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Abstract 

The aim of this dissertation is to combine the importance of upland processes, 

typically ignored in the riparian literature, to fluvial processes in order to understand 

changes in tree dynamics that occur along longitudinal and lateral dimensions within a 

watershed. The focus is on patterns of small, mountainous gravel-bed streams. The first 

chapter focuses on the longitudinal dimension and examines the commonly accepted 

assumption that areas along streams do not burn in wildfires. Stand origin maps and field 

observations reveal that cumulative time-since-fire distributions are similar for the 

riparian area and for the study watershed. Thus, areas along streams are not less likely to 

bum than the uplands. In addition, field observations reveal that the relative importance 

of fires and floods is regulated by a change in channel form associated with the creation 

of bars. The results demonstrate that fires solely control tree ages along straight streams 

without bars, while the influence of floods is observed at the onset of lateral and point bar 

formation. This occurs because bars are at low elevations and require smaller discharges 

to be flooded, compared to terraces and steep hilislopes. Consequently, bars are the only 

surfaces flooded more frequently than they are burned. The second chapter focuses on 

the lateral dimension and more closely examines the establishment dynamics of trees on 

these lateral and point bars. It investigates the assumption that species and ages change 

linearly with distance from the river within the riparian area. The results indicate that, 

contrary to large alluvial rivers which are regulated by in-channel deposition, tree age and 

composition on small gravel-bed streams are controlled by overbank sedimentation. At 

the scale of the bar, the patterns in species and ages are heterogeneous because of the 
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patchiness in sediment deposition. Finally, in the third chapter, a model is developed for 

longitudinal and lateral vegetation changes based on stream morphologies. A channel 

classification system derived for mountain streams is used to synthesize changes in 

fluvial and upland processes with changes in drainage area. Vegetation changes are then 

predicted using the classification. 

iv 



ACKNOWLEDGEMENTS 

Funding for the project was provided by a Sustainable Forest Management 

Network of Centers of Excellence grant to E.A. Johnson. Personal funding provided by 

NSERC, the Province of Alberta, and the University of Calgary, is also gratefully 

acknowledged. 

I thank my supervisor, E.A. Johnson, for his encouragements and numerous 

discussions throughout the project. I thank him for pushing me to constantly strive to 

better myself. He has shaped me into the scientist I am today. 

I also wish to thank my committee members, Dr. Mary Reid, Dr. Lee Jackson, 

and Dr. Yvonne Martin, and external examiners, Dr. Caterina Valeo and Dr. Cliff Hupp. 

I thank my field assistants. Their help with both field and laboratory work made 

this project possible and certainly more enjoyable. They are: Travis Logan, Curtis 

Kemp annien, Kathleen Gardiner, Evelyn Tan, and Kathy Wilkes. 

I thank numerous friends who made the past six years a little easier through their 

encouragements and, most of all, fun company. I thank particularly: Robyn Irvine, 

Sylvia Taylor, Marianne Meding, Sheri Gutsell, Tara Tchir, Tanya Luszcz, Kelly Page, 

Joerg Wimbert, and Greg Taylor. I also thank my extended family, the Logans, who 

filled my journey in Calgary with hikes and other fun adventures in the mountains. 

Most of all, I thank my husband, Travis Logan, for his unconditional love and 

support. I thank him for always believing that I can be more than I am. 

v 



Enfin, je tiens a remercier de tout coeur ma famille: maman, papa, Benoit, et 

Dominique. Je vous remercie de m'avoir supporter et encourager durant toutes mes 

aventures et tous mes projets même si cela voulait dire que je devais m'éloigner pour un 

long moment. Votre support et votre amour vallent plus que tout au monde. Je suis tres 

heureuse de pouvoir enfin vous retrouver. 

vi 



TABLE OF CONTENTS 

Approval Page  

Abstract  

Acknowledgements v 

Table of Contents vii 

List of Tables xi 

List of Figures xiii 

Chapter 1- General Introduction  1 

1.1 Processes controlling riparian trees along mountain watersheds 2 

1.2 The impact of fluvial and upland processes on ages of riparian trees 3 

1.3 The impact of fluvial and upland processes on patterns of riparian tree species 4 

1.4 Dissertation organization 5 

Chapter 2- The relative importance of fire and flood disturbances on trees along a 

mountainous gravel-bed watershed 6 

2.1 Introduction 6 

2.1.1 Flood and fire frequencies 7 

2.1.2 The impact of fires and floods on riparian trees 9 

2.1.3 Defining the area adjacent to streams 10 

2.1.4 Objectives  11 

2.2 Material and Methods 12 

2.2.l Study area 12 

vii 



2.2.2 Field and laboratory methods 14 

2.2.2.1 Fire frequency over the watershed and in the riparian zone 14 

2.2.2.2 Small-scale changes in tree age distributions 16 

2.2.2.2.1 Reach locations and descriptions 16 

2.2.2.2.2 Relative changes in age distributions 17 

2.3 Results  19 

2.3.1 Fire frequency over the watershed and in areas adjacent to streams 19 

2.3.2 Relative changes in age distribution with increases in drainage area and 

changes in channel form 21 

2.3.2.1 Age structures on straight streams with no lateral bars 22 

2.3.2.2 Age structures of straight streams with lateral bars 23 

2.3.2.3 Age structures of meandering streams with point bars 24 

2.4 Discussion 24 

2.4.1 Fires in the watershed and in areas adjacent to streams 26 

2.4.2 Age structures along the watershed 27 

2.5 Conclusions 29 

Chapter 3-The small-scale dynamics of tree establishment on gravel bars of small 

meandering headwater streams. 48 

3.1 Introduction 48 

3. 1.1 Overbank sedimentation on gravel-bed rivers 50 

3.1.2 Flood frequency 52 

3.1.3 Objectives and hypotheses 52 

vii' 



3.2 Material and Methods 53 

3.2.1 Study area 53 

3.2.1.1 Reach locations and descriptions 55 

3.2.2 Field and laboratory methods 56 

3.2.2.1 Watershed hydrology and channel topography 56 

3.2.2.2 Tree aging 57 

3.2.2.3 Data analysis 58 

3.3 Results 61 

3.3.1 Spatial patterns in sediment deposition, tree age, and tree species on bars 61 

3.3.2 Relationships between sedimentation, tree age, and species with distance and 

elevation above bankfull flow 62 

3.3.3 Temporal patterns in tree recruitment 63 

3.4 Discussion 64 

3.4.1 Fluvial processes and patterns in sediment deposition, tree age and species 64 

3.4.2 Temporal patterns in tree recruitment 67 

3.4.3 Conclusions 68 

Chapter 4-Predicting riparian tree dynamics for mountain gravel-bed watersheds 

using stream morphologies 94 

4.1 Introduction 94 

4.1.1 Gravel budget, stream morphologies and stability of the habitat 95 

4.1.2 Objective 97 

4.2 Stream classification 97 

ix 



4.3 Predicted changes in vegetation dynamics based on stream classification  101 

4.3.1 Longitudinal changes 101 

4.3.2 Lateral changes 101 

4.4 A case study: Jumping Pound watershed, Kananaskis Country, Alberta 102 

4.4.1 Methods 102 

4.4.2 Results and Discussion 103 

4.4.2.1 Channel classification of Jumping Pound creek watershed 103 

4.4.2.2 Vegetation patterns along Jumping Pound creek 104 

Chapter 5-Concluding discussion 119 

5.1 Chapter 2  119 

5.1.1 Main Conclusions 119 

5.1.2 Future work - the relative importance of disturbances 120 

5.2 Chapter 3  121 

5,2.1 Main Conclusions 121 

5.2.2 Future work - better links between small-scale vegetation dynamics and 

geomorphic processes 122 

5.3 Chapter 4 123 

5.3.1 Main Conclusions 123 

5.3.2 Future work - riparian zone buffer widths 124 

Bibliography 126 

Appendix 147 

x 



LIST OF TABLES 

Table 2.1 Hydraulic and hydrological properties of study sites and gauged sites 31 

Table 2.2 Proportions of areas that are in the oldest age classes (from AVI on Figure 2 3) 

in study watershed and 1 O buffer adjacent to the stream. 32 

Table 3.1 Site and point bar characteristics along Jumping Pound creek 69 

Table 3.2 Summary results of least-squares linear regressions between 1) tree age as a 

function of distance from bankfull flow (AD) and elevation from bankfull flow 

(AE), 2) amount of sedimentation (per annum) as a function of distance from 

bankfull flow (SD), elevation from bankfull flow (SE), and 3) establishment depth 

and tree age (RA). The results are for the three lateral bars (sites 3a, 3b, and 9) and 

indicate whether the slopes of the linear regressions were significantly greater than 

zero (>), smaller than zero (<), or not significantly different from zero (-). Note that 

the numbers in tables represent the site number. The species are: white spruce (Spr), 

balsam poplar (Po), and lodgepole pine (P) 70 

Table 3.3 Summary results of least-squares linear regressions between 1) tree age as a 

function of distance from bankfull flow (AD) and elevation from bankfull flow 

(AE), 2) amount of sedimentation (per annum) as a function of distance from 

bankfull flow (SD), elevation from bankfull flow (SE), and 3) establishment depth 

and tree age (RA). The results are for the five point bars and indicate whether the 

slopes of the linear regressions were significantly greater than zero (>), smaller than 

zero (<), or not significantly different from zero (-). The numbers in table represent 

xi 



the site numbers. The species are: white spruce (Spr) and balsam poplar (Po). Note 

that the poplar relationships are not included for sites 10 andl2 since they had too 

few individuals (one and two individuals respectively).  70 

Table 4.1 Characteristics of channel types (adapted from Montgomery and Buffington 

1997).  107 

xii 



LIST OF FIGURES 

Figure 2.1 Study watershed with locations of the eleven study reaches used for canopy 

tree sampling. The arrow indicates the location of a gauging station 33 

Figure 2.2 Longitudinal profile of the main branch of Jumping Pound watershed. Notice 

the numerous nick points along the profile. 34 

Figure 2.3 Time-since-fire map of the study watershed obtained from the Alberta 

Vegetation Index (AVI). Notice that the white polygons (no data) are either in areas 

that are above tree line or represent areas that have been logged. Also, notice that 

the size of the entire AVI is approximately the size of Kananaskis country. 35 

Figure 2.4 Time-since-fire distributions for a) the entire AVI map as shown in Figure 2.3, 

b) the study watershed, and c) a 10 m buffer around the streams 37 

Figure 2.5 Channel topographies of all eleven study reaches with the locations of each 

sampled stands. Straight streams with no lateral bars are shown from a) to e), 

straight streams with lateral bars are shown with f) and g), and meandering streams 

are represented in h) to k). Notice that bankfull flow is marked (dashed lines) at all 

sites but that is it not always visible given its small size relative to the overall 

elevation of the sites 39 

Figure 2.6 Comparisons between canopy tree establishment dates on straight reaches with 

no lateral bars and stand origin dates from the Alberta Vegetation Index presented in 

Figure 2.3. The fire dates from the AVI map are shown with stars, while the 

xiu 



occurrence of floods (obtained from hydrological records) is shown with horizontal 

lines. 41 

Figure 2.7 Comparisons between canopy tree establishment dates on straight reaches with 

lateral bars and stand origin dates from the Alberta Vegetation Index presented in 

Figure 2.3. The fire dates from the AVI map are shown with stars, while the 

occurrence of floods (obtained from hydrological records) is shown with horizontal 

lines. 43 

Figure 2.8 Comparisons between canopy tree establishment dates on meandering reaches 

with point bars and stand origin dates from the Alberta Vegetation Index presented 

in Figure 2.3. The fire dates from the AVI map are shown with stars, while the 

occurrence of floods (obtained from hydrological records) is shown with horizontal 

lines. Note that the scale on the bottom axis changes between reaches. 45 

Figure 2.9 Relationship between bar width (Wi,), measured at the widest point of the bar, 

as a function of drainage area (DA). The solid line represents the power law 

regression and takes the form Wb=2.7234DA°3687, and the dashed lines represent the 

95% confidence intervals. 47 

Figure 3.1 Schematic of expected changes in a) tree age or sedimentation, and b) species 

type as a function of distance from the river, based on large alluvial rivers. 72 

Figure 3.2 a) Example of point bar topography with secondary channel (zero elevation 

denotes bankfull level), b) Schematic diagram of channel migration over time. 73 

xiv 



Figure 3.3 Schematic representation of sedimentation patterns over gravel point bars with 

pictures of sediment deposition on the bar and sediment transport along a secondary 

channel. Pictures were taken at site 11 along Jumping Pound creek. 74 

Figure 3.4 Location of study watershed and location of sampled bars. The location of the 

Coxhill gauging station is indicted by an arrow 75 

Figure 3.5 Topography of eight sampled bars. Notice the higher elevation of point bars 

compared to lateral bars as well as the presence of a back (secondary) channel 

behind point bars. Notice that bankfull flow is marked (dashed lines) at all sites but 

that is it not always visible given its small size relative to the overall elevation of the 

sites. In addition, notice that the bars are located above bankfull levels. 76 

Figure 3.6 Example of sample plot position on gravel bar. The plot was positioned to 

correspond to the onset of vegetation along the longest channel bank (bottom of 

figure) 78 

Figure 3.7 Flood frequencies of available gauging station on study watershed, a) Coxhill 

gauge, and b) Mouth gauging station, located approximately 15 km downstream 

from the last sampled bar. 79 

Figure 3.8 Spatial sedimentation (cm/year) patterns on seven study bars. The patterns on 

these small gravel-bars are very patchy. This is due to the fact that water does not 

move perpendicularly across the bar, but the flow is rather more heterogeneous 81 

Figure 3.9 Spatial patterns in tree age on eight study bars. Notice that older trees are not 

preferentially found at the back of the bars. 84 

xv 



Figure 3.10 Spatial patterns of tree species on eight study bars. Notice that most bars 

have both white spruce and balsam poplar species and that poplar trees are not 

preferentially found closer to the stream. 87 

Figure 3.11 Water years (discharge) for gauge with longest record on Jumping pound 

creek (A) and dates of tree establishment for all trees on all eight study bars (a-h). 90 

Figure 3.12 Age distributions (in ten-year age classes) observed on eight study bars..... 92 

Figure 4.1 Conceptual profile of mountain stream showing longitudinal changes in 

channel types associated changes in physical processes that control morphology. 

Adapted from Figure 4 in Montgomery and Buffington (1997).  108 

Figure 4.2 Conceptual lateral changes in age or species composition, depicted by changes 

in grey tones along a) a bar where in-channel deposition dominates (for example 

along large sand bed rivers) and b) a bar where overbanic sedimentation dominates 

(for example along small gravel bars).   109 

Figure 4.3 Study watershed, Jumping Pound creek, in Kananaskis Country, Alberta, 

Canada .110 

Figure 4.4 Stream portions along the Jumping Pound watershed that were sampled 

(highlighted in bold print) for stream channel classification.  ill 

Figure 4.5 Distribution of the different channel types sampled over the watershed.  112 

Figure 4.6 Mean channel gradient with standard error bars at sampled locations  113 

Figure 4.7 Cumulative grain-size distributions for four channel types along Jumping 

Pound watershed. Note that 100 particles were sampled at each of the four channel 

types.  114 

xvi 



Figure 4.8 Example of age and species along straight stream with no bars. Note that the 

oldest trees have all established from the same fire, regardless of stand position 

relative to the stream. All stands have trees that establish in the understory after the 

initial fire growth. The dominant species after fire is lodgepole pine with some 

white spruce and sub-alpine fir regeneration later on.  115 

Figure 4.9 Example of age and species along meandering stream with point bar. Note 

that the oldest trees in the upland and on the terrace have all established from the 

same fire, while the trees on the bar have established after a more recent flood. 

Lodgepole pine is present in the upland but absent along the more frequently 

disturbed bars, where white spruce and balsam poplar dominate 117 

xvii 



1 

CHAPTER 1- GENERAL INTRODUCTION 

Areas along streams (also referred to as riparian areas) are thought to be 

ecologically important because they have some of the highest species diversity of all 

ecosystems (Naiman et al. 1993) and are considered important filters (or barriers) that 

protect aquatic systems from upland perturbations (Gregory et al. 1991; Naiman and 

Décamps 1997; Gurnell et al. 1999). Consequently, they have received much attention 

and there are numerous studies that attempt to explain and understand their vegetated 

species patterns. However, despite this attention, there remain a number of research areas 

that still need to be developed in riparian ecology. 

