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Abstract 

 

The Application of Fuzzy Logic, Multiple Linear Regression and Artificial  

Neural Networks for Stream Assessment, Design and Monitoring 

 

Ed Gazendam             Advisor: 

University of Guelph, 2016     Professor Bahram Gharabaghi 

 

 

The applicability of the Qualitative Habitat Evaluation Index (QHEI) as a planning and 

design tool to restore streams in Southern Ontario was evaluated. QHEI assessments 

were made at 50 Ontario sites and correlated to %EPT, HBI and Taxa Richness. QHEI 

reference ranges of >67.5, 52.5 to 67.5 and <52.5 were determined for Exceptional, 

Good and Marginal/Poor habitats respectively.  Predictive regression equations were 

developed for stream assessment and rehabilitation design. However, only about 50% 

of the variance in biologic indices was explained by geomorphic stressors within the 

stream. 

 

Artificial Neural Network (ANN) models were developed to integrate complex non-linear 

relationships between aquatic indices and key watershed-scale and reach-scale 

parameters. Data were collected at 112 sites on 62 stream systems located in Southern 



Ontario. Benthic data were collected separately for HBI and Richness. The ANN models 

were trained on the randomly selected 1/4 of the dataset of 112 streams in Ontario, 

Canada and validated on the remaining 3/4. The R2 values were 0.86 for HBI and 0.92 

for Richness. Sensitivity analysis revealed that Richness was directly proportional to 

Erosion and Riparian Width and inversely proportional to Floodplain Quality and 

Substrate parameters. HBI was directly proportional to Velocity Types and Erosion and 

inversely proportional to Substrate, % Treed and 1:2 Year Flood Flow parameters.  

 

Finally, the Ontario Channel Susceptibility Methodology (OCSM) provides quantitative 

assessment of the factors influencing channel-habitat quality and the sensitivity of 

stream channels to deterioration when subject to increased stormwater flows. A risk-

based, Fuzzy Logic methodology integrated a broad spectrum of in-channel, near-

channel, and watershed-surface data sets to rank stream susceptibility. The 

methodology was applied to Grindstone Creek and Highland Creek, two channel 

systems with varying susceptibility to the effects of hydrology, water quality and physical 

conditions.  Results show that Highland Creek has a greater risk of deterioration than 

Grindstone Creek when subject to enhanced stormwater flows.  OCSM was determined 

to be an effective tool for evaluating and prioritizing stream channels. 

 

Further data collection and research is required to ensure that appropriate QHEI design 

ranges and ANN modelling is completed for higher resolution biogeographical areas.  
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Chapter 1 

Introduction 

 

"Human societies have been altering ecological and evolutionary processes across the 

Earth for millennia.  It is no longer possible to explain or predict ecological patterns or 

processes across the earth without considering the human role in these...More than 

three-quarters of the terrestrial biosphere has been transformed into anthropogenic 

biomes (anthromes) by human population and their use of land." 

(Ellis "Ecology in an anthropogenic biosphere" 2015) 

 

1.1 Overall Purpose 

The large impact of human activity on ecological and geomorphological patterns and 

processes is evident in the alteration of stream channels and stream biota in 

watersheds with agricultural or urban land use. As summarized by Meixler and Bain 

(2010), "The negative effects of stream and riparian alteration on water quality, 

hydrology, benthic invertebrate communities, fisheries resources and the recreational 

values of streams are well documented.... The pervasive negative impacts on the 

world's flowing waters have prompted a greater focus on stream management, 

conservation and restoration... Calls have been made for cost-effective rapid 

assessment tools that will provide information on habitat status (Goodwin et al., 1997; 

Tiner 2004)". 
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In the Province of Ontario, Canada, one centre of focus on stream management, 

conservation and restoration has been protecting and enhancing fisheries resources. 

The first stream rehabilitation manual for Ontario was produced in 1984 by the Ministry 

of Natural Resources for the Community Fisheries Involvement Programme (Heaton et 

al., 2002). Stream restoration to enhance fish habitat continues as a major focus of 

activity in Ontario. 

 

A second focus in Ontario has been protecting and restoring the quality of receiving 

waters through stream restoration. This topic was included in the studies undertaken in 

the period 1972-1980 for the Pollution from Land Use Activities Reference Group of the 

International Joint Commission (IJC 1980) and has continued to be studied since that 

time with special reference to pollution loadings to Lake Erie. Additional studies done in 

support of the Lake Simcoe Protection Plan (MOE 2009) have included examination of 

the contribution to pollution loadings from stream sediment (ECCC 2016). 

 

The research results presented in this thesis respond to the generally-expressed need, 

previously noted, for assessment tools that provide guidance on (1) the identification 

and prioritization of stream sites that would benefit from remediation and (2) on the site-

specific factors contributing to channel deterioration at each site. 

 

More particularly the research was initiated in 2008 to address specific needs of the 

Ontario Ministry of the Environment (now MOECC - Ontario Ministry of the Environment 

and Climate Change) as MOE undertook action plans to meet the goal of reduced 
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loadings of nutrients, pathogens and trace contaminants reaching receiving water from 

urban-stormwater sources. Pollution-loading- reduction goals for Canadian Great- 

Lakes inputs were originally set out in Annex 1 of the 1971 Canada-Ontario Agreement 

Respecting the Great Lakes Basin Ecosystem; the Agreement and its contained goals 

have been renewed four times, most recently in December 2014 (EC/MOECC 2014). 

 

In 2008 MOE identified five areas of investigation in which additional data and tools 

were needed for progress to be made toward the goal of reduced pollution loading from 

urban stormwater.  One of these five areas was: Identify and rank waterways 

particularly susceptible to adverse stormwater effects to establish management 

priorities.  It was this research need that gave rise to the results reported in this thesis. 

 

While the identification and ranking of susceptible waterways is required and a logical 

first-step in the restoration process, the actual restoration of such waterways is still 

paramount and having appropriate tools to accomplish restoration in a logical and 

defensible manner is a further requirement. The purpose of this research is to: 

 

1. Develop a science-based stream ranking system to prioritize stream restoration 

efforts, and,  

2.  Develop science-based tools to assist resource managers in actual stream 

restoration, specifically to assist in the assessment, design and monitoring of 

stream restoration projects. 
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1.2 Impacts to Stream Systems 

 

By the middle of the twentieth century, signs that ecosystems were under stress were 

clearly evident. Degradation of environmental quality can directly impair the viability and 

vitality of the region, since the quality of life depends on healthy ecosystems for their 

survival (Birtwell, 1999; Gharabaghi et al., 2006). While many residents of the Great 

Lakes watershed are responsible citizens, everyone contributes in some small way to 

the degradation of contributing stream systems and ultimately to the water quality of the 

Great Lakes. 

 

Rural and urban areas can impact stream systems in different ways. Urban systems 

have high impervious areas that create flashy runoff patterns and poor quality “first 

flush” flows due to high quantities of pesticides, metals, and E. coli contributions. On the 

other hand, rural systems contribute high loadings of nutrients and sediment.  Improved 

drainage systems in both the rural and urban systems also contribute to increased flows 

and reduced base flows. The result is that both urban and rural storm runoff contribute 

to degraded systems with eroding banks, widening streams, increased stream power 

and degraded habitat. Degraded stream habitat is the result of sediment accumulations 

covering up important spawning substrates or by high stream power resulting in stream 

degradation and habitat removal. In either case, habitat is impacted and sediment, 

excess or otherwise, contributes to further downstream degradation. 

 



5 
 

In general, sediment, nutrients and other contaminants are conveyed to the Great Lake 

via stream systems (McKague et al., 2006a). Rural and urban areas alike contribute 

these contaminants.  However, the job of restoring, protecting and conserving 

environmental quality within the Basin is a major undertaking (Watts et al., 2005). 

Meeting present and future challenges and sustaining the improvements made to date 

will require the continued efforts of all citizens and stakeholders. 

 

To minimize ecosystem stressors from human activity, management and conservation 

techniques need to be put in place. Biological and physical techniques for assessing the 

condition of aquatic ecosystems are also needed.  Bioassessment is a method for 

identifying degrading streams and the sources of that degradation. Biologically-based 

data also provides a relevant and effective assessment of the stream’s ecological 

integrity (Whiles et al., 2000). Furthermore, research has documented that indicator 

species, such as fish or macroinvertebrates, can be used as an indicator of stream 

health. However, effective bioassessment of streams in a given region requires 

development of regionally appropriate methods and analysis techniques based on 

comprehensive knowledge of communities in local systems. 

 

In the United States, the Environmental Protection Agency, through Clean Water Act, 

determines Total Maximum Daily Loads (TMDLs) in order to reduce pollution and 

restore water quality in impaired stream ecosystems. Almost 40% of all stream 

restoration projects in the United States are undertaken for water quality improvement 

purposes (Bernhardt et al., 2005) and without distinct water quality standards and 
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objectives, any restoration is not likely to meet TMDL water quality targets (Moerke and 

Lamberti, 2004).  

 

Ontario has a variety of tools that are used to assess stream conditions (e.g. MNR 

Ontario Stream Assessment Protocol, Rapid Geomorphic Assessment, Rapid Stream 

Assessment Technique). However, there are no uniform, performance-based design 

criteria. To facilitate better design criteria, the Environmental Protection Agency of Ohio 

developed the Qualitative Habitat Evaluation Index (QHEI) and locally specific targets 

for habitat and sediment are now based on the QHEI. The QHEI is a measurement of 

the physical integrity of a stream using a summation scoring system for qualitatively 

assessed stream and riparian attributes and can be used as a planning and design tool 

for stream assessment and restoration (Rankin, 1989).  

 

Ontario has no such tool. 

 

The Ohio QHEI is a quick, yet comprehensive tool that allows for rapid evaluation of 

stream systems at a reach scale. It has 6 components that score the integrity of 

different aspects of streams’ habitat. These components are: 

 

1. Substrate 

2. Instream Cover 

3. Channel Morphology 

4. Riparian Zone and Banks 
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5. Pool/Glide Quality 

6. Riffle/Run Quality 

 

The QHEI sub-indices are summed on a single standardized form. Aggregate scores, 

out of a possible 100, are then compared to standard biological targets to determine 

whether or not the targets have been met. When planning rehabilitation efforts, the 

effect of altering different stream attributes (e.g., channel morphology) can be assessed 

using the QHEI, to help predict the outcomes of different management activities.  

 

Currently, Ohio QHEI is directly applied by practitioners in various Canadian provinces. 

The development of an Ontario-specific methodology and confirmation of its applicability 

is warranted.  Therefore, Ontario’s ecological, hydrographic and geographic conditions 

need to be assessed in order to permit the development of a field-truthed, physically-

based, index that permits a correct assessment of local conditions.  

 

Ultimately we need to develop a single qualitative index of stream health. The purpose 

of this index would be to create a guidance tool for the restoration of degraded systems. 

The key will be to integrate this new guidance tool into related, currently accepted, 

Ontario-based physical and biological stream protocols.  

 

To aid in the assessment of at-risk streams there is a need to prioritize impacted 

streams in an efficient and effective manner. Once such streams have been prioritized 
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and restoration projects completed, there is further need to monitor restored streams 

using appropriate measures of characterization. 

 

1.3 Literature Review 

 

1.3.1 Risk 

The use of “Risk” as a management tool is well understood, particularly to those 

involved in life issues. Risk-based decision making in water resources has been used in 

the management of dams and the creation of floodplains in Ontario for some time now. 

In 1988, the Province of Ontario formalized some of the risk-based criteria when they 

prepared a Policy Statement on Floodplain Management and entrenched the concept of 

Regional Storm floodplains. This concept has been entrenched in subsequent 

documents as well. The fact that this particular storm, or any storm for that matter, was 

chosen is based on risk or acceptable levels of risk.  

 

Vlachos (in Haimes and Stakhiv, 1986) lists a variety of applications where risk is used. 

As a result, risk-based decision making is: 

 

 An ethical tool that allows us to quantify collective losses or deaths in a definitive 

manner; 

 An approach that examines frequency and consequences independently and 

thereby provides additional accountability and defensibility; 

 A tool that allows for a greater range of options to be considered; 
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 A tool that allows for greater confidence by participants due to the “seductive 

beauty in numerical calculations”; and is,  

 Objective rather than subjective. 

 

Based on this, it can be readily seen that a risk-based decision making process would 

work well for the prioritization of streams impacted by stormwater runoff. 

 

Having seen that “Risk” is a tool that can be used, a proper understanding of “risk” is 

required. Risk can be simply described as the product of frequency and consequence 

(frequency can also be referred to as “likelihood” and is generally understood to be the 

probability of an event occurring). 

 

In other terms, risk due to an “undesirable event” is calculated as follows: 

 

Risk = Σi (Consequencei x Likelihood of consequencei) (1) 

 

Dams can also be readily identified with risk as failure of the structure (the hazard) can 

be associated with an undesirable event (earthquake or extreme rainfall and runoff 

event) resulting in a dam failure (the consequence is injury, damage to property and 

possible loss of life). This relationship can be seen in Figure 1.1 and is typically known 

as a bow tie diagram (Zielinski, 2009) due to its shape (a wide range of hazards and 

issues (left hand side) subjected to a single undesirable event (in the middle) that can 

result in a wide range of consequences (right hand side).  
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Figure 1.1: Bow Tie Diagram (from Zielinski, 2009) 

 

Risk is also associated with stream restoration. The probability of a 1:100 storm 

occurring in any given year is 0.01 and the consequence of that event can be loss of 

natural habitat, loss of wildlife, property damages, disruption of public services, and in 

extreme cases, death. For the purposes of this study, an undesirable event can be the 

degradation of a particular stream system. 

 

We use risk analysis with the ultimate goal of developing a unique methodology for 

prioritizing streams based on risk. 

 

1.3.2  Physical Characteristics of Streams (Fluvial Geomorphology) 

Rivers are formed by the landscapes through which they flow. Overarching, large-scale 

factors of climate, geology and topography influence geomorphic process at 

intermediate scales which create and maintain fluvial habitat at smaller scales (Allan 
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2004a, Bridge 2003, Knighton 1998). Allan (2004a) states that river systems have a 

hierarchical nature from landscape to valley to reach to morphological units such as 

pools or riffles to microhabitat. This framework ultimately explains how reach and 

microhabitat is influenced by factors at the landscape scale. 

 

Snyder et al. (2003) note that riparian vegetation interacts with geology and topography 

to influence channel morphology, habitat, nutrient dynamics, temperature and flow 

patterns. They note that there are numerous processes occurring at various scales and 

that the relative importance of each of the individual processes varies according to 

location. In addition, the processes themselves are sensitive to landscape changes 

resulting in great variation in different regions and stream types as to the correlation 

between landuse change and stream systems.  Riparian vegetation act as buffers by 

intercepting the path of pollutants before they reach the rivers and thus increasing the 

stream water quality (Walsh et al., 2007). 

 

However, human actions at the large scale can threaten river ecosystems which 

includes habitat, water quality and biota, i.e. physical, chemical and biological aspects 

(Chadwick et al., 2006, Pan et al., 2004, Allan 2004b, Ometo et al., 2000, Sawyer et al., 

2004, Palmer et al., 2010, Weijters et al., 2009). Allan (2004b) lists 6 major 

environmental factors through which land use can change fluvial ecosystems, including 

sedimentation, nutrient enrichment, contaminant pollution, hydrologic alteration, riparian 

alterations and the removal of large woody debris. Previous research has noted that 

relatively little urbanization can lead to severe declines in invertebrate and fish species 
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(Wang et al., 2007, Weijters et al., 2009). High quality stream with high quality 

macroinvertebrate index values were possible if effective imperviousness was less than 

7 percent of the watershed area. Consistently poor scores were observed with values of 

imperviousness greater than 7% (Wang and Kanehl 2003). 

 

Surface runoff, particularly the “first flush” from runoff-producing event is an important 

non-point source of pollution from pollution-prone landuses, whether urban or rural. In 

addition, surface land use alterations can change the hydrologic processes of 

evapotranspiration, infiltration, percolation and absorption. As such, there is a strong 

relationship between land uses and the quantity and quality of the surfacewater runoff 

(Dauer et al., 2000; Tong and Chen, 2003).  Agricultural lands have high nutrient 

concentrations (e.g. nitrogen and phosphorus) as well as bacteria. Urban runoff had 

greater extremes of flood water and larger water quality changes.  Wang et al. (2007) 

noted that: 1) increased imperviousness results in greater runoff volumes and rates with 

increased frequency with a corresponding decrease in groundwater recharge; 2) 

increased runoff results in increased flooding leading to additional stream bank erosion, 

loss of habitat and riparian cover, scour and sedimentation; and 3) additional pollutants 

from various land uses result in degraded water quality. Urban land uses can also 

degrade stream ecosystems in a wider variety of physical and chemical ways (Wang et 

al., 2007).   

 

Wang et al. (2007) identify Schueler’s work in using percent imperviousness as a key 

watershed indicator due to its direct effect on stream hydrology, water quality and 
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indirectly on stream habitat and biota. In addition, % impervious is also easily 

calculated. Wang et al. (2007) also identified that the proximity to the stream as an 

important consideration. They also note previous work that developed a positive 

correlation between forested riparian buffer widths and fish and benthics. Leticia (2010) 

determined that human impacts do influence the physiochemical characteristics of 

streams. The modification in the environmental characteristics as a result of land-use 

led to changes in macroinvertebrate community structure and composition particularly in 

the low-flow season. Species-richness, diversity and even communities were found to 

characterize the degraded streams. Simplified degraded streams were characterized by 

the abundance of tolerant taxa. The reduced diversity of invertebrates in the degraded 

streams is speculated to be influenced by heavy sediment loading resulting from high 

bankfull erosion observed in the degraded streams (Leticia 2010).  

 

Modelling the relationship between biological communities and urban land uses requires 

the identification of appropriate indicators to describe the urbanizing watershed. 

Previous studies have shown that diversity and integrity are inversely proportional to the 

percentage of urban land cover; population density, and housing density (Wang et al., 

2007).  

 

There are multiple approaches to investigation of land use impacts on the physical, 

chemical and biological components of fluvial systems. Wang et al. (2007) evaluated 47 

small watersheds to determine correlation between land use, fish habitat and fish 

communities. The authors looked at 63 urban and rural land uses by using 50 metre 
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wide regions along the stream corridor as well as the zone between the 50 and 100 m 

and beyond the 100 metre zone. In addition, land uses for a 1.6 km, 1.6 to 3.2 km and 

>3.2 km radius from the stream site were evaluated, similar to Sawyer et al. (2004), Roy 

et al. (2003), Stewart et al. (2001) and Pan et al. (2004). Stewart et al. (2001) also note 

that land cover data resolution is an important component in the understanding of 

results. 

 

Similarly, Tran et al. (2010) compared the influence of far-field land-use (watershed 

drainage area scale) to a near-field (200-m buffer on each side of stream) on water 

quality by incorporating EPA’s Rapid Habitat Assessment Protocol to characterize the 

riparian and channel characteristics that influence stream water quality. Twenty-nine 

rivers in New York State were studied where the land-use areas of each watershed 

were divided into urban, agricultural and forested categories.  

 

Miserendino and Masi (2010) assessed the impacts of different land use practices on 

macroinvertebrate communities and evaluated the usefulness of guild structure 

indicators in mountain streams of northwest Patagonia. Three samples were collected 

from each of the six different land use regions of native forest, pine plantation, pasture, 

harvest forest, urban and reference urban. Channel substrates, water depths and 

speeds were characterized in each of these sites.  

 

Hrodey et al. (2009) examined the relationships among the fish and benthic 

macroinvertebrate community structure, physical-habitat complexity and water 
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chemistry across various landuse practices. This study also determined the influence of 

regional and basic segment characteristics on the relationship between biological, 

physical and chemical components of the aquatic system of upper Wabash River 

tributaries.  

 

Diggins and Newman (2009) gauged the influences of landscape/habitat variables 

versus spatial autocorrelation on benthic community composition amount on twenty-

three different streams in Western New York State. These streams were physically 

disconnected. The streams were classified according to their stream orders. Land-use 

was determined by examining aerial photographs. Stream and riparian habitat 

characteristics were assessed using QHEI while macroinvertebrates were seasonally 

sampled at riffle sections and identified to the genus.  

 

Land use effects are not limited to impacts related to the change from forested or 

agricultural to urban but can also be investigated for changes within agricultural 

systems. While also noting that scale issues are relevant, Townsend et al. (2004) 

examined changes in pasture streams due to change from tussock to pasture while 

Stone et al. (2005) showed that “drainage ditches” harbour abundant 

macroinvertebrates that are typical of degraded conditions in a graded (scaled) manner 

that were related to local land use and conditions (Stone et al., 2005). 

 

Rather than simply looking at land use, more detailed studies investigated multiple 

aspects of land use parameters. This ranged from a combination of % land use, Land 
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use, % total impervious and catchment area (Chadwick et al., 2006) to more detailed 

investigations where numerous land use parameters are investigated. Other studies 

similar to the former include Wang et al. (2007) who examined connected impervious, % 

highway, street and parking, and various land use types. Roy et al. (2003) also 

examined high and low intensity development within the urban landscape.  

 

In summary, anthropogenic stresses and the physical, chemical and biological 

conditions of receiving streams have quantifiable relationships (Weijters et al., 2009). 

 

1.3.3 Benthics 

The viability of aquatic species, and benthic macroinvertebrate species in particular, in 

fluvial systems is dependent on the stream’s physical and chemical factors (Barbour et 

al., 1999; Dyer et al., 1998; Winger et al., 2005). Physical conditions create habitat for 

organisms while chemical conditions create the water quality conditions that allow 

organisms to survive in that habitat. Furthermore, it can be stated that the quality of the 

fluvial system can be assessed based on the system’s physical, chemical and biological 

components (Winger et al., 2005) and that this assessment would vary from headwaters 

to the mouth as part of the river continuum concept (Vannote et al., 1980). 

