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ABSTRACT

Headwater streams are the most important sources of water, sediment, nutrients, and organié
matter for downstream systems. Timber harvesting and mass movement alter hydrologic, geomorphic
and biological processes in stream channels and riparian zones of headwater systems. In particular,
changes in abundance of woody debris and sediment related to timber harvesting and mass movement
and the recovery processes for subh disturbances affect the material dynamics and habitat conditions.
Therefore, the amount and distribution of sediment and woody debris as well as bedload and
suspended sediment transport for different management and disturbance regimes were examined in
headwater streams of southeast Alaska. External influences (mass movement and timber harvesting)
modified channel morphology and sediment transport from undisturbed old-growth conditions in
different ways. In recent clear-cut channels, inputs of logging slash significantly increased the
abundance of in-channel woody debris. In the absence of landslides and debris flows, woody
materials remained in the channels 50 years after logging where young-growth confers (logged in
1950°s) dominated the riparian zone. Woody debris related to logging activates initially stored
sediment, created channel steps, and reduced sediment movement. When landslides and debris flows
in 1962 (7 years after logging), woody debris pieces were transported from upper reaches of
headwater streams and deposited in downstream reaches in recent landslide channels and in channels
with young alder ripariaﬁ stands. Because of the high sediment production from bank slopes, more
bedload and suspended sediment was transported in recent landslide and debris flow channels. Once '
red alder actively re-colonized riparian zones 20 to 50 years after mass movement and then recruited
woody debris and organic matter, greater amounts of woody debris and sediment storage behind
woody debris were observed. The recovery processes related to vegetation regeneration on disturbed
soil and woody debris recruitment into channels significantly decreased sediment transport. Temporal
and spatial variations of availability of sediment and woody debris characterize processes and
morphology in headwater streams. Such spatial and temporal variations in headwater systems are
important for understanding organic and inorganic material dynamics through channel networks and

evaluating the influence of timber harvesting on downstream ecosystems.

Key words: woody debris; sediment movement, timber harvesting, headwater streams; southeast
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Introduction

Ever since James Hutton presented a uniformitarian interpretation of landform evolution in
his comprehensive dissertation “Theory of the Earth” (1795), geomorphologists and hydrologists
have puzzled over the dynamic processes of the earth at various temporal and spatial scales. One of
the most fundamental aims in the shared histories of geomorphology and hydrology is to understand
the patterns and processes of material transport throughout river and stream systems (Wolman and
Miller, 1960). Hydrologic and geomorphic processes can function at different temporal and spatial
scales but are interdependent (Schumm and Lichty, 1965). Further, processes operating at large scales
may control functions at smaller scales (Frissell et al., 1986). In particular, hydrologic and
geomorphic processes in forested headwater streams are governed by attributes that may exhibit a
wide range of f.emporal responses. For instance, types of landforms, which develop during a 1000 to
10,000 year period, set the physical template for the occurrence of mass movement such as landslides
and debris flows (Swanson et al., 1988). Landslides and debris flows with recurrence intervals
ranging from 100 to 1000 years alter the availability of sediment as well as channel morphology
(Benda and Dunne, 1997). Additionally, the availability of sediment modifies the amount and regimes
of bedload and suspended sediment transport in the timeframe of 10 to 100 years (Grant and Wolff,
1991). Similarly, woody debris, pieces of dead wood and branches, in streams alter fluvial processes
over a period of 10 to 100 years (Harrhon et al., 1986). Such hydrologic and geomorphic processes set
templates of biological processes in and around streams (e.g., Hack and Goodlett, 1960; Hynes,
1975).

For the last two decades, the role of woody debris in altering channel morphoiogy and
sediment transport in forested streams has been recognized (e.g., Harmon et al., 1986; Woodsmith
and Swanson; 1997). Both episodic and chronic (regular and cyclical) movementé of woody debris

and sediment modify geomorphic conditions in headwater streams. For instance, recruitment and

movement of woody debris alters the morphological complexity (e.g., channel steps and pools) of




headwater streams (Montgomery et al., 1996). Woody debris pieces and jams store sediment and
organic matter (Bilby and Likens, 1980) and alter substrate composition and aquatic habitat for fish
and macroinvertebrates (Wallace et al., 1995). The presence of woody debris pieces and jams can
alter the distribution of alluvial deposits and bedrock reaches in mountain streams (Montgomery et
al., 1996). Landslides and debris flows can potentially transport large amounts of woody debris and |
sediment in addition to modifying channel morphology (Benda, 1990).