First, most studies have been conducted along meandering reaches, on higher 

order rivers and in spite of the few studies conducted along gravel-bed headwater streams 

(e.g. Hupp 1986, 1990), our knowledge of the processes controlling trees along streams 

of mountain watersheds is far from complete (Moore and Richardson 2003). This is both 

unfortunate and surprising given that these gravel-bed watersheds are typically forested 

and, thus, are of great commercial value. Headwater streams also make up the majority 

of the total length and total number of streams within a watershed (Horton 1945; Shreve 

1969; McGlynn and Seibert 2003). 

Second, areas adjacent to streams are influenced by processes that occur along 

longitudinal (channel-channel) and lateral (channel-upland) dimensions (Amoros et al. 

1987; Ward 1989). However, these dimensions are not often considered together. More 

importantly, most vegetation studies have focused on the lateral dimension (e.g. Johnson 

et al. 1976; Osterkamp and Hupp 1984; Hupp and Osterkamp 1985; Walker et al. 1986) 
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on changes in species composition with distance from the river, while few (but 

see Hupp 1986) have attempted to explain changes along a longitudinal dimension, i.e. at 

the scale of a watershed. 

Consequently, the overall purpose of this dissertation is to combine fluvial and 

upland processes to explain changes in tree age and species that occur both along a 

longitudinal dimension and along a lateral dimension. The focus is placed on the 

dynamics of mountain systems but comparisons are made to the dynamics of larger, 

higher order streams. 

1.1 Processes controlling riparian trees along mountain watersheds 

Fluvial processes are typically seen as the dominant process along streams and 

rivers (Malanson 1993) while the impacts of upland processes are typically ignored. 

However, vegetated areas adjacent to streams are at the boundary between aquatic and 

terrestrial systems and consequently, they are typically influenced by both environments 

(Malanson 1993; Naiman et al. 1993; Naiman and Décamps 1997). 

Two of the most important fluvial processes influencing trees are sediment 

transport and water movement. These two processes control overall changes in stream 

morphology, but more importantly they control the creation and destruction of surfaces 

on which trees can establish. The processes are controlled by a number of variables, such 

as sediment supply and discharge, which vary with location within a watershed and with 

distance from the channel (Dunne and Leopold 1978; Leopold 1994; Knighton 1998). 
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Consequently, the relative impact of fluvial processes on the vegetation should 

change both longitudinally and laterally along a watershed. 

In terms of upland processes, wildfires are one of the most important disturbances 

in forested systems (Johnson 1992; Turner and Romme 1994; Agee 1998), but they are 

usually ignored in studies focused on the vegetation adjacent to streams. This may 

largely be due to the fact that most studies are conducted on very large, high order 

meandering rivers, where in-channel fluvial processes occur over large spatial scales (e.g. 

Everitt 1968; Nanson and Beach 1977; Nanson and Croke 1992). Very little work has 

been done on smaller, headwater streams, which are typically less subject to large in-

channel sediment deposition caused by fluvial processes (Montgomery and Buffrnton 

1997; Wohl 2000). Consequently, these smaller mountain streams may be more likely to 

be influenced by other disturbances, such as wildfires. Furthermore, while there have 

been recent studies suggesting that large wildfires do not discriminate between the 

uplands and areas along streams (Paterson et al. 1998; Gom and Rood 1999; Wimberly 

and Spies 2001; Paterson et al. 2002; Bisson et al. 2003), comparisons of fire frequencies 

between the upland and areas adjacent to streams are still very scarce. 

1.2 The impact of fluvial and upland processes on ages of riparian trees 

Both fluvial and upland processes have the potential to be stand-replacing events 

that kill most trees and allow for new establishment in areas adjacent to streams. In 

coniferous forests, large wildfires influence tree dynamics by killing canopy and 

understory trees and by removing a large proportion of the dead organic layer on the 
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forest floor, thereby exposing the underlying mineral soil (Johnson 1992). This 

exposure is critical for the establishment of small-seeded tree species, which require 

moist seedbeds for seed germination and early survival (Duschene and Sirois 1995; Scott 

et al. 1996; Charron and Greene 2002). 

Similarly, fluvial disturbances influence the vegetation by killing trees, through 

the breaking of stems, scouring and uprooting, or burial of smaller individuals (Hupp 

1988; Bendix 1999; Bendix and Hupp 2000; Johnson 2000), and then by depositing new 

fine sediment on which tree species can establish (e.g. Sigafoos 1964; Scott et al. 1996; 

Bendix and Hupp 2000; Johnson 2000; Friedman and Lee 2002). 

Consequently, the patterns in tree age along the riparian area should be controlled 

by the relative frequencies of fluvial and upland processes. The goal here is to determine 

how the patterns change longitudinally and laterally along the basin. 

1.3 The impact of fluvial and upland processes on patterns of riparian tree species 

Studies on changes in tree species along a watershed (longitudinal dimension) are 

scarce and the tendency is to study those changes along a lateral dimension. The typical 

view of species change with distance from the river is a shift from shrubs to poplar, to 

spruce and pine species (e.g. Nanson and Beach 1977; Walker et al. 1986; Malanson 

1993; Helm and Collins 1997). The shifts are a result of the fact that shrubs and poplar 

species are better adapted to fluvial disturbances (such as sedimentation) than conifer 

species (Hupp 1988; Hughes 1997). However, this model was derived for larger alluvial 

rivers and its applicability to smaller watersheds is not yet clear. 
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Thus, another objective here is to determine whether shifts in the relative 

importance of fluvial and upland processes will be reflected in changes in species 

composition along the longitudinal and lateral dimension of a mountain watershed. 

1.4 Dissertation organization 

The overall objective of this research is to determine the impacts of floods and 

wildfires on the riparian vegetation of small gravel-bed streams. As such, the dissertation 

is written in manuscript form with chapters two to four representing the research 

component of the dissertation. Tables and Figures for each chapter are presented at the 

end of the respective chapters. Chapter two examines how the relative importance of fire 

and flood disturbances changes at the watershed-scale (longitudinal dimension). The aim 

of this chapter is to determine if certain portions of a study watershed were more likely to 

be influenced by floods or by fires, and how that would impact patterns in tree age and 

species composition along streams and rivers. Chapter three examines the impact of 

floods on the vegetation of bars at a small spatial scale (lateral dimension). The objective 

of this chapter is to compare the establishment dynamics of the trees along small gravel 

streams to those of larger alluvial rivers. Chapter four presents a conceptual model of 

vegetation changes along gravel-bed watersheds using a process-based channel 

classification system. Finally, a concluding chapter summarizes the main conclusions of 

the dissertation and presents the grounds for further work. 
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CHAPTER 2- THE RELATIVE IMPORTANCE OF FIRE AND FLOOD DISTURBANCES 

ON TREES ALONG A MOUNTAINOUS GRAVEL-BED WATERSHED. 

2.1 Introduction 

There tends to be an underlying assumption in stream ecology that fluvial 

processes are the only important disturbance influencing plant communities adjacent to 

streams. This is evidenced by the numerous indirect measures of fluvial disturbances that 

ecologists have used to study these areas, such as elevation above the channel bed 

(Hesner and Minkler 1963; Johnson et al. 1976; Osterkamp and Hupp 1984; Hupp 1988; 

Friedman et al. 1996), landform position (Hupp 1986, 1990; Osterkamp and Hupp and 

Osterkamp 1985), or stream gradient (Hupp 1982, 1986, 1992; Bendix 1997). However, 

wildfires, can have important watershed-scale consequences (Schindler et al. 1996; Pinel-

Alloul et al. 1998; Gresswell 1999; Meyer et al. 2001; Moody and Martin 2001; 

Woodzell and King 2003), but are often ignored by plant ecologists because of the belief 

that riparian areas are too wet to burn. 

The idea that stream sides do not burn has been widespread in the literature 

(Malanson 1993; Dwire and Kauffinan 2003). However, this belief has been 

predominantly based on logical arguments and speculations about riparian area properties 

rather than on much empirical evidence (see Dwire and Kauffman 2003 for review). 

Recent evidence suggests that large fires do not always discriminate between upland 

vegetation and the vegetation bordering water bodies (Paterson et al. 1998; Gom and 

Rood 1999; Wimberly and Spies 2001; Paterson et al. 2002; Bisson et al. 2003). The 
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discrepancy in opinion over the role of fire may be due in part to the fact that 

vegetation studies are typically conducted on higher order, meandering alluvial rivers, 

which have spatially extensive floods and rapid river migration (e.g. Nanson and Beach 

1977; Nanson and Hickin 1983, 1986; Scott et al. 1996). However, low-order (headwater 

or mountain) gravel-bed rivers may not follow the pattern of large, meandering rivers. 

Further, there is also a paucity of plant ecology studies in headwater riparian areas 

(Dwire and Kauffiiian 2003; Moore and Richardson 2003). This is surprising since low-

order streams in fact make up the largest proportion of the total channel length and the 

total number of streams within a watershed (Horton 1945; Leopold et al. 1964; Shreve 

1969; McGlynn and Seibert 2003). 

2.1.1 Flood and fire frequencies 

The relative importance of floods and fires at a particular stream location depends 

on how the frequency of each disturbance changes within the watershed. Flood 

frequency (a measure of 1/ recurrence time of a given flood discharge or given flood 

height above some standard discharge or height, usually bankfull flow) varies with both 

stream location within a watershed and with position (or distance) from the channel. 

Drainage basins are organized in a network of streams that form a dendritic pattern with 

each branch assigned a stream order that increases in a general downstream direction 

(Horton 1945; Leopold et al. 1964; Leopold 1994). Steam order is used as an 

approximation for stream size. The smaller tributaries (lower order streams) have a 

smaller drainage area than the larger (higher order) main branch and, therefore, have less 
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water flowing in them. Given that drainage area, stream size and discharge 

increase downstream, there is an increase in fluvial development with distance 

downstream. Consequently, the potential for more spatially extensive floods (i.e. floods 

that flow further up the banks) is greater along larger, high order streams than along small 

low order streams (Knighton 1998). Thus, the lateral extent and the height of a flood 

with a given frequency increase with drainage area in a watershed. In addition, at any 

steam order (or given location) the frequency of flooding decreases with distance from 

the channel. Thus, in-channel features, such as lateral bars and point bars, which are at 

lower elevations, are flooded more frequently and at higher magnitudes than other fluvial 

landforms such as floodplains and terraces, which are at higher elevations. 

It is important here to give definitions of bars, floodplains, and terraces for small 

mountain streams. Bars and floodplains are not always present on smaller headwater 

streams (Hupp 1982), and there is now increasing evidence (although these is still some 

debate over this issue) that terraces along smaller systems are not (active) fluvial features 

but are in fact relics of very old fluvial regimes (Cliff Hupp, pers. comm.). What is 

important is that point and lateral bars are acting more like floodplain features along these 

small systems because these bars are often found above bankfull flow. The traditional 

definition is that bars are below bankfull and floodplains are above (Leopold et al. 

1964)). Terraces can be abandoned active channels or floodplains where the river is 

further incised, leaving the terraces at higher levels (Leopold et al. 1964). 

Fire studies in coniferous forests indicate that wildfires are generally lighting-

caused and that most of the area is burned by a small number of very large fires, with 
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approximately 1% of large wildfires accounting for 99% of a total area burned 

(Johnson 1992; Weber and Stocks 1998). These studies suggest that, unlike flood 

frequencies, which change with drainage area, fire frequencies (a measure of fire 

occurrence at a particular location) are fairly constant over very large spatial scales 

(Johnson 1992). However, there is very little empirical data for the frequency of fires in 

riparian areas. Fire along steams and rivers could form a continuum. At one end, fire 

frequency does not change with either position within a watershed or with distance from 

the channel. At the other end of the continuum, fire frequency decreases with distance 

downstream and with distance from the channel. Unfortunately, despite the large number 

of upland studies that have estimated fire frequency, there are few if any studies that 

explicitly compare the frequency of fires between the upland and the riparian areas (but 

see Wimberly and Spies 2001). 

2.1.2 The impact of fires and floods on riparian trees 

One of the major impacts of the change in the relative frequencies of fires and 

floods adjacent to the streams will be on the ages of trees. Both fires and floods have the 

potential to be stand-replacing events that kill most trees and allow for new 

establishment. In coniferous forests, large wildfires influence tree dynamics by killing 

canopy and understory trees and by removing a large proportion of the dead organic layer 

on the forest floor, thereby exposing the underlying mineral soil (Johnson 1992). This 

exposure is critical for the establishment of some trees, which require moist seedbeds for 

seed germination and early survival (Kozlowski 1971; Chrosciewicz 1974; Zasada et al. 
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1983; Pare et al. 1993; Duchesne and Sirois 1995; Charron and Greene 2002). 

Similarly, flood disturbances kill trees, through the breaking of stems, scouring and 

uprooting, or burial of smaller individuals (Hupp 1988; Bendix 1999; Bendix and Hupp 

2000; Johnson 2000), and by also depositing new fine sediment on which tree species can 

establish (e.g. Sigafoos 1964; Scott et al. 1996; Bendix and Hupp 2000; Johnson 2000; 

Friedman and Lee 2002). 

2.1.3 Defining the area adjacent to streams 

There is a lot of discussion in the ecological literature about riparian areas as 

though the term is well-defined, or at least an agreed upon zone adjacent to rivers. 

However, there is in fact a great deal of confusion about the spatial extent of riparian 

areas because 1) some researchers describe patterns, 2) others describe processes, and 3) 

there is often the impression among ecologists that there is some definitive definition of 

riparian area that transcends both view points. However, given that different processes 

lead to different patterns and vice versa, there can be as many definitions of riparian areas 

as there are processes or patterns. For example, ecologists have used a large number of 

indices, such as elevation above the channel bed (Friedman et al. 1996; Hupp 1988; 

Osterkamp and Hupp 1994), landform position (Osterkamp and Hupp 1984; Hupp and 

Osterkamp 1985), or stream gradient (Bendix 1997; Hupp 1992; Hupp 1986a; Hupp 

1982) to describe riparian areas. And while all approaches are arguably valid, their 

diversity has lead to disagreements about what should be included in riparian area (Hupp 

1988; Malanson 1993). Consequently, one can argue that there probably is no one 
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absolute definition of riparian area but rather researchers must clearly define 

the processes or patterns they intend to study. Here a process approach is adopted 

because the concern is not with simply describing where changes in vegetation occur 

along the riparian area but with determining how the changes occur. Consequently, the 

riparian area is defined to include trees adjacent to streams that could be impacted by 

fluvial processes within their lifespan. 

2.1.4 Objectives 

This study considers the watershed scale interaction of wildfires and floods on the 

age of forest adjacent to small mountain gravel-bed streams. 

First, the fire frequency is determined using a time-since-fire distribution for the 

whole (upland and stream area) watershed and for the areas adjacent to the streams only. 

Comparison of the whole watershed and areas adjacent to the streams describes the 

larger-scale interaction and frequency of fires in the area adjacent to the streams. 

Second, at a smaller scale, canopy tree ages are compared between the areas 

adjacent to streams of straight and meandering channels to examine the impacts of 

changes in fire and flood frequencies along different channel morphologies. 
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2.2 Material and Methods 

2.2.1 Study area 

The study was conducted along the Jumping Pound Creek watershed in the Front 

ranges of the Rocky Mountains, west of Calgary, Alberta (Figure 2.1). The study 

watershed is the upper 260 km2 of a basin that is approximately 600 km2. Jumping Pound 

Creek is a mountain gravel-bed watershed with a mainstream branch that has a general 

concave profile with several small nick points (Figure 2.2). The elevation at the 

headwaters is 1754 in and at the most downstream study site is 1343 m. 

The study watershed is between the Fisher Range and Jumping Pound Mountain. 

Both ranges are thrust sheets trending NNW-SSE. Paleozoic carbonate rocks make up 

the ridges, while Mesozoic shale and sandstone make up the lower slopes and valley. 

Glaciers further shaped the watershed, filling the valley with glacial deposits. Tributary 

streams have their origin on the valley sides with the streams extending almost to the 

ridgeline. Many are ephemeral, flowing only from May to early July. The main trunk 

stream extends up the valley head in the south and is incised with terraces along most of 

the higher order reaches, while tributary streams (valley side streams) start in colluvial 

and bedrock hollows. The streams are generally single channeled but at least four times 

along the trunk stream the stream becomes braided or diffuse. 

