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Abstract 

This study investigates the impacts of snow avalanches and logging on upper 

watershed stream morphology in the Northern Selkirk Mountains, British Columbia. 

Channel morphology is documented in a pristine basin, Casualty Creek, and the impact of 

snow avalanches is evaluated. A paired watershed approach is adopted to compare 

channel morphology of Bachelor Creek, located in a logged basin, to Casualty Creek. A 

large literature documents the impacts of logging on channel systems in western Canada, 

although a majority of these studies have focused on coastal regions. 

Several key variables influence stream morphology in Casualty Creek. Large 

woody debris (LWD) forms steps and jams, deflects flow, and creates bars to help form 

step-pool and pool-riffle morphology that dissipates flow energy and creates quality 

aquatic habitat. Channel gradient is associated with step-pool (>0.022) and pool-riffle 

(<0.006) morphology. Channel width influences step-pool spacing, although, step-pool 

spacing is not related to channel gradient. The amount of LWD and the percentage of 

LWD pieces oriented perpendicular to the stream begins to decrease at a channel width of 

about 19 m. The riparian zone is critical for the input of LWD, and old growth trees 

stabilize banks and influence runoff. High-magnitude snow avalanches that form new 

paths or widen existing paths deliver large amounts of sediment and woody debris to the 

channel. Stream morphology adjacent to avalanche paths is plane-bed in Casualty Creek. 

Paired watershed experiments have been used successfully in past studies to gain 

an understanding of the influence of different factors, such as logging, on generally 

similar watersheds. Bachelor Creek has similar physiographic and channel geometry 

properties to Casualty Creek. However, discharge estimates are limited by a single field 

season of observation and the error associated with the Manning equation and channel 

measurement. Detailed surveys of stream properties for eight study reaches in each basin 

provide information on morphological variables. Stream morphology is compared 

among study reaches and between basins. In addition, aerial photographs are used to 

compare stream morphology and vegetation in Bachelor Creek pre- and post-logging. 

Stream morphology in Bachelor Creek has low diversity and, therefore, flow energy 

dissipation and aquatic habitat are also low. Plane-bed morphology is present in all study 
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reaches, including locations adjacent to avalanche paths. Channel width and the width to 

depth ratio are higher in Bachelor Creek, despite having similar cross-section areas to 

Casualty Creek. Number of LWD pieces is significantly lower in Bachelor Creek. The 

number of LWD pieces and the percentage of LWD oriented perpendicular to the channel 

decreases with increasing channel width beginning at a channel width of approximately 

19-m in Bachelor, similar to results for Casualty Creek. 

Aerial photograph analysis indicates sinuosity decreased post-logging, mainly due 

to five recent channel avulsions. Stream-bank vegetation pre-logging was old growth, 

indicting that the channel was laterally stable for hundreds of years. Since logging the 

stream-bank vegetation has been mainly alder, indicating that channel banks have been 

disturbed, and channel widening may have occurred. 

The impact of snow avalanches on old growth and riparian forest is compared for 

Bachelor Creek. Snow avalanches have cleared approximately 45% of forested area and 

10% of stream-bank forest, while logging has removed 40% of old growth trees on 

hillslopes and 20% of stream-bank forest adjacent to the eight km study area in Bachelor 

Creek. 

Snow avalanches have a significant influence on stream morphology. Logging in 

Bachelor Creek is shown to have the potential to effect stream morphology despite the 

high-magnitude and frequency snow avalanche regime. Further research is needed to 

determine the appropriate size of riparian buffer necessary for maintaining stream 

morphology in drainage basins of the Northern Selkirk Mountains. 

IV 



Preface 

The largest challenge in the earth sciences is presenting empirical evidence for 

natural phenomena that are impossible to comprehensively quantify. The scale of time 

and space that earth scientists must try to understand are often beyond the scope of 

traditional means of evaluation and presentation. A one-year field study of watersheds 

and stream morphology, therefore, is faced with the challenge of conducting meaningful 

research for systems that evolve and vary over periods of hundreds and thousands of 

years. Further, we must try to show with numbers that which can only be truly 

understood with experience. In this study I present various pieces of evidence, each of 

which may falter on its own under intense scrutiny, but which together begin to form a 

scientific picture. 

v 



Acknowledgements 

I gratefully acknowledge Dr. Yvonne Martin for reviewing this document and 

providing guidance for this study. Susan Hall, Bi l l Brown, and Murray Peterson of Mt. 

Revelstoke and Glacier National Parks, and Craig Dodds of Environment Canada 

provided logistical support for fieldwork. I thank Nadine Raynolds for providing field 

assistance, and Dr. Derald Smith for supporting this research. 



Dedication 

For my sister, mother, and father, who fostered in me curiosity and deep respect for 

natural world. 

vii 



Table of Contents 

Approval page ii 

Abstract iii 

Preface v 

Acknowledgements vi 

Dedication vii 

Table of Contents viii 

List of Tables xi 

List of Figures xiii 

CHAPTER 1: INTRODUCTION 1 

CHAPTER 2: LITERATURE REVIEW 4 

2.1. Introduction 4 

2.2. Classification of Stream Morphology 4 

2.3. Stream Morphologies 8 

2.3.1. Step-pool Stream Morphology 8 

2.3.2. Plane-bed Morphology 10 

2.3.3. Pool-riffle Morphology 11 

2.4. Large Woody Debris 11 

2.5. Snow Avalanches 14 

2.6. Erosional Influences of Logging 15 

2.7. Watershed Hydrology 16 

2.8. Aquatic Habitat: the link between stream morphology and aquatic ecology 19 

CHAPTER 3: STUDY A R E A 24 

3.1. Introduction 24 

3.2. Basin Characteristics 25 

3.3. Logging in the Bachelor Creek Watershed 28 

3.4. Channel Characteristics 28 

viii 



3.5. Summary 33 

CHAPTER 4: METHODOLOGY 56 

4.1. Study Reach Delineation 56 

4.2. Longitudinal Survey and Channel Morphology 57 

4.2.1. Channel gradient and longitudinal profile 57 

4.2.2. Pools 57 

4.2.3. Cross-section profiles 58 

4.3. LWD and Grain Size 59 

4.3.1. Large woody debris 59 

4.3.2. Boulders larger than 1 m b-axis 59 

4.3.3. Channel bed grain size 59 

4.4. General Field Observations 60 

4.4.1. Snow Avalanche Paths 60 

4.4.2. Forest Vegetation 60 

4.5. Aerial Photography Analysis 60 

CHAPTER 5: S T R E A M MORPHOLOGY 64 

5.1. Basic Channel Morphology 64 

5.2. Channel width and depth 67 

5.3. Longitudinal Profiles 72 

5.4. Step-pool Stream Morphology in Casualty Creek 74 

5.5. Large Woody Debris, Large Boulders, and Total Roughness Elements 77 

5.5.1. Large Woody Debris 77 

5.5.2. Large Boulders 80 

5.5.3. Total Roughness Elements 81 

5.6. Pools 81 

5.7. Limitations 83 

CHAPTER 6: CONCLUSION 132 

6.1. Stream morphology in the unlogged watershed 132 

i x 



6.2. Stream morphology in the logged watershed 134 

6.3. Future study 136 

REFERENCES 141 

APPENDIX I: LONGITUDINAL PROFILES 152 

APPENDIX II: C H A N N E L CROSS-SECTIONS 161 

APPENDIX III: P L A N VIEW MAPS 178 

APPENDIX IV: A E R I A L PHOTOGRAPHS OF B A C H E L O R CREEK 195 

APPENDIX V: S U M M A R Y TABLES 201 

Air Photo Width Measurements for Bachelor Creek Pre and Post-logging.1 201 

Total LWD in LWD jams 203 

Median grain size for study reaches Bachelor and Casualty Creek 204 

x 



List of Tables 

Table 2.1. Classification of upper watershed streams (after Montgomery and Buffington, 

1997) 22 

Table 2.2. Classification of streams in upper watersheds (after Grant et aL 1990) 23 

Table 3.1. Gradient of hillslopes adjacent to Bachelor and Casualty Creeks 39 

Table 3.2. Aspect of hillslopes in Bachelor and Casualty Creek basins 41 

Table 3.3. Avalanche path density for hillslopes between Reach 1 and Reach 8 for 

Bachelor and Casualty Creeks 41 

Table 3.4. Logging in the study area of Bachelor Creek 41 

Table 3.5. Channel gradients measured in study reaches of Bachelor and Casualty 

Creeks 45 

Table 3.6a. Contributing drainage areas for Bachelor and Casualty Creeks 48 

Table 3.6b. Channel cross-section area measurements, including error estimates, for 

Casualty and Bachelor Creek 49 

Table 3.7. Velocity estimates for Bachelor Creek using Manning Equation 51 

Table 3.8. Velocity estimates for Casualty Creek using Manning Equation 52 

Table 3.9. Discharge estimates for Bachelor Creek 53 

Table 3.10. Discharge estimates for Casualty Creek 54 

Table 3.11. Comparison of discharge estimates for Bachelor and Casualty Creeks 55 

Table 4.1. Length of study reaches measured in channel bankfull widths 63 

Table 5.1. Width to depth ratio for Bachelor and Casualty Creeks study reaches 96 

Table 5.2a. Mean channel width: Pre- and post-logging for Bachelor Creek 101 

Table 5.2b. High and low estimates for mean channel width of Bachelor Creek pre- and 

post-logging using error associated with resolution of aerial photograph measurements. 

101 

Table 5.3. Length of stream-bank riparian forest disturbed in study area of Bachelor 

Creek 104 

Table 5.4. Stream-bank vegetation in Bachelor Creek and Casualty Creek 104 

Table 5.5. Disturbed area on forested hillslopes adjacent to the study areas of Bachelor 

and Casualty Creeks 105 

x i 



Table 5.6. Study reach lengths and channel gradients in Bachelor and Casualty Creeks. 

105 

Table 5.7. Average gradients of step-pool and pool-riffle sequences in Casualty Creek. 

108 

Table 5.8. Length of step-pool spacing in Casualty Creek 109 

Table 5.9. Step spacing and channel width for step-pool sequences in Casualty Creek. 

Step spacing is expressed in units of m and channel bankfull widths 111 

Table 5.10. Height of steps in Casualty Creek 113 

Table 5.11. Step height/step length/gradient for Casualty Creek step-pool reaches 116 

Table 5.12. Total LWD and number of LWD pieces per 100 m of stream length 118 

Table 5.13. Width of L W D pieces in study reaches of Bachelor and Casualty Creeks. 118 

Table 5.14. Length of LWD pieces in study reaches of Bachelor and Casualty Creeks. 

119 

Table 5.15. Total LWD jams and number of LWD jams per 100-m stream length in study 

reaches of Bachelor and Casualty Creeks 119 

Table 5.16. Mean percentage of LWD pieces oriented parallel and perpendicular to the 

stream channel for Bachelor and Casualty Creeks 127 

Table 5.17. Boulders with a b-axis larger than 1 m 128 

Table 5.18. Number of pools per 100-m stream length in Bachelor and Casualty Creeks. 

130 

Table 5.19a. Mean volume and mean depth of individual pools for Bachelor and Casualty 

Creeks 131 

Table 5.19b. Total pool volume per 100-m stream length in Bachelor and Casualty 

Creeks 131 

x i i 



List of Figures 

Figure 3.1a. Location of study area in British Columbia 35 

Figure 3.1 b. Study area of Bachelor and Casualty Creeks 36 

Figure 3.1c. Study area of Casualty Creek 37 

Figure 3. Id. Study area of Bachelor Creek 38 

Figure 3.2. Destructive snow avalanche deposits: snow, sediment, and woody debris in 

the stream channel of Casualty Creek. July 2000 40 

Figure 3.3a. Logged areas in Bachelor Creek study area. Reaches 1-4 42 

Figure 3.3b. Logged areas in Bachelor Creek study area. Reaches 4-7 43 

Figure 3.3c. Logged areas in Bachelor Creek study area. Reach 8 44 

Figure 3.4a. Valley profde of the study area for Casualty Creek 46 

Figure 3.4b. Valley profile of the study area for Bachelor Creek 47 

Figure 5.1. Log steps in Casualty Creek. Part of a step-pool sequence in Reach 1. July 

2000 85 

Figure 5.2. Pool-riffle morphology in Casualty Creek. July 2000 86 

Figure 5.3. Plane-bed morphology in Bachelor Creek. August 2000 87 

Figure 5.4. Plan view map of Reach 6, Casualty Creek 88 

Figure 5.5. Step-pool and pool-riffle morphology in Reach 2, Casualty Creek 89 

Figure 5.6. Plane-bed morphology in Reach 5, Bachelor Creek 90 

Figure 5.7. Plane-bed morphology adjacent to an avalanche path in Reach 7, Bachelor 

Creek 91 

Figure 5.8. Alluvial fan between Reaches 7 and 8 in Bachelor Creek causes meander 

bends and mid-channel bars to form upstream 92 

Figure 5.9. Plane-bed morphology in Reach 8, Bachelor Creek 93 

Figure 5.10. High morphological diversity shown in the plan view map of Reach 5, 

Casualty Creek 94 

Figure 5.11. Aerial photograph of the study area in Bachelor Creek showing examples of 

locations of post-logging channel avulsions 95 

Figure 5.12. Relation between contributing basin area and channel width in Bachelor 

Creek. Channel widths shown are mean values for each study reach 97 

xiii 



Figure 5.13. Relation between contributing basin area and channel width in Casualty 

Creek 98 

Figure 5.14. Relation between contributing drainage basin area and mean channel depth 

in Bachelor Creek 99 

Figure 5.15. Relation between contributing drainage basin area and channel depth in 

Casualty Creek 100 

Figure 5.16a. Aerial photographs showing stream-bank vegetation pre-logging along 

Bachelor Creek 102 

Figure 5.16b. Aerial photographs showing stream-bank vegetation post-logging along 

Bachelor Creek 103 

Figure 5.17. Longitudinal profde of Reach 5, Bachelor Creek 106 

Figure 5.18. Longitudinal profile of Reach 5, Casualty Creek 107 

Figure 5.19. Relation between step spacing and channel gradient for Casualty Creek. .110 

Figure 5.20. Relation between step-pool spacing and mean channel width for Casualty 

Creek 112 

Figure 5.21. Relation between step height and mean channel width for step-pool 

sequences in Casualty Creek 114 

Figure 5.22. Relation between step height and channel gradient for step-pool sequences 

in Casualty Creek 115 

Figure 5.23. Logjam at a) Reach 3 and b) Reach 8, Casualty Creek 117 

Figure 5.24. Relation between number of L W D pieces per 100-m stream length and mean 

channel width for Casualty Creek 120 

Figure 5.25. Relation between number of L W D pieces per 100-m stream length and 

mean channel width for Bachelor Creek 121 

Figure 5.26. Relation between number of L W D pieces per 100-m stream length and 

drainage area in Bachelor Creek 122 

Figure 5.27. Relation between number of L W D pieces per 100-m stream length and 

drainage area in Casualty Creek 123 

Figure 5.28. Relation between number of L W D pieces per 100-m stream length and 

drainage area in Bachelor and Casualty Creeks 124 

xiv 



Figure 5.29. Relation between the percentage of LWD pieces oriented perpendicular to 

the channel and mean channel width for Casualty Creek 125 

Figure 5.30. Relation between the percentage of LWD pieces oriented perpendicular to 

the channel and mean channel width for Bachelor Creek 126 

Figure 5.31. Total roughness elements per 100-m stream length. Roughness elements 

considered are L W D and boulders with a b-axis >1 m 129 

xv 



Chapter 1 

Introduction 

1 

Forestry is the largest industry in the interior of British Columbia. Increasingly, 

citizens, land managers, and municipalities are becoming concerned about the impacts of 

logging on streams. Logging frequently occurs upstream of major rivers or lakes, which 

are often locations of fish habitat and/or a supply for drinking water. Decreases in fish 

populations and water quality have been attributed to a variety of causes, with logging 

often identified as a major contributor. As a result, regulations governing road building, 

extent of logging, and reforestation have been implemented. However, concerns often 

arise regarding the effectiveness of regulations designed to protect freshwater resources. 

For this reason, further studies are necessary to evaluate the cause and effect relations 

between logging practices and stream conditions. 

In coastal areas of British Columbia, extensive research has been undertaken to 

evaluate the impacts of logging on watershed hydrology and aquatic habitat. Stream 

morphology has been identified as a key control of habitat quality in forested, 

mountainous watersheds and, hence, many studies have focused on investigating impacts 

of logging on stream morphology. Morphology of a stream is influenced by 

physiographic properties of the watershed. Therefore, changes in stream morphology 

reflect changes in basin properties, such as the hydrological regime and riparian zone 

forest. Despite the importance of the forestry industry and rising concerns about the 

effects of logging, minimal research has been conducted which assesses the influence of 

logging on stream morphology in drainage basins of interior British Columbia. 

The Northern Selkirk Mountains of British Columbia contain old growth forest, 

which is a valuable source of timber, and, as a result, logging occurs in many watersheds. 

A unique problem facing forest and stream managers in this region is the high magnitude 

and frequency snow avalanche disturbance regime. It has been suggested that because the 

frequency of snow avalanches in the Northern Selkirks is very high, the additional effects 

of logging on stream systems may be minimal in comparison to the natural disturbance 

regime (Williams, pers. comm.). The interior rainforest of the Northern Selkirks is 

valuable habitat for a variety of old growth dependent species, including Mountain 
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Caribou, which is listed as one of North America's most endangered species. Two 

national parks, Mt. Revelstoke and Glacier, have been designated in the Northern 

Selkirks. Streams in this region drain into Kinbasket and Revelstoke reservoirs, which 

are productive aquatic ecosystems and important providers of hydroelectric power. The 

Northern Selkirk Mountains represent a complex region for land managers. 

Two companies have rights to the majority of timber of the Northern Selkirk 

Mountains: Evans Forest Products (Golden) and the Revelstoke Community Forest 

Corporation. These companies are governed by the B.C. Forestry Practices Code, which 

is designed to ensure logging is sustainable. The Forest Practices Code protects riparian 

zone forest, critical to the health of streams, for reaches that contain fish. However, 

upper streams and reaches containing no fish have less stringent requirements for the 

buffer zone. The width of buffer zone required by the code also varies based on hillslope 

gradient and channel width, and generally ranges from 5 to 30 m. The size of buffer zone 

necessary to protect streams is debated among foresters, freshwater researchers, and 

environmentalists alike. 

The primary objectives of this study are: (i) to document the character of stream 

morphology in a pristine watershed of the Northern Selkirks (ii) to examine the relation 

between snow avalanches and stream morphology in two basins of the Northern Selkirks, 

and (iii) to evaluate the impacts of logging on stream morphology in a basin with a high-

magnitude and frequency snow avalanche regime. 

Stream morphology in a pristine watershed is evaluated through a survey of 

stream morphological variables. Snow avalanche paths are documented and the relations 

between avalanche paths and the channel are examined to determine the influence of 

snow avalanches on stream morphology. A paired watershed experiment is conducted to 

evaluate the possible impacts of logging on stream morphology. The control basin is 

located in Glacier National Park, while the treated basin is located on the northern 

boundary of Glacier National Park, and has been extensively logged since 1984. The 

basins were chosen for their similarities in physiographic properties and channel 

variables. Streams within the study basins are generally similar to those in other steep-

gradient, upper watersheds in the region. 
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To evaluate stream morphology, detailed surveys were conducted in the field to 

measure stream properties such as channel gradient, channel width and depth, and large 

woody debris. Stream morphology is classified and compared for different locations 

within each study basin, and between the control and treated basins. In addition, aerial 

photographs are used to assess differences in stream morphology and forest cover in the 

logged basin between pre-logging and post-logging conditions. Through an examination 

of stream morphology, insight can be gained into how stream and watershed processes 

interact in basins with high-magnitude and frequency avalanche regimes, and whether 

this interaction is modified as a result of logging. 
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Chapter 2 

Literature Review: Stream Morphology in Forested Mountainous Watersheds and 

the Impacts of Logging 

2.1. Introduction 

Fluvial geomorphological research considering the impacts of logging in forested, 

mountainous watersheds has mainly concentrated on coastal watersheds of British 

Columbia, Washington, Oregon, and California. Only a limited amount of study 

concerning this topic has been conducted in the interior of western North America, and 

most of this has occurred in Colorado, Montana, and Idaho (e.g., Heede, 1972; Megahan, 

1982; Troendle, 1987; Megahan and Ketcheson, 1996; Wohl et al., 1997). The Northern 

Selkirk Mountains are located in interior British Columbia and, similar to watersheds in 

coastal areas, are characterized by steep hillslopes, narrow valleys, and old growth forest. 

However, unlike coastal areas, the Northern Selkirks receive winter snow, most of which 

does not melt until spring. In addition, the Northern Selkirks have a snow avalanche 

disturbance regime that delivers large amounts of snow, ice, and debris to streams 

annually. To my knowledge, there have been no studies completed that evaluate the 

impacts of logging on stream morphology in forested, mountainous watersheds of interior 

British Columbia with snow avalanche disturbance regimes. 

2.2. Classification of Stream Morphology 

Classification of stream channels is an important procedure for identifying stream 

properties and understanding processes that dominate in a particular watershed. 

Morphological characteristics of stream channels are controlled by various environmental 

controls, and recognizing particular river morphologies provides an understanding of the 

specific controls in a watershed (Church, 1992; Knighton, 1998). In addition, stream 

classification provides such information without undertaking detailed study (Whiting and 

Bradely, 1993). 

Stream morphology is controlled by discharge, sediment delivery, geology, 

vegetation, climate, and land use (Church, 1992). Classification schemes based on 
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stream morphology have evolved in the process of attempting to produce a system that 

is useful for both researchers and land managers. To be useful, a classification system 

should be regionally independent, based on aspects of channel form that reflect channel 

processes, and consider the entire form of the stream reach in question (Montgomery and 

Buffington, 1997). 

Many classification systems are based on discharge and load, two particularly 

important variables that control channel pattern. Leopold and Wolman (1957) produced 

a classification scheme separating channels into straight, meandering, and braided 

channel forms. Straight channels are typically recognized as sediment load limited, while 

braided channels have an excess of sediment load, and are considered to be discharge 

(transport) limited. Meandering channels are not typically limited by either discharge or 

load, and are instead constrained by the size of the floodplain. This scheme has been 

expanded on to include several variations of straight, meandering, braided, and 

anabraching channels. Some classification schemes focus on the degree of sinuosity of 

channels, and whether a system is single or multi-channeled (Knighton, 1998). 

Schumm (1977) describes a typical stream morphology sequence from an 

erosional reach in the headwaters of a system, to a transport reach, to a deposition reach 

at the end of the system. Many conceptual models have been based upon Schumm 

(1977). For example, Church (1992) describes a similar transition for mountainous 

watersheds from small to intermediate to large channels, and further delineates stream 

morphology based on the size of sediment that is deposited in a channel and the ability of 

a stream to transport sediment. The majority of classification systems are based either on 

entire drainage networks from headwaters to the ocean, or focus on the large, main-stem 

rivers in the broad floodplains at the distal end of major, continent-scale watersheds. 

