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ABSTRACT 

This thesis is an investigation of the sensitivity of alluvial single-thread gravel-bed rivers 

with noncohesive banks to riparian disturbances. A riparian disturbance is any natural or 

anthropogenic disturbance that causes a significant removal of large coniferous trees 

from the riparian corridor and potentially leads to decreased bank strength and planform 

morphology towards a braided system. A theoretical riparian disturbance sensitivity 

index is formulated and tested in terms of its validity in estimating the sensitivity of the 

rivers by means of change in width from a historic "natural" condition to a present day 

disturbed condition. 

The riparian disturbance sensitivity index is tested through the use of case studies at the 

reach level collected within the province of British Columbia. A methodology is 

suggested for collecting the necessary data to apply towards the sensitivity index. The 

methodology includes reach longitudinal and cross-sectional surveys, grain size analysis, 

discharge analysis through watershed delineation and regionalization techniques, and 

historic aerial photo analysis. Fourteen out of fifteen data sets used in this study are 

satisfactory data sets that fit the assumptions necessary to apply the index. 

Even though there are large uncertainties in the accuracy of the field collected data, the 

proposed sensitivity index appeared to perform well when tested against the case study 

data sets. The role of large, or "catastrophic," floods is examined with two flood related 



indices: flash flood magnitude index and peak/mean ratio. The results lend support 

towards the theory of vegetation as a control of alluvial channel morphology, in 

comparison to the control of large floods. 
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CHAPTER 1 

1 INTRODUCTION 

This thesis compares the hydraulic, geometric, and geomorphologic conditions of the 

alluvial stream before and after a main disturbance to riparian vegetation. Natural or 

anthropogenic disturbances to watershed characteristics can alter channel processes and 

morphology. The disturbance can be any event that may destroy the health of the bank 

vegetation, potentially leading to a failure of the bank strength and widening and 

aggradation of the stream. The diversity and magnitude of morphologic responses to a 

riparian disturbance depend on channel type, external influences, and disturbance history 

(Montgomery and Buffington, 1997). 

The riparian environment is where vegetation plays an integral role in the stability of the 

channel banks by moderating erosion and contributing to the health of the stream 

(Abernethy and Rutherfurd 2000). Riparian zone characteristics can be distinguished by 

the "bank features and vegetation including those surfaces that are inundated or saturated 

at least annually, such as broad forested wetlands commonly adjacent to coastal-plain 

streams (Hupp and Osterkamp 1996)." The BC forest practice codes (FPC) describes 

these characteristics from the perspective of the logging industry: 

"Riparian areas occur next to the banks of streams, lakes and wetlands and 

include both the area dominated by continuous high moisture content and the 

adjacent upland vegetation that exerts an influence on it. Riparian ecosystems 
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contain many of the highest value non-timber resources in the natural forest (BC 

Ministry of Forests, 1995; Beaudry 1998)." 

The riparian ecosystem is the link between the aquatic and terrestrial environments. But, 

historically the riparian corridor of valley flats were some of the first areas of a watershed 

to be logged because of the ease in reaching and the size of the trees. This situation is 

depicted in a discussion of the history of logging in British Columbia: 

"[T]he early lumbermen and timber speculators sought out the best timber, so 

many of the early licenses and leases contained and still contain much of the 

finest timber in the Province. Established in the most accessible locations, they 

were mostly near tidewater along the southern coast and on Vancouver Island, 

often strategically positioned in the mouths of rivers or in valley bottoms (Gould 

1975)." 

This discussion is focused on the interaction between the riparian vegetation and alluvial 

river systems. An alluvial channel is one that flows through sediments that it has 

previously deposited and is currently transporting (Schumm 1969; Church 1992). 

Typically the nominal size and characteristics of an alluvial stream where riparian 

vegetation has a substantial role on the nature of the stream is at the mid-basin level. 

Mid-basin streams are the primary regions where fluvial entrainment is the prevailing 

erosion mechanism (Lawler 1992). In this study, the channels of interest for this analysis 

are alluvial single-thread gravel-bed rivers with noncohesive banks. 
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1.1 Riparian Management 

In recent years riparian management has become a popular and debated topic in river 

regulation and restoration. It is believed that riparian zones can be managed to reduce 

stream bank erosion rates and to trap pollutants coming off hillslopes (Wilson et al. 

1995). Riparian zones provide substantial amounts of habitat for ecologically diverse 

flora and fauna while protecting the quality of the vital life-support resource water from 

man's urban, agricultural, and industrial development (Corbett and Lynch 1985). 

Therefore, the riparian disturbance sensitivity index may be a valuable tool for assisting 

in the management of riparian areas to protect or enhance the environmental conditions 

of riverine landscapes. 

1.1.1 Buffer Strip Treatments 

Buffer strip treatments in recent years have shown increased stability of stream banks as 

compared to historic clearcut methods (Toews and Moore 1982; Harris 1987; Jackson et 

al. 2001). Buffer strips have been shown to increase bank stability by maintaining 

masses of living roots and decrease substantial amounts of logging induced small organic 

debris addition to channels, but catastrophic blowdown as opposed to periodic large 

organic debris recruitment must be considered when designing an effective buffer strip 

(Toews and Moore 1982; Steinblums et al. 1984). The majority of the timber volume 

susceptible to blowdown is lost in a few years and is dependent upon species composition 

and watershed conditions (Corbett and Lynch 1985). 
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The small organic debris typically induced by riparian removal practices is less 

hydraulically stable and tends to not effectively contribute to the complexity of habitat 

structures within the channel (Ralph et al. 1994). Buffers have shown the ability to 

sustain pre-harvest habitat and sediment characteristics in small headwater streams 

(Jackson et al. 2001). According to Ralph et al. (1994) on their study of western 

Washington basins, intensive logging of riparian areas results in simplifying and 

homogenising habitat structures because of the removal of potential LWD and decreases 

the potential storage of excess sediment behind large woody debris (LWD) structures. 

Also, buffer strips appear to be valuable management tools to decrease the amount of 

riparian removal or damage caused by heavy grazing pressures. Therefore, since buffer 

strips appear to control the in channel dynamics of protected streams, such controlling 

factors could be beneficial for the conservation of preferential fish habitat. 

1.1.2 Fish Habitat 

The removal of riparian vegetation potentially could deleteriously affect fisheries habitat. 

The clearing of streamside vegetation has an immediate effect in removing bank cover 

for fish habitat in terms of protection from predation (Sotir and Nunnally 1995; 

Kellerhals and Miles 1996). The future implications of removal may include elevated 

stream temperatures, potential decrease in complexity from woody debris recruitment to 

the channel, and elevated amounts of fine sediment from bank erosion and increased 

bedload movement due to loss of LWD. All of these factors could lead to decreased 

spawning conditions or the loss of incubating fish eggs (Roberts and Church 1986; 

Hartman and Scrivener 1990; Sotir and Nunnally 1995; Kellerhals and Miles 1996). 
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Also, due to wider channels, increased loose sediment depths from aggradation, and 

reduced water viscosity from water temperature increases could lead to increased 

volumes of water travelling sub-surface during low flow periods, resulting in the loss of 

deep water refuge or the perish of rearing fish fry (Roberts and Church 1986; Hartman 

and Scrivener 1990; Kellerhals and Miles 1996). 

Besides habitat control, the riparian environment also supplies food for fish, through the 

process of insect drift, and provides "allochthonous input" to supply nutrients to the 

aquatic ecosystem in order to increase or stabilize aquatic productivity (Moring et al. 

1985; Sotir and Nunnally 1995). It appears that wise riparian management could assist in 

the recovery of the declining fish stocks that have occurred over the past several decades. 

1.2 Objectives 

The objective of the study is to formulate and test an index that describes the sensitivity 

of the single-thread gravel-bed river with noncohesive banks to disturbance by comparing 

intact and disturbed channel widths. A "need exists for the assessment of channel 

conditions and the relative sensitivity of channels to disturbance or altered environmental 

conditions (Simon and Downs 1995)." Included within the test is a comparison between 

the results of the sensitivity index and two indices for examining the effects of large or 

"catastrophic" floods on channel morphology. 

The objective of the sensitivity index is to formulate a potential management tool for 

riparian management that may be summarized by the following quote: 
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"Given that direct riparian logging is now forbidden under the Forest Practices 

code,... probably most useful in assessing the current channel condition, and in 

the case of wide and unstable channel, to assess whether direct riparian logging 

represents a significant factor in the current channel condition (Millar 2001)." 

The riparian disturbance sensitivity index will be evaluated using case studies of 

disturbed and undisturbed channel reaches situated in the province of British Columbia. 

1.3 Thesis Outline 

Chapter 1 is an introduction of the project. Key concepts of disturbance, morphologic 

response, riparian vegetation, and alluvial gravel-bed rivers are introduced. The 

implications of riparian management in terms of buffer strip treatment and fish habitat is 

discussed. The study area is introduced and objectives are presented. 

Chapter 2 is a review of present literature and theory. The idea of regime is introduced 

and discussed. The various controls on channel morphology are identified and their 

implications are mentioned, with a primary focus on floods and bank stability. The 

theoretical meandering-braiding transition is examined, leading to the formulation of the 

proposed riparian disturbance sensitivity index. 

In Chapter 3 the methodology for collecting the required data is formulated. The 

methodology includes two aspects, a field survey and analytical techniques. Each 

individual method is critiqued in order to create a reproducible process for future 

applications of the riparian disturbance sensitivity index theory. 



Chapter 4 is a collection of the seven field case study rivers, including 11 study reaches, 

and four previously collected study rivers. Each case study is presented with an overview 

and description of the study site and examined in terms of four major requirements for 

collected data. Each section is presented as an individual and reasonably complete study 

of the corresponding study reach. 

Chapter 5 is a presentation of the results of the study. The statistical correlation between 

the riparian disturbance sensitivity index and two flood related indices with a surrogate 

for channel morphology, percent change in width, is presented. The implications of the 

results are discussed. Each case study is specifically analysed for its results in terms of 

the three indices. The nature of the riparian disturbance sensitivity index, its sensitivity, 

and a comparison between floods and riparian vegetation concludes the chapter. 

Final conclusions and recommendations are bestowed in chapter 6. These conclusions 

include an overall summary of the project, specific conclusions for the riparian 

disturbance sensitivity index results, and proposed future work to enhance the research 

completed in this thesis. Supplementary information is included in the appendices 

including summaries of discharge calculations and available gauge data in Appendix A , 

calculated aerial photograph scales and reproductions of the available aerial photographs 

in Appendix B, and summaries of the width measurements and analysis in Appendix C. 
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CHAPTER 2 

2 THEORY 

2.1 Regime Theory 

River regime is a concept in which a river flows through its own alluvium and seeks to 

dynamically adjust over time (period of years or decades) to a state where its hydraulic 

geometry, topographic setting, imposed quantity and calibre of sediment, and flow 

regime are balanced without net deposition or scour occurring within the channel 

(Mackin 1948; Blench 1957; Yang and Song 1979; Chang 1985; Mien 1994; ASCE 

Task Committee on Hydraulics 1998; Millar 2000; Rosgen 2001; Church 2002). The 

term "regime" denotes the situation when the alluvial river channel reaches this state of 

dynamic or quasi-equilibrium (Richards 1982), and forms a pillar of fluvial 

geomorphology. One theory on dynamic adjustment of alluvial rivers is the minimum 

rate of energy dissipation. Simply stated, "a river will adjust itself in such a manner that 

the rate of energy dissipation can be minimized to regain the equilibrium condition 

(ASCE Task Committee on Hydraulics 1998)." Another name for these "regime 

channels" is "stable mobile gravel-bed rivers," where the channel is stable but still 

dynamically adjusting to its upstream controls (Hey and Thorne 1986). Therefore, any 

natural or anthropogenic change in the controlling parameters of the stream will result in 

an adjustment of the fluvial system in order to absorb the affect of the change or stress on 

the system (Mackin 1948; Rosgen 2001). 
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This leads to the situation where any instability or disturbance in the independent 

variables of the fluvial environment, such as flow discharge, valley slope, or potential 

energy, may cause an adjustment in the morphology, planform, sediment load, or 

hydraulics through various feedback interactions between the flow and the channel 

boundary (Simon 1994). According to MacVicar and Millar (1998), the principal 

independent variables are discharge, bed load discharge, bed material size, bank 

characteristics, and valley slope. The dependent variables are those that adjust to the 

independent variables, such as width, mean depth, and slope. For example, if bank 

stability increases with an increased roughness from vegetation than a slightly greater 

depth will be required to convey the same flow. Hence, the increased depth of water will 

increase the bed shear stress and potentially decrease the bed stability. This situation will 

probably result in a narrower deeper channel (Jackson and Haveren 1984). 

2.1.1 Instability 

The instability, or significant morphologic change, of a channel can be a result of a 

natural or anthropogenic disturbance within the watershed that can change the hydrology, 

sediment supply, riparian vegetation, or large woody debris loading (Montgomery and 

Buffington 1997). This disturbance may be direct or indirect and include a change in 

watershed land use, river regulation, changes in flow regime and sediment supply, 

channel engineering such as bank armouring, diking, or channel re-alignment; changing 

valley slope, or succession of riparian vegetation (Simon and Downs 1995; Kellerhals 

and Miles 1996; ASCE Task Committee on Hydraulics 1998). The primary focus of this 

thesis is the succession of riparian vegetation due to changes in watershed land use, 
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which may include activities such as a fire, logging, agriculture, drought, overgrazing, 

and/or human urban and suburban development. Therefore, a disturbance that alters the 

stability of the riparian vegetation condition could result in an adjustment of the 

channel's characteristics. In this study, change in the channel width will be used as a 

measure of disturbance or change, as width is readily measured in the filed and historical 

values can be measured from aerial photos. The adjustment of the channel's 

characteristics is directly related to the change in width from an intact riparian condition 

to a disturbed riparian condition. It must be remembered that an adjustment in width 

typically will be accompanied by other morphological changes such as channel depth, 

roughness, bed material composition, energy slope, and channel planform (Schumm 

1969; ASCE Task Committee on Hydraulics 1998). Figure 2-1 displays a rough 

explanation of the role of different channel characteristics and their potential interactions. 

For example, a change in discharge may cause a change in depth and slope, which could 

cause a change in the width and velocity, or vice versa. The hydraulic interactions of a 

natural fluvial environment are extremely complex and careful examinations must be 

made when studying such processes as channel instability and resulting morphology. 
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Figure 2-lVariables Affecting Channel Morphology (Morrisaw and LaFlure 1979) 

2.2 Controls on Channel Morphology 

As discussed above, a change in one characteristic of a channel may lead to instability 

within the system and result in measurable changes in one or more other characteristic of 

the channel. These changes may involve short time scales in terms of days and short 

spatial dimensions, or longer periods of time in terms of years or centuries and complete 

fluvial systems depending on the size and type of disturbance (Simon 1995). Not only 

can the time scales be variable, but there also is an opportunity for effects to propagate 

downstream with a temporal lag between the cause and effect (Lewin et al. 1988). 

These characteristics of a channel are not only independent variables of the system but 

may also be dependent variables with respect to other characteristics (Simon 1995). As 

stated in Brice (1964), Lane (1957) enounced that the major elements, or characteristics, 

that affect channel form, or shape, are water discharge, longitudinal slope, sediment load, 



resistance of bed and banks to scour by flowing water, vegetation, temperature, geology, 

and work of man. Church (1992) stratified these parameters into primary and secondary 

factors governing river morphology. He listed the primary factors as the volume and 

time distribution of water supplied from upstream; the volume, timing and character of 

sediment delivered to the channel; the nature of the materials through which the river 

flows; the local geological history of the riverine landscape. The secondary factors are 

local climate, the nature of riparian vegetation, and land use in the drainage basin and a 

further important factor of human modification of the channel. A similar distinction was 

made by Kellerhals and Miles (1996). Therefore, channel morphology appears to be a 

balance between the erosion forces (quantified as bed shear stress through a relationship 

between discharge, slope, and sediment transport capacity) and resistance (quantified by 

sediment grain size and vegetation) (Ferguson and Ashworth 1991). The majority of 

these planform characteristics will be discussed in the following sections relating to their 

control on channel form and morphology. 

2.2.1 Discharge 

It is well documented in the literature that the independent variables discharge and 

sediment supply have the greatest influence on fluvial channel form (Hey 1975). It is 

believed that a particular discharge exists that is most effective in changing the geometry 

of rivers due to the amount of work performed by the flow in moving sediment and the 

frequency at which this discharge occurs. In other words, the flow that causes the most 

erosion and deposition (Wolman and Miller 1960; Bridge 1993; Emmett 2001). This 

discharge has been coined the term "dominant" discharge because of its dominance in 



fluvial geomorphologic processes. Looking at a section in the long term, 100 years, the 

bankfull flow transports the largest volume of sediment through the section (Hey 1978). 

In the recent study by Emmett and Wolman (2001), the effective discharge, defined as the 

discharge that over time transports the most bedload sediment, of gravel-bed rivers was 

analysed with the use of bedload sampling data on five rivers in Wyoming and Idaho. In 

this study, the effective discharge, in accordance with Andrew's definition, could be 

determined by the maximum slope value of the cumulative bedload curve with the 

effective discharge being the discharge located at the centroid of this slope. In order to 

relate to the following argument of bankfull and dominant discharges, the recurrence 

interval of the bankfull flows for the five studied rivers ranged from 1.5 to 1.7 years, but 

the effective discharge ranged to about 130 per cent of the bankfull discharge. An 

increase in recurrence interval by 130 per cent could represent about a doubling of the 

recurrence interval (Emmett and Wolman 2001). Unfortunately, bedload transport data is 

unavailable for the current study, which makes the use of this method inappropriate. 

2.2.1.1 Dominant Discharge 

The dominant discharge can be viewed from a geomorphologic or a hydrologic 

viewpoint. Based on geomorphologic properties, this single dominant flow is usually 

regarded as the bankfull flow of the channel (Hey 1975; Hey and Thorne 1986; Carling 

1988). This discharge is the flow that is proficient in transporting the imposed sediment 

load through the channel and yet maintains a width, depth and slope that is in dynamic 

equilibrium (Bray 1975). It is believed to be applicable where streams are alluvial, 
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competent, and free to adjust their boundaries (Carling 1988). This particular flow 

establishes the riparian zone along side a channel as part of the biosphere supported by 

recent fluvial landforms and is inundated or saturated by the bankfull discharge (Hupp 

and Osterkamp 1996). 

The problem remains at relating the bankfull discharge to a representative hydrological 

frequency. The problem with obtaining a representative hydrological discharge in 

relation to a geomorphic discharge is the variable definitions of identifying the bankfull 

stage. Williams (1978) compiled a list of 11 different definitions of bankfull stage based 

on sedimentary surfaces and boundary features. This variability in characterising 

bankfull stage could be a reason for the variability in the following hydrologic 

frequencies for a representative discharge: 

(1) Leopold and Maddock (1953) used the mean annual discharge, or 2.33-year flood 

for width-discharge relations 

(2) Bray (1975) used the 2-year flood for Alberta rivers for width-discharge relations 

(3) Leopold et al. (1964) suggested a return period of 1.5 years 

(4) Carling (1988) suggested a recurrence interval of 0.9 years on the partial duration 

series 

(5) Church (pers. comm.) related the discharge to the 2-year flood for British 

Columbia rivers in correlation to Bray's (1975) findings. 

Based on Church's findings, it would appear that the representative discharge for the 

dominant discharge in this study would be the 2-year flood, which is close to the mean 

14 



annual flood. On the other hand, it is a simple and straightforward calculation to estimate 

the average flood for instantaneous peak flow, or the mean annual flood, with the use of 

the HYDAT 2000 data set and the British Columbia Streamflow Inventory (Environment 

Canada 2000, Coulson 1998). Therefore, since the mean annual flood is similar 

hydraulically to the 2-year flood and is readily accessible in the flow records, the mean 

annual flood value is the flow representing the dominant discharge for this study. This 

relationship is in agreement with the relationship used by van den Berg (1995) in his 

analysis of alluvial channel pattern. The purpose for the relationship between dominant 

bankfull discharge and flood frequency is because it is more practical to use a flood 

frequency analysis as compared to measuring a bankfull discharge (Brush 1961). 

2.2.1.1.1 Disturbance Effects on Dominant Discharge 

As discussed earlier, the dominant discharge is directly related to a particular flood 

frequency and its corresponding hydrograph or peak flow. Due to potential changes in 

surface and subsurface flood routing and absorption, it is a concern that disturbances in a 

channels' watershed could affect the hydrograph and frequency linked to the dominant 

discharge. In other words, is it valid to assume that the dominant discharge does not 

change before and after a disturbance in a watershed? 

Numerous researchers, Harr et al. (1975), Harr and McCorison (1979), Ziemer (1981), 

Harr et al. (1982), Hetherington (1982), Hetherington (1987), Jones and Grant (1996), 

Thomas and Megahan (1998), and Beschta et al. (2000), have performed paired 

watershed basin studies to analyse the peak flow responses to various forest practices: 
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road building, clearfelling, and burning. It has been hypothesized that the forest practices 

could alter the drainage network in a watershed, consequently changing the hydrological 

characteristics of the watershed. These alterations could include increased routing 

frequency and subsurface flow interception from road construction, clogging of 

subsurface channel networks, loss/increase of water consumption from vegetation 

removal/growth, disruption of historical water balance and evapotranspiration, formation 

of hydrophobic surface during slash burning, and soil disturbance or compaction during 

yarding (Rothacher 1970; Harr et al. 1975; Harr and McCorison 1979; Harr et al. 1982; 

Hetherington 1982; Hetherington 1987; Jones and Grant 1996). 

Most experimental watersheds are usually only a few hectares in size due to the cost of 

instrumentation and maintenance of the watersheds. The majority of practitioners 

interested in watershed dynamics are concerned with watersheds that have local or 

regional influence, such as reservoirs, large fisheries networks, or flood control. At basin 

scales of regional hydrologic analysis, greater than 10 km2, the details shown in 

experimental watersheds are typically of secondary importance compared to the flow 

routing through the channel (Pitlick 1994). Usually the travel time of runoff on hill 

slopes becomes negligible when compared to the travel time through the channel (Kirkby 

1976). Consequently, most of the scientific data is available for small watersheds while 

most of the interest for watershed characteristics remains with the large watersheds. 

Therefore, most of the watersheds used in these studies are considered small (< 100 ha) 

watersheds while only a few of the studies discuss large (60 - 600 km2) watersheds based 
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on drainage area. The conclusions from the paired watershed studies appear to have 

contrasting and controversial results. 

Rothacher's (1970) study of water yields in the H.J. Andrews Experimental Forest in 

western Oregon found an increase in the water yields during the rainy season, but 

observed no apparent change in the peak flows from the flood producing events. Harr et 

al. (1975) concluded that peak flows were increased significantly, about 45%, when new 

roads occupied at least 12% of small watersheds in western Oregon. Harr and 

McCorison (1979) stated that the size of the annual peak flow on HJA -10, a 10.2 ha 

headwater basin in the H.J. Andrews Experimental Forest, was reduced by 32% with an 

average delay in time to peak of nearly 9 hours following clearcut logging. They 

theorized that since the "hydrologic response of small watersheds in western Oregon to 

rainfall and snowmelt is rapid, increasing snow accumulation and delaying melt on a 

cutover watershed also could cause delayed, smaller peak flows (Harr and McCorison 

1979)." In another set of data from the H.J. Andrews Experimental Forest, with the use 

of a 13.0 ha clearcut watershed HJA-6, a 15.4 ha shelterwood cut watershed HJA-7, and 

an 21.4 ha uncut watershed HJA-8, researchers concluded that neither the size nor the 

timing of peak flows changed significantly after logging at either watershed as compared 

to the uncut, control watershed (Harr et al. 1982). 

