies, 

interactive effects and the time and resources required (D’Costa, 2008).   
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Alternatively, the use of source water quality standards as a basis for tracking and 

understanding changes in source water conditions is a concept that is yet to be fully 

appreciated and utilized. I employ drinking source water target values strictly for 

comparative purposes. Though supported by existing source water guidelines, the drafted 

target values are not intended to represent maximum allowable concentrations to protect 

public health but rather to serve as a defensible quality benchmark. The two treatment 

levels were chosen to represent minimal but widespread treatment requirements. 

Chlorination in particular remains the primary means of providing microbial disinfection 

in small and First Nations communities (Indian and Northern Affairs Canada, 2006).  

3.4.3 CCME WQI application to surface drinking source water    
The high correlation between mean expert scores and CCME WQI scores (Figure 

3.3.2) supports the use of the CCME WQI as a valuable tool to track and communicate 

drinking source water quality. Optimization of factor weights did not provide support for 

assigning unequal weightings to the factor values (Table 3.3.3). This is contrary to 

previous studies that have proposed alternative F1 formulations to reduce the contribution 

of the scope of guideline violations (Canadian Council of Ministers of the Environment, 

2006b). The use of the alternative F1 formulations proposed by the Canadian Council of 

Minister of the Environment (2006b) caused an increase in the absolute difference 

between index and expert scores in this study. This evidence for the continued application 

of the unmodified F1 may be the product of the use of an appropriate number of 

parameters that do not co-vary (Canadian Council of Ministers of the Environment, 

2003). However, the nature of drinking source water quality may also be the reason for 

the importance of the unmodified F1 formulation. Drinking source waters that are subject 
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to episodic events in which one or more contaminants are present in high levels are 

associated with increased risk (Curriero et al., 2001). These rare events may not be 

captured in factors F2 or F3 due to their scarcity. Conversely, a single sample failure is 

equally as important as multiple failures for the same parameter in F1. Of note, variability 

was cited by several expert panellists as an important consideration when deciding on 

their evaluations of the provided source water quality scenarios. Reduction of F1’s 

influence may decrease the capacity of the index to capture such episodic events.  

 Unequal numbers of samples for different parameters, referred to as unevenness, 

can bias CCME WQI scores. The issue of parameter unevenness has been ignored in 

CCME WQI literature to date. Data processing techniques can be used to address this 

issue. Such data processing techniques include reducing the number of samples of each 

parameter to that of the least frequently monitored variable by using the maximum value 

measured within the corresponding time period. However, such techniques result in a loss 

of data. To mitigate the effects of parameter unevenness I adopted a modified formula for 

factors F2 and F3 (Table 3.3.4). The modification of the CCME WQI formulation did not 

affect the relationship between mean expert scores and index scores illustrated in Figure 

3.3.2. However, due to the high evenness of the source water quality scenarios provided 

to the expert panel, the data does not allow for a detailed comparison of the original 

versus modified formulations. The modified CCME WQI appears to provide an improved 

means of deriving index scores though further analysis is required. 

 Calculation of 6 parameter seasonal index scores revealed that no single 

parameter was dominating the scores. The scores calculated by removing each of the 

individual parameters one at a time were significantly inter-correlated. Therefore, the 
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CCME WQI appears to be a robust, composite measure of drinking source water quality. 

Though no single parameter exerted a disproportionally large impact on the calculated 

scores, turbidity appeared to have the strongest influence among all variables. Turbidity 

was the parameter with the highest rate of violation under both treatment scenarios 

(Figure 3.3.4). The removal of turbidity caused the greatest change in treatment level 1 

index scores and the second greatest change in treatment level 2 scores (Figure 3.3.5). 

Also, turbidity average excursions were most strongly correlated with scores calculated 

under both treatment scenarios (Table 3.3.5). Turbidity was identified as a parameter of 

high significance for assessing source water quality by the expert panel (Table 3.3.1). 

Also, turbidity was most frequently cited by the expert panel as the parameter of greatest 

significance for deciding on scenario ranks and scores. Turbidity has been shown to be 

correlated with microbial contamination of surface waters (LeChevallier et al, 1991). 

Furthermore, high turbidity reduces disinfection efficiency by increasing disinfectant 

demand and decay rates (Province of Manitoba, 2005). Turbid water can also shield 

pathogens from disinfection and stimulate bacterial growth in the distribution system 

(WHO, 2008).  Therefore such a strong influence may not be unwarranted.  

 In contrast, nitrate and nitrite as N did not have a single violation in any of the 

scores. Terrado et al. (2010) recommend that parameters with guidelines that are difficult 

to exceed not be used in CCME WQI calculations as they tend to inflate the resulting 

scores. The removal of nitrate and nitrite as N from the index caused a relatively large 

decrease in score under both treatment scenarios (Figure 3.3.5). The proposed heath 

based nitrate and nitrite as N target value of 10 mg/L is rarely exceeded by surface source 

waters. Such high nitrate/nitrite concentrations are more of a concern in Canadian 
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groundwater (Van der Kamp and Grove, 2001). Therefore it may be appropriate to 

exclude nitrate/nitrite from the core set of parameters used for surface source waters, 

leaving it as a supplementary parameter whose inclusion is up to the discretion of the 

index practitioner.  

 Though not explored in this analysis, the root mean additive CCME WQI 

aggregation formula is prone to eclipsing (Ott, 1978). Several aggregation alternatives 

exist in the literature (Sadiq and Tesfamariam, 2007). In particular, Swamee and Tyagi’s 

improved aggregation function with r = 2 (Swamee and Tyagi, 2000) avoids all three 

common aggregation shortcomings and may provide more robust scores than the existing 

CCME WQI formulation. Further research is required to investigate alternative 

aggregation strategies and how well they characterize drinking source water quality 

conditions.  

 Though the CCME WQI can be used to quantify composite water quality 

conditions, it should not be substituted for a more detailed intensive assessment. As with 

all indices, the limits to the use of the CCME WQI must be kept in mind. The developed 

Canadian surface source water quality index provides an effective tool for 

communicating quality data to the public, policy makers, and other stakeholders. The 

index can also be used as a means of examining trends in quality. This report provides the 

first example of an index specifically designed to assess Canadian source water quality 

conditions. Considering the anticipated dual threats of population growth and climate 

change to Canadian drinking waters (Statistics Canada, 2005; IPCC, 2007; Lemmen et 

al., 2008) this type of management tool is required in order to sustainably manage 

Canadian water resources and communicate quality related issues to diverse audiences. 
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3.5 Conclusion 

Investment in source water protection has been shown to provide safer and more 

affordable drinking water (Patrick, 2011). However, the cooperation and support of local 

community members is critical to the implementation of source water protection 

initiatives (Timmer et al., 2007). I have verified that the CCME WQI is an effective tool 

for summarizing composite drinking source water quality.  

I adapted the CCME WQI for use in the Canadian source water context. The nature of 

the index allows for the accommodation of the site specific and treatment challenges 

posed by source waters. In cooperation with a panel of drinking water quality experts I 

provide practitioners with a core set of source water quality variables for use in the 

CCME WQI that address common Canadian source water quality concerns. These 

parameters reflect general microbial, aesthetic and treatment considerations. However, 

the addition of supplementary parameters to characterize site specific quality concerns is 

encouraged. The flexibility of the employed CCME WQI allows for the tailoring of 

scores to reflect source quality anticipating various treatment scenarios. Using source 

water target values for two basic levels of treatment, resulting index scores were in strong 

agreement with expert assessments of source water quality. The employed source water 

target values are meant only to be used as benchmarks, an application that appears to be 

supported considering the high level of association between index scores and expert 

scores. Updated with a modified index calculation procedure to control for the effect of 

parameter unevenness, resulting scores were not disproportionally influenced by any 

single parameter input. As with any index, care must be taken in its calculation and 

interpretation however the CCME WQI presents a potential communication and trends 

analysis tool to aid in the delivery of high quality water to all Canadians. 
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Chapter 4 Understanding the role of watershed characteristics in 
protecting surface source water quality: An investigation of 

the spatial scale of landuse impacts 

 Abstract 
 Drinking water purveyors are increasingly relying on land conservation and 

management to ensure the safety of the water that they provide to consumers. To cost-

effectively implement any such landscape initiatives, resources must be targeted to the 

appropriate spatial scale to address quality impairments of concern. Using data gathered 

from 40 Canadian rivers across 4 ecozones I examined the spatial scales at which landuse 

was most closely associated with drinking source water quality metrics. Linear mixed 

effects models revealed  that different spatial areas of landuse influence drinking source 

water quality depending on the parameter and season investigated. E. coli spatial 

variability was only associated with landuse at a local (5 km – 10 km) spatial scale. 

Turbidity measures exhibited a complex association with landuse suggesting that the 

landuse areas of greatest influence can range from a 1 km sub-catchment to the entire 

watershed depending on the season of the year. Total organic carbon concentrations were 

only associated with landuse characterized at the entire watershed scale. The Canadian 

Council of Ministers of the Environment Water Quality Index was used to calculate a 

composite measure of seasonal drinking source water quality but did not provide 

additional information beyond the analyses of individual parameters. These results 

suggest that entire watershed management is required to safeguard drinking water sources 

with more focused efforts at targeted spatial scales to reduce identified risk parameters. 
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4.1 Introduction 

Drinking water serves as a nexus between human health and environmental quality and 

processes. Watershed characteristics such as land use, climate, and natural physiographic 

features influence both the quantity and quality of drinking water sources. Increasingly 

water suppliers are relying on natural hydrological services to protect the safety of the 

water that they provide for consumption (Wickham et al., 2011). Land management and 

conservation programs have been shown to be cost effective alternatives to investment in 

constructing or upgrading treatment facilities (Postel and Thompson, 2005). However, 

population growth and climate change present uncertain challenges to existing and 

proposed watershed conservation measures (Charron et al., 2004). In order to prepare for 

and adapt to future drinking water demands, a detailed understanding of the contribution 

of watershed characteristics to drinking source water quality is required. The scales at 

which these contributing factors exert the strongest influence must also be considered 

such that restoration and conservation efforts can be most effectively targeted (Buck et 

al., 2004). 

Many different historic, economic and technical factors have resulted in a close 

association between human development and drinking water watersheds. Greater than 

78% of the conterminous United States is part of a watershed from which water is 

extracted for drinking purposes (Wickham et al., 2011). However, human induced 

alterations within drinking water catchment areas have resulted in increased cost and risk 

to water consumers. A global analysis of primary watersheds revealed conversion to 

agriculture or urban-industrial use with corresponding loss of original vegetation cover in 

nearly one third of the 106 case studies examined (Revenga et al., 1998).  Decreased 

forest cover in source watersheds has been associated with increased drinking water 
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treatment cost (Ernst et al., 2004). The loss of natural forest cover minimizes the uptake 

of nutrients and the retention of soils leading to increased productivity and turbidity in 

surrounding water courses (Wahl et al., 1997; Abelho, 2001). Agricultural land has been 

associated with increased levels of several source drinking water quality parameters of 

concern as well including nitrogen, phosphorus, organic carbon and fecal coliform 

bacteria (Fisher et al., 2000) while urban development has been shown to increase 

nutrients and contribute to more turbid surface water quality conditions (Tong and Chen, 

2002).  

Landuse activities within a watershed frequently present the initial source of 

contamination to receiving waters (Canadian Council of Ministers of the Environment, 

2004). However, due to many different factors that influence the transport and fate of 

contaminants, the spatial extent at which landuse activities influence downstream water 

quality my vary. Research concerning the relative importance of land use within a 

riparian buffer versus at the entire catchment scale has produced contrasting results due 

to the different study regions and parameters investigated as well as the land use 

classification processes employed (Guo et al., 2010).  Landuse close to the water course 

has been shown to explain greater variation in water quality than land use at the whole 

catchment scale in several studies (Johnson et al., 1997; Sawyer et al., 2004) while entire 

watershed land use has provided greater explanatory power in others (Hunasker and 

Levine, 1995; Sliva and Williams, 2001; Meynendonckx et al., 2006).  The uncertainty 

regarding the spatial scale at which landuse activities exert their greatest impact presents 

challenges for drinking source water quality conservation measures. Analysis of landuse-
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water quality relationships within a source drinking water framework is therefore 

required to help explain these uncertainties and guide planning decisions. 

 Though landuse activities can introduce contaminants directly into receiving waters, 

climatic events serve as the major means of mobilization of land based risks factors. 

Surface water quality has been shown to be significantly influenced by surrounding 

climatic conditions (Clark et al., 1996; Bergmire-Sweat et al., 1999; Kistemann et al., 

2001; Hunter, 2003).  Heavy rainfall or snowmelt events can increase flow, turbidity, 

nutrients, natural organic matter, and pathogens within a water body (Davis et al., 1977; 

Hunter, 2003; Logsdon et al., 2004; WHO, 2004). The interaction between land use and 

climate has strong implications for surface source water quality as well. In a comparative 

study of urban and forested sites, Turner et al. (1977) showed a marked difference in the 

response of water quality parameters to storm events dependent on surrounding landuse. 

Urban water bodies were been shown to experience marked peaks in runoff, suspended 

solids and nutrients after storm events. However, runoff, suspended solids and nutrients 

were moderated by the vegetation of forested sites during the same rainfall episodes 

(Turner et al., 1977). Furthermore, disturbed sites have been shown to exhibit greater 

seasonal variation in nutrient parameters when compared to sites on the same water 

course with lower population density (Perona et al., 1999).  Such variability can increase 

drinking water risks by stressing treatment systems and potentially leading to failure 

(Curriero et al., 2001).  

Considering the importance of public safety through clean and healthy drinking water 

sources, investigations of the drivers of water quality and their spatial areas of influence 

are infrequently designed in an appropriate drinking water context. Despite the 
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acknowledged link between climate and water quality, the role of landuse in controlling 

water quality is often analyzed independent of climate variability. Furthermore, studies of 

land use and scale are often carried out on low order streams as they present more 

manageable systems. However, natural waters used for drinking purposes are frequently 

drawn from large rivers (Wickham et al., 2011). In addition, parameters selected for 

analysis may not effectively capture drinking water risks. Even when representative 

parameters are included, drinking source water quality is a difficult concept to quantify. 

Treatment techniques must be a consideration when assessing source water quality as 

treatment can serve to both reduce health risk as well as inadvertently introduce them. 

For example, certain disinfection processes, such as chlorination, have the potential to 

produce harmful byproducts, the nature and quantity of which are related to source 

conditions (Hong et al., 2008).  

In this paper, I characterize and quantify the effects of land use, climate and natural 

physiographic features on drinking source water quality. In particular, the spatial scales at 

which upstream landuse characteristics are most strongly associated with source drinking 

water quality are characterize and quantified. The spatial variability in water quality data 

collected from a variety of high order western Canadian rivers is related to a suite of 

watershed characteristics. Parameters representing common source water quality 

concerns are considered individually as well as in combination using the modified CCME 

WQI presented in Chapter 3. Adaptable to different treatment scenarios, the index is used 

to calculate drinking source water quality scores anticipating two basic levels of 

treatment. Interactions among watershed features and drinking source water quality are 

characterized from the watershed to the local scales. This broad scale analysis of the 
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drivers of drinking source water quality presents the first landuse spatial scale-water 

quality study specifically designed within a drinking water and public health framework.  

4.2 Methods 

4.2.1 Study Sites 
A total of 40 river sites were selected spanning central and western Canada (Figure 

4.2.1). All sites were identified from pre-existing water quality monitoring programs 

based on the following criteria: 1) sampled water quality parameters reflect general 

suitability for use as a drinking water source (see Section 4.2.2) and 2) water quality 

parameters were sampled a minimum of three times during any given month in the time 

period December 1999 –November 2009. Sites were distributed throughout the Canadian 

provinces of British Columbia (6 sites), Alberta (24 sites) and Manitoba (10 sites).  

 Study sites were located in four Canadian ecozones. Defined as terrestrial areas 

representative of broad scale ecological units, ecozones are characterized by interacting 

biotic and abiotic features (eg. climate, relief, soil, flora, fauna and human activities) (The 

Atlas of Canada, 2009). Two sites were located in the Pacific Maritime ecozone, 

dominated by mountainous topography and temperate coniferous rainforests. Climate 

conditions are characterized by heavy rainfall with little variation in mean monthly 

temperature. Three sites were located in the Montane Cordillera ecozone composed of the 

Rocky Mountains and several major interior plains. Precipitation varies with altitude but 

winters are typically long and cold interrupted by short warm summers. Ten sites were 

located in the Boreal Plains ecozone, a region characterized by boreal forests covering 

low-lying valleys and plains. The climate is moist and typified by short warm summers 

and long cold winters. Twenty-five sites were part of the Prairie ecozone. The prairie 

ecozone is a low relief area dominated by farmland. Precipitation is low and variable 
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during the cold winters and short summers. Upstream watersheds often spanned two 

ecozones. 

 
Figure 4.2.1 Location of study sites and upstream watersheds by province and ecozone. The 

number within site markers represents the site ID. 

4.2.2 Water quality data 
Water quality data were primarily accessed through Canadian provincial government 

authorities. British Columbia water quality data were provided by the BC MOE 

Environmental Monitoring System Web Reporting database as well as the Water and 
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Aquatic Sciences Research Program at the University of Victoria. Alberta data were 

collected from the Alberta Environment’s publicly accessible River Network Station 

Water Quality Data program. Manitoba values were provided by request from Manitoba 

Water Stewardship’s Water Management Section. Data sets were compiled for the period 

December 1999 – November 2009. 