Headwater streams in mountainous terrain are important to consider because 

sediment and the effects of large-scale disturbances in upper basins are transferred 

through the stream network, and may significantly influence stream properties 

downstream. Whiting and Bradely (1993) and Montgomery and Buffington (1997) both 

propose process-based classification systems designed to assist land use managers and 

researchers to understand streams and watershed processes in mountainous, forested 

basins. 
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The classification scheme of Whiting and Bradely (1993) uses remote and field 

measurements to quantify the geometric properties of stream channels and watersheds, 

including hillslope gradient, channel gradient, valley width, channel width, channel 

depth, sediment size, basin condition, and large woody debris (LWD). L W D includes all 

wood in. or partially in, the stream channel that is larger than 1-m long and 0.1-m in 

diameter. Once channel properties are determined, three geometric ratios are calculated: 

(i) channel gradient vs. hillslope gradient, (ii) channel width vs. valley width, and (iii) 

mean sediment size vs. mean channel depth x channel gradient. The first ratio, channel 

gradient vs. hillslope gradient, provides an understanding of the probability of landslides 

vs. the ability of the stream to transport sediment. The second ratio, channel width vs. 

valley width, provides an estimate of the degree of hillslope/channel coupling; in other 

words, whether sediment delivered from hillslopes is deposited directly into the stream. 

The third relationship describes the Shields stress for the channel, assuming: i) the weight 

of water is 1000 kg/m ; ii) the sediment density is 2650 kg/m ; iii) the total boundary 

shear stress is approximately equal to the stress applied to the bed particles; and iv) that 

flow resistance due to bedforms is minimal (Whiting and Bradely, 1993). This 

assumption is only valid for streams that have bed material finer than cobble and no 

LWD, since boulder bed streams and streams with L W D tend to form a stepped 

longitudinal morphology that creates significant flow resistance. Finally, an 

alphanumerical code is assigned to the stream based on its geometric relationships, and a 

chart describes the processes contributing to channel morphology. The classification 

system by Whiting and Bradely, (1993) is useful because the stream's geometric 

properties can be measured by non-specialists to generalize the sediment transport regime 

and hillslope-channel interaction to provide an idea of the vulnerability of a stream to 

disturbance. However, morphological properties that provide variability in the sediment 

transport regime and aquatic habitat, such as LWD and bedforms, are not adequately 

considered. 

Montgomery and Buffington (1997) and Grant et al. (1997) allow for the 

classification of upper-watershed streams based on visual inspection of certain channel 

characteristics. Stream morphologies are categorized based on the bed material and 

bedforms into: (i) cascade, (ii) step-pool, (iii) plane-bed, (iv) pool-rifle, (v) dune ripple, 
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(vi) colluvial, (vii) bedrock, and (viii) forced morphologies (Montgomery and 

Buffington, 1997; Table 2.1). The above order of morphology from cascade to dune 

ripple corresponds to their conceptual model of a downstream progression of 

morphologies from headwaters to major valley streams, and is an elaboration of the 

erosion-transport-deposition model of Schumm (1977). Grant et al. (1990) define three 

scales of classification, which include sub-units (smallest scale), channel units, and 

channel reaches (largest scale) (Table 2.2). Four major types of channel units are 

recognized for steep gradient streams by Grant et al. (1990), which represent a hierarchy 

from erosional to depositional that is also an expansion of the Schumm (1977) model: (i) 

cascade, (ii) rapid, (iii) riffle, and (iv) pools, and a fifth minor channel unit, steps. While 

steps are technically sub-units, Grant et al. (1990) use steps as a channel unit because 

they represent a major break in the channel profile. The length of morphological features 

is not a primary defining characteristic in the Montgomery and Buffington (1997) 

scheme. Rather, the role of sediment, bedforms, and LWD in creating morphological 

features and the relation between features is the main classifying criteria. Another critical 

difference is that Grant et al. (1990) classify streams with steep gradients only, while 

Montgomery and Buffington (1997) allow for the classification of steep and lower 

gradient streams in upper watersheds. 

Transport capacity of streams generally decreases downstream, as channel 

gradient decreases more quickly than the depth of flow increases (Montgomery and 

Buffington, 1997). Montgomery and Buffington (1997) identify the transition from a 

transport-dominated morphology to deposition-response morphology as a critical location 

to monitor when assessing basin disturbance impact. This is because the location of the 

transition zone will shift upstream if the disturbance has caused an increase in material 

supplied to the channel and/or a decrease in the ability of the stream to transport material. 

Similarly, the location of the transition zone will shift downstream if a disturbance causes 

an increase in transport capacity and/or a decease in material supplied to the channel. 

The classification scheme devised by Montgomery and Buffington (1997) is a useful tool 

for identification of stream morphology through simple visual inspection. Land 

managers can use this information to make decisions regarding the potential impact of 

landscape disturbance on the system. However, long-term monitoring of a basin may 
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require more precise measurement of morphological features to identify changes in 

morphology and associated aquatic habitat due to basin disturbance. 

A major problem facing the classification of mountain streams is providing a 

system that is useful for researchers investigating particular aspects of geomorphological 

problems. The Whiting and Bradely (1993) system concentrates on the interaction 

between hillslopes and streams, and the ability of streams to propagate sediment 

downstream. The classification scheme of Montgomery and Buffington (1997) is useful 

for identifying the hierarchy of stream morphologies that are a result of certain watershed 

interactions between runoff, erosion, transport, and deposition of sediment and LWD. 

Grant et al. (1990) provide a useful scheme for detailed investigation regarding steep 

gradient streams, as three scales of stream length are defined, allowing for more precise 

relations to be defined and compared. The common element between all of these 

classification systems is an interest in the role of sediment and flow, and how these 

variables affect stream morphology. 

2.3. Stream Morphologies 

2.3.1. Step-pool Stream Morphology 

Step-pool morphology is an important feature of mountainous watershed streams. 

Montgomery and Buffington (1997) define step-pool streams as having longitudinal steps 

of bed material, such as boulders or LWD, spaced at intervals of about 1-4 bankfull 

widths, sub-critical flow in pools and supercritical flow over steps, and low width to 

depth ratios. Other studies have found that steps are spaced at intervals of 0.5 to 1.5 

channel bankfull widths (e.g., Whittaker, 1987; Chin, 1999). Steps and pools temporarily 

store sediment, provide aquatic habitat, and dissipate flow in steep gradient channels with 

high erosion potential (Abrahams et al., 1995). Boulders which form steps are believed 

to be transported only during high magnitude, low frequency flow events with 

approximately a 50 year return period (Grant et al., 1990; Abrahams et al., 1995; 

Montgomery and Buffington, 1997; Wohl et al., 1997; Chin, 1999). Bed steps form on 

the falling limb of the hydrograph of these flow events. Therefore, any disturbance 

within the watershed that modifies the size and composition of channel bed material or 
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the hydrologic regime of the watershed may affect the step-pool morphology 

(Abrahams et al., 1995; Chin, 1999). Although logging is known to influence sediment 

input and the hydrologic regime of streams, minimal research has been conducted which 

directly considers the influence of logging on the morphology of step-pool streams. 

Researchers studying step-pool morphology adopt two main approaches for data 

collection: field-based studies and flume studies. In field-based studies, stream 

morphology properties are measured, including channel gradient, channel bankfull width 

and depth, step height, step length, along with bed-load sediment size and LWD size and 

frequency (Grant et al., 1990; Wohl et al., 1997; Chin, 1999). If available, discharge 

measurements are used to characterize the hydrological regime of streams, or if gauging 

stations do not exist, discharge estimates are made using various numerical approaches. 

Wohl et al. (1997) used numerical estimates of flow velocity, shear stress, and stream 

power per unit area combined with channel dimension measurements to show that steps 

serve to maximize flow resistance for streams in northwest Montana. Flume experiments 

usually measure morphological properties using controlled discharges to simulate various 

discharge magnitudes. For example, Whittaker and Jaegii (1982) used flume studies to 

show that gravel bedforms form around the largest bed particles. Abrahams et al. (1995) 

used a flume with a constant discharge and a gravel bed to show that the form of step-

pool morphology maximizes flow resistance. 

An unresolved problem facing step-pool researchers is a lack of understanding of 

the processes that produce step-pool morphology. Judd and Peterson (1969) first 

suggested that steps form as a consequence of antidunes formed during high flows 

downstream of large, immobile glacial erratics or boulders deposited via mass 

movements that block the stream channel (Abrahams et al., 1995). Similarly, Ashida 

(1984) proposed that steps are antidune bedforms deposited during high discharges that 

produce standing waves. Wohl and Grodek (1994) observed steps forming in an Israel 

watershed during flows that did not completely submerge bed clasts, and, they point out, 

clasts need to be completely submerged for antidune formation. Abrahams et al. (1995) 

tested a hypothesis of Davies and Sutherland (1980), that stream channels tend to 

maximize flow resistance. Maximum flow resistance occurs when the energy dissipation 

by steps is maximized, which is achieved when the loss of elevation due to steps is 



10 
maximized. Abrahams et al. (1995) found that steps form when the Froude number is 

well below that needed for antidune formation, and argue that steps form to maximize 

flow resistance. 

An important consequence of a stepped bed is the dissipation of flow energy as 

water tumbles over a step. Reduction in flow energy causes a reduction in the erosive 

capacity of a stream, and, therefore, steps are associated with morphologic stability in 

steep channels. Processes causing step formation are often analyzed by measuring the 

relations between hydraulic properties. Abrahams et al. (1995) determined that the 

maximum tlow resistance, and, therefore, the maximum stability, occurs when the 

relationship of: 

step height (H)/step length (L)/channel gradient (S) 

is greater than 1. For example, data collected in stable step-pool streams in the Rocky 

Mountains of Montana, west of the continental divide had H/L/S values between 1 and 2, 

and, therefore, are considered stable (Wohl et al., 1997). 

In forested areas, log steps play an important role in stepped bed morphology 

(Heede, 1972; Chin, 1999). Wohl et al (1997) examined the relationship between log 

steps and boulder steps, and found no significant differences with respect to step spacing 

and step height. Wohl et al. (1997) found that when log steps are immobile, boulder 

steps adjust to maintain a constant pattern of step length and step height. When mobile, 

logs are incorporated into the bedload, and stable step-pool morphology is attained (Wohl 

et al., 1997). Keller and Swanson (1979) found that log steps form at intervals of 1 to 2 

channel bankfull widths, similar to boulder steps (Chin, 1999). However, log steps differ 

from boulder steps in that they are derived from riparian zone trees that fall into the 

stream and are incorporated into channel morphology (Chin, 1999). For this reason, any 

alteration to the riparian zone could impact step-pool morphology. 

2.3.2. Plane-bed Morphology 

Plane-bed morphology has received little attention from researchers. The term 

plane-bed corresponds to the definitions of glide, riffle, and rapid morphologies defined 

by other classification systems (e.g., Bisson et al., 1982) (Montgomery and Buffington, 
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1997). Plane-bed channels lack discrete bars, have relatively straight channels, and are 

characterized by long sections of a relatively featureless channel bed (Montgomery and 

Buffington. 1997; Table 2.1). This condition is often attributed to a relatively low width 

to depth ratio. However, plane-bed channels may have an armoured bed surface 

indicating that the stream is limited in its ability to mobilize sediment into discrete 

bedforms. Montgomery and Buffington (1997) recognize plane-bed channels as 

transitional between supply-limited and transport-limited reaches. The channel bed 

sediment size in plane-bed streams varies from sand to boulder (Montgomery and 

Buffington, 1997) 

2.3.3. Pool-riffle Morphology 

Pool-riffle morphology exhibits lateral oscillations of bedforms as well as vertical 

oscillations in bed topography. High points in the vertical oscillation of bedforms are 

riffles, and the low points are pools. Pools are typically spaced at intervals of 5-7 channel 

bankfull widths (Leopold et al., 1964), although, this ratio may decrease in channels with 

a high supply of LWD (Montgomery et al., 1995). Bars develop in a lateral pattern, 

which facilitates meandering flow (Montgomery and Buffington, 1997). Bars may form 

freely as a result of cross-channel flow, or may be forced by in-stream obstructions, such 

as LWD (Montgomery and Buffington, 1997). Pool-riffle morphology provides 

important habitat for fish. Salmonids and trout use riffles for spawning, and pools 

provide the most widely used habitat in a stream ecosystems (Duncan and Ward, 1985). 

Research on the influence of logging on pool-riffle streams has focussed mainly on the 

effect of fine sediment contamination on spawning riffles in coastal areas, as this problem 

is critical for salmon populations. Studies show that fine sediment clogs spawning gravel 

and binds sediment that prevents transport, a critical element of the dynamic nature of 

pool-riffle streams. 

2.4. Large Woody Debris 

Large woody debris is an important element of stream morphology in mountainous, 

forested streams (Heede, 1972; Keller and Swanson, 1979; Megahan, 1982; Hogan, 1987; 



McDade et al., 1990; Nakamura and Swanson, 1993; Reid and Hilton, 1998). L W D 

creates channel variability by deflecting flow and forming steps to create eddies and 

pools that provide quality aquatic habitat (Cherry and Beschta, 1989; McDade et al., 

1990). Flow energy is controlled by anchored LWD, LWD steps, and LWD jams, thus 

reducing bank erosion, sediment transport, and the impact of floods (Heede, 1972; Keller 

and Swanson, 1979; Wohl et al., 1997). In addition, LWD and LWD jams help to 

maintain water quality by storing fine sediment that would otherwise be mobile in the 

stream (Heede, 1972; Mosely, 1981; Hogan, 1987). Megahan (1982) found that L W D in 

an Idaho stream was essential for the temporary storage of sediments. 

The role of L W D varies depending on stream order in mountainous, forested 

watersheds (McDade et al., 1990; Nakamura and Swanson, 1993). In steep first and 

second order channels constrained by narrow valleys, logs form steps that dissipate flow 

energy (Nakamura and Swanson, 1993; Reid and Hilton, 1998). LWD in third and fourth 

order streams with narrow fioodplains accumulates in debris jams that span the channel 

and form steps, store large volumes of sediment, and widen the channel above the jam 

(Nakamura and Swanson, 1993; McDade et al., 1990). Fifth and sixth order streams with 

wide fioodplains contain LWD that accumulates on bars and deflects flow, promoting 

lateral channel migration and increased sinuosity (Nakamura and Swanson, 1993). 

Interaction between the riparian zone and the stream is critical for LWD to be 

incorporated into stream morphology (Heede, 1972; Keller and Swanson, 1979; Hogan, 

1987; McDade et al., 1990; Nakamura and Swanson, 1993; Reid and Hilton, 1998). The 

natural recruitment of L W D to the stream channel occurs as a result of blow-down, bank 

erosion, debris flows, and landslides (Keller and Swanson, 1979). McDade et al. (1990) 

investigated source distances of LWD for 39 unlogged streams in western Oregon and 

Washington, and found that hillslope gradient, forest age, and tree size, density, and 

species all had an influence on the source distance. On average, McDade et al. (1990) 

found that while 70% of LWD originated from within 20 meters of the channel edge, 

only 11% of L W D came directly from the stream bank, indicating that stream banks were 

not being heavily eroded. Similarly, Reid and Hilton (1998) found that 90% of L W D 

originated from within 50 meters of the stream edge in unlogged watersheds of northern 

California. 
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When logging occurs near streams or behind riparian buffer zones, LWD 

recruitment is effected due to the removal of trees near streams, and exposing the riparian 

buffer zone trees to wind that causes blow-down (Hogan, 1987; Reid and Hilton, 1998; 

Collier and Baillie, 1999). State of decay can offer insight into a population of LWD in a 

stream because the longer the L W D is present in a stream, the more it will decay. By 

examining the decay state of LWD, Collier and Baillie (1999) found that the average age 

of LWD was "older"' in the twenty year period following riparian zone logging due to a 

decrease in LWD recruitment in a stream in New Zealand. Reid and Hilton (1998) 

examined the difference in LWD input into streams in logged and unlogged northern 

California watersheds. It was found that an initial influx of LWD resulted from blow 

down in a 30-m riparian zone caused by exposure to wind due to clearcuts behind the 

buffer zone. However, it was estimated that the LWD input rate will drastically decline 

due to a significant reduction in riparian zone tree density caused by the blow down (Reid 

and Hilton, 1998). 

Hogan (1987) found that the size and abundance of LWD input declined in 

streams on the Queen Charlotte Islands, B.C. causing an overall decline in channel 

morphological complexity. Due to a reduction in LWD size, LWD in streams changed 

from predominately perpendicular to downstream orientations, thereby reducing sediment 

storage and flow disruption in the channel (Hogan, 1987). Cherry and Beschta (1989) 

also showed that dowel (small, cylinder-shaped pieces of wood used to resemble LWD), 

oriented downstream in flume studies caused less bed scour and resulted in a less 

complex bed surface than dowel oriented upstream or perpendicular to flow. 

Many forestry regulations require logging operations to leave a buffer zone to 

maintain the natural interaction between the riparian forest and the stream. However, the 

size of buffer zone that is necessary to maintain LWD recruitment is largely unknown. 

To be effective, riparian buffer zone management should consider the distance from the 

source of LWD to the particular stream channel being considered (Reid and Hilton, 1998; 

McDade et al., 1990). Reid and Hilton (1998) found that it is ten times more likely for a 

tree to fall in a 30 meter buffer strip with a clearcut behind it than in a riparian zone with 

intact adjacent forest. Reid and Hilton (1998) suggest that a transitional buffer of 



14 
selectively logged forest is necessary to protect the core riparian buffer zone and 

maintain stable inputs of LWD. 

2.5. Snow Avalanches 

Snow avalanches are a major element of the disturbance regime in the watersheds 

for this study, and deliver significant amounts of snow, ice, and debris to the valley 

bottom annually. Mass wasting processes, such as landslides, deliver mostly sediment to 

the channel system. Processes that deliver sediment, snow, and woody debris from 

hillslopes to the valley bottoms occur at a variety of temporal and spatial scales, and 

logging activity in steep, mountainous watersheds may influence these processes. Basin 

geology, hydrology, hillslope gradient, soil type, precipitation, and vegetation all act 

together to control the type, magnitude, and frequency of mass movements and snow 

avalanches (Swanston and Swanson, 1976). Mass movements have a well-documented 

influence on morphology of streams coupled to hillslopes in forested, mountainous 

watersheds (e.g., Swanston and Swanson, 1976; Reneau and Dietrich, 1990). However, 

the role of snow avalanches in shaping stream morphology is largely unknown. 

Most studies of snow avalanches focus on prediction or estimation of magnitude 

and frequency of events. Schaerer (1977) describes the different terrain types that 

accommodate snow avalanches at Roger's Pass in the Selkirk Mountains of British 

Columbia, which lies approximately 20 km south of the Casualty Creek study area 

(Figure 3.1). Cliffs, gullies, and lee slopes are conducive to snow avalanches. However, 

Schaerer (1977) concludes that climatic factors, including aspect and elevation, are more 

critical than terrain morphology for the estimation of snow avalanche frequency. Smith 

and McClung (1997) found that the frequency and magnitude of snow avalanches in 

Roger's Pass are high, and can be described using a Poisson distribution. Snow 

avalanche magnitude and frequency were found to be correlated to terrain variables 

including path roughness, thirty year maximum water equivalent, location (east-west of 

Roger's Pass summit), wind exposure, and run-out zone elevation and inclination. The 

classification of snow avalanche magnitude is based on destructive potential, and 
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avalanches in Roger's Pass are capable of attaining the highest destructive class 

(McClung and Schaerer, 1981). 

Few studies consider the morphological influences of snow avalanches on 

geomorphological systems. Butler (1989) describes pit and mound surface morphology 

on sub-alpine avalanche slopes formed by uprooting of trees by snow avalanches. Snow 

avalanches have also been identified as creating avalanche plunge pools, which are 

formed by large avalanches that scoop material from the valley bottom and push it up the 

opposite hillslope (Davis, 1962; Smith et al., 1994). As a result of plunge pool formation, 

an avalanche tongue is sometimes formed on the distal bank of the valley bottom 

(Corner, 1980). Smith et al. (1994) found that avalanche paths contribute significant 

amounts of sediment to valley bottoms during episodic high magnitude events. The 

introduction of sediment to channel systems may influence stream morphology. 

Moreover, large-scale avalanches may disrupt in-stream morphological structures. 

Therefore, it is likely that snow avalanches affect stream morphology. An outstanding 

problem in our understanding of forested, mountainous streams is the impact of snow 

avalanches on stream morphology. 

2.6. Erosional Influences of Logging 

The primary sediment sources associated with logging in forested mountainous 

watersheds are logging roads (Reid and Dunne, 1984; Megahan and Ketcheson, 1996), 

channel widening (Dunne and Leopold, 1978; Roberts and Church, 1986; Hetherington et 

al., 1987; Hogan, 1987; Hartman et a l , 1996; Reid and Hilton, 1998), and landsliding 

(Swanston and Swanson, 1976; Rood, 1984; Jakob, 2000). Interior British Columbia 

basins are expected to suffer less from landslides and mass wasting associated with 

logging due to the lower soil moisture regime, and a lack of winter rain-on-snow events. 

Overland flow erosion on road surfaces and channel widening are major 

contributors of fine sediment to channels. The introduction of large volumes of fine 

sediment causes a deterioration of aquatic habitat, especially for trout and salmonids 

(Duncan and Ward, 1985). Reid and Dunne (1984) evaluated sediment production from 

gravel roads used for logging in the Olympic Mountains, Washington. Road ditches were 
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gauged for runoff volumes during precipitation events and suspended sediment loads of 

runoff in ditches were measured (Reid and Dunne, 1984). Traffic volume was found to be 

a major influence on the amount of sediment erosion (Reid and Dunne, 1984). Megahan 

and Ketcheson (1996) also found that significant volumes of sediment were moved from 

logging roads to streams due to overland flow in an Idaho basin, and that 70% of the 

sediment measured over 4 years occurred in the first year after road construction. 

On Vancouver Island in B.C., the stream morphology of Carnation Creek was 

evaluated for five years pre-logging, six years during logging, and five years post-logging 

(Hetherington et al., 1987). Results showed that the channel widened due to bank erosion 

caused by increases in peak flows and logging in the riparian zone. Riparian zone 

logging caused a decrease in channel bank cohesiveness that facilitated erosion, and peak 

flows increased the erosive capacity of Carnation Creek (Hetherington et al., 1987). 

Roberts and Church (1986) found that channel widening associated with logging 

in riparian zone forest altered the in-stream sediment characteristics of streams in the 

Queen Charlotte Islands. The construction of a sediment budget showed that the major 

change induced by logging was the alteration of in-channel sediment storage (Roberts 

and Church, 1986). Roberts and Church (1986) classified the in-channel sediment as 

mega-bedforms called "sediment wedges" that can be recognized by an increase in 

channel width and decrease in channel depth that may extend for up to one kilometer in 

length. Channel width was linked to logging through historical air photo analysis, which 

showed that pre-logging stream bank vegetation was old-growth forest, indicating that the 

channel width was stable for at least 300 years prior to logging (Roberts and Church, 

1986). 

2.7. Watershed Hydrology 

There are significant differences between the hydrological regimes of forested 

mountainous watersheds in different regions of western North America. Critical 

differences exist between coastal and interior watersheds, and yet the majority of research 

on the impacts of logging on watershed hydrology has been undertaken in coastal areas. 