In another set of paired watershed studies, numerous researchers took the same set of 

data; 34-year records from two pairs of 60-to-101 ha basins in the H.J. Andrews 

Experimental Forest and 50-to-55-year records from three pairs of adjacent basins 
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ranging from 60 to 600 km . Through the use of dissimilar statistical techniques, Jones 

and Grant (1996) found that due to road construction with patch clear-cutting ranging 

from 10 to 25% of basin area, peak discharges increased by as much as 50% in small 

basins and 100% in large basins. While Thomas and Megahan (1998) found increases 

from 40-90%) in the small watersheds, but were unable to observe any effect of cutting on 

peak flows in one of the large basin pairs, and results were inconclusive in the other two 

large basin pairs. Congruently, Beschta et al. (2000) concluded that peak flow increases 

following treatment averaged in the range of 13-16% for 1-year recurrence interval 

events and 6-9% for 5-yr recurrence interval events. In addition, for the large basins, 

they did not observe strong evidence (p<0.05) for peak flow increases through their 

particular regression analysis. 

There are many other studies that focused on the effects of logging on watershed 

hydrology. One of these studies was performed at the Caspar Creek watershed in 

northern California. This study constituted two watersheds. The South Fork included 

about 424 ha, and the North Fork roughly 508 ha. The results of the regression analysis 

performed on the hydrological data from this area determined that the pre and post-

logging relationships for the South Fork and North Fork areas were not statistically 

different (Ziemer 1981). The final study to mention was performed on the 9.5 km2 

Carnation Creek watershed located on the west coast of Vancouver Island, British 

Columbia. For this situation, data were collected for the watershed during 5 years of pre-

logging calibration, 6 years of logging, and at least 3 years of post-logging conditions. 

The results of this study were that there was no change in the peak flows of the main 
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stream after 40% of the watershed was logged (Hetherington 1982). A retrospective 

study completed by McFarlane (2001) of two paired watershed studies in south eastern 

British Columbia concluded that changes in peak flow were observed, but the reason for 

these changes could not be determined. 

According to these numerous studies, concrete evidence is not existent that show peak 

flows in forested watersheds change after they have been logged to some degree. Some 

reasons for this conclusion are as follows: 

(1 ) "complex nature of the effects of forest cutting and roads on streamflow (Thomas 

andMegahan 1998);" 

(2 ) "difficult to detect the effects of forest cutting and road construction from 

historical data in large watersheds . . . because of the lack of physical and 

statistical controls (Thomas and Megahan 1998);" 

(3 )"peak flows may be larger, smaller, or unchanged after logging, depending on 

what part of the hydrologic system is altered and how much (Harr et al. 1982);" 

(4 ) "increases in annual yield for the large watershed will be about the same size as 

the error in measuring streamflow in the large stream (Harr et al. 1982);" 

(5 ) "temporal and spatial distribution of precipitation and snowmelt inputs, the partial 

heterogeneity of basin characteristics, gauging stations that are not of research 

calibre, and the temporal and spatial variability of land uses, coupled with the fact 

that only a small portion of particular large basin will experience a land use 

practice in any given year (Beschta et al. 2000)." 
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Finally, a literature review of snow-melt dominated peak flows performed by Scherer 

(2001) on research east of the Cascade and Coast Range mountains within western 

Canada and U.S., found that changes are highly variable with no apparent direct 

correlation with the amount of Equivalent Clearcut Area (ECA) as proposed by the 

Interior Watershed Assessment Procedure (IWAP) that is used in B.C. In other words, it 

appears to be valid to assume that the dominant discharge, or mean annual flood, should 

not change due to a coniferous vegetation removal within a watershed of significant size. 

2.2.1.2 Hydrologic History 

The dominant discharge is the most widely used variable for hydrologic control on 

channels, but another consideration for discharge is the hydrologic history of the drainage 

basin. Recent large floods (> 10 year return period) have the tendency to widen channels 

by lateral erosion and by stripping the vegetation from the banks, where channels tend to 

remain constant or narrow during times of average discharges or minor flooding (Howard 

et al. 1970). Therefore, the hydrologic regime of a channel should be taken into 

consideration when discerning the potential morphology of the stream, but it is difficult 

to analytically quantify this relationship with a mathematical formulation. One 

relationship that has been studied is the effects of catastrophic floods on channel 

morphology. 

2.2.1.3 Catastrophic Floods 

Theories exist that are contrary to the idea that most geomorphic work is attained by 

frequent events, or the mean annual flood, as discussed previously. Typically, these so 
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called "catastrophic events", events that are infrequent and at a magnitude that exceeds 

the equilibrium threshold, are dependent upon particular climatic and physiographic 

influences or intrinsic and extrinsic factors for channel conditions (Baker 1977). As 

discussed by Baker (1977), the extrinsic factors of the basin physiography may include 

high rainfall intensities from convective thunderstorms and orographic barriers, steep 

drainage slopes and high relief ratios that drastically decrease hydrograph lag times, and 

impermeable soils to limit the infiltration rate during rainfall events. All of these factors 

tend to create the condition where overland flow (direct surface flow) dominates 

compared to interflow (vadose zone flow) and baseflow (groundwater recharge), which 

leans towards an increased potential to violate the Wolman-Millar principle (Baker 

1977). That is, large infrequent floods can control channel morphology as opposed to 

smaller, more frequent (annual) floods. 

The proper characteristics for this process to exist and dominate a fluvial system 

commonly occur in arid regions, as compared to the humid and temperate regions of 

southern British Columbia. 

"Streams in areas of higher mean annual precipitation exhibit much less variation 

between the rare floods and the more frequent floods, such as the 2-year event, 

than do streams in more arid regions (Baker 1977)." 

Inclusive with the extrinsic factors is the flood's dynamic interactions with the intrinsic 

properties of the channel. Some of these properties are discussed more thoroughly in the 

following sections, but they may include particle size of channel and bank sediment, rock 

type and bedrock controls, existence of chutes and cut-offs, and vegetative influences in 
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terms of sediment cohesion and flow retardation. These interactions are complex natural 

conditions that require extensive knowledge of the geomorphic environment and typically 

are a local phenomenon as opposed to a system wide scale. There are two relationships 

that attempt to describe the potential for catastrophic floods to have a substantial control 

on the geomorphology of fluvial systems. 

2.2.1.3.1 Flash Flood Magnitude Index 

The flash flood magnitude index (FFMI) is an attempt at quantifying the potential 

dominance of catastrophic floods on the work in fluvial geomorphic systems and supplies 

"some measure of regional magnitude-frequency relationships (Baker 1977)." The 

procedure was first proposed by Beard (1975). The FFMI is the standard deviation of the 

base 10 log-transformed annual flood peaks. 

For this relationship Xj is the annual maximum event (instantaneous peak), X is the 

mean flood event (average of yearly instantaneous peaks for available data), n is the 

number of gauged events, and X; and X are expressed as base 10 logarithms (Baker 

1977). Obviously, this relationship may only be applied to fluvial systems that have a 

yearly discharge since the log of 0 is an indeterminate form. Therefore, it is suggested 

that this measure of flood-frequency variability could be synonymous with catastrophic 

flood potential, which could lead to the situation where catastrophic floods determine the 

(Eq. 2.1) 
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morphology of fluvial systems. Note the high values of FFMI can also result from series 

with very low flows in the absence of any large floods. 

2.2.1.3.2 Ratio of Peak to Mean Annual Flood 

A study by Stevens et. al. (1975) focused on the effects of extreme flood events on the 

erosion and widening of river channel form. In this study, two converging rivers, the 

Tonoro and Guanipa rivers in northeastern Venezuela, were the focus of the study due to 

their differences in channel form. The Tonoro River was a wide sand-bed river and 

straight, while the Guanipa was a narrow and very sinuous river (Stevens et al. 1975). 

Not only were the river forms different but the upper Guanipa watershed is 

approximately 2,800 km and the confluence area of the Tonoro watershed is 

approximately 1,300 km . Based on a gauging station program performed by Colorado 

State University from June to September during the 1969 rainy season, Stevens et. al. 

(1975) concluded that the difference in Tonoro and Guanipa river forms immediately 

upstream of the confluence is due to the difference in peak-flood discharge where the Rio 

Tonoro is approximately 183 meters wide at bankfull stage and the Rio Guanipa is 

approximately 15 meters wide at bankfull stage. It is true that this discrepancy in width 

for the two rivers is quite significant, especially since the drainage area of the Guanipa is 

almost twice that of the Tonoro, but the conclusion was based primarily on the fact that 

the ratio of the peak to average discharge for the four months of record on the Tonoro 

was 47 compared to an estimate of 6 for the Guanipa. 
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During this single gauging season, the flood on the Tonoro (535 m3/s) was significantly 

greater than the flood on the Guanipa (105 m3/s), but this record solely represents one 

rainy season and four months of data. Also, there are a number of other factors that 

should be considered. The Tonoro has a channel slope of 0.006 and valley slope of 

0.0015, riverbed sediment of 0.35-mm sand, and no floodplain, as compared to slopes 

0.00055 and 0.013, riverbed sediment "probably 0.35-mm sand", and a broad, heavily 

vegetated flood plain for the Guanipa (Stevens et al. 1975). Therefore, the ratio of the 

peak-flood to mean annual flood may give some insight into the size and flashiness of 

floods within a system, but there are numerous other geomorphic factors that should be 

considered when attempting to understand the geomorphic condition of a fluvial system. 

In particular, the role of riparian and flood plain vegetation was not even considered. 

2.2.1.4 Bank Erosion by Fluvial Entrainment 

The reason for discharge being such an important variable in fluvial channel form and 

morphology is due to the process of fluvial entrainment, where discharge and channel 

slope, a surrogate for energy slope, combine to produce peak levels of flow erosivity 

usually in mid-basin reaches (Abernethy and Rutherfurd 1998). Fluvial entrainment is 

the process where the lift force due to the water overcomes the resistance due to the 

particles submerged weight and inter-granular friction resulting in sediment removal and 

transport within the channel (Richards 1982; Abernethy and Rutherfurd 1998; ASCE 

Task Committee on Hydraulics 1998). (Figure 2-2) In other words, the shear stress 

imposed by the water on the sediment particle overcomes the internally derived resistive 

shear stress between the particle and the surrounding matrix of particles in the boundary, 
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x > T C (Eq. 2.2) 

where x is the shear stress per unit area due to the flow and xc is the critical or threshold 

shear stress required to transport the particle (Wolman and Miller 1960; Thorne 1982). 

The critical shear stress is defined at the point of limiting equilibrium or where the 

moment due to the submerged weight of the particle is balanced by the moment due to 

the drag force 

Tc = pg(s - X)dA tan <j> (Eq. 2.3) 
o 

where pg(s-l) is the submerged unit weight of the individual particles, s is specific 

gravity, d is the particle size, n (= nd2) is a dimensionless measure of the packing of the 

particles on the bed, n is number of particles on a unit area of boundary surface, and § is 

angle of interlock among particles (Carson 1971). (Figure 2-2) Eq. 2.3 may be 

rearranged in terms of dimensionless shear stress: 

pg(s-\)d 6 r 

For a particular packing arrangement, 

TJ ° C tan (j). (Eq. 2.5) 
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Figure 2-2 Moments of Submerged Particle on a Horizontal Bed at the Threshold of 

Movement (Carson 1971) 

This process results in the removal, or erosion, of loose alluvial gravel from the bed and 

banks of the stream. Therefore, if the shear stress of the mean flow or turbulent vortices 

is sufficient, the flow has the capability to degrade the channel bed or laterally erode the 

noncohesive channel banks. This erosion could possibly result in degradation and/or 

lateral shifting and expansion of the channel and addition of sediment to the system. This 

may also be the case when erosion of channel banks is unbalanced compared to 

deposition of point-bar sediment accumulations (Nanson and Hickin 1983). 
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It is difficult to directly link the magnitude of a flood and its entrainment capabilities 

leading to morphological change due to complex interactions between turbulent hydraulic 

parameters and the properties of the bank material (Thorne and Lewin 1979). It is 

possible that floods of similar magnitudes could transport different amounts of sediment 

based on the sediment availability and the time of the flood event (Nanson 1980). 

Consequently, if loose sediment is available at the toe of a bank prior to a flood, than it 

may be entrained, transported, and deposited downstream during that flood while it may 

not be available during the next flood of the same magnitude. This is usually not the 

circumstance when a channel has non-cohesive banks and will be discussed further in 

section 2.2.4. 

2.2.2 Sediment Load 

The imposed sediment load is a significant independent variable in determining the 

stability of an alluvial channel. An increase or decrease in the sediment load or calibre 

can launch a channel into disequilibrium and result in drastic morphological adjustment 

in the system (Church 2002). For example, if the amount or calibre of the sediment load 

increases then the system may not have the ability or capacity to transport the altered 

sediment condition. The decreased capacity will result in aggradation of sediment, a 

decrease in the depth of the channel, and increased slope relative to the valley slope 

(Maddock 1972). Without a cognate change in flow regime, the flow will accelerate due 

to the decreased depth and increase the erosive stress on the banks of the channel. This 

increased stress may be considerable enough to erode the channel and the adjacent 

riparian environment, which inherently increases the sediment delivery to the system and 

can cause downstream widening with a potential for a cyclic disturbance or feedback 
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mechanism (Jackson and Haveren 1984; Roberts and Church 1986; Powell 1987; Thorne 

and Osman 1988; Simon and Thorne 1996). Typically for gravel-bed rivers with 

noncohesive banks the accruement of sediment is from lateral erosion of the banks as 

opposed to scouring of the bed (Thorne and Osman 1988). If this process advances far 

enough then the channel may become adequately wide such that the single-thread channel 

evolves into a braided morphology due to the growth of fluvial bars (Brice 1964; Bridge 

1993; Simon 1994; Church 2002). 

2.2.2.1 Surface Sources 

Sediment accruing in a channel may be elevated due to surface sediment sources caused 

by changes in land use. Studies have shown that a land use change related to forestry 

practices can alter the timing and magnitude of sediment generation due to the watershed 

disturbance (Beschta 1978). These sediment yields may be contributed to an increase in 

bare ground surface caused by road creation, tree felling, and yarding techniques and 

increased landslides and frequency of debris torrents (Beschta 1978; Beschta 1984; Grant 

et al. 1984). Therefore, an increased sediment yield from surface sources could 

potentially contribute to the increased sediment load on a channel, which could tend to 

disequilibrium in the system. Typically in gravel-bed rivers with cohesionless banks, 

these increases in sediment to the channel proceed in increasing the active channel width 

through aggradation of the loose sediments (Beschta 1984). According to Roberts and 

Church (1986), logging activities solely on hill slopes probably do not contribute 

sediment wedges to stream channels if lower slopes are cleared when compared to 

potential bank erosion contributions. 
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2.2.3 Valley Slope 

On short geological time scales, it appears reasonable to assume that the valley slope of a 

drainage basin is constant and is the uppermost gradient for the river. According to 

Knighton (1998), valley slope is an inherent property of a system that determines the 

energy loss along a system. A river will meander along a valley slope to decrease its 

slope in accordance to the discharge and sediment load in order to reach a regime 

condition. Therefore, it may seem reasonable that the steeper the valley slope than the 

more sinuous the channel. Brice (1964) discusses the alternative viewpoint of Lane 

(1957) that a steep valley slope will promote a braided planform and low valley slopes 

will encourage a meandering pattern. Therefore, there should be some transition where a 

slope is hypothetically steep enough to cause a historically meandering river to adopt a 

braided planform due to an increase in the channel slope from aggradation or 

straightening. This theoretical meandering-braiding transition will be discussed more 

thoroughly in section 2.3. 

These discussions of valley slope and channel pattern are not isolated from other 

variables of the fluvial system. For instance, if the bank erodibility of a system is high 

than its ability to meander and resulting sinuosity will be decreased and its width 

increased to balance the energy of the system. 

2.2.4 Bank Stability 

The strength of the banks of an alluvial channel may have a direct influence on the 

potential morphology of the stream through the interaction between the systems potential 

energy and resulting fluvial entrainment and sediment availability and load. Numerous 
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factors of channel form are directly related to bank stability as stated by Brice (1964): 

regards bank erodibility as the most significant single variable in the determination of 

channel pattern and that bank erodibility depends mainly on the particle size of bank 

material and on vegetal growth along the banks. It has also been stated that the sediment 

texture and vegetation, which comprises the banks, is a provision that may affect the rate 

and/or amount of a channel transition (Church 2002). Banks that can resist fluvial 

erosion decrease the amount of widening that can exist in a fluvial channel. If channel 

banks are susceptible to erosion processes than lateral migration of the channel is a 

potential response to fluvial instability. 

The susceptibility to erosion of channel banks is heavily determined by its spatially 

variable geotechnical composition, including material size-distribution, cohesiveness, 

vegetative binding, buried timber, animal disturbances, and ground ice (Hickin and 

Nanson 1984; Thorne 1990). The composition of alluvial riverbanks can be categorized 

into three main groups: cohesive, non-cohesive, and composite (Thorne and Lewin 1979). 

2.2.4.1 Cohesive Banks 

Cohesive banks are comprised mainly of silt and clay particles. The cohesion in these 

banks results from cohesive bonds between the various particles, such as physico-

chemical bonds between clay particles (Thorne 1990). The chemistry of the fluid and 

sediment particles can greatly increase the cohesive strength and erosion resistance. 

Experiments have shown that undisturbed cohesive banks have a greater potential to 

resist erosion forces as compared to non-cohesive banks (Thorne 1982). The erosion of 
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cohesive banks usually involves cantilever failure, desiccation, weathering, mass wasting, 

and fissures and cracking (Simon 1989; Abernethy and Rutherfurd 1998; Millar and 

Quick 1998; Abernethy and Rutherfurd 2000). These mass failure events are typically 

due to the properties of the cohesive material where shear stress usually increases more 

quickly with the depth of the bank compared to the shear strength (Thorne and Tovey 

1981). Unfortunately, the intricacies and variability of cohesive bank erosion are not part 

of the scope of this thesis. 

2.2.4.2 Non-cohesive Banks 

Non-cohesive banks in alluvial channels are usually developed from the deposition and 

erosion of fluvial deposits (Thorne and Osman 1988). The main erosion process involved 

with non-cohesive banks is the fluvial detachment and entrainment of individual grains or 

shallow slips from the face of the bank by hydraulic action (Thorne 1982; Thorne and 

Osman 1988; Abam 1997; ASCE Task Committee on Hydraulics 1998; Knighton 1998). 

The forces resisting the hydraulic erosion are usually the slope-normal component of 

submerged weight, inter-granular friction, close packing of grains or imbrication (the 

overlapping of irregular and angular particles), and apparent cohesion forces (Thorne and 

Osman 1988; Thorne 1990; Knighton 1998). The apparent cohesion in non-cohesive 

banks may be due to consolidation of the bank sediment, cementing by fines, small 

amounts of true cohesion due to silt and clay fractions, capillary suction in the 

unsaturated zone, and/or the binding effects of vegetation root masses and rhizomes 

(Thorne 1990; Millar and Quick 1993). 
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The main difficulty in analysing the potential erodibility of a non-cohesive bank is the 

variability in the properties of the resistant forces in both magnitude and location along 

the length of a channel (ASCE Task Committee on Hydraulics 1998). 

2.2.4.3 Composite Banks 

A composite bank is a stratified bank constructed of a lower layer of non-cohesive gravel 

and sands overlain by a layer of deposited cohesive silt and clay material (Thorne and 

Lewin 1979; Thorne and Tovey 1981). Under most circumstances, the lower layer of 

non-cohesive material is scoured quicker than the fine-grained material, leaving an 

overhanging or cantilevered bank (Hooke 1979; Pizzuto 1984; Thorne 1990; A S C E Task 

Committee on Hydraulics 1998). If this cantilevered bank is either surcharged by 

vegetation, susceptible to non-aqueous forces, or tension cracks, it may fail in a rotational 

or block failure. On the other hand, uppermost cantilevers are typically stable from 

tensile failure due to strong root networks from surface vegetation, but depending on the 

thickness and rooting depth of the vegetation (Hooke 1979; Thorne and Tovey 1981; 

Pizzuto 1984; Abam 1997). 

The fluvial environment has a substantial influence on the dynamics of composite bank 

erosion. If the fluvial activity, or flood regime, is low, a large accumulation of gravel 

may persist at the toe of the bank and decrease the bank angle. Alternatively, i f the 

fluvial activity is high than the loose sediment is rapidly entrained from the base of the 

bank following failure. This control of bank erosion by the accumulation of loose 

sediment at the toe of the bank has been coined 'basal endpoint control' (Thorne and 
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Tovey 1981). This situation could cause a multi-stage relationship between flood 

magnitude and bank retreat with one flood inducing failure and a second flood removing 

the failed material from the bank toe. 

Assuming that the lower non-cohesive sediment controls the geotechnical strength, and 

hence the height of the bank, it is possible to analyse a composite bank using the same 

characteristics of a purely non-cohesive bank (Pizzuto 1984). The relative importance of 

the separate layers will depend on the thickness and geotechnical properties of each 

individual layer (Thorne 1990). 

2.2.4.4 Vegetative Influences 

The influence of vegetation on stream morphology and channel dynamics may take many 

different forms. The vegetative influence of most importance in this study in the root 

reinforcement to noncohesive channel banks induced by large coniferous riparian 

vegetation. Another important influence of vegetation on stream morphology is the 

complexity and control induced by large woody debris (LWD) residing within the 

channel boundaries. 

2.2.4.4.1 Root Reinforcement 

Many researchers have discussed the effects of vegetation on the stability of a soil matrix. 

This soil matrix may be a stream bank or steep hill slope; anywhere mature trees exist in 

substantial communities. Simply stated, many researchers conclude that vegetation 

through a living root network has the potential to increase bank stability by decreasing 

the erosion rate on banks exposed to fluvial forces and increasing sediment shear strength 
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through binding and buttressing of the tree roots (Brice 1964; Smith 1976; Bowie 1982; 

Beschta 1984; Hickin 1984; Hickin and Nanson 1984; Powell 1987; Wilson et al. 1995; 

Frankenberg et al. 1996; Huang and Nanson 1997). (Figure 2-3) As stated in the ASCE 

Task Committee study (1998), many studies have shown that the erosion of well-

vegetated banks as compared to unvegetated banks is reduced by one to two orders of 

magnitude. The study by Smith (1976) on the Kicking Horse River in British Columbia 

concluded that the erodibility of bank alluvium varied inversely and exponentially with 

root density. In addition, near bank velocity and direction has been shown to increase, 

which could lead to higher imposed shear stresses, when bank vegetation is removed 

leading to a decrease in velocity retarding bank roughness (Maddock 1972; Jarrett 1984; 

Thorne and Furbish 1995). The bank roughness retards the flow by increasing the 

turbulence properties of the flow that causes energy loss within the flow (Jarrett 1984). 