 A comprehensive multi-step procedure similar to that of Dunnette (1979) was 

employed to identify a suite of priority drinking source water parameters to represent 

common source water quality concerns. The procedure is outlined in Section 3.3.1. When 

assessing source water quality, the expert panel assigned the highest mean significance 

rating to E. coli , TOC and turbidity (Table 3.3.1). Therefore these three parameters were 

chosen for further individual investigation. In combination, the parameters capture 

aspects of microbial risk, disinfection byproduct formation risk and treatment 

interference and aesthetics concerns.  Several sites monitored dissolved organic carbon 

(DOC) instead of total organic carbon. DOC makes up a very high proportion of TOC in 

natural waters (Owen et al., 1995; Larsen et al., 2011). However, to accommodate these 

sites, a regression equation was computed to describe the relationship between DOC and 

TOC at 6 of the 40 sites. The regression equation was then used to convert DOC 

measures to TOC estimates. 

 Parameter measures were grouped into 4 seasons: winter (December – February), 

spring (March – May), summer (June – August) and fall (September – November). 

Previous studies have grouped parameter samples based on flow regimes (Sliva and 

Williams, 2001; Meynendonckx et al., 2006) however I included flow (both absolute and 

relative to site specific historic values) as an explanatory variable in this study. The 
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discharge patterns among the investigated sites varied widely. Therefore, grouping 

variable measures based on flow would not improve the ability of the study to identify 

the explanatory power of flow towards the spatial variability in water quality.  

The secondary nature of the gathered water quality data sets resulted in inconsistent 

monitoring of the selected drinking source water quality parameters. At a minimum, all 

parameters were sampled three times during any given month in the period December 

1999 – November 2009. For all four seasons, each parameter was measured in an average 

of 8 of the 10 years periods between December 1999 and November 2009 (range: 3 - 10 

years samples for each of winter, spring, summer and fall). Variables were averaged by 

season to reduce the effect of measurement error and the inconsistent sampling programs. 

4.2.3 CCME WQI calculation 
The CCME WQI formulation adapted to accommodate parameter unevenness that was 

validated in Chapter 3 was used to calculate index scores at all 40 sites. Seasonal scores  

for the period December 1999 - November 2009 were calculated based on six parameters: 

pH, turbidity, TOC, E. coli, nitrate and nitrite and temperature. Separate scores were 

calculated for each of the two treatment levels employed in Chapter 3. The source water 

target values in Table 3.3.2 were employed as objective values for treatment levels 1 and 

2. 

4.2.4 Watershed characteristics 
ArcGIS 9.3 (ESRI, 2008) was used to characterize land use and physiographic features 

in catchment areas upstream of sample sites. Table 4.2.1 presents all watershed 

characteristics investigated in this study. Several watersheds crossed the Canadian/USA 

border therefore necessitating the use of both Canadian and American data layers. 
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Natural Resources Canada’s Canadian Digital Elevation Data digital elevation models 

(minimum resolution 90 m) and the United States Geological Survey’s (USGS) National 

Elevation Data Set digital elevation models (minimum resolution 30 m) were used along 

with ArcHydro software to delineate upstream watersheds. Upstream watersheds were 

verified using delineations provided by Natural Resources Canada.  

 Landuse and physiographic feature data were compiled at four spatial scales. 

Watersheds were delineated for the entire area upstream of sample points and the 

watershed areas within 10 km, 5 km, and 1 km upstream of the sample locations (Figure 

4.2.2). Watershed characteristics were not described in narrow riparian buffers due to 

concerns regarding the resolution of the available data layers. Watershed slope was 

calculated as a zonal mean percent of slope value (eg. a 45° average degree of slope 

being equivalent to a 100% percent of slope value as (rise/run) x 100 = 100). 

Natural Resources Canada’s GeoBase land cover shapefiles circa 2000 were used to 

compile Canadian land use compositions. American land use was extracted from the 

USGS’s 2001 National Land Cover Data. Land use classifications from both sources 

were aggregated into three general groups: 1) urban land, 2) agricultural land (including 

pasture lands) and 3) forested land. These three groupings were chosen in order to reflect 

major point and non-point sources of contamination as well as potential contaminant 

retention by landuse. Land use values for each of the general groups were expressed as a 

proportion of the associated catchment area.  
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Table 4.2.1 Watershed characteristics and investigated scales used as predictive variables of 

drinking source water quality. 

Factor group Watershed characteristic Investigated scales Units 
Catchment area Upstream watershed km2 Physiographic 

features Average slope Upstream 
watershed, 10 km, 5 
km, 1 km 

% 

Landuse Urban land Upstream 
watershed, 10 km, 5 
km, 1 km 

proportion of 
characterized 
upstream area 

 Agricultural land Upstream 
watershed, 10 km, 5 
km, 1 km 

proportion of 
characterized 
upstream area 

 Forested land Upstream 
watershed, 10 km, 5 
km, 1 km 

proportion of 
characterized 
upstream area 

Climate Mean seasonal 
temperature 

3 day °C 

 Mean seasonal rainfall 
(absolute) 

3 day mm 

 Mean seasonal rainfall 
(percent rank) 

3 day % 

 Mean seasonal stream 
flow (absolute) 

3 day m3/s 

 Mean seasonal stream 
flow (percent rank) 

3 day % 

 

 
Figure 4.2.2 Four spatial scales at which land use and physiographic features were characterized. 

Catchment areas were delineated for A) the entire upstream area and the drainage areas 

within B) 10 km, C) 5 km and D) 1 km of the sample location. 
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Daily total rainfall and mean temperature data were provided by Environment 

Canada’s National Climate Data and Information Archive. Weather stations closest to the 

water quality sample sites were selected as representative measures of local climatic 

conditions. Weather stations were located a mean distance of 20.3 km from sample sites 

(range 0.1 km – 58.8 km). Stream flow data was provided by Environment Canada’s 

HYDAT database. The closest hydrometric station on the same water course was selected 

as a representative measure of stream flow at the sample site. Effort was made to ensure 

that selected hydrometric stations were not affected by any type of control structure (eg. 

dam) that did not control the flow at the water quality sample site as well. Hydrometric 

stations were on average 14.0 km from water quality sites (range: 0 km – 63.5 km). 

Rainfall, temperature and flow data were matched with water quality data by date. Mean 

3-day temperature, cumulative 3-day rainfall and mean 3-day flow values were then 

computed for each sample measure. Three day cumulative and mean values were 

calculated as they were shown to be more strongly correlated with microbial 

contamination levels than single day values (Wilkes et al., 2009). The use of longer term 

climatic values was investigated including 7-day cumulative and mean metrics however 

they were shown to be very strongly correlated with 3-day measures (Spearman’s rank 

order correlation; temperature " = 0.99, p < 0.01; rainfall " = 1.00, p < 0.01, flow " = 

1.00, p < 0.01). Using 20-year (1990 – 2009) historic rainfall and flow values at each 

sample site, the percent rank of the 3-day cumulative rainfall and mean flow values were 

also calculated. Percent rank values were used to provide a measure of the long-term 

relative magnitude of 3-day rainfall and flow events. Climate parameters were then 

averaged by season for winter, spring, summer and fall. Seasonal climate averages were 
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computed separately for each water quality parameter using climate values matched with 

parameter sample dates. Similarly, climate values for all parameter sample dates used as 

inputs in the CCME WQI were used to calculate associated mean seasonal climate 

values. In this way, only those climatic events occurring within 3-days of parameter 

samples were considered in subsequent analyses. 

4.2.5 Statistical analyses 
All mean seasonal water quality values were log transformed and the normality of the 

resulting distributions tested using the Kolmogorov-Smirnov goodness of fit test. Linear 

mixed effects models were used to identify the watershed characteristics listed in Table 

4.2.1 that were significantly associated with seasonal source water quality. Separate 

analyses were conducted for each water quality metric, including the calculated index 

scores, and season. The fact that several of the investigated sites were found along the 

same water course, necessitated the use of a model type that could account for the spatial 

autocorrelation of the data. Sites were grouped into 19 major watersheds/nests based 

upon connectivity. Sites within the same watershed/nest were numbered in ascending 

order from upstream to downstream sample locations. Within the mixed effects model, 

non-nested sites were treated as independent sample measures while the degree of 

correlation between nested sites was assumed to be proportional to the Euclidian distance 

between them (Dodds and Oakes, 2006). Model type and correlation structure were 

selected using the general methodology outlined by Zuur et al. (2009). Models were 

constructed separately using average slope and landuse data at the four different spatial 

scales. Seasonal climate data were consistent among all models of the same water quality 
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response parameter and season. In particular, the scales at which landuse provided 

significant predictive power were identified for all water quality variables and seasons.  

 In order to characterize the strength of the relationship between landuse classes at 

the 4 distinct spatial scales identified as significant by the linear mixed effects models 

and surface drinking source water quality, linear multiple regression models were used. 

Due to the violation of independence, the models are strictly descriptive (Roth et al., 

1996; Dodds and Oakes, 2006). R2 values were used to describe the strength of any 

significant landuse-drinking source water quality relationships irrespective of climate or 

physiographic contributions. 

4.3 Results 

4.3.1 Seasonal patterns of source water quality 
Source water quality showed both spatial and seasonal variation (Table 4.3.1). Mean 

seasonal E. coli concentrations ranged from 449 CFU/100mL to 4 CFU/100mL. The 

majority of sites experienced peak seasonal E. coli contamination in the summer (Figure 

4.3.1). However, the season of peak E. coli contamination varied within ecozones as well 

as within watersheds/nests.  Mean seasonal E. coli values did not exhibit any consistent 

pattern from upstream to downstream sites within the same watershed/nest. 

Mean seasonal turbidity values were highest in spring and summer for all sites except 

those in the Pacific Maritime ecozone (Figure 4.3.1). Sites 1 and 2 in the Pacific 

Maritime ecozone experienced different peak turbidity seasons (fall and winter 

respectively) despite being found on the same relatively low order river. Sites 

experienced considerable differences in mean turbidity values among seasons (Table 

4.3.1). Site 28 had the highest range in mean seasonal turbidity levels of 252.3 NTU and 

also had the highest single season mean turbidity. Conversely, site 1 experienced the 
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lowest range in mean seasonal turbidity (0.3 NTU) as well as the lowest single season 

mean value (0.2 NTU). In general, mean turbidity within a single season tended to 

increase from upstream to downstream sites within a single watershed/nest. Several 

watershed/nests showed consistency in the season of peak turbidity among all of their 

sites. Those watersheds in which all sites did not experience the same season of peak 

turbidity did not exhibit any consistent pattern in peak season from upstream to 

downstream sites. 

Maximum seasonal TOC values showed considerable variability among sites (Table 

4.3.1). All ecozones, except for the Pacific Maritimes, contained sites with different 

seasons of peak TOC (Figure 4.3.1). The 2 sites in the Pacific Maritimes both witnessed 

maximum mean TOC values in the fall. Among sites and seasons, mean TOC values 

ranged from 28.3 mg/L during the winter at site 29 to 0.4 mg/L at site 10, also during the 

winter. Mean seasonal TOC values showed a consistent increase from upstream to 

downstream sites within the same watershed. Though all sites in several watersheds 

experienced peak mean TOC levels in the same season, this was not universal. Again 

there was no clear spatial pattern in season of peak TOC for those watersheds with sites 

exhibiting variable periods of maximum organic carbon. 
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Table 4.3.1 Seasonal parameter means and CCME WQI scores for December 1999 – November 2009. Sites within the same watershed/nest are 

numbered in ascending order from upstream to downstream (W. = Winter, Sp. = Spring, Su. = Summer, F. = Fall; R. = River, N. = North, 

Sask. = Saskatchewan) 
! !

Mean E .coli (CFU/100mL) Mean Turbidity (NTU) Mean TOC (mg/L) CCME WQI Treatment Level 1 CCME WQI Treatment Level 2 
Site 
ID Watershed/Nest W. Sp. Su. F. W. Sp. Su. F. W. Sp. Su. F. W. Sp. Su. F. W. Sp. Su. F. 
1 Leech R. 18 8 17 41 0.4 0.2 0.3 0.5 1.9 1.7 1.1 2.2 66.5 70.5 66.8 60.4 89.9 90.3 89.6 80.1 
2 Leech R. 6 3 7 9 0.8 0.5 0.3 0.6 2.5 2.2 1.5 3.0 57.8 69.1 59.3 57.2 80.7 90.3 78.9 80.0 
3 Salmon R. 31 95 153 195 2.5 18.5 5.3 1.6 2.9 7.1 4.6 2.7 58.2 37.1 39.6 48.9 90.6 68.9 76.2 90.4 
4 Peace R. 3 8 46 9 4.2 94.9 126.4 30.9 2.4 4.6 4.4 2.9 58.1 39.1 37.4 44.7 94.6 54.3 52.1 78.0 
5 Peace R. 10 11 23 10 5.3 79.3 26.5 7.0 2.4 4.3 3.6 2.9 55.5 35.1 29.4 52.5 89.8 53.3 57.6 87.6 
6 Columbia R. 4 4 - 4 0.4 0.6 0.8 0.4 1.2 1.6 1.6 1.4 89.3 82.6 76.0 86.4 99.7 99.3 94.4 97.7 
7 Wapiti/Smoky R. 10 12 15 12 2.8 113.3 88.8 12.4 2.2 5.6 4.3 3.4 60.1 29.6 28.2 41.1 80.7 45.3 47.6 76.2 
8 Wapiti/Smoky R. 63 104 40 40 4.2 128.5 124.6 14.8 10.7 10.2 5.5 5.9 34.7 22.3 26.2 32.1 55.4 31.0 37.5 55.4 
9 Wapiti/Smoky R. 12 21 23 19 8.4 194.6 137.3 22.7 5.6 8.8 6.3 5.1 42.1 22.2 25.4 31.5 75.0 27.5 38.1 60.0 
10 Athabasca R. 10 10 12 10 10.0 13.4 46.7 19.0 0.4 0.9 0.9 0.7 49.2 43.7 30.8 42.8 85.2 69.4 52.4 70.9 
11 Athabasca R. 10 10 23 10 2.0 50.3 73.7 8.5 6.8 8.4 6.4 5.8 52.2 23.4 20.6 35.6 77.4 43.2 38.0 57.5 
12 Athabasca R. 10 26 28 12 10.0 71.8 106.8 10.3 8.1 10.1 9.4 8.7 43.3 23.1 24.5 25.9 71.3 35.7 34.3 53.0 
13 Athabasca R. 12 10 12 10 59.0 44.0 98.7 21.1 8.2 9.7 11.2 10.1 34.9 29.8 25.7 25.5 61.2 45.7 39.8 49.9 
14 Holland Creek 1 2 39 5 1.2 0.4 1.5 0.7 2.8 2.3 1.7 4.1 85.3 92.3 71.9 84.5 98.8 99.1 97.7 94.0 
15 Bow R. 1 53 37 2 1.0 7.1 10.5 1.0 0.7 1.2 1.3 0.9 68.1 41.1 30.4 64.7 80.7 60.8 50.5 90.4 
16 Bow R. 14 49 76 28 3.1 37.7 18.1 2.6 1.4 2.8 2.3 1.7 46.0 25.7 21.6 36.6 70.4 45.4 38.1 51.8 
17 Bow R. 2 33 42 6 3.1 27.7 22.6 4.1 1.4 3.0 2.6 2.1 47.4 25.6 22.0 40.6 80.2 44.6 38.2 61.0 
18 Bow R. 3 13 67 13 3.9 23.2 42.5 10.9 1.9 3.3 3.7 2.4 40.2 25.2 19.3 28.9 70.4 52.8 35.3 49.7 
19 Elbow R. 105 51 449 277 2.4 8.7 40.3 4.3 1.2 2.1 2.8 1.7 38.6 35.9 27.5 44.0 60.9 60.1 46.7 75.4 
20 N. Sask. R. 10 10 39 18 5.3 7.4 133.1 3.8 0.5 1.0 2.0 0.9 57.3 41.8 29.0 50.4 89.4 68.2 39.7 80.4 
21 N. Sask. R. 10 17 34 45 2.6 45.6 57.0 37.5 1.6 3.3 3.6 2.4 61.2 25.5 26.8 33.6 80.7 40.8 40.6 56.0 
22 N. Sask. R. 33 271 114 220 9.0 41.9 41.8 12.7 3.2 4.1 3.7 3.0 43.1 23.4 19.7 28.5 69.7 36.1 31.8 48.5 
23 Oldman R. 12 3 57 26 4.7 4.5 11.6 7.4 1.8 1.9 2.8 2.2 52.6 54.5 28.6 37.4 89.5 89.8 49.1 60.0 
24 Oldman R. 8 36 243 238 10.4 42.0 114.5 29.0 1.7 2.3 3.3 2.5 37.2 23.9 19.6 25.3 69.5 33.5 32.1 42.0 
25 Oldman R. 8 21 194 13 7.0 40.0 105.0 32.7 2.1 2.8 3.6 2.9 33.5 23.9 18.1 24.7 51.4 36.5 30.1 42.9 
26 Red Deer R. 9 165 147 184 2.0 16.1 47.8 4.5 2.4 5.9 6.0 3.7 49.8 26.5 20.2 31.4 71.1 46.0 37.9 50.3 
27 Red Deer R. 30 78 162 68 2.5 30.3 82.9 4.5 2.8 6.8 7.2 4.3 45.2 22.7 18.1 32.0 61.3 40.6 30.5 50.2 
28 Red Deer R. 8 48 144 119 1.3 73.7 252.3 20.6 2.8 7.2 6.4 4.3 44.6 22.1 17.0 24.4 61.3 35.2 24.7 41.5 
29 Battle R. 15 17 36 17 26.0 38.7 19.1 23.0 28.3 19.4 18.9 21.7 30.4 22.3 18.8 23.8 49.7 41.7 33.8 44.8 
30 Milk R. 2 32 268 55 3.8 144.8 123.1 26.2 3.4 4.2 2.0 2.5 55.8 28.4 20.3 24.8 80.1 37.0 29.1 44.9 
31 Assiniboine R. 10 12 47 15 11.8 32.9 42.6 10.2 11.0 12.4 12.7 10.4 42.7 37.2 26.2 35.5 68.5 56.7 48.0 60.8 
32 Assiniboine R. 44 55 31 18 8.2 34.9 39.7 7.0 11.3 11.8 12.4 10.5 41.5 30.7 29.8 36.6 69.2 53.1 47.5 64.5 
33 Assiniboine R. 212 202 23 51 22.0 64.8 34.1 53.9 11.1 10.9 12.4 9.3 34.0 31.0 26.8 29.0 55.6 47.6 48.2 40.2 
34 Assiniboine R. 101 63 48 59 21.9 67.4 41.0 47.9 11.9 11.0 12.1 9.3 35.8 32.4 25.3 30.5 58.7 48.0 45.8 49.4 
35 Assiniboine R. 80 44 35 28 14.7 64.8 69.1 44.5 10.6 10.3 11.8 9.3 34.5 30.7 24.3 29.6 62.9 47.0 43.2 48.5 
36 Turtle R. - 14 128 15 2.0 58.9 15.8 4.7 5.7 10.5 12.7 7.7 - 36.8 29.9 35.2 - 57.3 57.4 60.8 
37 Mossy R. - 10 48 50 12.4 17.2 13.6 11.1 2.7 13.2 18.1 11.2 - 41.7 31.3 35.4 - 65.8 54.4 65.0 
38 La Salle R. 10 16 35 15 4.0 53.1 33.5 21.2 16.8 12.4 14.3 16.6 50.3 36.6 28.2 36.7 73.2 54.0 48.8 59.6 
39 Red R. 10 13 72 38 9.3 88.8 86.7 58.0 12.9 11.3 12.2 11.6 42.7 36.2 28.2 32.2 67.2 49.0 40.3 49.5 
40 La Salle R. 90 10 110 85 11.4 25.7 38.8 22.0 10.0 12.6 18.4 18.2 35.0 38.6 27.1 31.2 61.7 57.2 46.4 53.7 
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Seasonal CCME WQI scores ranged from poor to good under treatment level 1 and 