Coastal watersheds have mild winters, and the most significant annual hydrologic events 
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are rain-on-snow floods that occur mainly during winter months. Interior watersheds 

are subject to freezing winters, and the most significant annual hydrological event 

typically occurs in spring or early summer as the winter snowpack melts. Because of this 

difference, the impact of logging on watershed hydrology may differ between interior and 

coastal watersheds. The impact of logging on snow-pack is especially important in 

interior watersheds, as snowmelt largely controls the spring runoff. Some basins in both 

coastal and interior watersheds are supplied by glacial melt in late summer. This source 

of runoff is a critical supply for streams in regions with low rainfall during the summer. 

A key research area in forest hydrology for many years has been the effects of 

logging on streamflow (e.g., Austen, 1934; Hoover, 1945; Lowdermilk, 1950; Hursh, 

1951; Dunford, 1962) (Miller et al., 1988). Field-based studies require many years of 

monitoring to accurately assess the effect of logging on annual water yield and peak 

flows, as discharges vary significantly from year to year (e.g., Hetherington, 1987; 

Troendle, 1987; Miller et al., 1988; Ziemer, 1998; Jones, 2000). Studies undertaken in 

Colorado, northern California, the Pacific Northwest, and coastal B.C. have shown that 

logging may affect soil moisture content and surface runoff during the growing season 

due to a decrease in evapotranspiration (e.g., Golding, 1987; Troendle, 1987; Jones and 

Grant, 1995; Thomas and Megahan, 1998; Ziemer 1998; Bowling, 2000; Jones, 2000). 

Ziemer (1998) examined second growth, logged, and mature intact forests in 

northern California, and found that peak runoff differed only during the dry (growing) 

season, and only for small storms. If the ground was already saturated, or quickly 

became saturated in a large storm, the difference in soil moisture between logged and 

unlogged basins was not sufficient to cause variation in the peak flow in the main stream. 

Ziemer (1998) estimates that groundwater makes up the majority of the missing 

component of the hydrologic budget, based on unexpectedly high flow discharges 

downstream from the study area. 

In a study of several streams in the western Cascades in Oregon, Jones and Grant (1995) 

found that peak flows increased by 50% in small basins and 100% in large basins due to 

logging and the presence of logging roads. However, Thomas and Megahan (1998), in a 

re-analysis of the data of Jones and Grant (1995), were unable to find any significant 
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changes in large watershed peak flows, but found that peak flows in small basins 

increased by 90% due to the effects of clearcutting and logging roads. 

Bowling et al. (2000) analyzed 23 watersheds in western Washington, and found 

that, due to climatic change, peak flows decreased in all basins, logged and unlogged. 

However, using a paired watershed design it was found that logged basins experienced an 

increase in the magnitude and frequency of discharge peaks relative to unlogged (control) 

basins for flows with approximately a 10-year return period (Bowling et al., 2000). 

Clearcut logging and roads associated with logging were identified as the major cause of 

the differences in hydrological regimes. A seven-year groundwater study by Troendle 

(1987) of logged and unlogged basins in Colorado revealed that 90% of the outflow was 

through the subsurface. The logged basin experienced a 50% increase in groundwater 

base flow, and a 15% increase in annual water yield. 

In locations where snowmelt runoff is a major hydrological event annually, 

studies indicate that the effects of clearcutting and logging roads on peak flow may be 

greatest during the spring melt in interior basins and during rain-on-snow events in 

coastal areas. Golding (1987) used a paired watershed design and found that winter rain-

on-snow events produced the largest difference between peak flows in logged and 

unlogged basins in the Seymour River watershed, near Vancouver, B.C. Peak flows 

during winter rain-on-snow events were 13.5% higher in the logged basin than in the 

unlogged basin (Golding, 1987). Hetherington (1987) found that over a 16-year period 

annual water yield was 14% greater in logged basins, and peak flows for storms at all 

times of the year were up 20% post-logging in Carnation Creek, Vancouver Island. In 

addition, Hetherington (1987) found that summer low flows were 78% greater in 

unlogged basins. 

Jones (2000) found that increases in winter snow packs caused increases of 25-

31% in rain-on-snow event peak discharges in logged basins of the H.J. Andrews 

Experimental Forest in the western Cascades. However, the largest increases in peak 

discharge occurred in association with changes in evapotranspiration in the first decade 

following harvest (31-116%), and sub-surface flow interception by logging roads (13-

36%). 



Snowpack characteristic is another important aspect of watershed hydrology to 

consider in watersheds of the interior of North America, as the peak flow event, spring 

runoff, is largely influenced by snowmelt. Troendle (1987) found that the peak water 

equivalent of snowpacks in logged basins in Colorado increased by 14-16%, and that 

annual yield of surface and groundwater runoff increased by 15%. In analysis of land 

cover vegetation using a hydrological model, the effects of logging on snow 

accumulation and spring runoff in the Columbia River basin, which includes the Bachelor 

and Casualty Creek study areas, were modeled (Matheussen et al., 2000). Results show 

that logging increases snow accumulation, and, therefore, the magnitude of spring runoff 

(Matheussen et al., 2000). 

2.8. Aquatic Habitat: the link between stream morphology and aquatic ecology 

Watershed disturbances have a major influence on stream ecosystems due to their 

impact on stream geomorphology (Gregory et al., 1991; Holopainen and Huttunen, 1992; 

Hartman et al., 1996; Richards et a l , 1996; D'Angelo et al., 1997; McBain and Trush, 

1997; Jones et al., 1999; Stevens and Cummins, 1999). The physical structure of stream 

channels and the hydrologic regime of watersheds form the template for biological 

responses in streams. The physical structure of the channel and the hydrological regime 

are, in turn, controlled by geomorphological factors within the watershed, such as 

discharge, sediment, hillslopes, and vegetation. Stream ecological communities are, 

therefore, dependent on the physical attributes of the watershed. Over extended river 

reaches, biological communities are established which approach equilibrium with the 

dynamic physical conditions of the channel (Vannote et al., 1980). Therefore, the impact 

of logging on stream ecosystems can be evaluated by determining the impact of logging 

on stream morphology (Holopainen and Huttunen, 1992; Hartman et al., 1996; D'Angelo 

et al., 1997; McBain and Trush, 1997; Jones et al., 1999). 

The riparian zone is often degraded due to watershed disturbance, and is closely 

linked to both stream ecology and stream geomorphology (Holopainen and Huttunen, 

1992; Gregory et al., 1991). The riparian zone forest is the main source of LWD, a 

critical component of morphology in many streams. Links between the riparian zone and 
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stream ecology are well documented. Autotrophic organisms such as benthic algae 

require certain amounts of sunlight, and if the riparian canopy is blocking too much 

sunlight stream organisms rely on allochthonous food resources (Gregory et al., 1991; 

Holopainen and Huttunen, 1992). Riparian vegetation is responsible for the input of 

allochthonous food resources in the form of large woody debris and leaf litter. Riparian 

zones also play a key role in regulating the amount of dissolved nutrients entering the 

stream. Dissolved nutrients are transported to streams mainly through groundwater flow, 

and riparian vegetation absorbs nutrients from groundwater before it reaches the stream 

(Gregory et al., 1991). The retention of fine and coarse particulate organic matter is 

essential to allow decomposition of organic material into a food resource for stream 

organisms. Riparian inputs of L W D and LWD jams help to retain fine and coarse 

particulate organic matter by creating areas of low flow velocity, which allows for 

decomposition (Palmer et al., 1996). The trophic structure of aquatic invertebrates, a key 

component of the stream ecosystem, reflects the importance of riparian vegetation as an 

allochthonous food source as well as the type of vegetation present (Gregory et al., 1991). 

Aquatic vertebrates rely on the structural complexity created by riparian woody debris for 

healthy and productive populations (Gregory, 1991). The links between stream ecology 

and the riparian zone are many and complex, and ecosystem health is dependent upon a 

healthy, functioning riparian zone. 

Several studies have evaluated the impact of forestry disturbances on stream 

ecosystems by evaluating stream morphology. Hartman et al. (1996) evaluated stream 

hydrology, morphology, temperature, and trophic processes to evaluate the impacts of 

logging on salmon populations in Carnation Creek on the west coast of Vancouver Island. 

The above variables were evaluated in Carnation Creek both prior to and after logging, 

and several responses to the disturbance were found. Because the riparian vegetation was 

removed, LWD and jam volumes decreased drastically, reducing the structural 

complexity of the channel. Bank erosion caused the channel to widen and shallow, 

reducing pools crucial for vertebrate habitat and increasing the fine sediment content of 

gravel spawning beds. In-stream temperatures increased due to the removal of shade 

trees, and the input of leaf litter and organic material was reduced significantly (Hartman 

et al., 1996). The most drastic impacts of forestry disturbances on salmonid populations 
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in Carnation Creek were the result of habitat alteration associated with changes in 

stream morphology (Hartman et al., 1996). 

D'Angelo et al. (1997) confirmed that stream morphology affects habitat through 

flooding, flow velocity, streambed scour, and channel width to depth relationships. 

Algae in riffles, typical of streams in unlogged basins, were subject to less scour than 

algae in cascading morphologies, typical of logged basins (D'Angelo et al.. 1997). The 

study concluded that to fully understand the impact of a disturbance on a stream 

ecosystem, the geomorphic hierarchy of the stream must be considered, and linked to the 

system disturbance. 

Jones et al. (1999) examined the impacts of logging road networks on stream 

ecology through a study of basin hydrology and stream morphology. Within the H.J. 

Andrews experimental forest in Oregon, road networks caused increased floods and 

debris flows and subsequently reduced stream morphologic complexity. The loss of 

morphologic complexity caused a reduction in populations and species diversity. Jones 

et al. (1999) concluded that stream ecosystem resilience was compromised due to the 

morphological changes instigated by logging road networks in the study area. 

Monitoring the impact of disturbances on individual basin properties, such as 

hydrology, sediment yield, or aquatic ecology, requires an extended period of data 

collection. Assessing changes in morphology can provide an indication of the changes 

that occur to the system over many years, since stream morphology reacts to changes in 

basin properties over time. Single season research projects attempting to determine the 

impacts on specific stream parameters, such as discharge, often use stream morphology to 

evaluate changes in basin properties which have occurred over an extended time period. 

A paired watershed experiment can provide the data necessary for a comparison between 

logged and unlogged conditions. 
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Table 2.1. Classification of upper watershed streams (after Montgomery and 

Buffington, 1997). 

Dune Ripple Pool Riffle Plane Bed Step Pool 
Typical Bed Sand Gravel Gravel-cobble Cobble-
Material boulder 
Bedform Multilayered Laterally Featureless Vertically 
Pattern oscillatory oscillatory 
Dominant Sinuosity, Bedforms Grains, banks Bedforms 
Roughness bedforms (bars, pools), (steps, pools), 
Elements (dunes, ripples, 

bars), grains, 
banks 

grains, 
sinuosity, 
banks 

grains, banks 

Dominant Fluvial, bank Fluvial, bank Fluvial, bank Fluvial, 
Sediment failure failure failure, debris hillslope. 
Sources flows debris flows 
Sediment Overbank, Overbank, Overbank Bedforms 
Storage bedforms bedforms 
Elements 
Typical Unconfined Unconfined Variable Confined 
Confinement 
Typical Pool 5 to 7 5 to 7 None 1 to 4 
Spacing 
(channel 
widths) 

Cascade Bedrock Colluvial 
Typical Bed Material Boulder Rock Variable 
Bedform Pattern Random Irregular Variable 
Dominant Roughness 
Elements 

Grains, banks Boundaries 
(bed and 
banks) 

Grains 

Dominant Sediment Sources Fluvial, 
hillslope, 
debris flows 

Fluvial, 
hillslope, 
debris flows 

Fluvial, 
hillslope, debris 
flows 

Sediment Storage Elements Lee and stoss 
side of flow 
obstructions 

Pockets Bed 

Typical Confinement Confined Confined Confined 
Typical Pool Spacing 
(channel widths) 

<1 Variable Unknown 
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Table 2.2. Classification of streams in upper watersheds (after Grant et al., 1990). 

Length of Feature 
(channel widths) 

Nomenclature Used by 
G r a n t et al.(1990) 

Nomenclature used by 
Montgomery and 
Buffington (1997) 

10 2 to 10° Sub-unit: steps within units N / A 
10° to 10' Channel unit: pools, riffles, 

rapids, cascades, isolated 
steps 

Cascade, plane-bed step-
pool, pool-riffle, dune-riffle 

10 2 to 10 3 Channel reach: constrained, 
unconstrained 

N / A 



Chapter 3 

Study Area 

3.1. Introduction 

This study focuses on the impacts of snow avalanches and logging in forested 

mountainous watersheds of interior British Columbia. Few studies have examined the 

influence of snow avalanches on stream morphology, and studies considering the effects 

of logging on geomorphological systems have tended to focus on coastal regions in 

western North America. To effectively evaluate the impacts of logging on stream 

morphology in the present study, a paired watershed experiment was undertaken. 

The principle in paired basin studies is to establish experimental control by selecting 

watersheds that differ for only one variable or a chosen set of variables. In practice, it is 

very difficult to find two basins that are identical for all but a chosen variable, and studies 

using paired basin experiments are limited by the comparability of the control and the 

treated basin. To the extent that it is possible, physiographic characteristics, including 

geology, climate, and vegetation, for the control and the treated watershed, should be 

similar. Generally this means that the basins are located in close proximity to one 

another. Paired experiments do not require manipulation of the treated basin by the 

researcher, as generally the treated basin has already been altered in some way that 

differs from the control basin. Although a certain degree of variation between watersheds 

is inevitable, paired watershed experiments have a long history of success in 

geomorphological research (Church, 1984). Paired experiments allow for one or two 

parameters to vary under control, while many other parameters remain normally variable. 

Through statistical analysis of field measurements, parameters can be isolated and 

compared to determine what environmental factors have an influence on the 

geomorphology of the system. In this way, paired watershed studies can be considered 

proper scientific experiments (Church, 1984). 

Paired watershed designs have been employed by many researchers to determine the 

impacts of logging on watershed characteristics (e.g. Holopainen and Huttenen, 1992; 

Hogan, 1987; Curry and Devito, 1996; Bowling et al., 2000). Each of the paired basin 
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studies below are true scientific experiments, as: (i) a conceptual model is refuted or 

supported by the study, (ii) a specific hypothesis is being tested, (iii) a definition of the 

variables of interest is made, (iv) a specified sample methodology is followed using 

control for comparing the treated variables, (v) a data management system is used, and 

(vi) statistical analysis is used to establish or refute the hypothesis (Church, 1984). 

Bowling et al. (2000) evaluated runoff in several logged and unlogged basins in the 

coastal mountains of Washington and found that peak runoff increased at a higher rate in 

logged basins. Hogan (1987) compared three logged basins, three unlogged basins, and 

one logged basin with a main-stem stream that was scoured recently by a debris flow in 

the Queen Charlotte Islands, B.C., and found that logging increased channel width and 

decreased in-stream LWD. Holopainen and Huttenen (1992) compared six streams in 

Finland, four of which were logged and two that remained unlogged to show that logged 

streams had less diverse and less populated stream ecosystems due to a decrease in 

aquatic habitat associated with stream morphology alteration. 

The control basin for the present study, Casualty Creek, has similar physiographic 

characteristics as the disturbed basin. Bachelor Creek (Figure 3.lab). Differences and 

similarities between the chosen watersheds were evaluated by a combination of field data 

collection, air photo analysis, and existing information from the literature. To ensure that 

differences in stream morphology are due primarily to the effects of logging, the 

physiographic characteristics of each basin are evaluated. 

3.2. Basin Characteristics 

Casualty Creek, the control basin in the present study, is a tributary of Mountain 

Creek, which exists wholly within the boundaries of Glacier National Park in the 

Northern Selkirk mountains (Figure 3.lab). Mountain Creek drains into the Beaver 

River, a tributary of Kinbasket Reservoir, approximately 50-km northwest of Golden, 

B.C. Bachelor Creek, the logged basin, is a tributary of Gold River, which drains into 

Kinbasket Reservoir approximately 66-km northwest of Golden. Bachelor Creek is 

located in the Northern Selkirk Mountains, immediately to the north of Glacier National 

Park, and approximately 10 km from Casualty Creek. The contributing drainage area of 
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Casualty Creek at the downstream end of the study area is approximately 53 km 

(Figure 3.1c). Bachelor Creek has a contributing drainage basin area of 185 km 2 at the 

downstream end of the study area (Figure 3. Id). 

Because the control basin (Casualty Creek) and the logged basin (Bachelor Creek) are 

in close proximity to each other (approximately 10 km), many of the physiographic 

properties are similar. Bedrock is of the Hamill Group, and consists of highly resistant 

Neoproterozoic to Lower Cambrian medium grey argillaceous quartzite, light grey 

quartzite, and less resistant psammitic schist with minor greenstone (Colpron, 1996). 

Glacial and glacio-fluvial deposits, mainly glacial till, dominate the surficial sediments in 

both basins. 

Glacial and fluvial erosion have influenced the overall morphology of the study 

basins. The overall relief of the study basins is high, with the lowest point in the 

Bachelor Creek basin at 1190-m A M S L , and the highest point at 3015-m A M S L . The 

lowest point in the Casualty Creek basin is at 1160 m A M S L , while the highest point is at 

2740 m A M S L . Hillslopes adjacent to the study reaches in Bachelor and Casualty Creeks 

are coupled to the main-stem stream. Coupling of the hillslope to the main-stem stream 

allows snow avalanches, debris-flows, and landslides to deposit snow, woody debris, and 

sediment directly into the channel system. The mean vertical relief of hillslopes adjacent 

to Bachelor Creek is about 820 m. Hillslopes in Casualty Creek adjacent to the main 

stream have a mean vertical relief of about 845 m. Hillslope gradients adjacent to the 

study reaches of Bachelor and Casualty Creeks have mean gradients of 28° and 29°, 

respectively (Table 3.1). 

Aspect of all hillslopes in the Bachelor and Casualty Creek watersheds was 

measured using a digital elevation model in ARC VIEW, a geographic information 

system (GIS). Aspect of hillslopes is generally similar between the two basins. South 

aspect slopes are particularly important for the hydrologic regime of watersheds in the 

region, as spring snowmelt is influenced by heat from the sun. Within Casualty Creek, 

31% of hillslopes are south facing (112.5° to 247.5°), while 38% of slopes in Bachelor 

Creek are south facing (Table 3.2). 

Precipitation rates are high in the Northern Selkirk Mountains. The closest 

weather station is located within Glacier National Park at the Mt. Fidelity field station 



(elevation 1905 m), approximately 5-km southeast of Casualty Creek. Mean annual 

precipitation at the Mt. Fidelity station is 1600 mm, with about 70% falling as snow, and 

this provides a general idea of precipitation for the region (Allan et al., 1984). While 

there is no measured climatic data for the study watersheds, the properties of elevation, 

aspect, and vegetation provide an indication of climatic regime, and are similar between 

the two basins. 

Forests in the Northern Selkirks are classified as part of the Interior wet-belt, and 

consist mainly of old growth Engelman Spruce and Sub-alpine Fir (ESSF) forest or 

Interior Cedar Hemlock (ICH) forest (Allan et al., 1984). The climatic regime of the 

study basins can be evaluated using indicator tree species. ESSF forests typically have 

mean annual temperature regimes of -2 to 2 °C, whereas ICH forests have mean annual 

temperature regimes of approximately 2 to 8.7 °C. The precipitation regime of ESSF 

forest typically ranges from about 500 to 2200 mm annually, with 50-70% falling as 

snow. In contrast, ICH forests typically receive about 500 to 1200 mm precipitation 

annually, with 25-50% falling as snow (Meidinger and Pojar, 1991). The forest of the 

study basins is mainly ESSF on all aspects, indicating that the moisture regime is cold 

and wet. 

The valleys of both study basins trend north and northeast. In the heavily disturbed 

avalanche paths, alder is the dominant woody vegetation, and avalanche paths make up 

approximately 30-45% of the land cover below tree line in each study basin. Within the 

logged cut-blocks of the Bachelor Creek watershed, pine, spruce, and fir seedlings are 

growing, but most are presently less than 2 m high (Interior Reforestation Co. Ltd., 

2000). The tree line in the study areas is situated between 1830 and 1980 m A M S L . 

The hydrologic regime of the Northern Selkirks is dominated by spring snowmelt, 

with glacial runoff contributing to runoff in late summer. Discharge in the Northern 

Selkirks region is highest during the spring freshet, and is supplied by water from 

snowmelt and rainfall. Rainfall, snowmelt, and glacial runoff maintain late summer 

discharge, and many perennial streams exist, due to the relatively mild winter 

temperatures. Because of heavy precipitation and high spring runoff, streams in major 

valley bottoms are large, with stream orders of 5 not uncommon. About 10% of the study 
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basin of Bachelor Creek is glaciated, and 4.5% of the Casualty Creek study basin is 

glaciated. 

The Northern Selkirks receive heavy snowfalls producing a deep snow-pack with 

the potential for large destructive avalanches. Roger's Pass, approximately 10-km west 

of Casualty Creek, has a documented high magnitude and frequency snow avalanche 

regime (Smith and McClung, 1997). A considerable amount of snow, woody debris, and 

sediment is delivered to the main-stem stream of the study basins annually by snow 

avalanches (Smith and McClung, 1997). Snow avalanches occur mainly in established 

avalanche paths that are stripped of old growth forest and replaced by alder. 

Occasionally, a large snow avalanche forms a new avalanche path, or widens an existing 

avalanche path, and a massive amount of snow and woody debris is deposited in the 

main-stem stream channel (Figure 3.2). The density of area below tree line that exists as 

avalanche paths is 45% for hillslopes adjacent to Bachelor Creek between Reaches 1 and 

8, and 31% in Casualty Creek (Figure 3.led; Table 3.3). 

3.3. Logging in the Bachelor Creek Watershed 

Logging was initiated in the Bachelor Creek watershed in 1984, and all areas 

upstream and adjacent to the study area were logged prior to 1996. Reforestation of the 

cut-blocks has been attempted, although several cut-blocks have been classified as Not 

Sufficiently Restocked (NSR), and no seedlings are higher than 2 m (Interior 

Reforestation Co. Ltd., 2000). Land that is suitable for logging within the Bachelor 

Creek watershed exists on the bottom one-third of slopes where the hillslope gradient is 

gentlest. Adjacent to and upstream of the study area, approximately 34% of the operable 

land has been logged (Table 3.4). Riparian buffers of variable widths exist at all study 

reaches, except for Reach 4 and Reach 5 where logging to the channel bank has occurred 

(Figure 3.3). 

3.4. Channel Characteristics 



The main difference in the physiographic properties of the study basins is drainage 

area. Drainage area is significant because it is linked to stream discharge, which plays a 

key role in controlling stream morphology. A careful examination of stream channel 

characteristics was undertaken to ensure that Casualty Creek is a suitable control basin 

for determining the impacts of logging on stream morphology in Bachelor Creek. 

The distance from the uppermost study reach to the lowermost study reach in both 

the control (Casualty Creek) and logged (Bachelor Creek) stream is approximately 8 km 

long. This study area stretches from 1372 m A M S L in both basins to approximately 1158 

m A M S L in Casualty Creek and to 1189 m A M S L in Bachelor Creek. The study area in 

both streams is separated into eight distinct study reaches, numbered 1 -8 from upstream 

to downstream, each approximately 1 km apart (Figure 3.led). 