An example of the effects of vegetation on river channel planform was conducted by 

Nevins (1969) on the Turanganui River in New Zealand, were the channel quickly 

changed from a braided to a meandering pattern after a designed willow planting. In a 

study of disturbed watersheds in the Queen Charlotte Ranges, riparian logging practices 

were determined to severely disturb the stream banks, which initiated substantial channel 

widening and the formation of fluvial sediment wedges (Roberts and Church 1986). 
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Figure 2-3 Physical effects of vegetation (Figure 3.1 in (Coppin 1990)) 

Under most circumstances the roots of the vegetation reinforce the soil matrix through 

the tensile strength of the roots imbedded in the soil matrix creating a composite material, 

which is strong in compression, therefore increasing the shear strength of the soil (Thorne 

and Osman 1988; Gray and MacDonald 1989; Coppin and Richards 1990; Thorne 1990; 

Simon 1994; Morgan and Rickson 1995; Styczen and Morgan 1995; Wu 1995; ASCE 

Task Committee on Hydraulics 1998; Rowntree and Dollar 1999; Simon and Collison 

2002). Vidal (1969) composed the term "reinforced earth" to describe the effects of roots 
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and rooting depth on the shear strength of a soil matrix. In the case of trees, this effect 

can extend to several metres in depth and spread (Coppin and Richards 1990). The 

apparent cohesion caused by the root reinforcement and imbrication of particles leads to 

an increase in the critical shear strength necessary for fluvial entrainment of the bank 

particles by corrasion, which usually requires an increase in the flow intensity to perform 

bank erosion (Thorne and Osman 1988; Abernethy and Rutherfurd 1996). In terms of 

vegetative disturbances, it was reported by O'Loughlin and Ziemer (1982) that after a 

tree is removed small roots decrease strength at average rates between 300 and 500 kPa 

per month. Therefore, 3-5 years after removal of a parent Douglas fir or cedar small 

roots may lose over half of the initial tensile strength (O'Loughlin 1974). 

2.2.4.4.2 Large Woody Debris 

Along with stabilising cohesionless banks with root reinforcement, large streamside 

vegetation has been shown to be influential in other dynamic equilibrium mechanisms. 

The most important characteristics within this aspect are the natural formation of log 

steps by fallen riparian trees. In a 5-year study conducted by Heede (1985), log steps 

were shown to be surrogates for gravel bars and reduce bedload movement in small 

mountain streams. Once these log steps were removed, streams were thrown out of 

dynamic equilibrium and adjustments were initiated in terms of increased bedload and 

suspended load transport, which decreased the water quality, stable spawning 

environments, and overall habitat within the channel. The density of these logjams can 

be quite erratic. A study by Gregory et al. (1985) estimated 270 dams in a 11.4 km2 

drainage basin with an average of 1 dam every 27 m of main channel. In comparison, the 
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spacing for log steps were noted to be about 395 m of channel in the central Oregon coast 

range (Marston 1982). 

Not only does large vegetation get incorporated into the stream dynamics as log steps, but 

also large woody debris (LWD) creates stream complexity and habitat. Along with 

creating complexity within the environment, LWD is important in stream channel 

dynamics to control the force of the flowing water through the dissipation of hydraulic 

energy (Hartman and Scrivener 1990). These placements of LWD have been found to be 

the most influential structure element for pool formation within small to large river 

systems (D'Aoust 1998). 

2.2.4.4.3 Width Morphology 

Alluvial rivers existing in coarse material typically have an armour layer or bed-

pavement protecting the channel bed from degradation, which typically results in channel 

widening due to less resistant banks, especially after a riparian disturbance (Bray 1987; 

Simon 1994). The channel widens to reduce flow energy by decreasing the hydraulic 

depth (pressure energy) and flow velocity (kinetic energy) by increasing the resistance by 

enhancement of the relative roughness of the channel (Simon 1994). In creating a wider 

and shallower cross-section, the channel is attempting to regain an equilibrium condition 

with less resistant banks. Secondary currents drive erosion mechanisms and remove 

material from the toe of the bank, causing undermining and collapse of the bank material 

(Frankenberg et al. 1996). These processes may be accelerated without the existence of 

bank strengthening vegetation. 
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The width of a channel section has been stated as being a direct measure of bank 

erodibility when considering uniform slope and discharge (Brice 1964). Brice also 

discussed that sinuosity is directly linked to the bank strength, where low sinuosity was 

associated with low and high erodibility and high sinuosity associated with intermediate 

bank erodibilities. The results of various studies on the width of gravel-bed rivers show 

that rivers with heavily vegetated banks (shrubs and trees) were narrower than rivers with 

sparsely vegetated or non-vegetated banks (Charlton et al. 1978; Andrews 1984; Hey and 

Thorne 1986; Ikeda and Izumi 1990; Millar and Quick 1993; Huang and Nanson 1997; 

Piegay etal. 1997). 

An experimental study conducted by Gran and Paola (2001) at the St. Anthony Falls 

Laboratory used a flume with alfalfa seeded and unseeded runs to examine the effects of 

riparian vegetation on gravel-bed streams. The sand bed was run to construct braided 

stream morphology and then the bed was seeded with alfalfa sprouts to observe the 

effects of the vegetation on the established flow dynamics and channel form. The results 

from the study were that the "vegetation reduced the number of active channels and 

increased bank stability, leading to lower lateral migration rates, narrower and deeper 

channels, and increased channel relief (Gran and Paola 2001)." Carnation Creek located 

on the west coast of Vancouver Island was used as an experimental watershed to analyse 

the effects of logging practices. It was observed that no changes occurred in any study 

sections during the prelogging period (1971-76), but after logging the channel width 

increased significantly only in the sections where the stream banks had been logged 
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(Hartman and Scrivener 1990). In a study on the sandy Merced River, channel widening 

and bank erosion was primarily caused by the destruction of riparian vegetation due to 

human trampling with an average increase in width from 1919 to 1986 of 27% (Madej et 

al. 1994). Madej stated that climatic or hydrologic trends could not account for the 

amount of bank erosion on the Merced River. A study on the North Nashwaaksis Stream 

in New Brunswick showed an increase in channel width by 57- 160 % on a channelized 

and disturbed reach with the upstream and downstream vegetated reaches remaining 

unchanged during a particular flood event (Bray 1987). Included within this study was a 

schematic diagram of the process of recovery of the disturbed section in the following 

steps: widening, mid-channel bar formation, bar colonisation by vegetation, and 

degradation of new low-flow channel (Figure 9 of (Bray 1987)). This has also been 

studied for the amount of erosion occurring on vegetated bends versus non-vegetated 

bends with the difference in erosion observed during a major flood event attributed to the 

presence of vegetation in the study bends (Beeson and Doyle 1995). 

One of the main difficulties in characterising the effects of the riparian roots on the shear 

strength of the particle matrix is the wide variety of root strengths due to different types, 

strengths, patterns, rooting depth, density, and overall geometric development (Morgan 

and Rickson 1995; Styczen and Morgan 1995; Wu 1995; Abernethy and Rutherfurd 

2000). Therefore, the amount of soil erosion reduction motivated by riparian vegetation 

can drastically change in the lateral distance of the bank due to age, type, and density of 

the riparian vegetation. This has made it difficult to employ the effects of vegetation into 

bank stability analysis. 
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2.2.4.4.4 Scaling 

Inconsistencies in scaling exist between the effects of tree-lined banks compared to grass-

lined banks (Zimmerman et al. 1967; Murgatroyd and Ternan 1983). Field studies of 

gravel-bed rivers by Charlton et al. (1978), Hey and Thorne (1986), and Andrews (1984) 

have shown that channels with grassy banks are substantially wider than channels with 

tree-lined banks. Contrary to these studies, there are results that show that grassy banks 

have narrower channels than forested or tree-lined banks (Zimmerman et al. 1967; 

Murgatroyd and Ternan 1983; Trimble 1997; Hession et al. 2000; Hession 2001). There 

appears to be a threshold width, drainage area, or discharge on a channel where grass 

vegetation is more influential on narrower channels and tree vegetation is more 

influential on wider channels in terms of increased stability (Zimmerman et al. 1967). 

With regard to small streams, the rooting depths of the grass sod scale closely to the 

depth of the channel creating a cohesive bank, resulting in the narrowest channel 

(Gregory and Gurnell 1988). Grass would be an important controlling factor where 

subaerial mechanisms, such as frost heave, desiccation, rainsplash and micro-rill 

development, are mitigated by a grass riparian cover on exposed banks (Lawler 1992; 

Abernethy and Rutherfurd 1998). As discussed in Abernethy and Rutherfurd (1998), 

Zimmerman et al. (1967) discovered that channels where windthrow and LWD damming 

are active that the dimensions of the channel are double or triple those of an equivalent 

non-vegetated channel in the same geologic setting and discharge regime. Also, it seems 

that small streams differ from rivers due to their frequency of channel forming 

(dominant) discharges. As discussed in section 2.2.1.1 Dominant Discharge, rivers are 
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regulated by the bankfull stage and small stream dimensions are controlled by more 

frequent flows at roughly a yearly occurrence (Leopold et al. 1964). Therefore, it 

appears that grass lined banks are more effective than tree lined banks on very small 

catchments. The catchments used for this study are beyond the size of catchments where 

grass is the more influential vegetative force. 

2.2.4.5 Bank Stability Algorithm 

Millar and Quick (1993) developed a model for non-cohesive gravel sediments based on 

the bank-stability analysis derived by the United States Bureau of Reclamation (USBR). 

The USBR theory, which was developed by Lane (1955), is presented in a simplified 

form, under the theory of tractive force, in the classic text books by Chow (1959) (p. 171) 

and Henderson (1966) (p.419) and restated in dimensionless form by Millar (1994): 

specific gravity of bank sediment, D50 is median bed or bank sediment diameter (meters), 

t*bedc is the critical dimensionless (Shields) shear stress for a grain equivalent D5o on the 

channel bed, and 0 is bank angle (degrees). 

The friction angle § for coarse loose gravel approaches a maximum value of 40°, the 

angle of repose for gravel (Lane 1955). However, according to Millar and Quick (1993) 

(|> may be replaced by the modified friction angle ([>' to account for the bank stabilising 

effects of cohesive silt and clay cementing of the grains and vegetation. Other 

(Eq. 2.6) 

where ibank is reach-averaged bank shear stress (Pa), y is unit weight of water (N m"3), s is 
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researchers characterized (|)'as an expression of the frictional interaction and interlocking 

between particles (O'Loughlin and Ziemer 1982). A substitution of cj)'applies a potential 

solution to the inability for the magnitude and distribution of root reinforcement to be 

applied in bank stability analysis since historically the influence of vegetation has been 

excluded from research based on the difficulty to quantify and physically or statistically 

manipulate its influences (Hickin 1984; Thorne and Osman 1988; Abernethy and 

Rutherfurd 2000). 

The new modified friction angle §' is allowed to have a minimum value of approximately 

40°, which indicates no or little influence from vegetation, and approach a maximum 

value of 90° (Millar 2000). The is a single calibration parameter that may be mostly 

used to quantify the stabilising effects of vegetative root networks and the reduction of 

near-bank velocity and shear. But, also must include the effects of other processes such 

as the packing and imbrication of the sediments and cementing of the gravel particles by 

the cohesive properties of interstitial clays and silts (Millar 2000). These complicated 

processes make clarifying a §' value for given situation and vegetation conditions, such 

as species, scale, and root density, type, and depth, extremely difficult. It has been shown 

by Millar and Quick (1993) and Millar (2000) that there is a relationship between (j)' and 

vegetation density (see Table 1), but the conditions and the scaling issues depicted in the 

previous section must also be a concern. 
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Andrews (1984) 
Vegetation Type 

Hey and Thorne (1986) 
Vegetation Type 

<))' (degrees) Thin Thick I II III IV 
Mean 37.5 51.6 39.9 43.7 48 55.6 
Range 29.3-46.3 42.7-58.8 20.1-51.7 30.1-58.8 32.0-72.0 36.3-79.1 
N 14 10 12 16 13 20 

Table 2-1 Friction angle values ((/(degrees) obtained through model calibration of 

each vegetation class, from Millar (2000) 

As stated in Millar (1994), it has been shown by Henderson (1966) (p.414) through the 

work of White (1940) that the dimensionless shear stress is related to § (proportional 

form shown in Eq. 2.5): 

r bedc = k tan <f> (Eq. 2.7) 

Therefore, to include the stabilising effects of vegetation on the banks (j) can be replaced 

by the modified friction angle ())', and inserting the above equation, the bank stability 

algorithm may be simplified (Millar 1994). 

' bank <0.048tan^\ l-—'0 

sin (f> 
(Eq. 2.8) 

Finally, the remaining coefficient k has been shown to be directly related to the critical 

dimensionless shear stress for bank sediment and approximate a value of 0.048 in order 

to display agreement between calculated and observed channel dimensions (Millar 1994; 

Millar 2000). 
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2.3 Meandering-Braiding Transition 

Leopold and Wolman (1957) proposed a transition discriminating between meandering, 

braiding and straight channels. The theory is that a continuum of channel patterns exists 

with braided patterns distinguished from meandering ones by particular combinations of 

slope, discharge, and width-to-depth ratio (Leopold and Wolman 1957). In their 

relationship, the channel slope was plotted versus the bankfull discharge to acquire the 

following empirical function: 

S* = 0.06<26/~°44 (Eq. 2.9) 

where Q b f is the bankfull discharge and S* is the critical channel slope between 

meandering and straight or braiding channels. For this relationship, a channel that had a 

slope S<S* would tend to be meandering and S>S* would tend to be braided. A good 

summary of various relationships for the hydraulic controls on channel patterns is 

available in Bridge (1993). 

2.3.1 Theoretical Stability Analysis 

Since the formation of the Leopold and Wolman relationship, various authors (Parker 

1976; Fredsoe 1978; Struiksma and Klaassen 1988) have performed theoretical stability 

analysis for the purpose of exploring bed form and bar formation, meander development, 

or braiding in alluvial rivers (Millar 2000). These theories use depth-averaged, two-

dimensional forms of the equations of motion for momentum, mass, and sediment 

continuity. One example of the balance equations is supplied in Parker (1976) 
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d_ 

dx 

d(h-d) 
dt + • 

fdqx , dq} ^ 

P V dx dy 

(Eq. 2.10) 

where d is the channel depth, h is the water surface height above a reference, (u,v) is the 

stream velocity vector, (qx,qy) is the volumetric sediment transport vector, ( T x , x y ) is the 

bed stress vector, p is the density of water, and Xp is the bed porosity. 

In these analyses, a perturbation technique is used that includes a small variable in the 

form of a ratio of sediment transport to water transport. These perturbations are applied 

to the balance equations of motion about a steady flow condition. The stability is 

analyzed when a perturbation may propagate and develop a fluvial instability within the 

system. The fluvial instability could represent the formation of bars, meanders, or braids 

(Parker 1976; Millar 2000). Finally, the stability analysis formulates a theoretical 

criterion for an approximate division between meandering and braiding states. 

According to Parker (1976), the approximate relation for this division is 

£ = 
C0 

SW 
nFY 

= 0(1) (Eq. 2.11) 
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where C 0 is a dimensionless friction factor, ICB is a dimensionless wave number, S is the 

slope, W is the width (meters), Y is the depth (meters), and F is the Froude number that 

equals U/V(gY), where U is the mean velocity (ms"1) and g is gravitational acceleration 

(ms"). This criterion for the situation where steady flow forms multiple cells, or the 

onset of multiple channel formation, may be written in terms of the channel slope: 

(Eq. 2.12) 

where S is the transitional slope between meandering and braiding, Y is bankfull depth 

(meters), W is bankfull width (meters), and F is Froude number (Parker 1976). 

According to Millar (2000), the direct application of this criterion is difficult because the 

channel dimensions and Froude number at transition must be known to be able to 

calculate an approximate transitional slope. Therefore, the above formulation in 

conjunction with the Millar and Quick (1993) analytical model were used to create a 

function for the meandering-braiding transitional slope in terms of the relevant 

independent variables discharge, sediment size, and bank stability (Millar 2000). 

Historically, transition formulations such as Henderson (1963), Ferguson (1984), Chang 

(1985), and Bridge (1993) have included bank stability within the functions, but none 

have considered imposed vegetation strength in the independent variables. 

• Henderson (1966) S' = 0.64D1 UQ-°M (Eq. 2.13) 

• Ferguson (1984) S* =0.042Q-°A9D50

009 (Eq.2.14) 
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• Chang (1985) S'*aQ-05D 0.5 (Eq.2.15) 

• Bridge (1993) S' =0.0049(9"0 21D, 50 
0.52 (Eq. 2.16) 

As can be seen from these four relationships, the threshold slope appears to be dependent 

on the discharge and sediment caliber (resistance and capacity), but there is no analysis of 

bank resistance other than sediment size. 

2.3.2 Millar Theoretical Meandering-Braiding Transition 

Millar (2000) composed a single approximate multivariate relationship represented by a 

threshold value S*: 

where D5o is median sediment diameter for the banks and bed surface (meters), <j)' is bank 

sediment friction angle (degrees), and Q is the bankfull discharge (mV1). For this 

relationship a value of S « S * implies that the channel is meandering and a value of 

S » S * implies that the channel is braided (Millar 2000). 

The Millar meandering-braiding transition was tested against 86 meandering rivers from 

the data sets of Andrews (1984) and (1986) and 32 braided rivers from Fahnestock 

(1963). The results from this test were that all of the meandering rivers plot in the correct 

area where S<S* and all of the braided rivers, except for three points, were in the zone 

where S>S* (Millar 2000). These results demonstrate that the Millar meandering-

braiding transition can fairly well predict the transitional slope where a meandering river 

S* = 0.0002£> 5 0

0 6 V 7 5 Q 
,-0.25 (Eq. 2.17) 
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may become a braiding river, based on the independent variables of sediment calibre, 

bank sediment strength, and bankfull discharge. 

In a recent draft paper by Millar (in prep), output from the same model as generated 

equation 2.20 is reanalysed to obtain a new dimensionless form of the meandering-

braiding transition relationship. The nondimensional approach utilized is similar to the 

studies of Parker (1979) and Andrews (1984) represented by the following dimensionless 

independent variables: 

Q* = 2 • Q (Eq.2.18) 

u' = ^ (Eq.2.19) 
tanctf 

where D50 is median sediment diameter for the bed surface (metres), g is gravitational 

acceleration (mV1), Q is the bankfull discharge (mV1), or mean-annual flood, and s is 

the specific gravity of the sediment (typically estimated at 2.65 for quartz) (Millar in 

prep). The dimensionless variable u' depicts the ratio of the strength of the banks relative 

to the bed sediment strength or more correctly, the value of the critical dimensionless 

shear stress of the bank relative to the bed. If the sediment size of the banks is 

substantially different than that of the bed, u' is adjusted through the consideration of <j)' 

to incorporate this difference in potential strength. Therefore, a value for u' 

>1 characterizes a situation where the banks are more resistant to erosion than the bed 

sediment, and a value for u' = 1 characterizes the condition when the banks and bed are 

both composed of equally erodible loose sediment that is noncohesive, i.e. no vegetative 
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influences (Millar in prep). The resultant meandering-braiding criterion using 

dimensionless variables is the following model: 

S* = 0.951 Q *-°25 u' (Eq. 2.20) 

It should be noted that Q* contains D 5 0

2 5 in the denominator so that Q*" 0 2 5 is 

proportional to Q"° 2 5 D 5 o ° 6 2 5 , which is similar to Eq. 2.17 (Millar in prep). 

2.4 Proposed Riparian Disturbance Sensitivity Index 

Realising that the channel slope Sc is the prevailing slope where the channel is forming a 

meandering planform, or single-thread channel, then a relationship between Sc and S* 

potentially could determine the availability of a meandering gravel bed river to adjust its 

morphology to a braided situation. The proposed relationship for this analysis is the 

riparian disturbance sensitivity index. The riparian disturbance sensitivity index is a ratio 

between the meandering-braiding relationship and the channel slope of the channel. 

— = S c „,< (Eq.2.21) 
5* 0.0957(2 * «' 

This relationship may be reduced to an empirical formula based on the meandering-

braiding transition formula at a completely disturbed bank strength condition where (J) is 

equal to 40°. This new relationship is the riparian vegetation sensitivity index for non-

cohesive gravel-bed rivers: 

C = 10.456?*° 2 5 Sc (Eq.2.22) 

where Sc is the channel slope (m/m) and Q* is the dimensionless discharge. For values of 

C, « 1 , a channel should be insensitive to riparian disturbance. For C, =1, the post 
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disturbance channel would be at the threshold between meanders and braided. For C, >1, 

the channel should be extremely sensitive to riparian disturbance. 

Theory shows that as slope increases, a meandering river may change from a meandering 

to a braiding planform, or the degree of braiding will increase (Parker 1976). Through 

the use of case studies, particular criteria could be set to quantify the sensitivity of a 

stream to fluvial geomorphologic alterations resulting from riparian vegetation removal. 

The hypothesis is that once C, is greater than some value, then it may be assumed that the 

channel could begin to show sensitivity to riparian vegetation removal. It is believed that 

as this ratio increases the sensitivity of the channel's stability due to vegetative influences 

will increase. This hypothesis was tested with a case study analysis from rivers with 

disturbed and intact coniferous riparian vegetation in the province of British Columbia. 
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CHAPTER 3 

3 METHODOLGY 

The methodology for the case study analysis involved two main data collection 

components. These two components were fieldwork and analytical data collection. 

3.1 Fieldwork 

The fieldwork includes a site survey, which includes grain size sampling of stream bank 

and bed sediments, longitudinal survey, and cross-sectional surveys. 

3.1.1 Grain Size 

A pebble count analysis that was first proposed by Wolman (1954) must be conducted to 

understand the representative sediment of the stream. For this study, the representative 

sediment of the stream, or reach, is assumed to be the D50 particle size. The process 

depicted by Wolman is a sampling method that is applicable for streams flowing through 

coarse material and may be waded during low flow conditions. The pebble count is 

performed through selecting grains by a heel-to-toe walk technique or samplings at even-

spaced marks along a measuring tape (Kellerhals and Bray 1971; Bunte and Abt 2001). 

For this analysis, the sampling technique along a measuring tape with outstretched finger 

and eyes closed will be used because of the decreased variability and operator error 

observed with the heel-to-toe technique (Kellerhals and Bray 1971; Bunte and Abt 2001). 
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3.1.1.1 Pebble Count Technique 

The pebble count along a tape consists of randomly selecting 100 pebbles at evenly 

spaced intersections along the tape, and classifying the pebbles based on measurements 

of the b-axis. As discussed in Rennie (1998), Bray (1972) suggests a pebble count of 50 

stones to achieve a consistent estimate of the mean size of the distribution. However, 

according to Fripp and Diplas (1993) a sample of 400 stones is advised for accurate 

estimation of the entire grain size distribution. Since an estimate of the median sediment 

size is the required value for this study, a sample size of 100 stones should suffice for this 

requirement. 

The sampling interval is set to larger than the b-axis of the D m a x particle, in order to avoid 

counting a particle twice and biasing the sample (Bunte and Abt 2001). At each sampling 

interval, the particle located directly below the mark on the tape is selected and measured 

without introducing operator bias in the particle selection. In order to measure the b-axis 

of the particles correctly and quickly, the grains are passed through a template, or 

gravelometer (see Figure 3.1), consisting of square holes corresponding to the sizes of 

standard 0.5 -̂increment sieve sets (Bunte and Abt 2001). The template used for this 

analysis starts at the separation between the gravel and sands range at 2 mm and extends 

to a size of 128 mm, but the sample will be truncated at 8 mm due to the interest in the 

gravel-sized particles for the sites. This truncation will introduce a small bias in the 

sample, but it was assumed that this bias is negligible for gravel sized sediments. Clasts 

larger than the 128 mm template hole will require manual measurement of the b-axis. 
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Figure 3-1 Sample template (gravelometer) (Center 1996) 

Since the majority of stream particles approximate ellipsoids, the b-axis most closely 

represents the nominal diameter, where the nominal diameter is defined as the diameter 

of a sphere with the same volume (Center 1996). (Figure 3-2) 

The advantages of this technique are that the square openings in the template supply data 

that is equivalent to sieving in the field, the techniques are reproducible and reduce bias 

and operator error, and it is a relatively quick method to use in the field. A conversion 
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Figure 3-2 Grain axes, similar to Fig. 3.3 in Church (1987) 

from phi (()>) units and millimetres can be performed by the following equation supplied 

by Church et al. (1987): 

(j) = -log 2 D(mm) = -3.32191og10 D(mm) (Eq. 3.1) 

The smallest hole that the particle passes will be the size class listed for that particle, with 

each size class containing a percentage of the total sample (Kellerhals and Bray 1971). 