Timber harvesting may affect the dynamics of material transport in forested headwater
systems (Slaymaker, 2000). The recruitme.nt of woody debris decreases for 50 to 100 years because of
the removal of riparian vegetation (Ralph et al., 1994). Logging residue (or slash) that is recruited
during and after timber harvesting modifies channei morphology and sediment movement (Froehlich,
1973). Vegetation removal, logging roads, and culvert installations alter hydrologic regime and
sediment transport. The probability of landslides and debris flows increases 3 to 15 years after
logging due to decreasing root strength (Sidle et al., 1985). More sediment is typically available in
such disturbed areas until vegetation recovers (Grant and Wolff, 1991).

The interactions between woody debris and sediment are key to understanding the influence
of management and disturbance regimes on the physical and biological processes in headwater
streams. However, few studies have examined the influence of management and disturbance regimes
on the geomorphic attributes and phyéical dynamics of headwater streams. Both episodic and chronic'
moveménts of sediment and woody debris must be studied in order to understand the dynamics of
headwater streams and their connectivity to downstream reaches. Moreover, understanding the roles
and processes of headwater streams are important for establishing better principles for watershed
management. The research presented in this thesis was conducted to achieve a better understanding of
Woody debris and sediment dynamics related to the occurrence of mass movement and timber
harvesting in steep headwater streams. As well,l this study considers recovery processes after mass

movement and timber harvesting (Figure I.1).



This research focused on streams affected by timber harvesting and mass movement in
glaciated landscapes of steep forested terrain in North America. The stfeams are located in the
Maybeso Experimental Forest and the adjacent Harris River basin, Prince of Wales Island, southeast
Alaska. The five different regimes of timber harvesting and related mass movement are: old-growth
(OG); recent (3 year old) clear-cut (CC); young-growth (37 years after clear-cutting) conifer forest
(YC); young-growth (40 years after clear-cutting and landslides in 1960) alder riparian forest (YA);
and recent landslide and debris flow channels (LS). Biogeoclimatic controls (e.g., vegetation,
precipitation, glaciation, and geology) on these headwater streams are representative of steep

glaciated forest landscapes in southeast Alaska.

Structure of this thesis

The findings of this investigation are organized into five chapters (Figure I.1). Each chapter
details processes and attributes at different spatial and temporal scales. Although the approaches that
are taken in the ﬁye chapters differ, findings of each chapter are interlinked in the context of scales
because each chapter is nested within the previous chapter(s), except Chapter 5 (Figure 1.2). The
relative temporal and spatial scales of geomorphic processes progressively decline from Chapter 1 to
4. Chapter 5 emphasizes sediment and woody debris movement within the context of linkages
between hydrologic and geomorphic processes at larger spatial and temporal scales. The objective of
Chapter 1 is to highlight the functional roles of headwater systems and their linkages with
downstream systems. In this chapter, the uniqueness of hydrologic, geomorphic, and biological
linkages in small headwaters systems is contrasted with those in larger watersheds (network systems).
Linkages within headwater systems and between headwaters and downstream reaches are important
aspects in understanding the material dynamics for, not only headwater streams, but throughout the
channel network (Figure 1.2). The purpose of Chapter 2 is to determine whether the amount,

distribution, and accumulation of woody debris and sediment is altered by timber harvesting and

related mass movement and whether a relationships exists between woody debris and sediment




storage. Chapter 3 addresses the smaller-scale issue of whether the amount and type of woc;dy debris
(influenced by management and disturbance regimes) alters the morphology of headwater channels.
In particular, the differences in channel steps and reach morphology related to management and
disturbance regimes are assessed. Chapter 4 examines the small-scale dynamics of sediment (bedload
and suspended sediment) and woody debris based on information obtained during the 1999 storm
season. The focus of Chapter 5 is on the larger temporal and spatial variations of sediment and woody
debris movement during mass movement and more regular (chronic) events. The long-term
consequences of hydrologic and geomorphic linkages in sediment and woody debris dynamics within
headwater streams and from headwater to downstream systems are discussed (Figure 1.2). Finally, an
overview of the effec;ts of timber harvesting and relatea mass moglements on the ciynamics of woody
debris and sediment is presented in the concluding chapter (Figure I.vl). This description examines the
potential scenarios of woody debris and sediment movement from source, input; storage, and output

during episodic and chronic events.