The gradients of Bachelor and Casualty Creeks are similar. The mean gradient of the 

study reaches in Bachelor Creek is 0.018, with a standard deviation of 0.013. The mean 

gradient of the study reaches in Casualty Creek is 0.017, with a standard deviation of 

0.008 (Table 3.5). A difference of means test shows the mean gradients of study reaches 

are not significantly different between Casualty and Bachelor Creeks, with p » 0 . 1 0 . 

Gradients of the valley profiles are also similar (Figure 3.4ab). The overall valley 

gradient is 0.024 for Bachelor Creek, and 0.030 for Casualty Creek. The shape of the 

valley profile of Bachelor Creek is mildly concave, while the valley profile of Casualty 

Creek is planar. Higher gradient typically corresponds with greater transport capacity for 

streams with similar discharges. Therefore, transport capacity in Bachelor Creek has 

greater variability than in Casualty Creek over the length of the section of stream 

surveyed due to higher variability in valley slope. Discharge is related to velocity, and the 

resistance caused by channel roughness elements limits velocity of flow. Since steeper 

gradient channels have higher transport capacity, the grain size is often rougher, and, as a 

result, resistance is higher and velocity of flow is often equal to, or lower than, 

downstream reaches with finer bed material and less flow resistance (Knighton, 1998). 

Stream order is similar for study reaches of Bachelor and Casualty Creeks. Reaches 

1-3 are stream order 3, and Reaches 4-8 are stream order 4 for both Bachelor and 

Casualty Creeks (Figure 3.led). Stream order was determined using the rules proposed 

by Stahler (1964). 
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The cross-sectional area of the stream in Bachelor Creek is comparable to Casualty 

Creek, despite having a larger drainage basin area (Table 3.6ab, Figure 3.5). The mean 

value of the bankfull cross-sectional area of Bachelor Creek in the study area is 

approximately 16 m 2 , with a standard deviation of 4.8, which is significantly smaller than 

the mean channel cross-sectional area for Casualty Creek (approximately 22 m , with a 

standard deviation of 6.2). However, error associated with channel width and depth 

measurements limits the results for cross-section area analysis. Error associated with 

channel depth measurement is estimated at ±0.1 m due to fluctuation in water levels 

during measurement. Channel depth was measured using water level as a datum, and the 

distance between water level and the top of the channel bank was added to give channel 

depth at bankfull flow. Similarly, error associated with channel width measurement is 

estimated to be +0.1 m due to changes in water levels, and the location of channel bank. 

The error for channel cross-section area is calculated with the equation: 

area = (wxd) + (wxO.l) + (dxO. 1) + (0.01) 

wherein w = channel bankfull width (m) and d = channel bankfull depth (m). The mean 

high estimate of cross-section area for Casualty Creek is 24 m 2 , with a standard deviation 

of 6.6, and for Bachelor Creek cross-section area is 18.5 m 2 , with a standard deviation of 

5.2. The mean low estimate for Casualty Creek is 20.3 m , with a standard deviation of 

5.8, and for Bachelor Creek is 14.2 m 2 , with a standard deviation of 4.5. A difference of 

means test shows that the mean high estimate for Casualty Creek is significantly different 

than the mean low estimate for Bachelor Creek (p<0.1) (Table 3.6a). However, the mean 

low estimate for cross-section area of Casualty Creek is similar to the mean high estimate 

for Bachelor Creek (p»0 .1 ) . This result shows that the channel of Casualty Creek may 

be comparable to Bachelor Creek, despite the drainage area of Bachelor Creek being 

significantly larger than the basin area of Casualty Creek. Nonetheless, any differences 

that do exist may limit the results of the paired basin experiment. 

While channel dimensions may be similar, a more critical variable for determining 

the comparability of Bachelor and Casualty Creeks is discharge. Discharge is a 

significant control of stream morphology, along with grain size, sediment supply, and 
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channel gradient. To effectively compare the stream morphology of the basins, the 

discharge should be similar. 

It is particularly important to demonstrate that the bankfull discharge estimates for 

Casualty and Bachelor Creek study reaches are similar because, the contributing areas for 

the study reaches in Casualty Creek are significantly lower than for Bachelor Creek 

(Table 3.6). 

There is no recorded discharge data available for either Bachelor or Casualty Creek. 

Therefore, a numerical estimate using channel dimensions and channel bed roughness 

estimates is made. To estimate velocity, the Manning equation is used: 

V = [(d)2/s(S)1/2]/n 

wherein d is mean bankfull depth (m), S is gradient (m/m), and n is a roughness 

coefficient based on mean channel bed grain size. The n values chosen for Bachelor and 

Casualty Creeks are based on the Strickler (1923) equation: 

n = 0.04(D50

m) 

wherein D50 is the median grain size of the channel bed (m). Manning n values are 

calculated as high and low estimates based on the error associated with channel bed 

median grain size. The error for this measurement is assumed to be + 0.01 m. Similarly, 

velocity calculations are made for high and low estimates based on the error associated 

with bankfull depth measurements (±0.1 m) and gradient measurements (±0.001 m/m) 

(Table 3.7 and 3.8). Velocity calculations are limited to those cross-sections that are free 

of L W D and LWD jams, and where grain size was directly measured. The mean high 

estimate for Bachelor Creek velocity is 3.3 m/s with a standard deviation of 1.1, and for 

Casualty Creek is 3.2 m/s, with a standard deviation of 1.0. The mean low estimate for 

Bachelor Creek is 2.3 m/s, with a standard deviation of 0.92, and for Casualty Creek is 

2.6 m/s, with a standard deviation of 1.3. 

Discharge can be estimated by multiplying the velocity estimate by cross-section area. 

Discharge estimates for Bachelor and Casualty Creeks are shown in Tables 3.9, 3.10, and 
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3.11. High and low estimates for discharge are made using high and low velocity 

estimates and channel cross-section area, based on the error associated with channel 

cross-section width and depth measurements. 

The mean high discharge estimate for Bachelor Creek is 60 m3/s, with a standard 

deviation of 19, and for Casualty Creek is 58 m /s, with a standard deviation of 44 (Table 

3.12). The mean low discharge estimate for Bachelor Creek is 32 m3/s, with a standard 

deviation of 12, and for Casualty Creek is 40 m /s, with a standard deviation of 39. A 

difference of means test between the high estimate for Casualty Creek (58 m /s) and the 

low estimate for Bachelor Creek (32 m3/s) shows that there is a significant difference to a 

90% confidence limit (p=0.10). A difference of means test for the low discharge estimate 
3 3 

of Casualty Creek (40 m /s) and the high estimate for Bachelor Creek (60 m /s) shows 

there is no significant difference, as p » 0 . 1 0 . The mean bankfull discharge of study 

reaches in Bachelor Creek is approximately 46 m3/s, with a standard deviation of 21, and 

the mean bankfull discharge of study reaches in Casualty Creek is about 49 m3/s with a 

standard deviation of 39. A difference of means test shows that the mean discharge 

estimates for Bachelor and Casualty Creeks study reaches are not significantly different, 

w i t h p » 0 . 1 0 . 

The Manning equation is used to calculate bankfull discharge flows. Typically, 

bankfull flow is achieved in streams approximately every 1-2 years (Church, 1992). 

Stream morphology can be influenced by flows that are lower than bankfull discharge. 

However, most research suggests that the majority of influence flow has on stream 

morphology occurs at bankfull conditions. In mountain streams, step-pool and cascading 

morphology seems to change only at high magnitude floods, with frequencies of 

approximately once every 50 years (Church, 1992). It is not possible to assess how often 

discharge reaches bankfull discharge in the study basins, as no extended record of 

discharge has been measured. Similarly, it is not possible to assess the effectiveness of 

flow to influence stream morphology at lower than bankfull stages, as an extended period 

of stream morphology survey correlated with discharge records is needed for such 

analysis. However, the estimation of bankfull discharges should be adequate for 

assessing the overall similarity of discharges between Bachelor and Casualty Creeks. 
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The Manning equation does not capture the true complexity of the hydraulic 

properties in streams. Measurement of discharge in the field would provide a better 

indication of discharge values for Bachelor and Casualty Creeks. As a result, the 

comparability of the study basins is limited by the error associated with discharge 

estimates. 

Contributing drainage area is often related to discharge. However, the nature of 

this relation may change between different drainage basins. Cross-sectional areas, 

channel gradients, and discharge estimates for study reaches in Bachelor and Casualty 

Creeks are similar, despite having different drainage basin areas. A possible explanation 

for this is the nature of one of the tributaries of Bachelor Creek. Benedict Creek is a 

tributary that enters Bachelor Creek at approximately km 3.1 of the study area, between 

Reach 3 and 4, and accounts for 27% (50.2 km2) of the total basin area in Bachelor 

Creek. Despite having nearly the same drainage basin area as Casualty Creek, however, 

Benedict Creek is only 3.5 m wide at its outlet, compared to Casualty Creek, which has a 

width of 18.5 m when the drainage area is 52.6 km 2 . Similarly, the mean depth of 

Benedict Creek is approximately 1 m, compared to Bachelor Creek, which has a mean 

depth of 1.5 m. Based on channel dimensions, it is predicted that Benedict Creek does 

not contribute a significant amount of discharge to Bachelor Creek, despite having a large 

drainage basin area. Therefore, a large portion of the contributing basin area of Bachelor 

Creek is contributing very little to overall discharge. 

3.5. Summary 

The suitability of Casualty Creek as a control basin for evaluating the impacts of 

logging on stream morphology of Bachelor Creek is limited by the discharge analysis and 

the errors associated with the Manning equation. The Manning equation does not provide 

results that are as reliable as direct field measurement of discharge. Nonetheless, 

discharge estimates using the Manning equation are generally similar between Casualty 

and Bachelor Creeks. However, the mean high discharge estimate for cross-sections in 

Casualty Creek is significantly different than the mean low discharge estimate for cross-

sections in Bachelor Creek. Therefore, while the study reaches of Casualty and Bachelor 



Creeks appear to be comparable, results of direct evaluation of stream morphology in 

Bachelor Creek using Casualty Creek as a control is limited by any error associated with 

discharge estimates. 

The Bachelor and Casualty Creek watersheds are similar with respect to bedrock and 

surficial geology, general topography, aspect, vegetation, relief, elevation, glaciation, 

precipitation, and climate. Furthermore, study reaches for Bachelor and Casualty Creeks 

have similar channel dimensions, and discharge estimates, despite having differences in 

drainage basin area. Hillslopes are coupled to the stream in the study basins of Bachelor 

and Casualty Creeks, causing hillslope processes to deposit material directly into the 

channel. Finally, the snow avalanche disturbance regime is similar in both Bachelor and 

Casualty Creek watersheds. 



Figure 3.1a. Location of study area in British Columbia. 
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Figure 3.1b. Study area of Bachelor and Casualty Creeks 



Figure 3.1c. Study area of Casualty Creek. 
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Figure 3.1 d. Study area of Bachelor Creek. 
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Table 3.1. Gradient of hillslopes adjacent to Bachelor and Casualty Creeks. 

Bachelor Casualty Bachelor Casualty Bachelor Casualty 
Aspect Aspect Hillslope 

Relief 
(m) 

Hillslope 
Relief 
(m) 

Gradient1 Gradient 

Reach 1 SE E 762.0 1128 0.48 0.47 
Reach 2 NW W 457.2 1097 0.35 0.73 
Reach 3 SE E 762.0 365.8 0.54 0.41 
Reach 4 NW W 1067 853.4 0.55 0.63 
Reach 5 SE SE 609.6 792.5 0.61 0.40 
Reach 6 NW NW 1067 762.0 0.47 0.77 
Reach 7 SE S 914.4 335.3 0.76 0.56 
Reach 8 NW N 914.4 1433 0.57 0.48 

Mean 819.2 845.9 0.54 0.56 
Standard 
Deviation 

214.6 375.8 0.12 0.14 

Values given are tangent slope. 



Figure 3.2. Destructive snow avalanche deposits: snow, sediment, and woody debris 

the stream channel of Casualty Creek. July 2000. 
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Table 3.2. Aspect of hillslopes in Bachelor and Casualty Creek basins. Expressed in 

percentage of slopes with a certain aspect. 

North West South South East 
292.5°- 202.5°- 112.5°- 157.5°- 22.5°-
67.5° 337.5° 247.5° 202.5° 157.5° 

Bachelor 38% 34% 38% 10% 48% 
Creek 
Casualty 34% 34% 31% 6% 42% 
Creek 

Table 3.3. Avalanche path density for hillslopes between Reach 1 and Reach 8 for 

Bachelor and Casualty Creeks. 

Hillslope Area 
(km2) 

Total Avalanche 
Path Area 

(km2) 

Avalanche Path 
Density (%) 

Bachelor Creek 43.2 19.3 45 
Casualty Creek 45.7 14.4 31 

Table 3.4. Logging in the study area of Bachelor Creek. 

Contributing 
Drainage Area 

(km2) 

Area Logged 
(km2) 

Operable Area 
(km2) 

Percentage of 
Operable Area 

Logged 
Reach 1 7S.4 15.1 51.1 29.5 
Reach 2 81.2 18.3 56.5 32.4 
Reach 3 85.0 19.5 61.3 31.8 
Reach 4 135.2 24.6 72.9 33.7 
Reach 5 158.4 27.0 81.3 33.2 
Reach 6 162.9 28.9 86.1 33.6 
Reach 7 171.7 30.8 91.3 33.7 
Reach 8 185.8 32.5 95.4 34.1 

Total 185.8 32.5 95.4 34.1 









Table 3.5. Channel gradients measured in study reaches of Bachelor and Casualty 

Creeks. 

Bachelor Creek Casualty Creek 
(tangent slope) (tangent slope) 

Reach 1 0.023 0.019 
Reach 2 0.019 0.029 
Reach 3 0.040 0.022 
Reach 4 0.023 0.006 
Reach 5 0.019 0.014 
Reach 6 0.008 0.007 
Reach 7 0.009 0.016 
Reach 8 0.003 0.020 

Mean 0.018 0.017 
Standard 0.013 0.008 
Deviation 



Figure 3.4a. Valley profile of the study area for Casualty Creek . 

Valley profile extends from the upstream end of Reach 1 to the downstream end of 

Reach 8. Gradients are given in tangent slope (m/m). 
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Figure 3.4b. Valley profile of the study area for Bachelor Creek1. 

1 Valley profile extends from the upstream end of Reach 1 to the downstream end of 

Reach 8. Gradients are given in tangent slope (m/m). 



Table 3.6a. Contributing drainage areas for Bachelor and Casualty Creeks. 

Site Bachelor Casualty 
Creek Creek 

Contributing Contributing 
Drainage Area Drainage Area 

(km2) (km2) 
Reach 1 78.4 19.5 
Reach 2 81.2 23.6 
Reach 3 85.0 26.7 
Reach 4 135.2 38.8 
Reach 5 158.4 40.1 
Reach 6 162.9 48.3 
Reach 7 171.7 50.9 
Reach 8 185.8 52.6 



49 
Table 3.6b. Channel cross-section area measurements, including error estimates, for 

Casualty and Bachelor Creek. 

Site3 Casualty Cross-section Area (m2) 2 
Bachelor Cross-section Area (m ) 

Measured High Low Measured High Low 
Error Error Error Error 

Estimate Estimate Estimate Estimate 
lAtoB 10.8 12.5 9.0 7.4 8.4 6.4 
ICtoD 8.6 10.1 7.2 20.5 22.8 18.2 
2AtoB 15.0 17.1 13.0 12.2 13.3 11.2 
2CtoD 13.3 15.0 11.6 19.2 21.0 17.4 
3AtoB 11.3 13.3 9.2 17.8 19.1 16.4 
3CtoD 15.9 18.2 13.5 27.6 30.1 25.1 
4AtoB 14.4 16.4 12.5 26.6 28.7 24.4 
4CtoD 14.8 16.9 12.8 24.8 26.8 22.9 
5AtoB 16.4 18.5 14.2 16.4 17.8 15.1 
5CtoD 16.4 18.7 14.2 21.3 23.0 19.5 
6AtoB 17.0 19.0 15.0 29.4 31.6 27.1 
6CtoD 19.4 22.2 16.6 23.8 25.8 21.7 
7AtoB 17.3 19.5 15.0 27.5 29.4 25.7 
7CtoD 17.6 19.8 15.4 24.8 27.0 22.6 
8AtoB 26.8 30.0 23.5 27.0 28.9 25.2 
8CtoD 26.3 28.7 23.953 27.4 29.5 25.2 
Mean 16.3 18.5 14.2 22.1 24.0 20.3 
Standard 4.8 5.2 4.5 6.2 6.6 5.8 
Deviation 

a Cross-section are measured at two sites in each study reach. Cross-section sites are 

shown in the plan view maps of study reaches, Appendix III. 
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Figure 3.5. Channel cross-section areas for Casualty and Bachelor Creeks. 
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Table 3.7. Velocity estimates for Bachelor Creek using Manning Equation1'. 

Site Depth 
(m)b 

Depth 
(m)b 

slope 
(m/m)c 

slope 
(m/m)1 

Grain 
size (m)d 

Grain 
size (m)d 

high low high low high low 
1CD 0.55 0.35 0.024 0.022 0.17 0.15 
2AB 0.66 0.46 0.021 0.019 0.17 0.15 
3CD 0.61 0.41 0.042 0.04 0.25 0.23 
4CD 0.65 0.45 0.02 0.018 0.21 0.19 
5AB 0.69 0.49 0.029 0.027 0.25 0.23 
5CD 0.66 0.46 0.014 0.012 0.24 0.22 
6AB 0.8 0.6 0.017 0.015 0.22 0.2 
6CD 0.62 0.42 0.002 0.001 0.18 0.16 
7CD 0.75 0.55 0.016 0.014 0.19 0.17 
8AB 0.75 0.55 0.0034 0.0014 0.09 0.07 

Roughness 
coefficient (n) 

Roughness 
coefficient (n) 

Velocity 
(m/s) 

Velocity 
(m/s) 

high low high low 
1CD 0.030 0.029 3.6 2.5 
2AB 0.030 0.029 3.8 2.7 
3CD 0.032 0.031 4.7 3.4 
4CD 0.031 0.030 3.5 2.5 
5AB 0.032 0.031 4.3 3.2 
5CD 0.032 0.031 2.9 2.0 
6AB 0.031 0.031 3.6 2.8 
6CD 0.030 0.029 1.1 0.6 
7CD 0.030 0.030 3.5 2.6 
8AB 0.027 0.026 1.8 0.93 
Mean 3.3 2.3 
Std. Dev. 1.1 0.92 

a Only cross-sections that had no LWD present and where grain size data was collected 

were used. Cross-section locations are shown on plan view maps (Appendix III). 
b Depth measurements were determined to have an error of +/- 0.1 m based on 

irregularities in water surfaces during measurement. Error associated with the survey 

level and stadia rod were determined to be insignificant, as the stadia rod has an error of 

0.001 m and the level has an error of 0.002 m for a distance of 400 m. 
c Error in slope was determined to be +/- 0.001 based on the error of 0.1 m for distance, 

and 0.1 m for elevation. 
d Error in median grain size was estimated at 0.01 m based on the ability to measure the 

b-axis of clasts with a ruler. 
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Table 3.8. Velocity estimates for Casualty Creek using Manning Equation". 

Site Depth 
(m)b 

Depth (m)b slope 
(m/m)c 

slope 
(m/m)c 

Grain 
size (m) 

Grain 
size (m)d 

high low high low high low 
1AB 0.92 0.72 0.0096 0.0076 0.13 0.11 
5AB 1.47 1.27 0.0018 0.0009 0.09 0.07 
6CD 1.35 1.45 0.0094 0.0074 0.13 0.11 

Roughness 
coefficient (n)e 

Roughness 
coefficient (n)e 

Velocity 
(m2/s) 

Velocity (m /s) 

high low high low 
1AB 0.028 0.028 3.3 2.5 
5AB 0.027 0.026 2.1 1.3 
6CD 0.028 0.028 4.2 3.9 
Mean 3.2 2.6 
Standard 
Deviation 

1.0 1.3 

a Only cross-sections that had no LWD present and where grain size data was collected 

were used. Cross-section locations are shown on plan view maps (Appendix III). 
b Depth measurements were determined to have an error of +/- 0.1 m based on 

irregularities in water surfaces during measurement. Error associated with the survey 

level and stadia rod were determined to be insignificant, as the stadia rod has an error of 

0.001 m and the level has an error of 0.002 m for a distance of 400 m. 
c Error in slope was determined to be +/- 0.001 based on the error of 0.1 m for distance, 

and 0.1 m for elevation. Error is estimated at 0.1 m based on the irregularity in water 

surface, which was used as a survey datum and then referenced to bankfull discharge. 
d Error in median grain size was estimated at 0.01 m based on the ability to measure the 

b-axis of clasts with a ruler. 
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Table 3.9. Discharge estimates for Bachelor Creeka. 

Site X-section 
Area" 
(m2) 

X-section 
Areab 

(m2) 

Velocity 
(m2/s) 

Velocity 
(m2/s) 

Discharge 
(m3/s) 

Discharge 
(m3/s) 

high low high low high low 
1CD 10.06 7.22 3.6 2.5 36 18 
2AB 17.11 12.98 3.8 2.7 64 35 
3CD 18.19 13.53 4.7 3.4 86 46 
4CD 16.91 12.78 3.5 2.5 59 33 
5AB 18.51 14.19 4.3 3.2 79 45 
5CD 18.66 14.17 2.9 2.0 54 29 
6AB 19.00 15.02 3.6 2.8 69 42 
6CD 22.22 16.66 1.1 0.6 25 9.8 
7CD 19.76 15.42 3.5 2.6 69 41 
8AB 30.01 23.53 1.8 0.93 56 22 
Mean 60 32 
Standard 
Deviation 

19 12 

a High and low estimates are based on the error associated with the true measurement, 

which is the mean of the high and low estimates. 
b Error for width measurements are estimated to be 0.1 m due to irregularities in location 

of channel bankfull. Error in depth measurements are estimated to be 0.1 m due to 

irregularities in water surface. The equation for determining the total area, including 

area, for each cross-section measurement is: 

area= (wxd) ± 0.01 ± (wxO.l) ± (dxO.l) 

where w = width (m) and d = depth (m). 
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Table 3.10. Discharge estimates for Casualty Creeka. 

Site X-section 
Areab 

(m2) 

X-section 
Areab 

(m2) 

Velocity 
(m2/s) 

Velocity 
(m2/s) 

Discharge 
(m3/s) 

Discharge 
(m3/s) 

high low high low high low 
1AB 8.37 6.39 3.3 2.5 28 16 

5AB 17.79 15.09 2.1 1.3 38 19 
6CD 25.79 21.71 4.2 3.9 109 85 
Mean 58 40 
Standard 
Deviation 

44 39 

a High and low estimates are based on the error associated with the true measurement, 

which is the mean of the high and low estimates. 
b Error for width measurements are estimated to be 0.1 m due to irregularities in location 

of channel bankfull. Error in depth measurements are estimated to be 0.1 m due to 

irregularities in water surface. The equation for determining the total area, including 

area, for each cross-section measurement is: 

area= (wxd) ± 0.01 ± (wxO.l) ± (dxO.l) 

where w = width (m) and d = depth (m). 
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Table 3.11. Comparison of discharge estimates for Bachelor and Casualty Creeks'1. 