For example, if the particle has a diameter of 25 mm it would be recorded as smaller than 

the 32 mm template hole. These percentages can also be directly calculated as 
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frequencies of occurrence, which correlates to the percent finer distribution used in 

cumulative frequency distributions (Kellerhals and Bray 1971; Bunte and Abt 2001). 

The b-axis measurements are transformed into a cumulative frequency distribution that 

can estimate roughness values for the streambed and banks, assuming that the material 

consisting of the bed and banks are equivalent. In a study by Jackson (2001), the median 

particle size in clearcut headwater streams decreased. But, the reduction was not 

statistically conclusive due to high variability in the pre- and post- harvest sets. 

Therefore, since there is no historical data available, the particle size distributions 

formulated from the field studies will be assumed to be representative of the historical 

conditions. 

3.1.1.2 Bulk-Sieve Technique 

The bulk-sieve technique is a volumetric sampling technique. This sampling technique is 

used to garner a predetermined mass of sediment from the streambed. Since a mass of 

material is being removed, the bulk-sieve sample is a three-dimensional sampling 

technique. Based on analysis by Diplas and Fripp (1992), the minimum depth of a 

volumetric sample is greater than the available depth of most surface layers. Therefore, 

the two-dimensional surface sediment cannot be sampled using this technique (Diplas 

and Fripp 1992; Bunte and Abt 2001). 

In order to sample the subsurface particles volumetrically, the entire layer of surface 

sediment must be removed from the sample area. This is necessary so that surface or 
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armour sediments do not contaminate the sample (Bunte and Abt 2001). The correct 

technique for the removal is suggested so that the armour layer is removed to the 

underside of the largest exposed particle available in the sampling region (Church et al. 

1987). 

A technique for estimating the required size for the bulk sample has been suggested by 

Church et al. (1987) to be based on the largest available stone in the distribution 

(assumed to be equal to D90). In this criteria, it is suggested that the mass of the largest 

stone should not exceed 0.1 percent of the total sample mass for particles up to 32 mm, 

thereafter 1 percent to 128 mm. The reason for this criterion is so that the entire sample 

is independent of the dimensions of the individual particles (Diplas and Sutherland 1988). 

Assuming that the density of the particles is similar to quartz, the density of the largest 

particle would be 2650 kg/m . A sphere based on the above characteristics of the 

measured b-axis can estimate the volume of the largest stone. This results in the mass of 

the largest stone in kilograms to be equivalent to 1387.5*D9o3. Applying the total mass 

criterion, the formula for estimating the total volumetric sampling mass is: 

m*SampleMass>\m.5D^{kg) (Eq. 3.2) 

SampleMass > 138750/J90

3 (kg) (Eq. 3.3) 

Once the required sampling mass is achieved and positioned on the sampling tarp, the 

sample is separated into one half-phi size classes for all pebbles greater than 32mm based 

on the template sampling method. These groups of larger particles are meticulously 

brushed to remove any residual sand and smaller particles from their surface. After they 
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have been cleaned, the separate groups are returned to a clean sampling bucket and 

weighed using the field scale. These weights are tabulated and the particles are returned 

to the sampling location. The remaining sample consisting of all particles smaller than 

32 mm is subdivided until a representative sample of approximately 8 kg is achieved. 

This subsample is retained in plastic sampling bags and returned to the lab for 

segregation of the smaller particles. 

The entire field process for one sample took approximately three hours, but varied based 

on the required sample size and conditions. It was not possible to do bulk sampling 

during precipitation events due to the fact that an unmeasurable water weight would be 

added to the sample during brushing and sieving of the larger particles. This added water 

weight could potentially cause large discrepancies in the original sample mass and final 

sample mass, especially the contribution from the sample of the particles finer than 32 

mm. 

In the lab, the sample is removed from the sampling bags and discreetly spread out on a 

tarp so that the sample may be exposed to the heated air and dried. The sample must be 

dried to remove the water weight within the smaller particles. The dry sample was then 

fed through a system of sieves with square holes ranging from 25.4 mm to 1.0 mm. The 

sieve analysis was truncated at 1 mm because the gravel-sized particles were of most 

importance due to the condition that all sampling locations were on gravel bed rivers. 

Also, it was desirable to compare the results from the bulk sampling distributions with 

the results of the pebble counts, which are accurate for gravel particles or stones with a 
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diameter of 2 mm (Bunte and Abt 2001). The size fractions 25.4 mm and 18.85 mm were 

shaken by hand to segregate the particles. The material that was able to pass through the 

18.85 mm sieve was split to obtain a manageable sample of between 1 and 2 kg to use for 

the rest of the analysis. The sieves of 9.52 mm and 6.35 mm were mechanically shaken 

for 4 minutes and the rest of the sieves (4.75 mm, 3.36 mm, 2.38 mm, 2.00 mm, 1.41 

mm, and 1.0 mm) were mechanically shaken for 10 minutes. The samples for all size 

fractions were measured to the nearest 0.1 grams with an electronic scale accurate to .01 

grams. Once all of the size fractions were tabulated according to their mass and 

corresponding sieve size; a cumulative frequency distribution was created for the 

subsurface bed and bank samples similar to the distributions from the pebble counts. The 

results from the sieve analysis are directly comparable to the pebble counts, or grid-by-

number measurements (Kellerhals and Bray 1971; Diplas and Sutherland 1988). 

3.1.1.3 Pebble Count versus Bulk- S ieve Technique 

The reason for selecting the pebble count procedure over the usual bulk-sieve analysis is 

primarily due to four factors. The first factor is that the pebble counts more appropriately 

covers a larger area of the streambed or bank, therefore most likely representing the reach 

average values. The second factor is pebble counts are more practical when trying to 

represent the coarser material. Since this analysis is for gravel bed streams, the 

percentage of surface represented by fine sediments is not a necessary factor for these 

particular relationships. The third factor is the time and work commitment for the pebble 

count versus a bulk-sieve analysis. An estimated completion time for the pebble count is 

roughly one-half of an hour compared to a half of a day or more for the bulk analysis. 

Finally, the bulk-sieve analysis would be more relevant for the analysis of bed-load 
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transport computations as compared to an interest in hydraulic friction or initiation of 

movement as this study is concerned (Kellerhals and Bray 1971). 

3.1.2 Channel Geometric Survey 

The case study sites are based on a reach length of river. The reach length was 

determined by the conditions of the river and sampling time. In most cases, the reach 

length was between 10 and 20 channel widths long and incorporated at least four riffles 

and three pools, or three riffle pool sequences with the survey beginning and ending at a 

riffle section. A reach of 10 to 20 channel widths is a satisfactory length to associate 

stream morphology to channel processes and response and habitat characteristics 

(Montgomery and Buffington 1997). According to Knighton (1998), the average spacing 

of a riffle (shallows) and pools (deeps) is a distance between 5 to 7 times the channel 

width. The surveys were conducted with a rod and level for the sites located in the 

interior of British Columbia and the surveys were conducted with a total station for the 

sites located on Vancouver Island. The total station deployed for the surveys was the 

Leica TC705 and a Leica GPR111 circular prism. The TC705 has a standard 

measurement accuracy of 2mm+2ppm and range of between 1800 m - 3500 m, 

depending on the weather and visibility, and an internal data collection system. 

3.1.2.1 Longitudinal Profile 

Beginning at the most upstream riffle in the reach, a longitudinal profile was completed 

along the length of the thalweg for the entire study reach. An elevation point was taken 

at intervals of roughly 10 meters in an attempt to include all existing breaks in slope and 

prominent features in the channel. Using the elevation measurements acquired from the 

survey along the thalweg, a contour of the bed surface was created by plotting the 
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elevation points against their horizontal position in the downstream direction. In order to 

acquire an estimate of the average channel slope for the reach, a simple linear regression 

was used on the data. The slope of the regression equation is an estimate of the average 

channel slope value for the reach. 

3.1.2.2 Bankfull Channel Width or Unvegetated Channel Width 

The bankfull channel width is the width of the channel positioned at the top of the banks 

before entering the floodplain. It is the width of the channel that is formed by the 

frequency and work of the dominant discharge (see section 2.2.1.1). In the field, this 

width is usually recognized by the non-existence or scarcity of vegetative growth 

occurring at the sides of the channel. In order to compare the measured channel width 

with the historic photo width (section 3.2.5.2), the unvegetated channel width was the 

value used to calculate the average width of the channel. In some instances, such as 

situations with large prevalent unvegetated bars, the unvegetated channel width is 

drastically different than the main channel bankfull width. While using the rod and level, 

the unvegetated channel width was estimated by using a survey tape at increments of 30 

m. The width was directly measured using a calculation of the distance with the 

Pythagorean theorem and the x and y co-ordinates of the end points with the total station 

survey data. 

3.2 Analytical Methods 

After the field visits and data analysis were completed, a particular set of analytical 

methods was necessary to gather the remaining data for the case study analysis. These 
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analytical methods included watershed delineation, regional hydrology analysis, and 

historic aerial photo analysis. 

3.2.1 Watershed Drainage Area 

The drainage area for a watershed consists of all of the land surface area that could 

potentially produce runoff from a precipitation event to the watershed outlet. The 

boundaries of the watershed must be delineated in order to show the break points or 

ridges that distinguish adjacent watersheds. The delineations for the sampled watersheds 

were completed by locating the sampled location on 1:250,000 topographical maps of 

British Columbia. Realising the end of the reach is the watershed outlet, the necessary 

line was constructed perpendicular to the elevation contour lines for land that would drain 

to the outlet in order to form the boundary for the watershed. Once the watershed 

boundaries were constructed, each watershed was scanned into AutoCAD as an image 

file. The boundary was identically recreated with a polygon and the area of the polygon 

was calculated with the measurement tool and a ratio between the AutoCAD scale and 

the true map scale. 

3.2.2 Discharge 

A necessary data component for the sensitivity analysis is a reasonable estimate of the 

mean annual flood for the watershed (Q2.33). For this analysis, as stated in section 

2.2.1.1, the mean annual flood is assumed to be equivalent to the bankfull discharge. In 

all cases, the necessary watershed is either situated upstream or downstream from an 

existing gauge or is located on an ungauged system. This leads to the use of a regional 

analysis to obtain an estimate of the mean annual flood for the watershed. 
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3.2.2.1 Regional Analysis 

The regional analysis for this study is the scaling and regionalization technique proposed 

by Eaton et al. (2002) specifically designed for flood flows in British Columbia. In this 

study, regionalization of the flood data shows that the simple scaling appears to apply to 

the province of British Columbia, since the scaling is not a function of the flood return 

period. Using a scaling and krigging method, Eaton et al. constructed a simple 

relationship to estimate the discharge for any location in the province: 

Qmaf =kmafAfJ5 (Eq.3.4) 

where Qm af is the mean annual flood, km af is the krigging factor for the mean annual flood 

and the specific location of interest, and Ad is the drainage area corresponding to the 

specific location of interest (Eaton et al. 2002). Therefore, an estimate of the mean 

annual flood for any watershed in British Columbia may be calculated with the use of the 

drainage area and relevant krigging factor. This seems reasonable because a hydrologic 

study completed by Pitlick (1994) on mountainous regions concluded that drainage area 

was the variable most highly correlated with the mean annual flood. The krigging factor 

may be extracted from the appropriate map of k values available in Eaton et al. or back 

calculated in two ways depending on the available gauging locations within the region of 

the watershed, which is the method used in this analysis. For a map of the krigging 

factors see Figure 8 of Eaton et al. (Eaton et al. 2002). 

If there is a gauge located on the same stream or river, than the krigging factor for the 

watershed may be back calculated by substituting the know drainage area and mean 

62 



annual flood for the gauge, acquired from the HYDAT database (2000), into the above 

equation and solving for the corresponding km af value. This value may then be applied 

with the estimated drainage area to calculate a value for the mean annual flood at the 

desired location. On the other hand, if there is no gauge situated upstream or downstream 

from the required location, than a regional analysis must be performed in order to obtain 

a value for the krigging factor to be used in the analysis. 

Focusing on the gauged streams in the corresponding hydrologic region, a watershed area 

to the power of 0.75 versus mean-annual flood discharge relationship should be created. 

Keeping in mind the aspect and proximity of the gauged streams used to create the 

relationship, an estimate of the krigging factor can be established with a slope estimate of 

the linear regression formed from the above mentioned regional relationship. If a linear 

regression appears inappropriate for an estimate, then an average value of the krigging 

factors is obtained. Once again, the krigging factor can be applied to the known drainage 

area of the watershed to calculate an estimate of the mean annual flood. It should be 

noted that the importance of this analysis is to obtain at a minimum a correct order of 

magnitude flood value for the dominant discharge. 

3.2.3 Width 

A main focus of this analysis is the morphology of a river from an equilibrium state to a 

disturbed state and the change in width between these two states. It is an ideal situation 

where on-site historical and present day reach average widths are available. Under most 

circumstances this is not the case and aerial photos are the available source for 

geometrical measurements. Therefore, the representative width for the stream can be 
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calculated by averaging the widths of the reach taken over a certain increment in the 

stream length. For present day width values, a reach-averaged width may be surveyed in 

the field. 

3.2.4 Aerial Photo Analysis 

In order to measure the effects of vegetation removal on stream morphology, it is 

suggested that an aerial photo analysis be used to visualize the changes in a stream's 

width before and after a disturbance to the riparian zone (Neill and Yaremko 1989). 

Since bankfull stream channel width is not dependent upon stage height, such as size of 

gravel bars or islands; it is an accessible planimetric measurement (Beaudry and 

Gottesfeld 1999). The majority of the photos used in this study were collected at the Air 

Photo Warehouse affiliated with the Base Mapping and Geomatic Services Branch of the 

Ministry of Sustainable Resource Management in Victoria, British Columbia. The two 

oldest photos, which are photographs of the Elk River in 1930, were laser copies obtained 

from the National Air Photo Library of the Centre for Topographic Information - Natural 

Resources Canada in Ottawa, Ontario. The majority of these photographs were the 

standard 23cm X 23cm black and white panchromatic print that is taken directly below 

the aircraft in a vertical alignment (Mollard and Janes 1984). A selection of the newer 

photos used were standard colour panchromatic editions. The vertical photographs were 

used because of the ability to calculate a scale and horizontal measurements directly on 

the photograph. The techniques used in this analysis are comparable to the technique 

discussed in the Roberts and Church (1986) study of disturbed watersheds of the Queen 

Charlotte Ranges, British Columbia and techniques outlined in Grant et al. (1984). 
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3.2.4.1 Scale 

The most direct way to calculate the scale of an aerial photo is by comparing a known 

distance between two points on the ground with the same two points on the photograph 

(Mollard and Janes 1984). When a discernible distance is not known on the ground, as is 

the case in the majority of the photos including the predisturbed photos, a simple 

geometric relation must be used to calculate the scale. Through the use of similar 

triangles, a ratio of the triangle bases is equal to the ratio of the triangle heights (Mollard 

and Janes 1984). 

a - (̂airphoto dist.) /(focal length) 
= (Eq. 3.5) 

A - (̂ground dist.) i/(flying height) 

F i g u r e 3-3 A e r i a l P h o t o S c a l e D i a g r a m 
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Therefore, the scale of the photograph may be determined by calculating the ratio of the 

focal length of the camera and the flying height of the airplane (Miles pers. comm.). The 

record of the camera focal length and airplane flying height may be obtained from the 

film record for each particular photographic roll number. In some cases, the aerial photo 

print is not a contact print, consequently the print is not the same size as the negative and 

the focal length must be adjusted to match this discrepancy. The enlargement ratio of the 

print size to negative size must be multiplied by the camera focal length to calculate the 

adjusted focal length for the print. 

print size(mm) m -i x\ 
— * f(m) = fadjusted (m) (Eq. 3.6) 

negative size(mm) 

The scale of a particular point or region on the photograph may be calculated more 

accurately by including the relief elevation (FT) for that point. The average elevation for 

the reach of interest was found for this study from 1:50,000 topographical maps. This 

elevation is subtracted from the flying height to get the elevation of the camera above the 

point of interest (Miles pers. comm.). 

scale = (Eq. 3.7) 
H(m)-H'(m) 

Once the scale has been calculated, the aerial photos may be used directly to take the 

necessary measurements for the study. Due to unknown error in the flying height, the 

photo scale was calculated to the nearest lm on the photo equals 100 m on the ground or 

1:100 scale. 
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3.2.4.2 Measurements 

The main objectives of the aerial photo analysis is to obtain an estimate of the river's 

width prior to riparian disturbances. In order to obtain reasonably accurate measurements 

from the aerial photographs, a STM electronic digital caliper with a measuring range of 

0-150mm, reading value of 0.01 mm, and accuracy of 0.03 mm was used to take the 

measurements. This was necessary because an error of 0.1 mm in the measurement 

would result in a width error of 3.5 m for a 1:35,000 aerial photo. This level of accuracy 

required a visualisation tool to assist in seeing the details on the photo. To accomplish 

this, a 2x magnifying glass or one lens of an Alan Gordon Enterprises pocket stereoscope 

was used in conjunction with the digital caliper. 

The procedure was initiated by orienting the photos of the same reach in a similar manner 

and locating the field surveyed reach on the photo. To obtain an average width value for 

the reach, bankfull width, or unvegetated width, measurements were taken at 50 m 

intervals starting upstream and working towards the downstream termination for the 

reach. The width was measured perpendicular to the flow at each location. Therefore, 

the number of measurements taken for each photo was dependent upon the length of the 

reach. These measurements were then averaged to obtain a predisturbed estimate for the 

width of the river. This procedure was also completed on the most recent aerial photo 

available for the location in order to compare the field-surveyed value for the width with 

an aerial estimate from the photograph. The predisturbed estimate was compared to the 

reach survey measurement to approximate the change in width from the historic condition 

to the present day condition. 
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%AW = Obs-Width(^)-Historic W i d t h ( m ) n o Q % 

Historic Width(w) 

Using the first and last width measurements as reference points, the down valley length 

was measured between these two points along with an estimate of the length of the 

channel between these two points. These two measurements were performed on both 

photos for redundancy purposes, but the values from the most current photo were used to 

estimate a value for the reach sinuosity. 

3.3 Flood Indices 

Large or "catastrophic" floods may control the geomorphic condition of some fluvial 

systems. One possible index of potential effects of flood regime of the system is with 

Beard's (Baker 1977) flash flood magnitude index (FFMI) (Section 2.2.1.3.1). This 

index was calculated for each of the case studies based on the data available in the 

Environment of Canada's Hydat and the British Columbia Streamflow Inventory 

(Coulson and Obedkoff 1998; Environment Canada 2000). For the case studies where 

specific gauging data was not available, a similar regional analysis was used that was 

performed for estimating the mean annual flood for the location. But, an average FFMI 

was calculated based on the data of each regional gauge FFMI. Before the FFMI was 

calculated for each gauge, the discharge value was configured based on the drainage area 

of the site of study according to the Eaton et. al. (2002) method that was used for the 

mean annual flood calculations. 
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Similar to the FFMI, it has been suggested that historic "large" floods may control the 

geomorphic condition of fluvial systems (section 2.2.1.3.2) and the influence of these 

floods may be indexed by the ratio of the peak discharge to the mean annual discharge 

(Stevens et al. 1975). In order to examine any relationship between width change and the 

occurrence of large floods, the ratio of instantaneous peak discharge and the mean annual 

flood was calculated for the case studies for which gauge data is available (Coulson and 

Obedkoff 1998; Environment Canada 2000). Since this relationship appears to be highly 

related to each particular drainage basin, the regional analysis approach was not used to 

estimate the peak floods for the sites where no gauge data is available. 
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CHAPTER 4 

4 CASE STUDIES 

The goal of the study is to formulate and test a parameter that describes the sensitivity of 

the single-thread gravel-bed river with noncohesive banks to disturbance by comparing 

undisturbed and disturbed channel widths. The sensitivity index is evaluated using case 

studies of disturbed and channel reaches with intact riparian vegetation situated in the 

province of British Columbia (Figure 4-1). The data sets for the following case studies 

are collected during a field site research campaign of the summer of 2002 and analytical 

analysis during the following fall. The purpose of these case studies is to give some 

insight into the potential function of the sensitivity index for use in analysing disturbed or 

potentially disturbed alluvial gravel-bed river reaches within British Columbia. 

Scale / Echel le 

0 100 200 

T a h s i s Rivei 

Figure 4-1 Case study sampling locations 

The 12 case studies are briefly described below. 
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4.1 Bonaparte River 

The Bonaparte River is a tributary to the Thompson River and its confluence is near 

Ashcroft, British Columbia. The Bonaparte River watershed covers roughly 5300 km2 of 

the Fraser (Interior) Plateau in central B.C. consisting of the Arrowstone Hills, Thompson 

Plateau and Green Timber Plateau (Figure 4-3). Consequently, the Bonaparte River 

drains many of the plateau lakes, including Bonaparte Lake. It is located in hydrologic 

zone 12A Southern Interior of the British Columbia streamflow inventory and consists of 

several biogeoclimatic zones, including the Interior Douglas Fir, Mountain Hemlock, 

Bunchgrass, and Montane Spruce zones. The temperatures in the region can exceed 35°C 

in the summer and the average winter daytime temperature is -5°C. 

The reach used for this study is situated just north of the village of Cache Creek where 

Highway 97 crosses the river, which is about 18 km northeast of the confluence with the 

Thompson River. The majority of the valley land use includes irrigated agriculture, cattle 

grazing, and forestry. Due to these land uses, substantial amounts of the riparian 

vegetation has been cleared or damaged. Potentially due to these disturbances, it has 

been concluded that the distribution of unvegetated gravel bars has substantially 

increased in the period between 1950 and 1995 based on an aerial photo analysis (M. 

Miles and Associates 1997a). According to the report by M. Miles and Ass., the most 

valuable restoration strategy for this region of the Bonaparte River would be to re

establish the riparian vegetation. This situation discloses the Bonaparte River to be an 

important candidate for a riparian vegetation sensitivity analysis as supported by this 

study. 
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4.1.1 Grain Size Analysis 

Pebble counts were performed on selected riffles and sections of the banks. The grain 

size distribution curves are shown in Figure 4-2. The size distributions of the riffle and 

bank sediments are very similar, and D50 for the bed and bank surface material are both 

approximately 0.02 m. 

B o n a p a r t e R ive r S u r f a c e G r a i n Size D i s t r i b u t i o n s 

1 10 100 1000 
D (mm) 

Figure 4-2 Bonaparte River cumulative grain size distribution 

4.1.2 Discharge 

The drainage area for the study reach on the Bonaparte River is approximately 5070 km2 

at an average elevation of 475.5 m (Figure 4-3). There are two streamflow inventory 

gauges available for the Bonaparte River: Bonaparte River below Cache Creek with a 

drainage area of 5020 km2 and Bonaparte River near Bridge Lake with a drainage area of 

650 km . There is a minor discrepancy between the reach drainage area and the gauge 
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area since the reach outlet is located upstream from the gauge situated just downstream of 

Cache Creek. Despite this minor error either in the streamflow inventory or the 

watershed delineation of this study, the gauge below Cache Creek is the data set that was 

used for the analysis. 