 

Physical stream conditions are the product of basin controls such as climate and 

geology (which in turn influence physiography, vegetation, soils and land use) and 

channel controls such as valley slope, discharge, bank materials and sediment. The 

relationship between these independent controls and local channel characteristics is a 
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complex, interrelated network (Knighton, 1998).  Changes in channel conditions due to 

urbanization have been well documented (Selvakumar et al., 2010, Miserendino et al., 

2008, Nedeau, 2003).  Selvakumar et al. (2010) note that urbanization changes 

watershed hydrology by increasing runoff and decreasing the hydrograph response 

time. The result is stream impairment through the loss of natural stream morphology, 

increased widening and downcutting, stream instability and the loss of instream aquatic 

structure and habitat. Opdyke et al. (2006) note that stream geomorphology is an 

important component of stream ecosystems. The diversity of stream dimension, pattern 

and profile creates diversity in hydraulic characteristics and sediment characteristics 

and depositional patterns. This diversity can also lead to spatial diversity in the type and 

quantity of in-stream nutrients and how these are processed. Winger et al. (2005) 

concluded that channel alteration, erosion and sedimentation from stormwater runoff 

resulted in reduced benthic macroinvertebrates. Miserendino et al. (2008), based on the 

review of numerous previous authors, determined that urbanization has significant 

effects on stream systems, reducing water quality and aquatic biota.  Using the Index of 

Biological Integrity (IBI) and the Qualitative Habitat Evaluation Index (QHEI), impacts of 

channel modifications on the aquatic ecosystem were assessed. Correlations between 

IBI and QHEI showed that channel modifications were the main impact on ecosystem 

health (An and Choi, 2003). Dyer et al. (1998) investigated the primary environmental 

stressors that were critical in the abundance, diversity and distribution of aquatic 

species, noting that previous research had suggested that aquatic species were 

dependant on a variety of physical and chemical factors but did not incorporate habitat. 

The authors concluded that habitat is a critical factor in determining the composition of 
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aquatic biota. Artemiadou and Lazaridou (2005) also concluded that the geomorphology 

of streams affects benthic macroinvertebrate communities while substrate and riffle-pool 

quality were the important reach-scale variables as determined by Frimpong et al. 

(2005) and Oldmeadow et al. (2010).  

 

Water quality in streams is dependent on local watershed inputs but, with the 

proliferation of pollution sources, contamination of streams is a global problem (Rhoads 

and Cahill, 1999). Wang et al. (2007) note that anthropogenic nutrient inputs have had 

significant effects on over 40% of United States waterbodies. Rural land uses and 

urbanizing watersheds contribute unique chemicals and pollutants to stream systems, 

each creating a unique level of water quality. Water quality can also be impacted by the 

stream’s geomorphic conditions such as slow moving, ponded water being impacted by 

solar heating or rapidly moving, turbulent flows being oxygenated in riffles. Selvakumar 

et al. (2010) determined that urban runoff conveys pollutants that affect aquatic life, 

changing benthic organism types from pollution-sensitive (e.g. stoneflies) to pollution-

tolerant (e.g. worms). Opdyke et al. (2006) note the research of Rhoads and Cahill 

(1999) who determined that increased geomorphic diversity would make greater sinks 

for nutrients than less diverse systems (e.g. straightened ditches). Natural systems 

consisting of geomorphic features such as meandering, point bars, riffles and pools 

removed 390% and 99% more nitrate and nitrogen than channelized systems for similar 

stream distances. While Opdyke et al. (2006) focussed on the ability of spatially-diverse 

streams to affect denitrification, it can be extrapolated that properly functioning, spatially 

diverse systems will be generally healthy and have correspondingly healthy 
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assemblages of benthic communities.  Nedeau et al. (2003) concluded that iron 

(naturally occurring in groundwater discharge) resulted in impaired benthic 

communities. In addition, habitat quality, particularly sedimentation, was the strongest 

factor in limiting a healthy benthic community. While concentrations of pollutants, such 

as sediment loadings, can be readily measured at known points in a river system, the 

dispersal of pollutants from point sources is not well understood, particularly how fluvial 

processes create this dispersal.  Even with limited geomorphic structure, significant 

variability in the distribution of pollutants is possible. The variability is due to spatial 

variation in flow conditions which promotes sediment sorting and depositional patterns. 

Highest concentrations of metals occurred in two distinct units, i.e. low velocity zones 

(vegetated point bars and stagnation zones) and medium velocity zones. High velocity 

zones with coarse substrate (e.g. riffles) do not have elevated metals (Rhoads and 

Cahill, 1999).   

 

Biological conditions in fluvial systems are generally based on indicator organisms such 

as benthic macroinvertebrates or fish species (Madoni, P. and S. Braghiroli. 2007; 

Borisko et al., 2007; Kantzaris et al., 2002). Benthic macroinvertebrates can be used as 

indicators of ecological quality of stream systems since they are abundant, have limited 

movement, predictable community structures and are cost effective for sampling and 

identification (Artemiadou and Lazaridou, 2005; Linke et al., 1999). Benthic 

macroinvertebrates are also effective indicators as they are affected by natural and 

anthropogenic stressors (Kantzaris et al., 2002). Skoulikidis et al. (2004) determined 

satisfactory correlations between pollution and biotic metrics and that aquatic pollution 
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from municipal point sources and agricultural non-point sources affected benthic 

macroinvertebrate communities. Yu et al. (1995) studies demonstrated that benthic 

macroinvertebrate communities correlated well with water and sediment pollutants and 

recommended the use of benthics as an assessment tool for water quality in fluvial 

systems. Cuffney et al. (2009) showed that the previously-held beliefs that stream 

communities were relatively tolerant to low levels of development (i.e. <10% impervious) 

were erroneous and that stream organisms were already reduced by as much as 33% 

with only 10% development. Investigations by Miltner and Rankin (1998) indicate that 

biotic integrity, as determined though IBI scores, are negatively correlated with 

increasing stream nutrients, particularly in low order stream systems. However, from a 

water quality perspective, it is difficult to determine nutrient criteria levels at which rivers 

systems are actually impaired. Alternative methods to set nutrient criteria are: 1) 

identification of reference reaches based on professional judgement or frequency 

distributions; 2) predictive relationships; and 3) using literature-based, nutrient-algal 

thresholds (Wang et al., 2007). Each of these has their unique problems. Nutrient 

concentrations do not necessarily indicate impairment in reference reaches. Secondly, 

predictive relationships apply in certain creeks but not in others and therefore there is a 

lack of extrapolation ability. Thirdly, nutrient-algal relationships may not be the same for 

nutrients and benthics.  Wang et al. (2007) examined each of the three alternative 

methods of setting nutrient criteria and concluded that benthic macroinvertebrates can 

be utilized to determine nutrient thresholds. Ciliates can also be part of a biological 

monitoring program due to their sensitivity to organic loadings and trophic conditions 

within sediment. The results from a study by Madoni and Braghiroli (2007) show that 
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ciliate communities are strongly affected by chemical, physical and geomorphological 

characteristics of the creek. The results also compared favourably with ciliate 

community studies completed on other fluvial systems and the use of ciliate 

communities as bioindicators. However, the use of ciliates as indicators within Ontario 

has not been investigated.   

 

The complete assessment of stream conditions, including physical, chemical and 

biological components, has undergone much change over time. Changes in stream 

conditions, including conditions due to anthropogenic inputs, can be readily measured 

(e.g. DO, TSS, etc.). However, the degree to which these changes affect the actual 

ecosystem are more difficult to determine. Nedeau et al. (2003) note that the 

shortcomings of previous work was the failure to fully assess habitat quality and benthic 

communities while also ensuring consistent and proper sampling and determining 

confounding variables. Results from Whiles et al. (2000) suggest that rapid 

bioassessment methods, with some modifications, are effective for use in the 

agricultural region of the Great Plains. An et al. (2002) summarize the change in 

monitoring from simple chemical approaches to biological integrity approaches and the 

adoption of Index of Biological Integrity (IBI-style) summary metrics in numerous US 

states and various countries across the globe. Historically, benthic sampling protocols in 

stream have focused on a single habitat, with riffle being highly productive zones for 

sampling. However, low-gradient streams are more difficult to sample given the relative 

dominance of fine-grained material. Furthermore, sampling has also focused on single 

species or taxa. More recent approaches have been to complete a multi-habitat 
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approach since “one exposed riffle in the middle of an otherwise eroding, sand-clogged 

channel is not representative of the stream for an assessment of ecological condition” 

(Barbour et al., 2006). Habitat assessments should therefore include physical 

components in addition to biologic and chemical components (Frimpong et al., 2005). 

Dyer et al. (1998) concluded that habitat variables were the most influential factors for a 

majority of benthic variables. A principal component analysis was also completed for the 

various benthic, water quality and habitat variables, determining that habitat was the 

primary ecological variable while water quality was the second-most important. 

Miserendino et al. (2008) concluded that habitat degradation was observed by 

responses to riparian and habitat indices. Habitat degradation resulted in lower benthic 

species richness. A strong relationship between environmental factors and benthic 

organisms was demonstrated. Dyer et al. (1998) also concluded that monitoring of 

stream conditions requires the evaluation of biological, physical, chemical and 

environmental factors but that benthic community assessment was key to the 

determination of stream degradation.  

 

1.3.4 Necessary Components of Assessment Metrics 

The selection of appropriate benthic metrics and summary metrics is important due to 

the specific design intent of individual protocols (Borisko et al., 2007).  Novotny et al. 

(2005) note the change in remediation from simple clean up to non-point source 

controls to a more holistic approach where biotic criteria are included in assessment 

and pollution abatement is related to ecological integrity. The authors note the 

difference between stressors (changes due to anthropogenic changes), exposure 
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indicators (chemical parameters and habitat degradation leading to risk to biota) and 

response indicators (i.e. “endpoints” or direct measures of the ecological status). The 

issue is relating biotic responses to numerous stressors. Relatively simple relationships 

between a benthic metric to a few stressors may exist but may be too simplistic. These 

simple relationships may be substitutes for watershed pollution rather than an accurate 

relationship with a benthic metric. In addition, many of the stressors may not be 

alterable or may always increase (e.g. per cent watershed imperviousness). A multi-

layered hierarchy is proposed by Novotny et al. (2005) consisting of: 1) Biotic 

assessment endpoints; 2) Risks – Measurement endpoints; 3) in-stream exposure 

stressors; and 4) landscape stresses.  Bunn et al. (2010) conclude that stream 

ecosystem health monitoring and reporting need to be developed in the context of an 

adaptive process that is clearly linked to identified values and objectives, is informed by 

rigorous science, guides management actions and is responsive to changing 

perceptions and values of stakeholders. To be effective, monitoring programmes also 

need to be underpinned by an understanding of the probable causal factors that 

influence the condition or health of important environmental assets and values. This is 

often difficult in stream and river ecosystems where multiple stressors, acting at 

different spatial and temporal scales, interact to affect water quality, biodiversity and 

ecosystem processes. 

 

As a result, the use of multi-habitat sampling is preferred and has been used selectively 

in the past by US and European jurisdictions (Barbour et al., 2006).  Kantzaris et al. 

(2002) conclude that if indices are to be applied, they must be relevant to the benthics 
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found in that jurisdiction and many established biotic indices may be deficient when 

applied to other jurisdictions (and ecosystems) as they may have been designed for 

different ecological regions. Barbour et al. (2006) provide a six step method for the 

implementation of multi-habitat assessment tool to low-gradient streams that includes 

the testing of the assessment tool with an independent data set.  

 

Having seen that the physical, chemical and biological components of a stream channel 

are interrelated, it can be suggested that any channel alteration, whether negative or 

positive, can affect stream systems.  For example, Rohasliney and Jackson (2008) 

research concluded that low benthic macroinvertebrate scores from channelized 

systems are due to the impacts of channelization. Benthic macroinvertebrates, sediment 

and water quality were monitored in canal systems by Cosser (1989). Based on the 

results, it was demonstrated that benthic macroinvertebrate communities in canal 

systems were adversely impacted by poor dissolved oxygen (DO) levels created by 

poor circulation and sediment accumulations.   

 

It follows that stream restoration, to more spatially diverse channel properties, is  one of 

the preferred methods to restore habitat, improve water quality and restore aquatic life. 

This is also confirmed by the Natural Resources Conservation Service (1998) manual 

as per Selvakumar et al. (2010).  Runkel et al. (2009) examined pre- and post-

remediation water quality on an impacted creek. While the results were confounded by 

the effects of hydrology (dilution and the nature of the source areas) and temporal 

variation (lag of the pollutograph), the authors were able to adjust the data to correctly 
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demonstrate the actual results. The sampling strategy was altered to an upstream to 

downstream so as to follow the path of the pollutant. It was concluded that remediation 

has had a positive effect on stream water quality.   

 

In conclusion, stream assessment tools should incorporate biological, chemical and 

physical components. The IBI and Hilsenhoff Biotic Index (HBI) are important indicators 

of stream biotic quality while the QHIE is an indicator of physical stream habitat quality. 

Water quality may be represented by standard water quality parameters (e.g. nutrients). 

It is also concluded that stream restoration should consist of a full suite of restoration 

components, including channel-floodplain connectivity (Selvakumar et al., 2010). 

 

1.3.5  Possible Metrics of a Stream Index 

Land use types were significantly correlated to watershed water quality parameters 

including nitrogen, phosphorus and bacteria which had strong positive correlations to 

commercial, residential and agricultural land uses in addition to being negatively 

correlated to forest land uses (Tong and Chen, 2003).  

 

Snyder et al. (2003) note that % urban land use had a strong, negative correlation to IBI 

scores using regression and multiple regression analyses. The authors also found a 

similar correlation between land use and stream habitat. The authors conclude that 

catchment-wide land use patterns are more strongly correlated stream integrity than 

riparian land uses in spite of strong evidence that riparian land use patterns influenced 

aquatic habitat. The authors also note that riparian zones in low gradient streams have 
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greater effect on stream habitat and a greater ability to mitigate anthropogenic 

perturbations due to the increased contact time for flow regulation and filtering. 

 

Regression analyses and the use of suitable metrics by Karaouzas et al. (2007) showed 

that agriculture at both local and catchment scale, and urban areas at catchment scale 

significantly degraded the stream and the structure of macroinvertebrate communities. 

Canonical coordination techniques were used to examine the relationship between the 

environmental variables and macroinvertebrate community. The combined effects of 

pollution and habitat degradation also were shown to have declined the ecological 

quality. Karaouzas et al. (2007) conclude that land use at both floodplain and catchment 

scale is important in determining stream integrity. Canonical correspondence analyses 

show that local-scale variables (such as agricultural land, stream width, nitrate and parts 

of terrestrial plants) are more important than larger scale variables in structuring 

macroinvertebrate assemblages. Though these results were obtained from certain 

metrics that were shown to be reliable, the metrics developed are area-specific and may 

not necessarily apply to other streams. Therefore, the development of a regional multi-

metric index that will reflect the environmental characteristics is recommended.  

 

Results obtained by Tran et al. (2010) suggest that there is stronger correlation between 

the water, habitat quality characteristics and land-use characteristics within the near-

field land use than the entire watershed. However, for smaller watersheds, it is possible 

that the watershed scale scenario might show stronger correlations among the same 

parameters. For the near-field scenario, streams altered from their natural state showed 
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high conductivity and TSS values and decreased habitat indices values, thus indicating 

degradation in habitat quality. Field sites lacking a riparian cover (urban areas) 

displayed the lowest habitat scores.  

 

Multivariate analyses confirmed that riparian (% agriculture, grassland, urban and 

forest), watershed (% forest) and reach-scale characteristics were key variables 

influencing fish (IBI, density, diversity, number, and % tolerant and insect species) and 

benthic (HBI and EPT) communities (Stewart et al., 2001). 

 

Miserendino and Masi (2010) showed that lower values of NH4, TN and TP were 

recorded at native forest sites. However, no significant differences in nutrients were 

observed among the other land uses. Bryophyte biomass is shown to be significantly 

higher at native forest than other land uses. Allochthonous material was found in 

significantly higher proportions in forested areas than in pastures. Therefore, benthic 

particulate organic matter was higher in native and harvest forested areas. Benthic 

shredders were found to dominate forested areas rather than pasture sites or in non-

native pine plantations. Filtering and gathering collectors dominated rural, agricultural 

and urban stream systems. Detritus biomass, sedimentation, forest canopy removal and 

harvesting procedures were shown to determine the structures of macroinvertebrate 

assemblages.  

 

From a biological perspective, Paul et al. (2006) conducted a study in which leaf bags 

were placed in streams belonging to catchments with different land uses. The leaf 
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mass, invertebrate abundance and fungal biomass in leaf bags were measured over 

time. Leaf breakdown was found to be faster in agricultural and urban streams than in 

forested streams. Nutrient concentrations (total phosphorus and dissolved nitrogen) 

were found to be highest in agricultural streams. Therefore, the nutrient levels could be 

used as a predictor in leaf breakdown rates. 

 

Walsh et al. (2007) suggest that the small effect of riparian forests on macroinvertebrate 

assemblages of the river were negated by the adverse effects of catchment 

urbanization. Therefore the restoration of riparian forests in urban areas might not 

produce the desired effect on the biological integrity of the stream unless the effects of 

urbanization are mitigated first. Effective stormwater management practices could 

address the issues with urbanization.  

 

Hrodey et al. (2009) found that greater habitat complexity in forested reaches allowed 

for a significantly higher fish species richness in the forested riparian areas than in 

agricultural drainages. Using QHEI, it was determined that fish community structure is 

influenced at multiple spatial extents; however, the watershed scale variables were 

found to be more important. The sampling scheme used is assumed to affect the results 

obtained.  It was also found that the abundance of benthic macroinvertebrate 

distribution in the streams was most likely due to increased bank erosion and 

channelization and that riparian alterations made at a local level sufficiently changed the 

community structure upstream of the site. The increased habitat heterogeneity, large 

woody debris loading and larger substrate sizes were responsible for the significantly 
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higher QHEI scores achieved by forested sites than the fallow field and agricultural 

sites. The study concluded that the importance of watershed-scale variables increases 

with increasing human disturbance and that the intensive agriculture and subsequent 

habitat fragmentation in the river basin have adverse impacts on stream integrity.  

 

Cuffney et al. (2000) developed physical, chemical and biological indices to assess the 

water quality of twenty-five streams of varying degree of agricultural land use. The non-

pesticide agricultural intensity and the indices of pesticides in stream bed sediment and 

filtered water were good indicators of agricultural intensity. Biological indices were 

determined to be the most sensitive since they showed impairment at more sites. 

Increasing agricultural intensity manifested itself in the reduction of taxa richness, fish 

abundance and the increase in the abundance of eutrophic species. A linear decline 

was observed in fish communities with an increase in agricultural intensity. However, 

the benthic invertebrate and the algal communities showed a threshold response to 

agricultural intensity.  

 

Walsh et al. (2007) found that the effects of riparian forest cover on macroinvertebrate 

assemblages were not as pronounced as that of the urban gradient. Furthermore, 

Walsh et al. (2007) found there were no discernable effects on the taxa that are widely 

used as biological indicators of stream water quality.  

 

Whiles et al. (2000) showed that riparian land use might be the best predictor of stream 

health in northeastern Nebraska as it strongly influences water quality, instream habitat, 
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and organic matter inputs and thus stream communities and biotic integrity. Landscape-

level variables were determined to be the most accurate predictors of biotic integrity in 

streams. 

 

Ometo et al. (2000) note that while many studies have examined water quality under 

temperate conditions, tropical conditions are dissimilar in that there are obvious climatic 

differences as well as increases in non-point sources, reduced use of fertilizers, and 

different agricultural management techniques. Regardless, the results of their study are 

generally in agreement with temperate investigations however, landuse was not a good 

predictor of TSS and NO3 or benthics. NO3 tended to be higher with a higher Land Use 

Index score but the correlation was not significant. A similar, non-significant relationship 

existed between NO3 with benthics and LUI (Ometo et al., 2000).  

 

Wang et al. (2007) concluded that watershed connected impervious was the best 

indicator of the effects of urbanization on fish communities followed by land cover by 

roads and parking lots.  

 

Further research concluded that riparian buffers were more important than catchment-

scale features for predicting habitat variables while channel morphology is more 

strongly related to catchment-scale parameters.  Adjacent land uses also correlated to 

biotic condition better than regional scale land uses (Nerbonne and Vondracek 2001, 

Wang et al., 2007).  Miserendino and Masi (2010) also concluded that an effective 

management of riparian corridor by maintaining good conditions of vegetation adjacent 
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to rivers will enhance water quality and the environment for stream communities. Tran 

et al. (2010) also conclude that preservation of riparian cover can significantly reduce 

the impact of pollutants from non-point sources in areas with higher percentage of 

impervious surfaces.  

 

In benthic sampling, Moore and Palmer (2005) found that land use did not significantly 

affect taxa evenness or invertebrate density. However, invertebrate biodiversity was 

found to be significantly high in agricultural headwaters and were noted to decline along 

a land-use gradient towards urbanization. The urban sites were also found to have 

lower richness and diversity than agricultural areas. However, urban areas with intact 

riparian forest buffer areas showed high invertebrate biodiversity in their headwaters.  

Therefore, even with a substantial amount of impervious surfaces in urban watersheds, 

with a forest buffer area adverse impacts on stream biodiversity can be mitigated. 

Interestingly enough, no relationship was found between invertebrate richness and 

riparian forest in agricultural areas. 

 

Tong and Chen (2003) conclude that nitrogen loadings were typically from agricultural 

lands rather than urban areas while phosphorus had a similar result but the loadings 

were significantly less than that of nitrogen.  

 

Finally, Pan et al. (2004) suggest that while spatial scales are important in assessing 

effects of land-use on stream conditions, spatial scale effects may vary between 

seasons. 
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1.3.6  Conclusions 

Hrodey et al. (2009) recommend that a framework incorporating biotic and abiotic 

factors at various temporal and spatial scales be developed to better predict the efforts 

of certain land-use practices on stream community health at local and watershed levels. 

Allan (2004b) concludes that there are four challenges in understanding the 

relationships between land use and stream integrity, specifically: 1) covariation of 

anthropogenic and natural landscape features; 2) spatial scale; 3) non-linearity of 

stream responses to anthropogenic gradients; and 4) the effects of legacy issues. 

 

In summary, changes in watershed and adjacent land use parameters have been found 

to impact physical, chemical and biological stream parameters. It is also concluded that 

adjacent site conditions may also partially mitigate watershed conditions. A careful 

approach is required when developing study-specific parameters based on a full 

understanding of the relationships between land use and stream integrity. 