Site Bachelor Bachelor Casualty Casualty 
Discharge Discharge Discharge Discharge 

(m3/s) (m3/s) (m3/s) (m3/s) 
high low- high low 

1AB 28 16 
1CD 36 lS 
2AB 64 35 
3CD 86 46 
4CD 59 33 
5AB 79 45 38 19 
5CD 54 29 
6AB 69 42 
6CD 25 9.8 109 85 
7CD 69 41 
8AB 56 22 
Mean 60 32 58 40 
Standard 19 12 44 39 
Deviation 

a A comparison of discharge estimates is made using a difference of means test. When 

the high discharge estimate from Bachelor Creek is compared to the low discharge 

estimate for Casualty Creek, a significance level of p=0.23 is obtained. When the low 

discharge estimate for Bachelor Creek is compared to the high discharge estimate for 

Casualty Creek, a significance level of p=0.10 is obtained. 
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Chapter 4 

Methodology 

4.1. Study Reach Delineation 

The logged basin, Bachelor Creek, and the control basin, Casualty Creek, were 

divided into study reaches for the detailed surveying undertaken in this study. Study 

reaches were delineated at 1-km intervals, moving in a downstream direction from 1371.6 

m A M S L in both Bachelor and Casualty Creeks. Given the constraints of a two-and-a-

half month field season, it was decided, prior to fieldwork commencement, that eight 

study reaches could be surveyed in detail in each basin. Therefore, the total length from 

the top of the upstream study reach to the bottom of the most downstream study reach is 

approximately 8 km. 

Typically, forested mountain streams have high morphological diversity, and detailed 

surveying is required to quantify stream properties. A detailed survey covering less total 

length is preferable to covering more stream in less detail, because many of the stream 

features, such as steps, LWD, and pools, would be missed in a less detailed survey. 

These details are required to compare relations among variables between the control and 

logged study basins. Spacing study reaches at intervals of 1 km, rather than simply 

surveying one long reach in detail, allows for detection of downstream changes. By 

examining the relations among critical morphological variables, any differences in stream 

morphology between the two study basins can be more precisely defined, and the impacts 

of logging on Bachelor Creek determined. 

The length of study reaches in longitudinal surveys of upper streams in forested 

basins is usually set at approximately 10 channel bankfull widths (Montgomery and 

Buffington, 1997). A survey length of approximately 10 channel widths is used to ensure 

that an entire bedform sequence for pool-riffle (typically 5 to 7 channel widths) or step-

pool stream morphology (typically 0.5 to 4 channel widths) is included in each study 

reach. Ensuring that a complete bedform sequence is measured is necessary for 

understanding and classifying stream morphology. The length of each study reach in 

Bachelor and Casualty Creeks was limited in certain locations by vegetation conditions 
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and water levels. Lengths of study reaches range from approximately 4 to 11 channel 

bankfull widths with a mean length of 8 channel widths for both Casualty and Bachelor 

Creeks (Table 4.1). 

4.2. Longitudinal Survey and Channel Morphology 

4.2.1. Channel gradient and longitudinal profde 

Longitudinal surveys were completed for each study reach in both Bachelor and 

Casualty Creeks. Surveying was completed using a survey level and stadia rod. Survey 

points were located at morphological breaks in the stream channel, such as steps, pools, 

riffles, and L W D jams. Water level and channel bankfull heights were surveyed. Depth 

of the water was measured at each survey point (based on a mean of 3 measurements 

spaced approximately 1 m apart) to determine the longitudinal profde of the channel bed. 

Survey points are located approximately 2-3 m from the channel bank. 

The number of points surveyed to measure longitudinal profde varies in each study 

reach from approximately 4 to 16, and can be observed by examining the profiles 

(Appendix I). The survey level used is accurate to ±2mm at a distance of 400 m, and 

survey data is estimated to have an error of ±0.1 m, due to irregularities in the water 

surface. Channel depth was measured using the water surface as a datum, and the height 

of banks was added to give channel bankfull depth. Survey distances for gradients are 

often quite large, but are well within the range of the survey equipment used. 

A l l morphological features were surveyed and mapped. Channel banks, LWD, LWD 

jams, pools, and bars were surveyed using a survey level, stadia rod, and a compass. 

Morphological features were then put on plan view maps (Appendix III). Plan view maps 

were surveyed at a higher density of survey points than gradients to ensure stream 

morphology was characterized accurately. 

4.2.2. Pools 

Pools form adjacent to steps and L W D jams, in the lee of in-stream obstacles, at 

locations of low or negative channel gradient, and in the cut-banks of sinuous channels. 

A l l pools were measured which have a surface area of 1 m 2 or greater. The depth, length, 
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and width of each pool were measured to provide an estimate of volume. Pools are 

important to measure because they are critical locations for aquatic habitat, and are a key 

measure of stream morphological diversity. 

4.2.3. Cross-section profdes 

Two cross-section profdes in each study reach were measured. Cross-section 

profiles were measured by taking depth measurements across the stream at intervals of 

one tenth of the channel width, beginning at channel bankfull. The water surface was 

used as a datum and then referenced to the channel bankfull. Error due to irregularities in 

the water surface is estimated to be ± 0.1 m. Some cross-section profiles appear skewed, 

such as Casualty 8AB, due to the near vertical channel bank at the cutbank of meandering 

flow. Cross-section area was then calculated using the mean channel bankfull depth and 

the channel bankfull width. For example, the cross-channel profile of Casualty 8CD, has 

a mean depth of 1.37 m and a width of 20 m. These values are used to obtain a channel 

cross-section area of 27.4m . 

Because of the high water and fast current, cross-sections were not easily 

measured. Therefore, surveys were conducted in locations within the study reach in 

which it was logistically possible to cross the stream. For example, areas of the channel 

with a narrow section of deep, fast water and a wider section of shallow water were easier 

to measure than areas of the channel with medium depth of flow spanning the entire 

channel width. Because of this, typical cross-sections were conducted at bends in the 

channel or where bars existed mid-channel. Locations in the channel with LWD jams 

were avoided due to the complex nature of the streambed, and step-pool sequences were 

surveyed at areas approximately mid-way between steps. The bias for cross-section 

location is likely greater for Casualty Creek due to its higher morphological diversity. 

Because of the location bias, cross-section profiles do not accurately represent the stream 

reaches. However, the cross-section measurements provide a general idea of some cross-

section configurations for Casualty and Bachelor Creeks. Cross-channel profiles are 

documented in Appendix II, and locations of cross-sections are indicated on the plan 

view maps (Appendix III). 



4.3. LWD and Grain Size 

4.3.1. Large woody debris 

LWD is defined herein as any piece of wood greater than 1 m in length and with a 

diameter of more than 0.2 m. McDade et al. (1990) used a minimum length of 1 m and a 

minimum diameter of 0.1 m for LWD. However, a minimum diameter of 0.2 m is used 

for Bachelor and Casualty Creeks study reaches because woody debris with a diameter 

less than 0.2 m is too small to have a functional role in shaping stream morphology (e.g. 

L W D < 0.2 m width did not form steps or pools). A l l LWD was counted and the length 

and width (diameter) measured. LWD width was measured approximately 1 m from the 

widest end. A l l LWD jams were also counted, and the length, width, and height of jams 

were measured. A l l pieces of L W D within the jams were counted and measured. In 

addition, each L W D piece and each LWD jam were surveyed using the level and stadia 

rod, and then mapped (Appendix III). 

4.3.2. Boulders larger than 1 m b-axis 

A l l boulders with a b-axis greater than 1 m were measured in each study reach. A 

minimum b-axis of 1 m was used because boulders exceeding this size generally create 

pools greater than 1 m 2 . The locations of all boulders were surveyed so that they could 

be located on the plan view map for the particular study reach (Appendix III). 

4.3.3. Channel bed grain size 

The grain size of the channel bed was estimated using the Wolman (1954) pebble 

count method. The Wolman (1954) method is often used to measure channel bed grain 

size in coarse-bed streams (e.g. Heede, 1972; Montgomery and Buffington, 1972; Platts 

et al., 1987). This approach requires minimal time and equipment compared to other, 

more precise methods of grain size analysis, and is adequate for gaining a general 

understanding of the size distribution of channel bed clasts. Marcus et al. (1995) 

evaluated observer bias in the Wolman (1954) method, and found minimal error when the 

same individual re-surveyed a sample site repeatedly. However, when different 

researchers surveyed the same sample site, a significant observer bias was present 
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(Marcus et al., 1995). To reduce observer error, Marucus et al. (1995) recommend 

training to ensure accurate measurement the b-axis of clasts. 

The Wolman (1954) pebble count method was employed in the study reaches by 

laying a tape measure out on a bar or along the channel bank if no bar was present. One 

clast was measured at each 10-cm interval over a 100-m distance. Because 100 m of 

length is required and bars are much shorter than 100 m in the study reaches, the entire 

length of bars were often covered several times, along different survey lines. Grain size 

sampling was undertaken at two locations in each study reach, one site at the upstream 

end of the reach and one at the downstream end. The mean grain size was then analyzed 

to compare the channel bed sediment of Bachelor and Casualty Creeks. Appendix V 

documents all grain size measurements. 

4.4. General Field Observations 

4.4.1. Snow Avalanche Paths 

In the field, snow avalanche paths were described. Each avalanche path was 

noted and located on topographical maps, and, later, on aerial photographs for the 8-km 

study areas of Bachelor and Casualty Creeks. The relation of the avalanche path to the 

main-stem stream was noted, in particular whether the avalanche path is coupled to the 

stream. For individual study reaches, avalanche paths were surveyed and mapped when 

present. 

4.4.2. Forest Vegetation 

Tree species were noted through visual identification of bark, needles, and cones. 

The maturity levels of forest stands were identified through inspection of tree size, lichen 

content, understory vegetation, and tree spacing to confirm the ecological classification 

of the study areas by Allen et al. (1984). Stream-bank and riparian vegetation was also 

identified along the stream channel for each study reach and mapped (Appendix III). 

4.5. Aerial Photography Analysis 
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Black and white aerial photography coverage from 1996 (scale 1: 17,632) was 

obtained for both the Bachelor Creek (30 BCB 97056; 30 BCB 97050) and Casualty 

Creek (30 BCB 96082; 30 BCB 96081) study areas, and from 1975 (scale 1: 24,444) for 

the Bachelor Creek (BC 7878) study area. The clarity of the aerial photographs is fair to 

good, and there is no cloud cover. The 1975 aerial photographs provide pre-logging 

coverage, while the 1996 photographs provide post-logging coverage for Bachelor Creek. 

Variables measured from the aerial photographs include: (i) forest and riparian zone 

disturbance by logging and snow avalanches, (ii) sinuosity and channel avulsions, and 

(iii) mean channel width. Resolution of the aerial photographs was not high enough to 

identify L W D in the stream channel of Bachelor or Casualty Creek. 

(i) Forest and riparian zone disturbance. 

The area of forest and riparian zone disturbance by avalanches and logging in the 

study areas was determined using aerial photographs and topographic maps. Avalanche 

paths and clearcut areas on hillslopes coupled to the main-stem stream in the study areas 

were measured. Aerial photographs and the 1:50 000 topographic maps (NTS 82 N/5 and 

82 N/12) were used to measure avalanche path and clearcut areas in Bachelor Creek. 

Aerial photographs and the 1:50 000 topographic map (NTS 82 N/5) were used to 

measure avalanche areas in Casualty Creek. 

In addition, pre- and post-logging stream-bank vegetation was compared in the 

Bachelor Creek study area. Aerial photographs were used to determine post-logging 

differences in the general type of stream-bank vegetation. Stream-bank vegetation is 

important to evaluate because it can provide an indication of the duration of channel 

stability for a stream (Roberts and Church, 1986). 

(ii) Sinuosity and channel avulsions. 

Sinuosity and channel avulsions were measured and identified for Bachelor Creek 

both pre-logging and post-logging. Sinuosity is defined as the ratio of stream length to 

valley length. Channel avulsions are identified as areas where the stream has eroded 

through a bend in the channel, creating a straighter overall channel. When several 

avulsions occur, sinuosity decreases. Sinuosity is an important aspect of morphological 

diversity, and can help distinguish pre- and post-logging differences in Bachelor Creek 

stream morphology. 
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(iii) Mean channel width. 

Mean channel width was measured using aerial photographs for the entire main-

stem stream within the Bachelor Creek study area both pre and post-logging. Pre-

logging and post-logging aerial photographs were compared to determine any changes in 

channel width. Measurements were made at intervals of 1 cm on the aerial photographs, 

which corresponds to approximately 175 m for 1996 aerial photographs, and 245 m for 

1975 aerial photographs (Appendix V). An accuracy of 0.25 mm is achieved using a 

ruler to measure channel width. This corresponds to an error of approximately ± 6 m for 

the 1975 (1:24 444) aerial photographs, and ± 4.4 m for the 1996 (1: 17 632) 

photographs. 



Table 4.1. Length of study reaches measured in channel bankfull widths. 

Bachelor Creek Casualty Creek 
Reach Length Reach Length 
(# of channel (# of channel 

widths) widths) 
Reach 1 7 7 
Reach 2 9 7 
Reach 3 5 4 
Reach 4 9 7 
Reach 5 8 11 
Reach 6 5 8 
Reach 7 1 1 9 
Reach 8 6 9 

Mean 8 8 
Range 6 7 



Chapter 5 

Channel Morphology 

5.1. Basic Channel Morphology 

Stream morphological diversity is a critical aspect of quality aquatic habitat and flow 

energy control in stream systems. Classification of stream morphology is based on 

certain key elements of channel diversity, such as bedforms, grain size, and sinuosity. By 

assessing morphology in study reaches of Bachelor Creek, the logged basin, and 

comparing it to the study reaches of Casualty Creek, the control basin, differences in the 

quality of aquatic habitat and capacity for flow energy control can be assessed. Results 

of this comparison are limited by the comparability of Casualty and Bachelor Creeks. 

The classification system for stream morphology of forested mountain streams of 

Montgomery and Buffington (1997) is used to classify the study reaches of Casualty 

Creek and Bachelor Creek (refer to Figure 2.1). The stream morphology of Casualty 

Creek typically varies between step-pool and pool-riffle, as indicated by key 

morphological variables. Step-pool reaches in Casualty Creek are identified by: (i) 

cobble to boulder grain size on the channel bed, (ii) a vertically oscillating bedform 

pattern (step-pool), (iii) bedforms as the dominant roughness element and sediment 

storage element, and (iv) step-pool spacing of approximately 1-4 channel bankfull widths 

(Figure 5.1). Pool-riffle morphology is identified by: (i) cobble/gravel grain size on the 

channel bed, (ii) laterally oscillating bedform pattern (bars and pools), (iii) bedforms and 

sinuosity as the dominant roughness elements, and (iv) bedforms as the dominant 

sediment storage element (Figure 5.2). The major differences between step-pool and 

pool-riffle morphology are: (i) the bedform pattern, which is vertically oscillating in step-

pool reaches and laterally oscillating in pool-riffle reaches, (ii) grain size, which is 

smaller in pool-riffle reaches, and (iii) the dominant roughness element, which is mainly 

bedforms in step-pool reaches, and bedforms and sinuosity in pool-riffle reaches. The 

dominant sediment storage element for both step-pool and pool-riffle morphologies is 

bedforms. 
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Where avalanche paths are coupled to study reaches in Casualty Creek, the stream 

morphology is plane-bed. Stream morphology in Bachelor Creek is plane-bed along all 

study reaches, and remains plane-bed when avalanche paths are adjacent to the stream. 

The key elements that characterize plane-bed morphology in Bachelor and Casualty 

Creek study reaches include (i) no bedform pattern, (ii) channel bed sediment as the 

dominant roughness element, (iii) overbank deposition as the dominant sediment storage 

element, (iv) a straight channel, and (v) a lack of pools (Figure 5.3). There are very few 

bars or pools in the Bachelor Creek channel, indicating that any sediment storage that is 

occurring is as overbank deposits during flood-level flows or as channel bed deposits that 

are not concentrated in specific locations. Plane-bed morphology does not provide 

quality aquatic habitat or abundant roughness elements for flow energy control. 

Plan view maps of the study reaches were created and show the locations of LWD, 

LWD jams, pools, large boulders, bars, avalanche paths, clearcut areas, and stream-bank 

vegetation types (Appendix III). Different types of stream morphology can be identified 

in the plan view maps and longitudinal profiles. For example, the plan view map of 

Reach 6 in Casualty Creek shows that the stream morphology upstream of the avalanche 

path is pool-riffle, as indicated by the laterally oscillating bedform pattern shown by bars 

and pools (Figure 5.4). An example of step-pool morphology is identifiable in the 

upstream and downstream ends of Reach 2 in Casualty Creek by the presence of steps 

and pools that span the channel. In the middle section of Reach 2, the morphology is 

pool-riffle, as indicated by the position of bars and pools adjacent to the banks of the 

channel (Figure 5.5). 

The plane-bed morphology typical of Bachelor Creek is illustrated in the plan 

view map of Reach 5 by the lack of pools, lack of bedform pattern, and straight channel. 

There is a clearcut located adjacent to the channel in this study reach (Figure 5.6). Reach 

7 in Bachelor Creek shows that stream morphology remains plane-bed when avalanche 

paths are coupled to the channel (Figure 5.7). Stream morphology is plane-bed 

throughout this entire study reach, as indicated by channel bed grains as the dominant 

roughness element, the lack of pools, and the lack of bedform pattern. 

Between Reach 7 and 8 in Bachelor Creek, an alluvial fan from the west hillslope 

delivers large amounts of sediment to the stream and has produced a local increase in 
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base level that causes two meander bends and mid-channel bars to form upstream 

(Figure 5.8). Reach 8 is pushed against the distal hillslope by the alluvial fan and has 

plane-bed morphology, indicated by the straight channel and lack of bedforms and pools 

(Figure 5.9). The change in morphology caused by the alluvial fan indicates that a 

change in base level and an influx of sediment is capable of changing the stream 

morphology of Bachelor Creek. 

The morphological diversity of the study reaches in Casualty Creek is much greater 

than that of study reaches in Bachelor Creek. For example. Reach 5 in Casualty Creek 

has four bars, twelve pools, four LWD jams, 109 LWD pieces, old growth and alder 

streamside vegetation, and stream-banks with bends (Figure 5.10). In contrast, Reach 5 

in Bachelor Creek shows no bars, no pools, no LWD jams, two LWD pieces, alder 

streamside vegetation, and straight stream-banks (Figure 5.6). These contrasting 

morphologies are typical of differences found between the streams in other study reaches. 

In addition, the plan view maps show that stream morphology tends to be plane-bed 

adjacent to avalanche paths in the study areas. Adjacent to an avalanche path in Reach 6 

of Casualty Creek, there are no bars, no pools, no L W D jams, one L W D piece, alder 

streamside vegetation, and straight stream-banks. Similarly, adjacent to the avalanche 

path in Reach 7 of Bachelor Creek, there are no bars, no pools, no L W D jams, one L W D 

piece, alder streamside vegetation, straight stream-banks, and two boulders larger than 1 -

m b-axis. 

The major limitation to the result of snow avalanche paths corresponding to plane-

bed morphology in study reaches of Casualty Creek is the relatively small length of the 

stream surveyed. Within the 8-km study area of Casualty Creek all avalanche paths 

adjacent to the stream were observed to correspond with plane-bed stream morphology. 

The influence of snow avalanches may not be the same in other streams in the region or 

for Casualty Creek upstream or downstream of the 8-km study area where the channel is 

a different size. 

Another major component of diverse stream morphology is sinuosity. A comparison 

of the pre-logging (1975) and post-logging (1996) aerial photographs of the Bachelor 

study area reveals that the sinuosity of Bachelor Creek decreased post-logging by 5.6%, 

from 1.08 pre-logging to 1.02 post-logging. The decrease in sinuosity is mainly a 
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function of five channel avulsions identifiable in the 1996 post-logging aerial 

photographs. Channel avulsions are identified as bends in the main channel that have 

been cut-off, as a new, straighter channel is formed. Recently abandoned channels are 

identifiable on aerial photographs of Bachelor Creek, as they are devoid of significant 

vegetation and contain no water. There is no evidence of any recent channel avulsions in 

the 1975 pre-logging aerial photographs for Bachelor Creek, or in the 1996 aerial 

photographs of Casualty Creek. This evidence indicates that Bachelor Creek's channel 

has straightened post-logging due to an increase in channel erosion associated with 

channel avulsions (Figure 5.11). 

Results of this analysis indicate that stream diversity, and, therefore, the aquatic 

habitat and flow energy control provided by stream morphology in study reaches of 

Casualty Creek are much higher than study reaches in Bachelor Creek. 

5.2. Channel width and depth 

Channel width and depth are important parameters to consider when evaluating the 

impacts of disturbances on a watershed. Several studies have shown that the width to 

depth ratio tends to increase significantly as a result of watershed disturbances, due to 

reduced integrity of the stream-banks and/or higher runoff rates that increase peak flows 

(e.g., Roberts and Church, 1986; Hetherington et al., 1987; Hogan, 1987; Hartman et al., 

1996; Reid and Hilton, 1998). An increase in width to depth ratio is associated with a 

decrease in quality aquatic habitat, as the depth and number of pools decreases and the 

water temperature often increases (Hartman et al., 1996). 

Analysis of channel cross-section surveys shows that study reaches in Bachelor 

Creek have a significantly higher width to depth ratio (w:d) than in Casualty Creek. The 

average w:d of Bachelor Creek study reaches is 30, with a standard deviation of 6.4 

(Table 5.1). The average w:d in Casualty Creek study reaches is 14, with a standard 

deviation of 4.6. A difference of means test shows these values are significantly 

different, with p « 0 . 0 1 . Values of w:d for study reaches in Bachelor and Casualty 

Creeks show no trend downstream. This result is limited by the bias for channel cross-

sections that were accessible (Section 4.2.3, p. 60). 
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Regression analysis of mean channel width and contributing drainage basin area 

for study reaches is conducted. Contributing basin area refers to the area that contributes 

flow to a particular point. Contributing area is calculated for each study basin, at the 

downstream end of each study reach. Analysis shows a moderately strong relation in 

Bachelor Creek, with an r of 0.61, a slope of 0.068, and a standard error of 2.59 m 

(Figure 5.12). Casualty Creek mean channel width and drainage basin area regression 

analysis shows a moderate relation, with an r 2 of 0.40, a slope of 0.13, and a standard 

error of 2.2-m (Figure 5.13). The difference in slope shows that the channel in study 

reaches of Bachelor Creek are getting wider at a lower rate than reaches in Casualty 

Creek. 

Similar analysis shows that the relation between mean channel depth and 

contributing drainage basin area is similar in Bachelor and Casualty Creeks, however, the 

rate of change of mean channel depth varies between the two study basins. Regression 

analysis shows that the relation between mean channel depth and drainage basin area is 

moderately strong in study reaches of Bachelor Creek, with an r 2 of 0.61, a slope of 

0.002, and a standard error of 0.08 (Figure 5.14). Study reaches in Casualty Creek also 

show a moderately strong relation, with an r 2 of 0.60, a slope of 0.011, and a standard 

error of 0.12 (Figure 5.15). The slope of the regression line, however, is an order of 

magnitude smaller for Bachelor Creek (0.002) than for Casualty Creek (0.11). The 

difference in the slope of the regression lines indicates that the channel deepens with 

increasing drainage basin area at a lower rate in the logged basin than in the control 

basin. 