Figure 4-3 Bonaparte River location map and watershed delineation (921 Ashcroft 
and 92P Bonaparte Lake, 1:250,000) 

73 



4.1.2.1 Regional Analysis 

The flow regime of the Bonaparte River below Cache Creek is a snowmelt-dominated 

flood with a spring freshet that usually occurs between the second half of April to the first 

half of July. A substantial flood occurred on the system in 1990 with an estimated 50-

year event and an instantaneous peak discharge of 88.7 m3/s, which could have caused 

significant bank erosion along the disturbed section of river (M. Miles and Associates 

1997a). Based on the hydrologic analysis, the mean annual flood (Q) for the study reach 

is approximately 31.8 m3/s. 

4.1.3 Slope 

The first half of the hydraulic survey on the Bonaparte River consisted of a longitudinal 

profile using a rod and level where a point was measured at 10 m increments for a total 

survey length of 300m. The average channel slope estimated from the longitudinal 

profile is approximately 0.0029 m/m for the reach (Figure 4-4). 

Bonaparte River Longi tudinal Channel Profile 

* 7.5 J 1 1 1 • , , 1 
0 50 100 150 200 250 300 350 

Relative Distance Downstream (m) 

Figure 4-4 Bonaparte River longitudinal profile 
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4.1.4 Width 

The second half of the hydraulic survey included cross-sectional profiles taken on three 

out of four of the riffles dissected by the longitudinal profile. The third riffle of the reach 

was not surveyed because substantial amounts of riprap had been placed on the right bank 

(looking downstream) to prevent the river from potentially eroding an access road, fence 

line, and small corral. With the use of the remaining cross-sections, the average 

unvegetated bankfull width was estimated to be 29 m (Figure 4-5). Comparatively, the 

photograph analysis measurements concluded a bankfull width of 13 m in 1959. The 

measured width from the 1959 photograph of 13 m is considered the historic or 

undisturbed width for the Bonaparte Paver. These two widths suggest a change in width 

over the time period from 1959 to 2002 of 127 % (Appendix B Figure BI & Appendix 

C). 
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4.2 Coldwater River 

The Coldwater River starts with its headwaters on the North side of the Coquihalla 

Summit Recreation Area of Highway 5 (Coquihalla Highway) at an elevation of 

approximately 1120 m and 45 km north of Hope. It flows north, roughly parallel to 

highway 5, through Merritt, British Columbia, where it is a tributary of the Nicola River 

just downstream from Nicola Lake. The Coldwater watershed constitutes roughly 936 

km2 of the Nicola Forest on the east side of the Cascade Mountains in hydrologic zone 

12B Southern Interior of the British Columbia Streamflow Inventory. At the headwaters 

of the Coldwater River, the watershed is comprised of the Engelmann Spruce-Subalpine 

Fir and Montane Spruce biogeoclimatic zones, but it quickly traverses to the dry Interior 

Douglas-fir zone. As the river flows north it enters the Ponderosa Pine zone and finally 

concludes around Merritt in the hot and dry Bunchgrass zone. 

There were three reaches of the Coldwater River used for this study and they are: 

• Reach 1 begins at kilometre 27 from the mouth of the Coldwater River and 

extends downstream along the old highway. 

• Reach 2 begins at kilometre 70.5 just downstream from a split in the channel 

and upstream of the cross-channel right of way 

• Reach 3 begins at kilometre 76 where the river bends near the old access road 

off of the Coquihalla highway 
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Reach 1 of the analysis is situated in the valley flat of the Coldwater River and is 

surrounded by agricultural and cattle grazing land uses (Figure 4-7). These land uses 

have resulted in extensive floodplain clearing, grazed woody riparian vegetation and 

trampled stream banks, which has led to destabilized and eroding banks (M. Miles and 

Associates 1997b). This reach is potentially a good candidate for the sensitivity of a 

gravel-bed river to riparian disturbances. 

The second reach is located upstream of Vought Creek and is accessible through a gate in 

the fence line paralleling the Coquihalla highway. The entire reach is upstream of the 

right of way, so should not be affected by anthropological straightening and bank 

hardening occurring at this location. The 1938 fire, which occurred in the upper 

watershed, potentially could have affected the riparian vegetation and could be the reason 

for the slight instabilities and dual channels in this section of the river. The riparian 

vegetation appeared to be intact and healthy along this section of the river, but it could be 

still recovering from the logging and fire that occurred earlier in the last century. 

The third and final reach is located approximately 5 km upstream from reach 2, just 

downstream from the upper Coquihalla highway crossing. Similar to reach 2, reach 3 is 

located within an unaltered section of river and may have been disturbed by the 1938 fire. 

On the other hand, reach 3 does not appear to show any signs of instability or widening 

that could be caused by a riparian disturbance. Therefore, a good contrast is presented 

between the unstable condition of reach 1 and the intact and stable condition of reach 3. 
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4.2.1 Grain Size Analysis 

Pebble counts were performed on selected riffles and sections of the banks. The grain 

size distribution curves are shown in Figure 4-6. The size distributions of the riffle 

sediments are coarser than the bank sediments for all three reaches. The D50 for the bed 

sediments are 0.065 m, 0.037 m, and 0.03 m, as compared to the bank surface materials 

that are approximately 0.033 m, 0.017m, and 0.017m for reach 1, 2, and 3, respectively. 

4.2.2 Discharge 

The major hydro logic floods on the Coldwater System appear to be the major floods due 

to snowmelt in the spring with minor rain on snow events occurring in the early winter. 

The drainage area for the study reaches 1, 2, and 3 on the Coldwater River are 

9 9 9 

approximately 735 km , 91.5 km , and 81.6 km at average elevations of 716.3 m, 1036.3 

m, and 1082 m (Figure 4-7). There are two streamflow inventory gauges from 

hydrologic zone 12B Southern Interior available for the Coldwater River: Coldwater 

River at Merritt (8LG010) with a drainage area of 914 km and Coldwater River near 

Brookmere (8LG048) with a drainage area of 311 km . 

4.2.2.1 Regional Analysis 

It seems appropriate to relate reach 1 with the discharge relationship from the gauge of 

the Coldwater River at Merritt because of their similarity in drainage area and down 

valley location and orientation. Similarly, it seems appropriate to relate the discharge at 

reach 2 and reach 3 to the gauge of the Coldwater River near Brookmere for the same 

reasons. Therefore, using the methodology for transferring gauged data to an ungauged 
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location on the same system discussed previously, the mean annual discharges 

reaches 1, 2, and 3 of the Coldwater River are 77 m3/s, 31 m3/s, and 28 m3/s. 
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Figure 4-6 Coldwater River cumulative grain size distributions 



Figure 4-7 Coldwater River location map and watershed delineation (92H Hope and 
921 Ashcroft, 1:250,000) Note north is down. 
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4.2.3 Slope 

The first half of the rod and level hydraulic survey on the three individual reaches of the 

Coldwater River consisted of a longitudinal profile, where a point was measured at 10 m 

increments for total survey lengths of 520 m, 350 m, and 300 m for reaches 1,2, and 3, 

respectively. The average channel slopes estimated from the longitudinal profiles are 

approximately 0.0049 m/m, 0.0033 m/m, and 0.0047 for the three reaches (Figure 4-8). 

Based on these estimations there appears to be a substantial change in slope between 

reach 2 and reach 3. This situation potentially could be due to the relatively short 

distance that the reaches cover. According to M. Miles and Ass. (1997b), the valley 

slope for the Coldwater River watershed upstream of Vought Creek was estimated to be 

0.01 m/m from a longitudinal profile. Due to the fact that the current analysis is based on 

the reach scale, the channel slopes from the measurements will be used in the analysis. 

4.2.4 Width 

Reach 1 of the Coldwater River survey included the measurements of four cross-sections. 

The average width from these four riffle cross-sections was 62 m (Figure 4-9). This 

value is very similar to the value obtained from the 2000 aerial photograph analysis of 64 

m. The predisturbed value is assumed to be 26 m according to the measurements from 

the 1953 aerial photograph. Therefore, the percent change in the width from the 1953 

aerial photo observation and the 2002 reach survey is roughly 135% (Appendix B Figures 

B3 and B4 & Appendix C). 
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Coldwater River Reach 1 Longitudinal Channel Profile 
y = -0.0049X + 8.23 

Relative Distance Downstream (m) 
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Figure 4-8 Coldwater River longitudinal profiles 



Similarly, the survey of reach 2 of the Coldwater survey included four riffle cross-

sections. The average width that was calculated from this survey was 34 m (Figure 4-

10). The values obtained from the 2000 and 1953 aerial photographs were 34 m and 28 

m. Between the 2002 measurements and the 1953 photographic measurements, the 

percent change in width is approximately 23% (Appendix B Figures B5 and B6. 

Due to the close proximity of riffle locations along the profile of reach 3 of the Coldwater 

River survey, five riffle cross-sections were measured. The average value obtained from 

these five measurements was 16 m (Figure 4-11), as compared to the slightly larger value 

of 18 m obtained from the 2000 aerial photo measurements. The historic value from the 

1953 photo was 15 m, which is similar to the other two values (Appendix B Figures B7 

and B8 & Appendix C). These differences are possibly due to minor measurement errors 

in the aerial photo analysis or survey. In order to be consistent in the methods, the 

comparison in widths was between the historic photo and current observation. The 

percent change in width from the 1953 photograph measurement and the 2002 

observation was 4%. 
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Figure 4-11 Coldwater River reach 3 channel cross-section e.) section 5 

4.3 Deadman River 

The Deadman River watershed is roughly a 1486 km2 watershed situated directly east of 

the Bonaparte River watershed within the Thompson and Fraser Plateau areas of the 

Interior Physiographic Region (M. Miles and Associates 1995). The Deadman 

River discharges at its confluence on the north side of the Thompson River, 

approximately 4 kilometres west of Kamloops Lake. The watershed consists mainly of 

three biogeoclimatic zones. The valley bottom and valley walls lie within the Bunchgrass 

and Ponderosa Pine zones with the majority of the remaining land in the watershed lying 

within the Interior Douglas-fir zone. The land use within the region persists mainly of 

agriculture, grazing, and limited forestry practices. The valley bottoms are irrigated in 

the summer to grow hay and are used for cattle grazing pastures during the winter 
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months. Due to these activities, large portions of the valley flat have been cleared of the 

large trees and woody riparian vegetation. 

According to a report completed by M. Miles and Ass. (1995), 43 of the studied 64 

kilometres of the Deadman River are unvegetated or poorly vegetated. Also, 16 of the 20 

kilometres that were classified as actively eroding belong to the category of unvegetated 

stream banks. In conjunction with the eroding stream banks, a substantial flood occurred 

in the Deadman River system on June 14, 1990 with an instantaneous peak flow of 64.4 

m3/s. It has been reported that this event was approximately a 30-year flood (M. Miles 

and Associates 1995). On the other hand, this same report states that the laterally unstable 

morphology on the Deadman River predates this substantial flood that occurred in 1990. 

This leads to the analysis of applying the sensitivity criteria to a river that has been 

cleared of substantial amounts of riparian vegetation and displays a tendency towards a 

laterally unstable morphology. 

Two reaches were studied on the Deadman River. Both of the reaches are situated within 

the Skeetchestn Indian Reserve located in the lower river valley. These two reaches were 

selected primarily due to access problems within the privately owned land of the 

Deadman Valley. Don Ignace of the Skeetchestn Indian Band graciously allowed access 

to these sections of the river. The first reach terminates about 11 kilometres upstream 

from the Deadman River with the Thompson River. The second reach terminates roughly 

2.5 kilometres upstream from the end of reach 2 (Figure 4-13). Unfortunately, while in 

the field the downstream reach was labelled as reach 2 and upstream reach was labelled 
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as reach 1. This is contrary to the other situations within the study where more than one 

reach was studied on a single river or stream. In order to be consistent with the infield 

survey and sediment sampling, the numbering of the reaches were not changed to be 

compatible with the remainder of the study. These reaches were situated approximately 1 

km downstream from an eroding river bend and riparian vegetation restoration project. It 

is unknown what sort if any affects this work may have had on the river downstream 

from its location. 

4.3.1 Grain S ize Analysis 

Pebble counts were performed on selected riffles and sections of the banks. The grain 

size distribution curves are shown in Figure 4-12. The size distributions of the riffle 

sediments are obviously coarser than the bank sediments for reach 1, but similar for reach 

2. The D50 for the bed sediments are 0.03 m for reach 1 and 0.035 m for reach 2, as 

compared to the bank surface materials that are approximately 0.05 m and 0.04m for 

reach 1 and 2, respectively. 

4.3.2 Discharge 

The Deadman River watershed exists within hydrologic zone 12B, Southern Interior, of 

the British Columbia streamflow inventory. One gauge is located on the Deadman River, 

Deadman River above Criss Creek (8LF027), and it has a drainage area of 870 kmz and a 

mean annual flood of 15 m3/s. Unfortunately, this gauge is located upstream from the 

two study reaches and the confluence with Criss Creek, but it is the only available stream 

flow data for the system. Therefore, this gauge was used to translate the gauged mean 
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annual flood to the mean annual floods for the two downstream reaches. Using the 

drainage areas of the two reaches, 1432 km for reach 2 and 1412 km for reach 1, the 

mean annual discharges are both approximately 22 m3/s (Figure 4-13). It seems 

reasonable that the discharge for the two reaches is comparably similar due to the small 

differences in their drainage areas. 

D e a d m a n R i v e r R e a c h 1 S u r f a c e G r a i n S i z e 
D i s t r i b u t i o n 

• B a n k 

•Riffle 

1 000 
D (m m ) 

D e a d m a n R i v e r R e a c h 2 S u r f a c e G r a i n S i z e 
D i s t r i b u t i o n 

• B a n k 

•Riffle 

1 10 100 1000 
D ( m m ) 

Figure 4-12 Deadman River cumulative grain size distributions 
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Figure 4-13 Deadman River location map and watershed delineation (921 Ashcroft 
and 92P Bonaparte Lake, 1:250,000) 
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4.3.3 Slope 

The longitudinal survey of reach 1 constituted 310 m of channel length with an average 

channel slope of 0.0027 m/m (Figure 4-14). The longitudinal survey of reach 2 involved 

390 m of channel with an average channel slope of 0.0047 m/m. The discrepancies 

between the two closely situated reaches and their channel slopes is thought to be due to 

the relatively small extent of channel surveyed for each reach as compared to the length 

of the valley. Based on this assumption, the estimated values for the channel slopes are 

assumed to be valid and different. 

Deadman River Reach 1 Longitudinal Channel Profile 
y = -0.0027X + 8.53 

& 6 J . , . , • • , 1 
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Figure 4-14 Deadman River longitudinal profiles 
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4.3.4 Width 

The cross-sectional surveys for reach 1 and reach 2 included four and five cross-sections, 

respectively. The average unvegetated bankfull width for the two reaches was 30 m for 

reach 1 (Figure 4-15) and 37 m for reach 2 (Figure 4-17). The historic widths according 

to the 1959 aerial photograph were 17 m for reach 1 and 14 m for reach 2 (Appendix B 

Figures B9). Therefore, the calculated change in widths for reach 1 was 76% and for 

reach 2 was 164%. The change in widths appear fairly reasonable because it has been 

reported that the Deadman River channel has widened substantially with average widths 

of 9-10 m in 1949 and average widths of 30-45 m in 1992 (M. Miles and Associates 

1995). 
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Figure 4-16 Deadman River reach 2 channel cross-section e) section 5 

4.4 Elk River 

The Elk River is located within the confines of the Strathcona Provincial Park on north 

central Vancouver Island. The approximately 260 km watershed is located within 

hydrologic zone 17, Vancouver Island of the streamflow inventory and contains 3 of the 

14 biogeoclimatic zones identified within the province. These zones include the Coastal 

Western Hemlock Zone, generally in the valley bottoms up to 900 m, a Mountain 

Hemlock Zone from 900 m up to 1500 m, and a limited amount of Alpine Tundra Zone 

above this elevation (Meidinger and Pojar 1991). The terminus of the Elk River is Upper 

Campbell Lake primarily situated outside the park boundaries. 

On June 24, 1946 a portion of Mt. Colonel Foster broke away and deposited in the lake 

below, which is now called Landslide Lake. This large and violent deposition of material 

within the lake displaced a large volume of water that travelled down the Elk River 



valley. This instantaneous flood eroded vegetation and material up to 8 kilometres 

downstream from the lake and moved sizeable quantities of sediment up to 13.5 

kilometres downstream (M. Miles and Associates 1998). Along with the naturally 

occurring landslide, there are numerous anthropogenic disturbances that have transpired 

within the watershed. 

Downstream of the confluence of Drum Creek and the Elk River, widespread logging of 

the valley flat transpired in the 1940's (M. Miles and Associates 1998). These activities 

are fairly apparent when viewing the aerial photos from 1930 and 1957. In 1957-58, the 

Strathcona Dam and the Heber River and Crest Creek diversions were completed by the 

BC Power Commission (predecessor of BC Hydro) in order to create the Upper Campbell 

Lake Reservoir and increase the storage for the Campbell River hydro-electric system 

(M. Miles and Associates 1998; Nagtegaal et al. 2000). Therefore, there was an intensive 

riparian disturbance that occurred in the 1940's and solely persisted until 1957 when 

increased flows were added to the system. 

Due to the complicated effects of a landslide induced flood wave and induced diversion 

flows, two reaches were studied on the Elk River (Figure 4-18). The first reach is located 

approximately 7 kilometres upstream from the confluence with the Upper Campbell 

reservoir. It is located within the historically logged valley section and it exists just 

downstream of the initial intersection of highway 28 and the cross-valley logging road. 

During the construction of the highway, the upstream channel was realigned in order to 

bypass the need for the construction of two highway bridges. Therefore, the channel 
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realignment and downstream movement of the landslide-induced sediment could 

contribute increased sediment loads to this reach of the river. The second reach is located 

approximately 8-9 kilometres downstream of Landslide Lake. Hiking approximately 2-3 

km upstream on the Elk River Trail accesses this reach where the river diverges from the 

course of highway 28. This reach is situated on the downstream end of the landslide 

influences and is outside of the logged portion of the watershed. 

4.4.1 Grain Size Analysis 

Pebble counts were performed on selected riffles and sections of the banks. The grain 

size distribution curves are shown in Figure 4-17. The size distributions of the riffle 

sediments are coarser than the bank sediments for reach 1 and reach 2. The D50 for the 

bank surface materials are 0.025 m for reach 1 and 0.015 m for reach 2, as compared to 

the bed sediment that are approximately 0.05 m and 0.062 m for reach 1 and 2, 

respectively. 

4.4.2 Discharge 

According to a report completed by M. Miles & Ass. (1998), BC Hydro collects data 

from a gauging station that is not part of the Water Survey of Canada (WSC) records. 

Unfortunately, the data from this gauge was not obtainable at the time of the study. A 

single gauge does exist on the Elk River with 9 years of record available in the HYDAT 

2000 data set. The gauge is the Elk River above Campbell Lake (8HD018) with a 

drainage area of 132 km , which includes the drainage area for the Crest Creek diversion, 

and a mean annual flood of 123 m /s (Campo pers. comm.). This gauge is located just 
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upstream from the location of reach 1 within the confining bedrock canyon. Using this 

short data set to estimate the mean annual floods for the two reaches, the discharge values 

are 112 m /s for reach 1 and 61 m /s for reach 2. In order to acquire the correct discharge 

for reach 1, the drainage area for the Crest Creek diversion of 17 km must be included 

within the reach 1 's drainage area. This adjustment results in a discharge of 124 m /s for 
-y 

reach 1 of the Elk River with a drainage area of 134 km" (Figure 4-18). 
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Figure 4-17 Elk River cumulative grain size distributions 
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Figure 4-18 Elk River location map and watershed delineation (92F Port Alberni, 
1:250,000) 

101 



4.4.3 Slope 

The longitudinal profiles for both study reaches of the Elk River were performed using 

the total station and prism. The reach lengths for the two reaches were 473 m for reach 1 

and 317 m for reach 2. The average channel slopes that were estimated for reach 1 and 

reach 2 are 0.0063 m/m and 0.0104 m/m, respectively (Figure 4-19). These values seem 

reasonable because the reach within the valley flat section of the river downstream from 

the Drum Creek confluence is shallower than the reach located in the steep valley wall 

section of the river. For comparison purposes, the average channel slope reported by M. 

Miles and Ass. (1998) was 0.008 m/m, which falls midway between the two values 

obtained from the reach surveys. 

Elk River Reach 1 Longitudinal Channel Profile 
y = -0.0063X + 4.30 

R2 = 0.90 

Relative Distance Downstream (m) 

Elk River Reach 2 Longitudinal Channel Profile y _ _0 oio4x + 
R2 = 0.90 
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Relative Distance Downstream (m) 

Figure 4-19 Elk River longitudinal profiles 
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4.4.4 Width 

The cross-sectional surveys completed for the Elk River system were conducted using the 

total station. There were four cross-sections surveyed for both reach 1 and reach 2 

(Figures 4-20 and 4-21). Based on the survey data, the average widths for the two 

reaches were 88 m for the heavily logged reach 1 and 27 m for reach 2. The estimated 

change in width according to the 1930 photographs from the National Air Photo Library 

(NAPL) in Ottawa was approximately a 274% change for reach 1 and a 49% change for 

reach 2 (Appendix B Figures BI 1 and B13 & Appendix C). 
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4.5 Eve River 

The Eve River is the major tributary to the Adam River located directly north of Schoen 

Lake Provincial Park. The Adam River discharges approximately midway between 

Telegraph Cove and Kelsey Bay into Johnstone Strait on the north central coast of 

Vancouver Island. The Eve River watershed consists of approximately 260 km2 of 

drainage area mainly comprised of the Coastal Western Hemlock biogeoclimatic zone in 

the lower elevations and the Mountain Hemlock zone forming the higher elevation areas. 

The Eve River and surrounding watersheds have experienced heavy logging activities 

from the 1960's until the present. These logging activities have included the removal of 

the vast majority of valley flat vegetation, including the riparian zone up to the banks. 

This removal of streamside vegetation could have caused the unstable condition and 

could have assisted in the formation of substantial amounts of exposed gravel bars 

apparent in the current photo of the Eve River. 

The reach that was studied for this case study is located directly downstream from the 

junction of the logging road situated on the eastside of the river and highway 19 (Figure 

4-23). Access to this reach was gained by parking at the campsite established at an 

abandoned landing or spur road. The objective of the study of the Eve River was to 

observe whether or not the instabilities in this section of the system are caused by the 

logging activities or are inherent properties of this reach of the river. The Eve River 

appears to be a stable single-channel system upstream of the confluence with Kunnum 

Creek. A reach upstream of this confluence could not be studied due to poor weather 
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conditions that resulted in time and accessibility constraints. Therefore, the goal of the 

study was to obtain the necessary characteristics of the reach of the Eve River that 

appears to be in a disturbed and unstable condition. 

4.5.1 Grain Size Analysis 

Pebble counts were performed on selected riffles and sections of the banks. The grain 

size distribution curves are shown in Figure 4-12. The size distributions of the riffle 

sediments are obviously coarser than the bank sediments for reach 1. The D50 for the bed 

sediments are 0.015 m for reach 1, as compared to the bank surface materials that are 

approximately 0.034 m. This procedure was performed following a substantial rainstorm 

that left the majority of the river floodplain inundated with floodwaters. Due to the 

unstable and braided nature of the reach, it was difficult to find a bank that represented 

the dominant bank for the bankfull limitations on the channel. Therefore, it is possible 

that the bank sample was performed on gravel deposits that does not ideally represent the 

historic bank sediment characteristics. 

Eve River Surface Grain Size Distributions 

1 10 100 1000 
D (mm) 

Figure 4-22 Eve River cumulative grain size distributions 
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Figure 4-23 Eve River location map and watershed delineation (92L Alert Bay, 
1:250,000) 
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4.5.2 Discharge 

The Eve River watershed is located within hydrologic zone 17 Vancouver Island of the 

B.C. streamflow inventory and the watershed of the study reach has a drainage area of 

approximately 146 km (Figure 4-23). Unfortunately, there are no gauges located on 

either the Eve River or Adam River systems. Therefore, a regional analysis was required 

to obtain the mean annual instantaneous discharge for the study reach of the Eve River. 