 

1.4 Objectives, Scope and Deliverables: 

 

Based on the literature review, and our understanding of stream assessment and 

related indices in Ontario, there are several key gaps and requirements that need to be 

addressed: 
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1. A science-based ranking tool based on risk principles is needed to prioritize 

stream systems in Ontario; 

2. There is no tool in Ontario that accurately correlates physical stream conditions 

to water quality through the use of benthic macroinvertebrate indicator species; 

3. Such an assessment tool needs to be statistically correlated to benthic 

macroinvertebrate indices in Ontario streams in order to ensure a high degree of 

accuracy; 

4. An assessment tool is required to provide design guidance for natural channel 

design projects in Ontario. Currently there are a variety of assessment tools but 

none are geared towards design; 

5. An assessment tool is required to permit a consistent monitoring tool for agency 

and other staff;  

6. In order to permit a proper application of an assessment tool for design 

purposes, design ranges need to be determined for a wide range of stream 

conditions. Ideally these design ranges should be developed for a variety of 

Ontario stream types, ranging from degraded systems to warmwater systems to 

coldwater systems. Currently there are no such design ranges available and they 

need to be determined; and, 

7. An assessment tool should be scientifically-based, accurate and yet simple to 

use for a wide variety of practitioners, reviewers and water managers. 

 

At a meeting at the Credit Valley Conservation Authority, the connection between 

physical stream conditions and biological stream conditions was noted. However, it was 
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noted by Dr. Bruce Kilgour (an attendee at the meeting) that while there are benthic, 

water quality and stormwater management (SWM) indices, there is no true physical 

index for stream systems (Gharabaghi, 2011 – personal communication). 

 

This research will develop a risk-based prioritization tool for Ontario streams as well as 

a physically-based stream assessment tool for Ontario. Furthermore, the research will 

also develop reference conditions and targets to permit the use of this tool for channel 

design, review and monitoring purposes.  

 

The product will be an Ontario-based method of integrating empirical data and known 

watershed and stream properties to provide stream managers with a tool that will help 

prioritize streams based on existing conditions, allow stream managers to make 

management decisions related to prioritization of stream restoration efforts and 

ultimately provide the maximum water quality benefits by focusing on stream restoration 

where it is most cost-effective and environmentally beneficial.  

 

In order to address research requirements, various data sets have been assembled in 

support of various independent lines of evidence. The surveyed streams typically 

consisted of small (1-2 metres bankfull width) to medium-sized (< 50 metres bankfull 

width) rivers located in southern Ontario. Natural streams were typically meandering 

pool-riffle systems. While some were natural (as natural as streams may be in southern 

Ontario) and some were anthropogenically altered, each of the creek systems were 

wadeable and generally stable (i.e. dynamically stable or geomorphologically stable). 



35 
 

Only one site was selected in any given reach. An effort was made to limit the range of 

streams since different stream types (e.g. step-pools or cascades) may lead to different 

relationships.  

 

The six available datasets (n=118 prior to removal of 6 outliers by Gazendam et al., 

2016) are: 

 

1. Datasets 1 and 2 are Southern Ontario sites where QHEI data was collected in 

2009 at sites with available macroinvertebrate data (n=50 from an original data 

set of 66 sites with duplicate riffle samples, pool samples and unknown sampling 

protocols removed). Dataset 1 are OMOE sites (n=13) while Dataset 2 are 

LSRCA sites (n=37). These two datasets were published in Gazendam et al. 

(2011); 

3. Dataset 3 was collected in 2010 on the Pine/Clark Watersheds (n=23 sites). Fish 

and macroinvertebrate data were collected by the Pine River Watershed Initiative 

Network. QHEI and geomorphic data (bankfull width and depth, slope, sinuosity 

and substrate) were collected by Gazendam et al. (2016); 

4. Dataset 4 consisted of American sites and was not used in any further research. 

As a result, the dataset is omitted from the list in Figure 3.1; 

5. As part of the agreement between MOE and OMAF, Dataset 5 was collected at 

sixteen agricultural sites across Southern Ontario in 2010. MOE (C. Jones) 

collected benthic data while QHEI data was collected by Gazendam et al. (2016) 

as part of the Nutrient Management research project (n = 16 sites); 
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6. Saugeen Valley Conservation Authority collected biological data in 2010 at 

thirteen random sites (n=13). Biological and catchment information is available 

for these sites. QHEI Dataset 6 was collected concurrently by Gazendam et al. 

(2016); and, 

7. Hamilton Conservation Authority collected biological data at sixteen sites (n=16). 

QHEI Dataset 7 was collected in 2014 by Gazendam et al. (2016). 

 

QHEI data forms (n=118) are presented in Appendix B, separated into subsections by 

datasets. Sites 2, 4, 5, 61, 103 and 111 were ultimately removed as outliers by 

Gazendam et al., 2016.  

 

The goal of this research is to: 1) evaluate the applicability of the QHEI as a planning 

and design tool for restoration of rural Ontario waterways; 2) determine design 

(threshold) ranges of QHEI for a series of stream conditions; 3) determine the extent of 

correlation between QHEI and certain biologic indices. It is postulated that QHEI has 

relatively strong correlations to the quality of habitat. Similar to Rankin et al. (1999), 

where it was demonstrated that IBI correlated well with QHEI scores on Ohio streams, 

this research will examine if QHEI and certain benthic indices are correlated in rural 

Southern Ontario stream systems; and 4) develop a much-needed risk-based 

prioritization tool for Ontario streams.   

 

The key contributions of this research are: 
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A. Increased scientific knowledge; 

 

B. A new assessment, design guidance and post-construction monitoring tool 

for stream restoration as there is none in Ontario at this time; 

 

C. Reference reach conditions for an Ontario-based QHEI limits (poor, good 

and exceptional levels of streams);  

 

D. ANN-based models that predict stream benthic indices based on key 

reach and watershed-level parameters; and, 

 

E. A risk and science-based ranking system for Ontario streams; 

 

1.5 Thesis Outline 

This thesis has been prepared in a manuscript format as per the University of Guelph’s 

2016-2017 Graduate Calendar. Chapters 2 through 4 are separately published articles. 

The chapters are outlined as follows: 

 

Chapter 1, the current section, presents the general objectives of the research, 

background information, purpose and deliverables.  

 

Chapter 2 focuses on the relationships between geomorphic characteristics of rural 

Ontario streams and indices of their respective benthic communities. Data was collected 
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at 66 sites but only 50 sites were utilized in the final analysis.  Reference conditions are 

developed using Multiple Linear Regression and predictive equations were developed 

for stream assessment and restoration design.  This paper was submitted and 

published in the Canadian Water Resources Journal (Gazendam et al., 2011): 

 

 Gazendam, E., B. Gharabaghi, F.C. Jones and H. Whiteley. 2011. Evaluation of 

the qualitative habitat evaluation index as a planning and design tool for 

restoration of rural Ontario waterways. Canadian Water Resources Journal 36 (2) 

p 149-158.  

 

Chapter 3 builds on the relationships determined in Chapter 2 and develops a new 

Ontario-based QHEI assessment tool using an Artificial Neural Network where the 

complex non-linear effects of geomorphic, riparian, watershed and hydrologic factors on 

aquatic ecosystems were modelled to determine relationships with benthic indices 

based on data collected at 118 sites on 62 streams across southern Ontario. This paper 

was submitted and published in the Journal of Hydrology (Gazendam et al., 2016): 

 

 Gazendam, E., B. Gharabaghi, J.D. Ackerman and H. Whiteley. 2016. Integrative 

neural networks models for stream assessment in restoration projects. Journal of 

Hydrology 536, p 339-350.  

 

Chapter 4 contains the published paper where a risk-based prioritization strategy was 

developed using a Fuzzy Logic approach to risk identification. This chapter also 
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discusses the various components of the Fuzzy Logic methodology, i.e. water quality, 

water quantity and stream stability. The results of the Fuzzy Logic application to the two 

test watersheds, i.e. Grindstone and Highland Creeks in Burlington and Toronto 

respectively are also presented. This paper was submitted and published in the 

Canadian Water Resources Journal (Gazendam et al., 2009): 

 

 Gazendam, E., B. Gharabaghi, H. Whiteley, E. McBean and R. Kostaschuk. 

2009. Ranking of waterways susceptible to adverse stormwater effects. 

Canadian Water Resources Journal 34 (3) p 205-227.  

 

Chapter 5 presents the conclusions and recommendations of the research.  
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1.7 Transition to Chapter 2 

 

Chapter 1 introduced the need for stream restoration assessment and design tools.  

 

In Chapter 2, data on fifty Southern Ontario stream reaches were collected to determine 

the relationship between geomorphic properties and benthic macroinvertebrates using 

Multiple Linear Regression (MLR). The 50 sites included Datasets 1 and 2 which are 

Southern Ontario sites where QHEI data was collected in 2009 at sites with available 

macroinvertebrate data. Dataset 1 are OMOE sites (n=13) while Dataset 2 are LSRCA 

sites (n=37). 

 

Prior to using MLR, overall QHEI scores were compared to HBI, %EPT and Richness 

indices. Once it was determined that there was sufficient correlation between these 

parameters, and since researchers in Ohio also found similar correlation, this research 

focused on drilling into each QHEI score and determining correlation between QHEI 

submetrics and benthic indices.  

 

Ultimately, we demonstrate that the methodology allows for further ranking of stream 

systems but also assists water managers in stream assessment and restoration design 

using geomorphic properties.   

 

This paper was submitted and published in the Canadian Water Resources Journal: 
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 Gazendam, E., B. Gharabaghi, F.C. Jones and H. Whiteley. 2011. Evaluation of 

the qualitative habitat evaluation index as a planning and design tool for 

restoration of rural Ontario waterways. Canadian Water Resources Journal 36 (2) 

p 149-158.  
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Chapter 2 

 

Evaluation of the Qualitative Habitat Evaluation Index as a Planning and Design 

Tool for Restoration of Rural Ontario Waterways 

 

2.1 Introduction 

 

The viability of aquatic species, including benthic macroinvertebrate species in 

contributing fluvial systems, is dependent on the stream’s physical and chemical factors 

(Dyer et al., 2003; Winger et al., 2005; Cuffney et al., 2009). The quality of the fluvial 

system can be assessed based on the system’s physical, chemical and biological 

components (Winger et al., 2005; Nedeau et al., 2003) as part of the river continuum 

concept (Vannote et al., 1980). The interplay of the many stream influences can best be 

understood through the concept that streams are the product of their watersheds (Clar 

et al., 2003; Scheuler and Claytor, 1995; Frimpong et al., 2005; Linke et al., 2009; 

Opdyke et al., 2006).  

 

Indices have been developed to understand stream influences and assess stream 

habitat and ecological integrity. Indices can be biotic, physical, chemical or a 

combination of any and all. In Ontario, various indices for stream assessment have 

been developed or utilized for particular purposes and objectives by agencies (e.g. 

Ontario Stream Assessment Protocol, Rapid Geomorphic Assessment and the Rapid 
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Stream Assessment Technique). Biological indices include Indicators of Biological 

Integrity (IBI) and the Invertebrate Community Index (ICI), either of which provides a 

measure of the stream’s biological health. Each of these metrics is based on a selected 

set of stream-condition indicators. While no set of indicators can represent the totality of 

the complex relationships between streams, the surrounding watersheds and all of the 

multiple interactions, an index should be sufficiently specific and robust to complete its 

purpose. 

 

The goal of this research is to evaluate the applicability of the Qualitative Habitat 

Evaluation Index (QHEI) as a planning and design tool for restoration of rural Ontario 

waterways.  Due to the strong correlations between the quality of habitat and certain 

biologic indices (Plafkin et al., 1989; Rankin et al., 1999; Wang et al., 2007), this 

research examined if QHEI and the Hilsenhoff Biotic Index, %EPT and Taxa Richness 

indices are correlated in rural Southern Ontario stream systems.  

 

2.2 Qualitative Habitat Evaluation Index (QHEI)  

 

The QHEI is a measurement of the physical integrity of a stream. In the QHEI, habitat 

quality is scored as the sum of a series of visually assessed measures that consider the 

integrity of six components, specifically substrate, in-stream cover, channel morphology, 

riparian zone and bank erosion, pool and riffle quality and stream gradient (Rankin, 

1989) and is a quick, yet comprehensive tool that allows for rapid evaluation of stream 

systems at a reach scale. QHEI is a macro-scale approach that measures emergent 
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properties of habitat (e.g. sinuosity, pool/riffle development) rather than the individual 

factors that shape these characters (velocity, flow depth, and median grain size).  QHEI 

was specifically developed to measure physical factors that influence fish communities 

and other aquatic life such as invertebrates. This index may be used to summarize non-

biological variables relating biological variables measured to physical, chemical and 

habitat factors (Norton, 1999) and is a useful tool for ascertaining the fitness of selected 

sampling sites as habitat for stream organisms, particularly fish.  

 

QHEI has also been used as a predictive tool in design and restoration exercises in 

various provinces and territories of Canada, both formally and informally (Atlantic 

Coastal Action Program, 2006; Zajdlik et al., 2009; Water’s Edge, 2008; Reid, 2006). 

This aspect of the index makes this particularly appealing to those who are designing 

stream restoration projects and to agency reviewers that need to assess and quantify 

the ultimate benefits of the proposed design.  

 

However, QHEI is not suited to situations that require a sensitive assessment tool that 

can detect subtle habitat shifts in response to positive or negative landuse changes, i.e. 

QHEI cannot be expected to detect small changes (Rankin et al., 1999). This is an 

inherent limitation of a methodology that has been developed for its simplicity and ease 

of use. 
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2.3 Alternate Physically-based Indices 

 

Professional practitioners in Ontario have utilized the Ontario Stream Assessment 

Protocol (Stanfield et al., 1998). This protocol has been implemented to standardize 

various components of stream evaluations including benthic and piscine communities, 

aquatic habitat, temperature and morphology. The primary goal of the protocol is to 

standardize field and reporting methods in Ontario through the use of a publicly-

available database. The OSAP is not an index but rather a reporting and database tool. 

A similar tool is the Ontario Benthos Biomonitoring Network which focuses on 

developing an aquatic macro-invertebrate biomonitoring network for stream systems in 

Ontario (Jones et al., 2007).  The Rapid Stream Assessment Technique (RSAT) is a 

relatively rapid assessment tool developed in Maryland and includes biotic and abiotic 

components. The technique identifies existing channel problems and stream quality on 

a watershed basis (Galli, 1996). The components of the technique include 1) Channel 

stability; 2) Channel Scouring/Sediment Deposition; 3) Physical Instream Habitat; 4) 

Water Quality; 5) Riparian Habitat Conditions; and 6) Biological Indicators (benthics). 

The Rapid Geomorphic Assessment (RGA) was developed by the Ontario Ministry of 

the Environment (OMOE, 2003) to determine physical stability of a stream system. RGA 

consists of four simple metrics that evaluate stream aggradation, degradation, channel 

widening and planform adjustment. The results of the assessment provide guidance on 

whether the stream is “in regime”, stressed or adjusting. RSAT and RGA are the most 

frequently used physically-based assessment tools for streams in Ontario. 
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Numerous habitat assessment methods have been created outside of Ontario including 

Britain’s River Habitat Survey (Raven et al., 1998), Australia’s River Assessment 

System (for benthic assessments) and Habitat Assessment Protocol (for physical 

habitat assessment) (Parsons et al., 2004) and South Africa’s Integrated Habitat 

Assessment System (McMillan, 1998). These are not reviewed here because it was 

desirable to determine whether locally-applied habitat assessment methods would be 

suitable for use as a provincially standardized protocol. In addition, many habitat 

assessment techniques have not been used as assessment and design tools. The 

Watershed Assessment of River Stability and Sediment Supply (WARSSS) was 

developed in the USA as a framework for predicting stream stability. It is used as a part 

of the process resulting in the setting of Total Mean Daily Loads (TMDL limits) for 

stream systems. WARSSS includes a Reconnaissance Level Assessment (RLA), a 

Rapid Resource Inventory for Sediment and Stability Consequence Assessment Level 

(RRISSC) and a Prediction Level Assessment (PLA). Each level of assessment 

includes various steps to complete the analyses. Annual streambank erosion rates can 

be determined from Bank Erosion Hazard Index (BEHI) and Near-Bank Stress (NBS) 

ratings (Rosgen, 2006).  Pfankuch (1975) also proposed a stream stability index based 

on upper bank, lower bank, and channel bottom metrics. Pfankuch’s approach has been 

modified by some practitioners, including Rosgen (Rosgen, 2006). Typically, each 

metric has a range of variability which is assigned a numerical value. Upper banks 

contribute to channel stability by production of debris and sediment. The lower banks 

indicate channel stability through capacity, obstruction and channel pattern metrics 
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while bottom metrics assess stability by examining stone smoothness, brightness, size 

distribution, particle packing and presence of aquatic vegetation.  

 

In summary, there are many indices being utilized by practitioners for various 

applications including physical, biological, chemical or some combination of these to 

determine stream conditions. Some methods are protocols for data collection and 

dissemination. However, with the exception of QHEI, none of the indices discussed are 

utilized as both an assessment and predictive tool. This makes application of QHEI to 

rural Ontario streams an attractive possibility for rural watershed managers who are 

searching for tools to assist in stream-rehabilitation design 

 

2.4 Selection of Benthic Metrics 

 

Biotic indices can be developed to correlate water quality and stream habitat quality to 

observed aquatic species.  These indices can be accurate in assessing stream 

conditions and aid in the identification of problems but are unable to identify the cause 

of a problem where one is found. Rather, biotic indices are most helpful in identifying 

long-term pollution problems and in selection of sites where continuous monitoring is 

required. In this task, they are superior to episodic testing of water samples that can 

only determine in-situ water quality conditions at the time of testing. 

 

Borisko et al. (2007) examined four summary indices including Hilsenhoff’s Biotic Index 

(HBI), percent of fauna as Ephemeroptera, Plecoptera, and Trichoptera (% EPT), Taxa 
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Richness and Shannon’s Diversity Index.  The original HBI development was motivated 

by water quality concerns and organic enrichment in particular.  As the HBI is a general 

index of biotic community health in response to water quality, this may limit the degree 

of correlation to QHEI, which is an index of physical habitat.  However, all of these 

techniques are used within Ontario. The authors also concluded that the four techniques 

actually produce similar results if the geographic scales are large enough. They noted 

that the techniques can detect major impacts which are significant for the application of 

QHEI.  The Indicator of Biological Integrity (IBI) and the Invertebrate Community Index 

(ICI) are also used by practitioners in Ontario. A number of practitioners choose to 

present basic data, rather than the index derived from the data, due to concerns about 

how the IBI and ICI are calculated. Some Ontario practitioners use Beck’s Biotic Index, 

the Hilsenhoff Family Biotic Index (FBI) and other more functional reporting methods. 

However, many of these types of indices are altered as required by individual 

practitioners. Other common metrics include Species Richness and Total Abundance. 

Based on current and past practices, and the availability of appropriate data, the 

Hilsenhoff Biotic Index, % Ephemeroptera, Plecoptera, and Trichoptera and Taxa 

Richness (i.e. the total number of taxa present in a benthic sample) were selected. 

 

2.4.1 Hilsenhoff Biotic Index: 

The Hilsenhoff Biotic Index (HBI) (Hilsenhoff, 1987 and 1988) provides a means of 

assessing water quality at sites where macroinvertebrate samples have been collected 

and the number of individuals in each taxon has been identified. In this method, 

individual taxa are assigned pollution-tolerance values based on the taxon’s tolerance to 
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organic pollution. The pollution-tolerance values used in this investigation came from 

tables published by Hilsenhoff (1987).  Calculated HBI scores can range from 0 to 10. 

An HBI score at the high end of the scale indicates that the invertebrate community is 

dominated by pollution-tolerant organisms and indicates that the site has been 

subjected to organic pollution. In contrast, a low score indicates that organisms 

intolerant of organic pollution dominate the invertebrate community and implies that 

water quality at the site is good. A widely recognized rating system used to evaluate HBI 

scores is outlined in Table 2.1. The HBI (or also called the Family Biotic Index, FBI) is 

used frequently by Ontario practitioners and agencies.  

 

Table 2.1. Stream Water Quality Conditions And Degree Of Organic Pollution 

Using The Family Biotic Index (adapted from Hilsenhoff 1988) 

 

Family Biotic Index Water Quality  Degree of Organic Pollution 

0.00-3.75 Excellent  Organic pollution unlikely 

3.76-4.25 Very good  Possible slight organic pollution 

4.26-5.00 Good  Some organic pollution likely 

5.01-5.75 Fair  Fairly substantial organic 

pollution 

5.76-6.50 Fairly poor  Substantial pollution likely 

6.51-7.25 Poor  Very substantial pollution likely 

7.26-10.0 Very poor  Severe organic pollution likely 



65 
 

2.4.2 % Ephemeroptera-Plecoptera-Trichoptera (%EPT): 

Studies have shown that some macroinvertebrates (e.g. taxa within the order Diptera - 

true flies and mosquitoes and the class Oligochaeta - segmented worms) tend to be 

tolerant of poor water-quality conditions. Other organisms (e.g. Ephemeroptera 

(mayflies), Plecoptera (stoneflies), and Trichoptera (caddisflies), i.e. %EPT) are more 

sensitive to pollution. Numerous sensitive taxa are expected only to be found at sites 

with good water quality. %EPT evaluates environmental quality by measuring the 

abundance of these sensitive taxa at a site. This index is calculated by summing the 

number of distinct taxa within these three pollution-sensitive orders. The result is taken 

as an indicator of water quality and allows for between-site comparisons. Low values 

(few EPT taxa) can indicate degraded water quality. Stone et al. (2005) concluded that 

the %EPT index was a useful and efficient metric for assessing biotic integrity in 

agricultural streams and was the single most reliable metric employed by state 

biologists in North Carolina. They also determined that the %EPT index has also been 

shown to reflect changes in stream ecosystem processes associated with 

anthropogenic disturbance. 

 

2.5 QHEI and Benthic Data Collection 

 

Data assembled for the study included benthic data collected from the Nottawasaga 

Valley Conservation Authority (NVCA), the Lake Simcoe & Region Conservation 

Authority (LSRCA) and the Ontario Ministry of the Environment (OMOE) through the 

Ontario Benthic Biomonitoring Network (OBBN). QHEI data was collected during site-
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specific field work conducted during summer 2009. Only locations where benthic data 

were present were considered for QHEI field investigations. A total of 67 sites with 

benthic data were initially visited and assessed. The sites represent a general 

distribution of watersheds across Southern Ontario with a concentration of sites around 

Lake Simcoe where additional benthic data was available from the LSRCA. Typical sites 

were located near an overpass or bridge with a small percentage being located deep in 

the bush (requiring location by GPS).  At each site an attempt was made to walk along 

the bank downstream for approximately 100-300m, depending on the sinuosity of the 

stream, to assess the longitudinal variation in geomorphic conditions.  Once it was 

determined that the sample reach was representative of stream conditions in the 

vicinity, the team entered the stream and began the evaluation in a systematic 

procedure consistent with the QHEI field sheet.  