poor to excellent under treatment level 2. Level 2 CCME WQI scores were on average 

20.8±0.6 points greater than Level 1 CCME WQI scores. The majority of sites had the 

lowest CCME WQI in the summer regardless of treatment level (Figure 4.3.1). However, 

the season of poorest composite drinking source water quality varied for several sites 

depending on the treatment level employed in calculating the CCME WQI score. A total 

of 8 sites, found in all ecozones and across several watersheds, had different seasons of 

lowest CCME WQI score when calculated anticipating treatment level 1 as compared to 

treatment level 2. Consistent for both treatment levels, CCME WQI scores showed a 

decreasing trend from upstream to downstream sites within the same watershed. 

Furthermore, the season of poorest CCME WQI score was more consistent within 

watersheds when assessed under treatment level 2 than under treatment level 1. 
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Figure 4.3.1 Distributions of seasons of peak contamination for the 40 riverine water quality 

sites. Sites are grouped by ecozone. Plots A, B and C reflect the seasonal distribution of 

maximum mean E. coli, turbidity and TOC values respectively. Plots D and E illustrate 

the seasons of poorest CCME WQI score calculated using treatment level 1 and 2 source 

water target values. 
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4.3.2 Watershed characteristics 

Upstream watershed area ranged over several orders of magnitude reflective of the 

lower order rivers and large river networks investigated.  Mean watershed slope varied by 

site as well as scale. Several sites showed a maximum slope value at the entire watershed 

scale as compared to finer spatial scales likely due to the inclusion of steep mountainous 

headwater terrain. On average, urban, agricultural and forested land accounted for 72±3 

% of total land in upstream watersheds. Forested land was the most dominant individual 

landuse class at the entire watershed scale representing a mean of 37±4 % of total land 

area. However, at all finer spatial scales, agricultural land was the dominant class, 

accounting for an average of 26±4 %, 39±5 % and 44± 5 % of land at the 1 km, 5 km and 

10 km scales respectively.  

Landuse characterized at the different spatial scales was correlated though correlation 

strength decreased as the difference between spatial extents increased (Table 4.3.2). 

Comparisons within the same land use classes showed the weakest correlation strength 

between landuse proportions characterized at the 1 km and watershed scales. Urban land 

was only significantly correlated with other landuse types at watershed scales greater than 

1 km. Weak positive correlations were described between urban and agricultural land 

while the correlation between urban and forested land was weakly negative. The 

correlation between agricultural and forested land was negative across all spatial scales. 

Correlation strength of the agricultural-forested relationship increased as the extent of the 

watershed described increased. 

 Flow regimes and rainfall patterns were fairly consistent within ecozones. Sites in 

the Pacific Maritime ecozone experienced peak flow in winter, followed closely by fall. 

Among all sites, average annual rainfall was greatest at those sites in the Pacific Maritime 
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ecozone with peak rainfall occurring in winter and fall. The Montane Cordillera ecozone 

contained sites that exhibited different flow and rainfall patterns likely due to both the 

regulation of flow by impoundment structures and differences in elevation. Greatest flow 

was measured in spring and summer. Rainfall was generally greatest in the spring and 

summer as well however the season of greatest rainfall was less pronounced at elevation. 

Sites in the Boreal Plains ecozone all experienced highest flow in the summer except for 

sites on the Peace River which experienced maximum flow in the spring due to regulation 

by the W.A.C Bennett Dam. Rainfall across all sites in the Boreal Plains was greatest in 

the summer. Finally, sites in the Prairie ecozone tended to cluster by longitude with flow 

peaking in the spring for those sites in Manitoba and the summer for sites in Alberta. 

Rainfall was greatest in the summer for all Prairie sites. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

73 
Table 4.3.2 Correlations among landuse proportions characterized at the 4 different spatial scales 

(1 km, 5 km, 10 km and entire watershed [WS]). Only significant Spearman’s rank 

correlation ! values are reported (" = 0.05). Urb. = Urban land, Agr. = Agricultural Land, 

For. = Forested land 

  
Urb.-
1km 

Agr.-
1km 

For.-
1km 

Urb.-
5km 

Agr.-
5km 

For.-
5km 

Urb.-
10km 

Agr.-
10km 

For.-
10km 

Urb.-
WS 

Agr.-
WS 

For.-
WS 

Urb.-
1km 1            
Agr.-
1km  1           
For.-
1km  -0.43 1          
Urb.-
5km 0.87   1         
Agr.-
5km  0.83 -0.39 0.31 1        
For.-
5km  -0.42 0.77 -0.29 -0.54 1       
Urb.-
10km 0.64   0.86 0.35 -0.35 1      
Agr.-
10km  0.73 -0.39 0.37 0.94 -0.60 0.45 1     
For.-
10km  -0.41 0.73 -0.31 -0.51 0.96 -0.35 -0.59 1    
Urb.-
WS 0.39  -0.30 0.47 0.29 -0.43 0.59 0.33 -0.46 1   
Agr.-
WS  0.44 -0.54 0.29 0.62 -0.73 0.38 0.67 -0.72 0.51 1  
For.-
WS     0.43 -0.32 -0.36 0.64 -0.38 -0.42 0.64 -0.54 -0.78 1 

 

4.3.3 Watershed-drinking source water quality linkages 
Linear mixed effects models revealed different drivers of drinking source water quality 

depending on the season and metric of quality considered. Seasonal E. coli levels were 

best explained without the incorporation of a correlation structure within the mixed 

effects models. Across all seasons, E. coli variability was only significantly associated 

with landuse characterized at the 5 km and 10 km spatial scales (Figure 4.3.2). Landuse 

within 1 km catchment areas was not a significant predictor of E. coli levels in any 

season. Similarly, landuse quantified at the whole watershed scale did not provide 

significant predictive power. Winter, summer and fall E. coli levels were significantly 
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associated with land cover when characterized at the 5 km and 10 km watershed scales. 

Summer E. coli concentrations, the season of peak contamination across the majority of 

sites, showed a significant negative association with forested land at both the 5km and 

10km scales and a significant positive association with urban land at the 5km scale. 

Agricultural land quantified at the 5 km and 10 km extent showed a significant positive 

association with fall E. coli levels. Climate and physiographic features contributed to the 

explanatory power of the mixed effects models in different ways depending on the season 

examined. Within the 5 km and 10 km mixed effects models, mean 3-day stream flow 

showed a significant negative association with mean E. coli values in winter and fall. 

Furthermore, total watershed area was positively associated with E. coli in the fall. Spring 

E. coli concentrations, which were not associated with landuse at any of the 4 scales, 

were negatively associated with mean percent rank stream flow values in the 5 km and 10 

km mixed effects models. Landuse characterized at the 5 km scale explained more of the 

variation in summer and fall E. coli levels than did landuse characterized at the 10 km 

scale (Figure 4.3.2). The same trend was observed in the winter though landuse alone 

explained very little of the variability in winter E. coli concentrations. 
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Figure 4.3.2 Significant associations among landuse and mean seasonal E. coli. Panel A) Linear 

mixed effects model coefficients for landuse classes characterized at four spatial scales 

that were significantly associated with mean seasonal E. coli concentrations (" = 0.05 ); 

Panel B) Linear multiple regression model adjusted R2 values describing the strength of 

the relationship between landuse identified as significant in the linear mixed effects 

models and mean seasonal E. coli concentrations 

 

Variations in winter and summer turbidity values were best explained by incorporating 

a correlation structure in the mixed effects models. Turbidity values in all seasons were 

significantly associated with landuse characterized at the 1 km scale (Figure 4.3.3). The 

proportion of urban land within the delineated 1km watersheds was negatively associated 

with turbidity in all seasons while forested land characterized at the 1 km scale was 

negatively associated with turbidity levels in all seasons except winter. In addition, spring 

and fall turbidity values were significantly associated with landuse characterized at the 

entire watershed scale. Entire watershed forested land was negatively associated with 

spring and fall seasonal turbidity data sets while agricultural land within the total 

upstream catchment area was negatively associated with fall turbidity levels. Significant 

associations between turbidity and physiographic or climate characteristics varied among 

as well as within seasons. Landuse alone explained little of the variability in turbidity 

values within any single season (Figure 4.3.3). Landuse characterized at the 1 km spatial 
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scale provided greater explanatory power towards spring turbidity variability than did 

landuse within the entire watershed. The opposite was true for fall turbidity levels. 

 
Figure 4.3.3 Significant associations among landuse and mean seasonal turbidity. Panel A) 

Linear mixed effects model coefficients for landuse classes characterized at four spatial 

scales that were significantly associated with mean seasonal turbidity (" = 0.05 ); Panel 

B) Linear multiple regression model adjusted R2 values describing the strength of the 

relationship between landuse identified as significant in the linear mixed effects models 

and mean seasonal turbidity levels. 

 

The inclusion of a correlation structure in the linear mixed effects models describing 

the relationship between seasonal TOC values and watershed characteristics improved fit 

in all seasons except for winter. TOC levels across all seasons were only significantly 

associated with landuse characterized at the entire watershed scale (Figure 4.3.4). 

Landuse quantified at finer spatial scales did not provide significant explanatory power 

towards seasonal TOC concentrations. Winter, spring, summer and fall TOC levels were 

positively associated with both upstream agricultural and forested land described as a 

proportion of the total upstream watershed area. Across all seasons, agricultural land had 

a larger effect within the models than did forested land. Climatic parameters of 

significance varied by season. Consistent among all seasons, TOC values were positively 

associated with total upstream watershed area. In all seasons, total watershed landuse 
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alone explained greater than 45% of the variance in TOC among sites (Figure 4.3.4). The 

greatest amount of variance in TOC levels was explained in the summer (R2 = 0.52).  

 
Figure 4.3.4 Significant associations among landuse and mean seasonal TOC. Panel A) Linear 

mixed effects model coefficients for landuse classes characterized at four spatial scales 

that were significantly associated with mean seasonal TOC (" = 0.05 ); Panel B) Linear 

multiple regression model adjusted R2 values describing the strength of the relationship 

between landuse identified as significant in the linear mixed effects models and mean 

seasonal TOC levels. 

 

The relationship between landuse and CCME WQI scores did not show any consistent 

pattern among seasons or between treatment levels. Including a correlation structure in 

the mixed effects models improved fit in all seasons except summer for scores calculated 

anticipating both treatment levels 1 and 2. CCME WQI treatment level 1 scores were 

significantly associated with landuse at the 1 km and entire watershed scales during 

winter, summer and fall (Figure 4.3.5). Landuse characterized at the 10 km scales also 

provided significant explanatory power towards explaining fall treatment level 1 score 

variability. The only landuse type and scale that spring level 1 scores were significantly 

associated with was urban land within a 1 km watershed. Significant associations 

between landuse and treatment level 1 scores across all spatial scales were positive. 

Significant physiographic and climate relationships also showed little consistency among 
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scales and seasons within CCME WQI level 1 mixed effects models. Entire watershed 

landuse explained the greatest amount of variation in winter and fall CCME WQI level 1 

scores (Figure 4.3.5). Summer level 1 scores showed a marginally stronger association 

with 1 km landuse than with entire watershed landuse. Due to the fact that spring level 1 

scores were only significantly associated with 1 km landuse, the relative strength of 

associations could not be assessed. 

 
Figure 4.3.5 Significant associations among landuse and seasonal CCME WQI treatment level 1 

scores. Panel A) Linear mixed effects model coefficients for landuse classes 

characterized at four spatial scales that were significantly associated with seasonal 

CCME WQI treatment level 1 scores (" = 0.05 ); Panel B) Linear multiple regression 

model adjusted R2 values describing the strength of the relationship between landuse 

identified as significant in the linear mixed effects models and seasonal CCME WQI 

treatment level 1 scores. 

 

Spring and summer CCME WQI treatment level 2 scores were significantly associated 

with landuse when characterized at the 1 km and 5 km scales (Figure 4.3.6). Similar to 

level 1 scores, summer level 2 scores also showed a significant relationship with entire 

watershed landuse. Fall CCME WQI treatment level 2 scores were significantly related to 

landuse characterized at each of the 4 spatial scales. Whereas under treatment level 1, 

winter scores were significantly associated with 1 km and entire watershed landuse, 
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under treatment level 2 target values, CCME WQI scores showed a significant 

association with landuse at the 10 km and as well as the entire watershed scales. Within 

the mixed effects models, most landuse-CCME WQI treatment level 2 relationships were 

positive. Negative associations between index score and landuse were described in the 

spring for agricultural and forested land at the 5 km scale and in the winter for urban land 

at the entire watershed scale. Again, physiographic feature and climatic relationships with 

CCME WQI level 2 scores were highly variable among seasons and scales. Of note, a 

consistent significant positive relationship was described between fall Level 2 scores and 

the mean percent rank of 3 day rainfall. Entire watershed landuse explained the greatest 

amount of variance in fall CCME WQI level 2 scores however finer spatial scales 

provided greater power in winter and summer (the 10 km and 5 km spatial scales 

respectively) (Figure 4.3.6). Entire watershed landuse was not significantly associated 

with spring level 2 scores and therefore its relative explanatory power could not be 

assessed. Instead, linear multiple regression models revealed a stronger relationship 

between spring CCME WQI treatment level 2 scores and landuse characterized at the 5 

km scale as opposed to the 1 km scale. 
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Figure 4.3.6 Significant associations among landuse and seasonal CCME WQI treatment level 2 

scores. Panel A) Linear mixed effects model coefficients for landuse classes 

characterized at four spatial scales that were significantly associated with seasonal 

CCME WQI treatment level 2 scores (" = 0.05 ); Panel B) Linear multiple regression 

model adjusted R2 values describing the strength of the relationship between landuse 

identified as significant in the linear mixed effects models and seasonal CCME WQI 

treatment level 2 scores. 

4.4 Discussion 
Greater than 85% of Canadians rely on surface water as a drinking water source 

(Davies and Mazumder, 2003). Linkages between surface water quality and watershed 

characteristics such as landuse and climate are well acknowledged (Meybeck et al., 

1989). However, few studies have looked at the combined effects of these drivers of 

quality (Tu, 2009). Furthermore, though the impact of landuse on water quality has 

received considerable attention in the literature, the scales at which these impacts are 

detectable are not well known (Gergel et al., 1999). Operating under Baker’s first criteria 

which outlines that in order for a landuse-water quality relationship to be observed, the 

water quality parameter must be conservative enough for the upstream landuse signal to 

be preserved at the sampling site (Baker, 2003), I set out to investigate the spatial scales 

at which landuse is most strongly associated with drinking source water quality. The 

results of my analysis suggest that the scale of landuse impacts on source water quality 
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range from the local to the entire watershed, supporting the need for watershed scale 

conservation measures with targeted efforts to address parameters of concern. 