The relations between contributing drainage area and channel width and depth for 

Bachelor and Casualty Creeks are useful for reconnaissance studies where only map 

information is available. Based on these results, drainage area can be used as a general 

predictor of channel dimensions. Results show that the channel geometry of Bachelor 

Creek is increasing at a lower rate than in Casualty Creek. The possible explanations for 

this outcome are numerous and complex, ranging from climate and vegetation to geology 

and human disturbance. In addition, sampling error of channel cross-sections may 

account for the differences in rate of increasing channel geometry with discharge between 

study reaches in Bachelor and Casualty Creeks. Further study is needed to determine the 
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typical relation between basin area and channel dimensions for watersheds of the 

Northern Selkirks. Also, additional study would determine whether there is generally a 

difference in the relation between drainage area and channel geometry for logged and 

unlogged basins in the region. 

The mean pre-logging (1975) channel width in Bachelor Creek is 27.4 m, with a 

standard deviation of 12.4. The mean post-logging (1996) channel width of the Bachelor 

Creek study area is 32.9 m, with a standard deviation of 17.5 (Table 5.2a). Results of 

aerial photography analysis of channel width pre- and post logging in Bachelor Creek are 

limited by the resolution of aerial photographs. A resolution of 0.25 mm for 

measurement of distance is achieved, which corresponds to ±6.1 m for photographs with 

a scale of 1: 24 444, and ±4.4 m for photographs with a scale of 1: 17 632. A difference 

of means test shows that the two estimates are significantly different with a confidence 

limit of 86% (p=0.14). However, when the measurement error caused by resolution is 

analyzed, there is no statistical difference between the low mean estimate for post-

logging channel width (28.5 m) and the high mean estimate for pre-logging channel 

width (Table 5.2b). The summary of channel measurements using aerial photographs is 

given in Appendix V. Because of the measurement error, conclusive results could not be 

obtained for the aerial photography analysis of channel width. 

Stream-bank vegetation provides evidence that the channel of Bachelor Creek 

between Reaches 1 and 8 is naturally quite stable, and has widened due to logging. The 

stream-bank vegetation of Casualty Creek in the study area is mainly old growth forest, 

except where avalanche paths are adjacent to the stream, indicating that the channel has 

been laterally stable for hundreds of years. Similarly, pre-logging (1975) air photo 

analysis of the Bachelor Creek study area indicates that streamside vegetation was mainly 

old growth forest, except where avalanche paths are adjacent to the stream (Figure 5.16). 

Post-logging (1996) air photo analysis and field observations show that streamside 

vegetation in the Bachelor Creek study area is mainly alder in all areas (Table 5.3 and 

5.4). Alder is the dominant streamside vegetation where avalanche paths are adjacent to 

the stream in Bachelor and Casualty Creek study areas. 

The old growth vegetation in the study area of Casualty Creek and in pre-logging 

aerial photographs of Bachelor Creek show that the stream channels are naturally stable 
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laterally. Alder is indicative of recent or chronic disturbance in the study region. This is 

evident where avalanche paths are adjacent to the stream. The post-logging, alder 

streamside vegetation in the study area of Bachelor Creek is evidence for recent 

disturbance. Alder is the dominant streamside vegetation of the study area in Bachelor 

Creek in riparian zone areas that have been logged, as well as in areas where the riparian 

zone old growth forest is intact, indicating that logging is not a direct cause of the 

disturbance in all areas. Many past studies in coastal regions have found that channel 

widening due to higher peak flows caused by logging erode stream-banks (e.g., Roberts 

and Church, 1986; Hetherington et al., 1987; Hogan, 1987; Hartman et al., 1996; Reid 

and Hilton, 1998). This conclusion is limited for Bachelor Creek, as flooding caused by 

climatic factors could also be responsible for the bank disturbance. However, because of 

the close proximity of Casualty Creek to Bachelor Creek, and since vegetation on the 

channel banks of Casualty Creek is mainly old-growth forest, it is unlikely that climatic 

factors caused the bank disturbance in Bachelor Creek post-logging. 

As discussed earlier in this section, previous studies have indicated that channel 

widening can occur due to two main processes associated with logging. Removal of 

riparian vegetation can reduce the cohesion of channel stream-banks, facilitating channel 

widening. Modification of the watershed through logging practices (clearcuts and road 

building) can increase the runoff rate causing peak flows to increase. Evidence for 

decreased stream-bank stability and the potential for increased runoff rate in Bachelor 

Creek exists in the evaluation of the clearcut areas adjacent to the stream channel in the 

study area. The dominant natural disturbance element in the study area is snow 

avalanches, and the influence of avalanche paths on channel widening can be compared 

to the influence of clearcut areas by examining the extent of each in the study area. 

Hillslopes adjacent to the channel between Reaches 1 and 8 in Bachelor Creek 

cover a total area of about 43.2 km below tree line. Forty-five percent (19.3 km ) of that 

area exists as avalanche paths. Forty percent (17.5 km") of that area has been logged 

(Table 5.5). The amount of area that is disturbed by logging combined with the amount 

of area disturbed by avalanches is 85% (36.8 km2) in the study area of Bachelor Creek. 
2 1 • 

In contrast, the study area in Casualty Creek contains an area of 45.7 km below tree line, 

thirty-one percent (14.4 km2) of which is disturbed by avalanches. The amount of area 



71 
disturbed by logging is very close to the amount of area that is naturally disturbed by 

avalanches in Bachelor Creek, and the combined area that is disturbed in Bachelor Creek 

is more than double the area that is naturally disturbed in Casualty Creek by snow 

avalanches. Therefore, there is potential for logged areas to have an influence 

comparable to snow avalanches on channel widening in Bachelor Creek. 

The influence of logging compared to the influence of snow avalanche paths on 

channel widening can further be explored by examining the amount of stream-bank 

logging compared to the amount of stream-bank disturbed by avalanches in Bachelor 

Creek. About 3 380 m of stream-bank have been logged in the Bachelor Creek study 

area, which is 21% of the total stream-bank length (refer to Table 5.3). About 1 670 m of 

stream-bank have been disturbed by avalanches in the Bachelor Creek study area, 10% of 

the total stream-bank length. This shows that the amount of stream-bank logged is nearly 

double the amount of stream-bank disturbed by avalanches. 

There is evidence to suggest that processes associated with logging and snow 

avalanches cause changes in channel geometry in study reaches of Bachelor Creek. 

Snow avalanche paths are not a direct cause of channel widening in most cases, as 

channel width does not vary upstream or downstream of an avalanche path. However, 

large-scale snow avalanches can influence channel width occasionally. For example, at 

Reach 6 the formation of a plunge pool has widened the channel. Downstream of Reach 

6, the channel width immediately recovers. Similarly, channel widening is not always 

associated with clearcut areas that are adjacent to the stream channel. The channel width 

does not significantly change adjacent to clearcuts in most study reaches. 

The hydrological effects of avalanche paths and logging likely differ for several 

reasons. Past studies show that the soil found in clearcuts and logging roads is 

compacted by heavy machinery, facilitating surface runoff. In addition, the slow growth 

of conifer seedlings, combined with weed and shrub control, reduces evapotranspiration 

rates and increases the yield of groundwater flow in many cases (Swanston and Swanson, 

1976; Golding, 1987; Hetherington, 1987; Troendle, 1987; Miller et al., 1988; Jones and 

Grant, 1995; Thomas and Megahan, 1998; Ziemer 1998; Bowling, 2000; Jones, 2000). In 

contrast, avalanche path surfaces are not compacted, rather, tree root masses that have 

been upturned provide a permeable surface for infiltration. Alder vegetation in avalanche 
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paths is dense, and evapotranspiration is more likely to occur at a rate that reduces the 

yield of groundwater flow to the stream. 

Several pieces of evidence lead to the conclusion that the channel in Bachelor 

Creek may have widened post-logging, and that the cause of the widening could be due to 

logging. Previous studies have shown that watershed logging disturbance can cause the 

main-stem stream channel to widen. The w:d of the Bachelor Creek study area is 

significantly larger than that of the control Casualty Creek study area. Alder streamside 

vegetation indicates recent disturbance of channel banks along Bachelor Creek. Pre- and 

post-logging air photo analysis shows that the channel in the study area of Bachelor 

Creek may have widened since logging occurred. Examination of disturbances in 

Bachelor Creek shows that the area of land disturbed by logging is similar to the area 

disturbed by avalanches. Therefore, it is possible that one of the effects of logging in the 

study reaches of Bachelor Creek is channel widening. 

5.3. Longitudinal Profiles 

Longitudinal profdes of the study reaches in Bachelor and Casualty Creeks show 

significant differences in stream morphology despite similar mean channel gradients. 

Longitudinal profiles reveal the nature and extent of step-pool sequences, which previous 

studies have shown to be important features of forested mountain streams for controlling 

flow energy and providing aquatic habitat (e.g., Heede, 1972; Keller and Swanson, 1979). 

Longitudinal profiles of the study reaches in Bachelor and Casualty Creeks show 

that average gradients of the study reaches are similar. Average gradients are obtained by 

dividing the total length of each study reach surveyed by the total vertical drop of each 

study reach (Table 5.6). The average gradient of study reaches in Bachelor Creek is 

0.018, with a standard deviation of 0.013. Study reaches in Casualty Creek have an 

average overall gradient of 0.017, with a standard deviation of 0.008. A difference of 

means test shows that there is no significant difference between the average gradients of 

Bachelor and Casualty Creeks study reaches, with p » 0 . 1 0 (Table 5.6). 

Comparison of the longitudinal profiles of study reaches in Bachelor and Casualty 

Creeks reveals significant differences in stream morphology. Bachelor Creek typically 
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has study reaches with planar longitudinal profiles, no step-pool sequences, and 

minimal variability in gradient. Study reaches in Casualty Creek typically have an even 

distribution of alternating step-pool sequences and planar profiles, and there is variability 

in channel gradient. For example, Reach 5 in Bachelor Creek has two planar profiles 

with only two different gradients: the first with a gradient of 0.028, and the second with a 

gradient of 0.013 (Figure 5.17). Reach 5 in Casualty Creek, in contrast, has two step-

pool sequences with gradients ranging from vertical to near horizontal, and three planar 

profile sequences with gradients ranging from 0.003 to 0.009 (Figure 5.18). Appendix I 

contains the longitudinal profiles of all study reaches. 

Two study reaches in Casualty Creek, Reach 4 and 6, have longitudinal profiles 

with no step-pool sequences. Reach 4 has one step and four planar profiles, and Reach 6 

has no steps and four planar profiles. Reach 4 and 6 in Casualty Creek are characterized 

by pool-riffle morphology, whereas study reaches in Bachelor Creek have plane-bed 

morphology. Although these study reaches have no step-pool sequences, the variability 

in gradient within each study reach is greater than that of the study reaches in Bachelor 

Creek. The average gradient in Reaches 4 and 6 are gentler (0.006 and 0.007, 

respectively) than the average gradient for the remaining study reaches in Casualty Creek 

(0.017). This finding suggests that gradient may be a limiting factor for the formation of 

step-pool morphology in the Casualty Creek study area. Analysis of step-pool and pool-

riffle gradients, which is explored further in Section 5.4, shows that the lower limit for 

gradient in step-pool reaches is 0.022, while the upper limit for pool-riffle morphology is 

0.010 (Table 5.7). The transition between step-pool and pool-riffle morphology occurs 

when the gradient is between 0.022 and 0.010. Based on the results for Casualty Creek, 

step-pool morphology is expected to form in Reaches 1-5 of Bachelor Creek, and pool-

riffle morphology is expected to form in Reaches 6-8. 

The lack of step-pool morphology in study reaches in Bachelor Creek with overall 

gradients greater than approximately 0.022 and the lack of pool-riffle morphology in 

study reaches with overall gradients less than 0.010 is likely associated with logging in 

the basin. Steps in Casualty Creek are mainly composed of LWD. LWD is also essential 

in pool-riffle morphology in Casualty Creek to deflect flow and for bar development. It 

will be shown in Section 5.5 that there is a significantly higher amount of LWD in 
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Casualty Creek than in Bachelor Creek. The same processes that are acting in the 

Bachelor Creek study area to widen the stream channel can explain the lack of LWD. A 

loss of stream-bank stability combined with an increase in runoff rate and peak flow 

could effectively flush the channel of LWD, eliminating all step-pool and pool-riffle 

morphology. 

5.4. Step-pool Stream Morphology in Casualty Creek 

Step-pool morphology in forested mountain streams is important for controlling 

flow energy and for providing aquatic habitat. To understand the nature of step-pool 

morphology in Casualty Creek, its relation to other morphological parameters must be 

examined. In previous studies, relations between step-pool spacing and step height and 

other channel properties, such as channel width and channel gradient, have been found 

(e.g., Wohl et al., 1997; Chin, 1999). According to these relations, the parameters for the 

step-pool morphology that should exist in the study reaches of Bachelor Creek can be 

predicted and used as restoration targets. 

Average gradients for step-pool sequences are compared to average gradients for 

pool-riffle sequences for study reaches in Casualty Creek to provide an idea of typical 

gradients associated with each type of morphology (Table 5.7). Within each study reach, 

there may be more than one sequence (or no sequence) of step-pool or pool-riffle 

morphology. Average gradients for step-pool reaches are measured from top step to 

bottom step or from top pool to bottom pool in the sequence. The average gradient for 

step-pool sequences is 0.030, with a standard deviation of 0.008. The average gradient 

for pool-riffle sequences is 0.006, with a standard deviation of 0.003. A difference of 

means test shows that the average gradients for step-pool and pool-riffle sequences in 

Casualty Creek study reaches are significantly different, with a significance level of p 

« 0 . 0 1 . 

Step-pool spacing within study reaches of Casualty Creek is examined to 

determine any relations with gradient or channel width. Average step-pool spacing is 

21.8 m, with a standard deviation of 21.2 (Table 5.8). Several studies have found an 

inverse correlation between step-pool spacing and channel gradient (e.g., Chin 1999). No 
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correlation exists between the step-pool spacing and channel gradient for Casualty 

Creek study reaches, as the correlation coefficient is very low, having a value of -0.17 

(Figure 5.19). 

Previous studies have found a relation between step-pool spacing and channel 

width (e.g.. Wohl et al., 1997; Chin, 1999). Regression analysis shows there is a 

moderate relation between step spacing and channel width in Casualty Creek study 

reaches, with an r of 0.50 at a 95% confidence interval, a slope of 4.4, and a standard 

error of 12.4 m (Table 5.9. Figure 5.20). This analysis indicates that channel width 

influences step-pool spacing, while gradient does not. 

Chin (1999) argues that the inverse correlation that is often found between 

gradient and step spacing length is merely an incidental result of gradient declining with 

discharge. Chin (1999) shows that discharge is the main control on step-pool spacing 

length by analyzing the relation between step length and channel width. Channel width 

has been shown in many cases to correspond with discharge (e.g., Wolman, 1967; 

Williams, 1978), and, therefore, relations between step length and channel width 

correspond to a relation between step length and discharge (Chin, 1999). Results from 

Casualty Creek analysis agree with Chin (1999) that step-pool spacing is controlled by 

channel width (discharge) and not gradient. 

By expressing step-pool spacing in units of mean channel bankfull widths, 

comparisons can be made between different basins (Chin, 1999). Montgomery and 

Buffington (1997) have described step-pool spacing for log- and boulder-step streams as 

ranging from between 1 and 4 channel bankfull widths. Chin (1999) and Grant et al. 

(1990) have found that step-pool spacing in boulder-step streams is approximately 0.5 to 

1.5 channel widths. In studies of log-step streams, Keller and Swanson (1979) found 

step-pool spacing of 1 to 2 channel widths. Study reaches in Casualty Creek have an 

average step-pool spacing of 1.5 channel widths, and a range from 0.7 to 2.1 mean 

channel widths (Table 5.9). Reach 1 and 2 have average step-pool spacing less than 1 

channel width. However, three of the Casualty Creek study reaches (Reaches 3, 5, and 8) 

have average step-pool spacing between 1 and 2 channel widths. Reach 7 has an average 

step length of 2.8 channel widths. 
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The relation between step height and channel gradient and width is also 

examined for Casualty Creek. Average step height in step-pool sequences is 0.37 m with 

a standard deviation of 0.26 (Table 5.10). There is no correlation between step height 

and mean channel width, as the correlation coefficient is only 0.15 (Figure 5.21). There 

is no significant correlation between step height and channel gradient, as the correlation 

coefficient is -0.10 (Figure 5.22). Step height does not vary systematically with channel 

gradient or width. 

Not surprisingly, the mean height of steps is very similar to the mean width of 

LWD, which forms the majority of steps in Casualty Creek. The mean width of L W D 

pieces in Casualty Creek study reaches is 0.38 m, and the mean step height is 0.37 m. 

This fact has major consequences for the logged Bachelor Creek, as newly planted forest 

in riparian areas that have been logged will not reach a mature size for 100 to 200 years. 

Therefore, LWD recruitment that occurs naturally in Bachelor Creek will be from trees 

that are smaller than in Casualty Creek in the near future. Step height may consequently 

be smaller, and LWD will be more easily transported downstream. 

Using tlume experiments. Abrahams (1995) determined that maximum flow 

resistance, and, therefore, maximum stability, of a step-pool stream occurs when the 

average step height/step length/gradient (H/L/S) is larger than 1. H/L is a measure of the 

loss of head per unit length of stream, which is proportional to energy dissipation caused 

by flow resistance. Maximum energy dissipation occurs when the loss of elevation due 

to the height of steps is maximized. The amount of elevation loss due to steps is 

maximized when H/L/S is larger than 1. Wohl et al. (1997) found that streams, with a 

combination of boulder and LWD steps, in an area of the Rocky Mountains in western 

Montana were stable according to the H/L/S ratio. When step-pool reaches in Casualty 

Creek are analyzed, the results are varied. The average H/L/S ratio is 1.2, which is within 

the range of 1 to 2 found by Abrahams (1995). However, the variability in the data is 

high, with a standard deviation of 1.4, and a range of 5.1 (Table 5.11). Reaches 2, 3, and 

7 have H/L/S ratios of less than 1, and assuming the relationship of H/L/S holds true as a 

measure for step-pool stream stability, are not at maximum stability and flow resistance. 

This result may partly be due to LWD making up nearly all the steps in the Casualty 
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Creek study reaches, and snow avalanche paths may cause instability to occur. 

However, it remains unclear why this situation exists. 

5.5. Large Woody Debris, Large Boulders, and Total Roughness Elements 

5.5.1. Large Woody Debri s 

One of the most important aspects of stream morphology in Casualty Creek is 

LWD. LWD forms nearly all the steps in step-pool sequences, deflects flow, which 

promotes sinuosity and bar formation in pool-riffle reaches, and forms jams that store 

sediment and create large pools with diverse aquatic habitat (Figure 5.23). Many 

previous studies have shown the importance of L W D in forested mountain streams, and 

have examined the impact of logging on LWD. Typically, studies have shown that 

logging in riparian areas causes an initial influx of LWD to streams, followed by 

prolonged periods of less than normal amounts of LWD in the channel (e.g., Hogan, 

1987; Reid and Hilton, 1998). 

In order to compare total LWD between Bachelor and Casualty Creeks study 

reaches, LWD is expressed in units of 100-m stream lengths. There is significantly less 

LWD in the study reaches of Bachelor Creek than in the study reaches of Casualty Creek, 

The mean number of pieces of LWD for Casualty Creek is 26 per 100-m stream length, 

with a standard deviation of 28. The mean number of pieces of LWD for Bachelor Creek 

study reaches is 2 per 100-m stream length, with a standard deviation of 2 (Table 5.12). 

A difference of means test shows that there is significantly less LWD per 100 m stream 

length in Bachelor Creek study reaches, with a significance level of p=0.03. 

The size of L W D is similar between study reaches in Casualty Creek and 

Bachelor Creek. The mean width (diameter) of L W D in study reaches of Bachelor Creek 

is 0.37 m, with a standard deviation of 0.079 (Table 5.13). The mean width of LWD in 

Casualty Creek study reaches is 0.38 m, with a standard deviation of 0.14. A difference 

of means test shows that L W D width is not significantly different in Casualty and 

Bachelor Creeks study reaches, with p » 0 . 1 . Similarly, lengths of LWD pieces in 

Bachelor and Casualty Creeks are not significantly different, with p-value » 0 . 1 (Table 

5.14). The mean length of LWD in Bachelor Creek is 7.5 m, with a standard deviation of 
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5 (Table 5.14). The mean length of LWD in Casualty Creek is 6.9 m, with a standard 

deviation of 4.9 (Table 5.14). These results indicate that the size of LWD is not 

significantly different between study reaches in Bachelor Creek and Casualty Creek. It 

can be concluded, therefore, that the size of recruited trees for LWD in both Bachelor and 

Casualty Creeks is similar. 

The total number of LWD jams is significantly different between study reaches of 

Casualty Creek and Bachelor Creek. Study reaches in Casualty Creek have an average of 

1 LWD jam per study reach, and Reach 4 and 6 have no LWD jams. Reach 3 and 5 in 

Casualty Creek have the largest number of LWD jams per 100-m stream length, with 3 

(Table 5.15). Bachelor Creek study reaches have an average of 0.3 LWD jams per 100-m 

stream length. Only Reach 1 and 2 in Bachelor Creek have L W D jams. A difference of 

means test shows that the mean number of LWD jams in Bachelor Creek is significantly 

less than the mean number of LWD jams in Casualty Creek, with a p-value of 0.05 (Table 

5.15). Appendix V lists the total number of LWD pieces in LWD jams for both Casualty 

and Bachelor Creeks study reaches. 

Number of LWD pieces is compared to mean channel width for the study reaches 

of Bachelor and Casualty Creeks. Previous studies indicate that channel size is a limiting 

factor for LWD in forested mountain streams (e.g., McDade et al„ 1990; Nakamura and 

Swanson, 1993). Casualty Creek displays a very weak relation between LWD and mean 

channel width, with r 2 = 0.10 (Figure 5.24). Regression analysis of L W D and mean 

channel width for Bachelor Creek shows a moderate relation, with r = 0.50, a slope o f -

0.42, and a standard error of 1.7 (Figure 5.25). It is likely that there is a moderate relation 

in Bachelor Creek between LWD and mean channel width because the channel is wider 

than in the study reaches of Casualty Creek. If L W D is able to span the channel so that it 

is anchored on both sides, it will be more difficult to move than if one end of the LWD 

piece is positioned mid-channel. Therefore, channel width is a limiting factor for LWD 

in Bachelor Creek. The channel width of 19 m appears to be the critical value where 

channel width becomes a factor affecting the number of L W D pieces. In addition, LWD 

jams are associated with channel widening, as indicated by the large widths in Reaches 3 

and 5 in Casualty Creek. 