 

Using OBBN UTM coordinates, the contributing watershed for each site was delineated 

using the Ontario Flow Assessment Tool (OFAT).  Shape files were imported into 

ArcMAP and respective areas were calculated. Stream slopes, upstream and 

downstream of each site by at least 1.6 km as specified by the Ohio EPA (Ohio EPA, 

2006), were calculated by overlaying the Ontario stream grid as well as the digital 

elevation models (DEMs).   
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2.6 Results and Discussion 

 

A Correspondence Analysis (CA) on log-transformed abundance data from all sites 

provided the CA1 and CA2 axis-scores. These axis-scores are multivariate summaries 

of taxonomic composition and tend to convey much information for subsequent 

analyses. Analyses of Variance tests (ANOVAs) were run to test for no differences in 

mean CA1 and CA2 scores associated with the different sampling methods. These 

analyses demonstrated significant effects associated with season, year, habitat, 

abundance class, and partner (a composite variable that includes a combination of the 

other ones). This can be considered to be sufficient evidence that these variables 

should be included in Multiple Linear Regression models as co-variates or that the data 

should be broken down into smaller subsets of sites which were sampled by identical 

methods. Redundant samples (second riffle samples and pool samples from OBBN 

sites) and sites for which sampling methods were unknown were deleted, leaving n=50 

sites. Table 2.2 summarizes the statistical analyses of the final data. 
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 QHEI HBI %EPT Richness

Mean 62.7 5.3 25.3 12.1 

Min. 35.5 2.7 0.0 2.0 

Max. 84.0 7.5 83.7 21.0 

Mode 60.5 N/A 0.0 15.0 

Median 62.3 5.3 20.5 13.0 

 

Table 2.2. Summary statistics of QHEI, HBI, %EPT and Richness field data 

collection results. 

 

2.6.1 Multiple Linear Regression (MLR) Analysis: 

MLR was used to test the null hypothesis of no relationship between the 21 QHEI sub-

metrics as predictors, and each of the three benthic-invertebrate indices (%EPT, 

Richness and HBI) as response variables.  These unique equations can then be used to 

predict the value of the specific benthic metric and aid in the stream assessment and 

design process. To improve the strength of the resultant MLR equation, the number of 

sub-metrics was reduced by excluding the sub-metrics with both large P values and 

small Sq SS values. In addition, sites identified as outliers were removed to improve the 

relationship. Based on this process, the following predictive equations were developed: 
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% EPT = - 37.1 - 0.730 X1 + 18.80 X16 + 14.90 X17 (R2=55%)  (2) 

Richness = 16.6 + 1.330 X8 - 3.760 X15 - 2.680 X19 (R2=45%) (3) 

HBI = 8.35 - 0.301 X8 - 0.583 X16 - 0.519 X18 (R2=64%)  (4) 

 

The MLR analysis is supported by biological and geomorphic principles as follows: 

 

%EPT correlates with Substrate Best Types (X1), Velocity (X16) and Riffle Depth (X17). 

Typical EPT species generally prefer coarse substrates, fast-flowing water and well-

oxygenated riffle zones. EPT species prefer high quality habitat representative of good 

channel development in natural stream systems with no channelization (Substrate Best 

Types X1 and Riffle Depth X17). From a biological perspective, EPT species also thrive 

in fast flowing streams in which the channel is well defined by processes associated 

with flowing water, as reflected in the Velocity Sub-metric (X16). 

 

Taxa Richness correlates with Channel Development (X8), Width (X15) and Riffle/Run 

Substrate (X19) being higher in larger streams than in smaller ones with reduced stream 

width and depth (Channel Width X15). Coarser substrates as well as diverse substrates 

will create diverse habitat and also result in higher Taxa Richness (Riffle/Run Substrate 

X19).  Benthic species prefer high quality habitat representative of good channel 

development in natural stream systems with no channelization. In contrast, straightened 

and/or ditched channels would support fewer taxa. Channel development and 
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channelization both refer to how well-defined the channel is and results in a positive 

correlation with Taxa Richness (Channel Development X8). 

 

HBI correlates with Channel Development (X8), Velocity (X16) and Run Depth (X18). HBI 

is calibrated against organic enrichment, but where we find organic enrichment there 

are often other stressors involved (e.g. erosion, excessive warming, etc.). However, fast 

flowing streams in which the channel is well defined by processes associated with 

diversely flowing water as reflected in the Velocity Sub-metric (X16) will generally result 

in improved water quality with low HBI scores. Enrichment is often higher on larger 

streams, thus a positive correlation between HBI and run depth can be expected as 

larger streams will be deeper (Run Depth X18).  

 

2.7 Development of Reference Conditions and QHEI Design Target Ranges 

 

Two possible techniques to establish reference conditions and QHEI design target 

ranges are 1) a simple approach using percentiles of QHEI, and 2) a comparison to 

benthic metric ranges. Other possible alternatives, not included in this study, include the 

utilization of OHIO EPA ranges and the determination of defensible reference site 

conditions using a Principal Component Analysis of collected data.  

 

A percentile analysis was completed on the QHEI data.  The 90th percentile had a QHEI 

score of approximately 75 while the 10th percentile had a score of 47.50. The 50th 

percentile had a score of 63. Three possible classes are >90% with a QHEI of >75, 11 



71 
 

to 89% with a QHEI range of 48 to 74 and <10% with a QHEI score of less than 47. To 

relate QHEI scores to a benthic metric equivalent, HBI scores were ranked in increasing 

order and QHEI values associated with the above ranges were statistically analyzed. 

High quality habitat has a HBI score ranging from 0 to 4.25. The corresponding QHEI 

scores had a minimum of 61, an average value of 70 and a Standard Deviation of 5.5. 

Based on this, high quality habitat conditions would start at one standard deviation 

below the mean or approximately 65. Similarly, relatively good habitat would range from 

one Standard Deviation below and above the mean of corresponding QHEI values 

associated with a HBI range of 4.26 to 5.75. The average is 60 with a Standard 

Deviation of approximately 10 giving a QHEI range of 50 to 70. With a similar overlap, 

QHEI scores for poorer quality habitat would range from 0 to 55.  

 

The rankings that were calculated during this study are based on limited field data. 

Further field work and definition of reference conditions for agricultural stream using a 

Principal Component Analyses nearest neighbour approach are required. However, the 

two methods examined at this time seem to have some correlation that will allow the 

application of a QHEI score range to three-part stream classification system, specifically 

Exceptional, Good and Marginal/Poor.  The highest classification, “Exceptional”, has a 

range that is >65 or >75 while “Good” habitat ranges from 48 to 74 or 50 to 70. 

Marginal/Poor Habitat has QHEI scores that are <47 or <55. Based on this, suggested 

QHEI ranges for Exceptional, Good and Marginal/Poor habitats are >67.5, 52.5 to 67.5 

and <52.5 respectively. It is noted that these classification categories are loosely based 

on the Hilsenhoff index and terminology currently in use by fisheries managers in 
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Ontario. Further refinement of these classification categories is expected. The 

suggested ranges are summarized in Table 2.3. 

 

 
Percentile 

Approach

HBI 

Approach

Recommended 

Design 

Ranges 

Exceptional >75 >65 >67.5 

Good 48-74 50-70 52.5 to 67.5 

Marginal/Poor <47 <55 <52.5 

 

Table 2.3. Percentile Method, HBI Method and Recommended QHEI Design Target 

Ranges for Southern Ontario streams. 

 

Subsequently, individual QHEI sub-metrics (Regression Equation “X” values) were 

statistically evaluated for each of these ranges. Based on this statistical analysis, it can 

be seen that the mean values for Marginal/Poor, Good and Exceptional QHEI habitats 

demonstrate clear trends. For example, REQ10 is based on X1, X16 and X17 sub-

metrics. Marginal/Poor habitats show a mean value of 8.2 for X1 (Substrate Type) while 

Exceptional habitats have a mean value of 14.1. For X16 (Velocity), Marginal/Poor 

habitats show a mean value of 1.9 while Exceptional habitats have a mean value of 3.1. 

For X17 (Riffle Depth), Marginal/Poor habitats show a mean value of 1.6 while 

Exceptional habitats have a mean value of 2.0. The use of these values will be relevant 

for stream design. 
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It should be noted that any ranking system should have overlap to allow for possible 

outliers and for the fact that stream classifications should reflect a continuum of 

opportunities. As such, we propose that Ontario scores be based on HBI scores as it 

reflects these conditions and is based on actual Ontario data. 

 

2.8 Application of QHEI to an Ontario Case Study 

 

QHEI can be used for assessment, design and post-construction monitoring purposes. 

QHEI was applied to a reach of Roseland Creek in the City of Burlington to assess 

existing conditions resulting in a score of 30 (Marginal/Poor). Using the HBI Regression 

Equation, the HBI was predicted to be 7.5 (Very Poor – Organic pollution likely). Site 

conditions consisted of severely eroding banks with minimal in-stream fish habitat. 

Design objectives included the repair of eroding banks in order to protect private 

property, creation of additional riparian buffer and improvement of fish habitat. A design 

with additional substrate, sideslope plantings and a stream buffer resulted in a QHEI 

score of 62. The HBI score was predicted to be 4.6 (Good – some organic pollution 

likely). The site works were constructed and monitored data collected approximately two 

years after completion of construction. Current site conditions show stable banks but 

there has been excess sediment which has been filling the pools. Large Woody Debris 

(LWD) has not accumulated as predicted. The current QHEI score is 50.5, an 

improvement over existing conditions that may reflect the upper limit of this channel’s 

potential (the higher end of the marginal category). The predicted HBI score is 5.2 (Fair 
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– fairly substantial organic pollution). Other case studies were also examined. In all 

cases, QHEI and the predictive HBI Regression Equation were applied. Field 

confirmation of HBI is required to complete the case studies and calibrate the predictive 

HBI score. 

 

2.9 Conclusions and Recommendations 

 

Application of QHEI to agricultural streams in Southern Ontario demonstrates the 

potential of QHEI in the planning and design of restoration projects. The collection of 

necessary geomorphic data required is not labour or equipment intensive.  

 

The assessment technique is directly applied when ecoregion-specific reference 

conditions are available. We have determined, as preliminary values for Southern 

Ontario, that QHEI ranges for Exceptional, Good and Marginal/Poor habitats are >67.5, 

52.5 to 67.5 and <52.5 respectively using a statistical analysis of QHEI scores 

associated to HBI scores. Use of these ranges should recognize that there will be some 

overlap for each of these zones.  

 

Using MLR, predictive regression equations for HBI were developed (Regression 

Equations 2, 3 and 4). Approximately 50% of the variance in Taxa Richness, %EPT and 

HBI scores was explained by geomorphic stressors within the stream while the other 

50% is related to other watershed features such as upstream water quality and land use 

management.  
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QHEI, at least in its present form, is not suited to situations that require an assessment 

tool that can detect subtle habitat shifts in response to small positive or negative 

landuse changes since small changes cannot be detected by the QHEI. This is an 

inherent limitation of a methodology that has been developed for its simplicity and ease 

of use. However, a forensic geomorphic assessment of a stream can be completed to 

determine the source of the problem by comparing the values for these stressors with 

the average for Exceptional, Good and Marginal/Poor streams systems, i.e. the 

regression equations provided in this study can be used to assess the quality of the 

aquatic habitat and as a design tool for stream rehabilitation projects. Further data 

collection and analysis is required to refine habitat range values and develop improved 

equations that would incorporate additional stressors. 
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2.11 Transition to Chapter 3 

 

Chapter 2 determined the relationship between geomorphic properties and benthic 

macroinvertebrates (using Richness, HBI and %EPT) by using Multiple Linear 

Regression. While this methodology resulted in predictive equations for Richness, HBI 

and %EPT and QHEI reference conditions for stream assessment and design, research 

also concluded that watershed-based parameters should also be incorporated into the 

methodology.  

 

From a practical perspective, QHEI can be used by water managers to assess stream 

conditions, both in existing conditions and once restoration has occurred. Designers can 

use QHEI, as well as the regression equations to determine future quality of habitat. 

Each QHEI submetric can be adjusted to determine future habitat quality. Finally, the 

regression equations and QHEI can also be used by watershed managers to rapidly 

and independently determine the effects of restoration efforts.  

 

Chapter 3 recognizes the limitations of MLR and the need to incorporate watershed-

level parameters and, as such, incorporates geomorphically-based and watershed-

based parameters in an Artificial Neural Network. This study uses all six available 

datasets. QHEI data forms (n=118) for all six datasets are presented in Appendix B. 

Sites 2, 4, 5, 61, 103 and 111 were removed as outliers during this study, leaving n=112 

stream sites in southern Ontario. This study only uses Richness and HBI.  %EPT can 
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be the subject of a subsequent study. This paper was submitted and published in the 

Journal of Hydrology: 

 

 Gazendam, E., B. Gharabaghi, J.D. Ackerman and H. Whiteley. 2016. Integrative 

neural networks models for stream assessment in restoration projects. Journal of 

Hydrology 536, p 339-350.  

 

NOTES:  Section 3.2.1 also notes that Gazendam et al. (2011) used 72 sites but in fact 

there were only 50 sites. Dataset 4 is not used (as per Section 1.4) and is therefore not 

noted in Figure 3.1. 
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Chapter 3 

 

Integrative Neural Networks Models for Stream  

Assessment in Restoration Projects 

 

3.1 Introduction 

 

Natural processes in stream ecosystems provide a myriad of ecosystem services 

(Vannote et al., 1980; Poff et al., 1997; D’Ambrosio et al., 2009; Doll, 2010; Liu, 2015); 

many of which impinge directly on human societies (Chen et al., 2009; Cuffney et al., 

2010; Hughes et al., 2014; Asnaashari, 2015).  An understanding of stream health is, 

therefore, important for a number of reasons as it relates to the ecology of aquatic and 

riparian organisms and their habitats (Kautza and Sullivan, 2012b; Ligeiro et al., 2013; 

Lee and An, 2014), water quality for public consumption, agricultural needs including 

withdrawals (Craig et al., 2008; Gorney et al., 2012), receiving groundwaters and 

surfacewaters (Nedeau et al., 2003; Naz et al., 2009; Khalil et al., 2011), and 

recreational uses such as fishing and other water sports (Joy and Death, 2004). The 

assessment of stream health is also important to determine temporal and or spatial 

trends due to natural and anthropogenic stressors (Allan et al., 1997; Novotny et al., 

2005; Kim et al., 2008; Miserendino et al., 2008; Doll, 2010; Santos et al., 2015; Valle 

Junior et al., 2015).  
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Which measurements and metrics to include in stream-habitat assessments remains a 

subject of considerable debate and research (e.g., Wohl et al., 2005; Barbour et al., 

2006, Woznicki et al., 2015) This is due in part to the large variety of stream 

assessment tools that are available including those based on the presence and 

abundance of stream biota (Rankin, 1995; Rankin et al., 1999; Kim et al., 2008), those 

based on geomorphic parameters (OMOE, 2003; Ohio EPA, 2006), and those that are 

more physically based (Galli, 1999). Importantly, these tools tend to be focused on the 

analysis of individual reaches rather than the larger and perhaps more natural scale of 

the watershed. There is a need for an integrative tool that includes comprehensive 

consideration of watershed-scale parameters.  

 

3.1.1 Current Assessment Tools 

There are a variety of assessment tools that involve the assessment of stream health 

based on fish species, mussels or other macroinvertebrates (Plafkin et al., 1989; 

Barbour et al., 1999; Clarke et al., 2003; Karr and Yoder, 2004; Borisko et al., 2007; 

D’Ambrosio et al., 2009; Alvarez-Cabria et al., 2010; Vale Junior et al., 2015; Fonseca 

et al., 2016). These tools can range from simple species taxonomic (e.g., species) 

Richness scores to more complicated Index of Biotic Integrity (IBI) indices involving 

community assessments. Plafkin (1999) promoted the use of benthic organisms as 

indicators of watershed health since organisms indicate both existing conditions and to 

an extent past conditions, a hypothesis that have received considerable support at the 

reach scale (D’Ambrosio et al., 2009, Ligeiro et al., 2013, Alvarez-Cabria et al., 2010, 

Sullivan et al., 2004, Wang et al., 2012, Taowu et al., 2008).  The River Invertebrate 
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Prediction and Calibration System (RIVPACS) was developed in Great Britain to assess 

water quality and predict benthic populations and to address the European Water 

Framework Directive (Clarke et al., 2003). It has been applied in various forms to 

stream systems in Northern Ireland, Scotland and Wales and also in varying degrees in 

Australia (Nichols et al., 2013) and Canada (Armanini et al., 2013).  

 

Whereas watershed-scale assessments using benthic organisms are effective for the 

identification of watershed-level impairments, they are difficult to apply at the reach or 

site scale where many restoration efforts occur (D’Ambrosio et al., 2009).  This also 

applies to the popular method of watershed reporting through a “Watershed Report 

Card-type” reporting process whereby a variety of metrics are assigned scores ranging 

from A to F (e.g., Conservation Ontario, 2015, Integration and Application Network, 

2015).  

 

3.1.2 Approaches to Assessment Tools 

Improvements to biological assessment through the inclusion of in-stream habitat and 

geomorphic variables have been proposed in a number of studies that have examined 

the relationships between in-stream habitat and geomorphic variables using benthic 

macroinvertebrate, fish or mussel indices (Barbour et al., 1996, Skoulikidis et al., 2004, 

D’Ambrosio et al., 2009 and Gazendam et al., 2011). These studies used ordination 

(principal coordinate analysis (PCA), canonical-correlation analysis (CCA) and 

regression techniques such as correlation, linear regression, and multiple linear 
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regression (MLR)) to determine key physical attributes associated with bioassessment 

indices.   

 

 

Similar approaches have been used to resolve relationships between stream metrics 

and stream ecosystem health. For example, linear regression (Suriano et al., 2011) has 

been used as has fuzzy logic, which was used to prioritize stream restoration efforts 

based on geomorphic thresholds, exceedances and consequences; it was ineffective at 

the site or reach scale as noted by Gazendam et al. (2009).  More complex analyses 

utilizing PCA and CCA (D’Ambrosio et al., 2009, D’Ambrosio et al., 2014, Alvarez-

Cabria et al., 2010, Chen et al., 2009, Suriano et al., 2011) concluded that additional 

work was required using alternative methods to develop relationships. One such 

example by D’Ambrosio et al. (2009) utilized a four-step process using correlation 

analysis, linear regression, CCA and variance partitioning with CCA.  

 

Gazendam et al. (2011) used MLR to determine the relationship of key geomorphic 

parameters with Richness, % Ephemeroptera, Plecoptera and Trichoptera (%EPT: 

mayflies, stoneflies and caddisflies respectively) and Hilsenhoff’s Biotic Index (HBI, 

Hilsenhoff, 1987 and Hilsenhoff, 1988) and developed a series of formulae by which 

watershed managers could predict, design and monitor the results of stream restoration 

efforts. The resultant R2 values were 0.45, 0.55 and 0.64 respectively. While the 

predictive regression equations for Richness, %EPT and HBI were developed using 

MLR and the methodology by which they were developed can be of greater benefit for 
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specific design purposes, geomorphic channel stressors explained about 50% of the 

variance in modelled biological indices. The remaining 50% must then be correlated to 

other watershed characteristics such as contributing water quality and upstream or local 

land-use management.  It can then be seen that higher order analysis is required in 

order incorporate such watershed-scale stressors and create improved equations to 

model these factors.  

 

3.1.3 Recent Use of ANN Modeling 

Artificial Neural Networks (ANNs) have also been applied effectively to model complex 

environmental systems using a variety of hydrological and hydraulic parameters with 

both linear and nonlinear relations (Rafiq et al., 2001; Chen and Chang, 2009; Kumar, 

2012; Sahoo et al., 2009; Tayfur and Singh, 2005; Wu and Chau, 2011; Zaghloul and 

Kiefa, 2001). This is because ANN models use information gained from past experience 

(i.e., previous iterations) to solve future problems (i.e., upcoming iterations). For 

example, ANNs have been used to accurately predicted bedload transport (Kisi, 2005; 

Bhattacharya et al., 2005; Kumar, 2012; Caamaño, et al., 2006; Tayfur, 2002; and Sasal 

et al., 2012), stream flow (Londhe and Charhate, 2010; Isik et al., 2013; and Cigizoglu, 

2003), water quality (Khalil et al., 2011; Noori et al., 2011), precipitation (Partal and 

Cigizoglu, 2009), snowmelt (Quiroga et al., 2012) and thermal impacts on stormwater 

runoff (Sabouri et al., 2013). Given these successful applications, it would be 

reasonable to examine the utility of ANN modelling in geomorphic assessment, 

prediction and monitoring. 
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3.1.4  Research Objectives 

The purpose of this study is to evaluate the use of ANN modelling to develop accurate 

relationships among the physically-based parameters and various benthic 

macroinvertebrate indices. The evaluation used a database of 112 sites across 

Southern Ontario, which include data on watershed, channel and floodplain parameters.  

The data is used to determine: (1) which physical stream parameters is most associated 

with benthic macroinvertebrate indices (Richness and HBI); and (2) which relationship 

between these two metrics and the physical geomorphic properties would allow stream 

managers to predict, design and confirm (through monitoring) the impacts of stream 

restoration.   

 

3.2 Methodology 

 

3.2.1 Site Selection 

The current study examines a total of 112 sites in Southern Ontario including the 72 

reported in Gazendam et al. (2011). These included a diversity of sites in watersheds 

ranging from 47 to 61,311 ha, and with a bankfull width ranging from 1 to +/-50 m. 

Adjacent land uses ranged from urban to agricultural and included forested and wetland 

areas. At each site, the local stream reach was examined with reach lengths ranging 

from 25 to approximately 500 m. Each reach typically consisted of a minimum of 1 

meander length with multiple pools and riffles. See Figure 3.1 for the location of the 

study sites. 
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Figure 3.1: Location of QHEI sites  

 

3.2.2 QHEI Data Collection  

At each site, general observations of site conditions were noted using Qualitative 

Habitat Evaluation Index forms (QHEI; a measurement of stream health based on six 

broad metrics comprised of 21 sub-metrics assessed through a visual inspection: 1) 
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substrate; 2) in-stream cover; 3) channel morphology; 4) riparian zone and bank 

erosion; 5) pool and riffle quality; and 6) stream gradient; Ohio EPA, 2006). 

Photographs were taken to record site conditions and benthic assessments were 

conducted. Two individuals completed QHEI forms and the final score was confirmed by 

consensus.  