Goal: Understanding dynamics of sediment and
woody debris in steep headwater streams reflecting
manaaement and disturbance reaimes

Questions .

1. Why headwater streams are important within channel networks?

2. How logging activity and mass movement affect the distribution and accumulation of woody
debris and sediment as well as the function of woody debris for storing sediment?

3. How the abundance of woody debris modifies channel steps and reach morphology?

4. When and how much bed load and suspended sediment move during storm events related
to different management and disturbance regimes?

5. How woody debris and sediment are transported in the episodic events?
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dynamics in headwater streams
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Chapter 1
Headwater and network systems
-Understanding processes and downstream linkages of

headwater streams-



1.1. Introduction

Headwater systems are the headmost area within a channel network and are characterized
by tight linkages among hydrologic, geomorphic, and biological processes from hillslopes to stream
channels and from terrestrial to aquatic environments (Figure 1.1 and 1.2) (e.g., Hack and Goodlett
1960). Sediments and woody debris from episodic landslides and debris flows directly interact with
headwater channels in mountainous regions (Dietrich and Dunne 1978; Benda and Cundy 1990;
Whiting and Bradley 1993). Both the zones of initiation and deposition of these mass movements
often occur within headwater systems (Sidle et al. 1985). The processes of mass movement affect the
accumulation and distribution of woody debris throughout the channel network. Channel reach types
(e.g., cascades, steps, and pools) in headwater channels vary due to sediment supply, larger substrate,
exposed bedrock, and woody debris (Montgomery and Bufﬁngtoﬁ 1998; Halwas and Church 2002).
Hydrologic processes in hillslopes and zero-order basins céntrol streamflow generation (Tsukamoto et
al. 1982;~Sidle et al. 2000) and stream chemistry (Likens et al. 1977). The expansion and shrinkage of
wetted areas and stream channels with changing antecedent precipitation conditions significantly
modify subsurface flow paths (Hewlett and Hibbert 1967). Such changes affect landslide probability
in hillslopes (Side et al. 1985) as well as organic matter and nutrient fluxes from terrestrial to aquatic
environments (Dieterich and Anderson 1998).

Biological processes in headwater systems respond to the complex interactions of
geomorphic and hydrologic processes at various temporal and spatial scales (Hynes 1975; Meyer and
Wallace 2001). Leaf litter and woody debris from riparian stands (allochthonous input) and hillslopes
(lateral input) are important sources of food and habitat for biota in small streams (Richardson 1992; A
Wallace et al. 1999). Relatively iarge substrate and woody debris in headwater channels modify
channel hydraulics and provide sediment stofage sites (Zimmerman and Church 2001); this in turn

alters habitat types and accumulation of organic matter (Webster et al. 1999). Stream and stormflow

generation processes modify organic matter dynamics (Kiffney et al. 2000) as well as biological




community structure and life cycles of aquatic fauna in headwater channels (e.g., Dieterich and
Anderson 2000).

Because the spatial extent of headwater systems comprises a major portion (70 to 80 %) of
the total catchment area (Sidle et al. 2000; Meyer and Wallace 2001), headwater systems are
important sources of sediment, water, nutrients, and organic matter for downstream systems.
Sediment produced in headwater systems moves through channel networks and alters channel
morphology (Hogan et al. 1995; Benda and Dunne 1997a, b). Floods induce scour and deposit
sediment along channels, thus damaging riparian vegetation (Swanson et al. 1998). Sediment
( transported from headwater tributaries creates various channel environments (Nakamura et al. 2000)
and modifies patterns of channel morphology, riparian structure, and hyporheic exchange (Gregory et
al. 1991) as well as fhacroinvertebrate communities in downstream reaches (Rice et al. 2001). Greater
percentages of allochthonous organic matter are transported from headwater tributaries (Cummins et
al. 1983; Webster et al. 1999; Kiffney et al. 2000). Movement of detrital material and invertebrates
from héadwater reaches supports the downstream food web: this in turn alters pfoductivity,
population density, and community structure of stream biota in downstream reaches (Wipfli and
Gregovich 2002).