To further explore the association between LWD and flow in the study reaches 

of Bachelor Creek and Casualty Creek, number of LWD pieces is compared to drainage 

basin area. It is expected that there is a relation between LWD and basin area, as there is 

a relation between channel width and basin area. The relation between LWD and basin 

area in Bachelor Creek is moderately strong, with an r2 of 0.61, a slope of-0.04, and a 

standard error of 1.5 (Figure 5.26). There is no relation between LWD and basin area in 

Casualty Creek (Figure 5.27). When study reaches in Bachelor and Casualty Creeks are 

combined, the relation is somewhat weak between LWD and basin area, with an r 2 of 

0.25, a slope of -0.19, and a standard error of 20.2 (Figure 5.28). The critical value in 

which drainage basin area becomes an influence on the number of LWD pieces is 

approximately 50 km . This corresponds to the critical value of channel width of 

approximately 19 m. 

A probable cause of the low number of LWD pieces in Bachelor Creek compared 

to Casualty Creek is the difference in channel width. Peak flows will strongly influence 

the channel geometry of a stream. The discharge estimates for study reaches in Bachelor 

Creek are similar to those in Casualty Creek. However, the channel width is significantly 

greater in Bachelor Creek. Regression analysis indicates that number of LWD pieces is 

dependent on basin area and channel width. Since discharge estimates for the two study 

basins are similar, channel width is the likely control on number of LWD pieces. 

The effectiveness LWD in dissipating flow energy and providing aquatic habitat 

is dependent on the orientation of LWD in relation to the stream channel. L W D pieces 

that are oriented perpendicular to the channel provide much better flow resistance and 

aquatic habitat than LWD oriented parallel (Keller and Swanson, 1979). The percentage 

of L W D pieces oriented perpendicular to the channel is compared for study reaches of 

Bachelor and Casualty Creeks. Channel width has no relation to the percentage of LWD 

pieces oriented perpendicular to the channel in Casualty Creek (Figure 5.29). Study 

reaches in Bachelor Creek, however, have a declining percentage of LWD pieces oriented 

perpendicular to the channel with increasing channel width (Figure 5.30). As with 

analysis of number of L W D pieces and channel width, approximately 19-m mean channel 

width is the point at which percentage of perpendicular LWD pieces begins to decrease. 

This suggests that channel width has an influence on the orientation of LWD pieces. 
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Casualty Creek has a significantly greater percentage of LWD pieces oriented 

perpendicular to the stream in Casualty Creek than Bachelor Creek. This is expected, as 

study reaches in Casualty Creek have a narrower channel than in Bachelor Creek. 

Approximately 62% of LWD pieces are oriented perpendicular to the stream in Casualty 

Creek, compared to 38% in Bachelor Creek (Table 5.16). A difference of means test 

shows that the mean percentage of LWD oriented perpendicular to the stream is 

significantly greater in Casualty Creek, as p = 0.1. Hogan (1987) found that there were a 

greater number of LWD pieces oriented perpendicular to the channel in watersheds that 

had not been logged compared to those that had in a coastal watershed. However, Hogan 

(1987) did not find an association between channel width and orientation of LWD. 

Logging provides a possible explanation for the difference in number of L W D 

pieces between study reaches in Bachelor and Casualty Creeks for two main reasons. 

First, channel widening may be associated with logging in Bachelor Creek, and channel 

width is a control on the number of LWD pieces. Second, since the mean diameter of 

LWD pieces in Bachelor and Casualty Creeks is 0.37 m, large diameter trees are needed 

for LWD recruitment. Large diameter trees are available only in mature or old growth 

forest, and since 20% of the riparian zone mature/old growth forest has been logged, a 

significant supply of LWD is removed. In addition, logging behind riparian zones can 

cause blow-down of riparian forest, which can cause an initial influx of L W D to a stream 

followed by a prolonged period of low LWD recruitment rates (Reid and Hilton, 1998). 

There has been substantial logging behind riparian zones in the Bachelor Creek study 

area. While areas of blow-down were not recorded in the field survey, and can not be 

identified in air photos from 1996 (post-logging), these features may be difficult to 

identify in a heavily disturbed forest. It is possible, based on the amount of riparian and 

hillslope forest that has been removed, combined with channel widening associated with 

logging in the study basin of Bachelor Creek, that logging is the cause of the low 

amounts of LWD in the Bachelor Creek study reaches. 

5.5.2. Large Boulders 

Another important parameter that provides roughness and aquatic habitat in 
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forested mountain streams is large boulders. Large boulders are defined herein as 

having a b-axis greater than 1 m, and are expressed in units of 100-m stream length. 

Study reaches in Bachelor Creek contain an average of about 3 large boulders per 100-m 

stream length, with a standard deviation of 4.2 (Table 5.17). Study reaches in Casualty 

Creek have an average of about 1 large boulder, with a standard deviation of 1.4. A 

difference of means test shows that the number of large boulders in Bachelor Creek is 

more than in Casualty Creek at a significance level of p=0.17. This result indicates that 

although there is less LWD in the study reaches of Bachelor Creek, there are more large 

boulders. To assess whether large boulders make up for the lack of LWD in providing 

How energy control and aquatic habitat in Bachelor Creek study reaches, the total number 

of roughness elements are compared between Casualty and Bachelor Creeks. 

5.5.3. Total Roughness Elements 

There are significantly more number of LWD pieces and large boulders in study 

reaches of Casualty Creek than in Bachelor Creek (Figure 5.31). The mean number of 

roughness elements in Bachelor Creek study reaches is 5.3 per 100 m stream length, 

compared to Casualty Creek study reaches, which have a mean of 27 roughness elements 

per 100 m stream length. A difference of means test shows that there are significantly 

fewer total roughness elements in Bachelor Creek at a confidence level of p=0.05. 

Therefore, there is less dissipation of flow energy and less provision of aquatic habitat by 

roughness elements in study reaches of Bachelor Creek than in Casualty Creek. A 

limitation to this conclusion is that each L W D piece and each large boulder is unique in 

the degree of energy control and quality of aquatic habitat that it provides depending on 

its location, composition, and positioning. 

5.6. Pools 

Pools are critical features of forested mountain streams that provide quality aquatic 

habitat and are locations where fine sediment is stored temporarily. Pools are key 

features of step-pool and pool-riffle stream morphology, and form adjacent to steps and 

LWD jams, in the lee of in-stream obstacles, at meanders in sinuous channels, and in 
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areas of low or negative channel gradient. By comparing the number and volume of 

pools in Bachelor Creek with Casualty Creek, further information about differences in 

aquatic habitat and storage locations of fine sediment can be obtained. 

There are a total of 7 pools in the study reaches of Bachelor Creek, with an 

average of 0.6 pools per 100-m stream length and a standard deviation of 0.5 (Table 

5.18). Study reaches in Casualty Creek have a total of 75 pools, with an average of 8 

pools per 100-m stream length and a standard deviation of 2. A difference of means test 

shows that there are significantly fewer pools in Bachelor Creek study reaches, with 

p « 0 . 0 1 . 

Analysis of pool volume and pool depth shows that Casualty Creek study reaches 

have higher quality aquatic habitat provided by pools. The mean volume of individual 

pools in Bachelor Creek (63 m3) is significantly greater than individual pools of Casualty 

Creek (29 m3) with a confidence limit of 87% (p=0.13) (Table 5.19a). However, study 

reaches in Bachelor Creek have a mean pool volume per 100-m stream length of 41 m 3 , 

with a standard deviation of 71 (Table 5.19b). Study reaches in Casualty Creek have a 

mean pool volume per 100-m stream length of 230 m \ with a standard deviation of 

284.4. A difference of means test shows that the mean pool volume is significantly less 

in Bachelor Creek than in Casualty Creek at a significance level of p=0.04. 

There is no difference in the mean depth of individual pools between study 

reaches in Bachelor and Casualty Creeks. The mean depth of individual pools in 

Casualty Creek is 1.1 m, with a standard deviation of 0.7. Bachelor Creek pools have a 

mean depth of 0.8 m, with a standard deviation of 0.2. A difference of means test shows 

that there is no significant difference in the depth of individual pools, as p « 0 . 1 . 

These results show that there are fewer pools and less total pool volume per 100-

m stream length in Bachelor Creek than in Casualty Creek. While individual pools in 

Bachelor Creek have more volume, the total volume of pools per 100-m stream length is 

significantly greater in Casualty Creek. In addition, the mean depths of pools in Bachelor 

and Casualty Creeks are similar. This indicates that there is less aquatic habitat per 100-

m stream length associated with pools in Bachelor Creek. Pools are associated with 

channel diversity, and this result is consistent with other analysis showing that study 

reaches in Bachelor Creek have lower morphological diversity than in Casualty Creek. 
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5.7. Limitations 

In paired watershed experiments, results are often limited by the comparability of 

the control and the treated basins. The geology, climate, and vegetation of the Bachelor 

and Casualty basins are very similar. The mean gradient of study reaches in Bachelor 

and Casualty Creeks are also similar. However, the drainage areas of the study basins 

differ significantly, and drainage area is often an important factor determining stream 

discharge. Comparison of channel geometry measurements and discharge estimates 

using the Manning equation for Bachelor and Casualty Creeks shows that these values 

are comparable. However, some error is likely to be associated with the discharge 

estimates. In particular, error associated with Manning equation and the measurement of 

channel width, depth, gradient and grain size create uncertainty in discharge estimates. 

Several findings from aerial photograph analysis, including a possible increase in 

channel width and change in stream-bank vegetation, show that stream morphology in 

Bachelor Creek may have changed post-logging. Changes to channel width can not be 

demonstrated with certainty at the resolution of the aerial photography used to compare 

the Bachelor Creek channel pre- and post-logging. Logging is a possible explanation for 

morphologic change, although other factors, such as climate, could have caused a change 

in stream morphology post-logging. Increased precipitation and rapid spring runoff can 

cause flooding that scours channel banks, widening the channel and causing channel 

avulsions. In addition, climatic factors could have caused an increase in the frequency 

and magnitude of snow avalanches in the basin of Bachelor Creek in recent years, and 

snow avalanches are shown to influence stream morphology. 

Additional limitations of this study are associated with sample design and 

measurement of variables. The number of study reaches surveyed is relatively low, with 

only eight per basin. A higher density of reaches surveyed would improve the certainty 

in relations between variables, such as LWD and channel width, and step-pool spacing 

and channel width. The number of study reaches surveyed was limited by the single, 

relatively short field season. 
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The total length of the stream between the uppermost and lowermost study 

reaches is 8 km for each basin. Within this distance, channel variables, such as width, 

depth, gradient, and stream order vary minimally compared to the variation in stream 

properties from the headwaters to the outlet of Bachelor and Casualty Creeks. As a 

result, applications of the results of this study are limited to locations with channel 

properties that are similar to those of the study reaches. 

Difficult terrain and fast stream currents limited the length of each study reach. 

At some study reaches, a survey length of about 10 channel bankfull widths was possible. 

In other locations, the survey length was limited to approximately 5 channel widths. As a 

result, there is a bias for study reaches with easier terrain to be longer than reaches with 

more difficult terrain. Difficulty of terrain may correspond to relatively high 

morphological diversity and, therefore, bias may exist for reaches with higher 

morphological diversity to be shorter than reaches with lower morphological diversity. 

However, this bias is similar for both streams, probably reducing its significance. 

Results based on measurements of channel cross-sections are limited by the bias 

for stream crossings that were accessible. Cross-sections were usually measured for 

locations having a wider shallow section and a narrower deep section, such as where bars 

are present, and at bends in the channel. This bias affects the analysis of width to depth 

ratios, cross-section areas, and discharge estimates. 



Figure 5.1. Log steps in Casualty Creek. Part of a step-pool sequence in Reach 1. 

2000. 
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Figure 5.2. Pool-riffle morphology in Casualty Creek. July 2000. 
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Figure 5.3. Plane-bed morphology in Bachelor Creek. August 2000. 
87 



Figure 5.4. Plan view map of Reach 6, Casualty Creek. 
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Figure 5.5. Step-pool and pool-riffle morphology in Reach 2, Casualty Creek. 
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Figure 5.6. Plane-bed morphology in Reach 5, Bachelor Creek-
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Figure 5.7. Plane-bed morphology adjacent to an avalanche path in Reach 7, Bachelor 

Creek. 
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Figure 5.8. Alluvial fan between Reaches 7 and 8 in Bachelor Creek causes meander 

bends and mid-channel bars to form upstream. 



ure 5.9. Plane-bed morphology in Reach 8, Bachelor Creek. 
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Figure 5.10. High morphological diversity shown in the plan view map of Reach 5, 

Casualty Creek. 
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Figure 5.11. Aerial photograph ot the study area in Bachelor Creek showing examples 

of locations of post-logging channel avulsions. 



Table 5.1. Width to depth ratio for Bachelor and Casualty Creeks study reaches. 

Bachelor Creek 
Width to Depth Ratio 

Casualty Creek 
Width to Depth Ratio 

Reach 1 26.7 17.4 
Reach 2 25.4 10.8 
Reach 3 37.1 14.5 
Reach 4 28.4 14.0 
Reach 5 30.4 10.4 
Reach 6 32.5 15.1 
Reach 7 28.5 14.1 
Reach 8 31.3 12.7 

Mean 30.0 13.6 
Standard 
Deviation 

6.4 4.6 

Range 20 16 



Figure 5.12. Relation between contributing basin area and channel width in Bachelor 

Creek. Channel widths shown are mean values for each study reach. 
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Figure 

Creek. 

5.13. Relation between contributing basin area and channel width in Casualty 

Channel widths shown are mean values for each study reach. 
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Figure 5.14. Relation between contributing drainage basin area and mean channel depth 

in Bachelor Creek. Channel depths shown are mean values for each study reach. 

r" 0.61 
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Figure 5.15. Relation between contributing drainage basin area and channel depth in 

Casualty Creek. Channel depths shown are mean values for each study reach. 
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Table 5.2a. Mean channel width: Pre- and post-logging for Bachelor Creek. Values 

were determined using aerial photographs. 

Pre-Logging (1975) Post-Logging (1996) 
Mean channel width 27 33 
Standard Deviation 12 18 
Range 61 70 
n 30 43 

Table 5.2b. High and low estimates for mean channel width of Bachelor Creek pre- and 

post-logging using error associated with resolution of aerial photograph measurements. 

Pre-logging 
Channel 

Width (m) 

Pre-logging 
Channel 

Width (m) 

Post-logging 
Channel 

Width (m) 

Post-logging 
Channel 

Width (m) 
High Estimate Low Estimate High Estimate Low Estimate 

Mean 34 21 37 29 

Standard 
Deviation 

12 12 17 17 



Figure 5.16a. Aerial photographs showing stream-bank vegetation pre-logging along 

Bachelor Creek. 
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Figure 5.16b. Aerial photographs showing stream-bank vegetation post-logging along 

Bachelor Creek. 
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Table 5.3. Length of stream-bank riparian forest disturbed in study area of Bachelor 

Creek. Values were determined using aerial photographs. 

Total 
Stream-

bank 
Length 

Length of 
Stream-

bank 
Logged 

Length of 
Stream-

bank 
as 

Avalanche 
Path 

% of 
Steam-
bank 

Logged 

% of 
Steam-
bank as 

Avalanche 
Path 

Bachelor 
Creek 

16 000 m 3 385 m 1 675 m 21.1% 10.4% 

Table 5.4. Stream-bank vegetation in Bachelor Creek and Casualty Creek. Values 

determined using aerial photographs and field surveys. 

Stream-bank Stream-bank Stream-bank 
Vegetation at 
Undisturbed 

Vegetation 
at Avalanche 

Vegetation at 
Logged Areas 

Forest Path 
Bachelor Old growth Alder Not Applicable 
Creek (pre- Engleman 
logging) Spruce/Sub-alpine 

Fir 
Bachelor Alder Alder Alder 
Creek (post- <2m tall 
logging) 
Casualty Old growth Alder Not Applicable 
Creek Engleman 

Spruce/Sub-alpine 
Fir 
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Table 5.5. Disturbed area on forested hillslopes adjacent to the study areas of Bachelor 

and Casualty Creeks. Values determined using aerial photography and 1: 50 000 

topographical maps. 

Area Below Avalanche % of Area % of Area 
Tree line in Path Area Avalanche Logged Logged 
Study Area (km2) Path (km2) 

(km2) 
Bachelor 43.2 19.3 45 17.46 40 
Casualty 45.7 14.4 31 0 0 

Table 5.6. Study reach lengths and channel gradients in Bachelor and Casualty Creeks. 

Bachelor Casualty Bachelor Casualty 
Creek Creek Creek Creek 

Total Length Total Length Gradient1 Gradient1 

(m) (m) 
Reach 1 113.5 109 0.023 0.019 
Reach 2 177 90 0.019 0.029 
Reach 3 125 64 0.044 0.022 
Reach 4 191 124 0.023 0.006 
Reach 5 197 152 0.019 0.014 
Reach 6 134 167 0.008 0.007 
Reach 7 268 175 0.009 0.016 
Reach 8 178 160 0.002 0.020 

Total 1383.5 1041 
Mean 0.018 0.017 
Standard 0.013 0.008 
Deviation 
Range 0.020 0.024 

Gradient is tangent slope. 



Figure 5.17. Longitudinal profde of Reach 5, Bachelor Creek.1 
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Figure 5.18. Longitudinal profde of Reach 5, Casualty Creek.1 
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Table 5.7. Average gradients of step-pool and pool-riffle sequences in Casualty Creek. 

Step-pool gradients Pool-riffle gradients 
Reach 1 0.028 Reach 1 0.007 
Reach 1 0.046 Reach 4 0.002 
Reach 2 0.029 Reach 4 0.005 
Reach 3 0.034 Reach 5 0.002 
Reach 5 0.023 Reach 6 0.010 
Reach 7 0.022 Reach 7 0.005 
Reach 8 0.027 Reach 8 0.006 

Reach 8 0.007 

Mean 0.030 0.006 
Standard 
Deviation 

0.008 0.003 

Range 0.024 0.008 
n 7 8 
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Table 5.8. Length of step-pool spacing in Casualty Creek. 

Step-pool Spacing (m) 
Step-pool 1 Step-pool 2 Step-pool 3 Step-pool 4 Step-pool 5 

Reach 1 3 18 
Reach 2 10 11 17 5 5 
Reach 3 22 38 
Reach 4 No Steps 
Reach 5 10 35 14 
Reach 6 No Steps 
Reach 7 85 20 
Reach 8 48 7 

Mean 21.8 
Standard 
Deviation 

21.2 

Range 82 
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Figure 5.19. Relation between step spacing and channel gradient for Casualty Creek. 
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Table 5.9. Step spacing and channel width for step-pool sequences in Casualty Creek. 

Step spacing is expressed in units of m and channel bankfull widths. 

I l l 

Channel Width 
(m) 

Step-pool Spacing 
(m) 

Length of Step Spacing 
(channel bankfull widths) 

Reach 1 15.5 10.5 0.68 
Reach 2 13.0 9.6 0.74 
Reach 3 18.0 30.0 1.7 
Reach 5 14.0 24.5 1.8 
Reach 7 19.0 52.5 2.8 
Reach 8 18.5 22.5 1.2 

Mean 1.5 
Standard 
Deviation 

0.78 

Range 2.1 



Figure 5.20. Relation between step-pool spacing and mean channel width for Casualty 

Creek. 
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Table 5.10. Height of steps in Casualty Creek 

Height of Steps (m) 
Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step7 

Reach 1 0.29 0.59 0.29 0.19 
Reach 2 0.26 0.42 0.26 0.14 0.27 0.2 0.11 
Reach 3 0.05 1.12 0.38 
Reach 4 0.34 
Reach 5 0.4 0.8 0.13 0.46 
Reach 7 0.36 0.25 0.4 
Reach 8 0.22 0.42 1.0 

Mean 0.37 
Standard 
Deviation 

0.26 

Range 1.07 



Figure 5.21. Relation between step height and mean channel width for step-pool 

sequences in Casualty Creek. 
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Figure 5.22. Relation between step height and channel gradient for step-pool sequences 

in Casualty Creek. 
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Table 5.11. Step height/step length/gradient for Casualty Creek step-pool reaches. 

Mean H/L/S 
Reach 1 2.8 
Reach 2 0.90 
Reach 3 0.68 
Reach 41 N/A 
Reach 5 1.2 
Reach 61 N / A 
Reach 7 0.47 
Reach 8 2.0 

Mean 1.2 
Standard 1.4 
deviation 
Range 5.1 

Reach does not contain a step-pool sequence. 
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Figure 5.23. Logjam at a) Reach 3 and b) Reach 8, Casualty Creek. 



Table 5.12. Total LWD and number of LWD pieces per 100 m of stream length. 

Bachelor Casualty Bachelor Casualty 
Total 
LWD 

Total 
LWD 

LWD per 100m 
stream length 

LWD per 100m 
stream length 

Reach 1 8 25 7 22 
Reach 2 6 6 J 7 
Reach 3 4 44 ~> J 69 
Reach 4 1 15 0.5 12 
Reach 5 2 109 1 72 
Reach 6 0 10 0 6 
Reach 7 4 12 1 7 
Reach 8 2 16 1 10 
Total 27 237 

Mean 2 26 
Standard 
Deviation 

2 28 

Range 7 66 

Table 5.13. Width of LWD pieces in study reaches of Bachelor and Casualty Creeks. 

Bachelor Casualty 
Width of Width of 
LWD (m) LWD (m) 

Mean 0.37 0.38 
Standard 0.079 0.14 
Deviation 
Range 0.3 0.8 
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Table 5.14. Length of LWD pieces in study reaches of Bachelor and Casualty Creeks. 

Bachelor 
Creek 

Casualty 
Creek 

Length of 
LWD (m) 

Length of 
LWD (m) 

Mean 7.5 6.9 
Standard Deviation 5.0 4.9 
Range 16 34.5 

Table 5.15. Total LWD jams and number of L W D jams per 100-m stream length in study 
reaches of Bachelor and Casualty Creeks. 

Bachelor Creek Casualty Creek Bachelor Creek Casualty Creek 
Total LWD 

Jams 
Total LWD 

Jams 
LWD jams per 
100 m stream 

length 

LWD jams per 
100 m stream 

length 

Reach 1 1 2 1 2 

Reach 2 1 0 1 0 
Reach 3 0 2 0 3 
Reach 4 0 0 0 0 
Reach 5 0 4 0 3 
Reach 6 0 0 0 0 
Reach 7 0 1 0 1 
Reach 8 0 2 0 1 
Total 2 11 

Mean 0.3 1 
Standard 
Deviation 

0.5 1 

Range 1 3 



Figure 5.24. Relation between number of LWD pieces per 100-m stream length and 
mean channel width for Casualty Creek. 

r 0.10 
Slope -3.4 
Standard error 28.9 
y intercept 84.4 
n 8 



Figure 5.25. Relation between number of LWD pieces per 100-m stream length and 

mean channel width for Bachelor Creek. 
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r 2 0.50 
Slope -0.42 
Standard error 1.73 
y intercept 11.7 
n 8 



Figure 5.26. Relation between number of LWD pieces per 100-m stream length and 

drainage area in Bachelor Creek. 
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Figure 5.27. Relation between number of LWD pieces per 100-m stream length and 

drainage area in Casualty Creek. 
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Figure 5.28. Relation between number of LWD pieces per 100-m stream length and 

drainage area in Bachelor and Casualty Creeks. 
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Figure 5.29. Relation between the percentage of LWD pieces oriented perpendicular to 

the channel and mean channel width for Casualty Creek. 
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Figure 5.30. Relation between the percentage of LWD pieces oriented perpendicular to 

the channel and mean channel width for Bachelor Creek. 
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Table 5.16. Mean percentage of L W D pieces oriented parallel and perpendicular to the 

stream channel for Bachelor and Casualty Creeks. 