Sediment is probably supplied to the stream from first order streams by mass 

movement (primarily debris flows) and by erosion of glacial deposits along the incised 

bed on higher order streams. 
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The climate of the study watershed has a transitional Plains-Cordilleran 

climate of cold winters and warm summers, with a well-defined summer peak in 

precipitation and a winter minimum. The thirty-year average temperature is —10°C in 

January and 14°C in July at the Barrier Lake Station of the University of Calgary 

Kananaskis Field Stations (the nearest weather station). Annual average precipitation is 

550.9 mm, with an average peak of 98.9 mm falling during the month of June, and where 

forty percent of the precipitation falls as snow. 

Floods in the region occur mainly in late May and early June, during periods of 

rapid snowmelt that are exacerbated by low-pressure systems that bring precipitation 

(Environment Canada-Meteorological Services of Canada, Water Survey Division). 

Large fires in the Kananaskis region are predominantly lightning-caused and occur 

from July to the end of August. These fires are crown fires characterized by high 

intensities and high rates of spread, which kill all trees and remove a large proportion of 

the organic layer (Fryer and Johnson 1988). 

Average annual rates of channel migration range from approximately 0.08-

0. lm/year, as measured using available aerial photographs taken in 1969, 1982, 1989, 

and 1999, at the scale of 1:12 000 (1969) and 1:20 000 (1982, 1989, 1999). 

The study watershed is natural forest with logging only occurring in the last 20 

years on less than 5% of the study area. The vegetation at higher elevations (first to third 

order streams) is in the lower subalpine region dominated by Pinus contorta Loudon 

(lodgepole pine), Picea engelmannii Parry ex Engelm. (Engelmann spruce) and some 

Abies lasiocarpa (L.) Mill. (Subalpine fir). At lower elevations (third order streams) the 
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vegetation is in the upper foothills region, which is dominated by Pinus 

contorta (lodgepole pine), Picea glauca (Moench) Voss (white spruce), and Populus 

balsamfera L. (balsam poplar). Correctly identifying Bngelmann and white spruces was 

often problematic as the two species freely hybridize in the region. As a result, all spruce 

individuals sampled during the study have been labeled as white spruce. 

2.2.2 Field and laboratory methods 

2.2.2.1 Fire frequency over the watershed and in the riparian zone 

The Alberta Vegetation Inventory (AVI) for southern Alberta was used to obtain 

the time-since-fire dates for the forests in the study watershed. For the purposes of this 

paper, this map (Figure 2.3), which covers approximately 775 kmby 1335 km, and 

encompassed the Kananaskis region, was used as a whole (entire AVI), and was trimmed 

to only include the study watershed (watershed AVI). AVI maps are made up of a 

mosaic of ages that results from the overlapping of past fires. Thus, the older fires on the 

map, which are typically small in size, are pieces of fires which were most likely spatially 

extensive at one point but have been overburned by other fires through time. Given the 

large amount of data needed for fire frequency analyses (Johnson and Gutsell 1994), the 

entire AVI is used here as a reference to conduct comparison of fire frequencies between 

the uplands and areas adjacent to streams for the watershed AVI where the size of the 

data set is more limited. However, it should nonetheless be noted that AVI maps have a 

number of limitations, such as the coarseness of the scale at which the mapping is 
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conducted, which reflects that fact that map is mainly constructed from air 

photo interpolation of vegetation characteristics (at a scale of 1:20 000). 

First, the fire frequencies of the watershed AVI and areas adjacent to streams 

were compared with cumulative time-since-fire distributions (Reed et al. 1998; Weir et 

al. 2000). The procedure was to construct a time-since-fire distribution for the entire 

AVI, for the study watershed and for a 10 in buffer around the streams of the study 

watershed. The 10-meter buffer is a somewhat arbitrary measure but the purpose here 

was to encompass an area adjacent to the stream where the influence of floods could be 

thought of as being more important (as suggested by field examination). What was 

required was a distance small enough to detect possible differences between the riparian 

area and the upland. 

The time-since-fire distribution was created as follows. The total areas of each 

age class were first calculated for the entire AVI using ArcGIS and then converted to a 

percent of the total area. The time-since-fire distribution was then created by first 

subtracting, from 100 percent, the percent of the area remaining that burned in the most 

recent time-since-fire age class. The percent remaining that burned in the next most 

recent age class was then subtracted from this value and so forth. The cumulative 

distribution is assumed to follow a negative exponential and was graphed on semi-log 

paper. The statistical methods used to compare the time-since-fire distributions are 

lengthy and can be found in Reed et al. (1998). This procedure was repeated for the 

watershed AVI and the 1Om buffer. 
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Next, the proportion of the area composed of the oldest age classes 

(>1850, which correspond to the oldest 25% of all age classes) were compared between 

the watershed AVI and the 10 in riparian buffer. If in fact areas adjacent to streams do 

not burn as frequently as the uplands, then there should be a considerable difference in 

the proportion of the area that is older adjacent to the stream (lOm buffer). This was 

done by first obtaining the area of each age-class older than 1850 for the watershed AVI 

and the 10 in buffer (which were also obtained for the cumulative time-since-fire 

distributions). The 10 in buffer areas were then subtracted from the watershed values in 

order to remove the 'riparian' area from the watershed ages. The proportions of each 

class were then obtained as per capita units (i.e. by dividing the areas of each age class by 

the total size of either the watershed or the 10 in buffer). 

2.2.2.2 Small-scale changes in tree age distributions 

2.2.2.2.1 Reach locations and descriptions 

Study reaches (Figure 2.1) were chosen along the drainage basin to represent 

perennial first-, second-, and third-order streams. Reaches were defined in this study as 

channel sections equal to approximately 10 times the channel widths. The study was 

limited to third order reaches and lower because they makeup over 80% of the stem 

length in the watershed. In addition, these lower order streams are forested (and 

mountainous) and therefore not affected by agriculture. All streams visible on a 1: 50 000 

topographic map were surveyed on foot. Reaches were chosen based on two main 

requirements. First, a reach had to be at least 300 in from a road and secondly, it had to 
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be devoid of obvious human disturbance (e.g. logging). Next, eleven reaches 

were chosen by stratified random sampling to get a fairly equal representation of all three 

orders and reaches with and without bars. Out of the eleven reaches, three are on first-

order, four are on second-order, and four are on third-order streams. The drainage areas 

at each reach was calculated using a 1: 50 000 topographic map. Table 2.1 gives the 

hydraulic and hydrological properties of each reach. 

At each study reach, the topography of the channel banks above bankfull flow 

was sampled at each site using a surveyor's level and tripod (Leica/Wild NA-2 model, 

with an accuracy of 1.5 mm over a 1 km double-leveling run). Changes in topography 

were calculated from recorded distance and elevation measures along a perpendicular line 

away from the bank. This was repeated for four cross-sections at each site. The stream 

banks were also mapped by capturing coordinates along the bankfull flow line with a 

Trimble Pro-XL GPS unit (with asset surveyor 3.40 software). Differential corrections of 

the coordinate positions were obtained with Pathfinder Office 2.11 software using data 

collected by the Pathfinder Community base station (version 2.68i). 

2.2.2.2.2 Relative changes in age distributions 

At each of the eleven study reaches (Figure 2. 1), three to four stands were 

sampled to cover a continuous area from the channel edge to the uplands. The uplands 

were defined here as areas above the 500-year flood. This flood was determined using a 

dimensionless rating curve (Leopold et al. 1964; Knighton 1998). The rating curve 

allowed the calculation of the water depth for floods of different return times based on 
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empirically-measured bankfull levels. The stands in the uplands and on 

terraces were 10 m by 10 m in size. This size was chosen as a compromise between 

having a large enough sample size of trees and having an area that appeared 

homogeneous in disturbance. On the other hand, whole bars were sampled by either 

setting up several 1 Ox 10 m stands on larger bars or by setting up stands that were smaller 

than 10 x 10 m on small bars. 

Within each stand, all trees, saplings, and seedlings were either 1) cored as close 

as possible to the root collar (i.e. the area where there is cell differentiation between the 

root and the stem proper as in Gutsell and Johnson 2002) which involved excavating and 

exposing the roots, or 2) individuals that were too small to be cored were removed from 

the site and subsequently cut into sections to locate the root collar. The cores and sections 

were later sanded with coarse and fine sand paper (up to 600 grain) and rings were 

counted using a dissecting microscope. Cross-dating techniques (sensu Fritts 1976) were 

used to detect missing or double annual rings. 

The age determinations were used to determine the times since establishment of 

all trees, saplings and seedlings in a stand. Establishment was attributed to the 

occurrence of a fire or a flood by closely inspecting the stands for evidence of either 

disturbance. Fires can leave 1) fire scars at the base of trees, 2) burned stems on the 

ground or still standing, or 3) a layer of charcoal on top of the establishment surface. 

Floods on the other hand can leave 1) debris at the base of trees that was carried by over 

bank flow, 2) scars at the base of trees caused by debris hitting them, or 3) fine sediment 

deposits on the establishment surface. It is particularly important to determine the cause 
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of establishment of all trees, saplings and seedlings in a stand to accurately 

establish the relative importance of fire or flood. 

2.3 Results 

2.3.1 Fire frequency over the watershed and in areas adjacent to streams 

The time-since-fire map for the watershed AVI (Figure 2.3) reveals a mosaic of 

ages that result from recent fires overlapping older ones. The map indicates that the 

oldest major fire for the watershed dates back to 1891-1900. Field evidence (fire scars) 

demonstrates that the precise date is 1892-1893 and reconstruction of the fire 

demonstrates that its size was big enough to cover the whole study watershed (Figure 

2.3). This fire burned over many previous fires so that only small remnant patches of the 

older fires are now visible on the map. 

The time-since-fire distributions, a cumulative survivorship distribution, reveal 

that there is essentially no difference in the fire frequencies of the entire AVI, the study 

watershed, and the 10 in buffer adjacent to the streams (Figure 2.4). The time-since-fire 

distribution for the complete AVI (Figure 2.4a) is divided into four epochs with two main 

break points at 1730, which is associated with the start of the Little Ice Age (Payette et al. 

1985; Johnson and Fryer 1987: Johnson et al. 1990), and 1890, which marks the end of 

the Little Ice Age (Heusser 1956; Brunger et al. 1967; Luckman 1977; Luckrnan and 

Osborn 1979; Johnson and Larsen 1991; Reed et al. 1997; Weir et al. 2000). A third 

break point occurs at 1850 but the cause of this point is unclear, since settlement in the 
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region did not start until the 1880s. The fire cycles (FC) and 95% confidence 

intervals (CI) of the different epochs are as follows: 

Epoch 1(<1730) FC1 =74yr, CI=49— 132 yr 

Epoch 2(1731-1850) FC2= 135 yr, CI= 110-175 yr 

Epoch 3(1851-1890) FC3 = 94 yr, CI = 75 — 121 yr 

Epoch 4 (1891-present) FC4=321 yr, CI=218-591 yr 

The breaks between adjacent epochs are significantly different at the 0.05 level. 

Similarly, the time-since-fire distribution for the study watershed has change 

point dates around 1850 and 1890 (Figure 2.4b). The fire cycles and 95% confidence 

intervals for the resulting three epochs are as follows: 

Epoch 1 (<1850) 

Epoch 2 (1851-1890) 

FC1 = 65 yr, CI = 34 — 201 yr 

FC2 48 yr, CI=35-61 yr 

Epoch 3 (1891-present) FC3 = 178 yr, CI = 103 - 526 yr 

As expected due to the smaller sample size, the confidence intervals for these epochs are 

larger than for the entire AVI map. However, comparisons of these three epochs still 

reveal significant break points (p <0.05). In addition, comparisons with the entire AVI 

time-since-fire reveal that the fire cycles for the periods 1891-present, and 1851-1890 are 

slightly longer in the entire AVI than in the study watershed. The differences are not 

surprising given the small size of study watershed. 

Finally, the time-since-fire distribution for the 10 in riparian buffer (Figure 2.4c) 

has the same epochs as the watershed, with fire cycles and confidence intervals as 

follows: 
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Epoch 1 (<1850) 

Epoch 2 (1851-1890) 

Epoch 3 (1891-present) 

FCi=50yr,CI=25-166yr 

FC2=71 yr, CI = 53 —106 yr 

FC3=208 yr, CI= 103-2324yr 

The three epochs have significant break points (p <0.05), and similarly to the study area, 

comparisons with the entire AVI time-since-fire reveal no significant difference in the 

fire cycles for the periods 1891-present, and 1851-1890, while the period <1850 has a 

longer FC than the period 1730-1850 for the entire AVI. Comparisons of the fire cycles 

between the watershed and riparian buffer curves do not yield significant differences. 

The proportions of the watershed AVI and 10 m buffer that are in old age classes 

(>1850) show that in both cases, 99% of the total areas are in fact younger than 1850 

(Table 2.2). There is a slightly larger proportion of older age classes in the 10 m buffer, 

but oldest age classes make up only a very small proportion of both the 10 m buffer and 

the watershed. 

2.3.2 Relative changes in age distribution with increases in drainage area and changes in 

channel form 

Given the large spatial scale at which the time-since-fire map is constructed, there 

was the concern that important differences in the time-since-fire between areas adjacent 

to streams and the uplands would not be detected. This would be especially true for 

locations where small channel bars occur. As a result, the next section compares the 

canopy tree ages of the uplands and the riparian areas at a finer scale. Comparisons are 

made between reaches that do not have bars and those that have either lateral or point 
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bars. While all trees within a stand were aged, the results here only present the 

individuals that established immediately after the more recent of fire and flood 

disturbances. 

It is important to note here that both lateral and point bars in this system occur at 

elevations that are above bankfull flow (Figure 2.5). This differs slightly from the typical 

definition of bars, which are generally considered to be in-channel (i.e. below bankfull) 

substrates, while substrates above bankfull are called floodplains (Leopold et al. 1964; 

refs). However, these definitions are based on the assumption that the channel forming 

discharge, i.e. bankfull flow, has a return time of 1-3 years, which is clearly not the case 

in such small (and stable) streams. Consequently, the lateral and point bars are so-called 

in this chapter (as opposed to floodplains) following the morphological descriptions of 

gravel bars presented in Church and Jones (19 82) rather than on their relation to bankfull 

flow. In addition, the term terrace is used here to represent surfaces that are at higher 

elevations compared to bars. These terraces can be found near the stream (above low cut 

banks) or at some distance from the stream, where they were incised at some time in the 

past. 

2.3.2.1 Age structures on straight streams with no lateral bars 

Straight streams with no lateral bars are found on all three sampled stream orders, 

from first to third order (see Figure 2.5a, b ,c ,d, e for site topography). All sampled 

stands at these straight sites (sites 1, 4, 5, 6, and 8), regardless of their position away from 

the stream, have originated from fires (Figure 2.6). Burned standing and/or dead stems 
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are found at all stands and charcoal was also found on top of the mineral soil 

layer. All trees, either canopy or understory, established on mineral or humus layers. 

There is no evidence of flood debris or damage or of recent sedimentation in any stand. 

This is due to the streams' small drainage areas (Table 2.1) and their overall small sizes 

relative to the height of their surrounding hilislopes or low terraces (Figure 2.5). 

However, as anticipated, there are some discrepancies between the age of sampled 

canopy trees and the time-since-fire map. For example, at site 1, the upland and the left 

hillslope have trees older than predicted from the map (Figure 2.6a). On the other hand, 

while the uplands at sites 6 and 8 match the time-since-fire map, their terraces show ages 

that are older than predicted (Figure 2.6d, e). 

2.3.2.2 Age structures of straight streams with lateral bars 

Two straight streams have small in-channel lateral bars (Figure 2.5f, g). Lateral 

bars form along straight channels and in this case, the two sampled sites are on first (site 

3) and second order (site 9) streams. At both sites, the upland and near-stream terrace 

sites have canopy trees that originated around 1881-1890, as predicted from the stand 

origin maps (Figure 2.7). As was the case along streams without bars, the uplands and 

terraces do not have any evidence of floods but show evidence of fires, such as burned 

stems and charcoal layers. 

On the other hand, the lateral bars at both sites have canopy ages that are much 

younger (Figure 2.7) than what is predicted from the time-since-fire map and from the 

uplands or terraces. All lateral bars have large amounts of flood debris along the base of 
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trees and evidence of recent sediment deposition. The dominance of floods is 

due to the fact the lateral bars are formed (Figure 2.5f, g) at low elevations. Thus, even 

when drainage areas and discharges are small (Table 2. 1), bar surfaces are frequently 

inundated by low-frequency floods that are only slightly larger than bankfull flow. 