Although hydrologic, geomorphic, and biological processes in headwater systems have been
studied for the last 50 years and much knowledge related to these systems is available (e.g., Hack and
Goodlett 1960; Hewlett and Hibbert 1967; Likens et al. 1977), the rolés of headwater streams within -
the watershed and the linkages from headwater to downstream systems are poorly understood.
Headwater systems are critical areas for nutrient dynamics and habitat of macroinvertebrates, fish,
and amphibians within watersheds (Meyer and Wallace 2001). Because of their geographical
isolation, headwater systems also support genetically isolated species: thus, they support an important
biodiversity component in watersheds. For instance, new and endangered species are often found in
headwater streams because such streams are relatively unexplored (e.g., Dietrich and Anderson

2000). Therefore, understanding the épatial and temporal variations of hydrologic, geomorphic, and
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biological processes in headwater systeﬁqs is thelk‘ey to comprehending diversity and heterogeneity of
riparian and riverine ecosystems. Since headwater systems are intimately linked to downstream
systems, the pfotection of headwater systems is also impbrtant for understaﬁding and protecting
downstream ecosystems. However, the roles of headwater systems are typically underestimated and
inadequately managed compared to larger, downstream systems, because headwater streams are small
and numerous. Management practices for protecting and restoring headwaters may need to consider
them differently compared to larger systems because headwater systems have greater drainage density
and different land use types and intensities. Consequently, inherent process differences between
headwater systems and larger watersheds need to be recognized in both conceptual and field studies
for understanding the roles and downstream linkages in headwater systems. Therefore, our objectives
of this paper are: (1) to review characteristics and differences in processes between headwaters and
larger watershed systems; and (2) to demonstrate spatial and temporal variations of hydrologic,
geomorphic, biological processes in headwater systems and the linkages of headwaters to downstream
systems.

Our primary focus is on steep (> 4° gradient channels) headwater systems in forested areas.
Geomorphic time and space scales in this study are up to 1000 years and 100 km?, respectively. Thus,
the effects of glaciation, tectonics, volcanism, and Holocene climate change are not considered,
although we acknowledge that landforms (e.g., glaciated U-shaped valleys) set the template for

process rates in headwater systems.

1.2. Conceptual structures of stream ecosystems
1.2.1. Previous studies

Many conceptual studies have demonstrated the functional relationships of scales and
processes in geomorphology, hydrology, and biology impiicit to the understanding of stream

ecosystems. Recognition of stream systems as a continuum was a major advance in developing a
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functional and dynamic perspective from up- to down-stream systems (Hynes 1975; Vannote et al.
1980). Understanding and organization of tempéral and spatiél scales and their causality have affected
paradi'gms in modern science and landuse management. In geomorphology, Schumm and Lichty’s
(1965) comprehensive paper first demonstrated the dependent and independent processes of landform
evolution at various temporal and spatial scales. Church and Mark (1980) discussed proportional
characteristics of landforms and their behaviors at different scales.

The functional relationships among geomorphic processes in space and time are recognized
as controls on the continuity of material transport in stream ecosystems. The equilibrium concept q'f
geomorphology (Leopold et al. 1964), which demonstrated the relationship between sediment supply
and transport led to the development of the geomorﬁhic perspective of fluvial processes in a
continuum from up- tb down-stream reaches. For instance, Hey (1979) suggested that a process-
response model with functional linkages from up- to down-streams was needed to explain and predict
channel responses to a set of input conditions. Sediment budgets and routing were used to describe
the spatial and temporal linkages of sediment movement along channels (Dietrich and Dunne 1978). '
Additionally, Wolman and Millar (1960) and Dunne (1991) demonstrated temporal and spatial
linkages between hydrologic and geomorphic processes with respect to rainfall-landslide thresholds
and channel network development. Benda and Dunne (1997a, b) examined the occurrence of mass
movement in hillslopes and relatéd sediment routing ﬁrocesses through a channel network from a
stochastic viewpoint and concluded that continuity and discontinuity of sediment transport occurred
within watersheds due to changes in valley width and channel gradient.