Casualty Creek Bachelor Creek 
% LWD % LWD % LWD % LWD 
oriented oriented oriented oriented 

perpendicular parallel perpendicular parallel 
Reach 1 72 28 88 13 
Reach 2 50 50 50 50 
Reach 3 91 9.1 50 50 
Reach 4 67 33 0 100 
Reach 5 82 18 50 50 
Reach 6 20 80 N / A 1 N / A 1 

Reach 7 67 33 25 75 
Reach 8 50 50 0 100 

Mean 62 38 38 63 

Standard 22 22 31 31 
Deviation 

1 No LWD pieces in this study reach. 



Table 5.17. Boulders with a b-axis larger than 1 m. 

Bachelor Casualty Creek Bachelor Creek Casualty 
(reck Creek 

Total Number Total Number Large Boulders Large 
of Large of Large per 100m Boulders per 
Boulders Boulders Stream Length 100m Stream 

Length 
Reach 1 9 1 8 1 
Reach 2 4 2 2 2 
Reach 3 14 0 11 0 
Reach 4 1 0 1 0 
Reach 5 0 0 0 0 
Reach 6 0 7 0 4 
Reach 7 7 0 3 0 
Reach 8 0 0 0 0 

Mean 3.1 0.9 
Standard 4.2 1.4 
Deviation 
Range 11 4 



Figure 5.31. Total roughness elements per 100-m stream length. Roughness elements 

considered are LWD and boulders with a b-axis >1 m. 
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Table 5.18. Number of pools per 100-m stream length in Bachelor and Casualty 
Creeks. 

Bachelor Casualty Bachelor Casualty 
Creek Creek Creek Creek 

Total Number Total Number Pools per 100m Pools per 100m 
of Pools of Pools Stream Length Stream Length 

Reach 1 0 11 0 10 
Reach 2 1 8 1 9 
Reach 3 1 5 1 8 
Reach 4 2 8 1 6 
Reach 5 0 12 0 8 
Reach 6 1 7 1 4 
Reach 7 1 12 0 7 
Reach 8 1 12 1 8 

Total 7 75 
Mean 0.6 8 
Standard 0.5 2 
Deviation 
Range 1 6 
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Table 5.19a. Mean volume and mean depth of individual pools for Bachelor and 

Casualty Creeks. 

Bachelor Casualty Bachelor Casualty 
Creek Creek Creek Creek 

Individual Individual Individual Individual 
Pool Volume Pool Volume Pool Depth Pool Depth 

(m3) (m3) (m) (•n) 
Mean 63 29 0.8 1.1 
Standard 103 53 0.2 0.7 
Deviation 

Table 5.19b. Total pool volume per 100-m stream length in Bachelor and Casualty 

Creeks. 

Bachelor Casualty Bachelor Casualty 
Creek Creek Creek Creek 

Total Pool Total Pool Pool Volume Pool Volume 
Volume (m3) Volume (m ) per 100m per 100m 

Stream Stream 
Length (m3) Length (m3) 

Reach 1 106 0 97 
Reach 2 24 237 14 263 
Reach 3 20 346 16 541 
Reach 4 48 48 25 39 
Reach 5 92 0 600 
Reach 6 280 69 210 41 
Reach 7 2 162 1 92 
Reach 8 110 253 62 158 
Total 485 2147 
Mean 41 230 
Standard 71 225 
Deviation 
Range 210 570 



Chapter 6 

Conclusion 
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6.1. Stream morphology in the unlogged watershed 

Stream morphology in Casualty Creek is influenced by numerous variables. The 

key morphological variables identified in this study are similar in many cases to those 

found in studies undertaken in coastal areas. However, snow avalanches, which have 

been found to be a key control on stream morphology in this study, have not been 

identified as significant in coastal region studies. 

The influence of LWD and L W D jams on stream morphology in Casualty Creek 

is similar to what has been found in other studies. Nakamura and Swanson (1993) and 

McDade et al. (1990) found that LWD jams formed steps and stored large volumes of 

sediment in third and fourth order streams in western Oregon and Washington, and 

Hogan (1987) found similar results for streams of the Queen Charlotte Islands. L W D 

causes mid-channel bars to form and channel width to vary in Casualty Creek, which is 

similar to results found by Keller and Swanson (1979) in watersheds of the Pacific 

Northwest. 

Pool-riffle morphology has a mean gradient of 0.006 in Casualty Creek, with an 

upper limit of 0.10 in Casualty Creek. This finding is in contrast to the upper limit 

gradient of 0.03 for pool-riffle morphology of gravel bed streams described by Leopold et 

al. (1964), Keller and Melhorn (1978), and Milne (1982). However, pool riffle 

morphology has been found in coastal watersheds at gradients similar to those of 

Casualty Creek (Grant et al., 1990; Montgomery and Buffington, 1997). Step-pool 

reaches in Casualty Creek have an average gradient of 0.030. Other studies show that 

step-pool reaches are typically found when gradients exceed 0.05 (Chin, 1999). It is 

unclear why these results differ from results for Casualty Creek. 

The mean step-pool spacing in study reaches of Casualty Creek is 1.5 channel 

bankfull widths, and ranges between 0.7 and 2.8, which is within the range of 0.5 to 4 

described by most researchers. Step-pool spacing shows no recognizable relation with 

gradient in this study, despite many studies which demonstrate this relation. Step-pool 
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spacing was found to increase with channel width, supporting the results of Chin (1999) 

that variability in step-pool spacing is related to discharge and not gradient. The mean 

ratio of H/L/S for study reaches in Casualty Creek is 1.2, which meets the criteria of 

Abrahams et al. (1995) for maximum flow resistance. However, three study reaches have 

H/L/S values below 1, indicating that maximum flow resistance is not achieved. 

Channel width influences step-pool spacing, total LWD, and LWD orientation in 

Casualty Creek. Chin (1999) and Wohl et al. (1997) found that channel width influences 

step-pool spacing in streams of the Sierra Nevada and western Montana, respectively. 

Channel size has been found to be a factor limiting total LWD in coastal studies (e.g. 

McDade et al., 1990; Nakamura and Swanson, 1993). Hogan (1987) found that L W D 

orientation was dependent on channel width for streams in the Queen Charlotte Islands. 

However, mean step height is similar to the mean width of LWD, and step height does 

not change in a downstream direction, as boulder steps have been shown to do in other 

studies (e.g. Chin, 1999). 

The forest and riparian zone vegetation in the Casualty Creek basin is a critical 

component of stream morphology. Stream bank vegetation in Casualty Creek is 

composed mainly of old growth trees, although alder is found at avalanche paths. 

Riparian zone forest has been found to regulate runoff to the stream through 

evapotranspiration of shallow groundwater and interception of surface runoff and 

precipitation (Golding, 1987; Hetherington, 1987; Bowling et al., 2000; Jones, 2000). 

Studies undertaken in locations with freezing winters have found that snow accumulation 

is lower in forested areas than logged areas (e.g., Troendle, 1987). Matheussen et al. 

(2000) found that logged areas in the Columbia basin, and especially the Mica Creek sub-

basin in the Northern Selkirk Mountains (approximately 80-km northwest of Bachelor 

Creek), had significantly higher snow accumulation in logged areas, and spring runoff 

was higher as a result. Similar to the results of Roberts and Church (1986), stream-bank 

vegetation in Casualty Creek is mainly old growth forest, indicating that the stream has 

been generally laterally stable for hundreds of years. The riparian zone forest is an 

important supplier of LWD to Casualty Creek, as is the case for most forested streams 

(Heede, 1972). 
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A primary difference between stream morphology of forested, mountainous 

watersheds in coastal regions and Casualty Creek are the changes in stream morphology 

associated with snow avalanche paths that are coupled to the stream. Stream morphology 

in Casualty Creek abruptly changes from step-pool or pool-riffle to plane-bed adjacent to 

avalanche paths. At these locations, the channel straightens, and there is a lack of LWD, 

bedforms, and pools. There appears to be no downstream transitional zone, as the stream 

quickly returns to step-pool or pool-riffle morphology at the downstream end of an 

avalanche path. The channel does not increase or decrease in width adjacent to avalanche 

paths. Where snow avalanches have formed a new avalanche path, or widened an 

existing one, large amounts of sediment and woody debris enter the channel. 

6.2. Stream morphology in the logged watershed 

Stream morphology of study reaches in Bachelor Creek can be distinguished from 

Casualty Creek by some critical variables. However, the ability to compare stream 

morphology in Casualty Creek with Bachelor Creek is limited by the comparability of the 

basins. Generally, the physiographic properties of the study basins are similar. However, 

the drainage area of Bachelor Creek is significantly larger than Casualty Creek. 

Discharge estimates indicate that values are similar for Casualty and Bachelor Creeks, 

although some error is associated with these values. 

Large boulders, greater than 1 m b-axis, are the dominant roughness element in 

study reaches of Bachelor Creek. Similar to LWD, large boulders create pools that 

provide quality aquatic habitat, and large boulders dissipate flow energy in the channel. 

Unlike LWD, however, large boulders do not provide a structural dwelling or an 

allochthonous food source in the same way as LWD. The total number of roughness 

elements in study reaches of Bachelor Creek is significantly less than for Casualty Creek. 

As a result, there is much lower energy dissipation, less morphological diversity, and 

minimal high-quality aquatic habitat in Bachelor Creek. 

Channel width is a significant influence on stream morphology in Bachelor Creek. 

L W D declines with increasing channel width and the percentage of LWD pieces that are 

oriented perpendicular to the stream decreases in Bachelor Creek with increasing channel 
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width. When LWD is oriented perpendicular to the channel, it is most effective at 

reducing flow energy and creating aquatic habitat (Keller and Swanson, 1979). LWD 

and the percentage of LWD pieces oriented perpendicular to the channel begin to 

decrease at a channel width of 19 m, similar to Casualty Creek. Step-pool spacing 

increases with increasing channel width in Casualty Creek, which has implications for 

step-pool morphology in Bachelor Creek. These results show that channel width is a 

significant element of stream morphology in the study basins. Any disturbance that 

causes channel widening, therefore, has a significant impact on stream morphology. 

The difference in channel width to depth ratio between Casualty and Bachelor 

Creeks may be due to channel widening caused by logging activity in Bachelor Creek. 

Measurements of pre- and post-logging aerial photographs were undertaken to evaluate if 

the channel in Bachelor Creek widened post-logging. However, statistical analysis of the 

measurement error shows that there may not be a significant difference between channel 

width pre- and post-logging. Further work is required to determine if the channel has 

widened over time in Bachelor Creek. Analysis of pre-logging stream-bank vegetation 

shows that much of the channel bank was old-growth forest, indicating long-term lateral 

stability of the channel. Post-logging, the stream-bank vegetation is mainly alder, 

indicating that recent disturbance of the channel banks by higher flows has removed the 

old growth vegetation. Analysis of channel sinuosity shows that since logging, five 

channel avulsions have occurred. Pre-logging air photos show no evidence of channel 

avulsions. 

Of particular interest in this study is the disturbance regime caused by snow 

avalanches in the Northern Selkirk Mountains of British Columbia. On hillslopes 

adjacent to the stream in the 8 km study area of Bachelor Creek, about 45% of the area 

below tree line is covered by avalanche paths, compared to 40% that is covered by 

clearcuts. In addition, about 20% of stream-bank vegetation has been logged, compared 

to only 10% that is affected by avalanche paths. High-magnitude snow avalanches that 

clear new paths or widen existing paths contribute important sediment and woody debris 

to the channel. However, logging reduces the amount of mature vegetation from which 

avalanches can recruit woody debris. Logging in the riparian zone decreases the supply 
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of trees for LWD recruitment. Snow avalanche paths correspond to featureless stream 

morphology in Casualty and Bachelor Creeks. 

Logging has been shown to cause channel widening in studies in coastal areas 

(e.g., Roberts and Church, 1986; Hogan, 1987; Hartman et al., 1996;). Past studies have 

shown that increased annual water yield and increased peak runoff are associated with 

logging. In particular, clearcuts and logging roads have been identified as the causes of 

an increase in peak discharge in basins that have been subjected to logging (Golding, 

1987; Hetherington, 1987; Bowling, 2000; Jones, 2000). An increase in peak discharge 

increases the erosive energy of a stream, which could lead to widening of the channel. 

The results of this study suggest that changes in stream morphology may have been 

caused by clearcuts and logging roads in Bachelor Creek, although conclusive evidence 

of channel widening was not found. 

6.3. Future study 

Future research examining the influence of snow avalanches and logging on 

stream morphology in the Northern Selkirks should focus on certain important variables. 

The riparian zone forest is a critical element of stream morphology in Casualty Creek. 

The riparian zone forest supplies LWD, which creates complex stream morphology and 

provides good quality aquatic habitat. In addition, trees along the stream bank have been 

shown in previous studies to stabilize stream banks and control the runoff regime, 

preventing channel widening that reduces aquatic habitat (e.g. Hogan, 1997). The Forest 

Practices Code of British Columbia requires a riparian buffer zone to minimize the 

impacts of logging on streams. However, these regulations may not be adequate, as 

logging has often been found to impact stream morphology in studies undertaken in 

coastal regions. The width of the riparian buffer zone needs to be large enough to 

prevent modification to stream morphology if logging is to have no impact on streams. 

Changes in stream morphology in upper reaches have potential consequences for 

downstream reaches. Changes in upstream variables such as flow regime, morphological 

diversity, food resources for aquatic organisms, and aquatic ecosystem population 

dynamics affect the channel system farther downstream. 
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Forestry Practices Code regulations in British Columbia allow riparian buffer 

zones to be selectively logged, and the largest trees, which are often most critical in 

maintaining morphological diversity, are removed. The size of riparian zone required to 

ensure that a dynamic LWD regime exists following logging is not fully understood 

(Ziemer, 1998). To conclusively determine the effects of logging in the riparian zone of 

streams in the Northern Selkirks on stream morphology, further study is needed. LWD, 

hydrology, channel width and depth, channel gradient, and channel bed grain size of a 

high sample population of drainage basins with experimental widths of riparian buffer 

zones should be studied over a significantly long time period, both pre- and post-logging. 

Such studies could be used to evaluate the influence of logging and the riparian zone on 

hydrological regime, LWD, step-pool and pool-riffle stream morphology, channel width, 

and aquatic habitat in streams of the Northern Selkirks. 

Another aspect of stream morphology that requires further study is the association 

between step-pool spacing and channel width. Step-pool spacing is related to channel 

width in Casualty Creek. It remains unclear, however, if this relation is typical of basins 

in the Northern Selkirks region. Future study that examines the relation between channel 

width and step-pool spacing is needed. Step-spacing and channel width must be 

measured for a high sample population of streams with variable discharge regimes to 

determine whether a consistent relation exists. This relation is significant, as step-pool 

morphology is critical for flow energy dissipation and providing aquatic habitat in many 

forested mountain streams. If step-pool spacing increases due to a change in channel 

width caused by a disturbance in the basin, the integrity of the aquatic ecosystem may be 

affected. 

The influence of snow avalanches on stream morphology is well documented for 

the 8 km study areas of Bachelor and Casualty Creeks. However, surveys of additional 

basins are necessary to gain a comprehensive understanding of the interaction between 

snow avalanches and stream morphology in watersheds of the Northern Selkirks. Streams 

of greater and lesser discharge magnitude than the study reaches in Casualty and 

Bachelor Creeks need to be documented to evaluate if plane bed morphology corresponds 

with snow avalanche paths in all cases. In addition, basins with different densities of 

snow avalanche paths should be examined. 
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The relation between snow avalanches and stream morphology in basins that 

represent the full range of geologic, climatic, vegetation, and land-use conditions found 

in the Northern Selkirks would provide a clearer understanding of how the role of snow 

avalanches varies under different controlling conditions throughout the region. Different 

geologic conditions may influence hillslope gradients, the texture of hillslope surface, 

soil erodibility, and the runoff regime in a watershed. In turn, such factors may affect the 

magnitude and frequency of snow avalanches on stream morphology. Climatic conditions 

will impact the amount of snow that accumulates on hillslopes and the rate of snowpack 

melting in spring. These processes may affect the magnitude and frequency of snow 

avalanches, and the influence of snow avalanches on stream morphology. Two main 

forest ecosystems are present in the Northern Selkirks, Interior Cedar Hemlock and 

Engleman Spruce/Sub-alpine Fir. This study examined the influence of snow avalanches 

on stream morphology in Engleman Spruce/Sub-alpine Fir forested basins. Further study 

is needed to determine whether there is a difference in the relation between snow 

avalanches and stream morphology for different forest types in the Northern Selkirks. 

Forest type is affected by climate, aspect, soil conditions, and elevation, and snow 

avalanches are generally influenced by these factors. Therefore, an examination of 

stream morphology and snow avalanches in basins with different forest types would 

provide an understanding of how the impacts of snow avalanches on stream morphology 

change under these factors. Finally, the impacts of snow avalanches on stream 

morphology for various land-uses, especially logging, need to be further explored for the 

Northern Selkirks to assess if various logging intensities have particular effects on snow 

avalanche regime and stream morphology. 

An understanding of the role of snow avalanches in a variety of conditions is 

critical for developing policies for forestry practices that minimize impacts of logging on 

stream morphology in areas with snow avalanche disturbance regimes. For logging in the 

Northern Selkirks to be considered sustainable, stream morphology must not be modified 

by forestry activity. The threshold size of logged area that has an impact on stream 

morphology may vary for streams and basins with different physiographic properties in 

the Northern Selkirks. The combination of logging and snow avalanches may lead to 
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particularly significant changes to stream morphology and flow regime, and thereby 

reduce the amount of high quality aquatic habitat. 

The relation between stream discharge and basin area is not consistent for 

Casualty and Bachelor Creeks. Similar discharges have been estimated for the two 

streams, despite Bachelor Creek having a much larger basin area. An examination of 

groundwater flow may be needed to resolve the differences in the relation between basin 

area and discharge for the study basins, as a difference in groundwater flow may be the 

cause of lower discharge values in Bachelor Creek. Vegetation that exists in the two 

basins suggests that the climates of the two basins are similar. Direct measurement of 

precipitation and discharge for both basins over an extended time period that captures 

high magnitude and low frequency events would allow for a greater understanding of the 

climatic and discharge regimes for these basins. Such information could be used to 

further evaluate the similarity of Casualty and Bachelor Creeks. Future studies employing 

a paired basin design in the Northern Selkirks should examine carefully the key basin 

properties, such as the climatic and discharge regime, and undertake as much preliminary 

analysis in the field as possible to ensure that the control and treated basins are similar. 

Channel width is a critical variable to examine when evaluating the effects of 

logging on stream morphology. This study was unable to identify changes to channel 

width pre- and post logging in Bachelor Creek due to measurement error associated with 

the resolution of aerial photographs. In addition, the lack of available precipitation data 

did not allow the potential role of climatic factors in influencing channel width to be 

meaningfully considered. Channel width pre- and post-logging should ideally be 

measured in the field, while also monitoring other physiographic properties that may 

influence channel width, such as precipitation, discharge, and snow avalanche activity. 

Such investigations would require extensive time periods of study. Aerial photographs 

may be used to determine changes to channel width pre- and post-logging only if the 

scale of the photography is large enough to resolve any changes. Precipitation data, if 

available, should also be analyzed to evaluate the role of climate and hydrology in 

determining channel width. 

The present study provides key information on both natural and disturbed 

drainage basins in the Northern Selkirks. However, further work is required to improve 



our knowledge of channel systems in this region. Many of the key items that should be 

addressed in future studies were outlined in this section. Further investigation would help 

land managers design policies to ensure that land-use activities, such as logging, have 

minimal impact on streams of the Northern Selkirks. 
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APPENDIX I 

Longitudinal Profdes of Study Reaches in Casualty and Bachelor Creek. 



Casualty Creek Longitudinal Profiles. 
0 m elevation corresponds to most downstream elevation in reach. 
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Average Gradient = 0.019 
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0 m elevation corresponds to most downstream elevation in reach. 
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Casualty Creek Longitudinal Profiles. 
0 m elevation corresponds to most downstream elevation in reach. 

Reach 5 

Total Length = 152 m 
Average Gradient = 0.013 
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Casualty Creek Longitudinal Profiles 
0 m elevation corresponds to most downstream elevation in reach. 

Reach 7 
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Bachelor Creek Longitudinal Profiles 
0 m elevation corresponds to most downstream elevation in reach. 

Reach 1 

Total Length = 113.5 m 
Average Gradient = 0.023 
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Bachelor Creek Longitudinal Profiles 
o m elevation corresponds to most downstream elevation in reach 
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Bachelor Creek Long Profiles 
0 m elevation corresponds to most downstream elevation in reach. 

Reach 7 

Total Length = 268 m 
Average Gradient = 0.009 
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APPENDIX II 

Cross-section Profiles for Casualty and Bachelor Creek 
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APPENDIX III 

Plan View Maps for Study Reaches in Bachelor and Casualty Creeks 
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Bachelor Creek 
Study Reach 1 
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APPENDIX IV 

Aerial Photographs of Bachelor Creek 
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APPENDIX V 

Summary Tables 

201 

Air Photo Width Measurements for Bachelor Creek Pre and Post-logging. 

Post-logging (1996) Pre-logging (1975) 
17.6 24.4 
17.6 24.4 
17.6 48.9 
17.6 24.4 
19.4 24.4 
26. 24.4 
61.7 12.2 
17.6 17.1 
19.4 17.1 
17.6 12.2 
26.4 19.6 
17.6 24.4 
35.3 24.4 
26.4 19.6 
17.6 19.6 
37.0 24.4 
35.3 24.4 
17.6 24.4 
17.6 24.4 
61.7 36.7 
26.4 24.4 
17.6 36.7 
17.6 24.4 
35.3 24.4 
35.3 24.4 
35.3 36.7 
17.6 48.9 
70.5 36.7 
70.5 73.3 
17.6 19.6 
52.9 
52.9 
35.3 
35.3 
35.3 
26.4 



26.4 
26.4 
44.1 
35.3 
52.9 
88.2 
35.3 

Mean 32.9 27.4 
Standard 
Deviation 

17.5 12.4 

Measurements are made at intervals of 17.4 m for post-logging aerial photographs and 

24.4 m for pre-logging aerial photographs between Reach 1 and 8 in Bachelor Creek. 



Total LWD in LWD jams. 

Bachelor Creek Casualty Creek 
Total LWD in LWD Total LWD in LWD 

Jams Jams 
Reach 1 5 14 
Reach 2 5 0 
Reach 3 0 36 
Reach 4 0 0 
Reach 5 0 101 
Reach 6 0 0 
Reach 7 0 9 
Reach 8 0 10 
Total 10 170 

Mean 1 21 
Standard Deviation 2 34 
Range 10 170 



Median grain size for study reaches Bachelor and Casualty Creek. 

Bachelor Creek Casualty Creek 
Mean b-axis 

(cm) 
Mean b-axis 

(cm) 
Reach 1 16 12 
Reach 2 16 16 
Reach 3 23 13 
Reach 4 21 11 
Reach 5 24 8 
Reach 6 19 12 
Reach 7 18 12 
Reach 8 13 15 

Median 19 12 

Standard 
Deviation 

4 2 