 

Gazendam et al. (2011) demonstrated that the 21 sub-metrics of QHEI were correlated 

to benthic metrics using MLR.  Doll (2011) developed a biological impairment model to 

predict the probability of impairment using typical habitat assessment tools. While the 

biological communities were assessed using an Index of Biotic Integrity (IBI), the habitat 

was assessed with QHEI. However, only the sub-categories within QHEI were modelled 

against the IBI. The specific categories determined to be effective at prediction were 

Substrate, Pool/Glide and Riffle/Run indicating that four out of seven categories were 

ineffective in prediction. The current study utilizes each of the 21 metrics within QHEI 

rather than just the total for each sub-category. As a result, this current study is able to 

drill into each sub-category and determine which parameters actually contribute.  

 

3.2.3 Benthic Data Collection  

Macroinvertebrate data were collected by staff at the Ontario Ministry of the 

Environment and Energy, Saugeen Valley Conservation Authority and the Hamilton 

Conservation Authority at each site as per Ontario Benthic Biomonitoring Network 

(OBBN) collection protocols (Jones et al., 2007).  In this case, a sampling reach 

typically included two riffles, and one pool or one meander wavelength. Where pools 
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and riffles were not discernable (such as in municipal drains and straightened 

channels), the sampling reach was defined as 14-20 times the bankfull width. Sampling 

was via the Travelling-Kick-and-Sweep-Transect Method (Transect Kick) where the 

researcher wades through the riffle and pool, disturbing the substrate to loosen benthic 

organisms, which are collected with a trailing hand-held net (mesh opening = 500 μm).  

Non-essential material (e.g. fish, rocks and organic debris) were removed from the nets 

in the field and macroinvertebrates were preserved in 10% buffered formalin.  The 

minimum level of benthos Identification was undertaken in the laboratory to a coarse 

mix of 27 phyla, classes, orders, and families, depending on the organism. 

 

3.2.4 Benthic Index Selection and Data Processing 

Various benthic metrics have been used by practitioners to determine the health of a 

stream system including Richness, %EPT, Diversity (Shannon-Weiner Index), and HBI 

(Sullivan et al., 2004, Suriano et al., 2011, Gorney et al., 2012, Wang et al., 2012, 

Cuffney et al., 2010, Borisko et al., 2007, Taowu et al., 2008, Wilkins, 2013, and 

Gazendam et al., 2011). Based on these studies, we chose to use Richness and HBI to 

assess benthic conditions. Richness and HBI were rarefied using rarefaction curves to a 

standard sample size of 100 individuals, creating comparable samples. The two benthic 

indices were plotted against each other (Richness vs. HBI) to determine possible 

graphically-based associations. 
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3.2.5 OFAT Data Collection (Watershed-scale and Hydrologic Data) 

Watershed information including flow and stream characteristics was obtained from the 

Ontario Flow Assessment Tool (OFAT, Ontario Ministry of Natural Resources and 

Forestry, 2015). Use of all of the information in the OFAT database (land use, 

watershed and hydrology) would have resulted in approximately 100 data points per 

site, which would have resulted in an unwieldy model. Consequently, an appropriate 

method of variable selection was sought. 

 

D’Ambrosio et al. (2009) determined that stream order, percent wooded riparian zone 

and drainage area were key parameters that explained fish assemblages.  D’Ambrosio 

et al. (2014) demonstrated that stream size and floodplain connectivity resulted in 

increased diversity of aquatic biota and increased diversity of assemblages. Kautza and 

Sullivan (2012a) found that spatial factors accounted for 26% of the variation in fish 

communities. Ligeiro et al. (2013) found that local and catchment-scale disturbance 

indices (e.g. percentage of urban, agricultural and pasture areas of the watershed) 

resulted in lowered EPT richness. Kyriakeas and Watzin (2006), in assessing impacts 

on stream macroinvertebrates, concluded that both local and watershed factors 

determined stream community composition. Hughes et al. (2014) also found that 

urbanization impacted local streams by altering processes that occur along the 

channel’s length and its cross section which in turn can alter water quality, quantity and 

local habitat.  The extent of urbanization within the watershed was included as a 

parameter within the initial ANN modelling as well. Interestingly, Alvarez-Cabria et al. 

(2010) determined that the benthic metrics were dominated more by local hydraulic 
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conditions than by water quality conditions.  Based on this, a range of watershed-scale 

and hydrologic parameters were selected as per Table A1 (Appendix A). The data were 

assessed using XLSAT to determine general features (mean and standard deviation) 

and to remove outliers.  Table A1 details the selected parameters as well as the 

statistical properties of the data. 

 

3.2.6 Base Flow Index Data Collection 

Various processes within the hydrologic cycle will impact streams. Groundwater 

discharge rates determine inter-event stream flow in higher order stream systems and 

consequently baseflow from groundwater discharge is the predominant streamflow 

component in most streams in southern Ontario (Neff et al., 2005, Betts et al., 2015). 

Measurement of the baseflow status of a stream is thus an important watershed-scale 

parameter. 

 

Piggot and Sharpe (2007) undertook hydrograph separation for streamflow data of 268 

gauged watersheds to determine the Baseflow index (BFI).  BFI is a dimensionless 

number between zero and one and is the ratio of average baseflow to total streamflow. 

BFIs for southern Ontario were mapped in a GIS by the Ontario Geological Survey 

which provides seamless coverage of the Province of Ontario (ERLIS Data Set 14, 

Ontario Ministry of Northern Development and Mines) at a scale of 1:50,000. Using a 

GIS, BFIs were determined for each site in the database and formed an important 

parameter for this analysis.  
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3.2.7 ANN Model Development 

In this study, ANN models were created using NeuralTools 6 and Tiberius software 

based on a dataset of 112 sites with 31 model inputs (see Table A1). Proper training of 

the ANN model is critical to determining a realistic prediction algorithm, which is why 

testing data should be independent from training data (not unlike how calibration data 

should be distinct from validation data (ASCE, 2000).  To this end, the NeuralTools 

software randomly selected 75% of the data points for training purposes leaving the 

remaining 25% for testing.  

 

Excessive training can result in over-accurate models that will fit the training data well 

but perform poorly on other, non-related dataset (Rafiq et al., 2001; Piotrowski and 

Napiorkowski, 2013). To avoid overtraining (i.e. acquiring sufficient accuracy to model 

data noise), the model should be stopped before reaching achieving this degree of 

accuracy (Piotrowski and Napiorkowski, 2013; Robertson et al., 2015).  We noted this 

limitation and found that a proper training procedure with limitations on degree of 

accuracy resulted in a less accurate model in training but allowed the model to achieve 

satisfactory R2 (i.e., > 0.86) values when used on non-training datasets.  

 

ANN models for Richness and HBI were run a minimum of four times each in order to 

determine which of the 31 parameters had a negligible impact on the predictive power 

of the respective model (i.e. the lowest Variable Impact percentage, which is a 

measurement of the relative contribution of a parameter to the overall outcome of the 

model).  Knowing the river system and the data will allow for the user to understand the 
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implications of selecting or deselecting input parameters. Parameters found to be 

negligible or insensitive were removed (trimmed) from the ANN model. ASCE Task 

Committee Part I (2000) also recommends removing outliers, plotting the results and 

determining statistics to aid in the selection/deselection process. The model was 

therefore re-run an additional four times and parameters with less than a 1% Variable 

Impact were removed (typically 3 to 4 parameters at each iteration). The process was 

repeated four to five times until stable models evolved. The model was then run one 

final time to determine the final predictive relationship and relative contributions. 

 

The development of the ANN models is shown on Figure 3.2.  
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Figure 3.2:  Schematic of ANN Model Development 
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The modelling procedure was rerun to determine the relative increase in accuracy 

through the incorporation of geomorphic, riparian and watershed-level parameters. In 

this case, riparian parameters were removed from the ANN model. Subsequently the 

geomorphic parameters were removed from the model. Results were noted in each 

iteration. 

 

3.2.8 Model Performance Analysis 

In order to determine the accuracy of the modelling, the following statistical measures 

were utilized: Coefficient of Determination (R2), Nash-Sutcliiffe Coefficient (NSC) and 

the Root Mean Square Error (RMSE). Table 3.1 summarizes the statistical measures 

used to determined model accuracy. Each statistic was calculated manually using 

EXCEL. 

 

Coefficient/ Measure Equation Range 

Coefficient of 

Determination (R2) 
0-1 

Nash-Sutcliffe Coefficient 

(NSC)  
-∞ to 1 

Root Mean Square Error 

(RMSE)  
0 to ∞ 

Table 3.1: Statistical techniques for model performance evaluation Note: In the 

equations, O represents observed values and P represents predicted values.  
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3.2.9 Model Sensitivity Analysis 

A sensitivity analysis was performed on each ANN model to determine which input 

parameters have greatest degree of impact on Richness and HBI modelling outcome 

using median values. While a slight change of even a tenth of a percent would be 

sufficient to influence the result, a more common approach is to alter the inputs by 

increasing each parameter by 10% (Gevrey et al., 2003; Sabouri, 2013; Sattar and 

Gharabaghi, 2015; Atieh et al., 2015a, b; Trenouth, 2015). The marginal sensitivity (Sc), 

and the normalized sensitivity (Sn), are calculated by: 

 

                                                                                                          (5) 

                                                                                                        (6) 

where: : change in calculated (i.e. Richness or HBI) objective function; : 

change in input parameter (e.g. Substrate Type (X1), Sinuosity (X7), Riparian Width 

(X12), etc.); : average of objective function, and : average of parameter value. 

 

3.2.10 Model Uncertainty Analysis 

Comparisons of actual vs predicted values for Richness and HBI are calculated with 

95% confidence intervals using the predicted values of (Pi) at {Pi * 10 –e
bar

 -1.96SE, Pi * 10-

e
bar

+1.96SE} where e is the difference between the logarithms of individual predicted and 

observed values, ebar is the average e, and SE is the standard error of e. 
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There has been no quantitative assessment of the effect of the stochastic character of 

stream geomorphic, riparian, watershed and hydrologic factors and their impact on 

prediction of the aquatic life health indices in natural streams. To assess stochastic 

aspects of parameters, a stochastic model was developed using the ANN models to find 

the approximate distribution of solution outcomes via the Monte Carlo Simulation (MCS) 

method. Each of the selected parameters (8 for Richness and 6 for HBI) were assigned 

statistical distributions which best suited each of the parameters (Triangular, Inverse 

Gaussian, and Log Normal distributions). The model was then run for 500 iterations to 

calculate the Mean Absolute Deviation (MAD) and the % Uncertainty using (Walker, 

1931): 

 

  (7) 

  (8) 

 

3.3 Results And Discussion 

 

3.3.1 Examination of the Richness and HBI Data 

Richness was plotted against HBI data in Figure 3.3 where the graph is divided into four 

quadrants (numbered 1 to 4 counter clockwise starting at the lower right) based on the 

median values of Richness (11.64) and HBI (5.02). It is relevant to note the following 

about the distribution of sites among quadrants:  
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1 Since Richness scores increase in the x axis, high scores are located in 

Quadrants 1 and 2 while low scores are located in Quadrants 3 and 4;  

2 HBI scores increase in the y axis and low (good) scores are located in Quadrants 

1 and 4 while high (poor) scores are located in Quadrants 2 and 3;  

3 Sites 20, 21, 23 41, 42, 43 and 57, all have high (good) Richness and low (good) 

HBI scores. As such, Quadrant 1 is typical of good quality streams; 

4 Poor scores for each benthic metric were noted for Sites 127, 74, 95 and 115, 

which are all located in Quadrant 3, opposite of that of Quadrant 1. As such, 

Quadrant 3 is typical of poor quality streams with low (poor) Richness scores 

and high (poor) HBI scores; and.  

5 Sites 62 and 54 (Quadrant 2) as well as Sites 71 and 65 (Quadrant 4) have 

moderate benthic scores (either high Richness and low HBI or low Richness 

and high HBI respectively. As such, Quadrants 2 and 4 are typical of 

moderate quality streams.  
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Figure 3.3: Plot of Richness vs. HBI with the mean of Richness (11.52) and HBI 

(5.02)  

 

An example of the variation among sites is provided by comparing Site 42 and Site 115. 

Site 115 (South Saugeen River tributary north of Clifford along Highway 9) scored low 

(poorly) for Richness (7.88) and high for HBI (5.9). The site is situated between 

Highway 9 and an agricultural field with minimal riparian zone and a highly-altered 

reach, and the scores reflect the site conditions (see Photograph 3.1). Conversely, Site 

42 (West Holland River tributary, off Highway 9 between Jane and Keele Streets, 

Quadrant 1 

Quadrant 2 

Quadrant 3 

Quadrant 4 
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Photograph 3.2) is located farther away from the right of way and has more diverse flow 

conditions with the presence of pools and riffles as well as a maturing riparian zone. 

Consequently Site 42 is high (well) for Richness (19.2) and low for HBI (3.6). The 

analysis confirms that while the data has a relatively low R2, there is an observable 

negative association between Richness and HBI in streams. Figure 4.3 also assists in 

determining or confirming any data outliers in subsequent modelling.  

 

 

Photograph 3.1: Site 115 looking downstream of Highway 9 at the channel and the 

adjacent farm field.  
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Photograph 3.2: Site 42 looking upstream at the channel (south of Highway 9) 

 

3.3.2 ANN Model Training and Testing 

Table 3.2 indicates the parameters that were included in each model and ultimately 

proved to be most predictive for each of the benthic models based on the NeuralTools 

ANN modelling.  
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ANN 

# 

Parameter 

Category 
Richness Variables 

 

HBI Variables 

 

1 Geomorphic Substrate Type Substrate Type 

4  Substrate Quality 

7  Sinuosity  

11 Erosion Erosion 

14 Pool Depth  

16  Velocity Types 

12 Riparian Riparian Width -- 

13 Floodplain Quality  

22 Watershed Drainage Area (ha)  

26  % Treed % Treed 

30 
Hydrology 

-- 
Flood Flow – 1:2 Year 

(m3/s) 

 

Table 3.2: List of ANN parameters and Variable Impact rankings by ANN models 

 

The resultant Richness model comprises the following eight parameters: Substrate 

Type (X1), Sinuosity (X7), Erosion (X11), Riparian Width (X12), Floodplain Quality (X13), 

Pool Depth (X14), Drainage Area (X22) and % Treed (X26). The results of the ANN 

models included local geomorphic parameters as well as watershed parameters.  This 



106 
 

finding is consistent with D’Ambrosio et al. (2009) who determined that stream size, 

gradient, percentage of wooded riparian zone, substrate size and substrate quality best 

explained fish assemblages and abundances and D’Ambrosio et al. (2014) who 

determined that benthic communities were largely influenced by stream size, gradient 

and floodplain connectivity.  

 

The Richness and HBI models share three important parameters, specifically Substrate 

Type (X1), % Treed (X26) and Erosion (X11), the first two were identified by D’Ambrosio 

et al. (2009) as key parameters that explained fish assemblages and abundance. 

Substrate may be the most important metric in determining and predicting stream 

impairment (Doll, 2011) with coarse substrates having more diverse habitat and higher 

Richness (D’Ambrosio et al., 2009).  It is also relevant to note that percentage of 

wooded riparian zone (D’Ambrosio et al., 2009) is likely directly related to the % Treed 

(X26) parameter in both the current Richness and HBI ANN models.  This is because in 

addition to providing litter, woody debris and detritus to stream systems, richness 

increases with riparian forest cover (Rios et al., 2005), as does the presence of fish 

(D’Ambrosio et al., 2009).  

 

Richness parameters also include Riparian Width (X12) and Floodplain Quality (X13), two 

riparian-level parameters that would be related to the % wooded riparian zone 

parameter used by D’Ambrosio et al. (2009) and riparian forest cover used by Rios et al. 

(2005). Moreover, Doll (2010) determined that a lack of riparian vegetation or channel 
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alteration (e.g. dredged or straightened) lead to lower benthic richness scores than 

unimpacted reaches.   

 

Higher order streams typically have larger stream widths and depths than lower order 

streams and correspondingly have greater benthic diversity and quantities (Harrel and 

Dorris, 1968).  As such, increased Richness would correlate well with Drainage Area 

(X22). Intuitively, channels that have excellent development (such as natural stream 

systems) would have greater benthic diversity and higher number of taxa than that of 

artificial channels or streams that have been channelized.  As such, Richness would 

correlate with Sinuosity (X7) while channelized systems would support fewer taxa and 

have reduced Richness. This is consistent with D’Ambrosio et al. (2009) who 

determined that stream size (related to Drainage Area (X22) and Pool Depth (X14)) was 

important in predicting Richness. Richness parameters of Erosion (X11), Sinuosity (X7) 

and Pool Depth (X14) are also typically present in appropriate scales in a properly 

functioning, healthy stream systems and modifications to these stream systems can 

either impact or improve stream health, particularly in upstream reaches (Lee and An, 

2014).  Erosion (X11) would play a key role in channel development, sinuosity and 

habitat diversity. While excessive erosion can cause problems from a geomorphic 

perspective, erosion within reasonable levels is conducive to sediment delivery and 

transport leading to development of riffles, pools, bars and habitat substrate. 

Conversely, excessive erosion can quickly eliminate habitat and create poor site 

conditions, leading to embedded substrate and poor stream health with low Richness. 
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The HBI model comprise six parameters: Substrate Type (X1), Substrate Quality (X4), 

Erosion (X11), Velocity Types (X16), % Treed (X26), and Flood Flow – 1:2 Year (X30). As 

noted above, three of these are shared with the ANN Richness model. 

 

Substrate Types (X1) and Substrate Quality (X4) are related to Erosion (X11) from a 

geomorphic perspective. River channels are defined by sedimentary processes and 

varying flow patterns and velocities. Fast flowing streams, typically smaller systems with 

varies flow conditions, as characterized by Velocity Types (X16) metric, are typical of 

streams with improved water quality. Such streams have low HBI scores. Water quality 

is impacted by nutrients and such enrichment is more often seen on larger rivers.  This 

is consistent with Gazendam et al. (2011) who determined that HBI parameters included 

Velocity Types (X16).  Diverse flow conditions would allow also include a wider variety of 

high and turbulent flow conditions which tend to increase water quality through aeration, 

leading to improved HBI scores.  

 

Two watershed-scale parameters are also included in the ANN model, specifically the % 

Treed ((X26) and Flood Flow 1:2 Yr (X30).  While flood flows can also lead to erosion, 

flushing of sediment can increase stream health. The inclusion of watershed scale and 

geomorphic parameters in ANN models developed in this study is consistent with 

D’Ambrosio et al. (2009) who found similar roles for local geomorphic parameters and 

watershed parameters in ANN models.  Moreover, it is noteworthy that the final ANN 

models include QHEI components as well as various watershed-level parameters and 

flow parameters and represent significant improvement upon previous MLR modelling 
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(i.e., R2 = 0.45 Gazendam et al., 2011) as evidenced by the accuracy of the present 

models (R2 = 0.92 and 0.86 for Richness and HBI respectively).   

 

3.3.3 Model Performance  

The results of the statistical analyses for the various models (Richness and HBI) are 

presented in Table 3.3.  Richness and HBI models based strictly on geomorphic 

parameters had R2 values of 0.44 and 0.48 respectively (approximately that of 

Gazendam et al., 2011). When Riparian or Hydrologic parameters were incorporated, 

R2 values increased to 0.61 and 0.74 respectively. Finally, when watershed-level 

parameters were incorporated into the model, R2 values increased to 0.92 and 0.86 

respectively. NSC and RMSE values are also noted for each step. Correspondingly, the 

RMSE increased from 0.80 to 1.45 to 2.15 for Richness and 0.39 to 0.66 to 0.75 for 

HBI, confirming that watershed and site level parameters are both required in order to 

create accurate stream models.  

 

Gazendam et al. (2011) noted similar results for geomorphic prediction using MLR and 

concluded that additional riparian and watershed-scale parameters were required to 

more accurately predict Richness and HBI. Frimpong et al. (2005) also concluded that 

watershed-level parameters would increase model accuracy by 15%. The results of this 

study demonstrate that geomorphic parameters alone are inadequate predictors of 

benthic Richness or HBI scores, confirming the conclusions of Gazendam et al. (2011), 

Frimpong et al. (2005) and Kyriakeas and Watzin (2006). 
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All statistics show significant accuracy for the Richness and HBI models. 

 

 

 

 

 

 

 

 

 

 

 

Table 3.3: Summary of incremental ANN model development 

 

3.3.4 Sensitivity Analysis 

Results of the sensitivity analysis calculations for the Richness and HBI models are 

presented in Table 3.4. Marginal (Sc) and Normalized Marginal (Sn) sensitivities 

resulting from a positive 10% change in parameter values from the median are noted 

while all the other remaining parameters remain constant at median values. The 

Richness prediction model was most sensitive to changes in Erosion (Sn=0.47) and 

Riparian Width (Sn=0.21) and negatively sensitive to changes in Substrate (Sn=-0.16). 

Typically high quality substrate will lead to high quality benthic invertebrate populations 

(i.e. Ephemeroptera, Plecoptera and Trichoptera groups) and the elimination of low 

ANN Model R2 NSC RMSE

Richness    

 1 Geomorphic   0.44 0.38 2.15 

 2 Geomorphic and Riparian 0.74 0.71 1.45 

 3 Geomorphic, Riparian and Watershed-Level  0.92 0.92 0.80 

HBI     

 1 Geomorphic  0.48 0.46 0.75 

 2 Geomorphic and Hydrology 0.61 0.59 0.66 

 3 Geomorphic, Hydrology and Watershed-Level 0.86 0.85 0.39 
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quality populations (i.e. Oligochaeta, Hirudinea and Gastropoda). Since high substrate 

scores by definition exclude poorer substrate habitat, the benthics associated with 

poorer substrate would then also be absent, minimizing benthic Richness as evidenced 

by the negative Substrate sensitivity score. The remaining negative scores can be 

considered as minimal (Sn<0.07). Watershed-level parameters were least sensitive as 

indicated by Drainage Area (Sn=0.02) and % Treed (Sn=-0.02). Negative relationships 

are due to a non-linear relationship between parameters and resultant outcome value. 

At extreme values, the sensitivity may change.  