Continuity and discontinuity of biological processes from upper to lower reaches has been
discussed in the context of heterogeneity of habitat, population, and community dynamics. The river
continuum concept (Vannote et al. 1580) articulated upstream linkages and downstream adjustment of
stream ecosystems based on changes in channel morphology through streams and rivers (Leopold et
al. 1964). Based on the river continuum concept, Ward and Stanford (1983, 1995) developed a serial

discontinuity concept where a dam or channel morphology (e.g., confined headwaters, meandering
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and braided reaches) disconnects the up- to down-stream continuum. Surface and subsurface flow
interactions along channel corridors are important to nutrient cycling and biotic communities
(Newbold et al. 1982; Stanford and Ward 1993). A hierarchical classification of stream ecosystems
was proposed to examine continuity and discontinuity of impacts on stream biota at different scales
within watersheds (Frissell et al. 1986). Patch dynamics, formed by micro-topographic attributes, may
indicate the fragmentation of habitat and community structure in stream ecosystems (Pringle et al.
1988). Disturbances (e.g., landslides, debris flows, floods, and droughts) may control the patch
distribution of organisms in and around stream systems (Townsend 1989; Gregory et al. 1991).
Montgomery (1999) demonstrated that geomorphic processes set the templates of biological
processes o.f disturbénce, the river continuum, and patch dynamics in his process domain concept.
Although the ilﬁportance of channel network strucfure for material dynamics has gradually -
been' recognized (e.g., Johnson et al. 1995; Benda and Dunne 1997b; Meyer and Wallace 2001; Rice
et al. 2001), most of the éarlier conceptual and field studies have assumed linear relations of
watershed processes and, thus, disregarded network structures such as tributary pattern, density, and
junction effects. The river continuum concept (Vannote et al. 1980) evokes not a network (branching ‘
shape), but a linear concept from upper to lower stream reaches. Similarly, the nutrient spiraling
concept (Newbold et al. 1982) presents a more complex, but still linear abstraction of solute dynamics
in stream ecosystems within channels and hyporheic zones (Fisher 1997). However, Minshall et al.
(1988) and Johnson et al. (1995) observed that landform attributes, such as tributary junctions in
channel networks, affect the river continuum concept. Kirkby (1993) and Robinson et al. (1995)
demonstrated the importance of channel networks in drainage basins for understanding and
forecasting flow regimes, sediment transport processes, and landform evolution. Fisher (1997) noted
that a paradigm shift from linear to network (branched shape) systems is necessary to understand the
processes and linkages of physical and biological dynafnics in stream ecosystems. Benda et al.
(1997b) and Rice et al. (2001) emphasized the importance of channel network structure to understand

the longitudinal variations in sediment movement and aquatic environments.
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1.2.2. Headwater and network systems

Structural differences and the continuous-discontinuous nature of processes are critical for
distinguishing hydrologic, geomorphic, and biological processes between headwaters and larger
watershed systems. The watershed network can be partitioned into two systems based on
characteristics of processes: (1) headwater and (2) network systems. Hydrologic, geomorphic, and
biological processes in headwater systems are cascading from hillslopes to streams (Figure 1.3).
Because hillslopes and streams are tightly coupled, material transport within headwater systems thus
can be predicted as processes from hillslopes to stream channels. In contrast, material routing in
larger watersheds is controlled by the channel network structure because numerous headwaters are
nested within. Therefore, network structure must be considered in predicting material transport in
larger watershed systems (Fisher 1997) (Figure 1.3). Neverthelesé, processes from headwaters to
downstream systems are often discontinuous because of changes in valley width, tributary junction
angle, substrate size, and channel gradient (Benda and Cundy 1990; Ward and Stanford 1995; Bravard
and Gilvear 1996; Rice et al. 2001).