4.4.1 Local scale drivers of seasonal E. coli contamination 
Reaching the greatest mean concentration during summer at the majority of sites, E. 

coli levels did not show any trends in upstream to downstream levels. Furthermore, the fit 

of the linear mixed effects models was not greater with the incorporation of a correlation 

structure. These 2 points suggest an absence of cumulative watershed scale inputs to the 

large river sites examined. Though some studies have suggested that fecal bacteria such 

as E. coli can survive and reproduce in the environment (Byappanahalli and Fujioka, 

1998), it is generally accepted that the presence of fecal bacteria is due to direct fecal 

contamination. There is therefore no, or very little, cycling of E. coli in natural waters. 

The measured levels within a river are due to the initial loading and the bacterial decay 

rate which is a function of such factors as the time and distance of travel, light, 

temperature and salinity (Eleria and Vogel, 2005). 

 The spatial variability in mean E. coli concentrations was associated with 

different watershed characteristics during different seasons. This is consistent with the 

results of Kelsey et al. (2004) who found that different processes and variables are 

important at different times of year for describing fecal coliform variability. Landuse was 

only significantly associated with E. coli when characterized at the 5 km and 10 km 

spatial scales. Finer resolution landuse (at the 1 km scale) and broad scale landuse (at the 

watershed scale) were not significantly associated with seasonal E. coli concentrations. In 

agreement with previous findings, both urban and agricultural land were positively 

associated with E. coli concentrations (Fisher et al., 2000; Sliva and Williams, 2001) 
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while forested land showed a negative association. Landuse described at the 5 km spatial 

scale was more strongly related to E. coli concentrations in spring, summer and winter 

than landuse at the 10 km spatial scale. Spring concentrations did not show a significant 

association with landuse at any scale.  

Others have found that sub-catchment scale landuse was better at predicting fecal 

coliform levels than landuse within a narrow riparian corridor (Sliva and Williams, 2001; 

Buck et al., 2004). These studies were conducted using sites in smaller watersheds than 

those considered here. Despite this discrepancy, there appears to be a consensus among 

my work and that of previous studies in terms of the need to consider landuse beyond the 

immediate scale when characterizing E. coli concentrations. The large watersheds 

investigated in my study provide a new perspective for assessing the spatial scale of 

landuse impacts on E. coli. Though the landuse-E. coli relationship does extend to a 

broad scale, there appears to be a dynamic complex (Guo et al., 2010) in which the 

strongest linkage between landuse and fecal contamination is exhibited at the 5 km – 10 

km scale with a diminishing association at greater spatial scales. 

4.4.2 The variable spatial relationship between turbidity and landuse 
Turbidity showed a consistent spatial pattern, increasing from upstream to downstream 

sites within the same watershed. This, along with the correlation structure present in 

winter and summer turbidity models supports the additive nature of turbidity loading to a 

river system put forth by the river continuum concept (Vannote et al., 1980). Sediments 

can be transported long distances suggesting that landuse along the entire length of a 

river’s course should be important in determining turbidity levels (Allen, 2004).  
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However, linear mixed effects models did not align with expectations. Entire watershed 

landuse was significantly associated with seasonal turbidity levels only in the spring and 

fall. During all seasons, landuse within a 1 km delineated watershed was significantly 

associated with turbidity values. Furthermore, only in fall was there evidence that whole 

watershed landuse was the best predictor of turbidity variation. Interestingly, landuse 

types were only negatively associated with turbidity levels.  

 Others have found a complex relationship between turbidity and landuse (Buck et 

al., 2004). Gove et al. (2001) found that the strength of the association between turbidity 

and landuse increased with increasing scale but only to a point; the strongest relationship 

was not described at the entire upstream watershed scale. Instead they suggest that within 

stream processing reduces the impact of any upstream loading. My results seem to 

support this view in which local landuse plays a more important role in driving turbidity 

than does whole watershed landuse composition during most seasons. The finding that 

fall whole watershed landuse was most strongly related to seasonal turbidity levels 

among all seasons and scales suggests that whole watershed landuse does play an 

important role in some circumstances. Furthermore, area was significantly positively 

associated with turbidity spatial variability in winter and spring, perhaps reflective of the 

expected increase in turbidity from upstream to downstream sites. 

4.4.3 Watershed scale influence on seasonal TOC levels 
Similar to turbidity spatial dynamics, seasonal TOC levels exhibited a consistent 

increasing pattern from upstream to downstream sites on the same river and the 

incorporation of a correlation structure within seasonal mixed effects models provided 

greater explanatory power in all seasons at all spatial scales. Furthermore, there was a 
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consistent positive association between total upstream watershed area and seasonal TOC 

variability. Others have found a strong correlation between aerial parameters and organic 

carbon levels in lakes. Drainage area and ratio (the ratio of watershed area to lake area) 

have been shown to be positively correlated with dissolved organic carbon levels 

(Rasmussen et al., 1989; Houle et al., 1995). With a greater terrestrial productive area, 

allochthonous organic loadings are higher in lakes with larger watersheds. Extending this 

same principle to rivers, downstream sites and those sites in larger watersheds receive 

greater allochthonous inputs from upstream areas. Though the majority of lotic organic 

carbon is terrestrial in origin (Stanley et al., 2011), larger rivers, with large upstream 

catchment areas, may also have greater autochthonous TOC production. 

 Landuse was only significantly associated with seasonal TOC variability when 

characterized at the entire watershed scale. Across all seasons, entire watershed 

agricultural and forested lands were positively associated with TOC concentrations. 

Agricultural land has been associated with high export of dissolved organic carbon to 

river systems (Raymond et al., 2008). Intense drainage of agricultural lands can more 

than double the export of organic matter (Dalzell et al., 2011). Furthermore, conversion 

to agricultural land can increase nutrient export to receiving waters as well (Fisher et al., 

2000), stimulating the autochthonous sequestration of organic carbon.  

In contrast with my results, other studies have found a negative relationship between 

the proportion of forested land within a watershed and organic carbon levels (Wilson and 

Xenopoulos, 2008). Leaf litter is not a significant source of organic carbon (Meyer et al., 

1998) therefore the positive relationship between forested land and organic carbon levels 

is suspect. However, the proportion of forested land at the watershed scale was strongly 
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correlated with the proportion of wetland area (Spearman’s rank order correlation; ! = 

0.99, p < 0.01). The proportion of watershed land occupied by wetlands has been shown 

to be a strong positive predictor of organic carbon levels (Dillon and Molot, 1997; Gergel 

et al., 1999). Therefore, the relationship documented between forested land and organic 

carbon levels in this study may in fact be a product of an underlying wetland area-organic 

carbon linkage. 

 Other studies have similarly found the strongest relationship between organic 

carbon and landuse when landuse was characterized at a broad scale. Gergel et al. (1999) 

found that watershed scale wetland area always explained a greater amount of the 

variation in DOC than riparian wetland area. In addition, Gove et al. (2001) found that 

particulate organic carbon was best characterized by landuse at the broadest spatial scale 

that was considered (a 1 km by 5 km stream buffer). Lotic organic carbon is primarily the 

product of terrestrial accumulation, hydrological transfer and in stream processing 

(Stanley et al., 2011). These processes vary seasonally (Wilson and Xenopoulos, 2008), 

reflected in the seasonal differences within the mixed effects models. 

4.4.4 The influence of watershed characteristics on composite drinking 
source water quality 

The CCME WQI index measure used to characterized composite drinking source water 

quality showed a consistent decreasing pattern in scores from upstream to downstream 

sites within the same watershed. Mixed effects models incorporated correlation structures 

in all seasons except summer, suggesting that composite quality under both treatment 

level 1 and treatment level 2 is driven in part by cumulative upstream processes. The 

absence of a correlation structure in summer mixed effects models may be due to the 

increased target value violations by temperature and E. coli during the summer (Table 
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4.4.1). These two parameters do not exhibit cumulative patterns from upstream to 

downstream sites and may veil correlation structures in the summer models. 

Table 4.4.1 Mean frequency of treatment level 1 and treatment level 2 target value violations by 

individual parameters used to calculate CCME WQI scores 

Season Winter Spring Summer Fall 
Treatment 
Level 

1 2 1 2 1 2 1 2 

E. coli 
violation 
frequency 0.26 0.07 0.30 0.06 0.60 0.13 0.37 0.05 

Turbidity 
violation 
frequency 0.94 0.34 0.94 0.67 0.94 0.73 0.95 0.52 

TOC 
violation 
frequency 0.39 0.39 0.56 0.56 0.55 0.55 0.45 0.45 
Temperature 
violation 
frequency 0 0 0.05 0.05 0.70 0.70 0.09 0.09 
Nitrate and 

Nitrite violation 
frequency 0 0 0 0 0 0 0 0 
pH violation 
frequency 0.03 0.03 0.06 0.06 0.14 0.14 0.10 0.10 

 

CCME WQI scores were associated with landuse at several different spatial scales 

under both treatment levels 1 and 2. Treatment level 1 scores showed significant 

associations with landuse primarily at the 1 km and entire watershed scales whereas 

treatment level 2 scores were associated with landuse at all spatial scales. Though in 

Chapter 3 the index measure was shown to not be disproportionately influenced by any 

single parameter, turbidity did have the strongest impact on calculated scores. Similarly, 

among the 40 riverine sites studied in this chapter, turbidity measures exceeded target 

values more frequently than any other parameter in all cases except for winter under 

treatment level 2 (Table 4.4.1). Therefore, the pattern in landuse associations with CCME 
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WQI scores may be the result of this strong turbidity influence. Turbidity-landuse spatial 

patterns are fairly closely mirrored in CCME WQI level 1-landuse spatial patterns. 

Scores calculated anticipating a more intensive treatment regime (treatment level 2) were 

significantly associated with landuse characterized at all spatial scales. Furthermore, the 

strength of the relationship between landuse and composite quality varied among seasons 

and treatment regimes. Entire watershed landuse provided the greatest explanatory power 

in fall under both treatment levels however finer scales were more important in all other 

seasons.  

The complex relationship exhibited between landuse and CCME WQI score variability 

is perhaps due to the formulation of the index and the target values employed. Of note, 

the relationships between the individual factors that contribute to the CCME WQI (F1, F2 

and F3) and landuse at each of the 4 spatial scales was investigated. Considering the index 

factors individually did not produce clearer spatial trends in landuse associations. The use 

of treatment level target values allows for contamination of source waters while still 

reflecting a high quality source. In this way, low levels of contamination are considered 

equivalent to no contamination. The target values therefore decrease the resolution of 

resulting scores, especially among sites with low level contamination. The greater the 

permissible contamination under each treatment scenario, the lower the resolution of the 

index. The combination of this decreased resolution along with the aggregation of several 

different parameters that are influenced by landuse at different spatial scales may obscure 

landuse-water quality relationships.  
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4.4.5 Management implications 

Drinking source water quality is a multi-parameter concept. Individual parameters of 

concern that contribute to overall quality are influenced by watershed characteristics in 

complex and often highly variable ways (Buck et al., 2004; Kelsey et al., 2004; Wilson 

and Xenopoulos, 2008). However, general parameter specific patterns exist in the spatial 

extent of upstream contributing areas. My work suggests that microbial risk, 

characterized by the E. coli indicator organism, is regional in its scope. Due to natural 

dynamics and instream processing, landuse influences are limited to a sub-catchment 

scale with the strongest linkages existing when landuse is characterized at the 5 km-10 

km upstream watershed extent. In contrast, total organic carbon inputs, serving as a 

metric for disinfection byproduct potential, appear to be significant at the entire 

watershed scale. This is not to suggest that more local TOC sources are not important but 

instead that in order to effectively characterize and possibly manage organic carbon in 

source waters, entire watershed landuse must be considered. Turbidity appears to be 

driven by both local and watershed scale landuse to varying seasonal degrees. 

Management of individual risk parameters therefore requires targeted scale-specific land 

conservation and management. However, my work indicates that in order to mitigate 

cumulative risk, a watershed scale land management program is required. 

 The use of a composite measure of drinking source water quality provided 

subjective insight into landuse-water quality relationships. Others have documented 

difficulty in interpreting the behaviour of aggregate index measures (Watzin and 

McIntosh, 1999). Though the index measure did exhibit interpretable relationships with 

landuse characterized at the various different scales, these relationships appeared to 

reflect the trends observed for those parameters that most strongly influenced scores. 



 

 

89 
Furthermore, with increased levels of anticipated treatment, any existing landuse signal 

was diluted. As with any index measure, practitioners must be aware of the limitations 

and caveats of its application. The CCME WQI does not appear to provide additional 

insight into landuse-water quality relationships beyond that provided by individual 

parameter measures. Instead, the CCME WQI, as outlined by the supporting literature, 

serves as a valuable communication and trend analysis tool that should not supersede 

detailed individual parameter analyses (Canadian Council of Ministers of the 

Environment, 2001). 

 Due to the lack of available data, some important predictive parameters were not 

included in the analysis. For example, soil type has been shown to have strong 

implications for stream organic carbon concentrations (Wilson and Xenopoulos, 2008). 

Also, landuse was only characterized as a proportion of the 4 described catchment areas. 

However, the pattern and location of landuse types within the described catchment areas 

may be as important as strict composition metrics (Meynendonckx et al., 2006). 

Furthermore, though 3-day and 7-day climatic measures were strongly correlated, time 

scales extending beyond 7 days may be important in influencing parameter measures that 

are under the influence of entire watershed landuse. The omission of these variables may 

have affected the results of my analysis though the documented relationships between 

landuse and water quality were highly significant in all models. Of note, the mixed 

effects model outputs were very sensitive to the scale at which landuse was characterized. 

This observation highlights the necessity of characterizing landuse at the appropriate 

scale when modeling watershed-water quality relationships. The inclusion of landuse 

described at too broad or too fine a spatial scale may yield erroneous associations 
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between climate or physiographic features and water quality parameters. Potentially of 

greater concern is the nature of the water quality data used in this study. The frequency of 

monitoring at some sites may not have been adequate to effectively capture seasonal 

trends. Though initially appealing, the use of such secondary data may only provide 

preliminary and exploratory insight (Sliva and Williams, 2001).  

4.5 Conclusion 
Landuse management within source watersheds is a key component of source water 

protection. Large municipalities may have the means to purchase entire drinking water 

catchment areas however such resources are not available to small communities. 

Therefore the targeting of landuse management initiatives to the appropriate spatial scale 

is critical to ensuring cost effective contaminant control.     

In this study, the source water quality of riverine ecosystems was found to be 

associated with landuse characterized at different spatial scales depending on the 

parameter and season investigated. Exploratory models linking watershed characteristics 

with drinking source water quality revealed that: 

1) E. coli, an indicator of microbial risk in source drinking waters, did not exhibit 

evidence of cumulative upstream watershed inputs. Instead, across all seasons, E. coli 

was only associated with landuse characterized at a local scale with the strongest 

association apparent at the 5 km spatial scale.  

2) Turbidity-landuse relationships were contrary to expectations. Though entire 

watershed landuse was most strongly associated with fall values, turbidity spatial 

variability in all other seasons was better explained by landuse within a 1 km upstream 

watershed.  
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3) Reflective of the cycling of organic matter, total organic carbon was only associated 

with entire watershed scale landuse. Watershed area also served as a consistent positive 

predictor of organic carbon levels reflective of the regional nature of organic carbon 

inputs.  

4) The use of the CCME WQI to characterize composite source water quality did not 

provide insight into the spatial scale of landuse-water quality relationships beyond the 

results of individual parameter analyses. The use of treatment based target values 

combined with the contribution of several different parameters within the index 

computation may have masked any trends in landuse effects.   

Though the secondary nature of the data employed was not ideally suited to this type of 

study, the spatial extent of landuse impacts does appear to be an important consideration 

when assessing source water risks. Cumulative risk management must operate at the 

entire watershed scale to address all common source water concerns. However, the 

management of individual risk parameters may be more cost-effective via targeted scale-

specific land conservation and management.  
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Chapter 5 General Conclusion 
 

Drinking water remains an important public health issue in Canada (Charron et al., 

2004). Increasingly incorporated as a barrier for preventing contaminants from reaching 

consumer’s taps, source water protection can be impeded by many different political, 

social and economic factors. The involvement and support of community members is  

especially important in securing funding for and reducing opposition to source water 

protection initiatives (Timmer et al., 2007). The aim of this thesis was to help overcome 

some of these impeding factors through specialized tools and knowledge. I validated the 

CCME WQI as an appropriate and effective index tool for characterizing source water 

quality status and trends. Furthermore, riverine drinking source water was revealed to be 

influenced by landuse at scales ranging from the local to the regional. However, when 

attempting to control specific drinking water risks, my work suggests that landuse 

planning resources may be of the greatest value when applied to targeted spatial scales. 