 

The HBI prediction model was most sensitive to changes in Velocity Types (Sn=0.12) 

and negatively sensitive to changes in Substrate (Sn=-0.46), % Treed (Sn=-0.27) and 

Flood Flows (Sn=-0.24).  Both watershed-level parameters were generally sensitive 

indicating that watershed-level parameters play an important part in stream health and 

water quality. Highly vegetated watersheds tend to have greater stream health. Since 

HBI scores decrease in quality as numeric values increase, negative sensitivities are 

expected. The three negative sensitivities would tend to decrease HBI scores as 

parameter values increase. Other than Erosion, other positive sensitivities are 

considered minimal (Sn<0.04). 

 

3.3.5 Uncertainty Analysis 

Comparisons of Actual vs Predicted (i.e., 1:1) values are shown in Figures 3.4a and 

3.4b (for Richness and HBI respectively) with the 95% Confidence Intervals.  In general, 

the trained ANN models were satisfactorily accurate in predictions of Richness and HBI.  
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a) Richness 

Parameter Δθ ΔE Sc Sn 

Substrate X1  -0.18 1.16 -0.15 -0.16 

Floodplain Quality X13 -0.07 0.13 -0.53 -0.07 

Sinuosity X7 -0.07 0.25 -0.27 -0.06 

% Treed X26 -0.02 1.67 -0.01 -0.02 

Drainage Area X22 0.02 439 0.000046 0.02 

Pool Depth X14 0.06 0.3 0.2 0.05 

Riparian Width X12 0.26 0.26 0.98 0.21 

Erosion X11 0.55 0.25 2.18 0.47 

 

b) HBI 

Parameter Δθ ΔE Sc Sn 

Substrate X1  -0.21 1.18 -0.18 -0.46 

% Treed X26 -0.12 1.46 -0.08 -0.27 

Flood Flow (1:2 Yr) X30 -0.11 0.92 -0.12 -0.24 

Substrate Quality X4 0.02 -0.11 -0.16 0.04 

Erosion X11 0.02 0.25 0.07 0.04 

Velocity Types X16 0.06 0.27 0.22 0.12 

 

Table 3.4: Sensitivity analysis of a) Richness ANN model and b) HBI ANN model 
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Figure 3.4: Accuracy plots showing 95% Confidence Intervals of a) Richness  

        and  b) HBI 
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Monte Carlo simulations (MCS) were carried out for both Richness and HBI models with 

500 iterations for each model. The MAD and % Uncertainty results are presented in 

Table 3.5. MAD for Richness models ranged from 3.7 and 3.1 for ANN predicted and 

Monte Carlo simulations respectively. Similar MAD values for HBI were 0.67 and 0.88 

respectively. The results of each MCS compare well to the statistics of the original data, 

indicating that the data can be considered to be unbiased and thus the models produce 

reasonable predictions of Richness and HBI scores.  

 

Dataset MAD % Uncertainty

Richness 

Observed 7.5 68.5 

ANN Predicted 3.7 31.3 

MCS Richness 3.1 23.7 

HBI 

Observed  0.87 17.7 

ANN Predicted 0.67 13.6 

MCS HBI 0.88 17.1 

 

Table 3.5: Results of the MAD and % Uncertainty analysis for the Richness and 

HBI Monte Carlo simulations (500 Iterations). 
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3.4 Conclusions  

This study examined how a combination of key geomorphic, riparian and watershed-

scale parameters could be used to characterize stream ecosystems in terms of species 

richness and communities. The paper builds on the previous work by Gazendam et al. 

(2011) that demonstrated the application of QHEI to agricultural streams and the 

potential of QHEI in the evaluation of stream reaches for planning and design of 

restoration projects. The current study utilizes a more comprehensive list of 21 

geomorphic and riparian parameters within the QHEI and incorporates 10 additional 

watershed-scale parameters for a total of 31 parameters. The 21 geomorphic and 

riparian parameter data were collected at 112 sites on 62 streams across southern 

Ontario.  

 

Richness and HBI were selected as benthic metrics against which geomorphic, riparian 

and watershed parameters were gauged. Two ANN models were developed for 

Richness and HBI. The ANN models were trained on the randomly selected 3/4 of the 

dataset of 112 streams in Ontario, Canada and validated on the remaining 1/4. The 

development of the ANN models eliminated various parameters that were ineffective in 

predicting Richness or HBI, resulting in eight selected parameters for the Richness ANN 

and six parameters for the HBI ANN model.  Each model included geomorphic, riparian 

and watershed-level parameters.  
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The study has demonstrated that watershed and site level parameters are both required 

in order to create accurate stream models. This was confirmed by removing a) 

watershed-level parameters and subsequently b) riparian-level parameters, leaving only 

the geomorphic parameters in the model. This resulted in a reduction of R2 for the 

Richness model from 0.92 to a) 0.74 to b) 0.44 and for the HBI model from 0.86 to a) 

0.61 to b) 0.48. The RMSE increased from 0.80 to 1.45 to 2.15 for Richness and 0.39 to 

0.66 to 0.75 for HBI. 

 

Sensitivity analyses of the trained ANN models revealed that Richness was directly 

proportional to Erosion and Riparian Width and inversely proportional to Floodplain 

Quality and Substrate. HBI was directly proportional to Velocity Types and Erosion and 

inversely proportional to Substrate, % Treed and Flood Flow.   

 

We conclude that integrative ANN models, developed in this study, significantly 

improved predictive power by incorporating geomorphic, riparian and watershed 

parameters in the determination of macroinvertebrate Richness and HBI scores. The 

Richness and HBI ANN models have sufficient reliability to be useful tools in prediction, 

assessment, verification and monitoring of stream habitat. 

  

The methodology requires local data sets for model training and validation to be used in 

any geographic region. Further incorporation of the characteristics of stormwater 

management systems will improve the accuracy of urban ANN models.  
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This research demonstrates that the complexity of riverine habitat can be modelled 

using information that is routinely assembled by water managers. The models should 

prove useful to water managers when used to predict the potential effectiveness of 

specific types of restoration efforts and to provide guidance on where restoration efforts 

should be directed or optimized for their specific regions.  
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3.6 Transition to Chapter 4 

 

Chapter 3 developed Artificial Neural Networks to accurately predict Richness and HBI 

index scores based on data collected at 112 sites on 62 stream systems in southern 

Ontario. It is noted that while validation tests conducted on the ANN models suggest 

that there are no obvious errors, the models are limited by the number of sites that were 

sampled, the diversity of these same sites and the fact that all natural systems are open 

systems. Further training, testing and validation should be done on sampling sites 

beyond the geographical limitations of the existing sites (Oreskes et al., 1994).  

 

Having determined two tools to assess stream systems, Chapter 4 proceeds to develop 

a risk-based strategy to rank stream systems that are susceptible to adverse 

stormwater effects using a Fuzzy Logic approach. Two southern Ontario watersheds 

are used as case studies to demonstrate the efficiency of the ranking system.  This 

paper was submitted and published in the Canadian Water Resources Journal: 

 

 Gazendam, E., B. Gharabaghi, H. Whiteley, E. McBean and R. Kostaschuk. 

2009. Ranking of waterways susceptible to adverse stormwater effects. 

Canadian Water Resources Journal 34 (3) p 205-227.  

 

NOTE: The slopes for Highland Creek in Table 4.13 where subsequently changed from 

m/km to % as required in the table.  
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Additional Reference: 

 

Oreskes, N., K. Schrader-Frechette and K. Belitz. 1994. Verification, validation and 

confirmation of numerical models in the earth sciences. Science 263 (5147): 641-

646. 
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Chapter 4 

Ranking of Waterways Susceptible to Adverse Stormwater Effects 

 

4.1 Introduction 

 

The Great Lakes are vast inland freshwater seas that play a vital role in the physical, 

social and economic life of North America and together, hold about 20 per cent of the 

world’s surface freshwater. More than 33 million people inhabit the Great Lakes Basin, 

including about one-third of Canada’s population. The Basin provides drinking water to 

millions of Canadians and Americans and also affects the health and well-being of 

people living along the St. Lawrence River.  

 

Nevertheless, the growing population and continuous economic development during the 

twentieth century has brought change to the Basin, not all of which has been positive. 

By the middle of the twentieth century, the signs of an ecosystem under stress were 

clearly evident. Since degradation of environmental quality can directly impair the 

viability and vitality of the region, the economy and quality of life depend on a healthy 

basin ecosystem for its survival.  As a consequence, the first Canada-Ontario 

Agreement Respecting the Great Lakes Basin Ecosystem was signed in 1971 to show 

commitment by the agencies to stem the tide of environmental degradation within the 

Basin and to restore the ecosystem’s health. The Canada-Ontario Agreement 

Respecting the Great Lakes Basin Ecosystem (Agreement) has since been renewed 

four additional times and revised to reflect the evolving challenges within the Basin.  
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This paper describes a methodology for ranking the current risks of the possible 

occurrences of deterioration, with the intent of identifying a structured procedure for 

utilizing ArcGIS to display graphical representations for two selected case study creeks 

in Ontario. The objective and end result will be a methodology that synthesizes various 

fuzzy parameters associated with subjective observations of stream impacts, produces 

a ranking based on these fuzzy parameters, and allows the decision-maker to gain a 

comprehensive understanding of possible outcomes.  As described, the procedure may 

be applied to any creek and/or watershed for purposes of determining and ranking the 

most sensitive creek segments. The intent is to allow water managers to make 

decisions related to the prioritization, and ultimately, limit damage caused by stormwater 

impacts arising from development. As a consequence, this will allow managers to 

understand how to prioritize stream protection projects. 

 

4.2 Stream Prioritization Methodology  

 

The use of “Risk” as a management tool is well understood, particularly to those 

involved in life issues. Risk-based decision-making in water resources has been 

employed in the management of dams and the delineation of floodplains in Ontario for 

some time now. In 1988, the Province of Ontario formalized some of the risk-based 

criteria when they prepared a Policy Statement on Floodplain Management and 

entrenched the concept of Regional Storm floodplains (MNR, 1986). This concept has 

been entrenched in subsequent documents as well; reliance upon a particular storm is 
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based on risk or acceptable levels of risk (Haimes and Stakhiv, 1986). As a result, risk-

based decision-making is 1) an ethical tool that allows quantification of collective losses 

or deaths in a definitive manner; 2) an approach that examines frequency and 

consequences independently, and thereby provides additional accountability and 

defensibility; 3) a tool that allows for a greater range of options to be considered; 4) a 

tool that allows for greater confidence by participants; and 5) is objective rather than 

subjective. Based on the five aspects as detailed, it follows that a risk-based decision-

making process would work well for the prioritization of streams impacted by stormwater 

runoff and selection of stream protection works. 

 

Risk is the product of frequency and consequence. Risk due to an “undesirable event” is 

calculated as follows: 

 

Risk = Σi (Consequencei x Likelihood of consequencei) (9) 

 

Frequency can also be referred to as “likelihood” and is generally understood to be the 

probability of an event occurring. The consequence of that event can be loss of natural 

habitat, loss of wildlife, property damages, disruption of public services, and in extreme 

cases, death. An “undesirable event” is an event which has the potential for causing 

adverse effects on people, property/production, the environment, and/or other valued 

risk receptors. For purposes of this research, an undesirable event is the degradation of 

a particular stream system. 
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A number of procedures involving prioritization on the basis of matrices were 

considered as options for utilizing risk as a tool, including 1) Ad Hoc; 2) Checklist; 3) 

Constraint Mapping (with GIS); 4) Matrices; 5) Economic Methods; 6) Programming 

Methods; 7) Artificial Neural Networks and 8) Fuzzy Logic approach. As detailed in the 

following, a fuzzy logic approach has particularly appealing features to address this 

problem.  

 

Highland Creek in Scarborough and Grindstone Creek in Burlington are selected as trial 

watersheds. Highland Creek is a highly-urbanized system that has had significant 

damage in recent storms and was the subject of a landmark court case on the issue of 

erosion and stormwater controls (Supreme Court of Ontario, 1990). Grindstone Creek, 

on the other hand, is a relatively rural system that contains a small residential 

community in the middle reach above the Niagara Escarpment. Each of these creeks 

has varying susceptibility to the effects of erosion.  These two creeks were chosen to 

assist in discerning between high and low priority risk streams. Figures 4.1 and 4.2 

show the Grindstone and Highland watersheds respectively. 
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Figure 4.1: Grindstone Creek Watershed in Hamilton, Ontario 
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Figure 4.2: Highland Creek Watershed in Toronto, Ontario  
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4.2.1 Fuzzy Logic: 

In the traditional scientific view, uncertainty is regarded as undesirable and should be 

avoided.  However, in many engineering problems, vagueness is unavoidable and 

essential.  Fuzzy set theory (Zadeh, 1965) was introduced to analyze objects that are 

not distinct and to explain the reasoning linguistically rather than numerically (Sadiq et 

al., 2004).  Fuzzy logic was initially implemented in control systems and programming 

by Bellman and Zadeh (1970) and is no extensively used in engineering practice.  

Adoption of this approach is, in large part, since it is reasonable to identify likelihoods 

and consequences of risk factors when limited data exist. 

 

Fuzzy logic is approximate rather than precise, and incorporates the concepts of risk 

into the decision-making process. Fuzzy logic allows for values to be 0 (e.g. black) and 

1 (e.g. white) and/or the values can also be shades of intermediate (gray). In common 

words, words such as "slightly", "quite" and "very", can also be acceptable.  Recent 

literature notes that fuzzy logic has successfully been applied to water management 

decisions. As many systems, including engineering, water management and 

agricultural, are subject to a wide range of possibilities, an analysis of the situation has 

to incorporate the possibility of human error and the lack of human objectivity in any 

decision-making process.  As a result, a methodology for evaluating and ranking 

susceptible watercourses may entail fuzzy logic. Fuzzy operators will be used to 

evaluate stream resiliency, vulnerability and potential threats.  

Risk assessment steps for this application are risk identification, risk rankings 

(fuzzification), risk characterization (defuzzification), and risk aggregation. Risk 
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identification is the step to describe the overall environment and collect information 

about the sources of any potential risk (OECD, 2003).  Risk rankings are used to find 

the relationship between the exposure to the hazard/risk and the consequence. Risk 

characterization is the step that integrates the information from risk rankings to develop 

numerical expressions of hazards or risk (OECD, 2003; McBean and Rovers, 1998). 

Risk aggregation is performed to combine individual, defuzzified risk items and express 

the final risk with a single fuzzy number (Sadiq et al., 2004). 

 

For the degradation of streams, the first step involves development of a “fault tree” to 

identify events and paths of the potential risk and to calculate the occurrence 

probabilities of the hazard. Fault trees are based on a probabilistic assessment, and 

fault tree analysis can unite the probabilities of all the possible scenarios (Ballantyne, 

1997).  The fault tree is then modified to a hierarchical model to apply it to fuzzy logic. 

Each risk item is composed of a “parent” (a risk factor) and its “children” (contributing 

factors) in this model and they form a “family” together. Risk items with no further 

children are termed “basic risk items” (Sadiq et al., 2004). 

 

4.2.2 Fuzzification: 

The level of risk in this approach is expressed in qualitative terms rather than 

quantitative language. When risk items are evaluated, linguistic variables contain 

descriptive fuzzy terms such as high or low. These terms can be defined by a term set. 

For example, if there is a linguistic variable ‘High’, it can be defined more specifically by 

the term set ‘Extremely high’, ‘Very high’, ‘Moderately high’: each of them is entitled as 
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part of the fuzzy set. The number of fuzzy sets in the term set is decided by the user, 

but usually is between three and seven (Shepard 2005). To evaluate the magnitude of 

risk, linguistic variables of likelihood (l) and consequence (c) for each risk item are 

defined by 7 grades, including 3 term sets (High, Medium, and Low for likelihood and 

Important, Neutral, and Unimportant for consequence) and 0 to 3 fuzzy sets for each 

term set; for example, as used herein, the term set High likelihood has three fuzzy sets 

as Extremely high, Moderately high, High (Sadiq et al., 2004).  Fuzzy sets are 

distributed as x, and each fuzzy set is mapped into a membership function, µ, which 

ranges from 0 to 1. µ shows how strongly the x is associated with the linguistic term, or 

the percentage of which x belongs to a fuzzy set. With the relationship between x and µ, 

a grade of membership is calculated using a membership function shape. Linguistic 

definitions of grades and Triangular Fuzzy Numbers (TFNs) for each grade of likelihood 

and consequence are shown in Table 4.1. This process of converting linguistic 

descriptions into the fuzzy sets is called fuzzification (Klir et al., 1995). Figure 4.3 

illustrates the magnitudes for individual granulars or grades (TFNs, i.e. a likelihood or 

consequence is the sum of the individual granulars or grades). 
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Figure 4.3: Granulars to define TFNl and TFNc 
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The membership functions of l and c defined in the graph are as below: 
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Granulars 

(p) 
Likelihood (l) Consequences (c) 

Triangular fuzzy 

numbers 

(TFNl or TFNc) 

1 Extremely low 
Extremely 

unimportant 
(0.00, 0.00, 0.17) 

2 Low Unimportant (0.00, 0.17, 0.33) 

3 
Moderately 

low 

Moderately 

unimportant 
(0.17, 0.33, 0.50) 

4 Medium Neutral (0.33, 0.50, 0.67) 

5 
Moderately 

high 
Moderately important (0.50, 0.67, 0.83) 

6 High Important (0.67, 0.83, 1.00) 

7 
Extremely 

high 
Extremely important (0.83, 1.00, 1.00) 

 

Table 4.1: Linguistic definitions of grades and TFNs for likelihood and 

consequence 

 

In the fuzzification process, the entire triangular area of each selected level of the 

likelihood or the consequence of a risk item will be used. 
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4.2.3 Failure Risk Calculation:  

Risk can be achieved by a product of l and c, defined by a general expression for 

quantifying risk in a probabilistic framework (Bandemer, 1995). Therefore, the risk TFNlc 

is computed by the following equation: 

 

),,( clclclcllc ccbbaaTFNTFNTFN                                                   (11) 

 

where al, bl, and cl are three TFNs of the grade of the likelihood of a risk item, and ac, 

bc, cc are three TFNs of the grade of the consequence of the risk item (Sadiq, 2004).  

 

4.2.4 Defuzzification: 

Following this procedure is defuzzification. This is a process to define a consequent 

fuzzy set as a crisp number. The risk calculated from Equation 11 needs to be 

defuzzified into a single value and remapped into a risk scale to calculate the potential 

level of the combined risk of likelihood and consequence of the failure item (usually as a 

centre of gravity approach based on Bayesian probability) (after Sadiq et al., 2004). The 

number of grades of the risk scale can be the same as the one of l and c or can be 

different, depending on the definition by the user. A 5-grade risk scale (see Table 4.2) 

has been used in this research, ranging from Very Low to Very High. The most common 

technique to calculate variables of the defuzzified risks is the Centroid method (Sadiq et 

al., 2004). Due to the similarity of the result and the simplicity, the arithmetic mean of all 

the three elements of TFN numbers can be used.  
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The membership function of this 5-grade risk scale is as follows: 
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where:  xR  = g(l, c); continuous variable for risk 

        µq
R(xR); function defining the membership of xL to granular q 
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Granulars 

(q) 
Risk (R) 

Triangular fuzzy numbers 

(TFNlc ) 

1 Very low (VL) (0.00, 0.00, 0.25) 

2 Low (L) (0.00, 0.25, 0.50) 

3 Medium (M) (0.25, 0.50, 0.75) 

4 High (H) (0.50, 0.75, 1.00) 

5 Very high (VH) (0.75, 1.00, 1.00) 

 

Table 4.2: Linguistic definitions of grades and TFNs for defuzzified risk factors 

 

The relationships between the fuzzy numbers and their membership functions are 

shown in Figure 4.4. Assuming a defuzzified risk of a risk item is between Low and 

Medium but much closer to Low than Medium, the risk evaluation scale, Rq is put as 

0.31. Then, the evaluated risk of the risk item is represented as 20 % Low and 80% 

Medium. 
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Figure 4.4: Granulars to evaluate the risk 

 

4.2.5 Risk Aggregation: 

Finally, aggregation of fuzzy sets is performed by combining multiple fuzzy numbers to 

produce a single fuzzy number. Many different methods and operators can be used in 

the aggregation process such as fault tree analysis, means (e.g., arithmetic, geometric, 

or generalized), and ordered weighted averaging method (OWA), and so on (Klir et al., 

1995). In this research, the format of OWA was used with the equal weights given to the 

siblings for the effectiveness of the calculation. The ordered weighting method was used 

because the ranking step already included how strongly the likelihood and the 

consequence of each risk factor would affect the final failure.  
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The aggregation starts from evaluated basic risk items. All the siblings of the same 

generation are aggregated to represent the risk of the parents of the higher generation, 

and the same process is repeated until the final risk is aggregated. For example, if there 

are three children, and their evaluated risks are 5-tuple fuzzy sets which can be 

arranged in a 3 X 5 fuzzy assessment matrix F(Xi,3
4), and the calculation is as follows 

(Sadiq et al., 2004): 

 

   RRRRR
iXFWWWX 54321

4
3,

4
3,3

4
3,2

4
3,1

3
1,3 )(,,                                     (14) 





n

i

k
jiW

1
, 1, thus 

3

14
3, iW  

where: Wi,j
k is the weight of the risk item 

µp
R (p=1, 2, 3, 4, 5) are the membership values of the aggregated risk to 

the 5-grade risk scale.  

 

The final risk of generation 1 can be calculated as a dot product of vector RG (See Table 

4.3) and fuzzy number X1.0
1 and expressed with a single value. 

 

Granular R1 R2 R3 R4 R5 

TFNrl [0, 0, 0.25] [0.0, 0.25, 0.50] [0.25, 0.50, 0.75] [0.50, 0.75, 1.0] [0.75, 1, 1]

RG 0.083 0.25 0.5 0.75 0.92 

 

Table 4.3: Centre of gravity of 5-grade fuzzy scale used to represent the risk 
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4.3 Components of the Fuzzy Logic Methodology 

 

The fuzzy logic methodology requires various inputs in order to create a risk value and 

allow the user to rank various alternatives. For this research, the primary categories of 

water quality, water quantity and stream stability, were selected. Chloride, Total 

Suspended Solids (TSS), nutrients, bacteria, metals, sediment and temperature were 

selected as the key parameters for evaluation. Chlorides (i.e. road salts) were included, 

in spite of the fact that chlorides can pulse through a system, since impacts were noted 

during site inspections (dead fish were observed after snow storms and salt 

applications). In terms of water quantity, infrequent flows (the 1:10 year event) and 

frequent events (1:5 year event) were selected. Specific stream power was selected as 

the physical stream stability parameter, supported by a Rapid Geomorphic Assessment.  