2.3.2.3 Age structures of meandering streams with point bars 

Four meandering streams were sampled (Figure 2.5g-k), one on a second order 

stream (site 2, Figure 2.8 a) and three on a third order streams (sites 7, 10, and 11, Figures 

2.8b,c,d). Meanders and point bars tend to form on pool-riffle channels. As with all 

other types of streams, the terraces and the uplands show evidence of burned stems and 

charcoal layers and all trees on those surfaces have clearly established after a fire. The 

ages of these stands match the time-since-fire map except for site 11 (Figure 2.8d), which 

has trees that are younger than what is predicted from the map. 

On the other hand, point bars show evidence of fluvial disturbances such as flood 

debris, flood damage, and of recent overbank sedimentation. The lower surface elevation 

of the bars (Figure 2.5h-k) and larger drainage areas (Table 2.1) allow for those surfaces 

to be flooded more frequently than they are being burned. Consequently, the point bars 

have trees that are much younger than the time-since-fire map (Figures 2.8). 

2.4 Discussion 

The key results of this study are that, over the time scales that individual trees can 

expect to live (300 or so years), the areas adjacent to these small gravel-bed mountain 
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streams are subject to at least two kinds of major disturbances, wildfire and 

flood. Wildfires dominate on straight streams with no bars, regardless of stream order. 

The importance of fires in these systems contradicts the belief that areas adjacent to 

streams do not burn. On the other hand, floods dominate on streams with lateral or point 

bars. 

Consequently, the relative importance of the two disturbances is dictated by the 

presence of channel bars. Lateral and point bars are the result of fluvial processes that 

move water and sediments through the drainage basin. These processes in turn are linked 

to hillslope (upland) and fluvial processes that deliver sediment and water to the streams 

reach. In other words, the relative influence of fires and floods on tree populations is 

dictated by large-scale processes of sediment supply and transport that create channel 

bars. 

These results have important consequences for current definitions of 'riparian 

areas', which often include all fluvially-derived landforms, from the channel bank up to 

and including terraces. The results indicate that bars are really the only surfaces on 

which fluvial processes are currently influencing the vegetation and in effect the bar 

surfaces represent the 'riparian area' in the way ecologists have tended to think of them, 

where the dynamics of trees are influenced by fluvial processes. On the other hand, 

terraces along these small systems are not influenced by fluvial processes and, therefore, 

should not be included in the term riparian area. 
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2.4.1 Fires in the watershed and in areas adjacent to streams 

The forest ages in the Alberta Forest Inventory (AVI) data, demonstrate that areas 

adjacent to streams are as likely to burn as upland areas. First, the map demonstrates that 

old stands (<1850) make up less than 1% in both the study watershed and a 10 m buffer 

adjacent to the streams (Table 2.2). Second, the map shows that the time-since-fire 

distributions for the study watershed and a 10 m buffer around the stream are not 

statistically different (Figure 2.4). The time-since-fire-distribution of the entire AVI 

differs slightly from those of the study watershed and of the riparian buffer (Figure 2.4). 

The difference being that the entire AVI has three breaks in its slope while the other two 

distributions only have two (but note that the occurrence of these two breaks is at the 

same location in all three time-since-fire distributions). The additional break results from 

the fact that the entire AVI has a larger number of (older) fires and consequently the 

time-since-fire distribution has a slightly longer tail. It has long been understood, in fire 

studies, that the size of the study area must be much larger than the largest fire (see 

Johnson and Van Wagner 1985, Johnson and Gutsell 1994, Reed et al. 1998). 

Consequently, it is important to sample a large enough area in order to recognize 

significant differences in area burned, as the data here also show. Large enough areas 

need to be sampled and systematic comparisons of the fire patterns within given areas are 

needed before conclusions are drawn about differences in fire frequencies. 

This is also evidenced by examples such as sites 6, 8, and 1 (Figure 2.7), where 

the canopy ages of terraces are older than what is given on the time-since-fire map. At 

site 6 and 8, the upland ages match the time-since-fire map, while some trees adjacent to 
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the river are older than the upland. And thus taken by themselves, these results 

may lead to the conclusion that areas adjacent to streams are less likely to burn than the 

upland. On the other hand, at site 1, both the area adjacent to the stream and the uplands 

have trees that are older than predicted from the time-since-fire map, and thus without 

comparing the distributions from areas adjacent to the stream to the age distribution of 

the uplands, one could conclude that riparian areas are less likely to burn than the 

uplands, which is not the case here. 

2.4.2 Age structures along the watershed 

The canopy tree ages at recruitment obtained at a fine scale along areas adjacent 

to streams demonstrate that channel bars are the only landforms where tree life spans are 

more frequently determined by flood rather than wildfire. Straight streams with lateral or 

point bars have trees ages that do not match the upland fires but the more frequent floods. 

Lateral bars, because of their small size (Figure 2.5), can only support a very low number 

of trees. The small size of lateral bars on these first to third order streams is a result of 

the sediment supply and transport. These streams are, therefore, still mainly influenced 

by fire disturbances. On the other hand, point bars can be quite large and, therefore, have 

many more trees and consequently have more important consequences for the overall 

dynamics of trees along a given stream section. Given this importance of point bars, the 

following question arises: can we predict the sizes of point bars along the watershed? 

In this study the sizes of point bars, measured as bar width (at the widest point 

°3687 along the bar), increase with drainage area (Figure 2.9; W b = 2.7234DA , where Wb is 
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bar width and DA is drainage area, r2 = 0.60, F0.008, p<O.05). This 

relationship can be explained using the geometry of meander bends. First, meander 

length, width, and radius of curve all scale to channel width (w) with regression 

exponents close to unity, suggesting a linear relationship (Leopold et al. 1964; Knighton 

1998; Bridge 2003). Secondly, channel width (w) typically scales to bankfull discharge 

(Qbkf) with an exponent close to 0.3 (0.38 for this watershed) (Leopold et al. 1964; 

Knighton 1998). Thus, given its linear relationship with channel width, meander width 

should also scale with bankfull discharge with the same exponent. In turn, Qbkf scales to 

drainage area (DA) with an exponent close to 0.75 (0.85 for this watershed) (Leopold et 

al. 1964; Knighton 1998). Thus, theoretically, channel width and meander width should 

scale to drainage area with an exponent close to 0.225, and for this watershed the 

exponent should be around 0.32. Accordingly, given that point bars lie directly on the 

inside bends of meanders, their sizes should also scale with drainage area. The value 

obtained here was 0.37, which is very close to the expected 0.3.2. The discrepancy 

between the theoretical exponent (0.225) and the one obtained (0.3687) is not unexpected 

given the fact that the coefficients of proportionality can vary both within and between 

rivers because meander geometry changes in space and time in response to other 

controlling variables, such as sediment supply and bank erodibility (Ferguson 1975, 

1987; Knighton 1998; Bridge 2003). 

Thus, the sizes of vegetated areas being influenced more by floods than by fires 

increase in a downstream direction on these first to third order streams. The increased 

relative importance of floods over fires is therefore controlled by the watershed-scale 
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properties and fluvial processes that are responsible for the creation of point 

bars. These include channel gradient, discharge, or shear stress, which interact and 

influence the onset of meandering (e.g. Schumm 1963; Schumm and Khan 1972; Hupp 

1986; see also reviews in Knighton 1998 and Bridge 2003), while factors such as 

sediment supply, discharge, width to depth ratios, and bank properties influence the 

formation of bars (Leopold et al. 1964; Church and Jones 1982; Knighton 1998; Bridge 

2003). Thus, no single variable can be used to predict the exact locations where 

meandering and bar formation will occur. However, their occurrence is largely 

influenced by watershed-scale processes of sediment supply and transport that dictate 

general channel morphology. 

2.5 Conclusions 

This study found a greater importance of fire over flood disturbances along 

headwater mountainous gravel-bed streams. While some studies have considered the 

particularities of headwater streams in terms of landform types and associated vegetation 

(e.g Hupp 1982), here for the first time, the impact of both upland and fluvial 

disturbances on the ages of trees is described. The results demonstrate that most 

vegetation of these small gravel watersheds is being disturbed by wildfire just like the 

uplands, except on lateral and point bars where floods occur more frequently. It other 

words, the formation of channel bars regulate the relative importance of fires and floods 

on vegetation. In turn, bars are regulated by watershed-scale fluvial processes of 

sediment delivery and transport. 
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It is surprising that these small gravel bed systems have received so 

little attention given that headwater streams make that largest proportion of a watershed 

(Horton 1945, Shreve 1969; McGlynn and Seibert 2003). For the Jumping Pound 

watershed, first order streams make up 51% of the study area and 59% of the total basin, 

second order streams make up 32% of the study area and 26% of the total basin, while 

third order streams make up 17% of the study area and 11% of the total basin. First to 

third order streams thus account for 96% of the total basin. This highlights the fact that 

there is a larger proportion of this particular watershed that is more frequently influenced 

by fires than by floods. Given that these values agree with Horton's rule of stream 

numbers, the results suggests that most watersheds may respond to changes in 

disturbance types in a similar manner. Thus, while the importance of floods has thus far 

dominated the riparian vegetation literature on higher order streams and rivers, this study 

suggests that the importance of other disturbances, such as fires, deserve more attention 

on lower order streams. 
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Table 2.1 Hydraulic and hydrological properties of study sites and gauged sites. 

Site Order Slope 
(rn/rn) 

Drainage 
area (km2) 

Bankfull 
width (m) 

Banklull 
depth 
(m) 

Channel 
type 

Bar 
type 

1 1 0.0021 3.77 0.40 0.22 Hollow None 
2 2 0.0163 11.99 4.61 0.26 Meandering 

Pool-riffle 
Point 

3 1 0.0243 2.74 3.54 0.19 Cascade Lateral 
4 1 0.0316 2.05 2.45 0.24 Cascade None 
5 2 0.0111 20.89 5.50 0.34 Straight 

Pool-riffle 
None 

6 2 0.0265 6.51 3.50 0.26 Plane bed None 
7 3 0.0121 30.48 5.79 0.35 Meandering 

Pool-riffle 
Point 

8 3 0.0101 40.07 9.25 0.37 Plane bed None 
9 2 0.0491 7.53 4.23 0.26 Step-pool Lateral 
10 3 0.0088 92.47 10.76 0.57 Meandering 

Pool-riffle 
Point 

11 3 0.0053 203.08 13.47 0.60 Meandering 
Pool-riffle 

Point 
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Table 2.2 Proportions of areas that are in the oldest age classes (from AVI on 
Figure 2.3) in study watershed and 1 O buffer adjacent to the stream. 

Age Class Watershed 10 m buffer 
1-1790 0.0005 0.0146 

1791-1800 0 0.0140 
1801-1810 0.0012 0 
1811-1820 0.0013 0.0003 
1821-1850 0.0051 0 
TOTAL 0.0081 0.0289 
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Figure 2.1 Study watershed with locations of the eleven study reaches used for canopy 

tree sampling. The arrow indicates the location of a gauging station. 
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Figure 2.2 Longitudinal profile of the main branch of Jumping Pound watershed. Notice 

the numerous nick points along the profile. 
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Figure 2.3 Time-since-fire map of the study watershed obtained from the Alberta 

Vegetation Index (AV1). Notice that the white polygons (no data) are either in areas that 

are above tree line or represent areas that have been logged. Also, notice that the size of 

the entire AVI is approximately the size of Kananaskis country. 
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Figure 2.4 Time-since-fire distributions for a) the entire AVI map as shown in Figure 2.3, 

b) the study watershed, and c) a 10 m buffer around the streams. 
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Figure 2.5 Channel topographies of all eleven study reaches with the locations of each 

sampled stands. Straight streams with no lateral bars are shown from a) to e), straight 

streams with lateral bars are shown with f) and g), and meandering streams are 

represented in h) to k). Notice that bankfull flow is marked (dashed lines) at all sites but 

that is it not always visible given its small size relative to the overall elevation of the 

sites. 
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Figure 2.6 Comparisons between canopy tree establishment dates on straight reaches with 

no lateral bars and stand origin dates from the Alberta Vegetation Index presented in 

Figure 2.3. The fire dates from the AVI map are shown with stars, while the occurrence 

of floods (obtained from hydrological records) is shown with horizontal lines. 
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Figure 2.7 Comparisons between canopy tree establishment dates on straight reaches with 

lateral bars and stand origin dates from the Alberta Vegetation Index presented in Figure 

2.3. The fire dates from the AVI map are shown with stars, while the occurrence of 

floods (obtained from hydrological records) is shown with horizontal lines. Note that the 

scale on the bottom axis changes between reaches. 
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Figure 2.8 Comparisons between canopy tree establishment dates on meandering reaches 

with point bars and stand origin dates from the Alberta Vegetation Index presented in 

Figure 2.3. The fire dates from the AVI map are shown with stars, while the occurrence 

of floods (obtained from hydrological records) is shown with horizontal lines. Note that 

the scale on the bottom axis changes between reaches. 
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Figure 2.9 Relationship between bar width (Wb), measured at the widest point of the bar, 

as a function of drainage area (DA). The solid line represents the power law regression 

and takes the form Wb=2.7234DA°3687, and the dashed lines represent the 95% confidence 

intervals. 
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CHAPTER 3-THE SMALL-SCALE DYNAMICS OF TREE ESTABLISHMENT ON 

GRAVEL BARS OF SMALL MEANDERING HEADWATER STREAMS. 

3.1 Introduction 

Chapter 2 showed that while trees adjacent to small mountainous gravel-bed 

streams are influenced both by fire and flood disturbances, floods are the dominant 

disturbance along bars due to their higher relative frequency. The current chapter 

examines in more detail the effects of fluvial disturbances on the establishment of trees 

on these gravel lateral and point bars. It is important to note that bars discussed in this 

chapter are defined according to their overall morphologies (shape and location within 

channel) as described in Church and Jones (1982) but that, contrary to those of larger 

systems, they are at elevations that are slightly higher than bankfull flow. They are 

therefore comparable to floodplains (sensu Leopold et al. 1964), in terms of sediment 

delivery and water flow. 

Establishment patterns of trees reflect their tolerance to a number of geomorphic 

and fluvial processes (Hupp 1988; Hupp and Osterkamp 1996; Hughes 1997). Among 

these processes, the deposition of fine sediment is arguably one of the most important for 

the germination and early survival of riparian trees, which are typically small-seeded 

species (Sigafoos 1964; Scott et al. 1996; Bendix and Hupp 2000; Friedman and Lee 

2002). Along rivers and streams, the deposition of these fine sediments occurs through 

two processes: 1) the formation of sedimentary in-channel deposits (which initiated the 

formation of bars), which are associated with channel migration (this process is not 

confined to flooding events) and 2) through overbank sedimentation, which occurs during 
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flood events (Asselman and Middelkoop 1995). This last process can occur on 

bars as well as on other fluvial surfaces, such as terraces, depending on the magnitude of 

the flood. 

Of the two sedimentary processes, the deposition of sedimentary features 

(associated with lateral channel migration) are more frequently studied by riparian 

ecologists than overbank sedimentation. This is because the majority of studies are 

conducted on large alluvial rivers where spatially extensive channel deposits are frequent 

and result in arcuate banding patterns of tree establishment on bars and floodplains 

(Everitt 1968; Fonda 1974; Nanson and Beach 1977; MeKenney et al. 1995). This 

banding pattern is the basis for most of the current explanation of riparian vegetation 

change along meandering rivers (see Figure 3.1 for schematic diagram of expected 

changes) in which there is a gradual increase (note that bands of trees can also be divided 

by areas devoid of vegetation) in tree age and a change in species composition with 

distance from the river (Fonda 1974; Johnson et al. 1976; Nanson and Beach 1977; 

Malanson 1993; Hughes 1997). Thus, on these rivers, channel deposits clearly dominate 

tree dynamics compared to overbank sedimentation. However, the hydrogeomorphic 

properties of smaller, headwater gravel-bed rivers suggest that channel deposits may not 

be as important as overbank sedimentation on these small rivers (Bluck 1971 in Richard 

1982; Dietrich and Whiting 1989; Asselman and Middlekoop 1995). 

One of the important differences between small gravel-bed and larger alluvial 

rivers is that the channel bed of the former is less mobile and large-scale channel 

movement therefore occurs infrequently (Church and Jones 1982; Grant and Swanson 
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1995). This is because gravel-bed rivers have a higher bedload to suspended 

load ratio and require a larger discharge to mobilize the channel bed. As a result, channel 

and bar migration (see Figure 3.2 for schematic diagram of channel migration) is 

typically slow on gravel-bed rivers where point bars become fairly long-term storage 

units for the watershed. The dynamics of these bars are regulated more by long-term 

changes in regional flow and sediment regimes than by short-term changes in local 

hydraulics (Church and Jones 1982). Published rates to re-work entire bars are on the 

order of 101102 years (Church and Jones 1982; Richards 1993). In addition, given that 

the sediment supply available in gravel-bed streams is mainly bedload, channel deposits 

are mainly composed of coarse sediment (Bluck 1971 in Richard 1982; Church and Jones 

1982). These sediments are not suitable for tree establishment and trees are therefore 

confined to recruiting on finer sediments that are carried by overbank flow (Sigafoos 

1964; Scott et al. 1996; Friedman an Lee 2002). Given the slower migration rates and the 

large sediment size composition of channel deposits along gravel-bed streams and rivers, 

this paper investigates the role of overbank sedimentation on the establishment of riparian 

trees. 