4.5.2.1 Regional Analysis 

The gauges used in the regional analysis were available gauges in hydrologic zone 17 that 

were similar in drainage area, location, and drainage aspect as the Eve River watershed. 

The three gauges were the Kokish River below Bonanza River (8HF003), Salmon River 

above Memekay River (8HD007), and Tsitika River below Catherine Creek (8HF004). 

All three of these watersheds appear to have a north west drainage compared to the north 

east drainage pattern for the Eve River and all three of their drainage areas (269-437 kmz) 

are larger than the drainage area for the Eve River reach. On the other hand, all three of 

the gauged watersheds are located on the north coast of Vancouver Island within a radius 

of approximately 50 kilometres and terminate in Johnstone Strait, as does the Eve River 

and Adam River system. Since these three watersheds are the only gauged watersheds 

available within the physiographic region and have reasonably similar characteristics, it 

was assumed that their hydrologic history would closely represent the hydrologic 

characteristics of the Eve River. 
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Using an average of three krigging coefficients for the gauged sites, an estimate of 3.6 is 

the estimate for the k coefficient for the Eve River (Table 4-1). This led to an 

instantaneous mean annual flood for the Eve River reach to be estimated at 152 m3/s. 

Gauged River Location Q (m3/s) Area (km2) k (calculated) 

Kokish R. Below Bonanza 131 269 2.0 

Salmon R. Above Memekay 325 437 3.4 

Tsitika R. Below Catherine 
Cr. 

450 359 5.5 

Average k 3.6 

Table 4-1 Eve River regional regression table 

4.5.3 Slope 

The longitudinal profile of the Eve River reach performed with the total station included 

436 m of channel length and three riffle-pool sequences. The average slope computed 

from the profile was 0.0107 m/m (Figure 4-24). 
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Figure 4-24 Eve River longitudinal profile 

4.5.4 Width 

The total station was used to transect a cross-section at the four separate riffles dissected 

with the longitudinal survey of the Eve River reach. These four cross-sections gave an 

average width of 69 m (Figure 4-25). An aerial photo analysis was performed on photos 

from 1953, 1981, and 1996, which supplied measurements for the average widths of the 

reach to be 48 m, 97 m, and 106 m, respectively (Appendix B Figures B15, B16, and B17 

& Appendix C). After looking at the aerial photos, the field surveyed reach is too short 

to represent the width of the section. The surveyed reach appears to have widened and 

contracted between the three photos. Therefore, a longer section was used for the photo 

analysis and the 1953 and 1996 photos will be used for the width measurements. The 

estimated change in width from the predisturbed 1953 condition to the present disturbed 

condition (1996) is 123%. 
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4.6 Salmon River 

The Salmon River watershed is approximately a 1300 km2 watershed that drains into the 

Johnstone Strait near Sayward, B.C on the north eastern coast of Vancouver Island 

(Figure 4-27). The majority of the Salmon River watershed consists of the Coastal 

Western Hemlock biogeoclimatic zone with higher elevations comprised of the Mountain 

Hemlock zone and acutely isolated areas of Alpine Tundra at the extreme elevations of 

the Vancouver Island Ranges and a small portion of the Strathcona Provincial Park. The 

major tributaries to the Salmon River system are Grilse Creek, Memekay River, and 

White River. 

The primary historic land use of the Salmon River valley was logging, which began 

sometime prior to the earliest available aerial photograph from 1946 (Appendix B Figure 

B18). As may be seen from this photograph, large portions of the valley flat and riparian 

stands were completely deforested. This potentially could have led to the apparent 

quantities of unvegetated coarse fluvial sediments and the eroding riparian areas 

exhibited by the historic photo (M. Miles and Associates 1998). 

The reach surveyed for the Salmon River is located downstream of the confluence with 

the Memekay River. The reach is situated along a historically deforested region and 

contains present day unvegetated riparian areas due to agricultural and grazing land uses. 

It was attempted to access a single-thread sinuous reach immediately upstream of the 

confluence with the White River. This reach was not studied due to the nature of the 



riverbanks. The banks consisted of a vertical cohesive clay layer with a thickness of 

approximately 3 m. Therefore, this reach of the Salmon River does not meet the criteria 

of the theory due to the controlling cohesiveness of the banks and potentially is a 

relatively thin single-thread channel due to these high cohesive banks. 

4.6.1 Grain Size Analysis 

Pebble counts were performed on selected riffles and sections of the banks. The grain 

size distribution curves are shown in Figure 4-26. The size distributions of the riffle 

sediments are coarser than the bank sediments for reach 1. The D50 for the bed sediments 

are 0.027 m for reach 1, as compared to the bank surface materials that are approximately 

0.042 m. 

Salmon River Sur face Grain Size D is t r ibu t ions 

1 10 100 1000 

D (mm) 

F i g u r e 4-26 S a l m o n R i v e r c u m u l a t i v e g r a i n s i z e d i s t r i b u t i o n s 
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Figure 4-27 Salmon River location map and watershed delineation (92E Nootka 
Sound, 92F Port Alberni, 92K Bute Inlet and 92L Alert Bay, 1:250,000) 
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4.6.2 Discharge 

In 1956, a pipeline was constructed to divert flow from the Salmon River into Brewster 

Lake and subsequently into Campbell Lake Reservoir. The first water was removed from 

the Salmon River to be diverted to the Campbell River system in 1958 (British Columbia 

Power Commission 1958). According to the Campbell River Water Use Plan (WUP) 

from 2002, the average inflow to the Campbell River system from the Salmon River 

diversion is 11 m3/s, based on historical daily inflows from 1963-1999 (BC Hydro 2002). 

There are two gauges in operation on the Salmon River according to hydrologic zone 17 

Vancouver Island of the B.C. Streamflow Inventory. The two gauges are the Salmon 

River near Sayward (8HD006) and the Salmon River above Memekay River (8HD007). 

Since the study reach is downstream of the confluence between the Memekay and 

Salmon rivers, the gauge near Sayward was used for the discharge analysis. 

As mentioned above, this gauge is downstream from the diversion into Brewster Lake. 

The uncorrected peak mean annual flow (Q) for the Salmon River at Sayward is 873 

m3/s. If this flow were corrected for the diversion, the mean annual flow would 

approximately be 862 m3/s. These two values for the mean annual flow at Sayward lead 

to an estimate of Q for the study reach (Figure 4-27) to be 603 m /s and 596 m /s based 

on the corrected value, or a difference of approximately 1.2%. Due to the uncertainty of 

the diversion estimate and small difference in discharge values, the uncorrected value of 

603 m /s was the value used for the analysis. 
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4.6.3 Slope 

A total length of 1075 m was surveyed on the Salmon River using the total station and 

prism. According to the longitudinal profile, the estimate for the channel slope was 

0.0018 m/m (Figure 4-28). 
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Figure 4-28 Salmon River longitudinal profile 

4.6.4 Width 

Four cross-sections were surveyed with the total station on the Salmon River reach 

(Figure 4-29). According to these cross-sections, the average width for the Salmon River 

is 195 m. The earliest available aerial photo for the Salmon River was taken in 1946 

(Appendix B Figure B18). Consequently, no aerial photo exists that predates the logging 

disturbances along the study reach of the Salmon River. According to this photograph, 

the average width along the Salmon River after logging but before the small diversion 

was initiated was approximately 138 m. This leads to a change in width from 1946 to 

2002 of approximately 41%. It is expected that the change from an unlogged condition 
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(pre-1946) to the current condition would be greater because cleared riparian areas appear 

to eroding in the 1946 photo (M. Miles and Associates 1998). Unfortunately, these 

impacts are not quantifiable so that the current approximation of 41% must be used for 

the case study. 
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4.7 Tahsis River 

The Tahsis River is located on the central west coast of Vancouver Island at the head of 

the Tahsis Inlet and the forestry community of Tahsis. The mouth of the river and the 

village may be reached by driving 70 km northwest of Gold River on a gravel road. The 

river drains an approximate 76.5 km2 area of the southwest aspect of the Vancouver 

Island Ranges and the Coastal Western Hemlock biogeoclimatic zone (Figure 4-31). 

Since the village of Tahsis was a floating logging camp in the 1940's and was established 

as a permanent village and mill town in the 1950's, logging impacts have occurred in the 

river valley upstream from the village. According to Kellerhals and Miles (1996), the 

earliest available aerial photo from 1956 slightly precedes valley bottom clearcut logging. 

According to this report, the channel used to be single thread, or anastamosing, and 

laterally stable. But, by 1980 the river had morphed into a multi-thread pattern with 

eroding banks, wider unvegetated channel width, and numerous unvegetated gravel bars 

(Kellerhals and Miles 1996). 

Initially the reach located in the upper valley flat where extensive channel widening has 

occurred was the desired reach of study. Due to the deactivation of the road upstream 

from the Tahsis village dump, this section of the river was inaccessible to be surveyed. 

Therefore, the reach that was studied during the 2002 field trip was the reach just 

upstream from the dump. This reach appears to have been disturbed during the logging 

in the 1950's, but appears to be slightly confined by the valley walls and a rock canyon 

just downstream from the end of the surveyed reach. 
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4.7.1 Grain Size Analysis 

Pebble counts were performed on selected riffles and sections of the banks. The grain 

size distribution curves are shown in Figure 4-30. The size distributions of the riffle 

sediments are coarser than the bank sediments for reach 1. The D50 for the bed sediments 

are 0.018 m for reach 1, as compared to the bank surface materials that are approximately 

0.041 m. 

Tahsis River Surface Grain Size Distributions 

D ( m m ) 

Figure 4-30 Tahsis River cumulative grain size distributions 
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1 km 

Figure 4-31 Tahsis River location map and watershed delineation (92E Nootka 
Sound and 92L Alert Bay, 1:250,000) 
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4.7.2 Discharge 

The Tahsis River is an ungauged river located in hydrologic zone 17 Vancouver Island of 

the B.C. streamflow inventory. A regional analysis was necessary to calculate the mean 

annual flood for the study reach on the Tahsis River, since no gauge data is available for 

the system. 

4.7.2.1 Regional Analysis 

The Tahsis River is located on the west coast of Vancouver Island. In order to get an 

estimate of the mean annual flood coefficient for the Eaton et. al. (2002) method, several 

watersheds located on the central west coast of the island were used for a regression 

analysis. The two gauges that were used for the regression were the Gold River below 

Ucona River (8HC001) and the Zeballos River near Zeballos (8HE006). These two 

rivers discharge into the Pacific Ocean on the west coast of the island and have southern 

drainage patterns similar to the Tahsis River. The Gold River is slightly inland as 

compared to the Zeballos and Tahsis Rivers, which might affect the hydrologic similarity 

between the watershed characteristics. The Zeballos River has a greater flood flow 

regime than the Gold River, but since the flood regime is unknown for the Tahsis River it 

would be hard to assume that the precipitation intensity for the Tahsis watershed is 

identical to the Zeballos watershed. This was the reason for using the two most similar 

gauged watersheds in the region as compared to relating the Tahsis River directly to the 

measured characteristics of the Zeballos River. 
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The result from the averaging between the two measured data points is a k coefficient of 

approximately 10.2 (Table 4-2). According to the map of k values for the mean annual 

flood in Eaton et al. (2002), the range for k values for this region of the province is from 

4.001 to greater than 5.900. Since this is an uncapped range, it is hard to compare the 

results of the back calculation for the two watersheds that are beyond the 5.900 range. 

Therefore, it must be assumed that the regression formulation from the two watersheds 

that lie on either side of the study watershed in a east-west fashion are the best 

representation for an estimate of the watershed dynamics for the Tahsis River watershed. 

Using the k coefficient of 10.2, the mean annual discharge for the study reach drainage 

area of 51.6 km (Figure 4-31) gave a mean annual flood estimation of approximately 

196 m3/s. 

Gauged River Location Q (m7s) Area (km2) k (calculated) 

Gold R. Below Ucona R 1519 1010 8.5 

Zeballos R. Near Zeballos 584 181 11.8 

Average k 10.2 

Table 4-2 Tahsis River regional regression table 

4.7.3 Slope 

The total station longitudinal profile for the Tahsis River covered a channel length of 

approximately 611m and three riffle-pool sequences. Unfortunately, a small portion of 

the first pool was not surveyed due to a substantial quantity of spawning sockeye salmon 
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inhabiting the pool. The channel slope estimated from this profile was 0.0039 m/m 

(Figure 4-32). 
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Figure 4-32 Tahsis River longitudinal profile 

4.7.4 Width 

As mentioned in section 4.7.3, the longitudinal profile surveyed three riffle-pool 

sequences or four riffles and three pools. The average channel width measured from the 

four cross-sections was 60 m (Figure 4-33). The disturbed width measured from the 

1954 aerial photo was 29 m, which leads to an observed change in width of nearly 106% 

(Appendix B Figure B20 & Appendix C). 
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4.8 Case Studies on Existing Data 

The following case studies are individual river reaches obtained from pre-existing studies 

and theses (Figure 4-38). Supplementary data was analysed and collected for certain 

parameters in order to fit the requirements for application of the sensitivity index. 

Therefore, certain onsite characteristics are missing from the data sets depending on the 

methods that were used by the original investigators. 

Figure 4-34 Existing Case Study Locations 
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4.8.1 Big Horn Creek 

Big Horn Creek is located approximately 35 km south east of Fernie, British Columbia. 

It is a watershed of approximately 134 km situated in the south east corner of British 

Columbia within the MacDonald Range of the Rocky Mountain physiographic region and 

a tributary to the Wigwam River (Klohn-Crippen Consultants LTD. 1998) (Figure 4-35). 

Included within this region are four of the fourteen biogeoclimatic zones of British 

Columbia. These four zones include the Interior Cedar-Hemlock zone, Engelman Spruce 

zone, Ponderosa Pine zone, and at extreme elevations the Alpine Tundra zone. 

A few disturbances have occurred in the Big Horn Creek watershed during recent history. 

A large fire occurred downstream of reach 7 in the mid-1930's, which burned both valley 

walls and most of the valley flat vegetation (M. Miles and Associates 2001). The fire 

appears to have been intense due to little residual wood apparent in the 1948 photos and 

no indication of any salvage logging. Upstream of reach 8, logging has taken place due 

to various beetle epidemics. The headwater area was sanitary logged due to a spruce bark 

beetle epidemic in the mid-1960's through to the late-1970's. Also, sections of 

Lodgepole Pine were harvested throughout the late 1970's and early 1980's due to a pine 

beetle epidemic (M. Miles and Associates 2001). 

The reach of the Big Horn Creek that is of interest is reach 4. According to the report on 

channel stability, the fire destroyed approximately 100% of the hillside and riparian 

vegetation in the late 1930's (M. Miles and Associates 2001). It has been observed that 

the loose compaction of the valley sediments and potential loss of riparian root structures 

have resulted in low structural integrity of the stream banks (Klohn-Crippen Consultants 
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LTD. 1998). This reach currently is a severely aggraded reach with elevated bars, 

unstable stream banks, and multiple braided channels (Klohn-Crippen Consultants LTD. 

1998). The unstable morphology of reach 4 may have been caused by the low gradient 

sedimentation basin confined by the bedrock geometry of the valley, the riparian 

disturbances that potentially affected the channel bank characteristics, or a combination 

of the two controlling factors. Therefore, reach 4 of Big Horn Creek appears to be a good 

candidate to apply the sensitivity analysis. 

4.8.1.1 Grain Size Analysis 

A pebble count distribution for Reach 4 was available in the Bighorn Creek Integrated 

Watershed Restoration Project Report, Appendix III (Klohn-Crippen Consultants 

LTD. 1998). The specific techniques performed by Klohn-Crippen for this pebble count 

were not included within the report. Fortunately, personal communication with Greg 

Scarborough, formerly with Klohn-Crippen, supplied the details of the sampling 

procedure. The techniques used for this particular sample are similar to the techniques 

outlined in section 3.1.1.1. At reach 4 on Big Horn Creek, one sample was gathered at a 

riffle by blindly extending an index finger after each step. This technique was performed 

for 100 paces throughout the riffle, or a total sample of 100 stones. 

The cumulative grain size distribution available in the report shows an estimate of the 

median grain size D 5 0 for the bed surface to be on the order of 35 mm (Klohn-Crippen 

Consultants LTD. 1998). Since pebble counts were not performed on the bank surface of 

Bighorn Creek, the assumption must be made that the surface size distribution for the bed 
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and bank surface are equal. Therefore, a D50 value for the bank surface is assumed to be 

0.035 m. 

Figure 4-35 Big Horn Creek location map and watershed delineation (map 82G 
Fernie, 1:250,000) 
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4.8.1.2 Discharge 

Big Horn Creek is expected to be a typical mountain watershed with peak flows 

occurring in the late spring and summer because of snowmelt dominated process (Klohn-

Crippen Consultants LTD. 1998). Unfortunately, Big Horn Creek is an ungauged system 

and therefore does not have any official streamflow data. A regional analysis of 

surrounding gauged watersheds was required to estimate a mean annual discharge for the 

system. 

4.8.1.2.1 Regional Analysis 

A regional analysis was performed on Big Horn Creek using the British Columbia 

Streamflow Inventory (BCSI) and HYDAT to obtain an estimate of the mean annual 

flood for the watershed (Coulson and Obedkoff 1998; Environment Canada 2000). 

According to the BCSI, Big Horn Creek is situated in hydrologic zone 14, Rocky 

Mountain Trench, of British Columbia. Using the available gauged watersheds' reported 

mean annual instantaneous floods and watershed areas, a graphical relationship was 

constructed for the hydrologic region within the relative vicinity of Big Horn Creek 

(closer than about 250 km). The three watersheds of extra importance due to their close 

proximity to Big Horn Creek are Cabin Creek, Couldrey Creek, and Howell Creek. All 

three of these watersheds are located within about 25 km of the Big Horn Creek 

watershed, but they are situated on an eastern aspect compared to the relative western 

aspect of the Big Horn Creek watershed. These relationships can be found in the Figure 

4-36. 
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Figure 4-36 Big Horn Creek regional analysis based on nearest watersheds 

As can be seen from Figure 4-36, a reasonable estimate for the mean annual flood for Big 

Horn Creek is about 20 m /s. This value was compared with the mean annual flood 

according to Figure 4.5 of the Bighorn Creek Integrated Watershed Restoration 

Project Report (Klohn-Crippen Consultants LTD. 1998). This figure presents a 

discharge of about 18 m3/s for a flood with a two-year return period. 

In comparison, the three watersheds mentioned earlier along with the western aspect 

watersheds of Line Creek and Grave Creek were used to calculate an average k value of 

0.52 to be applied to the Eaton et al. (2002) method (Table 4-3). Using this method, the 

mean annual flood for Big Horn Creek is estimated at 19 m3/s. In order to be consistent 

with the rest of the analysis, this value will be used for a value of Q. 
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Gauged River Location Q (m3/s) _ 
Area (km ) 

k (calculated) 

Cabin Cr. Near mouth 24 93.3 0.80 

Couldrey Cr. In lot 9380 18 118 0.50 

Howell Cr. Above Cabin Cr. 20 145 0.48 

Grave Cr. At mouth 8 75.8 0.31 

Line Cr. At mouth 21 138 0.52 

Average k ~ 0.52 

Table 4-3 Big Horn Creek regional regression table 

4.8.1.3 Slope 

The channel slope for the desired reach was required to apply the index of bank 

vegetation sensitivity model. The majority of reach 4 on Big Horn Creek was surveyed at 

numerous cross-sections and other interspersed points. The data from this survey was 

used to produce a longitudinal profile of the channel thalweg through reach 4 (Figure 4-

37). The average slope of the channel thalweg through reach 4 was estimated to be • 

0.0064 m/m. 
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Figure 4-37 Bighorn Creek longitudinal profile 
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4.8.1.4 Width 

An estimate of the historic width of the stream prior to affects of the disturbance was 

obtained using historical aerial photographs from 1962 (Appendix B Figure B22). Using 

this available resource, measurements of cross-sectional width were taken at discreet 

intervals of approximately 50 m throughout the length of the reach. A reach-averaged 

width of Big Horn Creek was calculated with these measurements to be on the order of 

18 meters (Appendix C). Therefore, the percent change in width for Big Horn Creek 

from 1962 to 2000 is approximately 114%. 

4.8.2 Narrowlake Creek 

Narrowlake Creek is a demonstration watershed located 80 km southeast of Prince 

George, British Columbia on the west side of the Cariboo Mountains and the Interior 

Plateau region. According to Wilson et. al. (2001), Narrowlake Creek is a fifth order 

watershed in the Sub-boreal Spruce biogeoclimatic zone. It flows from Narrow Lake and 

is a tributary to the Willow River (Figure 4-38). Mostly during the 1960s, 35% of the 

watershed's area was logged, including logging to the banks on 80% of the fish bearing 

reaches (Wilson, 2001). Therefore, since substantial data has been collected on this 

disturbed creek, it is a worthy case study to be applied to the sensitivity analysis. 

4.8.2.1 Grain Size Analysis 

An employee of the Ministry of Water, Land, and Air Protection, Ray Pillipow, 

determined the median grain size for Narrowlake Creek. According to Pillipow, samples 

were taken for both the channel banks and channel bed (Pillipow pers. comm.). The 

technique used to collect the stones was a blind walk with the stone located under the toe 

134 



of the boot measured at intervals of two paces. The bed samples were selected from 

waded long runs and riffles of the river, but no pool sites. A downstream zigzag pattern 

was taken from bank to bank along several sections of the same reach, while the bank 

material was selected from exposed portions at the outside of bends (Pillipow pers. 

comm.). 

The value that was reported in the literature for the substrate, or streambed, D 5 0 is 0.058 

m (Wilson, 2001). Information was provided that broke the sampling on treatment reach 

3 (TR3) into upper, middle, and lower sections. Averaging these three values for the 

entire reach resulted in an estimate of the D50 for the bed to be 0.063 m and for the banks 

to be 0.052 m (Wilson pers. comm.). The value for the bank surface grain calibre is the 

value used in the following stability analysis. 
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Figure 4-38 Narrowlake Creek location map and watershed delineation (93H 
McBride and 93G Prince George, 1:250,000) 

4.8.2.2 Discharge 

The Narrowlake Creek watershed is an ungauged watershed located within hydrologic 

zone 12A, Southern Interior, of BCSI. According to the published literature, the bankfull 

discharge for Narrowlake Creek at treatment reach 3 is 31.1 m3/s (Wilson 2001). 

Unfortunately, the methods used to obtain this discharge value were not described in 
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Wilson (2001). Therefore, a regional analysis was used to estimate the mean annual 

flood for Narrowlake Creek. 

4.8.2.2.1 Regional Analysis 

The watershed drainage area for the entire watershed is 210 km2 based on the watershed 

delineation method discussed in section 3.2.1. According to Andrew Wilson (pers. 

comm.), the drainage area for the watershed of treatment reach 3 is slightly less at 185 

km . As stated earlier, Narrowlake Creek is a tributary to the Willow River, this has a 

gauge at Willow River above Hay Creek (8KD006) (Figure 4-38). The drainage area and 

mean annual discharge at the gauge are 2810 km2 and 243 m3/s. If this data is used to 

calculate the k coefficient of 0.63, the resulting mean annual flood for Narrowlake Creek 

was approximately 32 m3/s. Even though Narrowlake Creek is a tributary to the Willow 

River, the hydrologic characteristics for the Willow River watershed may not represent 

the characteristics for Narrowlake Creek. Since Narrowlake Creek drains a lake (Narrow 

Lake) and it has a relatively small drainage area as compared to the Willow River, a 

larger regional analysis was used instead of just the gauge data from the Willow River. 