 

4.3.1 Water Quality:  

Water quality and flow data were available from existing long term gauge stations 

established on Grindstone (Station 02HB012) and Highland Creeks (Station 202 (1972-

1997). The methodology to undertake the fuzzy logic analysis is identical for both creek 

systems.  

 

Water quality standards and thresholds were determined for Grindstone and Highland 

Creeks from existing literature. Table 4.4 details the various thresholds.  
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 Unit Standard 
Standard 

(max) 

Median 

(Grindstone 

Creek) 

Reference 

Note 

(Reference 

of the 

Standard) 

 

TSS 
mg/L 25 80 16.11 HC Table 5 

Chloride mg/L 230 860 45.23 HC Table 5 

TKN mg/L 0.5 1.2 0.73 
RCVA, 

AZDEQ 

Water Quality 

Sourcebook ** 

Phosphorus mg/L 0.03 0.1 0.043 HC Table 5 

Fecal Coliform 
counts/

100mL 
100 300 320.33 HC Table 5 

Zinc mg/L 0.03 0.1 0.0042 GRCA Table 6 

Reference 

Index: 

** 

 

HC 
Highland Creek report    

GRCA 
A Summary of Current Conditions (2000-2004) and Long Term 

Trends, Grand River Conservation Authority 

AZDEQ Arizona Department of Environmental Quality  

A Guide to Water Quality Parameters, Inland Waters Directorate, Water Quality 

Branch, Ottawa, 1979, 

http://www.azdeq.gov/environ/water/standards/download/nutdoc.pdf 

 

Table 4.4: Water Quality Thresholds 

 

To analyze water quality as a result of flooding incidences within given hydrologic flow 

data, it is necessary to separate the baseflow from the flood flows.  The user may then 

statistically analyze the resultant flood flow data.  The BFLOW model (Arnold and 



158 
 

Sammons, 2005) is a digital filter applied to the daily streamflow data to predict 

baseflow.  Arnold and Allen (1999) use the general baseflow separation methodology 

outlined by Lyne and Hollick (1979) and adapted by Nathan and McMahon (1990) in the 

development of the BFLOW model. Using this base flow separation methodology, base 

flow percentages were determined for each flow record. As a result, the concentration of 

each flow record can be compared to an actual flood event. Graphing of the resultant 

Water Quality Concentration vs. Base Flow Percentage allowed for the determination of 

corresponding thresholds. Using the trendlines equations of the graphs, ‘Daily Stream 

Water Quality’ data were created. All the water quality parameter values were 

subsequently sorted in descending order and the Probability of Exceedance was 

calculated for each value of the parameter.  

 

To assign a consequence scale to the various levels of likelihood, seven grades of 

consequence were first determined from 0% to 100%, as summarized in Table 4.5. 
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Grade Chloride 

(mg/L) 

TSS 

(mg/L) 

TKN 

(mg/L) 

Phosphorus

(mg/L) 

F. Coliform 

(counts/100mL)

Zinc 

(mg/L) 

Note: 

1 57.5 6.25 0.125 0.0075 25 0.0075 Threshold 1 value/4 

2 115 12.5 0.25 0.015 50 0.015 Threshold 1 value/2 

3 230 25 0.5 0.03 100 0.03 Threshold 1 

4 545 52.5 0.85 0.065 200 0.065 (Threshold 

1+Threshold 2)/2 

5 860 80 1.2 0.1 300 0.1 Threshold 2 

6 1032 96 1.44 0.12 360 0.12 20% exceedance of 

Threshold 2 

7 1290 120 1.8 0.15 450 0.15 50% exceedance of 

Threshold 2 

 

Table 4.5: Grading of Consequence vs. Likelihood 

 

Subsequently, the probability calculations were assigned as per Table 4.6 for weekly, 

monthly and seasonal likelihoods. 



160 
 

 

Return Period Calculation of Probability 

 

Likelihood 

Grade 

 Per year Ratio Percentage  

Daily event 365/365 1.0000 100% Grade 7 

Weekly event 52/365 0.1425 14.3% Grade 6 

Monthly event 12/365 0.0328 3.3% Grade 5 

Seasonal event 4/365 0.0109 1.1% Grade 3 

Yearly event 1/365 0.0027 0.3% Grade 1 

 

Table 4.6: Determination of various Likelihoods Grades 

 

The values of the consequence are based on the probabilities of exceedance of 

concentrations (i.e. the concentrations found for each 14.3%, 3.3%, 1.1% in Table 4.6). 

 

Having determined the frequency and consequence values, these values are then input 

into the Fuzzy Logic model.  

 

4.3.2 Water Quantity: 

The return period of two different storm events, the 1 in 2 year event and the 1 in 10 

year event, were selected for analysis in the Fuzzy Logic model. These two storms were 

selected since reflect frequent flooding (1 in 2 year event) where flows typically exceed 
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the bankfull stage and sufficient flooding with the 1 in 10 year event causes a significant 

degree of inconvenience and damage.  

 

Consequence values for flood damages should ultimately be based on stage-damage 

type curves but a simpler methodology is to determine the consequence values from the 

flood top width (i.e. flooding limits) as calculated by HEC RAS or HEC 2. However, 

information on the relationship between flood damage and flooding limits may not be 

available. The risk of applying this logic to the two test watersheds exposes the 

limitations of this technique: Grindstone has a largely open, rural floodplain of 

substantial width where no damages typically occur, whereas Highland is a relatively 

confined system such that when it overflows, significant damage likely occurs. In the 

absence of stage-damage tables and with the recognition that urban areas would have 

more damage than rural areas (in terms of monetary values), Table 4.7 details the 

likelihood and assumed consequence values for various selected return period storms.  
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Return Period Likelihood Consequence 

  Rural Urban 

1:2 7 1 3 

1:5 6 2 4 

1:10 5 3 5 

1:25 4 3 5 

1:50 3 4 6 

1:100 2 4 6 

Regional 

Storm 

1 5 7 

 

Table 4.7: Flooding Likelihood and Consequence Grades 

 

4.3.3 Physical Stream Stability: 

Streams are subject to changes if conditions are appropriate. Change can be natural 

(due to natural processes) or anthropogenic (due to human influences). Stream power, 

and specific stream power, reflects the natural conditions of the system (slope and 

stream flow) and anthropogenic alterations (changes to stream flow as a result of 

urbanization and subsequent changes to local slope).   

 

Erosion potential of a stream is related to the potential energy of a stream which is 

converted to kinetic energy as it flows downslope in a river.  This flow directly relates to 
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stream power which is a measure of a river’s energy availability to transport sediment, 

and is a useful tool for predicting erosion vulnerability. Stream power is defined by 

(Worthy, 2005):  

 

Stream Power: Ω = Q γ s  (15) 

 

where:  Ω is stream power of the channel (W/m) 

Q is flow (m3/s) 

γ is the specific weight of water (9810 N/m3) 

s is the slope of the channel section (m/m). 

 

For this research, γ was kept constant however, the parameter can vary with 

temperature and will need to be adjusted for analysis of winter conditions.  

 

Specific stream power is simply the stream power divided by the channel width as 

follows: 

 

Specific Stream Power: ω = Ω/w  (16) 

 

where: w is the width of the stream (m). 

 

Specific stream power is used for the Fuzzy Logic analysis. As a caveat to this 

technique, it is noted that stream power and specific stream power are readily 
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determined from available hydrology and topographic mapping for any watershed. 

However, the application of these data to a specific watershed must recognize the 

physical conditions within that watershed. For example, extremely high specific stream 

power results for a certain reach may not actually result in channel degradation as that 

reach may consist of a waterfall or be located within a bedrock system. Another system 

may be located within a highly erodible sand plain and be of great concern. As such, 

specific stream power values will not result in the same level of concern across the 

province and care must be given to the interpretation of the results.   

 

Specific stream power is based on channel widths. Channel widths were estimated 

based on site observations and aerial photography for an initial evaluation and then four 

key locations in each watershed were chosen for a more detailed assessment using 

HEC RAS to determine floodprone stream widths. 

 

Unusual stream reaches, such as those which contain the Niagara Escarpment on the 

Grindstone system, were avoided due to their anomalous nature. 

 

Previous research has demonstrated that single thread streams can be altered when 

specific stream power values reach certain thresholds. Brookes (1985) noted that no 

erosion occurred in streams with a specific stream power below 25 W/m2. Conversely, it 

was also noted that all streams that had a specific stream power above 35 W/m2 had 

exhibited channel adjustments, i.e. they had eroded to some degree and specific stream 

power above 100 W/m2 resulted in excessive erosion. Based on Brookes (1985), 
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Stantec (2003) similarly determined that a specific stream power of 3.5 W/m2 was the 

threshold between anastomosing and meandering channel forms while 35 W/m2 was 

the threshold between stable meandering pool-riffle forms to cascade, step-pool and 

braided channel forms. Similarly, Knighton (1998) and Nanson and Croke (1992) 

suggest the following broad categories: High Energy (ω> 300 W/m2); Medium Energy 

(ω ranges from 10 to 300 W/m2) and Low Energy (ω < 10 W/m2). 

 

Based on the above thresholds, consequence values were determined as per Table 4.8. 

The associated likelihoods were interpolated from the specific stream power tables 

developed for each system. Since specific stream power likelihoods are based on storm 

probabilities, the likelihood grades from Table 4.8, originally developed for water 

quantity purposes, can also be utilized here. 
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Grade

Specific Stream

Power (W/m2) Note 

1 < 10 Low 

2 11 – 25  

3 26 – 50  

4 51 – 100 Medium

5 101 – 200  

6 201 – 300  

7 > 300 High 

 

Table 4.8: Specific Stream Power Consequence Grades 

 

In order to determine specific stream power, spatial and hydrological data was obtained 

through the use of the Ontario Flow Assessment Tool (OFAT) software.  Within OFAT, 

the Index Flood Method (Moin and Shaw, 1985) was utilized in the twelve 

homogeneous flood regions. The general form of the equation for each return period 

(say the two year flood Q2) is: 

 

Q2 = C * An   (17) 

 

where:  Q2 = flood in a 2-year return period in m3/s 

A = drainage area in km2 
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C = a constant depending on the region 

n = exponent 

 

Highland Creek is in Region 8 and Grindstone Creek is in Region 7. The constants, C, 

for Regions 7 and 8 are 1.13 and 0.72 and the exponent n are 0.696 and 0.785, 

respectively (TRCA, 1999, and Halton, 2007). 

 

The resultant flows were adjusted to reflect available flow data and the hydrology 

associated with the floodplain models prepared by Conservation Halton and the Toronto 

& Region Conservation Authority for the Grindstone and Highland Creek systems 

respectively. Table 4.9 details the flow data from the Water Survey Canada stream 

gauges. 
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Return Period
Grindstone

Flow (m3/s)

Highland 

Flow (m3/s)

Q2 17.5 64.5 

Q5 25.3 109.6 

Q10 30.2 139.1 

Q20 34.7 167.1 

Q50 40.4 203.3 

Q100 44.6 230.5 

 

Table 4.9: Return Period Flows 

 

Based on these flow results, the OFAT data were pro-rated based on the WSC 

streamflow information.  

 

Slope is the second key parameter in the calculation of stream power and was 

calculated from the DEM using the Spatial Analyst tool of ArcGIS for each cell in raster 

format. In order to calculate the stream power, Digital Elevation Modes of Highland 

Creek and Grindstone Creek with the resolution of 10×10 m2 were obtained. Using the 

ESRI ArcGIS9.0 software and Ontario Flow Assessment Tool (OFAT) the watersheds 

were delineated and stream network was defined. Then the stream network was divided 

into different sections and flows with different return periods (2, 5, 10, 20, 50 and 100 

years) were calculated for each section using the Dimensionless Flood Frequency 

(MNR 2000) flow calculation method (embedded in OFAT). The GIS modelling 
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methodology is outlined by Worthy, 2005. Figures 4.5 and 4.6 present the stream reach 

numbering for Grindstone and Highland Creeks respectively.  

 

 

 

Figure 4.5: Grindstone Creek Stream Reaches 
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Figure 4.6: Highland Creek Stream Reaches 

 

Using the calculated slope for each river section and the corresponding flow, specific 

stream power was then calculated using Formula 16. 

 

In order to confirm actual stream stability in each test watershed and confirm the 

modelling results, the stream stability has been assessed using a Rapid Geomorphic 

Assessment (RGS) (OMOE, 2003). The RGA is one of many different types of 

geomorphic assessments that can be used (e.g. Rapid Stream Assessment Technique, 

Stream Visual Assessment Protocol, etc.), however, many of these other assessments 

do not focus entirely on a geomorphic component. The RGA method consists of four 
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factors that summarize various components of channel adjustment, specifically: 

aggradation, degradation, channel widening and plan form adjustment. Each factor is 

assessed separately, and the total score indicates the overall stability of the system. 

The RGA provides a stability index value based on the number of geomorphic indicators 

recorded during the field investigation. Stable or in regime channels have an index 

value less than 0.20. For channels that are actively adjusting, the index value is greater 

than 0.41.  For transitional or stressed channels, the stability index value falls between 

0.20 and 0.41.   

 

Rapid Geomorphic Assessments (RGAs) were conducted for Highland and Grindstone 

Creeks to determine physical field indicators of channel stability and active channel 

processes.  RGA scores were used to independently corroborate the stream power 

assessment. 

 

4.4 Results and Discussions 

 

Stream vulnerability was assessed on water quality, flooding issues and stream stability. 

Each of these components can also be examined independently. Tables 4.10A and 

4.10B summarize the results of the Fuzzy Logic analysis for the Grindstone Creek and 

the Highland Creek watersheds. 
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Table 4.10A: Fuzzy Logic Analysis Results for the Grindstone Creek Watershed 
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Table 4.10B: Fuzzy Logic Analysis Results for the Highland Creek Watershed 
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4.4.1 Water Quality: 

From Tables 4.10A and 4.10B, a comparison of magnitudes for chlorides shows that 

Highland Creek is very weighted towards a “High” risk stream while Grindstone Creek is 

predominantly a “Very Low” risk system. While bacteria results are identical for Highland 

and Grindstone Creeks, values for Total Suspended Solids (TSS) and nutrients 

(Phosphorus and Nitrogen) are similar but slightly higher for Highland Creek. 

Surprisingly, the analysis of water quality results indicates that metals have a higher risk 

potential in Grindstone Creek than in Highland Creek. 

 

Aggregate values as shown in Table 4.11 indicate that Grindstone Creek has potentially 

a lower risk than Highland Creek (lower magnitudes in the high and medium risk 

values). As a result, Highland Creek has a higher water quality risk and is potentially 

more impacted than Grindstone Creek. While some of the values appear to be similar, 

Grindstone Creek has a much lower “Very Low” risk value while Highland Creek has a 

higher “High” risk value.  
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Creek 

µL1 

(Very Low 

Risk) 

µL2 

(Low Risk)

µL3 

(Medium 

Risk) 

µL4 

(High 

Risk) 

µL6 

(Very High 

Risk) 

Grindstone 0.22 0.33 0.30 0.14 0.01 

Highland 0.02 0.39 0.34 0.24 0.01 

 

Table 4.11: Summary of Aggregate Water Quality Risk Values 

 

 

4.4.2 Water Quantity: 

For Water Quantity (i.e. flooding), Highland Creek has a Medium Risk of 0.57 while 

Grindstone has a Low Risk of 0.59 (see Table 4.12). This has been based on the 

consequence values developed for urban and rural systems as stage-damage curves 

were not available and flooding top widths are too arbitrary. However, given the fact that 

Highland is urbanized and Grindstone is relatively rural, it can naturally be assumed that 

the Highland system would result in higher flood damages than that of the Grindstone 

system. Further investigations and the development of river-system specific stage-

damage curves by local authorities (e.g. Conservation Authorities) would ultimately 

confirm this hypothesis. 
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Table 4.12: Summary of Aggregate Water Quantity Risk Values 

 

 

2.4.3 Physical Stream Stability: 

The results of the initial specific stream power calculations are shown in Table 4.13.  

Creek 

µL1 

(Very Low 

Risk) 

µL2 

(Low 

Risk) 

µL3 

(Medium 

Risk) 

µL4 

(High 

Risk) 

µL6 

(Very High 

Risk) 

Grindstone 0.41 0.59 0.00 0.00 0.00 

Highland 0.00 0.43 0.57 0.00 0.00 
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Section 

Slope 

of Main 

channel 

(%) 

Floodplain 

Width of 

Main 

 Channel 

(m) 

Q2 Q10 Q100 
Specific Stream Power  

(W/m2) 

  m3/s m3/s m3/s 1:2 Year 1:10 Year 1:100 Year

Grindstone: 

4 

 

0.07 

 

367/402 

 

7 

 

13 

 

19 

 

0.1 

 

0.2 

 

0.3 

12 0.46 69/72 17 30 46 11.3 19.2 28.7 

20 1.10 21/39 2 3 5 9.0 11.1 12.9 

24 0.69 12/13 1 1 2 4.1 6.9 10.0 

Highland:         

4 0.89 17/27 14.1 30.4 50.6 73 120 163 

8 1.19 26/33 30.2 65.0 108.0 136 257 382 

13 0.48 27/47 58.3 125.3 208.3 103 161 211 

17 0.80 44/47 64.6 138.8 230.8 116 240 387 

 

Table 4.13: Specific Stream Power Results  

 

The specific stream power modelling results indicate that the highest stream powers 

occur in Highland Creek and the lowest stream powers occur in Grindstone Creek. 
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Maximum and minimum stream powers in each creek are consistent with the respective 

return periods.  

 

One of the potential reasons for the maximum stream powers being calculated for 

Highland Creek is that the level of urbanization, and resultant runoff, is highest in this 

area. The mean slope for the Highland Creek watershed is also the higher of the two 

watersheds analyzed and represents a significant influence. 

 

Based on the results of the initial specific stream power analysis, further detailed 

analysis of four representative reaches of each system was completed. Flows were 

subsequently refined when additional data became available (via HEC RAS and WSC) 

and can be still further refined by local water managers (i.e. Conservation Authorities or 

equivalents). For the purposes of this further refinement, we have utilized the 2 year and 

10 year specific stream power results at the four key locations of each system in the 

Fuzzy Logic analysis. 

 

The specific stream power values noted in Table 4.13 were input iteratively into the 

Fuzzy Logic model, using the consequence values determined in Table 4.8, to 

determine the range of risk conditions within the two systems. 

 

Table 4.14 summarizes the frequency and consequence granulars for each of the four 

stream reaches while Table 4.15 summarizes the results of the iterative Fuzzy Logic 

evaluation.  
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System Tributary Section

Frequency 

Granular 

Consequence 

Granular 

1:2 1:10 1:2 1:10 

Grindstone Main – Mouth 12 7 5 2 2 

 Tributary 1 20 7 5 1 2 

 Tributary 3 24 7 5 1 1 

 
Main - 

Upstream 
4 7 5 1 1 

Highland Main - Mouth 17 7 5 5 6 

 East Markham 8 7 5 5 6 

 West Bendale 4 7 5 4 5 

 
Main – 

Upstream 
13 7 5 5 6 

 

Table 4.14: Specific Stream Power Frequency and Consequence Granulars  



180 
 

 

System Tributary 

Risk 

Very 

Low 
Low Medium High 

Very 

High

Grindstone Main – Mouth 0.41 0.59 0.00 0.00 0.00 

 Tributary 1 0.63 0.37 0.00 0.00 0.00 

 Tributary 3 0.79 0.21 0.00 0.00 0.00 

 Main - Upstream 0.79 0.21 0.00 0.00 0.00 

Highland Main – Mouth 0.00 0.00 0.58 0.42 0.00 

 East Markham 0.00 0.00 0.58 0.42 0.00 

 West Bendale 0.00 0.11 0.89 0.00 0.00 

 Main – Upstream 0.00 0.00 0.58 0.42 0.00 

 

Table 4.15: Fuzzy Logic Specific Stream Power Risk Results 

 

These results indicate that Highland Creek is a predominantly “Medium” or “High” risk 

system while Grindstone Creek is a relatively “Low” or “Very Low" risk system. 

Specifically, all of the entries in Table 4.15 indicate very low to low risk for Grindstone, 

whereas the entries for Highland Creek are in the vast majority in the medium to high 

risk categories. 

 

For the final Fuzzy Logic analysis, stream reaches that were reflective of the system 

were used (Reach 8 of Highland and Reach 20 of Grindstone). 
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The results of the Rapid Geomorphic Assessment have been presented in Table 4.16 

where the results of each category and the Stability Index have been recorded. Based 

on the evaluation results in Table 4.16, it can be seen that most stream reaches in 

Grindstone and Highland Creeks are stressed or are in transition. Relatively few 

reaches are stable. Stream reaches that are stable are in the upper reaches (H7B) of 

Highland where the creek has been effectively channelized, or in a newly constructed 

channel (G2) on the Grindstone system.  
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Location Aggradation Degradation Widening Form 

Adjustment 

Stability 

Index 

 

Grindstone 

     

G1 0.57 0.00 0.20 0.43 0.30 

G2 0.14 0.00 0.10 0.00 0.06 

G3 0.29 0.20 0.80 0.57 0.46 

G4 0.00 0.10 0.30 0.71 0.28 

G5 0.43 0.10 0.10 0.57 0.30 

 

Highland 

     

H1 0.43 0.80 1.00 0.29 0.63 

H2 0.00 0.40 0.50 0.14 0.26 

H3 0.14 0.60 0.90 0.00 0.41 

H4 0.71 0.00 0.10 0.29 0.28 

H5 0.86 0.90 0.80 0.57 0.78 

H6 1.00 0.30 0.50 0.00 0.45 

H7A 0.14 0.30 0.80 0.00 0.31 

H7B 0.00 0.10 0.30 0.00 0.10 

 

Table 4.16: Results of the Rapid Geomorphic Assessments 
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Three independent corroborations of the specific stream power analysis are provided. 

The first is the Rapid Geomorphic Assessment while the second is a comparison of the 

Highland results to a previously published plan created by the TRCA (TRCA, 1999). The 

third corroboration is the comparison between erosion potential and the recent flooding 

within Reach 8 (East Markham Tributary) of Highland Creek. 

 

Firstly, the results of the RGA show that the stream reaches are generally in transition. 