Regulatory tools such as legislation as well as non-regulatory tools including 

stewardships and education are important components of source water protection (Simms 

et al., 2010). Several Canadian jurisdictions have adopted source water protection 

legislation to help prevent contamination of drinking sources. For example, Ontario’s 

Clean Water Act mandates the drafting of source water protection plans to indentify and 

address threats to water quality. Source water protection plans are also required by Prince 

Edward Island’s Environmental Protection Act. Education and outreach are important 

parts of these and other source water protection programs. It is perhaps in the realm of 

public outreach that the validated CCME WQI may be most valuable. 
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Khan et al. (2004) previously explored the utility of the CCME WQI to communicate 

treated drinking water quality in Newfoundland and Labrador. In their experience, 

quarterly index scores have been successful in reducing complex water quality data to a 

simple metric that is easily understood by the public. Along with the communication 

opportunities presented by the CCME WQI, the index has previously been used as a trend 

analysis tool for non-drinking water uses (Khan et al., 2003; Lumb et al., 2006).  In a 

source water context, the CCME WQI could be equally as effective. Though 

Newfoundland has been deservingly commended on their source monitoring and water 

quality communication initiatives it is not the finished water that should be the only 

measure of such a program’s success. Rather, in order to encourage and evaluate source 

water protection measures, it is the quality of the untreated water that should be 

considered. Through the tracking of source water quality and the relaying of that 

information to the public, the immediate impact of watershed management can be 

assessed at the community level.  

In Chapter 3, a high correspondence between expert and index scores was illustrated 

thus confirming the effectiveness with which the CCME WQI can distil multi-parameter 

source quality. However, the index aggregation procedure does present concerns that 

must be understood by practitioners. As outlined, the root mean additive aggregation 

function employed by the CCME WQI is prone to eclipsing. Though rigidity is not a 

serious concern for the CCME WQI, like any index, scores are sensitive to the nature of 

the input variables. The number of parameters, number of samples and most importantly 

the identity of the selected parameters can all affect resulting scores (Canadian Council of 

Ministers of the Environment, 2006b). I provide a drinking water quality expert selected 
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core set of parameters to capture common Canadian source water concerns and guide 

index application. The use of these parameters is not mandatory as evidenced in the 

incorporation of only 6 of the 8 core parameters in Chapter 3’s sensitivity analysis and 

Chapter 4’s index calculations. Different source water quality monitoring programs may 

not measure all of the suggested core parameters. Fortunately the CCME WQI is able to 

accommodate the fragmented nature of source water monitoring in Canada. Furthermore, 

I do recommend that supplementary parameters be included in the index calculation to 

account for source specific risk factors. The inclusion of such parameters may affect 

scores beyond the quality implications of the measured parameter values alone. In order 

to produce stable scores, others have made recommendations such as including 10 

parameters each with 30 samples over a 3 year period (Environment Canada, 2003) or a 

minimum of 7 parameters each with 6 sample measures (Canadian Council of Ministers 

of the Environment, 2006b). Unfortunately there are no simple rules regarding the 

number of parameters or number of samples to include in the index calculation. Using the 

modified factor formulas to accommodate parameter unevenness (Table 3.3.4) introduces 

a new dimension to these recommendations. Further research is required to understand 

the sensitivity of the traditional and modified CCME WQI’s to parameter inputs. 

In addition to the mathematical considerations of the CCME WQI, more fundamental 

limitations must also be made clear to index end users. Like any model, the CCME WQI 

results in a loss of information (Khan et al., 2004). More specifically, important source 

water concerns such as parameter absolute levels and variability are ignored. Also, scores 

provide no indication as to how external factors such as weather events may have 

influenced parameter measures and results during the study period (Environment Canada, 
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2003).  In this way, the message that the CCME WQI conveys is limited in its scope and 

should not be over-interpreted. Instead, again I stress that the index provides a 

communication tool that should be used in combination with more detailed analyses of 

source water quality.  

The application of the CCME WQI in conjunction with analyses of individual 

parameter trends in Chapter 4 revealed some of the weaknesses of index use. Namely, 

since the index is an aggregation of multiple parameters, the effect of landuse on 

composite quality is also an aggregation of the landuse signal from each of those 

individual parameters. Therefore the CCME WQI does not appear to provide insight into 

landuse-water quality relationships except at a very coarse resolution.  

In contrast, analyses of the impact of landuse on separate water quality parameters 

revealed distinct spatial trends. Others have cautioned against the use of secondary water 

quality data to examine landuse-water quality relationships (Sliva and Williams, 2001). 

The inconsistent frequency of parameter measures among Chapter 4 sites is a concern 

however general trends are readily apparent. My results suggest that source water 

microbial risk is primarily due to local landuse activities in all seasons of the year. This is 

not surprising given that fecal indicator organisms do not typically reproduce in the 

environment (Meays et al., 2006) and die off or are trapped via sedimentation in natural 

waters (Eleria and Vogel, 2005). The observation that organic carbon was only 

significantly associated with landuse at the watershed scale implies that organic carbon 

inputs are important at broad scales, extending to the entire watershed. Turbidity on the 

other hand did not exhibit a clear discernable trend in its spatial relationship with landuse.  
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Chapter 4 analyses reduced long-term parameter measures (up to 10 years worth of 

data) to seasonal means. This aggregation helped to reduce the effect of inconsistent 

monitoring such that spatial variability could be related to watershed characteristics. 

However, the reduction techniques employed ignore a critical component of source water 

quality – temporal variability. Both short-term and long-term source water variability are 

important quality considerations as they can lead to failures in water treatment processes 

(Curriero et al., 2001). In fact, several water quality experts reported that variability was 

an important factor that they used to assign scores to the water quality scenarios in 

Chapter 3. The effect of watershed characteristics, particularly landuse and climate, on 

source water variability is an important area of research that requires attention. The 

incorporation of variability as a core parameter within the CCME WQI could be very 

informative of source quality conditions. A simple method of accounting for variability 

could be to calculate the standard error of the mean for each of the parameters used to 

compute the index score and use these standard errors as samples for a new core 

parameter. This variability parameter could then be treated in the same manner as all 

other source water parameters resulting in a total of 9 core parameters instead of 8. 

Clearly if such a variability term is included in the index, an appropriate variability 

metric and defensible guideline must be investigated. 

Ultimately, the two products of this thesis could be very useful to water quality 

managers. My work verifies the adaptability of the CCME WQI to Canadian source 

waters as well as the effectiveness of resulting scores in capturing expert assessments of 

quality. The CCME WQI is a tested index formulation with acknowledged benefits as 

well as limitations. The core parameters and drafted source water quality target values 
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provide clear guidance to practitioners but allow flexibility to tailor the index to site 

specific source water monitoring programs and treatment regimes. As with all indices, by 

testing with use and refinements through experience the CCME WQI as a source water 

assessment and communication tool can be further improved (Ott, 1978). Therefore my 

study serves only as a baseline for CCME WQI application to Canadian source waters. 

The scale dependency of landuse-source water quality relationships revealed by my work 

can also be used to help manage water quality. Specific parameters of concern can be 

mitigated through targeted landscape management though my results confirm that 

watershed scale processes must be addressed in a comprehensive source water protection 

plan. Source water protection is a cost effective means of helping to ensure healthy 

Canadian drinking water under the dual threats of population growth and a climate 

change. The validated index paired with the elucidated landuse relationships offer novel 

tools and knowledge to manage and communicate Canadian source water quality now 

and in the uncertain future.  



 

 

98 

Bibliography 
 
Abbasi, S.A., 2002. Water Quality Indices, State of the art report. INCOH/ SAR-25/2002, 

National Institute of Hydrology, Roorkee, Uttarakhand, India. 
 
Abelho, M., 2001. From litterfall to breakdown in streams: A review. The Scientific 

World 1, 656–680. 
 
Allan, J.D., 2004. Landscapes and riverscapes: The influence of land use on stream 

ecosystems. Annual Review of Ecology, Evolution, and Systematics 35, 257-284.  
 
Amy G.L., Chadik P.A., Chowdhury Z.K., 1987. Developing models for predicting 

trihalomethane formation potential kinetics. Journal of American Water Works 
Association 79(7), 89- 96. 

 
Aramini, J., McLean, M., Wilson, J., Holt, J., Copes, R., Allen, B. and Sears, W., 2000. 

Drinking water quality and health-care utilization for gastrointestinal illness in 
greater Vancouver. Canadian Communicable Disease Report 26(24), 211-214. 

 
Baker, A., 2003. Landuse and water quality. Hydrological Processes 17, 2499-2501. 
 
BC MOE, 2010. Water Quality Guidelines (Criteria) Reports. 

http://www.env.gov.bc.ca/wat/wq/wq_guidelines.html. (Accessed 29 July, 2011). 
 
Bergmire-Sweat, D., Morgan, L., Wilson, K., VonAlt, K., Marengo, 

L., Bennett, T., Lee, Y. M., Tsang, V. C. W, MacKenzie, W. R. and Ftimess, B., 
1999. Cryptosporidiosis at Brushy Creek: Describing the Epidemiology and 
Causes of a Large Outbreak in Texas. 1998. International Symposium on 
Waterborne Pathogens, WI. American Water Works Association, 
Milwaukee, WI. 

 
Boyacioglu, H., 2009. Utilization of the water quality index method as a classification 

tool. Environmental Monitoring and Assessment doi: 10.1007/s10661-009-1035-
1. 

 
Buck, O., Niyogi, D.K. and Townsend, C.R., 2004. Scale-dependence of land use effects 

on water quality of streams in agricultural catchments. Environmental Pollution 
130, 287-299. 

 
Byappanahalli, M. N. and Fujioka, R.S., 1998. Evidence that tropical soil environment 

can support the growth of Escherichia coli. Water Science and Technology 
38,171–174. 

 
 
 



 

 

99 
 
Canadian Council of Ministers of the Environment, 2001. Canadian water quality 

guidelines for the protection of aquatic life: CCME Water Quality Index 1.0, 
Technical Report. In: Canadian environmental quality guidelines, 1999, Canadian 
Council of Ministers of the Environment, Winnipeg. 

 
Canadian Council of Ministers of the Environment, 2004.  From Source to Tap: Guidance 

on the Multi-Barrier Approach to Safe Drinking Water. Winnipeg, MB: Canadian 
Council of Ministers of the Environment. 

 
Canadian Council of Ministers of the Environment, 2006a. A Canada-wide framework 

for water quality monitoring. Winnipeg, MB: Canadian Council of Ministers of 
the Environment. 
http://www.ccme.ca/assets/pdf/wqm_framework_1.0_e_web.pdf. (Accessed 29 
July, 2011). 

 
Canadian Council of Ministers of the Environment, 2006b. A sensitivity analysis of the 

Canadian Water Quality Index. Prepared by Gartner Lee Limited, Markham. 
 
Canadian Council of Ministers of the Environment, 2009. Reducing the sensitivity of the 

Water Quality Index to episodic events. Prepared by Kilgour and Associates, Ltd, 
Ottawa. 

 
Chang, E.E., Chiang, P.C., Chao, S.H. and Chuang, C.L., 1999. Development and 

Implementation of Source Water Quality Standards in Taiwan, ROC. 
Chemosphere 39(8), 1317-1332. 

 
Charron, D.F., Thomas, M.K., Waltner Toews, D., Aramini, J.J., Edge, T., Kent, R.A., 

Maarouf, A.R. and Wilson, J., 2004. Vulnerability of Waterborne Disease to 
Climate Change in Canada. Journal of Toxicology and Environmental Health Part 
A. 67, 1667-1677. 

 
Chow, A.T., Dahlgreen, R.A., and Harrison, J.A., 2007. Watershed sources of 

disinfection byproduct precursors in the Sacramento and San Joaquin Rivers, 
California. Environmental Science and Technology. 41, 7645-7652. 

 
Clark, R. M.. Geldreich, E. F., Fox. K. R.. Rice, E. W., Johnson. C. H., Goodrich. J. A.. 

Barnick, A. and Abdesaken. F., 1996. Tracking a Salmonella serovar 
typhimiirium outbreak in Gideon Missouri: role of contaminant propagation 
modelling. Journal of Water Supply: Research and Technology – Aqua 45(4), 
171-183. 

 
Cude, C., 2001. Oregon Water Quality Index: A tool for evaluating water quality 

management effectiveness. Journal of the American Water Resources Association 
37(1), 125-137. 

 



 

 

100 
Curriero, F.C., Patz, J.A., Rose, J.B. and Lele, S., 2001. The association between extreme 

precipitation and waterborne disease outbreaks in the United States, 1948-1994. 
American Journal of Public Health 91(8), 1194-1199. 

 
Dalzell, B.J., King, J.Y., Mulla, D.J., FInlya, J.C. and Sands, G.R., 2011. Influence of 

subsurface drainage on quantity and quality of dissolved organic matter export 
from agricultural landscapes. Journal of Geophysical Research 116, G02023, 
doi:10.1029/2010JG001540. 

 
Daniels, R.B. and Gilliam, J.W., 1996. Sediment and chemical load reduction by grass 

and riparian filters. Soil Science Society of America Journal 60, 246-251. 
 
Davies, J.M. and Mazumder, A., 2003. Health and environmental policy issues in 

Canada: The role of watershed management in sustaining clean drinking water at 
surface sources. Journal of Environmental Management 68, 273-286. 

 
Davies, J.M., Roxborough, M, Mazumder, A., 2004. Origins and implications drinking 

water odours in lakes and reservoirs of British Columbia, Canada. Water 
Research 38, 1900-1910. 

 
Davis, E.M., Casserly, D.M. and Moore, J.D., 1977. Bacterial relationships in 

stormwaters. Water Resource Bulletin 12(5), 895-905. 
 
D’Costa, L., 2008. Development of source and treated water quality indicators for 

drinking in Canada: From conceptual design to methodological development. 
Unpublished M.Sc.Thesis, University of Ottawa. 

 
de Rosemond, S., Duro, D.S. and Dube, M., 2009. Comparative analysis of regional 

water quality in Canada using water quality index. Environmental Monitoring and 
Assessment 156, 223-240. 

 
Dillon P.J. and Molot L.A., 1997. Effect of landscape form on export of dissolved 

organic carbon, iron, and phosphorus from forested stream catchments. Water 
Resources Research 33(11), 591–600. 

 
Dinius, S. H., 1972. Social accounting system for evaluating water. Water Resources 

Research 8(5), 1159-1177. 
 
Dodds, W.K. and Oakes, R.M., 2006. Controls on nutrients across a prairie stream 

watershed: Land use and riparian cover effects 37(5), 634-646. 
 
Dojlido, J., Raniszewski, J., and Woyciechowska, J., 1994. Water quality index: 

application for rivers in Vistula River Basin in Poland. Water Science and 
Technology 30(10), 57-64. 

 



 

 

101 
Dunnette, D. A., 1979. A geographically variable water quality index used in Oregon. 

Journal of Water Pollution Control Federation 51(1), 53–61. 
 
Eggertson, L., 2008. Despite federal promises, First Nations’ water problems persist. 

Canadian Medical Association Journal 178(8), 985. 
 
Eleria, A. and Vogel, R.M., 2005. Predictin fecal coliform bacteria levels in the Charles 

River, Massachusetts, USA. Journal of the American Water Resources 
Association 41(5), 1195-1209. 

 
Emelko, M.B., Silins, U., Bladon, K.D. and Stone, M., 2011. Implications of land 

disturbance on drinking water treatability in a changing climate: Demonstrating 
the need for “source water supply and protection” strategies. Water Research 45, 
461-472. 

 
Environment Canada, 2001. Threats to Sources of Drinking Water and Aquatic 

Ecosystem Health in Canada. National Water Research Institute, Burlington, 
Ontario. NWRI Scientific Assessment Report Series No.1. 72 p. 

 
Environment Canada, 2003. CCME National Water Quality Index Workshop: A Path 

Forward for Consistent Implementation and Reporting. November 24 – 25, 2003. 
Halifax, Nova Scotia. Workshop Proceedings. 81 pp. 
http://www.ccme.ca/assets/pdf/wqi_wkshp_rpt_nov_2003_e.pdf 

 
Ernst, C., Gullick, R. and Nixon, K., 2004. Protecting the source: conserving forests to 

protect water. Opflow 30, 1–7. 
 
ESRI, 2008. ArcGIS Desktop: Release 9.3. Environmental Systems Research Institute,  

Redlands, CA. 
 
Fisher, D. S., Steiner, J. L. and Wilkinson, S. R., 2000. The relationship of land use 

practices to surface water quality in the Upper Oconee Watershed of Georgia. 
Forest Ecology and Management 128, 39-48. 

 
Gergel, S.E., Turner, M.G. and Kratz, T.K., 1999. Dissolved organic carbon as an 

indicator of the scale of watershed influence on lakes and rivers. Ecological 
Applications 9(4), 1377-1390. 

 
Giani, A., Bird, D.F., Prairie, Y.T. and Lawrence, J.F., 2005. Empirical study of 

cyanobacterial toxicity along a trophic gradient of lakes. Canadian Journal of 
Fisheries and Aquatic Sciences 62, 2100-2109. 

 
Gove, N.E., Edwards, R.T. and Conquest, L.L., 2001. Effects of scale on land use and 

water quality relationships: A longitudinal basin wide persepective. Journal of the 
American Water Resources Association 37(6), 1721-1734. 

 



 

 

102 
Guo, Q., Ma, K., Yang, L. and He, K., 2010. Testing a dynamic complex hypothesis in 

the analysis of land use impact on lake water quality. Water Resource 
Management 24, 1313-1332. 

 
Hambright, E.D., Paparov A., and T. Berman., 2000. Indices of water quality for 

sustainable management and conservation of an arid region lake, Lake Kinneret 
(Sea of Galilee), Israel. Aquatic Conservation: Marine and Freshwater 
Ecosystems 10, 393-406. 