3. 1.1 Overbank sedimentation on gravel-bed rivers 

Theoretical descriptions of overbank flooding have suggested that the flow over a 

channel bank is mostly perpendicular to the main channel flow (e.g. Pizzuto 1987). 

However, perpendicular overflow on bars and floodplains is only expected under 

circumstances where valleys are fully inundated, and where channel flow is uniform with 
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no current perpendicular to the channel (Assleman and Middlekoop 1995). In 

such cases, deposition is higher close to the channel and decreases exponentially away 

from it (Pizzuto 1987). However, these conditions are rare in nature and more recent 

sedimentary studies show that overbank sedimentation is typically more variable over 

small spatial scales (Asselman and Middelkoop 1995; He and Walling 1996; Walling and 

He 1997a, b; Walling et al. 1997; Walling and He 1998). In addition, recent riparian 

vegetation studies have also shown that water flow on larger floodplains is only 

perpendicular to the channel for a short period of time at the start of a flood (i.e. at low 

water levels) and that the flow quickly follows a path that is more parallel to the main 

channel with an increase in discharge (Hupp 2000; Ross et al. 2004). 

This heterogeneity in flow is in part due to the fact that flow components, which 

are perpendicular to the main channel, are also common and result in sediment transfer 

by convection and diffusion that carry sediment at greater (than expected) distances from 

the channel (James 1985; Pizzuto 1987; Hupp 2000; Marriott 1992; Ross et al. 2004). In 

addition, during a flood, water takes the most direct route, which means cutting across a 

bar/floodplain instead of following a meander bend (Ross et al. 2004). Moreover, 

secondary channels, which are often present behind gravel bars, are an additional location 

of water movement and water ponding and can therefore act as another source of 

sediment supply (Asselman and Midelkoop 1995). In such cases, overbank flooding (and 

sedimentation) can occur from both the front and the back of the bar (see Figure 3.3 for a 

schematic diagram of sedimentation on a gravel bar). The variability in sediment 

deposition is also strongly influenced by 1) small-scale microtopography (that causes 
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water ponding for example) over the deposition surface (Nicholas and Walling 

1997; Walling and He 1997a; Walling and He 1998), and by 2) the occurrence of 

vegetation, which can increase roughness (resistance) over the bars and thereby alter flow 

patterns (Pasche and Rouvé 1985; Kouwen 1988; McKenney et al. 1995; Hupp 2000; 

Tabacchi et al. 2000). Finally, in addition to new sediment accretion, there can be 

substantial individual particle movement (which affects trees in the same way as new 

sediment) over the bar during flooding events even when the general shape of the bar 

remains fairly constant with time (McBride and Strahan 1984). 

3.1.2 Flood frequency 

Overbank sedimentation processes are driven by floods, which have a given 

temporal pattern within watersheds. Consequently, while spatially heterogeneous, the 

overall age patterns of trees on bars should still be correlated to the temporal spacing of 

flooding events. A perfect correlation between the number of trees of a certain age and 

flood magnitude is not expected since other factors, such as seed supply, also influence 

establishment (Scott et al. 1996; Auble and Scott 1998; Friedman and Lee 2002). 

Overall, however, the ages will reflect whether small but frequent floods or large but 

infrequent floods control the vegetation. 

3.1.3 Objectives and hypotheses 

The overall goal of this study is to examine how the small-scale establishment 

patterns of trees over gravel bars is regulated by overbank sedimentation on a small 
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mountain watershed. The approach will be to compare tree establishment 

patterns on small gravel bars to the patterns that are expected on larger alluvial rivers. 

Three hypotheses will be examined. The first hypothesis is that the vegetation of small 

gravel-bed rivers is more highly influenced by overbank sedimentation than by channel 

deposits. The second hypothesis is that overbank sedimentation is highly heterogeneous 

on gravel-bars and as a result, species and ages should be more patchily distributed than 

on larger rivers (see Figure 3.1 for a schematic of the expected changes). The patterns in 

age and species should therefore not mimic the arcuate banding visible on large alluvial 

rivers and the patterns should not be closely correlated with changes in distance and 

elevation from the main channel. Finally, the third hypothesis is that regardless of the 

heterogeneous nature of tree establishment on bars, the ages of trees are still dependant 

and correlated to flood frequencies. 

3.2 Material and Methods 

3.2.1 Study area 

The study was conducted along the Jumping Pound Creek watershed in the Front 

ranges of the Rocky Mountains, west of Calgary, Alberta (Figure 3.4). The study 

watershed is the upper 260 km2 of a basin that is approximately 600 km2. Jumping Pound 

Creek is a mountain gravel-bed watershed with a mainstream branch that has a general 

concave profile with several small nick points (Figure 2.2). The elevation at the 

headwaters is 1754 in and at the most downstream study site is 1343 in. 
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The study watershed is between the Fisher Range and Jumping Pound 

Mountain. Both ranges are thrust sheets trending NNW-SSE. Paleozoic carbonate rocks 

make up the ridges, while Mesozoic shale and sandstone make up the lower slopes and 

valley. Glaciers further shaped the watershed, filling the valley with glacial deposits. 

Tributary streams have their origin on the valley sides with the streams extending almost 

to the ridgeline. Many are ephemeral, flowing only from May to early July. The main 

trunk stream extends up the valley head in the south and is incised with terraces along 

most of the higher order streams, while tributary streams (valley side streams) start in 

colluvial and bedrock hollows. The streams are generally single channeled but three or 

four times along the trunk stream, the stream becomes braided or diffuse. 

Sediment is probably supplied to the stream from first order streams by mass 

movement (primarily debris flows) and by erosion of glacial deposits along the incised 

bed on higher order streams. 

The climate of the study watershed has a transitional Plains-Cordilleran climate of 

cold winters and warm summers, with a well-defined summer peak in precipitation and a 

winter minimum. The thirty-year average temperature is —10°C in January and 14°C in 

July at the Barrier Lake Station of the University of Calgary Kananaskis Field Stations, 

the nearest weather station. Annual average precipitation is 550.9 mm, with an average 

peak of 98.9 mm falling during the month of June, and where forty percent of the 

precipitation falls as snow. 
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Floods in the region occur mainly in late May and early June, during 

periods of rapid snowmelt that are exacerbated by low-pressure systems that bring 

precipitation (Environment Canada-Meteorological Services of Canada, Water Survey 

Division). 

Large fires in the Kananaskis are predominantly lightning-caused and occur from 

July to the end of August. These fires are crown fires characterized by high intensities 

and high rates of spread, which kill all trees and remove a large proportion of the organic 

layer (Fryer and Johnson 1988). 

Average annual rates of channel migration range from approximately 0.08-

0.lmlyear, as measured on available aerial photographs taken in 1969, 1982, 1989, and 

1999, at the scale of 1:12 000 (1969) and 1:20 000 (1982, 1989, 1999). 

3.2.1.1 Reach locations and descriptions 

Five meandering channels and their associated point bars were studied along the 

watershed. Out of the five, two are second-order and three are third-order streams. In 

addition to these point bars, three lateral bars found on first order (two bars) and on 

second order (one bar) straight channels, were also sampled. The two types of bars were 

sampled to compare establishment on bars of varying morphology. The locations of each 

site, numbered one through 8, are presented in Figure 3.4. The drainage areas at each site 

were calculated using a 1: 50 000 topographic map. Table 3.1 outlines the physical 

properties of each study site. 
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Only tree species (and thus not shrubs or herbs) were examined on the 

bars. The three most common species were Picea glauca (Moench) Voss (white spruce), 

Picea engelmannii Parry ex Engeim. (Engelmann spruce) crosses, and Populus 

balsamfera L.(balsam poplar). In addition, a few Abies lasiocarpa (L.) Mill. (subalpine 

fir) and Pinus contorta Loudon (lodgepole pine) were also found. Correctly identifying 

Engelmann and white spruces was often problematic as the two species hybridize in the 

region. As a result, all spruce individuals sampled during the study have been labeled as 

white spruce. 

3.2.2 Field and laboratory methods 

3.2.2.1 Watershed hydrology and channel topography 

The topographies of each bar above bankfull were sampled using a surveyor's 

level and tripod (Leica/Wild NA-2 model, with an accuracy of 1.5 mm over a 1 km 

double-leveling run). Changes in topography were calculated from recorded distances 

and elevations measured along a line perpendicular to the channel flow. This was 

repeated for two to four cross-sections on each bar, depending on their size. The stream 

banks were also mapped by capturing coordinates along the bankfull flow line with a 

Trimble Pro-XL GPS unit (with asset surveyor 3.40 software). Differential corrections of 

these positions were obtained with Pathfinder Office 2.11 software using data collected 

by the Pathfinder Community base station (version 2.68i). The topographies values and 

GPS values were then imported into ArcView 8.2 (ESRI 2003) where small-scale Digital 

Elevation Models (DEMs) were created for each bar. 
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Representative examples of one cross-section along each bar, shown in 

Figure 3.5a-h, demonstrate that secondary channels, which separate the bar from the main 

channel bank, border all point bars. On the other hand, the topographies of lateral bars 

indicate fairly level surfaces. These lateral bars are at a much lower elevation than the 

bank to which they are attached (Figure 3.5f-h). 

3.2.2.2 Tree aging 

Stands were sampled on all eight gravel bars. The stands differed in size in order 

to collect most trees (over 90%) on the bars (see Figure 3.6 for sample plot location on 

bars). Rectangular stands were used in order to get a better measure of stand size and 

therefore a more accurate measure of tree density per metre square. 

Within each stand, the position of all trees, saplings, and seedlings were mapped 

and the individuals were then aged. This was done by digging up and removing small 

individuals from the site and subsequently cutting them into sections to locate the root 

collar. The ground level was marked on all individuals and depths to root collar were 

measured. The depth to the root collar was used as a measure of the amount of 

sedimentation that has occurred since tree establishment. Larger individuals were cored 

as close as possible to the root collar, which first involved excavating and exposing the 

roots. Numerous cores were then taken from each individual, from the ground level 

downward in order to increase the chances of encountering the root collar. However, the 

true root collar could not always be located for larges trees, and in such cases the age of 

the individual was assumed to correspond to the older core sampled, while the depth of 
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establishment was estimated from the location of that core and visual 

inspection of the root morphology. On any given bar, the number of trees cored accounts 

for only about 10 % or less of the total number of trees sampled. The cores and sections 

were later sanded with coarse and fine sand paper (up to 600 grain) and rings were 

counted using a dissecting microscope. Cross-dating techniques (sensu Fritts 1976) were 

used to account for missing rings. 

3.2.2.3 Data analysis 

1. Spatial patterns in tree age, species and sedimentation 

The locations of the eight sampling stands (plots) were determined from GPS 

coordinates and imported into the DEM created for each bar. The plots were then 

projected into ArcView 8.2 (ESRI 2003) where the original mapped locations of each 

individual, which were based on a simple x, y grid from a plot corner, were converted 

into UTM coordinates. Spatial patterns of tree ages and species types were then created 

on each bar. All distances were measured in relation to bankfull flow (a flood which 

equates to approximately 1.5 year return time) as a baseline measure to allow among-site 

comparisons. 

Patterns of net sedimentation (i.e. sedimentation that remains on the bar - some 

sediment may be removed by floods but that cannot be accounted for here) over the bars 

were obtained from the depth to root collars. Since trees were of different ages and were 

therefore exposed to varying numbers of sedimentation events, the depths were first 

divided by the age of each tree in order to compare the amounts of sedimentation 
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between tree locations. This essentially gives an annual rate of net 

sedimentation. The patterns in sedimentation rates could then be plotted on the site using 

the same procedure as above (for tree ages and species). It is important to note however 

that there is no way of determining if sedimentation rates were in fact the same every 

year or whether most of the sediments were deposited after infrequent (but large) events. 

In cottonwood and poplar species, rates of sedimentation are sometimes determined using 

dendrochronological evidence, such as the formation of adventitious roots (Sigafoos 

1964; Everitt 1968; Hupp 1988). However, the trees on the study bars were all very 

small and did not have adventitious roots but rather had the typical cone-shaped root base 

of trees that are not subject to frequent (large) sedimentation (Sigafoos 1964). In 

addition, a large proportion of the trees sampled were conifers, which typically do not 

form adventitious roots (Hupp 1988). Thus, the rates obtained are not assumed to have 

remained constant over time, but are simply used to compare relative amounts of 

sedimentation between different locations on the bars. 

Least-squares linear regressions were used to examine the relationships between 

1) age, species, and sedimentation as a function of distance from bankfull flow, 2) age, 

species, and sedimentation as a function of elevation above bankfull flow, and 3) total 

sedimentation amounts since establishment as a function of tree age. The elevations of 

each tree above bankfull flow were extracted from the DBMs, while the distances were 

measured in the field. The regressions are used here to compare the relationships with 

distance and elevation between species and between bars. To account for the large 

number of regressions performed (n=83, see Appendix 1), the significance level of 
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alpha= 0.05 was divided by 83 (i.e. alpha was set at 0.006) in order to reduce 

the chances of making Type II errors. 

2. Temporal patterns in recruitment 

To examine the relationship between flood frequency and tree age, correlations 

between tree recruitment and flow years were visually examined by plotting discharges 

for recorded water years as well as the number of trees sampled that were established 

during those water years. Annual hydrological records were available for two gauging 

stations on the Jumping Pound watershed: 1) the Coxhill station, in operation since 1976 

and 2) the Mouth station, in operation since 1964 (se Figure 3.7 for flood frequency 

curves). The location of the Coxhill gauge, which is within the study watershed, is 

shown on Figure 3.4, while the Mouth gauge is located approximately 15 km downstream 

from the last sampled bar. Given its longer record, the Mouth gauging station was used 

in this exercise. 

Histograms of tree densities within 10-year age classes were also constructed for 

the bars in order to examine the overall patterns in tree age. This was done to determine 

if ages were most influenced by small and frequent floods or large but infrequent floods. 

A 10 year interval was found to be a good compromise between using all possible ages 

and using too few classes in order to detect overall patterns in ages. 
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3.3 Results 

3.3.1 Spatial patterns in sediment deposition, tree age, and tree species on bars 

Sedimentation rates (total net amount of sediment deposited since establishment 

divided by tree age) for different positions on the bars are highly heterogeneous (Figure 

3.8a-h). There is no tendency for sedimentation to be greater immediately adjacent to the 

main channel. On the contrary, sedimentation is patchy on both lateral and point bars. 

Patterns in tree ages on the lateral and point bars of this small watershed are also 

very heterogeneous (Figure 3.9a-h). A comparison between bars does not show a clear 

trend in age with perpendicular distance to the flow, but rather varying distributions of 

ages over the bar surfaces. For example, sites 7, 10, and 11 (Figure 3.9b, d, e) have trees 

that are slightly older at the front of the bar, closer to the main channel, with a decrease in 

age with distance from the river, while site 9 (Figure 3.9f) shows the opposite pattern, 

with younger trees at the front of the bar. 

Finally, patterns in species composition indicate that both main tree species, white 

spruce and balsam poplar, are readily found anywhere on the bars (Figure 3.l0a-h). In 

fact, spruce is found in large numbers on the first half of three bars, i.e. closer to the river 

than poplars, which are found closer to the secondary back channel (Sites 2, 7, 11; Figure 

3.l0a, b, e). Spruce is also found in much higher numbers than poplars on all bars except 

one (Site 11, Figure 3.l0e), and is the only species on two lateral bars (Sites 3a, and 9, 

Figure 3.lOf, h). 
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3.3.2 Relationships between sedimentation, tree age, and species with distance 

and elevation above bankfull flow 

The least-squares-regression results for relationships between age and 

sedimentation as a function of distance and elevation vary both with species type and 

between bars (Tables 3.2 and 3.3; see also Appendix 1 for detailed regression results). 