However, the more stable reaches are located in upper reaches of the watersheds 

where stream power is also less. In addition, one of the highest stream power reaches 

in Grindstone was ultimately, and recently, rehabilitated using natural channel design 

principles. The resultant channel, G2, is now stable. The rehabilitation was required due 

to degraded reach conditions, further assumed to be due to high levels of stream power 

and possible erosion. As a result, the fact that rehabilitation was required corroborates 

the stream power results. Secondly, the Highland Creek State of the Watershed Report 

(TRCA, 1999) noted key erosion sites in the watershed (see Figure 4.7, i.e. Map 13 of 

TRCA, 1999).  
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Figure 4.7: Highland Creek Watershed Erosion Sites 

 

These key erosion sites are generally located in re-entrant valleys to the historic Lake 

Iroquois shoreline and at the base of the shoreline along the main channel of Highland 

Creek. These key erosion sites are generally located within zones of high specific 

stream power and corroborate the results of the stream power assessment. It is also 

noted that Reach 8, the East Markham Tributary of Highland Creek, is the reach where 

significant damage occurred during the August 2006 rainfall event. The corresponding 

high specific stream power results reflect the erosion potential of that reach.  
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4.4.4 Aggregate Fuzzy Logic Results: 

Having examined individual components of the methodology and corroborated the 

stream power analysis through several independent techniques, the total aggregate 

Fuzzy Logic analysis can be completed.  

 

All the values discussed in previous sections were input into the Fuzzy Logic model. As 

noted previously, Tables 4.10A and 4.10B present the results of the Fuzzy Logic 

analysis, including the final defuzzified risk values.  

 

The final defuzzified risk value is comprised of values representing the five independent 

granulars. Each of these values will determine the level of risk of each creek system. A 

summary of Tables 4.10A and 4.10B is presented in Tables 4.17 and 4.18. 

 

Creek 

µL1 

(Very Low 

Risk) 

µL2 

(Low 

Risk) 

µL3 

(Medium 

Risk) 

µL4 

(High 

Risk) 

µL6 

(Very High 

Risk) 

Grindstone 0.42 0.43 0.10 0.05 0.00 

Highland 0.01 0.27 0.50 0.22 0.00 

 

Table 4.17: Summary of Total Aggregate Component Values 
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Creek 
Final Defuzzified 

Risk 

Grindstone 0.23 

Highland 0.49 

 

Table 4.18: Total Aggregate Fuzzy Logic Values 

 

From the results, it can be seen that Highland Creek has an aggregate risk that is 

greater than twice that of Grindstone Creek. When individual granulars are examined, 

Highland Creek has a “Medium” risk of 0.50 and a “High” risk of 0.22 while Grindstone 

Creek has a “Low” risk of 0.43 and a “Very Low” risk of 0.42.  The results demonstrate 

that Highland Creek has a greater potential risk than Grindstone Creek. 

 

4.5 Conclusions  

 

Based on the results of this research the following can be concluded: 

 

i. A risk-based decision-making process based on fuzzy logic allows for the 

prioritization of streams impacted by stormwater runoff.  The separation of 

baseflow from the flood flows allows for the statistical analysis of water quality 

parameters for each component, providing insight into the extent and possible 

causes of water-quality impairment.  Excess water quantity was analyzed 
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successfully with the 1:2 and the 1:10 year events in the Fuzzy Logic model. 

These two storms, respectively, reflect frequent flooding where flows typically 

equal or exceed the bankfull stage, and cause sufficient flooding to the degree of 

inconvenience and damage.   

 

ii. Grindstone Creek has a lower (“Very Low”) risk value while Highland Creek has a 

higher (“High”) risk value primarily as a result of higher chloride concentrations.  

 

iii. A Rapid Geomorphic Assessment (OMOE, 2003) demonstrated most stream 

reaches are in transition either from agricultural or urban effects. Highland Creek 

is a predominantly “Medium” or “High” risk system while Grindstone Creek is a 

relatively “Low” or “Very Low" risk system. Independent corroborations of the 

specific stream power analysis demonstrated the merits of the technique, 

including the Rapid Geomorphic Assessment. 

 

iv. Fuzzy logic is a suitable methodology for application to risk assessment and 

ranking of streams for susceptibility to damage from stormwater runoff.  

Specifically, the methodology will be useful in the future analysis of risks to water 

quality, risks to water quantity and risks to channel stability (stream power and 

erosion vulnerability assessment) for other stream systems. 
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4.7 Transition to Chapter 5 

 

Chapter 4 developed a methodology for ranking stream restorations with a Fuzzy Logic 

approach using water quantity, water quality and watershed-based parameters. The 

approach was tested on two watersheds, Grindstone Creek and Highland Creek, to 

determine the impacts on a rural and urban system respectively.  

 

Chapter 5 summarizes Chapters 2, 3 and 4 and presents the final conclusions and 

recommendations for all three published papers.  
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Chapter 5 

 

Conclusions and Recommendations 

 

 

5.1 Research Summary and Conclusions 

 

5.1.1 Summary and Conclusions for the Evaluation of the QHEI as a Planning 

and Design Tool for the Restoration of Ontario Streams Using a Multiple 

Linear Regression-based Approach 

The Qualitative Habitat Evaluation Index (QHEI) was originally designed by the Ohio 

EPA to provide a quantitative evaluation of the physical characteristics which are 

qualitative within a given stream reach.  

 

From an ecological perspective, Ohio and Southern Ontario are part of the same ecoregion. 

Mandrak et al. (2003) determined that each Great Lake has two fish faunal regions but that the 

species richness between northern Ohio and southern Ontario is similar. An assessment of the 

various biotic indices in practice between Ohio and Ontario also suggests that individual indices 

can be applied in either area.  

 

QHEI has been applied in various other jurisdictions within Canada and the United States. The 

assessment technique is directly applied when ecoregion-specific reference conditions are 

available. It was determined that QHEI ranges for Exceptional, Good and Marginal/Poor habitats 
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are >67.5, 52.5 to 67.5 and <52.5 respectively using a statistical analysis of QHEI scores 

associated to HBI scores, recognizing that there will be some overlap for each of these zones.  

 

Using MLR, it was also determined that a few selected geomorphic characteristics of a 

stream account for about 50% of the variance in Taxa Richness, %EPT and HBI scores. 

As a result, a forensic geomorphic assessment of a stream can be completed to 

determine the source of the problem by comparing the values for these stressors with 

the average for Critical, Important and Marginal streams systems, i.e. regression 

equations can be used to assess the quality of the aquatic habitat and be used as a 

design tool for stream rehabilitation projects.  

 

The following predictive regression equations were developed: 

 

% EPT = - 37.1 - 0.730 X1 + 18.80 X16 + 14.90 X17 (R2= 55%) (2) 

Richness = 16.6 + 1.330 X8 - 3.760 X15 - 2.680 X19 (R2= 45%) (3) 

HBI = 8.35 - 0.301 X8 - 0.583 X16 - 0.519 X18 (R2=64%)  (4) 

 

Regression Equations 2, 3 and 4, and the methodology by which they were developed, 

can be of greater benefit for specific design purposes. However, only about 50% of the 

variance in biologic indices was explained by geomorphic stressors within the stream 

and the other 50% might be related to upstream water quality and land 

use/management. Further data collection and analysis is required to develop improved 

equations that would incorporate additional stressors. 
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Finally, certain situations may require a more sensitive assessment tool that can detect 

more subtle habitat shifts in response to positive or negative landuse changes (i.e. 

before they might be detected by the QHEI) (Rankin et al., 1999). This is an inherent 

limitation of a methodology that has been developed for its simplicity and ease of use. 

 

Many of stream types were as described in Section 1, i.e. small to medium pool-riffle 

systems that were wadeable and located in southern Ontario. Further research would 

determine regression equations and relationships for other stream types and 

geographically distinct areas. Bedrock systems located on the Canadian Shield will 

require independent research and prove to be useful for assessment purposes, 

restoration efforts on bedrock systems are limited.  

 

While there are statistical procedures for infilling of missing data, any QHEI data forms 

must be completed by field investigations to avoid error.  

 

During this study, the need for the standardization of biologic data collection and reporting 

across Ontario became obvious. It is a recommendation of this study that the development of a 

more consistent benthic dataset be promoted to all agencies, preferably using the OBBN as the 

template. It is also recommended that QHEI data be collected while OBBN crews are 

completing biological sampling. 
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5.1.2 Summary and Conclusions of Integrative Neural Networks Models for 

Stream Assessment in Restoration Projects 

The research examined how a combination of key geomorphic, riparian and watershed-

scale parameters could be used to characterize stream ecosystems in terms of species 

richness and communities. Building on previous work by Gazendam et al. (2011), this 

study utilized a more comprehensive list of 21 geomorphic and riparian parameters 

within the QHEI and incorporates 10 additional watershed-scale parameters for a total 

of 31 parameters. The 21 geomorphic and riparian parameter data were collected at 

112 sites on 62 streams across southern Ontario.  

 

Richness and HBI were selected as benthic metrics against which geomorphic, riparian 

and watershed parameters were gauged. Two ANN models were developed for 

Richness and HBI. The ANN models were trained on the randomly selected 3/4 of the 

dataset of 112 streams in Ontario, Canada and validated on the remaining 1/4. The 

development of the ANN models eliminated various parameters that were ineffective in 

predicting Richness or HBI, resulting in eight selected parameters for the Richness ANN 

and six parameters for the HBI ANN model.  Each model included geomorphic, riparian 

and watershed-level parameters.  

 

The research demonstrated that watershed and site level parameters are both required 

in order to create accurate stream models. This was confirmed by removing a) 

watershed-level parameters and subsequently b) riparian-level parameters, leaving only 

the geomorphic parameters in the model. This resulted in a reduction of R2 for the 
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Richness model from 0.92 to a) 0.74 to b) 0.44 and for the HBI model from 0.86 to a) 

0.61 to b) 0.48. The RMSE increased from 0.80 to 1.45 to 2.15 for Richness and 0.39 to 

0.66 to 0.75 for HBI. 

 

Sensitivity analyses of the trained ANN models revealed that Richness was directly 

proportional to Erosion and Riparian Width and inversely proportional to Floodplain 

Quality and Substrate. HBI was directly proportional to Velocity Types and Erosion and 

inversely proportional to Substrate, % Treed and Flood Flow.   

 

It is concluded that integrative ANN models, developed as part of this research, 

significantly improved predictive power by incorporating geomorphic, riparian and 

watershed parameters in the determination of macroinvertebrate Richness and HBI 

scores. The Richness and HBI ANN models have sufficient reliability to be useful tools 

in prediction, assessment, verification and monitoring of stream habitat. 

  

The methodology requires local data sets for model training and validation to be used in 

any geographic region. Furthermore, this research demonstrates that the complexity of 

riverine habitat can be modelled using information that is routinely assembled by water 

managers. The models should prove useful to water managers when used to predict the 

potential effectiveness of specific types of restoration efforts and to provide guidance on 

where restoration efforts should be directed or optimized for their specific regions.  

 

The research ultimately concluded the following key items: 
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1. Stream assessment requires consideration of watershed-level parameters as 

well as geomorphic and riparian parameters; 

2. Data was collected on 112 sites on 62 streams across southern Ontario and 

this database can be used for further research; 

3. ANN models predicted Richness and HBI scores with R2 values of 0.92 and 

0.86, respectively; 

4. Richness was directly proportional to Erosion and Riparian Width and 

inversely proportional to Floodplain Quality and Substrate parameters; and, 

5. HBI was directly proportional to Velocity Types and Erosion and inversely 

proportional to Substrate parameters % Treed and Flood Flow.  

 

5.1.3 Summary and Conclusions for a Fuzzy Logic System to Rank Waterways 

Susceptible to Adverse Stormwater Effects 

Based on a review of available methods for ranking problem severity, a fuzzy-logic 

approach was recommended to incorporate risk into the decision-making process. The 

fuzzy-logic methodology incorporates various measured properties and risk-creating 

processes into a risk value and allows the user to rank various different systems. Three 

primary categories of risk were selected, specifically risks to water quality, to water 

quantity and to stream stability. While there are many water quality parameters that can 

be evaluated, salt, Total Suspended Solids (TSS), nutrients, bacteria, metals, sediment 

and temperature were selected as key parameters for evaluation. In terms of water 

quantity, infrequent high flows (the 1:10 year event) and moderately frequent high flows 

(1:2 year event) were selected. Specific stream power was selected as the physical 
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parameter for risk to stream channel stability, supported by a Rapid Geomorphic 

Assessment. 

 

In order to distinguish risks to quality as a result of flooding incidences as contrasted 

with risks associated with persisting flows it is necessary to separate baseflow from 

flood-period flows.  It is then possible to statistically analyze the water-quality risk in 

each component. The BFLOW model (Arnold and Sammons, 2005) is a digital filter 

applied to the daily stream flow data to predict baseflow.  BFLOW, (Arnold and Allen 

(1999)), uses the general baseflow separation methodology outlined by Lyne and 

Hollick (1979) and adapted by Nathan and McMahon (1990). Using the base flow 

separation methodology, base flow percentages were determined for each water quality 

data record. As a result, the different concentration patterns for baseflow and for storm 

runoff can be distinguished for the sampled location.  

 

For water quantity, the return period of two different storm events, the 1:2 y and the 1:10 

y, were selected for analysis in the Fuzzy Logic model. These two hydrograph peaks, 

respectively, reflect moderately frequent flooding where flows typically equal or exceed 

the bankfull stage and less frequent flooding that involves substantial overbank flooding 

with a significant degree of inconvenience and damage.  

 

Stream stability was incorporated into the fuzzy logic through the use of specific stream 

power assessments. Specific stream power is a measure of a river’s energy availability 

to transport sediment, and is a useful tool for predicting erosion vulnerability. Field 
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evaluations of stream stability were assessed using a Rapid Geomorphic Assessment 

(MOE, 2004). This evaluates four factors that summarize various components of 

channel adjustment, specifically: aggradation, degradation, channel widening and plan 

form adjustment.  

 

Two Ontario streams were selected as case studies in the development of the 

methodology. These were Highland Creek in Scarborough and Grindstone Creek in 

Burlington. Highland Creek is a highly urbanized system that has had significant 

damage in recent storms and was the subject of a landmark court case on the issue of 

erosion and stormwater controls. Grindstone Creek, in contrast, is a relatively rural 

system that has a small community in the middle reach above the Niagara Escarpment. 

Each of these creeks has varying susceptibility to the effects of erosion and was chosen 

to assist in discerning between high and low priority risk streams. 

 

Spatial and hydrological data used for this project was obtained through the use of GIS 

and the Ontario Flow Assessment Tool (OFAT) software. The results from RGA show 

that most stream reaches are in transition either from agricultural or urban effects 

 

Specific stream power modelling results indicate that the highest stream powers will 

occur in Highland Creek and the lowest stream powers will occur in Grindstone Creek. 

Maximum and minimum stream powers in each creek are consistent with the respective 

return periods. From a stream stability perspective, Highland Creek is a predominantly 

“Medium” or “High” risk system while Grindstone Creek is a relatively “Low” or “Very 
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Low" risk system. For the two streams, specific stream power was the main factor in the 

ranking for risk. 

 

From a water quality perspective, Grindstone Creek has a lower risk value, ranking as 

“Very Low” while Highland Creek has a “High” risk value. It is concluded that Grindstone 

Creek has potentially a lower water quality risk than Highland Creek. A comparison of 

chloride results shows that this is the constituent that results in Highland Creek being a 

“High” risk stream while Grindstone Creek is predominantly a “Very Low” risk system. 

Bacteria results are identical for Highland and Grindstone Creeks. Total Suspended 

Solids (TSS) and nutrients (Phosphorus and Nitrogen) are similar but slightly higher for 

Highland Creek.  Metals have a higher risk potential in Grindstone Creek than in 

Highland Creek. 

 

From a water quantity impact perspective, Highland Creek has a Medium Risk while 

Grindstone has a Low Risk.  Highland is urbanized and Grindstone is relatively rural and 

this logically should result in a much higher potential for flood damage in the Highland 

system than for the Grindstone system. Further investigations by local authorities are 

needed to quantify this hypothesis. 

 

From an overall risk-evaluation perspective, Highland Creek has an aggregate risk that 

is greater than twice that of Grindstone Creek. When individual granulars are examined, 

Highland Creek has a “Medium” risk of 0.50 and a “High” risk of 0.22 while Grindstone 
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Creek has a “Low” risk of 0.43 and a “Very Low” risk of 0.42.  The results demonstrate 

that Highland Creek has a greater overall potential risk than Grindstone Creek. 

 

The research ultimately concluded that Fuzzy Logic will be useful in the future analysis 

of the susceptibility of streams to adverse stormwater effects. While a single combined 

risk assessment is a good screening tool, a separate, more detailed risk assessment for 

each of the three categories of risks to water quality, risks to water quantity and risks to 

channel stability may be helpful in making remediation decisions for high-risk streams. 

Stream power and erosion vulnerability assessment can be improved by incorporation 

of more detailed and site-specific measurements. The methodology can be used to 

compare local streams at a more detailed level by Conservation Authorities or other 

water managers who will have detailed knowledge of local stream systems. The 

methodology is flexible and can be used with a broad spectrum of parameters to 

evaluate specific stream systems, even to the inclusion of political factors. Each 

organization can adjust the methodology to suit its own specific needs or the 

requirements of their particular systems.  

 

Ultimately, it can be concluded that Fuzzy Logic is an applicable and useful tool for 

evaluating and prioritizing streams that are susceptible to stormwater impacts to 

establish management priorities. 
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5.2 Recommendations for Future Research 

 While QHEI is an effective tool for stream assessment, and the predictive equations will 

be useful for stream assessment and design purposes, certain situations may require a 

more sensitive assessment tool that can detect more subtle habitat shifts in response to 

positive or negative landuse changes (i.e. before they might be detected by the QHEI) 

(Rankin et al., 1999). This is an inherent limitation of a methodology that has been 

developed for its simplicity and ease of use. 

 

The Neural Network Models require local data sets for model training and validation in 

order to be used in any geographic region. This research has demonstrated that the 

complexity of riverine habitat can be modelled using information that is routinely 

assembled by water managers. The ANN models should prove useful to water 

managers and may be used to predict the potential effectiveness of specific types of 

restoration efforts and to provide guidance on where restoration efforts should be 

directed or optimized for their specific regions. Further research should be undertaken 

in additional geographic and/or hydro-physiographic regions to determine the 

appropriate relationships between local benthics and watershed and geomorphic 

parameters.  

 

While the Fuzzy Logic Methodology is useful in the analysis of the susceptibility of 

streams to adverse stormwater effects, a separate, more detailed risk assessment for 

each of the three categories of risks to water quality, risks to water quantity and risks to 

channel stability may be helpful in making remediation decisions for high-risk streams.  
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Stream power and erosion vulnerability assessment within the Fuzzy Logic 

Methodology can be improved by incorporation of more detailed and site-specific 

measurements. The methodology can be used to compare local streams at a more 

detailed level by Conservation Authorities or other water managers who will have 

detailed knowledge of local stream systems.  

 

The Fuzzy Logic Methodology is flexible and can be used with a broad spectrum of 

parameters to evaluate specific stream systems. Each organization can adjust the 

methodology to suit its own specific needs or the requirements of their particular 

systems. Additional research will determine which of these parameters will result in the 

highest degree of benefit to the specific user.  

 

Finally, during this research the need for the standardization of biologic data collection and 

reporting across Ontario became obvious. It continues to be a recommendation of this research 

that the development of a more consistent benthic dataset be promoted to all agencies, 

preferably using the OBBN as the template. It is also recommended that QHEI data be collected 

while OBBN crews are completing biological sampling. 
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Appendix A 

Table A1: General statistics of physical stream data and benthic indices (n=112) 
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Table A1: General statistics of physical stream data and benthic indices (n=112) 

ANN 

# 

 

ANN Parameter 

  Individual 

Statistics 

 

Mean 

(n=112)

Min Max 

St. Dev. 

St. Dev 

as % of 

Mean 

1 Substrate Substrate Type 11.9 1.5 17.0 3.1 0.26 

2 Best Types 0.7 0.0 2.0 1.0 1.40 

3 Substrate Origin 0.7 0.0 1.0 0.3 0.43 

4 Substrate Quality -1.1 
-

4.0 2.0 1.5 -1.35 

5 Stream 

Cover 

Cover Type 5.4 1.0 10.0 1.8 0.34 

6 Cover Amount 5.4 1.0 11.0 2.5 0.46 

7 Channel 

Conditions 

Sinuosity 2.6 1.0 4.0 0.7 0.28 

8 
Channel 

Development 
4.0 

1.0 7.0 1.5 0.38 

9 Channelization 4.9 1.0 6.0 1.5 0.30 

10 Channel Stability 1.9 1.0 3.0 0.7 0.37 

11 Erosion 2.5 1.0 3.0 0.5 0.22 

12 Floodplain Riparian Width 2.5 0.0 4.0 1.4 0.55 

13 Floodplain Quality 1.5 0.0 3.0 1.2 0.79 
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14 Geomorphic Pool Depth 2.7 0.0 6.0 1.6 0.59 

15 Channel Width 1.7 0.0 2.0 0.5 0.26 

16 Velocity Types 2.7 1.0 5.0 0.9 0.34 

17 Riffle Depth 1.5 0.0 2.0 0.6 0.41 

18 Run Depth 1.1 0.0 2.0 0.5 0.45 

19 
Riffle/Run 

Substrate 
1.0 

0.0 2.0 0.8 0.77 

20 
Riffle/Run 

Embeddedness 
0.8 

-

1.0 2.0 0.9 1.15 

21 Channel Slope 6.6 2.0 10.0 2.6 0.39 

22 
Watershed Drainage Area 

(ha) 
4,197 

47 61311 8022 1.91 

23 Shape Factor 11.7 3.1 37.6 6.9 0.59 

24 
Slope of Main 

Channel 
0.7 

0.1 3.1 0.6 0.89 

25 % Water Cover 8.8 0.0 34.7 8.0 0.90 

26 % Treed  14.6 0.2 81.1 15.8 1.09 

27 % Community 11.0 1.2 88.2 18.5 1.68 

28 
% 

Agricultural/Rural 
65.2 

4.8 96.7 25.0 0.38 

29 
Hydrology Base Flow Index 

(BFI) 
0.5 

0.1 0.7 0.2 0.48 
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30 
Flood Flow – 1:2 

Year (m3/s) 
9.2 

0.2 93.1 12.9 1.40 

31 
Low Flow – 7Q2 

(m3/s) 
0.3 

0.0 1.0 0.2 0.80 

 

A  Richness 11.6 5.0 20.0 2.9 0.25 

B  HBI 5.0 2.6 7.4 1.1 0.22 
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Appendix B 

   QHEI field forms for n=118 sites  
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