Headwater systems contain four topographic uni€s with distinctive biological and
hydrological processes (Hack and Goodlett 1960): (1) hillslopes, (2) zero-ordef basins, (3) ephemeral
or temporal channels emerging from zero-order basins, termed “transitional” channels, and (4) first-
and sec‘;ond-order stream channels depending on linkages from hillslopes to c.hannels (Figure 1.1).
Hillslopes have either divergent ér straight contour lines typically with no channelized flow. A zero-
order basin is defined as an unchannelized hollow with convergent contour lines (e.g., Tsukamoto et
al. 1982). Colluvial material from adjacent hillslopes typically fills such hollows. Although séturated
overland flow may be observed in zero-order basins and at the foot of hillslopes during storm events,
biological activity in such hillslopes and zero-order basins is terrestrial (Hack and Goodlett 1960).
Channels with defined banks may emanate from zero-order basins (Tsukarﬁoto et al. 1982); if

channels exist at the outlet of these basins they represent the head-most definable channels with
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temporary or ephemeral flow. Temporary channels have more or less continuous flow at least 4 to 5
months in an average year, while ephemeral channels flow only for several days during periods of
high antecedent moisture condition (Dieterich and Anderson 2000). Thus, temporary and ephemeral
channels emanating from zero-order basins typically cannot support the complete life cycles of the
juvenile stages of aquatic macroinvertebrates, except for those species with a long diapause stage or
other strategies for tolerating absence of surface flow (e.g., Anderson 1997; Meyer and Wallace
2001). Despite the inability to support macroinvertebrates, such channels are integral parts of channel
networks and have distinct roles (e.g., temporary storage of organic matter) (Dieterich and Anderson
1998, 2000; Halwas and Church 2002); thus, we call 'such streams “transitional first-order channels”
or simply “transitional” channels (Figure 1.1). Transitional channels may gradually or abruptly beginv
from zero-order basins, depending on concentration (critical length) of saturated and Hortonian
overland flow during storm events. Such channels may also contaiﬁ discontinuous segments prior to
entering first-order channels (Montgomery and Dietrich 1989). First-order streams are the uppermost
channels with either perennial flow or sustained (more than 4 to 5 months during an average year)
intermittent flow. First-order channels may directly emanate from the outlet of zero-order basins
depending on flow generation mechanisms (e.g., springs and seeps). Second-order or even higher
order streams may be cqnsidered headwater streams depending on degree of coupling between
hillslopes and channels (e.g., transport distance of debris flow) that are discussed later in this paper.
Both first- and second-order channels may have intermittent reaches (dry parts) depending on

groundwater level and volume of alluvium.

1.2.3. Size of headwater systems

In the river continuum concept (Vannote et al. 1980), headwater streams were defined as
first- to second-order channels based on Strahler’s (1957) channel classification. However, potential
problems of such classifications are: (1) stream orders depend on scales of maps; (2) stream orders

are modified by basin-scale topography (e.g., steep mountains versus plains); and (3) stream orders
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are not suitable for explaining hydrologic, geomorphic, and biological processes as well as the
importance of headwater streams. Meyer and Wallace (2001) notédh that most detailed fopographic
maps did not include most headwater channels that might be found in field inventories. Thus,
“headwaters” defined by Strahler’s system and the river continuum doncept pose ambiguities related
to identification and interpretation of the sizes of headwater systems.

Processes from hillslopes to streams are important for defining the downstream limits of
headwater systems. For instance, the transition from debris flow-dominated to alluvial-dominated
processes occurred in headwater streams of Oregon for drainage areas up to 1.0 km’® (Benda and
Dunne 1987) (Figure 1.4). The major causes for the deposition of debris flows are decreasing channel
gradient, abrupt tributary junction, and flow divergence (Benda and Cundy 1990). Swanson et al.
(1998) also noted that drainage areas from 0.01 to 1km’ (1-100 ha) are appropriate for distinguishing -
headwater streams based on physical and biological processes. Using digital elevation models,
Montgomery and Foufoula-Georgiou (1993) demonstrated that a shift from colluvial to alluvial
geomorphic processes occurred from 0.1 to 1.0 km®. However, digital elevation models have
limitations related to identifying headwater swales. With developments in laser altimetry, DEM’s with
contour intervals < 2m can be developed — such precision will facilitate identification of geomorphic
hollows and other features.

Variation of discharge in drainages less than 1 km® was greater than for drainages larger
than 1 km® based on the representative elementary area (REA) concept (Figure 1.4; Woods et al.
1995). Wood et al. (1988) and Woods et al. (1995) noted that hydrologic processes within a 1 km®
area are governed by hillslope processes related to soil depth, topography, rainfall intensity, and
vegetation. Such site factofs create greater variation of unit area discharge. In contrast, hydrological
response in basins greater than 1 km” is more affected by routing processes and the structure and
extent of the floodplain.