For the lateral bars, two of the three bars (Sites 3a and 3b) have few significant 

relationships. In general, neither age nor sedimentation rates change with distance or 

elevation (Table 3.2). In addition, there is no clear relationship between total 

sedimentation since establishment between trees of different ages, except at site 3b, 

which has a positive relationship between age and total net sedimentation. The third 

lateral bar, site 9, has very few trees, which could be divided into two clumps (see Figure 

3.9h). The first clump is made up of eight 2 year-old trees that are found at the very front 

of the bar on the top of the soil surface. The second clump is made up of two 30 year-old 

trees that are further away from the bar and at a higher elevation and deeper 

establishment depth. Because of this bimodal grouping, the relationship between tree age 

and elevation above bankfull is significantly greater than zero at that site. 

On the point bars, the regression results are slightly more variable but there are 

still few significant relationships. First, there is no relationship between sedimentation 

rates (per annum) and either distance or elevation for spruce in three cases (sites 2, 7, 10) 

and a negative relationship at one site (site 12) (Table 3.3). Similarly, sedimentation 

rates (per annum) for poplar trees (sites 2 and 7) do not vary with distance or elevation. 
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Total sedimentation since tree establishment does not consistently increase with 

age, except for spruce at site 12, where net sedimentation increases with age. 

As tree ages, the slopes of spruce age and distance from bankfull are less than 

zero twice (sites 2 and 10) and are not different from zero three times (sites 7, 11, and 

12), while the relationships with elevation are greater than zero once (site 12) and not 

different from zero in four cases (sites 2, 7, 10, and 11, Table 3.3). For poplar, age never 

varies with distance (sites 2, 7, and 11), while it increases once as a function of elevation 

(site 11) and remains unchanged on two bars with elevation (sites 2 and 7, Table 3.3). 

When both species are combined, the relationships with age and distance are negative 

once (site 2), and non significant twice (sites 7 and 11), while the relationship with 

elevation is positive once (site 11) and not different from zero twice (sites 2 and 7, Table 

3.3). 

3.3.3 Temporal patterns in tree recruitment 

Tree recruitment is fairly uniform through the years for which water-level data 

were available, particularly on the point bars (Figure 3.11a-i). Two main patterns emerge 

from these graphs. The first is that while there is a slight tendency in some cases to have 

more trees after the largest water years, there is no clear correlation between water level 

and recruitment (Figure 3.11). The second pattern is that there are fewer older trees than 

younger trees, particularly on the larger bars which have a larger number of trees. 

This last pattern is more visible on the histograms where trees ages are divided 

into classes (Figure 3.12). The patterns follow that of flood frequency distributions with 
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a larger number of trees associated with the smaller but more frequent floods 

rather than with the larger but infrequent floods. 

3.4 Discussion 

This study highlights the small scale at which the establishment dynamics of trees 

on gravel bars of a mountainous watershed occur. More importantly, it demonstrates 

how these dynamics differ from those of larger meandering alluvial rivers (Figure 3.1), 

on which current models of riparian vegetation are largely based. The dynamics of larger 

rivers result mainly because river migration is rapid, allowing for frequent channel 

deposits adjacent to the river or stream. However, comparatively, the rates of river 

migration along my study watershed are very slow, on the order of about 0.08-0. lm/year, 

which implies that it would take approximately 300-375 years to re-work the larger point 

bars sampled in this study. Thus, given that this time-scale is much longer than the 

lifespan of all tree species found along the sampled bars, overbank sedimentation 

becomes the dominant process over river migration (and channel deposits) along this 

small gravel-bed watershed. 

3.4.1 Fluvial processes and patterns in sediment deposition, tree age and species 

First, the results show that the sedimentation rates on these small gravel bars (both 

point and lateral) are very patchy (Figure 3.8, Tables 3.2 and 3.3). Sedimentation on all 

sampled bars (site 9 was not included in this analysis due to the low number of trees) is 

not perpendicular to the main channel but is similar to the heterogeneous patterns 
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obtained in recent fine scale hydrological studies (e.g. Nicholas and Walling 

1997; Walling and He 1997a, b; Walling and He 1998). The patterns may partly reflect a 

tendency for the water to move across the bar, so that the flow parallels the main channel, 

as shown in Ross et al. (2004) (see Figure 3.3 for hypothetical flow paths on bar). As a 

result, older trees do not have higher rates or total amounts of net sedimentation than 

younger trees. 

Given that both spruce and poplar species require fine sediment, which are 

deposited during floods, in order to germinate (Sigafoos 1964; Scott et al. 1996; 

Friedman and Lee 2002), the patterns in ages and species reflect the heterogeneous nature 

of sediment deposition. Under the current alluvial vegetation explanation, younger trees 

are found at the front of the bar where new sediments are deposited and older trees are 

found at a higher elevation or at a greater distance from the bank, where sedimentation is 

lower and where flood frequency is also low. These situations have been documented on 

very large meandering rivers, which are more influenced by in-channel deposition (e.g. 

Everitt 1968; Fonda 1974; Hickin 1984; Hickin and Nanson 1984). At the small scale of 

the gravel bars studied here however, there are no visible banding patterns of tree age on 

any of the bars (Figures 3.9 and 3.10). There is a lack of significant relationships 

between age and distance or elevation above bankfull (Tables 3.2 and 3.3). This is 

because in-channel deposition (due to channel migration) is not as important as overbank 

deposition and overbank sedimentation patterns are 1) not perpendicular to the main 

channel, and 2) influenced by already-established vegetation on the bars. In addition, 

poplar trees are not consistently older than the spruce trees on the bars, as is implied in 
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the typical successional argument, which argues that poplars should establish 

before spruce. 

In terms of tree species on alluvial rivers, the decrease in sedimentation and 

decrease in flood frequency with distance from the river are also thought to be 

responsible for the large-scale change in species composition from poplar, which can 

withstand large amounts of sedimentation and prolonged periods of inundation, to conifer 

species which are less tolerant (Hupp 1988; Hughes 1997). Here, however, over a small 

spatial scale, this pattern in species change is not visible. Both species are readily found 

on all bars (point and lateral), and in fact spruce is dominant on all the bars but one (site 

11) and is the sole species on two of the bars. Trends with distance do not differ between 

species (Figure 3.10). The patterns on larger rivers are thought to result from the ability 

of poplar trees to produce adventitious roots after large sediment deposition events, 

therefore conferring them a survival advantage. However, all the trees here were small in 

size and adventitious roots were not a factor. In addition, while there is the belief that 

spruce should not do as well as poplar on frequently flooded areas, I could find no study 

that compared rates of survival of the two species (to either sedimentation or inundation). 

The inundation periods on this particular watershed are short (in the order of a few days), 

which do not appear to be detrimental to spruce survival. Spruce trees were also capable 

of withstanding large amounts of sedimentation along the larger point bars (it was 

frequent to find the root collar 25 cm below the ground for spruce aging between 20-30 

years). Thus, the results indicate that spruce is capable of withstanding inundation and 

sedimentation. 
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3.4.2 Temporal patterns in tree recruitment 

The temporal patterns in tree recruitment indicate fairly continuous tree 

establishment with time (Figure 3.11), unlike previously reported establishment on 

alluvial rivers where the number of trees of a given age closely correspond to the highest 

water-years (Bradley and Smith 1986; Stromberg et al. 1991; Scott et al. 1997). The 

patterns observed here might be in part due to the fact that sedimentation is not the only 

factor that controls recruitment. The number of trees present at the time of sampling is 

also a function of 1) the number of trees that originally established, which is a function of 

seed supply and seedbed availability, and also 2) of subsequent survival, which can be 

influenced by abiotic conditions and competition with other trees (Scott et al. 1996; 

Auble and Scott 1998; Friedman and Lee 2002). Personal observations suggest that 

another factor may also lead to a fairly continuous establishment of trees on this 

watershed: the importance of small floods in sediment delivery. On this watershed, very 

small floods, of return times of less than 5 years, can overtop gravel bars and, therefore 

have the potential to deliver sediment frequently. For example, Figure 3.3 shows a 2-

year flood which, despite its relatively small return time and small discharge, has 

overtopped a large portion of the largest bar (site 11). As a result, the flow moves across 

the bar and overtops the secondary channel. This flood delivered fine sediment to the bar 

and thus created new establishment sites for tree. Therefore, while it may be easy to 

imagine that larger floods carry more sediment and therefore influence the vegetation 

more, it is apparent here that small floods seem to play a larger role. This is highlighted 
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by the age distributions (Figure 3.12) that demonstrate that overall there are a 

larger number of younger trees on the bars compared to older trees. 

3.4.3 Conclusions 

This study highlights the importance of overbank sedimentation on tree 

establishment along small mountainous gravel-bed rivers. The dominance of overbank 

sedimentation on vegetation processes is due to the slow migration rates of these small 

streams and the general need for fine sediment in order for tree establishment to occur. 

Overbauk sedimentation patterns are shown to be very heterogeneous at a fine spatial 

scale, which correspond to patterns previous addressed in sedimentary studies (e.g. 

Nicholas and Walling 1996; Walling and He 1997; Walling and He 1998). The study 

demonstrates that this patchiness in sediment delivery leads to a similarly patchy 

distribution of tree ages and species over bar surfaces. These findings contrast vegetation 

patterns along larger alluvial rivers where channel deposits and channel migration are the 

dominant fluvial processes. Consequently, the findings caution against projecting the 

commonly accepted vegetation succession models that are based on large alluvial rivers 

onto smaller gravel-bed rivers. 
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Table 3.1 Site and point bar characteristics along Jumping Pound creek. 

Site/bar 
number* 

Order Drainage area 
(km2) 

Stream 
gradient 

Bar type Bar width 
(m )** 

Bar length 
(m) 

2 2 11.99 0.0163 Point 7.5 8.5 
7 3 30.48 0.0121 Point 5.0 10.0 
12 3 28.45 0.0126 Point 8.7 15.0 
10 3 92.47 0.0088 Point 8.0 5.0 
11 3 203.08 0.0053 Point 30.0 57.0 
3a 1 2.74 0.0243 Lateral 2.0 4.5 
3b 1 2.74 0.0243 Lateral 6.0 4.0 
9 2 7.53 0.0491 Lateral 3.5 8.7 

-------------------------

'bite numoers correspond to the sites described in Chapter 3 (site 12 is a new site) 
** Bar width was measured at the widest location along the bar 
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Table 3.2 Summary results of least-squares linear regressions between 1) tree 
age as a function of distance from bankfull flow (AD) and elevation from bankfull flow 
(AB), 2) amount of sedimentation (per annum) as a function of distance from bankfull 
flow (SD), elevation from bankfull flow (SE), and 3) establishment depth and tree age 
(RA). The results are for the three lateral bars (sites 3a, 3b, and 9) and indicate whether 
the slopes of the linear regressions were significantly greater than zero (>), smaller than 
zero (<), or not significantly different from zero (-). Note that the numbers in tables 
represent the site number. The species are: white spruce (Spr), balsam poplar (Po), and 
lodgepole pine (P). 

AD AF SD SE RA 

Species> - < > - < > - < > - < > - < 

Spr 3a 

3b 

9 

9 3a 

3b 

3b 

3a 

3a 

3b 

3a 

3b 

Po 3b 3b 3b 3b 3b 

P 3b 3b 3b 3b 3b 
A11* 3b 3b 3b 3b 3b 

* The combined data only includes sites where there were more than one species present. 



71 

Table 3.3 Summary results of least-squares linear regressions between 1) tree 
age as a function of distance from bankfull flow (AD) and elevation from bankfull flow 
(AE), 2) amount of sedimentation (per annum) as a function of distance from bankfull 
flow (SD), elevation from bankfull flow (SE), and 3) establishment depth and tree age 
(RA). The results are for the five point bars and indicate whether the slopes of the linear 
regressions were significantly greater than zero (>), smaller than zero (<), or not 
significantly different from zero (-). The numbers in table represent the site numbers. 
The species are: white spruce (Spr) and balsam poplar (Po). Note that the poplar 
relationships are not included for sites 10 andi 2 since they had too few individuals (one 
and two individuals respectively). 

AD AE SD SE RA 

Species > - < > - < > - < > - < > - 
Spr 7,12 

11 

2,10 12 2,7 

10,11 

2,7, 

10 

12 2,7 

10 

12 12 2,7 

10 

Po 2,7,11 11 2,7 2,7 2,7 2,7 
All* 7,11 2 11 2,7 2,7 2,7 2,7 

* The combined data only includes sites where there were more than one species present. 
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Figure 3.3 Schematic representation of sedimentation patterns over gravel point bars with 

pictures of sediment deposition on the bar and sediment transport along a secondary 

channel. Pictures were taken at site 11 along Jumping Pound creek. 
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Figure 3.4 Location of study watershed and location of sampled bars. The location of the 

Coxhill gauging station is indicted by an arrow. 
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Figure 3.5 Topography of eight sampled bars. Notice the higher elevation of point bars 

compared to lateral bars as well as the presence of a back (secondary) channel behind 

point bars. Notice that bankfull flow is marked (dashed lines) at all sites but that is it not 

always visible given its small size relative to the overall elevation of the sites. In 

addition, notice that the bars are located above bankfull levels. 
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Figure 3.6 Example of sample plot position on gravel bar. The plot was positioned to 

correspond to the onset of vegetation along the longest channel bank (bottom of figure). 
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Figure 3.7 Flood frequencies of available gauging station on study watershed, a) Coxhill 

gauge, and b) Mouth gauging station, located approximately 15 km downstream from the 

last sampled bar. 
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Figure 3.8 Spatial sedimentation (cm/year) patterns on seven study bars. The patterns on 

these small gravel-bars are very patchy. This is due to the fact that water does not move 

perpendicularly across the bar, but the flow is rather more heterogeneous. 
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Figure 3.9 Spatial patterns in tree age on eight study bars. Notice that older trees are not 

preferentially found at the back of the bars. 
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Figure 3.10 Spatial patterns of tree species on eight study bars. Notice that most bars 

have both white spruce and balsam poplar species and that poplar trees are not 

preferentially found closer to the stream. 
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Figure 3.11 Water years (discharge) for gauge with longest record on Jumping pound 

creek (A) and dates of tree establishment for all trees on all eight study bars (a-h). 
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Figure 3.12 Age distributions (in ten-year age classes) observed on eight study bars. 
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CHAPTER 4-PREDICTING RIPARIAN TREE DYNAMICS FOR MOUNTAIN GRAVEL-

BED WATERSHEDS USING STREAM MORPHOLOGIES. 

4.1 Introduction 

Riparian habitat is created by processes that occur along longitudinal (channel-

channel) and lateral (channel-upland) dimensions within a watershed (Amoros 1987, 

Ward 1989). These dimensions are unique to watershed systems, whereby the 

longitudinal dimension results from the fact the physical connection of all streams within 

a watershed, implying that processes occurring at one location have the potential to affect 

another; and the lateral dimension results from the interaction of upland and hydrological 

processes along areas close to the river or stream. 

Two of the most influential fluvial processes on tree dynamics adjacent to streams 

and rivers are 1) sediment deposition, which influences tree establishment as small-

seeded species require fine sediment to germinate, and 2) sediment erosion, which affects 

tree survival through channel migration and also influences sediment delivery and thus 

partly controls sediment deposition processes (Décamps et al. 1988; Hupp 1988; Hughes 

1997; Naiman and Décamps 1997). Both processes are regulated by in-stream fluvial and 

hilislope (upland) processes that control sediment supply and transport. 

In addition to these fluvial processes, another important disturbance is wildfires. 

Areas adjacent to streams have often been assumed to escape wildfires that burned the 

uplands. However, more recent evidence suggests that larger wildfires do not 

discriminate between the upland and stream sides (Paterson et al. 1998; Gom and Rood 
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1999; Wimberly and Spies 2001; Paterson et al. 2002; Bisson etal. 2003). 

This is particularly true for lower order streams along mountain watersheds. Chapter 2 

showed that along small first to third order streams in a mountain watershed of the 

Canadian Rockies, the frequency of fire was the same in areas adjacent to streams (10 in 

buffer along stream) as in the upland region. 

The frequency of fires tends to remain constant over small watersheds because it 

is largely controlled by larger scale weather patterns (Johnson 1992). On the other hand, 

the frequency of fluvial processes is regulated by sediment supply and transport as well 

as by water movement, which change at the scale of the watershed. Consequently, tree 

dynamics are ultimately driven by the frequency of fluvial events and/or frequency of 

wildfires. Significantly, the relative importance of fluvial processes and wildfire is in 

turn controlled by changes in watershed gravel budget and the resulting stream 

morphologies. 