Similar to Narrowlake Creek, a relatively close watershed within hydrologic zone 12A 

McKinley Creek drains a lake in an eastern drainage pattern, but has a slightly larger 

drainage area of 426 km . Another gauged stream within the same region, approximate 

location, comparable drainage area of 539 km , and similar drainage pattern, is Moffat 

Creek. The final two gauges used for the regional analysis are gauges located on streams 

with similar drainage patterns and location, but they do not discharge from headwater or 

mid-drainage lakes. These two streams are Chuchinka Creek and the Little Swift River. 
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Therefore, the gauges and locations used for this analysis are the Willow River above 

Hay Creek (8KD006), McKinley Creek below outlet of McKinley Lake (8KH020), 

Moffat Creek near Horsefly (8kH019), Chuchinka Creek near the mouth (7EE009), and 

Little Swift River at the mouth (8KE024). The results from the regression analysis are a 

k coefficient of 0.59 and a discharge for TR3 of Narrowlake Creek of 30 m3/s (Figure 4-

40). Auspiciously, this result is fairly similar to the value of 31.1 m3/s available in the 

literature. 

Figure 4-39 Narrowlake Creek regional regression chart 

4.8.2.3 Slope 

The value that was reported for the channel slope of Narrowlake Creek was 0.007 m/m 

(Wilson 2001). According to personal communication with Andrew Wilson of the 

Ministry of WLAP, the section of disturbed banks on Narrowlake Creek is limited in its 

length (Wilson pers. comm.). 
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4.8.2.4 Width 

The following information is a summary from Wilson (2001). Wilson analysed six sets 

of aerial photos from 1946 to 1997 and collected measurements of bankfull width, 

channel length and channel area. Through this analysis, Wilson concluded that the 

channel had substantially widened from the pre-logging state in 1946 to the post-logging 

state in 1997. Also, the morphology of Narrowlake Creek had changed from a 

meandering channel to a braided channel. The two photos of most interest are the 

historic state in 1946 to the most current state available in the 1997 photo. The values for 

the widths measured by Wilson have been reported to be a pre-logging channel width of 

29 m (1946) and a post-logging channel width of 58 m (1997) (Wilson 2001). These two 

values result in a change in width from the undisturbed to the present day disturbed 

condition of 100%, or a twofold change in width. 

4.8.3 Slesse Creek 

Slesse Creek is a mountain stream with approximately 100 km2 of its total drainage area 

of 172 km2 located south of the Canadian-U.S. border in the pristine Mt. Baker 

Wilderness Area (Millar 2000) (Figure 4-40). It is a fourth-order stream and joins the 

Chilliwack River system 19 km upstream from Vedder Crossing in British Columbia 

(MacVicar 1999). The reach of Slesse Creek used in this study will be Reach D, which is 

an alluvial system with a wide floodplain, minimal bedrock influences, and no major 

inflows from tributaries (MacVicar 1999). 
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The following is a short description of the forest activities in the watershed available in 

MacVicar (1999) and summarized from Babikaiff and Ass. (1997). The majority of the • 

low elevation timber, including the riparian zone, was cut and an extensive road network 

was established on the watershed hill slopes from 1936 to 1956. It was typical to have a 

narrow buffer strip and numerous landings for cross-stream yarding. After 1956 and until 

1973, logging progressed in an upstream and upslope fashion to the Canadian-U.S. 

border. This logging included removing the majority of the low elevation timber from 

Reach F to the border and mid to high elevation timber up to Reach F. Due to many 

factors, such as a the entire 60% of the upper watershed included in a pristine wilderness 

area and a high level of natural sediment supply, it is believed that the forest harvesting 

impacts on water sediment supply to Reach D to be limited. 

The major disturbance caused by the logging within the Slesse Creek watershed has been 

a removal and disruption of riparian vegetation. This disturbance to the riparian 

ecosystem has led to a substantial decrease in the bank stability enhanced by the root 

strength of the mature forest vegetation (MacVicar 1999). It has been identified that the 

major source of material situated within the channel boundary has been due to extensive 

bank erosion (Babikaiff and Associates Geoscience 1997). Therefore, it is believed that 

the planform transformation of Slesse Creek from a sinuous single-thread channel to a 

wide unstable braided channel is due to reduced bank strength following the riparian 

logging practices (Millar 2000; Millar 2001). It has been calibrated with the use of the 

Millar and Quick (1993) hydraulic geometry model that the historic d)' value is 

approximately 70°, while the current value is assumed to be 40° due to the logging and 

existence of sparse deciduous trees and shrubs constituting the riparian vegetation. 
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4.8.3.1 Grain Size Analysis 

The following is the sediment sampling techniques described by MacVicar (1999) for 

Slesse Creek. The bed particle distribution was measured using the standard pebble 

count technique described by Wolman (1954). Therefore, a sample of 100 stones was 

collected using the heel - to - toe technique in a section of the stream that is shallow 

enough to allow the surveyor to wade the section. The pebble count was taken in the 

single thread dike section of the channel with an estimated D50 of 0.133m. Based on a 

comparison of measured bed and bank particles, it was concluded that the D50 is equal to 

the Dsobank for Slesse Creek. 

4.8.3.2 Discharge 

According to the streamflow inventory, the mean annual flood for Slesse Creek is 92 

m /s. This value is for a drainage area of 166 km for where Slesse Creek discharges near 

Vedder Crossing (gauge 8MH056), but this is approximately 3.5 km downstream from 

the reach that was studied by MacVicar (1999) (Figure 4-40). In this study, MacVicar 

used a cumulative departure analysis to notice that there are two trends in the hydrologic 

flow regime on Slesse Creek. The interest for this study is to obtain the long term mean 

flow between the historical situation and the present situation, therefore the entire record 

from 1960 to 1995 will be used to establish the mean annual flood. 
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Figure 4-40 Slesse Creek location map and watershed delineation (Mount Baker 
reference map, 1:100,000) 
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Using the method discussed in section 3.2 for the drainage area and discharge, the gauged 

discharge was adjusted for the drainage area at the study reach. The drainage area for the 

watershed with an outlet at the study reach is approximately 157 km as compared to the 

166 km2 for the gauge. This drainage area difference leads to a mean annual flood for the 

study reach to be approximately 88 m /s. 

4.8.3.3 Slope 

The slope of the channel was surveyed using a longitudinal profile of the thalweg. The 

elevations were collected at repeating stream forms, such as riffle crests, in order to 

establish the average energy gradient of the channel. The surveyed channel slope from 

the 1997 dike section is 0.021 m/m. 

4.8.3.4 Width 

In 1997, MacVicar surveyed the dike section of Slesse Creek using a minimum of 5 

cross-sections at pool, riffle, and glide sections to establish an average bankfull width of 

41m. Assuming the width of Slesse Creek has been anthropogenically altered due to the 

establishment of the dikes, the observations from the aerial photos are used for the width 

measurements. The techniques used by MacVicar for the aerial photo analysis to 

establish the reach-averaged width was to use a minimum of five measurements equally 

spaced along the reach. He believed that this technique would provide a representative 

distribution of the width throughout the reach length. The bankfull width measurements 

reported from the aerial photo analysis of MacVicar (1999) are 28 m, 21 m, and 145 m in 
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1936, 1973, and 1993, respectively. Therefore, the value of 28 m was used for the 

historical or predisturbed width, and the value of 145 m was used for the current or 

disturbed width. These widths suggest a change in width of approximately 418%. 

4.8.4 West Kettle River 

The following discussion is a summary of information available in D'Aoust (1998). The 

West Kettle River is a 6th order stream with a watershed drainage area of roughly 1870 

km2. The watershed consists of four biogeoclimatic zones including the upper elevations 

in the Sub-alpine and Montane Spruce zones and lower elevations in the Kettle Dry Mild 

Interior Douglas Fir and Interior Cedar-Hemlock zones. The land use in the watershed is 

variable with the lower watershed downstream of Carmi mostly privately owned and 

upstream of Carmi the river is primarily bounded by crown lands. The private lands 

located in the valley bottom have had an adverse affect on the riparian vegetation 

conditions. Typically trees have been removed up to the channel banks for grazing and 

forestry purposes. The majority of the riparian corridor is intact within the crown land 

property. The reach of the West Kettle River isolated for this study is located roughly 

midway between the communities of Westbridge and Beaverdell, which is approximately 

20 km downstream from the town of Carmi. Since this reach is located within the 

disturbed portion of the watershed, it is a candidate for the potential effect of riparian 

disturbance influences on channel morphology. 
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4.8.4.1 Grain Size Analysis 

According to D'Aoust (1998), the substrate for the West Kettle River was sampled by the 

pebble count. It is assumed that the pebble count performed for this evaluation is similar 

to the pebble count technique discussed in section 3.1.1.1, except it was reported that 

only 50 randomly selected pebbles were used instead of 100. The values reported for the 

D50 and D90 of the substrate are 0.0775 m and 0.155 m, respectively. It must be assumed 

that the substrate on the bed and banks of the channel are similar in their calibre and 

frequency in order to assume that the D50bank is equal to the D5o of the substrate, or 0.0775 

m. 

4.8.4.2 Discharge 

The watershed drainage area to reach of interest on the West Kettle River is 

approximately 1520 km (D'Aoust 1998). A stream flow gauging station is located on the 

West Kettle River below Carmi Creek in hydrologic zone 12A Southern Interior. As 

reported in the British Columbia streamflow inventory, this gauge has an estimated 

drainage area of 1170 km" and a mean annual flood of 104 m /s. Since this gauge is 

located on the same stream and within a reasonable distance of the study reach, 

approximately 22 km upstream, the method of Eaton et. al. (2002) was used to calculate 

the mean annual flood (Q). Based on the gauged data, the krigging factor (k) for this 

location is 0.52. This leads to an estimate of Q for the study reach to be 127 m3/s. The 

value for the bankfull flow available in D'Aoust is 116 m3/s based on the adjustment 

method to translate a gauged discharge to an ungauged discharge stated in Harris (1986). 
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It is believed that the value of 127 m3/s for Q is more representative of the actual 

situation based on the variability included within the Eaton et al. (2002) technique. 

4.8.4.3 Slope 

The following information is available in D'Aoust (1998). A longitudinal profile was 

surveyed along the centreline of the bankfull channel using stadia measurements with a 

rod and level. The slope reported for the study reach on the West Kettle River is 0.0028 

m/m. After looking at the historic aerial photograph of the West Kettle River, it appears 

that the river has not changed very much in the last fifty years. Therefore the sinuosity of 

the river in 1951 is likely to be similar to the sinuosity of the river when the slope 

measurements were taken in 1997. 

4.8.4.4 Width 

The bankfull width for West Kettle River was surveyed around an artificially constructed 

large woody debris (LWD) structure. According to D'Aoust, between 3 to 5 cross-

sections were surveyed at each structure with additional sections surveyed upstream or 

downstream from the centreline section located at the structure. With the use of these 

cross-sections, it was estimated that the bankfull width of the West Kettle River in 1997 

was approximately 44 m. 

The historic width for the West Kettle River was available on a 1:31400 black and white 

aerial photograph taken in 1951 (Appendix B Figure B24). While using the reach map 
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(figure 5-7) in D'Aoust, the average channel width of the river was measured on the 

photograph to be approximately 38 m (Appendix C). The technique for this measurement 

was identical to the method used for the current fieldwork and is discussed in detail in 

section 3.1.2.2. These two widths lead to a change in width from the period of 1951 -

1997 to be approximately 15%. 

4.9 Summary Data 

The following Tables 4-4, 4-5, and 4-6 are summary tables of the major physical and 

hydrological data collected for the preceding case studies. Table 4-4 is a brief summary 

of the discharge data for each case study. Table 4-5 is summary data for the collected 

case studies including channel characteristics and hydrological analysis. Similarly, Table 

4-6 is summary data for the previously collected four case studies. 

147 



River Reach # Area (km2) Qmaf(mJ/s) Method 

Bonaparte 1 5069 32 Single gauge 

Coldwater 1 735 78 Single gauge 

Coldwater 2 91.5 30 Single gauge 

Coldwater 3 81.6 27 Single gauge 

Deadman 1 1412 . 22 Single gauge 

Deadman 2 1432 22 Single gauge 

Elk 1 134 124 Single gauge 

Elk 2 52 61 Single gauge 

Eve 1 146 152 Regional average 

Salmon 1 733 603 Single gauge 

Tahsis 1 51.6 196 Regional average 

Big Horn Creek 4 117 19 Regional average 

Narrowlake Creek TR3 185 30 Regional regression 

Slesse Creek D 158 89 Single gauge 

West Kettle 1 1520 127 Single gauge 

Table 4-4 Discharge summary data for all case studies 
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CHAPTER 5 

5 CHANNEL MORPHOLOGY ANALYSIS 

5.1 Analysis of Morphological Indices 

Data from the case studies was used to assess whether the proposed riparian disturbance 

sensitivity index (RDSI) C, or flood-related indices, FFMI or Peak/Mean (P/M) ratio, 

explain the changes in channel width and morphology. The measured changes in width, 

expressed as AW%, are plotted for the three indices (Figures 5-1, 5-2, and 5-3), with the 

data stratified into disturbed and intact reaches - depending upon the current condition of 

the riparian zone. The data are presented in Tables 4-5 and 4-6. 

It is realized that error exists for the AW% values shown in Figures 5-1, 5-2, and 5-3. 

The error remains difficult to quantify for two reasons. First, the calculation for AW% 

represents the percent difference between two average values of measured width. These 

two measurements in themselves have their own standard error (Appendix C). It is 

impossible to calculate a standard error for the difference between the two measurements 

because the individual width measurements do not directly correlate in location from the 

historic aerial photograph to the present day reach survey. In order to obtain some grasp 

of the potential error for the AW% values, the range in standard errors for the individual 

average measurements was 3% - 21% with an average of 11% error. Therefore, it is 
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qualitatively known that errors potentially exist in the width measurements and the 

resulting AW%, but the precise extent of this error is not known. Regardless, more 

precise knowledge of this error would not change the general relation demonstrated in 

Figure 5-1. 

5.1.1 Riparian Disturbance Sensitivity Index 

The data collected and analysed for the case studies was necessary to calculate the 

proposed riparian disturbance sensitivity index defined by Eq. 2.22. An estimated 

sensitivity index was determined based on the data from each reach discussed in chapter 

4. According to the calculations and the estimates for the change in width of the channel 

from an intact to disturbed condition (see Eq. 3.8), a graphical relationship between the 

sensitivity index and percent change in width was created (Figure 5-1). 

The linear relationship suggests that the riparian disturbance sensitivity index can 

reasonably estimate the potential morphology of an alluvial gravel-bed river to an 

established coniferous riparian disturbance (Figure 5-1). Based on a least squares linear 

regression analysis, the relationship for the disturbed channels, excluding the Eve River, 

between the sensitivity index and change in width is strongly correlated (r = 0.85, p < 

0.0005). It should be noticed that the data point representing Slesse Creek could 

potentially be an outlier influencing the regression statistics. When Slesse Creek is 

excluded from the regression, AW% for the disturbed channels still strongly correlates 

with C, (r2 = 0.57, p = 0.01). There is no apparent physical reason for removing Slesse 
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Creek from the rest of the data set, and therefore, it is assumed that the initial relationship 

represents the best-fit relationship for the data set of eleven disturbed river case studies 

(Figure 5-1). 

AW% = 272 r - 49.9 
r2 = 0.85 

p < 0.0005 

5 

Figure 5-1 Percent change in width versus riparian disturbance sensitivity index (Q. 
Points corresponding to Slesse Creek and Eve River are indicated. Solid line 
represents linear regression. 

Two things to point out with the observed relationship between AW% and C, are the 

significance of the intercept and the location of data points representing intact riparian 

reaches compared to the linear regression relationship. The intercept for this relationship 

is approximately at a value of 0.18 for C,. This suggests that for any value of £, less than 

or equal to about 0.18, the change in width of the channel would be essentially zero even 

for a heavily disturbed riparian zone. That is, the riparian vegetation is not significantly 
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influencing channel morphology for very low values of C,. Unfortunately, no value of C, 

less than or equal to 0.18 was obtained for any of the disturbed case studies. Also, none 

of the disturbed case studies displayed a negligible or zero change in width, probably 

obscured by noise and measurement error. Therefore, no physical data is available to 

promote the significance of the intercept for the relationship, but it is an interesting 

attribute to discuss. 

It is difficult to test the significance of the location of the intact case studies, but it is 

reassuring that they are located below the relative trend of the disturbed data points. It is 

reassuring because the intact reaches should have relatively little or no change in width 

because their riparian vegetation is presently intact and able to be a controlling factor on 

the lateral morphology of the channels. This relationship positively contributes to the 

theory that the riparian vegetation is the primary controlling factor for the lateral stability 

of alluvial gravel-bed rivers with noncohesive banks in southern British Columbia, 

including northern Vancouver Island. 

5.1.2 Flood Indices 

To test whether there is any relation between large or "catastrophic" floods and change in 

width, AW% is plotted against FFMI and P/M ratio (Figures 5-2 and 5-3). For both 

flood-based indices there is no statistical correlation for AW% (Figures 5-2, 5-3). The 

apparent weak relation between AW% and FFMI (r = 0.24, p = 0.11) is due to one single 
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point (Slesse Creek). When Slesse Creek is removed there is no relationship (r2 = 0.02, p 

= 0.68). 

AW% = 714 FFMI + 1.83 

r 2 = 0.23 

p = 0.12 

0.35 

Figure 5-2 Percent change in width versus flash flood magnitude index. The point 
corresponding to Slesse Creek is indicated. 

The case studies from the more arid climatic zones of the province (Bonaparte River and 

Deadman River) show some of the most variable results based on the FFMI value (Table 

4-2). But, the high FFMI values for these two watersheds does not reflect the magnitude 

of their morphologic changes, especially for the two separate reaches of the Deadman 

River. 
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Figure 5-3 Percent change in width versus peak/mean discharge ratio 

Results indicate that the ratio of the instantaneous peak flood divided by mean annual 

flood does not explain the observed change in channel width and there is no significant 

correlation between AW% and the P/M ratio (r2 = 0.02, p = 0.73). Based on this 

conclusion, the large or "catastrophic" flood does not appear to be a necessary factor that 

accounts for the lateral geomorphology of rivers examined in this study. 

Apart from the details of the regressed relationship, the Eve River case study appears to 

be an outlier compared to the other disturbed case study results. This case study has 

potential reason(s) why it appears to be an outlier to the relationship represented by the 

156 



remaining case studies in Figure 5-1. These reasons are discussed in the following 

section 5.2.6. 

5.2 Reach by Reach Discussion 

The following sections are a description of the sensitivity index (Q results for each 

individual case study. 

5.2.1 Big Horn Creek 

Big Horn Creek was a case study where the majority of the data is supplied by external 

sources [see (Klohn-Crippen Consultants LTD. 1998)] and produced under the former 

Watershed Restoration Program. Using this data, the estimated C, was 0.80 for an 

increase in width of approximately 110%. The result from this case study closely 

resembles the result of the Tahsis River site and appears to correspond with the 

relationships of the remaining data (Figure 5-1). FFMI for this site is 0.16, which 

indicates low annual variability in flood magnitude for this watershed. Being an 

ungauged system, a peak flow analysis was not performed for this case study. 

5.2.2 Bonaparte River 

The Bonaparte River represents a system that has been impacted by grazing and forestry 

in recent history. It has shown an increase in width of approximately 130% with and 

estimated C, value of 0.57. This result appears to coincide with the relationship of Figure 
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5-1. It should be mentioned that the system has experienced two abnormally large floods 

according to the discharge record (see Appendix A Figure A2) from the gauge located 

downstream from the study site. The substantial increase in channel width appears to 

have occurred between 1995 (year of last aerial photograph) and 2002 (field survey). 

This width increase may have occurred during a large flood in 1999, which had a 

magnitude of approximately twice the mean annual flood, or a return period of 

approximately 60 years (Table 4-2, Appendix B Figures BI & B2, and Appendix C). 

5.2.3 Coldwater River 

The Coldwater River provides good support for the influence of riparian vegetation on 

channel morphology. A valuable comparison exists between reaches 1 and 3 of the 

Coldwater River (Figure 5-4 and 5-5) because of the drastically divergent disturbance 

histories between the two reaches. As mentioned previously, the uppermost reach (Reach 

3) of the Coldwater River experienced a fire in 1938, but currently has substantial 

coniferous tress which create an intact riparian environment. This is contrasted by the 

riparian conditions of Reach 1, which has been deforested because of heavy logging and 

grazing since 1953. Reach 3 has a C, of approximately 0.71 but its riparian environment is 

intact, and a minimal change in width (less than 5%) between 1953 - 2002. Reach 1 has 

a C, value of approximately 0.59 and its increase in width is 135%. This drastically 

different morphology for a relatively similar sensitivity index is believed to be due to 

differences in condition of riparian vegetation between the two reaches. 
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Reach 2 of the Coldwater River represents an intermediate reach between the two reaches 

of primary interest. The channel slope (0.0033 m/m) for this reach is substantially less 

than the channel slopes for the other two reaches (0.0049 m/m and 0.0047 m/m) resulting 

in a reduced L, of 0.45. The change it width for this reach was estimated to be 23%, but it 

was classified as an intact reach because of its current riparian condition even though it 

appears to agree reasonably well with the disturbed data set. One other thing to mention 

is that the impacts resulting from the construction and persistence of the Coquihalla 

highway are not quantifiable. The locations of the study reaches were located in order to 

minimize any potential effects; therefore it was assumed that any controls due to the road 

were negligible. The flood related indices do not appear to represent the changes 

experienced on the Coldwater system (FFMI = 0.13, 0.15, 0.15; P/M = 1.59, 2.15, 2.17; 

Rl = 27,49,49) (Table 4-2). The upper two reaches experienced substantial floods 

according to the discharge record, approximately 1 in 50 year events, but the non-existent 

lateral geomorphology of these reaches does not show any major effects from this event. 
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5.2.4 Deadman River 

The results for the two Deadman River reaches (Appendix B Figures B9 & BIO) are 

consistent with estimations of Reach 1 has a C, of 0.28 and an increase in width of 

76%, while reach 2 has a C, of 0.56 and an increase in width of 160%. As mentioned in 

section 4.3.3, the main disparity between the two reaches appears to be the channel 

slopes. The greater channel slope of reach 2 results in an enhanced sensitivity of this 

reach to riparian influences. Since both of these reaches were analysed using the same 

gauge, and no major inflows exist between the two reaches, both of the reaches have the 

same FFMI (0.28) for drastically different changes in width. Similarly, the peak/mean 

ratios are very similar (4.2 & 4.3), with the largest flood return period of > 100 years 

occurring in 1990. Therefore, the Deadman River is a fairly variable system with a large 

flood in recent record, but according to this study the vegetation is the most influential 

factor in controlling the change in width and morphology of the two separate reaches. 

5.2.5 Elk River 

Reach 1 of the Elk River has a sensitivity index of 1.01, which indicates high sensitivity 

to a riparian disturbance. This reach was heavily disturbed from logging sometime in the 

1940's and was potentially influenced by an increased influx of sediment from the 1946 

landslide event (see Appendix B Figures BI 1 & B12). An increase in width of 

approximately 270% is a consistent response for this river to the induced changes of the 

riparian environment. 
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The intact Reach 2 of the Elk River has a value of C, of approximately 1.22. The riparian 

zone remains intact and has not been impacted by logging or forestry (see Appendix B 

Figures B13 & B14). Observed channel widening of approximately 50% may be a 

consequence of the flood wave and sediment input resulting from the 1946 landslide into 

the headwater lake at the top of the system (M. Miles and Associates 1998). In addition, 

steep valley walls on both sides of the channel parallel the reach. These valley walls may 

be confining the reach and not allowing it to adjust its planform morphology as is 

necessary for a free forming alluvial system. Flood events do not appear to be an 

effective determinant for the morphology of the Elk system (Table 4-2). 