 
Hathaway, J.M., Hunt, W.F. and Jadlocki, S., 2009. Indicator bacteria removal in 

stormwater best management practices in Charlotte, North Carolina. Journal of 
Environmental Engineering 135(12), 1275-1285. 

 
Health Canada, 2010. Guidelines for Canadian Drinking Water Quality. http://www.hc-

sc.gc.ca/ewh-semt/pubs/water-eau/2010-sum_guide-res_recom/index-eng.php 
 
Hong, H.C., Mazumder, A., Wong, M.H. and Liang, Y., 2008. Yield of trihalomethanes 

and haloacetic acids upon chlorinating algal cells and its prediction via algal 
cellular biochemical composition. Water Research 42, 4941-4948. 

 
Houle, D., R. Carignan and Lachance M., 1995. Dissolved organic carbon and sulfur in 

southwestern Quebec lakes: relationships with catchment and lake properties. 
Limnolgy and Oceanography 40(44), 710–717. 

 
House, M., 1989. A water quality index for river management. Water and Environment 

Journal 3(4), 336-344. 
 
House, M. and Ellis, J.B., 1987. The development of water quality indices for operational 

management. Water Science and Technology 19(9), 145-154. 
 
Hrudey, S.E., Hrudey, E.J. and Pollard, S.T.J., 2006. Risk management for assuring safe 

drinking water. Environment International 32, 948-957. 
 
Hunsaker, C.T. and Levine, D.A., 1995. Hierarchical approaches to the study of water 

quality in rivers. BioScience 45,193–202. 
 
Hunter, P. R., 2003. Climate change and waterborne and vector-borne disease. Journal of 

Applied Microbiology 94(S), 37S-46S. 
 
Indian and Northern Affairs Canada, 2006. Protocol for safe drinking water in First 

Nations communities (Standards for design, construction, operation, maintenance, 
and monitoring of drinking water systems). http://www.inac-ainc.gc.ca/h2o. 
(Accessed 29 July, 2011). 

 
 
 



 

 

103 
IPCC, 2007. Climate Change 2007: Synthesis Report. 

http://www.ipcc.ch/pdf/assessment-report/ar4/syr/ar4_syr.pdf. (Accessed 20 
January, 2012). 

 
Islam, N., Sadiq, R., Rodriguez, M.J. and Francisque, A., 2011. Reviewing source water 

protection strategies: A conceptual model for water quality assessment. 
Environmental Reviews 19, 68-105. 

 
Ivey, J.L., de Loe, R., Kreutzwiser, R., and Ferreyra, C., 2006. An institutional 

perspective on local capacity for source water protection. Geoforum 37(6), 944–
957.  

 
Johnson, L.B., Richards, C., Host, G.E. and Arthur, J.W., 1997. Landscape influences on 

water chemistry in Midwestern stream ecosystems. Freshwater Biology 37,193-
208. 

 
Kelsey, H., D.E. Porter, G. Scott, M. Neet and White D., 2004. Using geographic 

information systems and regression analysis to evaluate relationships between land 
use and fecal coliform bacterial pollution. Journal of Experimental Marine Biology 
and Ecology 298, 197-209. 

 
Khan, F., Husain, T. and Lumb, A., 2003. Water quality evaluation and trend analysis in 

selected watershed of the Atlantic region of Canada. Environmental Monitoring 
and Assessment. 88, 221-242. 

 
Khan, A.A., Paterson, R. and Khan, H., 2004. Modification and application of the 

Canadian Council of Ministers of the Environment Water Quality Index (CCME 
WQI) for the communication of drinking water quality in Newfoundland and 

 Labrador. Water Quality Research Journal of Canada 39(3), 285-293. 
 
Kistemann, T., Dangendorf, F. and Exner, M., 2001. A Geographic Information System 

(GIS) as a tool for microbial risk assessment in catchment areas of drinking water 
reservoirs. International Journal of Hygiene and Environmental Health 203, 225-
233. 

 
Kot, M., Castledan, H. and Gagnon, G.A., 2011. Unintended consequences of regulating 

drinking water in rural Canada communities: Examples from Atlantic Canada. 
Health and Place 17, 1030-1037. 

 
Krasner, S.W., Weinberg, H.S., Richardson, S.D., Pastor, S.J., Chinn, R., Sclimenti, M.J., 

Onstad, G.D., and Thruston, Jr. A.D., 2006. Occurrence of a New Generation of 
Disinfection Byproducts. Environmental Science and Technology 40(23), 7175-
7185. 

 



 

 

104 
Larsen, R.E., J.R. Miner, J.C. Buckhouse and Moore, J.A., 1994. Water quality benefits 

of having cattle manure deposited away from streams. Bioresearch & Technology 
48,113-118. 

 
Larsen, S., Andersen, T. and Hessen, D.O., 2011. The pCO2 in boreal lakes: Organic 

carbon as a universal predictor. Global Biogeochemical Cycles 25, 
doi:10.1029/2010GB003864. (Accessed July 29, 2011) 

 
 LeChevallier M.W., Norton W.D. and Lee, R.D., 1991. Occurrence of Giardia and 

Cryptosporidium in surface water supplies. Applied and Environmental 
Microbiology 57, 2610-2616. 

 
Lemmen, D.S., Warren, F.J., Lacroix, J., and Bush, E., 2008. From Impacts to 

Adaptation: Canada in a Changing Climate 2007. Government of Canada. Ottawa, 
ON. 

 
Levallois, P., Grondin, J., and Gringas, S., 1999. Evaluation of consumer attitudes on 

taste and tap water alternatives in Quebec. Water Science and Technology 40(6), 
135-139. 

 
Levin, S.A., 1992. The problem of pattern and scale in ecology. Ecology 73(6), 1943-

1967. 
 
Liou. S.M., Lo, S.L. and Wang, S.H., 2004. A Generalized Water Quality Index for 

Taiwan. Environmental Monitoring and Assessment 96, 35-52. 
 
Logsdon, G. S., Schneider. O. D. and Budd, G. C., 2004. Hindsight is 20/20: using 

history to avoid waterborne disease outbreaks. Journal of the American Water 
Works Association 96(7), 66-74. 

 
Lumb, A., Halliwell, D. and T. Sharma., 2006. Application of the CCME Water Quality 

Index to monitor water quality: A case of the Mackenzie River Basin, Canada. 
Environmental Monitoring and Assessment 113, 411-429. 

 
Meays, C.L., Broersma, K., Nordin, R., Mazumder, A. and Samadpour, M., 2006. Spatial 
 and annual variability in concentrations and sources of Escherichia Coli in 
 multiple watersheds. Environmental Science and Technology 40, 5289-5296. 
 
Meybeck M, Chapman DV, and Helmer R., 1989. Global Freshwater Quality, a First 

Assessment. WHO and UNEP/Blackwell Ltd. 
 
Meyer J.L., Wallace B.J. and Eggert S.L. 1998 Leaf litter as a source of dissolved organic 

carbon in streams. Ecosystems 1, 240–249. 
 



 

 

105 
Meynendonckx, J., Heuvelmans, G., Muys, B. and Feyen, J., 2006. Effects of watershed 

and riparian zone characteristics on nutrient concentration in the River Schedlt 
Basin. Hydrology and Earth System Sciences 10, 913-922. 

  
McGuire M.J., 1995. Off-flavor as the consumer’s measure of drinking water safety. 

Water Science and Technology 31(11), 1-8. 
 
O’Connor, D.R., 2002a. Report of the Walkerton Inquiry: Part 1 – The events of May 

2000 and related issues. The Walkerton Inquiry, Toronto. 
 
O’Connor, D.R., 2002b. Report of the Walkerton Inquiry: Part 2 – A strategy for safe 

drinking water. The Walkerton Inquiry, Toronto. 
 
Office for Official Publications of the European Communities, 1975. CONSLEG: 

1975L0440 – Quality required of surface water intended for the abstraction of 
drinking water in the Member States, (Drinking Water Abstraction Directive 
75/440/EEC as amended by Directives 79/869/EEC and 91/692/EEC). 
http://rod.eionet.europa.eu/show.jsv?id=202&mode=S.  (Accessed 29 July, 2011). 

 
Ong, C., Moorehead, W., Ross, A. and Isaac-Renton, J., 1996. Studies of Giardia spp. 

and Cryptosporidium spp. in two adjacent watersheds. Applied and 
Environmental Microbiology 62, 2798-2805. 

 
Ott, W.R., 1978. Environmental Indices—Theory and Practice. Ann Arbor Science 

Publishers Inc., Ann Arbor. 
 
Owen, D.M., Amy, G.L., Chowdhury, Z.K., Paode, R., McCoy, G. and Viscosil, K., 

1995. NOM characterization and treatability. Journal of the American Water 
Resources Association 87(1), 46-63. 

 
Parks, S.J. and Baker, L.A., 1997. Sources and transport of organic carbon in an Arizona 

river-reservoir system. Water Research 31(7), 1751-1759. 
 
Patrick, R.J., 2008. Source water protection for nonmetropolitan drinking water operators 

in British Columbia, Canada. Journal of Rural and Community Development 3(2), 
64-78. 

 
Patrick, R.J., 2009. Source water protection in a landscape of ‘New Era’ deregulation. 

The Canadian Geographer 53(2), 208-221. 
 
Patrick, R.J., 2011. Uneven access to safe drinking water for First Nations in Canada: 

Connecting health and place through source water protection. Health and Place 
17, 386-389. 

 
 
 
 



 

 

106 
Payment, P., Richardson, L., Siemiatycki, J., Dewar, R., Edwardes, M., and Franco, E., 

1991. A randomized trial to evaluate the risk of gastrointestinal disease die to 
consumption of drinking water meeting current microbiological standards. 
American Journal of Public Health 18(6), 703-708. 

 
Perona, E., Bonilla, I. and Mateo, P., 1999. Spatial and temporal changes in water quality 

in a Spanish river. The Science of the Total Environment 241, 75-90. 
 
Pesce, S. F.  and Wunderlin, D. A., 2000. Use of water quality indices to verify the 

impact of Cordoba City (Argentina) on Suquia River. Water Research 34, 2915-
2926. 

 
Pielou, E.C., 1966. The measurement of diversity in different types of biological 

collections. Journal of Theoretical Biology 13, 131-144. 
 
Postel, S.L. and Thompson, B.H. Jr., 2005, Watershed protection: capturing the benefits 

of nature’s water supply services. Natural Resources Forum 29, 98-108. 
 
Province of Manitoba: Water Stewardship – Office of Drinking Water, 2005. Chlorine 

and alternative disinfectants guidance manual.  Prepared by Earthtech (Canada) 
Inc., Winnipeg. 

 
Rasmussen, J. B., Godbout, L. and Schallenberg, M., 1989. The humic content of lake 

water and its relationship to watershed and lake morphometry. Limnology and 
Oceanography 34(77), 1336–1343. 

 
Raymond, P. A., Oh, N. H., Turner, R. E. & Broussard, W., 2008. Anthropogenically 

enhanced fluxes of water and carbon from the Mississippi River. Nature 451, 449–
452. 

 
Revenga, C., Murray, S., Abramovitz, J. and Hammond, A., 1998. Watersheds of the 

World. World Resources Institute and Worldwatch Institute, Washington, D.C. 
 
Rickwood, C.J. and Carr, G.M., 2009. Development and sensitivity analysis of a global 

drinking water quality index. Environmental Monitoring and Assessment 156, 73-
90. 

 
Robbins, R., Glicker, J., Bloem, G. & Niss, B., 1991. Effective watershed management 

for surface water supplies. Journal of the American Waterworks Association 
83(12), 34-44. 

 
Rook, J.J., 1974. Formation of haloforms during chlorination of natural waters. Water 

Treatment Examination 23, 234-243. 
 
Roth, N.E., Allen, J.D. and Erickson, D.L., 1996. Landscape influences on stream biotic 

integrity assessed at multiple spatial scales. Landscape Ecology 11, 141-156. 



 

 

107 
 
Sadiq, R. and Rodriguez, M.J., 2004. Disinfection by-products (DBPs) in drinking water 

and predictive models for their occurrence: A review. Science of the Total 
Environment 321, 21- 46. 

 
Sadiq, R and Tesfamariam, S., 2007. Probability function based weights for ordered 

weighted average (OWA) operators: An example of water quality indices. 
European Journal of Operational Research 182(2007), 1350-1368. 

 
Sargoankar, A. and Deshpande, V., 2003. Development of an overall index of pollution 

for surface water based on a general classification scheme in Indian context. 
Environmental Monitoring and Assessment 89, 43-67. 

 
Sawyer, J.A., Stewart, P.M., Mullen, M.M., Simon, T.P. and Bennett, H.H., 2004. 

Influence of habitat, water quality, and land use on macro-invertebrate and fish 
assemblages of a southeastern coastal plain watershed, USA. Aquatic Ecosystem 
Health and Management 7(1),85–99. 

 
Schneider, D.C., 2001. The rise of the concept of scale in ecology. Bioscience 51(7), 545-

553. 
 
Schuster, C. , Ellis, A. Robertson, W. Charron, D., Aramini, J., Marshall, B. and 

Mederiros, D., 2005. Infectious disease outbreaks related to drinking water in 
Canada, 1974-2001. Canadian Journal of Public Health 96(4), 254-258. 

 
Simms, G., Lightman, D. and de Loe, R., 2010. Tools and Approaches for Source Water 

Protection in Canada. Governance for Source Water Protection in Canada, Report 
No. 1. Water Policy and Governance Group, Waterloo, ON. 

 
Sliva, L. and Williams, D.D., 2001. Buffer zone versus whole catchment approaches to 

studying land use impact on river water quality. Water Research 35(14), 3462-
3472. 

 
Smith, D.G., 1990. A better water quality indexing system for rivers and streams. Water 

Resources 24(10), 1237-1244. 
 
Smith V.H., 2003. Eutrophication of freshwater and coastal marine ecosystems: a global 

problem. Environmental Science and Pollution Research 10, 126-139. 
 
Smith, V.H., Tilman, T.D. and Nekola, J.C., 1999. Eutrophication: impact of excessive 

nutrient inputs on freshwater, marine, and terrestrial ecosystems. Environmental 
Pollution 100(1-3), 176-196. 

 
 
 
 



 

 

108 
 
Stanley, E.H., Powers, S.M., Lottig, N.R., Buffam, I. and Crawford, J.T., 2011. 

Contemporary changes in dissolved organic carbon (DOC) in human-dominated 
rivers: is there a role for DOC management?. Freshwater Biology 
doi:10.1111/j.1365-2427.2011.02613.x. 

 
Statistics Canada, 2005. Population Projections for Canada, Provinces and Territories. 

http://www.statcan.gc.ca/pub/91-520-x/91-520-x2005001-eng.pdf. (Accessed 20 
January, 2012). 

 
Statistics Canada, 2007. Canadian Environmental Sustainability Indicators Freshwater 

Quality Indicator: Data Sources and Methods. http://www.statcan.gc.ca/pub/16-
256-x/16-256-x2008000-eng.pdf. (Accessed 29 July, 2011). 

 
Swain, H., Louttit, S., and Hrudey, S., 2006. Report of the Expert Panel on Safe Drinking 

Water for First Nations Ottawa: Minister of Indian Affairs and Northern 
Development and Federal Interlocutor for Métis and Non-Status Indians. 

 
Swamee, P.K. and Tyagi, A., 2000. Describing water quality with aggregate index. 

Journal of Environmental Engineering 126(5), 451-455. 
 
Swamee, P.K. and Tyagi, A., 2007. Improved method for aggregation of water quality 

subindices. Journal of Environmental Engineering 133(2), 220-225. 
 
Symons, J.M., Bellar, A., Carswell, J.K., DeMarco, J., Kropp, K.L., Robeck, G.G., 

Seeger, D.R., Slocum, C.J., Smith, B.L. and Stevens, A.A., 1975. National 
organics reconnaissance survey for halogenated organics. Journal American 
Water Works Association 67, 634–647. 

 
Terrado, M., Borrell, E., de Campos, S., Barcel, D. and Tauler, R., 2010. Surface Water 

Quality Indices for the analysis of data generated by automated sampling 
networks. Trends in Analytical Chemistry 29(1),  40-52. 

 
The Atlas of Canada, 2009. Terrestrial ecozones. 3 March 2009. Natural Resources 

Canada. 23 August 2011. 
<http://atlas.nrcan.gc.ca/auth/english/maps/environment/forest/forestcanada/terres
trialecozones/1>. 

 
Timmer, D.K., de Loe, R.C. and Kreutzwiser R.D., 2007. Surface water protection in the 

Annapolis Valley, Nova Scotia: Lessons for building local capacity. Land Use 
Policy 24,187-198. 

 
Tong, S.T.Y. and Chen, W., 2002. Modeling the relationship between land use and 

surface water quality. Journal of Environmental Management 66, 377-393. 
 



 

 

109 
Tu, J., 2009. Combined impact of climate and land use changes on streamflow and water 

quality in eastern Massachusetts, USA. Jornal of Hyrdology 379, 268-283. 
 
Turner, R.R., Burton, T.M. and Harris, R.C., 1977. Lake Jackson watershed study. 

Watershed Research in Eastern North America. A workshop to compare results. 
Vol. 1. Chesapeake Bay Center for Environmental Sutdies. Edgewater, MD. pp. 
19-32, 221-224, 323-342, and 471-485.  

 
UKWIR, 2007. Tools for the DOMs forward looking approach. UK Water Industry 

Research Limited, London. 
 