4.1.1 Gravel budget, stream morphologies and stability of the habitat 

The gravel budget of the watershed determines the sediment supply and transport 

along the drainage network, and influences the creation of habitats (or surfaces) on which 

fires and floods affect tree populations. Channel bar surfaces have a higher susceptibility 

to floods compared to terraces due to their lower elevation (Chapter 2, 3). Consequently, 

the relative importance of fire and floods is determined by the processes and spatial 

distribution of bar surfaces (Chapter 2). 
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Bars are initially formed in-channel and two of the most common bar 

positions along a channel are along the sides of straight reaches, where they are called 

lateral bars, and on the inside of meander bends where they are termed point bars. The 

occurrence of bars is dependent on sediment supply and transport, stream gradient, and 

water yield, and typically occurs when either gravel supply (e.g., cascades and bedrock 

reaches) or transport is limited (e.g., pool-riffles and braided reaches) (Schumm 1977; 

Ferguson 1975, 1987; Knighton 1998; Bridge 2003). In high gradient mountain 

watersheds, channel beds have large gravel and boulders, which require higher tractive 

forces to move the bed elements (Church and Jones 1982; Dietrich and Whiting 1989; 

Richards 1993). Consequently, bars can be persistent for long periods, often hundreds of 

years (Church and Jones 1982; Richards 1993). This is in marked contrast to larger 

alluvial rivers where the bars can move over periods of decades (Dietrich and Whiting 

1989; Richards 1993). 

The gravel for these bars is supplied by two general sources in mountain 

watersheds. In the higher order streams, gravel is supplied by erosion of the banks 

primarily in meander sequences, while in lower order streams; gravel is supplied by the 

transfer of material by debris flows from colluvium, which has collected in hollows 

(small valleys without permanent streams at headwaters) and by landslides and alluvial 

fans (Montgomery and Buffington 1997). These mass movements are often episodic and 

supply a large amount of sediment into the stream in a short amount of time (Richards 

1993). This slug of sediment then works its way down the streams over years and the 

abundance of bars may represent these past events (Richards 1993). 
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4.1.2 Objective 

In summary, the relative importance of fires and fluvial processes largely depends 

on stream morphology, and more specifically on the presence and stability of sediment 

deposits. Consequently, the purpose of this chapter is to describe and explain how a 

stream's gravel budget creates the channel bar habitats on which both fluvial processes 

and wildfires disturb the tree population dynamics. The focus here is placed on small 

gravel-bed mountain rivers and streams. The chapter is divided into three main sections. 

The first discusses changes in stream morphologies along a watershed, and associated 

changes in fluvial and upland processes. The second section describes a conceptual 

model of longitudinal and lateral vegetation change that is based on the stream 

morphologies. Finally, the chapter ends with a case study of a small gravel bed 

watershed, Jumping Pound creek, in the Canadian Rockies to show an example of how 

the model works. 

4.2 Stream classification 

Stream channels are often broadly classified into three planform categories: 

straight, sinuous or meandering channels, and braided channels (Schumm 1977). These 

three channel types are associated with broad level changes in stream gradient, sediment 

transport and supply (Schumm 1977; Richards 1982). 

These categories are often further subdivided in order to refine the physical 

processes that are occurring at particular locations along a watershed. Here the 
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classification of Montgomery and Buffington (1997) for small mountain 

watersheds is used to divide the streams into six main channel types: bedrock, colluvial, 

cascade, step-pool, plane bed, and pool-riffle. The principal physical characteristics of 

each type are presented in Table 4.1. Below is a synthesis of the six types with an 

emphasis on how the different processes and morphologies will impact riparian 

vegetation. 

1) Bedrock channels: These channels are typically confined by valley walls and 

are generally steeper (in mountain areas) than alluvial channels with comparable 

drainage areas (Montgomery et al. 1996). Bedrock channels are principally controlled by 

debris flows and hillslope processes that occur very infrequently (Montgomery and 

Buffington 1997). They are supply-limited systems, and sedimentary features do not 

typically form on their banks. Consequently, the importance of fluvial processes should 

be limited and upland processes will control the vegetation. 

2) Colluvial channels: These channels are the smallest headwater streams and are 

at the top of the drainage network. These channels have very weak or ephemeral flows 

and are typically too weak to carry sediments and thus sediment accumulation often 

occurs in the channels (Dietrich and Dunne 1978), although it does not form discrete 

sedimentary features (Table 4.1). Colluvial channels are controlled by debris flows that 

have been shown to occur on the order of hundreds of years (Drietrich and Dunne 1978; 

Kelsey 1980). Consequently, the vegetation of these channels is also controlled by 

hilislope (upland) processes and wildfire disturbances. 

3) Cascade channels: Cascade channels typically occur on steep slopes, within 
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narrow valleys, and are characterized by disorganized bed material consisting 

of cobbles and boulders (Montgomery and Buffington 1997). Bedforms along cascades 

are formed in-channel and consist of aggradations of smaller sediments around larger 

immobile boulders (Grant et al. 1990). The channels lack significant in-channel storage 

and are typically supply limited. However, cascades generally receive sediment inputs 

from hillslopes and debris flows at higher rates than colluvial channels and are also 

capable of transporting these sediments more effectively. Therefore, they are considered 

transport channels that can rapidly deliver sediments to higher order channels 

(Montgomery and Buffington 1997). However, while they are active in-channel, the 

impacts of fluvial processes should not impact the vegetation beyond a very narrow zone 

on the banks. 

4) Step-pool channels: These channels are characterized by steps that are formed 

longitudinally along the channel bed, and consist of larger sediments separating pools of 

finer material (Grant et al. 1990). Channel bedforms are primarily vertical rather than 

lateral as in cascades, although here the bedforms have a regular spacing. Thus, there is 

generally minimal sedimentary features on which trees can establish along step-pool 

streams. The morphology of step-pool reaches reflects a supply-limited transport that is 

controlled by non-fluvial processes, such as debris flows. Consequently, the vegetation 

will be more influenced by upland processes than by fluvial processes. 

5) Plane bed channels: These channels occur more on larger, higher order streams 

than the previous types. They occur along relatively straight channels, have a high width 

to depth ratio, and generally lack discrete bedforms. However, lateral bar formation can 
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occur with variations in width to depth ratios and roughness values. Plane bed 

channels are considered transitional between supply and transport limited morphologies 

(Montgomery and Buffington 1997). Here, the influence of fluvial processes of sediment 

supply and transport are important, and overbank flows deliver sediment to the banks. 

The influence of these fluvial processes on the vegetation will depend on the specific 

morphology of the stream (e.g. height of bank, size of lateral bar, size of flood) but will 

be more important than on the previous types. 

6) Pool-rffie channels: These channels are characterized by discretely spaced 

pool and riffle units. Bedforms are present in the form of bars, which are rhythmically 

spaced following the pool-riffle sequences. Pool-riffle channels generally occur on low 

gradients in unconfined valleys, where they may migrate freely. Similar to plane beds, 

these channels exhibit both supply and transport limited characteristics, depending on 

bed-surface armoring (Montgomery and Buffington 1997). However, the presence of 

sedimentary features suggests that they are more transport limited than plane beds 

(Montgomery and Buffington 1997). Fluvial processes almost exclusively control the 

morphology of pool-riffle streams. Thus, the importance of fluvial processes on the 

vegetation will be significantly increased along pool-riffle channels, particularly on 

sedimentary bars, which are at low elevations (Church and Jones 1982). 
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4.3 Predicted changes in vegetation dynamics based on stream classification 

4.3.1 Longitudinal changes 

Overall, the importance of fluvial processes and disturbances will increase with 

changes in stream morphology from colluvial to cascades, to step-pools, to pool-riffles 

(Figure 4.1). This is due to increases in drainage area and thus in discharge and sediment 

movement. There will be a shift from streams that are sources of sediment (cascades, 

step-pools) to those that are transport zones (cascades and plane-beds) to response 

streams (pool-riffles) where sedimentary surfaces, on which trees can establish, are 

created (Figure 4.1). 

As a result, the vegetation patterns should change from ones that have the 

upland's age and species composition, along tributaries where sedimentary surfaces (i.e. 

bars) do not form (colluvial, step-pools, cascades) to ones where there is a two-

disturbance regime, with sedimentary surfaces being controlled by fluvial processes and 

other surfaces being controlled by upland processes (Figure 4.1). 

4.3.2 Lateral changes 

For specific locations where fluvial processes are more frequent than wildfire 

disturbances (i.e. on sedimentary surfaces), the small-scale dynamics of trees on the 

sedimentary features will be controlled by the relative importance of in-channel deposits 

and overbank flow. Where in-channel deposits and river migration dominate, the 

tendency will be for tree ages and species patterns to form a banding pattern away from 

the river (Figure 4.2a). This is typical of larger alluvial rivers (Everitt 1968; Fonda 1974; 
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Nanson and Beach 1977). On the other hand, when overbank sedimentation 

dominates, patterns in ages and species will be patchier, with their spatial arrangement 

being controlled by the heterogeneity in sediment deposition on the flooded surface 

(Chapter 3, Figure 4.2b). 

4.4 A case study: Jumping Pound watershed, Kananaskis Country, Alberta 

4.4.1 Methods 

Study Area 

The Jumping Pound watershed is a mountainous gravel-bed watershed located in 

the Canadian Rocky Mountains, in Alberta (Figure 4.3). This watershed is a good 

example of a system that is driven by a two-process regime: fluvial disturbances and 

upland fires. Wildfires occur through July to August and have a return time of about 100 

to150 years. The frequency of the fires has been shown to be the similar in both the 

upland and the riparian areas (Figure 2.5, Chapter 2). Fluvial disturbances are in the form 

of floods, which occur in May-June with the onset of snowmelt, and which cause 

overbank sedimentation. Other fluvial disturbances, such as debris flows, appear to be 

very infrequent along the watershed (the last one dates prior to the last fire). Channel 

migration rates are also very slow, on the order of 0.8m per annum. 

Stream Classification Methods 

Most streams (depending on accessibility on foot) that could be recognized from 

1:50 000 topographic maps, 1:20,000 air photos and field reconnaissance were mapped 
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by reach (10-20 stream widths) for channel type (cf Montgomery and 

Buffington 1997). A total of 96 locations were classified and sampled for stream 

gradient. Efforts were made to sample the streams every 500 metres (when the stream 

was accessible) and extra sampling was conducted when there were obvious changes in 

slope between the 500 in marks. The stream gradients (in degrees) were calculated using 

a Leica total station model number TCR4OS, which also had an integrated GPS unit that 

allowed us to locate the sampling points. Figure 4.4 highlights the stream portions that 

were sampled. Finally, bed sediments were sampled along one representative example, of 

step-pool, cascade, plane-bed, and pool-riffle channels. One hundred sediments 

(individual particles) were sampled on each of the four stream type (step-pool, cascades, 

plane-bed, and pool-riffle) to obtain a size distribution of each channel bed. 

4.4.2 Results and Discussion 

4.4.2.1 Channel classification of Jumping Pound creek watershed 

The channels were classified into four main types (cascade, step-pool, plane-bed, 

pool-riffle) and two transitional types (cascade/planar, and planar/pool-riffle) in cases 

where the stream was in a transitional zone from one type to another. Bedrock channels 

are not discussed here because there were too few samples, while colluvial channels are 

also excluded because they were either difficult to access or not visible on the 

topographic map (due to their small size). 

The majority of the stream reaches sampled fall into the plane-bed category 

(Figure 4.5). There were also a larger number of cascades and step-pools than pool-
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riffles (Figure 4.5). As expected, the mean channel gradient decreased from 

cascades through to pool-riffles (Figure 4.6), while mean grain size also decreased in the 

same direction (Figure 4.7). Thus, the majority of the streams sampled had straight 

channels (planar, cascades, step-pools) that would likely not have bars or have small 

lateral bars. Bars in these locations are typically much smaller in size than point bars 

found along some pool-riffle channels. 

4.4.2.2 Vegetation patterns along Jumping Pound creek 

Given that the two-disturbance regime along this watershed is driven by the 

presence of sedimentary features (i.e. bars), the changes in vegetation patterns can be 

divided into two broad categories: 1) vegetation along straight stream without 

sedimentary features and 2) vegetation meandering streams with point bars. The main 

tree species along the watershed are .Pinus contorta (lodgepole pine), Picea glauca 

(Moench) Voss (white spruce), and Populus balsam ?fera L. (balsam poplar). 

Straight channels are predominant along cascades, step-pools, and plane bed 

channel types. The first two channel types are dominated by scour while the third is a 

transport reach (Figure 4.1). Sedimentary features rarely form along those channels due 

to higher gradients and sediment sizes (Figures 4.6, 4.7, Montgomery and Buffington 

1997), although small lateral bars, which are disturbed by floods, occasionally form. 

The first major pattern in trees along straight streams is that there is no increase in 

age or a change in species composition with distance from the river. In addition, tree 

ages match the time-since-last-fire of the uplands (Chapter 2, Figure 4.8). Both balsam 
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poplar and white spruce are readily found by the river banks, while lodgepole 

pine is only found occasionally near the banks and tends to be found more predominantly 

at the top of hilislopes. This species pattern has been attributed to the species' responses 

to gradients in moisture and nutrients on hilislopes (Bridge and Johnson 2000). The 

overall dynamics of the vegetation on these three channel types (cascade, step-pool, and 

plane bed), regardless of position along the watershed (longitudinal dimension) or of 

position in relation to the river (lateral dimension), is dictated by the frequency of fires. 

On the other hand, pool-riffle channels are more highly dominated by deposition 

events, which form large channel bars, and consequently show different vegetation 

patterns. Point bars are relatively static in gravel-bed watersheds due to transport 

limitation (Church and Jones 1982). For this watershed, average annual rates of channel 

migration range from approximately 0.08-0.lnVyear, according to available aerial 

photographs taken in 1969, 1982, 1989 and 1999, at the scale of 1:12 000 (1969) and 

1:20 000 (all others). While they do not migrate rapidly, the bars are nonetheless 

overtopped frequently and consequently the vegetation is primarily influenced by 

frequent floods. This is not to say that fires do not bum these bars but the floods are 

much more frequent. 

The vegetation on the bar surfaces have ages that are younger than the uplands 

because floods more frequently disturb them (Chapters 2, 3 Figure 4.9), killing older trees 

and providing sites for establishment. The specific dynamics on the bars is controlled by 

overbank flow, which is extremely patchy on these small bars (Chapter 3). 

Consequently, there is no direct change in species composition or age with distance from 
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the river. Both poplar and spruce can be found on bars and establish at the 

same time, i.e. overall, spruces are not younger than poplars (Chapter 3). On the other 

hand, lodgepole pine is not typically found bar surfaces because this species is semi-

serotinous and therefore generally requires fire for seed release. There is also no gradual 

change in age but rather a sharp division between bar surfaces and other surfaces such as 

terraces, which have the same vegetation dynamics as the upland (Figure 4.9, Chapter 2). 



Table 4.1 Characteristics of channel types (adapted from Montgomery and Buffington 1997). 

Bedrock Colluvial Cascade Sten-nool Plane bed Pool-riffle 

Bed Material Rock Variable Boulder Cobble- 
boulder 

Gravel-cobble Gravel 

Bedform pattern Irregular Variable Random Vertically 
oscillatory 

Featureless Laterally 
oscillatory 

Dominant 
roughness form 

Bed and 
banks 

Grains Grain, banks Bedforms 
(step-pools), 
grains, banks 

Grains, banks Bedfonns (bars, 
pools), grains, 
banks 

Dominant 
sediment source 

Fluvial, 
hilislope, 
debris flows 

Hillslope, 
debris flows 

Fluvial, 
hillslope, debris 
flows 

Fluvial, 
hilislope, 
debris flows 

Fluvial, bank 
failure, debris 
flows 

Fluvial, bank 
failure/erosion 

Dominant storage 
units 

Pockets Bed Sides of flow 
obstructions 

Beforms Overbanic Overbank, 
bedforms 

Confinement Confined Confined Confined Confined Variable Unconfined 
Typical pool 
spacing (to 
channel width) 

Variable Unknown <1 1 to 4 None 5 to 7 
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Debris flows 
initiation 
4 

Hillslope 

scour 
* 

deposition 
4   * 

Cascade 

Step-pool 

Planar 

Pool-riffle 

Dune-ripple 

Diffusion 
dominated 

Debris flow 
dominated 

Fire 
processes 
dominate 

fluvial 

Fluvial 
processes 
dominate 

Figure 4.1 Conceptual profile of mountain stream showing longitudinal changes in 

channel types associated changes in physical processes that control morphology. 