5.2.6 Eve River 

The transition slope of the Eve River with no vegetative influences (<t>'= 40°) was 

estimated at 0.0030, see Eq. 2.16. When compared to the slope of the channel of 0.0107, 

the channel slope is significantly greater than the transition slope, which predicts the 

channel to have a transitional (wandering) or braided river morphology (see Millar 

(2000)). This result appears to be consistent with the morphology displayed in the 1953 

photograph of the unlogged Eve watershed (see Appendix B Figure BI 5). It appears that 

the Eve River reach surveyed for this study is historically a wandering river, which 

means that the assumptions necessary for this analysis do not hold. The theory presented 

by Millar & Quick (1993) is only valid for single-thread channels. Therefore, the Eve 

River is beyond the scope of this analysis. 
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The riparian disturbance sensitivity index for Eve River reach takes a value of 

approximately 2.3, which suggests that the Eve River would be extremely sensitive to 

bank strength removal. The instabilities of the Eve River reach appear to be the natural 

morphology, historically a wandering gravel-bed river channel. In conjunction with the 

single-thread channel requirement, the flow capacity of the current channel appears to be 

much less than the mean annual flood. During the site visit in September of 2002, a 

rainfall event caused inundation of the floodplain and activation of numerous side 

channels, which figures into the invalid assumption of the mean annual flood estimation 

and a single-thread channel. After the justification to disregard the Eve River, it appears 

that the sensitivity index predicts the morphological result of riparian removal from 

alluvial gravel-bed rivers with noncohesive banks. 

5.2.7 Narrowlake Creek 

Data for the Narrowlake Creek case study was collected and supplied by Andrew Wilson 

(Ministry of Water, Land, and Air Protection). The study reach is heavily impacted by 

past logging, including removal of riparian vegetation, see Figure 2 of Wilson (2001). 

The calculated value for C, of 0.68, is consistent with an increase in width of 

approximately 100%. No value was available for the peak/mean ratio, but the regional 

estimate for the FFMI (0.15) indicates low variability in the annual flood magnitudes. A 

gauge is not available for the Narrowlake Creek system, therefore no peak analysis was 

performed for this case study. 
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5.2.8 Salmon River 

The Salmon River is an interesting case because of the lack of historical data. As 

mentioned in section 4.6.4, logging practices in the Salmon River watershed existed prior 

to the first aerial photograph taken in 1946 (Appendix B Figure B18). Therefore, the 

results from this case study are speculative because the increase in width (41%) may not 

represent the true morphology of the system from an intact state. The calculated value 

for C. of 0.48 suggests a system that is moderately sensitive to riparian disturbances. 

According to the regression, the AW% for this reach could be approximately 80%. Once 

again, the estimated values for the FFMI (0.15) and the P/M ratio (1.94), with an 

estimated return period of 40 years, do not appear to be major contributors to the 

morphology of the Salmon River as compared to the results of the sensitivity index. 

Unfortunately, the results and conclusions for the Salmon River are fairly speculative. 

5.2.9 Slesse Creek 

Data used in analysis of Slesse Creek was collected by MacVicar (1999). As discussed in 

section 5.1, Slesse Creek appears to have a substantial influence on the regressed 

relationship because of its abnormally high increase in width (420%) for the analysed 

data set. Besides this fact, the morphology of Slesse Creek appears to be justified by the 

relationship because of its large C, value (1.67). Based on a C, value of 1.67, Slesse Creek 

is a highly sensitive system to riparian destruction and its present day condition reflects 

this situation. The P/M ratio for Slesse Creek (1.94) and estimated return period of 45 

years is very similar to that of the Salmon River, but the estimated FFMI (0.31) is 

substantially greater, although low compared to rivers in arid and semi-arid regions. This 
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may suggest that the variability and not the ratio of the sizes of the floods on the Slesse 

system may have some influence on the morphology of the system. 

5.2.10 Tahsis River 

The estimate of <̂  for the Tahsis River was 0.79 for an increase in width of 106%. These 

values appear to conform reasonably well to the remaining points in the disturbed data 

set. One concern is the intensive logging impacts that occurred within the system 

upstream of the study site (Kellerhals and Miles 1996). The increased lateral morphology 

and resulting additional sediment within the system could be a contributing factor to the 

lateral morphology of the study reach. Unfortunately, no means exist to separate out 

these potential effects from the induced changes caused by riparian destruction. But, 

based on the relationship of this study, the riparian structure was a controlling factor on 

the morphology of the Tahsis River, as opposed to the regional flood variability (FFMI = 

0.17). 

5.2.11 West Kettle River 

Similar to three other case studies, the principal components of this case study's data are 

attributed to an exterior investigator. Stephane D'Aoust collected the data for his thesis 

topic of large woody debris performance (D'Aoust 1998). The West Kettle River was the 

least sensitive river out of the disturbed case studies both theoretically and physically. 

The insensitivity is represented by C, of 0.34 and increase in width of roughly 15%. The 

insensitivity of the West Kettle River may be attributed to its larger bed sediment and 

shallower channel slope when compared to the bulk of the other disturbed case studies. 
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Similarly, the magnitudes of the FFMI (0.11) and P/M ratio (1.44) appear to be show that 

variability in the magnitude of annual floods is low. The estimated return period for the 

peak flood is approximately 15 years. 

5.3 Nature of A W % — C Relation 

The AW% — C, relation formulated in this study is not intended to be a universal 

predictive tool for estimating the change in width or morphology of induced riparian 

disturbances. The design of the riparian disturbance sensitivity index C, is to assist in 

explaining the influence of riparian vegetation on the structure of gravel-bed rivers. The 

data used to formulate the relation (Figure 5-1) are from similar biogeoclimatic zones and 

all of the data was collected within the boundaries of southern British Columbia. 

Therefore, this particular relationship is significantly dependent upon the vegetation that 

inhabits these particular regions. The slope of the linear relationship of AW% versus t, is 

a function of the influence of the historic pristine vegetation. Most likely, the greater the 

antecedent influence of the riparian vegetation on the structure of the fluvial system, the 

steeper the slope for AW% — C, relation for disturbed reaches. 

5.4 Index Sensitivity to Grain Size Selection (Bank D50) 

The grain size for the bed and bank pebble counts and the bar and bank bulk samples 

were estimated. Since this data was readily available for the measured case studies, this 

data was applied to see how sensitive the riparian disturbance sensitivity index C, was to 
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the grain size. The following table shows the estimation for C, based on the different 

choices for the representative D 5 0 o f the different sampling procedures and locations. 

Stream Reach # D riffle Dbar % Diff. Dbank % Diff. D sub bank % Diff 

Bonaparte 1 0.57 0.77 35 0.59 3.5 0.67 18 

Coldwater 1 0.59 1.7 188 0.9 53 1.42 141 

Coldwater 2 0.45 0.79 76 0.73 62 1.13 151 

Coldwater 3 0.71 1.21 70 1.02 44 2.19 209 

Deadman 1 0.28 , 0.35 25 0.39 39 0.39 39 

Deadman 2 0.56 0.72 29 0.61 8.9 1.25 123 

Elk 1 1.01 1.31 30 1.56 55 2.06 104 

Elk 2 1.22 1.49 22 2.96 143 2.74 125 

Eve 1 2.29 3.19 39 3.82 67 7.6 231 

Salmon 1 0.48 0.81 69 0.63 32 0.91 90 

Tahsis 1 0.79 0.96 22 1.33 68 2.04 158 

Table 5-1 C, sensitivity to grain size. The values are the estimates of C, for the 
different sediment diameters. The percent difference is the percent difference 
between the riffle value and the other corresponding value. 

The sensitivity analyses displays the influence that grain size has on the morphological 

sensitivity o f the alluvial gravel-bed river with cohesionless banks. From a physical 

perspective, a larger grain size describes a more resistant material to fluvial entrainment 

and erosion. Therefore, generally a river with a larger mean particle size fabricating the 

banks w i l l be less sensitive to riparian disturbances with consistent valley slopes and 

discharges. It would seem more physically accurate to chose the bank surface grain size 

value because this value most closely represents the resistance properties of the 

potentially weakened banks caused by riparian disturbances. O n the other hand, the 
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theory is based on the assumption that the material composing the bed and banks is 

consistent. Based on a comparison of the regressions of the bed D50 (Figure 5-1, r2 = 

0.85, p < 0.0005) and the bank D 5 0 (r 2 = 0.63, p = 0.011), excluding the Eve, the 

relationship for C, is largely more statistically significant when the bed D 5 0 is the sediment 

diameter used in the relationship. The values for the bar and bank subsurface are not 

analyzed because the represent the sediment below the surface of the bed and the banks. 

These values were obtained through the bulk sieve analysis and are more useful for 

sediment transport studies (section 3.1.1.3). 

Figure 5-6 Percent change in width versus riparian disturbance sensitivity index (Q, 
using bank D50. Points corresponding to Slesse Creek and Eve River are indicated. 
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5.5 Role of Floods vs. Riparian Disturbance 

Typically, substantial changes in channel width habitually occur during large, infrequent 

flood events. The question is whether or not these floods are the cause of the widening. 

According to the results of this study (section 5.1), since the variability and size of these 

large floods do not significantly correlate with change in width, they do not appear to be 

the primary cause of thechannel widening. The role of the floods potentially could 

trigger an already unstable condition caused by a decrease in strength of the banks from 

riparian vegetation removal. A potential situation exists where the destabilized banks 

already exist prior to a peak flow event, with the peak flow event being the agent for 

widening and the riparian disturbance the cause. This conclusion should be tested for 

varying discharge regimes and inherent vegetation communities, in order to examine 

potentially different vegetation influences, and variability and magnitude of flood events. 
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C H A P T E R 6 

6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary 

Fifteen case studies from British Columbia were examined to investigate the sensitivity 

o f alluvial single-thread gravel-bed rivers with noncohesive banks to riparian 

disturbances. Eleven out of twelve of the disturbed case studies were used to investigate 

the validity of a proposed theoretical riparian disturbance sensitivity index (RDSI) ( Q in 

explaining the role of riparian vegetation in channel change in width and morphology. 

Data for the case studies was collected using a methodology incorporating field and 

analytical techniques. The field technique consisted of a reach survey including channel 

sediment sampling, longitudinal profile survey, and riffle cross-sectional surveys. The 

analytical techniques included a historical aerial photo analysis and hydrological analysis. 

The aerial photo analysis provided estimates of historical pristine, or intact riparian, 

channel widths. The hydrological analysis, including watershed delineation, regional 

discharge analysis, flood variability, and peak flood magnitude, provided a mean annual 

flood, flash flood magnitude index (FFMI) , peak/mean ratio (P/M), and peak flood return 

period for each reach. The potential correlation of the R D S I , F F M I , and P / M with 

percent change in width ( A W % ) was used to analyse the influencing factors in the 

morphology of gravel-bed rivers with disturbed riparian vegetation. 
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6.2 Conclusion of RDSI (Q Results 

The riparian disturbance sensitivity index appears to explain the sensitivity of alluvial 

gravel-bed rivers in this study to morphological changes caused by riparian disturbance. 

The riparian disturbance sensitivity index C. statistically correlates very significantly with 

AW%. In contrast, the flood-based indices displayed no statistically significant 

correlation to the change in width for the presented case studies. Potentially the large 

floods are triggers for channel morphology, but it is not evident that they represent a 

primary cause of the channel widening. While flooding may be an agent for widening, it 

is not clear that such widening would have occurred in the absence of riparian 

disturbance. 

Based on the methodology presented in this thesis, the sensitivity index could be used as 

a screening tool to determine the sensitivity of a particular river or stream to riparian 

logging (Millar 2001). In other words, the sensitivity index could potentially test whether 

riparian removal caused an existing unstable river reach. Typically, the establishment of 

vegetation is a more economically viable and an ecologically preferred option for stream 

restoration as compared to bank armouring or more classic engineering solutions for 

unstable, eroding channel reaches (Abernethy and Rutherfurd 2000). 
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6.3 Future Work 

It is recommended that future work be completed for the complete test of the riparian 

disturbance sensitivity index. This thesis represented 15 data sets from the province of 

British Columbia that were applied to test the validity of the riparian disturbance 

sensitivity index. It appears that only fourteen of these data sets are valid since one of the 

data sets appears to be unrepresentative of the alluvial single-thread gravel-bed river for 

which the index was formulated. Therefore, it seems reasonable that more data sets from 

various conditions, disturbances, and locations to incorporate varying flood regimes and 

vegetation should be used to further test the performance of the sensitivity index in 

predicting the possible morphology of a single-thread gravel-bed river with noncohesive 

banks to riparian disturbances and the role of riparian disturbance versus floods. 
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APPENDIX A - ANNUAL MAXIMUM SERIES 

Appendix A is a collection of the discharge data used in this study. The Table A l is a 

summary of the regional hydrological analyses. The charts on the proceeding pages are 

the non-translated annual peak discharges for the gauge data available in the BCSI and 

HYDAT data sets (Coulson and Obedkoff 1998; Environment Canada 2000). Table A2 

is the gauge information for the regional analysis. 

Peak and Mean Flow Data 

Stream Reach # Peak Q (mJ/s) Mean Q (mVs) 

Big Horn 4 N/A N/A 

Bonaparte 1 89 32 

Coldwater 1 123 77 

Coldwater 2 66 31 

Coldwater 3 61 28 

Deadman 1 93 22 

Deadman 2 94 22 

Elk 1 188 124 

Elk 2 92 61 

Eve 1 N/A N/A 

Narrowlake TR3 N/A N/A 

Salmon 1 1170 603 

Slesse D 171 88 

Tahsis 1 N/A N/A 

West Kettle 1 183 127 

Table A l Summary of discharge data translated from hydrological analysis. The 
values were estimated from gauge data using Eaton et. al. (2002) technique 
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Bonaparte River Flow Data 
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Coldwater River Flow Data 
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Deadman River Flow Data 
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Eve River Flow Data 

Kokish River below Bonanza River Instantaneous 
Peak Flow Record 
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Salmon River above Memekay River Instantaneous Peak 
Flow Record 

Tsitika River below Catherine Creek Instantaneous Peak 
Flow Record 
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Narrowlake Creek Flow Data 

Chuchinka Creek near the mouth Instantaneous 
Peak Flow Record 
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Salmon River Flow Data 
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Tahsis River Flow Data 

Gold River below Ucona River Instantaneous Peak Flow 
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West Kettle River Flow Data 
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Case Study Gauge Location Gauge # Qmaf(m3/s) Area (km2) Est. k Mean k 
Bonaparte 1 Bonaparte below 

Cache Creek 
08LF002 32 5020 0.054 N/A 

Coldwater 1 Coldwater at Merritt 08LG010 92 914 0.553 N/A 
Coldwater 2, 3 Coldwater near 

Brookmere 
08LG048 75 311 1.01 N/A 

Deadman 1, 2 Deadman above Criss 
Creek 

08LF027 15 870 0.094 N/A 

Elk 1,2 Elk above Campbell 
L 

08HD018 123 132 3.16 N/A 

Eve 1 Kokish R. below 
Bonanza R. 

08HF003 131 269 1.97 

Eve 1 Salmon R. above 
Memekay R. 

08HD007 325 437 3.4 

Eve 1 Tsitika R. below 
Catherine Cr. 

08HF004 450 359 5.46 3.6 

Salmon 1 Salmon near Sayward 08HD006 873 1200 4.28 N/A 
Tahsis 1 Gold R. below Ucona 08HC001 1519 1010 8.48 
Tahsis 1 Zeballos R. near 

Zeballos 
08HE006 584 181 11.84 10.2 

Big Horn 4 Cabin Cr. near mouth 08NP004 24 93.3 0.78 
Big Horn 4 Couldrey Cr. lot 9380 08NP002 18 118 0.5 
Big Horn 4 Howell above Cabin 08NP003 20 145 0.48 
Big Horn 4 Grave Cr. at mouth 08NK019 8 75.8 0.31 
Big Horn 4 Line Cr. at mouth 08NK022 21 138 0.52 0.52 

Narrowlake TR3 Willow R. above Hay 08KD006 243 2810 0.63 
Narrowlake TR3 McKinley Cr. below 

McKinley Lake 
08KH020 25 426 0.27 

Narrowlake TR3 Moffat Cr. near 
Horsefly 

08KH019 25 539 0.22 

Narrowlake TR3 Chuchinka Cr. near 
mouth 

07EE009 53 311 0.72 

Narrowlake TR3 Little Swift R. 08KE024 30 122 0.82 0.59 
(reg.) 

Slesse D Slesse near Vedder 
Crossing 

08MH103 92 166 1.99 N/A 

West Kettle 1 W. K. R. below 
Carmi Cr. 

08NN022 104 1170 0.52 N/A 

Table A2 Discharge Summary Data (mean k = value estimated from regional 
analysis) 
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Reach Aerial Photographs 

The straight white lines represent reach borders. If no lines are present, than the edges of 

the photographs represent the borders. 

Figure BI Bonaparte River 1959 BC2588:47 (approx. scale 1:8050) 

Figure B2 Bonaparte River 1995 BCC95019:008 (approx. scale 1:9200) 
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Figure B 3 Coldwater River reach 1 1953 BC1745:92 (approx. scale 1:12200) 

The second white line going downstream (left - right) is the reach end for the field reach, 
but during measuring the third line was the last measurement point. 

The scale for the 1953 photo was adjusted based on congruent measurements on the 1953 
photo and 2000 photo. The new adjusted scale for the 1953 photo is identical to the 2000 
photo. 
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Figure B4 Coldwater River reach 1 2000 BCC00036:170 (approx. scale 1:12200) 
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Figure B5 Coldwater River reach 2 1953 BC1746:6 (approx. scale 1:8600) 

The scale between the 1953 photo and the 2000 photo were determined to be congruent 
contrary to the calculation shown in the table. 
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Figure B6 Coldwater River reach 2 2000 BCC00033:77 (approx. scale 1:8600) 
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Figure B7 Coldwater River reach 3 1953 BC1746:8 (approx. scale 1:11000) 

The scale between the 1953 photo and the 2000 photo were determined to be congruent 
contrary to the calculation shown in the table. 

Figure B8 Coldwater River reach 3 2000 BCC00033:19 (approx. scale 1:11000) 

204 



Figure B9 Deadman River 1953 BC2652:82 (approx. scale 1:16000) -reach 1 
upstream (left reach) 
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Figure B l l Elk River reach 1 1930 A4059:39 (approx. scale 1: 10000) 

Figure B12 Elk River reach 1 1995 BCB95046:110 (approx. scale 1:9350) 



Figure B14 Elk River reach 2 1995 BCB95047:128 (approx. scale 1:9200) 
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Figure B15 Eve River 1953 BC1711:41 (approx. scale 1: 16000) 

Note the "wandering" character of the pristine river. 





Figure B17 Eve River 1996 BCB96094:30 (approx. scale 1:16000) 



Figure B18 Salmon River 1946 BC252:13 (approx. scale 1:21200) 
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Figure B20 Tahsis River 1954 BC1856:45 (approx. scale 1:9780) 



Figure B22 Big Horn Creek reach 4 1962 BC4087:107 (approx. scale 1:37500) 
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Figure B23 Big Horn Creek reach 4 2000 BCC00084:130 (approx. scale 1:37000) 

Figure B24 West Kettle River 1951 BC1302:55 (approx. scale 1:31400) 
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APPENDIX C - WIDTH MEASUREMENTS 

Big Horn Width Measurements 

Air Photo Air Photo 
scale = 15000 scale = 18500 

1962 2000 
W(mm) W(m) W(mm) W(m) 

0.65 9.8 2.12 39.2 
0.53 8.0 1.97 36.4 
0.46 6.9 1.95 36.1 
0.5 7.5 2.15 39.8 

1.01 15.2 4.36 80.7 
0.54 8.1 3.48 64.4 
1.99 29.9 4.96 91.8 
1.21 18.2 1.72 31.8 
0.85 12.8 3.07 56.8 
0.96 14.4 3.53 65.3 
1.29 19.4 2.18 40.3 
0.87 13.1 1.34 24.8 
1.62 24.3 1.04 19.2 
1.03 15.5 2.79 51.6 
0.86 12.9 1.58 29.2 
1.7 25.5 1.32 24.4 

0.61 9.2 1.87 34.6 
1 15.0 1.78 32.9 

0.83 12.5 1.38 25.5 
2.38 35.7 2.77 51.2 
1.5 22.5 3.91 72.3 
1.9 28.5 1.2 22.2 

1.29 19.4 2.2 40.7 
1.54 23.1 2.63 48.7 
1.42 21.3 1.74 32.2 
1.25 18.8 0.94 17.4 
0.9 13.5 0.79 14.6 

2.26 33.9 0.84 15.5 
0.76 11.4 0.83 15.4 
0.8 12.0 1.82 33.7 
3.2 48.0 0.85 15.7 

average = 18.2 average = 38.9 

1962 

Mean 
Standard Error 

18.2 
1.7 

2000 

Mean 
Standard Error 

38.9 
3.6 

1959 
L (mm) L (m) 

channel 205.6 3084.0 
valley 171.1 2566.5 

sinuosity 1.2 

1995 
L (mm) L (m) 

channel 161.6 2989.6 
valley 143.85 2661.2 

sinuosity 1.1 
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Salmon River Width Measurements 

channel 
valley 

Air Photo Air Photo 
scale = 21200 scale = 16800 

1946 1991 
W(mm) W(m) W(mm) W(m) 

5.7 120.8 7.55 126.8 
5.6 118.7 7.61 127.8 
3.5 74.2 9.29 156.1 
6 127.2 13.28 223.1 
9 190.8 14.29 240.1 

11.5 243.8 16.5 277.2 
12.2 258.6 11.44 192.2 
6.2 131.4 14.21 238.7 
7.1 150.5 17.35 291.5 
6.6 139.9 10.28 172.7 
5.5 116.6 14.1 236.9 
5.2 110.2 8.47 142.3 
7 148.4 6.8 114.2 
8 169.6 10.22 171.7 

4.2 89.0 10.92 183.5 
5.9 125.1 11.14 187.2 

5.55 117.7 6.41 107.7 
4.3 91.2 12.15 204.1 
7 148.4 8.91 149.7 

4.1 86.9 9.4 157.9 
average = 138.0 average = 185.1 

1946 1991 
L (mm) L(m) L (mm) 
51.72 1096.5 channel 61 
40.1 850.1 valley 50 

Field 
Observed 2002 

W(m) 
149.3 
218.8 
251.9 
159.1 

average = 194.8 

L(m) 
1024.8 
840.0 

sinuosity 1.3 sinuosity 1.2 

1946 1991 2002 

Mean 137.96 Mean 185.07 Mean 178.63 

Standard Error 10.74 Standard Error 11.80 Standard Error 35.26 
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West Kettle River Width Measurements 

Air Photo 
scale = 31400 1951 

1951 Mean 38.31 
W (mm) W (m) Standard Error 2.95 

0.5 15.7 
0.9 28.3 ~ 
1 31.4 

1.7 53.4 
1.6 50.2 
1.3 40.8 
1.1 34.5 

0.95 29.8 
1.1 34.5 
0.9 28.3 
1.8 56.5 
1.5 47.1 
1.45 45.5 
1.5 47.1 
1 31.4 

average = 38.3 

1951 
L (mm) L (m) 

channel 69.9 2194.9 
valley 55' 1727.0 

sinuosity 1.3 
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