USEPA, 2009. National primary drinking water regulations. 

http://www.epa.gov/safewater/consumer/pdf/mcl.pdf. (Accessed 29 July, 2011). 
 
Van der Kamp, G. and Grove, G., 2001. Well Water Quality in Canada: An Overview. In 

An Earth Odyssey: Proceedings of the 54th Canadian Geotechnical Conference, 
September 16-19, 2001, Richmond, B.C. 

 
Vannote, R. R., G. W. Minshall, K. W. Cummins, J. R. Sedell, and C. E. Cushing., 1980. 

The river continuum concept. Canadian Journal of Fisheries and Aquatic Sciences 
37, 130-137. 

 
Wahl, M. H., McKellar, H. N. and Williams, T. M., 1997. Patterns of nutrient loading in 

forested and urbanized coastal streams. Journal of Experimental Marine Biology 
and Ecology 213, 111–131. 

 
Watzin, M.C. and McIntosh, A.W., 1999. Aquatic ecosystems in agricultural landscapes: 

A review of ecological indicators and achievable ecological outcomes. Journal of 
Soil and Water Conservation 54(4), 636-644. 

 
Wickham, J.D., Wade, T.G. and Ritters, K.H., 2011. An environmental assessment of 

United States drinking water watersheds. Landscape Ecology 26, 605-616. 
 
Wilson,  H.F. and Xenopoulos, M.A., 2008. Ecosystem and Seasonal Control of Stream 

Dissolved Organic Carbon Along a Gradient of Land Use. Ecosystems 11, 555-568. 
 
Wilkes, G., Edge, T., Gannon, V., Jokinen, C., Lyautey, E., Medeiros, D., Neuman, N., 

Ruecker, N., Topp, E. and Lapen, D.R., 2009. Seasonal relationships among 
indicator bacteria, pathogenic bacteria, Cryptosporidium oocysts, Giardia cysts, 
and hydrological indices for surface waters within an agricultural landscape. 
Water Research 43, 2209-2223. 

 
WHO, 2004. Water Treatment and Pathogen Control: Process Efficiency in Achieving 

Safe Drinking Water. Geneva. 
.http://www.who.int/water_sanitation_health/dwq/en/watreatpath.pdf. (Accessed 
19 August, 2011). 



 

 

110 
 
WHO, 2008. Guidelines for Drinking-water Quality: incorporating 1st and 2nd addenda, 

Vol.1, Recommendations. – 3rd ed. Geneva. 
http://www.who.int/water_sanitation_health/dwq/fulltext.pdf. (Accessed 29 July, 
2011). 

 
Yates, M.V., 2007. Classical indicators in the 21st century – far and beyond the coliform. 

Water Environment Research 79(3), 279–286. 
 
Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A. and Smith, G.M., 2009. Mixed 

effects models and extensions in ecology with R. Springer Science+Business 
Media, New York, NY. 

 
 



 

 

111 

Appendix A 
Source water parameter selection survey 

Thank you for your participation in this project intended to produce a Canadian source 
drinking water quality index to assess the suitability of surface water for human 
consumption post chlorination. Though the survey is meant to be completed with 
minimal interaction between respondent and coordinator, should you have any questions 
that you feel must be answered in order to provide your responses please contact Tim 
Hurley via e-mail at hurleytj@uvic.ca. Be assured that your name will not be associated 
with your individual responses in any document related to this work. However, you will 
be listed as a participant in the survey group. If for any reason you have issue with this, 
feel no pressure to participate. Where answers are required simply click on the 
appropriate field, remove the existing text and insert your response. When complete, save 
the document and attach it in an e-mail to hurleytj@uvic.ca. 
 
Assessment Scenario 
 
Raw water was drawn from a Canadian surface source. Measurements were made for a 
suite of parameters in an attempt to assess the suitability of the source water for 
chlorination followed by some unknown form of distribution and subsequent human 
consumption.  
 
Directions 
 
On the following page you will find a list of 27 frequently monitored drinking source 
water parameters.   Drawing on your experience in the Canadian context please produce a 
list of 10 parameters that you feel can be used to identify the most common risks 
(health risks, treatment interference, etc.) prior to next stages: chlorination and 
distribution.  Keep in mind that the raw water is to be exclusively drawn from a 
Canadian surface source. Though the parameter values in the assessment scenario are 
measurements of the untreated water, the list of 10 parameters should consider the 
resulting quality of the water for human consumption after chlorination and distribution. 
If you feel that a parameter not listed in the 27 provided should be included, you may list 
that parameter in the space provided though it will represent one of your 10 selected 
parameters. For each of the 10 selected parameters, please provide a relative significance 
value between 1 and 5 indicative of the importance of each of the 10 parameter measures 
in providing the required assessment. A value of 1 suggesting that the parameter is not 
very significant while a value of 5 suggesting that the parameter is very significant. 
Beside each parameter name please indicate whether or not the parameter should be 
included in the list of ten by writing include or don’t include in the appropriate text box 
along with the relative significance value for the “include” parameters. Refer to the 
examples below for clarification. The final page is available for any comments you may 
have. Please do not hesitate to comment. 

Parameter Include / Don’t include Relative Significance Value 
Example A include 4 
Example B don’t include  
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Parameter Selection 
 

Parameter Include / Don’t include Relative Significance Value 
boron   

cadmium   
chlorides   
chromium   

coliforms (fecal)   
coliforms (total)   

colour   
copper   

dissolved oxygen   
E. coli   

fluorides   
hardness   

iron   
lead   

mercury   
nitrate   
nitrite   

organic carbon (total)   
pesticides   

pH   
phosphorus (total)   
solids (dissolved)   
solids (suspended)   

sulfate   
temperature   

turbidity   
zinc   

 
Additional Parameters 
 

Parameter Include / Don’t include Relative Significance Value 
   
   
   
   
   
   
   
   
   
   
   
 



 

 

113 
Comments: 
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Appendix B 
Expert evaluation of source water quality survey 

Thank you for your participation in this project intended to produce a Canadian source 
drinking water quality index. Though the survey is designed to be completed with 
minimal interaction between respondent and coordinator, should you have any questions 
that you feel must be answered in order to provide your responses please contact Tim 
Hurley via e-mail at hurleytj@uvic.ca. Be assured that your name will not be associated 
with your individual responses in any document related to this work. However, you will 
be listed as a participant in the survey group (unless you have requested otherwise). 
Where answers are required simply click on the appropriate field, remove any existing 
text and insert your response. When complete, save the document and attach it in an e-
mail to hurleytj@uvic.ca. 
 
Instructions: 
 
Attached you will find 20 water quality scenarios identified by a number between 1 and 
20. Each scenario is presented in tabular form and is composed of six sample events for 
which corresponding parameter measures are listed. These parameter measures are based 
on water sampled from a surface water source and therefore represent water quality prior 
to any form of treatment.  
 
For each water quality scenario (1-20) please provide rankings and scores corresponding 
to the scoring system outlined in table 1 (page 2). Your ranks and scores should reflect 
your opinion regarding the quality of the water in each scenario as a drinking water 
source. Ranks and scores must be based exclusively on the values given. Since source 
quality is dependent on the treatment applied, the rankings and scores are to be made 
considering two different treatment levels. 
 
Treatment Level 1: The source water will receive chlorination as the only treatment. 
 
Treatment Level 2: The source water will be filtered (slow sand filtration) and 

chlorinated only 
 
Therefore, for each scenario (1-20) please provide a rank and a score reflective of 
the quality of the water as a drinking water source if chlorination is the only 
anticipated treatment and a second rank and score reflective of the quality of the 
water as a drinking water source if both filtration (slow sand) and chlorination are 
anticipated treatments. Along with each of the two rank and score sets please 
indicate the parameters whose values were most important in deciding on your 
responses. Refer to the examples on page 2 for clarification. Tables for your responses 
are provided below each water quality scenario beginning on page 3. The final page is 
reserved for comments and recommendations. 
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Table 1: Source Water Quality Scoring System 
 

Rank Score Interpretation 
Excellent 95.0 - 100.0 Water quality meets all criteria for 

use as a source of drinking water  
Good 80.0 - 94.9 Water quality rarely or narrowly 

violates criteria for use as a source of 
drinking water 

Fair 65.0 - 79.9 Water quality sometimes violates 
criteria, possibly by a wide margin, 
for use as a source of drinking water  

Marginal 45.0 - 64.9 Water quality often violates criteria 
for use as a source of drinking water 
by a considerable margin 

Poor 0 - 44.9 Water quality does not meet criteria 
for use as a source of drinking water  

 
Examples: 
 

Treatment Level 1: Chlorination Treatment Level 2: Filtration and 
chlorination 

Water 
Quality 

Scenario Rank Score Parameters most 
important in 

deciding on rank 
and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

# Good 87 E.coli, TOC, 
 
 

Excellent 97 E.coli 

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

# Poor 10 E.coli, iron, 
nitrate and nitrite 
 

Poor 20 E.coli, iron, 
nitrate and nitrite 

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

# Marginal  50 All parameters 
 
 

Marginal 50 All parameters 
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Water Quality Scenarios 
 
Legend 
Turb. – Turbidity 
Temp. – Temperature 
NO3

- and NO2
- as N – Nitrate and Nitrite as N 

TOC – Total Organic Carbon 
 
1.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1  111 1 6.6 0.3 5.8  0.043 3.4 0.09 
2  213 1 7 0.23 6.3  0.060 2 0.11 
3  96 1 6.8 0.14 11.7  0.068 2.2 0.221 
4  184 2 6.5 1.05 14.8  0.029 3.1 0.183 
5  287 1 7.1 0.22 24.6  0.025 2.1 0.518 
6  464 8 7.3 0.14 17.1  0.029 1.9 0.03 

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
1 

   
 
 

   

 
2.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1 1 0 6.98 0.30 1.0 0.0008 1.6   
2 127 0 6.71 0.74 6.7 0.0087 2.2   
3 88 5 7.73 0.30 12.8 0.0288 3.3  
4 292 13 7.60 0.53 13.3 0.1524    
5 871 4 6.83 0.12 7.0 0.0552 1.0   
6 20 0 6.53 2.00 4.3 0.0162 7.9   

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
2 
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3.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1 84 8 7.68 0.31 5.20 0.032 2.6 0.01 
2 48 0 6.74 0.34 8.33 0.027 2.4 0.05 
3 77 0 7.53 0.68 14.80 0.004 2.9  0.08 
4 63 1 7.54 0.3 14.96 0.005 2.9  0.04 
5 61 1 7.33 0.41 13.82 0.004 2.8  0.02 
6 52 0 7.15 0.3 5.49 0.027 2.2  0.09 

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
3 

   
 
 

   

4.   
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1 30  3 6.8  1.1 13.64  0.35 3 0.046  
2 2  2 6.8 0.6 11.46 0.33 4. 0.009  
3 43  3 7.1 0.7 8.24 0.24 3 0.037  
4 180 8  7.1 0.4  10.18  0.21 2.7 0.047  
5  84 4 7.1 0.4 17.52 0.15 2.9 0.055  
6  280 12 7.2 0.3 13.33 0.12 4.3 0.039  

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
4 

   
 
 

   

 
 
 
 
 
 
 
 
 
 



 

 

118 
5.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1 8014 3 8.95 154 18 1.38 41.74 0.08  
2 7974 2 9.09 213 19 1.78 55.39 0.12  
3 6812 4 8.94 126 20 1.96 77.95 0.06  
4 3622 4 8.79 342 20 1.04 26.67 0.14  
5 8117 4 9.24 165 23 1.85 54.57 0.13  
6 7814 3 9.23 138 19 0.98 75.65 0.24  

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
5 

   
 
 

   

6.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1 3299 96 6.75 4.6 13.24 0.140 2.6 0.09  
2 1760 85 7.23 3.2 16.42 0.110 2.4 0.12  
3 567 44 7.48 3.9 12.67 0.060 3.0 0.15  
4 1321 69 7.3 4.7 10.92 0.080 3.2 0.14  
5 2174  83 6.5 1.1 8.23 0.220 3 0.08  
6 2866  92 7.24 2.2 6.74 0.130 2.5 0.1  

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
6 

   
 
 

   

 
7. 
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1 9 1 7.3 0.5 11  0.002 2.4 0.12 
2 15 1 7.4 0.5 12  0.002 2.2 0.09 
3 69 1 7.4 0.4 13  0.002 1.9 0.07 
4 32 2 6.9 1.4 13  0.004 3.1 0.1 
5 88 2 6.8 0.7 14  0.016 1.9 0.08 
6 78 2 7.2 0.6 9  0.010 1.5 0.11 
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Treatment Level 1: Chlorination Treatment Level 2: Filtration and 
chlorination 

Water 
Quality 

Scenario Rank Score Parameters most 
important in 

deciding on rank 
and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
7 

   
 
 

   

8.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1   1 7.3 0.4   0.003 5.7 0.15 
2   6 7 0.5    0.011 4.3 0.22 
3   300 6.1 2.8    0.006 20.2 0.133 
4   2 6.9 0.3   0.004 6 0.138 
5   3 6.7 0.7    0.016 8 0.185 
6   2 6.9 1.6    0.009 6.9 0.212 

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
8 

   
 
 

   

9.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1 24 0 7.68 0.6 5.20 0.032 3.1 0.08 
2 15 0 6.44 0.3 8.33 0.027 3.9 0.05 
3 10 0 7.53 0.7 14.80 0.004 3.6 0.07 
4 626 23 7.54 3.2 15.85 0.005 5.7 0.06 
5 322 17 7.33 3.1 13.82 0.004 4.2 0.08 
6 31 0 7.15 0.6 5.49 0.027 2.1 0.08 

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
9 
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10.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1 14 1 6.8 0.5 8 0.129 3 0.21  
2 22 2 6.6 0.8 12 0.098 3.1 0.13  
3 45 2 6.5 0.3 14 0.113 3.6 0.11  
4 37 7 6.7 0.2 14 0.092 3.8 0.14  
5 103 13 6.4 2.4 18 0.094 4.2 0.36  
6 24 6 6.8 0.6 13 0.099 2.8 0.11  

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
10 

   
 
 

   

 
11.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1     7.9 6.2 2.2 0.172 8.5 2.26 
2   50 7.6 36.9 14 0.110 7.7  0.48 
3   22 7.7 18.2 16 0.060 10.2  1.43 
4   40 7.9 22.3 19 0.040 11  1.04 
5   18 7.85 13.3 12 0.060 10.2  0.87 
6   160 6.65 9.8 4.3 0.210 6.8   

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
11 

   
 
 

   

12.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1 15  2  7.4 0.5 6.7 0.02 2.3  0.02  
2 24  1  7.5 0.4 8.7 0.02 2.6  0.02  
3 153 15 7.5 0.3 9.2 0.02 3.4  0.02  
4 16  1 7.1 0.2 11.1 0.02 3.1  0.01  
5 8  2  6.7 0.3 12.3 0.02 3.3  0.01  
6 3  2  6.7 0.3 9 0.02 2.8  0.06  
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Treatment Level 1: Chlorination Treatment Level 2: Filtration and 
chlorination 

Water 
Quality 

Scenario Rank Score Parameters most 
important in 

deciding on rank 
and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
12 

   
 
 

   

13.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1  28 1 7.80 0.30 2.8    2.0 0.01 
2  97 3 7.75 0.50 7    2.5 0.02 
3  48 5 7.75 0.70 9.2    2.3  0.02 
4  45 1 7.20 0.50 16    2.1  0.02 
5  224 30 6.93 0.43 12    2.9  0.01 
6  51 1 7.50 0.30 5.1    2.2  0.02 

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
13 

   
 
 

   

14.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1  2632 170 7.97 18 13.5 0.044 7.1 0.402 
2  433 25 8.04 4.05 14.5 0.053 4.2 0.266 
3  674 35 7.90 1.11 12.65 0.048 2.2 0.324 
4  3864 130 8.07 2.44 8 0.025 3 0.189 
5  324 14 8.02 0.36 2.8 0.034 3.4 0.24 
6  454 18 7.73 0.18 0.25 0.028 2.2 0.458 

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
14 
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15.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1  96 6.75 4.6 13.24 0.140 2.6 0.09  
2  85 7.23 3.2 16.42 0.110 2.4 0.12  
3  44 7.48 3.9 12.67 0.060 3.0 0.15  
4  69 7.3 4.7 10.92 0.080 3.2 0.14  
5  83 6.5 1.1 8.23 0.220 3 0.08  
6  92 7.24 2.2 6.74 0.130 2.5 0.1  

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
15 

   
 
 

   

16.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1 24 0 7.68 0.31 5.20 0.032 2.6   
2 15 0 6.44 0.34 8.33 0.027 2.4   
3 10 0 7.53 0.68 14.80 0.004 2.9   
4 626 1 7.54 0.3 21.85 0.005 2.9   
5 322 9 7.33 0.41 13.82 0.004 2.8   
6 31 0 7.15 0.3 5.49 0.027 2.2   

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
16 
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17.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1 225  22 6.75 0.38 13.24 0.005 2.6 0.08 
2 213  12 7.23 0.35 14.42 0.006 2.4 0.1 
3 195  6 7.48 0.46 12.94 0.004 3.0 0.03 
4 433  76 7.3 0.38 10.62 0.003 3.2 0.05 
5 342  9 6.8 0.38 9.83 0.003 3 0.09 
6 695  49 7.24 0.61 11.14 0.006 2.5 0.09 