Adapted from Figure 4 in Montgomery and Buffington (1997). 
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a. 

Figure 4.2 Conceptual lateral changes in age or species composition, depicted by changes 

in grey tones along a) a bar where in-channel deposition dominates (for example along 

large sand bed rivers) and b) a bar where overbank sedimentation dominates (for example 

along small gravel bars). 
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Figure 4.3 Study watershed, Jumping Pound creek, in Kananaskis Country, Alberta, 

Canada. 
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Figure 4.4 Stream portions along the Jumping Pound watershed that were sampled 

(highlighted in bold print) for stream channel classification. 
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Figure 4.8 Example of age and species along straight stream with no bars. Note that the 

oldest trees have all established from the same fire, regardless of stand position relative to 

the stream. All stands have trees that establish in the understory after the initial fire 

growth. The dominant species after fire is lodgepole pine with some white spruce and 

sub-alpine fir regeneration later on. 
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Figure 4.9 Example of age and species along meandering stream with point bar. Note 

that the oldest trees in the upland and on the terrace have all established from the same 

fire, while the trees on the bar have established after a more recent flood. Lodgepole pine 

is present in the upland but absent along the more frequently disturbed bars, where white 

spruce and balsam poplar dominate. 
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CHAPTER 5-CONCLUDING DISCUSSION 

The search for an understanding of the factors that shape species compositions 

within communities has long fascinated ecologists. My dissertation research contributes 

to the general field of ecology by exploring how to combine different processes to better 

explain species patterns over large and small spatial scales. More specifically, it explores 

the processes that govern tree dynamics in areas adjacent to mountain streams, which 

have received relatively little attention thus far in the literature. Given that the 

dissertation was written in manuscript format, I have already summarized each chapter in 

turn. Here, I reiterate main conclusions while outlining remaining gaps in our knowledge 

of riparian systems and exploring directions for future research. 

5.1 Chapter 2 

5.1.1 Main Conclusions 

This chapter outlines the great importance of fire over flood disturbances along 

small gravel-bed rivers and streams of mountainous systems. Comparisons of fire 

frequency, conducted using both stand origin maps and fine scale age determination, 

revealed no difference between the uplands and areas adjacent to streams. Tree ages 

obtained at a fine scale in the field allowed me to demonstrate that the trees along most of 

the watershed are essentially acting as upland systems and that gravel bars, particularly 

point bars along meandering reaches, are the only areas along these small rivers that are 

impacted more frequently by floods than fires. 
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5.1.2 Future work - the relative importance of disturbances 

Most, if not all, definitions of riparian areas are based on the assumption that the 

areas are solely influenced by fluvial processes. As a result, other disturbances are 

typically ignored in vegetation studies along streams and rivers. The results of my 

research demonstrate that upland disturbances, more specifically wildfires, can play an 

important role in tree patterns. It is true that the results are obtained for small gravel-bed 

systems and thus the conclusions drawn here can arguably not be applied to all other 

systems. However, the methods used here to recognize and incorporate the role of upland 

processes can, and hopefully will, be applied to more riparian systems. Hydrologists and 

geomorphologists have long demonstrated the importance of upland processes, such as 

hilislope water movement and sediment transport, on environments adjacent to streams 

(Dunne and Leopold 1978; Naiman and Decamps 1997). Moreover, while the influence 

of fires has been shown to be important on smaller streams, its impact on larger systems 

is still poorly studied. The influence of other upland disturbances (e.g insect outbreaks) 

also remains largely unknown. Hence, there needs to be increased efforts to understand 

the combined importance of disturbances along areas adjacent to streams. 

The importance of one disturbance over another is clearly a function of their 

relative frequencies and magnitudes. Unfortunately, it is often difficult to obtain good 

estimates of the frequency of disturbances, because most disturbances (such as wildfires) 

have a very long return time, and consequently very large areas must be sampled in order 

to get a good estimate of their frequencies (Johnson and Gutsell 1994). In this study, I 

used a stand origin map to compare the frequency of fire between the riparian area and 
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the upland. This method is convenient given that stand origin maps are easily 

obtained from government agencies. However, a serious limitation of the stand origin 

map is that they are typically constructed at a coarse spatial resolution and thus very 

small riparian areas will not appear on the maps. This occurred for areas where floods 

dominate, such as on lateral and point bars, and they needed to be sampled at a fine scale 

in the field. Thus, while the stand origin map can give a general indication of whether 

there is a larger number of 'old' stands by the rivers and streams than in the upland, more 

systematic field surveys are needed to obtain good comparisons of frequency of 

disturbances. In the case of fires, the most obvious way to determine whether riparian 

areas are less likely to burn would be to survey watersheds after recent burns. 

Comparisons between the total size of unburned areas in the riparian areas versus the 

uplands could then be made. This method could be applied to any disturbance that is 

likely to occur along riparian zones in order to better compare the role and importance of 

various disturbances. 

5.2 Chapter 3 

5.2.1 Main Conclusions 

The results demonstrate that tree establishment of small gravel-bed streams is 

more influenced by overbank sedimentation than by in-channel deposition, as is the case 

along large alluvial rivers. The small-scale sampling of lateral and point bars allowed me 

to demonstrate the patchy dynamics of sediment delivery and tree patterns on these 

surfaces. The findings caution that the general succession pattern of ages and species 
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with distance from the river (used on large meandering rivers), should not be 

adopted for all riparian systems. 

5.2.2 Future work - better links between small-scale vegetation dynamics and 

geomorphic processes 

The results of this chapter clearly outline the need for a better understanding of 

the processes of water flow and sediment deposition on bars. More specifically, we need 

to better predict the influence of resistance forces created by different types of vegetation. 

Numerous studies have outlined the heterogeneous nature of sediment deposition along 

floodplains and bars (Asselman and Middelkoop 1995; He and Walling 1996; Walling 

and He 1997a, b; Walling et al. 1997; Walling and He 1998). The potential influence of 

vegetation on these patterns has also been recognized (Pasche and Rouvé 1985; Kouwen 

1988; McKenney et al. 1995; Hupp 2000; Tabacchi et al. 2000). However, most studies 

are conducted in controlled environments with little variation in species and age, and 

detailed field studies that examine the influence of different tree species (and/or tree 

ages) on sedimentation patterns are at this time still largely missing. 

Moreover, the processes that control sediment supply to the streams deserve 

increased attention, especially in the face of the increasing changes occurring along 

streams due to human activity. We need to better predict where fine sediments carried in 

the suspended load, which is the substrate on which tree species can establish, are 

originating and how much of it is being delivered to the streams. Sediment delivery 

issues are particularly important for the creation and destruction of bar surfaces, which 
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influence tree dynamics. There are two main possible sources. The first are 

the channel banks, more specifically the outer bends of meanders, which are eroded over 

time (Hickin and Nanson 1975, 1984; Nanson and Hickin 1986). Migration rates would 

then dictate the amount of sediment being delivered to the stream. The second source is 

the upland, where mass wasting events can supply very large amounts of sediment to the 

stream in a very short period of time. These events have been shown to be exacerbated 

by human activity such as logging (Dunne and Leopold 1978). However, little is known 

about how rates of channel migration and mass wasting events have changed over time in 

the Canadian Rockies, and I could not find any study that considers the impacts of those 

changes on vegetation. Thus, we have little predictive power to determine how the rates 

may change in the future. 

5.3 Chapter 4 

5.3.1 Main Conclusions 

Here I describe changes in tree dynamics along riparian areas of small 

mountainous watersheds based on general channel classification system. The 

classification system is derived for mountain streams and describes changes in fluvial and 

upland processes along the watershed. This process-based classification is then used to 

predict changes in tree patterns at both the watershed-scale (longitudinal dimension) and 

reach-scale (lateral dimension). More specifically, it predicts the types of channel where 

wildfires will be the dominant disturbance and channel types where floods will dominate. 
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5.3.2 Future work - riparian zone buffer widths 

Mountainous watersheds are typically forested and are consequently prone to be 

influenced by logging practices. In watersheds where logging activities occur, riparian 

buffers are typically left alongside rivers and streams (e.g. Bren 1995, 1998; Hairston-

Strang and Adams 1998; Dukes et al. 2003; Lee et al. 2004). The buffers are meant to 

protect both the integrity of the riparian area and to protect the aquatic habitat from the 

possible impacts of logging and other natural upland processes (e.g. increased sediment 

supply due to erosion, increased input of large woody debris) (Newbold et al. 1980; Bren 

1995, 1998; Lowrance et al. 1997; Hairston-Strang and Adams 1998; Croke et al. 1999; 

Johnson and Jones 2000; Dukes et al. 2003; McKergrow et al. 2003; Lee et al. 2004). 

However, at present, buffer width delineations are largely arbitrary measures which are 

applied at the watershed-scale (i.e the width of the buffer does not change with stream 

size) and which are not based on any clear ecological characteristic but rather on a host of 

social and economic factors (e.g. minimizing commercial loss, increasing aesthetic value 

of stream) (Bren 1995; Lee et al. 2004). 

My research, however, shows that mountainous watersheds can be driven by a 

two-disturbance regime, where fluvial (floods) and upland (fire) processes can both 

influence the dynamics of trees adjacent to streams. The results also show that the 

relative frequencies of the two processes change longitudinally along a watershed. 

Consequently, the size of the areas along streams that are affected by either (or both) 

process changes longitudinally along a watershed, causing changes in tree dynamics. 

These results suggest that, in order to be more effective in protecting the vegetation along 
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these types of watersheds, riparian buffer widths should change based on the 

type of disturbance that is acting on a particular stream. More specifically, management 

plans for riparian buffer widths should take into account the fact that the frequency of 

fires is typically much greater than the frequency of floods. This implies that the buffers 

on streams dominated by floods will have a greater chance of being destroyed and 

consequently more care should be taken to plan for available seed sources in order for the 

buffer to be re-colonized (remember that buffers are the only forested sections left while 

everything around them is cut, thereby removing all available seed supply). On the other 

hand, buffers on streams where fires dominate will have a smaller probability of being 

destroyed and thus seed supply issues may become less important. 

Such a plan would require a slightly more in-depth analysis of the watershed 

structure. However, the results of my research suggest that stream types can easily be 

divided into streams that are influenced more by fires (cascades, step-pools, planar) and 

those that are more likely to be influenced by floods (pool-riffles). In turn, stream types 

also have characteristic channel gradients, which can easily be obtained from DBMs. 

Using channel gradients and stream types may be a valid first attempt at designing a 

management plan for riparian buffer widths that is based on the ecological dynamics of 

trees. 
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APPENDIX 

Appendix 1. Detailed results of all least-squares-regressions, presented in short form in 
Chapter 3. A stands for tree age, D stands for distance from bankfull; E for elevation 
from bainkfull; S for sedimentation rate per annum; and R for total sedimentation from 
root collar to soil surface. Subscripts represent species or combinations of species: all 
(all species combined), s (white spruce), p (lodgepole pine), and po (balsam poplar). 

Site Relationship N Slope Intercept R2 Slope 
p-value 
0.0002 2 ADall 113 -3.509 34.728 0.122 

ADs 103 -3.562 34.870 0.133 0.0002 
ADpo 10 -3.886 38.200 0.049 0.5385 
AEall 113 48.649 17.382 0.081 0.0022 
ABs 103 47.806 17.143 0.078 0.0044 
AEpo 10 213.909 33.938 0.339 0.0773 
SDall 113 0.033 0.297 0.009 0.3078 
SDs 103 0.022 0.327 0.005 0.4958 
SDpo 10 -0.031 0.915 0.003 0.8762 
SEall 113 0.774 0.476 0.018 0.1526 
SEs 103 1.5104 0.451 0.071 0.0064 
SEpo 10 -4.508 0.351 0.160 0.2517 
RAall 113 0.006 0.369 0.029 0.0697 
RAs 103 0.008 0.297 0.065 0.0093 
RApo 10 -0.0112 0.919 0.143 0.2808 

7 ADall 14 -5.742 25.800 0.517 0.0037 
Ads 8 1.861 18.163 0.021 0.7319 
ADpo 6 -6.882 27.872 0.739 0.0281 
Mall 14 -35.244 22.200 0.336 0.0297 
ABs 8 7.023 19.476 0.012 0.7790 
AEpo 6 -44.535 23.022 0.508 0.1118 
SDal1 14 1.110 1.011 0.626 0.0008 
SDs 8 -0.425 2.401 0.041 0.6297 
SDpo 6 1.148 1.116 0.873 0.006 
SEall 14 6.659 1.722 0.389 0.0171 
SEs 8 -1.291 2.077 0.015 0.7741 
SEpo 6 7.068 1.978 0.544 0.0943 
RAall 14 0.314 35.006 0.024 0.6004 
RAs 8 0.369 31.359 0.013 0.7882 
RApo 6 0.562 34.313 0.127 0.4876 

12* ADall 111 1.127 18.815 0.014 0.2161 
ADs 110 1.209 18.354 0.016 0.1873 
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AEa11 111 27.383 8.005 0.128 0.0001 
AEs 110 27.213 8.015 0.127 0.0001 
SDa11 111 -0.115 0.900 0.362 3x10'2 
SDs 110 -0.114 0.892 0.356 6.29x10'2 
SEall 111 -0.939 0.955 0.373 1.13x10'2 
SEs 110 -0.947 0.956 0.386 4.42x10'3 
RAa11 111 0.215 4.623 0.165 9.72x10 
RAs 110 0.207 4.660 0.161 1.4x10 

10* ADall 25 -3.321 40.785 0.236 4x10'° 
ADs 23 -3.244 38.326 0.294 3.6x10'° 
AEa11 25 -33.021 35.533 0.064 0.018 
AEs 23 -41.395 34.460 0.119 0.011 
SDa11 25 0.019 0.421 0.025 0.4464 
SDs 23 0.017 0.461 0.025 0.4761 
SEall 25 0.228 0.436 0.015 0.5559 
SEs 23 0.356 0.459 0.028 0.4479 
RAa11 25 0.007 10.803 0.0004 0.9219 
RAs 23 0.083 9.217 0.056 0.2792 

11 ADall 183 0.204 12.624 0.029 0.0209 
ADs 55 0.541 8.174 0.108 0.0142 
ADpo 128 0.212 12.623 0.040 0.0209 
AEa11 183 16.800 6.203 0.073 0.0002 
AEs 55 26.925 2.226 0.087 0.0291 
AEpo 128 16.745 5.114 0.099 0.0003 

3a ADall/ADs 5 -23.005 66.335 0.676 0.0877 
AEa1IIAEs 5 18.918 10.853 0.271 0.3682 
SDa11!SDs 5 0.632 -0.857 0.791 0.0433 
SEall/SEs 5 -0.401 0.605 0.189 0.4639 
RAa11/RAs 5 -0.021 0.831 0.685 0.0835 

3b ADall 14 1.614 19.456 0.044 0.4725 
ADs 3 1.104 17.415 0.035 0.880 
ADpo 5 3.134 24.353 0.516 0.1714 
ADp 6 5.942 -4.874 0.454 0.1423 
AEa11 14 46.566 15.637 0.125 0.2147 
AEs 3 10.229 19.345 0.003 0.968 
AEpo 5 34.455 27.161 0.286 0.3530 
AEp 6 161.905 -16.182 0.438 0.1523 
SDa11 14 -0.016 0.726 0.009 0.1249 
SDs 3 -0.002 0.697 0.0001 0.993 
SDpo 5 -0.025 0.605 0.463 0.207 
SDp 6 -0.191 1.563 0.292 0.2681 
SEall 14 -0.474 0.765 0.026 0.5845 
SEs 3 0.772 0.566 0.016 0.918 
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SEpo 5 -0.296 0.588 0.296 0.343 
SEp 6 -4.188 1.702 0.183 0.3978 
RAall 15 -0.018 1.133 0.670 0.0003 
RAs 3 -0.041 14.194 0.307 0.6259 
RApo 5 0.203 10.721 0.539 0.1579 
Rap 7 -0.034 1.442 0.719 0.0328 

9*** ADall/ADs 10 22.243 -16.178 0.638 0.0056 
AEa1l/AEs 10 48.019 -3.350 0.999 4.4x10'3 

Notes: 
* The two poplar trees in site 10 and the single poplar tree in site 12 were not included in 
the analysis, hence the discrepancy between the tree total (all) and spruce tree numbers. 
** The sedimentation was not measured for the majority of the trees at that site and 
consequently regressions were not conducted. 
* * * Eight out of the 10 trees present at this site were 2 year-olds that were right at the 
present soil surface so that meaningful rates of sedimentation could not be obtained. 