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
17 

   
 
 

   

18.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1   10 8.2 119 4.5 0.074 2.1 0.448 
2   23 7.9 65.6   0.038 1.1 0.605 
3   3 8.1 4.1 12 0.027 3.4 0.261 
4   2 7.7 2 10.5 0.024   0.251 
5   1 8.1 3.5 4 0.045   0.327 
6   2 8.1 3.1 1 0.070 7.2 0.527 

 
Treatment Level 1: Chlorination Treatment Level 2: Filtration and 

chlorination 
Water 

Quality 
Scenario Rank Score Parameters most 

important in 
deciding on rank 

and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
18 

   
 
 

   

 
19. 
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1  1 7.65 0.1 1.5 0.206 2.7 0.0798 
2  2 7.95 0.1 1.1 0.127 1.8 0.201 
3  3 7.3 6.3 1.9 0.145 2 0.0701 
4  1 8.05 0.1 2.7 0.121 2.3 0.0706 
5  4 8.4 1.2 10 0.097 2.6 0.0896 
6  1 7.95 3.7 1 0.129 2.1 0.119 
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Treatment Level 1: Chlorination Treatment Level 2: Filtration and 
chlorination 

Water 
Quality 

Scenario Rank Score Parameters most 
important in 

deciding on rank 
and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
19 

   
 
 

   

 
20.  
Sample Total 

coliforms 
(CFU/100mL) 

E.coli 
(CFU/ 
100 mL) 

pH Turb. 
(NTU) 

Temp. 
(oC) 

NO3
- and NO2

- 
as N (mg/L) 

TOC 
(mg/L) 

Total 
Iron 
(mg/L) 

1 836 0 6.3 0.6 18.2 0.050 2.3 0.09 
2 1200 1 6.4 0.5 17.3 0.070 2.5 0.12 
3 784 1 6.5 0.7 22.1 0.050 3.1 0.15 
4 633 2 6.8 0.4 23.4 0.090 2.6 0.23 
5 698 0 7.2 0.9 20.6 0.040 2.8 0.16 
6 576 1 6.8 0.7 19.3 0.080 3.2 0.19 

 
 

Treatment Level 1: Chlorination Treatment Level 2: Filtration and 
chlorination 

Water 
Quality 

Scenario Rank Score Parameters most 
important in 

deciding on rank 
and score 

Rank Score Parameters most 
important in 

deciding on rank 
and score 

 
20 

   
 
 

   

 
Comments/Recommendations: 
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Appendix C 
Composition of drinking source water quality expert panel 

Panellists that completed both surveys 
 
Rick Nordin  
Senior Research Scientist - Water and Aquatic Sciences Research Program and Assistant 
Adjunct Professor Department of Biology University of Victoria 
Sector: Government/Academia 
Field: Biology 
 
Kevin Rieberger   
Water Quality Science Specialist  
Science & Information Branch  
Water Stewardship Division  
BC Ministry of Environment  
Sector: Government 
Field: Biology 
 
Benoit Barbeau 
Associate Professor Department of Civil, Geological and Mining Engineering 
Ecole Polytechnique, Montreal 
Sector: Academia 
Field: Engineering and technology 
 
Jamieson Dixon 
Leader, Watershed Protection  
Water Quality and Compliance Monitoring  
City of Calgary Water Resources  
Sector: Service provider 
Field: Biology 
 
Dan Conrad 
Assistant Superintendent/Plant Chemist  
Buffalo Pound Water Administration Board 
City of Regina  
Sector: Service Provider 
Field: Biology 
 
Michael Lukich  
Manager, Toronto Water Laboratory 
City of Toronto 
Sector: Service provider 
Field: Chemistry 
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Ian Douglas 
Water Quality Engineer  
Erin Gorman 
Water Quality Technologist 
City of Ottawa - Drinking Water Services  
Sector: Service provider 
Field: Engineering and technology 
 
Blake McDonald 
Facilities Engineer 
Water and Wastewater Branch 
Nova Scotia Environment 
Sector: Government 
Field: Water quality management and operations 
 
Syed Imran 
Research Officer, Centre for Sustainable Infrastructure Research     
NRC Institute for Research in Construction  
Sector: Government 
Field: Engineering and technology 
 
Manuel Rodriguez 
Professor, School of Planning and Regional Development 
Université Laval 
Sector: Academia 
Field: Water quality management and operations 
 
Ian Wright 
VP Water 
Associated Engineering 
Sector: Industry 
Field: Engineering and technology 
 
Panellists that only completed the Source water parameter selection survey 
 
Bill Sims 
Manager, Water Resources  
City of Nanaimo 
Sector: Service provider 
Field: Water quality management and operations 
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Hassen Khan 
Director 
Annette Tobin 
Water Resources Engineer 
Water Resource Management Division 
Department of Environment and Conservation 
Government of Newfoundland and Labrador 
Sector: Government 
Field: Engineering and technology 
 
Drew Gibson 
Superintendent/Water Quality Control, 
City of Vancouver 
Sector: Service provider 
Field: Water quality management and operations 
 
Stephen Craik 
Senior Manager, Water Laboratory  
EPCOR Water Services  
Sector: Service provider 
Field: Engineering and technology 
 
Raymond Rockwell 
Water Quality Technician 
Environmental Standards  
City of Winnipeg 
Sector: Service provider 
Field: Engineering and technology 
 
Reid Campbell 
Director of Water Services 
Halifax Regional Municipality 
Sector: Service provider 
Field: Engineering and technology 
 
Carrie Rickwood  
UNEP GEMS/Water Programme  
Sector: Academia 
Field: Biology 
 
Sam Ferris 
Executive Director 
Municipal Branch 
Saskatchewan Ministry of Environment  
Sector: Government 
Field: Water quality management and operations 



 

 

128 
 
Laura D’Costa 
Engineer 
Water, Air and Climate Change Bureau 
Health Canada 
Sector: Government 
Field: Engineering and technology 
 
Irfan Gehlen  
Sector Leader 
Water & Wastewater Treatment 
Kerr Wood Leidal Associates Ltd. 
Sector: Industry 
Field: Engineering and technology 
 
Francois Proulx  
Directeur  
Division de la qualité de l'eau 
Service de l'environnement 
Ville de Québec  
Sector: Service provider 
Field: Water quality management and operations 
 
Geno Lehman 
MWH Global 
Sector: Industry 
Field: Engineering and technology 
 

 

 



 

 

129 

Appendix D 
Core parameter drinking source water target values: Supporting 

literature 
1) pH 
 

 pH, a measure of the acidity of a solution, is an important operational parameter 

for drinking water utilities. Both treatment and distribution processes are pH dependent. 

Chlorine based disinfection efficiency is highest at pH values below 8. However, low pH 

water promotes corrosion in the distribution system which can result in contamination 

and taste and odour issues (WHO, 2008). The optimal pH of a particular water system 

depends on the nature of the source water and the construction materials used in the 

distribution system. The Guideline for Canadian Drinking Water Quality value of 6.5 to 

8.5 is suggested to reduce corrosion and precipitation in the distribution system while 

ensuring efficient, low disinfection byproduct chlorination (Health Canada, 2008). 

 
pH Target Value for Raw Water Receiving Receiving Chlorination Only or Slow 

Sand Filtration and Chlorination 
 

pH should not fall outside the range of 6.5-8.5  
 

 
2) Turbidity 
 

 Turbidity provides a measure of water clarity and carries with it health based and 

aesthetic implications. Caused by particulate matter suspended in water, high turbidity 

reduces disinfection efficiency by increasing disinfectant demand and decay rates 

(Province of Manitoba, 2005). High turbidity can also shield pathogens from disinfection 

and stimulate bacterial growth (WHO, 2008). Generally, turbidity measures less than 5 

NTU are aesthetically acceptable. Health Canada recommends a treated water turbidity 

health based target of 0.1 NTU to ensure effective disinfection. When the 0.1 NTU target 

cannot be met, slow sand or diatomaceous earth filters must produce water with turbidity 

less than 1.0 NTU in 95% of samples or at least 95% of the time in each calendar month - 

at no time should filtered water have a turbidity greater than 3.0 NTU (Health Canada, 

2008). Similarly, the Province of Manitoba (2005) recommends that turbidity prior to 

chlorination be less than 1 NTU seeing as the influence of turbidity on disinfection is 
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minimal at such low levels. British Columbia, like other jurisdictions, recommends 

guidelines for raw drinking water not receiving any treatment to remove particulates 

based upon background turbidity levels. The rationale employed in such guidelines being 

that changes from background turbidity levels can overburden the existing treatment 

infrastructure. It is recommended that no drinking water source experience a change in 

turbidity of 5 NTU at any time and that when the background turbidity level is less that 5 

NTU, a change of no greater than 1 NTU be acceptable (BC MOE, 2010). Considering 

the existing literature, a target value of 1.0 NTU will be adopted for source waters 

receiving chlorine disinfection as the only means of treatment. A 5.0 NTU target value 

for source waters filtered and chlorinated will be adopted. 

 
Turbidity Target Value for Raw Water Receiving Chlorination Only 

 
Turbidity should not exceed 1.0 NTU 

 
 

 
 

Turbidity Target Value for Raw Water Receiving Slow Sand Filtration and 
Chlorination 

 
Turbidity should not exceed 5.0 NTU 

 
 

 Comparison of expert assessments of surface source water quality to index scores 

necessitated a reduction in the acceptable turbidity level for raw water receiving 

chlorination only (See 3.3.2). The reduce turbidity target corresponds to the USEPA 

guideline for 95% of treated water samples in any given month (USEPA, 2009) 

 
Amended Turbidity Target Value for Raw Water Receiving Chlorination Only 

 
Turbidity should not exceed 0.3 NTU 
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3) Total Organic Carbon (TOC) 
 

Total organic carbon in aquatic environments provides a measure of the organic matter 

suspended in solution. High TOC may be indicative of anthropogenic pollution sources 

however the primary concern surrounding the level of organics in source drinking water 

is in regards to the formation of harmful disinfection byproducts (DBPs) upon 

chlorination. Organic compounds have been shown to react with chlorine to produce 

haloacetic acids (HAAs) and trihalomethanes (THMs), both of which have been linked to 

cancer and birth defects (White, 1999). According to the USEPA, a high TOC 

concentration is indicative of a high potential for disinfection byproduct formation 

(USEPA, 1999). If no means of DBP precursor removal is employed, organic matter must 

be limited in the source waters. The BC MOE recommends that raw drinking waters 

receiving chlorination not contain TOC at a concentration greater than 4 mg/L (BC MOE, 

2010). The USEPA Stage 1 Disinfectants and Disinfection Byproducts Rule requires 

water utilities to remove a alkalinity dependent percentage of TOC for all surface waters 

containing greater than 2.0 mg/L TOC (USEPA, 1998). A target value of 2 mg/L is 

anticipated to be too stringent for use in the CCME WQI necessitating the adoption of the 

more lenient 4mg/L value as the target for source water TOC. 

 
Total Organic Carbon Target Value for Raw Water Receiving Chlorination Only or 

Slow Sand Filtration and Chlorination 
 

Total Organic Carbon should not exceed 4 mg/L  
 

 
4) E. coli 
 

Escherichia coli is a member of the thermotolerant (fecal) coliforms. It is considered 

the most suitable index of fecal contamination and provides evidence of recent fecal 

inputs (WHO, 2008). E. coli is much more susceptible to chlorine disinfection than 

enteric viruses or protozoa and therefore should not be present in post-treatment water 

(Health Canada, 2008). Literature guideline levels in drinking source water receiving 

minimal treatment (chlorination only) consistently range from 10-20 organisms/100mL 

(Warrington, 1998).  A guideline of 10 organisms/100mL assumes an approximate 4 log 

removal of E. coli via chlorination to produce water in microbial compliance with the 
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Guidelines for Canadian Drinking Water Quality (Health Canada, 2008). Sufficient 

chlorination to achieve 3 log Giardia inactivation and an acceptable residual should 

achieve such removal assuming a properly functioning system. Therefore, from a 

treatment perspective a guide limit of 10 organism/100mL is very conservative  

 
E. coli Target Value for Surface Source Water Receiving Chlorination Only 

 
E. coli should not exceed 10 CFU/100mL 

 
 

 The British Columbia Ministry of the Environment recommends that E. coli not 

exceed 100 CFU/100mL in raw drinking water receiving partial treatment consisting of 

filtration or sedimentation, and disinfection. A guideline of 100 CFU/100mL assumes 

approximately 5 log removal, again a conservative estimate. This value is corresponds 

with many other literature guideline values (Warrington, 1998).  

 
E. coli Target Value for Surface Source Water Receiving Slow Sand Filtration and 

Chlorination  
 

E. coli should not exceed 100 CFU/100mL 
 

 
5) Nitrate and Nitrite (as N) 
 

 Nitrate and nitrite are two of the major forms of nitrogen found in natural waters. 

Water quality guidelines frequently consider the concentrations of the 2 inorganic ions as 

a single unit in order to accommodate interconversion between the two forms (WHO, 

2008). Considered alone, nitrite can increase chlorine demand as chlorine is consumed 

during the oxidation of nitrite to nitrate. If consumed, nitrite is generally converted to 

nitrate in the blood however residual nitrite can bind with haemoglobin to form 

methaemoglobin. Methaemoglobin binds oxygen and does not release thereby blocking 

oxygen transport and giving rise to methaemoglobinaemia. High levels of nitrate may be 

reduced to nitrite leading to methaemoglobinaemia. Infants are particularly susceptible to 

high levels of nitrate and nitrite in drinking water (WHO,2008). Published drinking water 

guidelines for nitrate as N consistently suggest that 10 mg/L is an acceptable level 

(Health Canada, 2008; WHO, 2008; USEPA, 2009). Similarly, little debate exists in 
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regards to the consensus 1 mg/L nitrite (as N) guide limit (Health Canada, 2008; WHO, 

2008; USEPA, 2009). Considered together, the WHO recommends that the sum of the 

ratios of nitrate and nitrite concentrations to their guideline values not exceed 1 (WHO, 

2008). The Province of British Columbia sets a drinking water guideline of 10 mg/L 

nitrate + nitrite as N (BC MOE, 2010) which will be adopted for use in the CCME WQI. 

 
Nitrate + Nitrite (as N) Target Value for Raw Water Receiving Chlorination Only 

or Slow Sand Filtration and Chlorination 
 

Nitrate + Nitrite (as N) should not exceed 10 mg/L  
 

 
6) Total coliforms 
 

 Total coliform bacteria include a variety of gram negative, non-spore forming 

bacilli able to grow in high concentrations of bile salts and identified based on their 

ability to ferment lactose within 24 hours at temperatures of 35-37°C (WHO, 2008). E. 

coli and thermotolerant (fecal coliforms) are included in this designation however total 

coliforms are not an indicator of fecal contamination. Measured total coliform 

concentrations include environmental bacteria able to survive and grow in natural waters. 

Therefore, total coliform measures do not indicate health risk. Instead high coliform 

levels can reduce treatment efficacy and contribute to aesthetic concerns. Coliform 

bacteria should be absent in treated drinking waters (Health Canada, 2008).  Published 

source water quality guidelines for waters receiving basic treatment have been outlined 

by Warrington (1998) 

 For source waters receiving disinfection as the only means of treatment, a 

consensus recommended total coliform concentration is approximately 100 CFU/100mL. 

Increased treatment regimes tend to be accompanied by higher guideline values.. For use 

in conjunction with the CCME WQI to assess source water quality conditions, the 

consensus value of 100 CFU/100mL will be adopted as a conservative total coliform 

target concentration for source waters receiving chlorination alone or filtration and 

chlorination. 
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Total coliform Target Value for Surface Source Water Receiving Chlorination Only 

or Slow Sand Filtration and Chlorination 
 

Total coliforms should not exceed 100 CFU/100mL 
 

 
7) Iron 
 

 Iron is primarily an aesthetic parameter when considered in regards to drinking 

water quality. Though iron increases chlorine demand, recommended guidelines 

throughout the literature address the aesthetic concerns associated with high levels of the 

metal (WHO, 2008).  Several quality agencies recommend that iron not exceed 0.3 mg/L 

in drinking water as concentrations less than 0.3 mg/L are not detectable by taste  (Health 

Canada, 2008; USEPA, 2009). Therefore 0.3 mg/L iron will be adopted as a target value 

for use in the CCME WQI. 

 
Iron Target Value for Raw Water Receiving Chlorination Only or Slow Sand 

Filtration and Chlorination 
 

Iron should not exceed 0.3 mg/L  
 

 
8) Temperature 
 

 Temperature is primarily an aesthetic parameter in regards to source water 

quality. Cooler water is more acceptable to consumers than is warm water. Despite the 

fact that chlorination is more effective at higher temperatures, warm waters can promote 

the growth of microorganisms and may increase taste, odour and colour (WHO,2008). 

Temperature guideline values for drinking water generally range from 12-15°C with 

some water quality standards allowing a maximum temperature of 28.3°C depending on 

the geographic location (British Columbia Ministry of Environment Land and Parks, 

2001). The Guidelines for Canadian Drinking Water Quality set an aesthetic objective of 

less than or equal to 15°C (Health Canada, 2008) and will be accepted as a reasonable 

target value for raw water receiving either treatment. 
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Temperature Target Value for Raw Water Receiving Chlorination Only or Slow 

Sand Filtration and Chlorination 
 

Temperature should not exceed 15°C  
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