Based on the findings of such studies, the largest drainage area of headwater systems is

likely 1km® (Figure 1.4). Although we suggest a relative upper size limit (1km?) for headwater
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systems depending on the region, process-based criteria are more important to the definition of
headwater systems than simply catchment area (Whiting and Bradley 1993; Montgomery 1999). In
the following sections, we review hydrologic, geomorphic, and biological processes in headwaters (<

1 km? in drainage area) and network systems (> 1 km® in drainage area).

1.3. Hydrogeomorphic and biological processes

Different magnitudes and frequencies of hydrologic processes occur in headwaters and large
watershed systems (Woods et al. 1995). Geomorphic processes in headwaters are largely stochastic,
while more chronic processes related to routing of sediment, water, and wood are common in channel
network systems (Benda and Dunne 1997a, b). Such different hydrogeomorphic processes between
headwater and network systems also modify biological éommunity structure and distribution as well

as recovery processes of stream biota from disturbances (Rice et al. 2001).

1.3.1. Hydrogeomorphic processes

Headwater systems

Water inputs of headwater systems are unique compared to larger watershed systems.
Eecause headwaters occupy the highest positions in catchments, precipitation and snow accumulation
is generally greater in headwaters compared to IOWer elevation zones (Table 1.1). Variations of
rainfall inputs among headwater systems are greater; thﬁs, isolated precipitation is typically observed
in headwater systems compared to the overall watershed-. The relative temporal fluctuation of peak
flows in headwaters is greater than in larger watersheds (Table 1.1; Figure 1.4) (Woods et al. 1995;
Robinson et al. 1995). Water inputs strongly affect hillslope and channel conditions because of the
close coupling of hydrologic and georﬁorphic processes within confined and steep valleys of
headwater systems (Sidle et al. 2000) (Figure 1.1). Stream temperature and water chemistry in

headwater channels is closely related to soil pore structure and bedrock fractures in hillslopes and
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zero-order basins (Likens et ai. 1977). Subsurface discharge from hillslopes contributes baseflow and
stormflow to headwater channels, initiates certain erosion processes, and is important for the
development of headwater topography (Dunne 1991). Stormflow in headwaters responds rapidly to
intense rainfall because of their relatively smalier storage capacity and shorter flow paths. Stormflow
generation in headwater channels is also affected by the responses of hillslopes and zero-order basins
to changing antecedent moisture conditions (Hewlett and Hibbert 1967; Sidle et al. 2000, Figure 1.5).
Strom flow is primarily generated by direct runoff from saturated riparian areas and channel
interception during lower antecedent moisture conditions. Throughflow from the soil matrix at the
foot of hillslopes and riparian areas gradually increases with increasing wetness of the basins. During
wet conditions, zero-order basins with relatively shallow soils start contributing surface runoff, and
preferential flow from hillslopes augments stormflow. Zero-order basins and preferential flow paths
are major contributors to stormflow during very wet conditions (Sidle et al. 2000). “Transitional”
channels emerging from zero-order basins typically flow during such storms preceded by very wet
conditions (Figure 1.5). During rain and rain-on-snow events, nearly saturated conditions in
hydrologically responsive areas (e.g., zero-order basins) may induce slope failure (Sidle et al. 1985).
During the dry seasons, however, intermittent (dry) reaches may be found in headwater channels
depending on groundwater level and depth of alluvium.

Landslides and debris flows are dominant geomorphic processes in headwater systems
(Table 1.1). Such mass movements transport sediment and woody debris from hillslopes to channels .
and modify stream and riparian conditions. Sediment and woody debris are routed as channelized
debris flows and deposit in the downstream reaches-of headwater systems (Benda and Cundy 1990).
Exposed bedrock and less woody debfis typify scour and runout zones (Gomi et al. 2001). In contrast,
massive piles of woody debris and sediment are found in deposition zones of debris flows (Hogan et
al. 1995). Log jams at the terminal end of debris flows often modify both longitudinal and planimetric
(e.g., braiding, forming side channels) profiles of channels. Such geomorphic processes also alter

riparian forest structure, for instance, alder (4/nus spp.) typically invades scour and deposition
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disturbance zones created by mass movement in the Pacific Northwest of US and Canada. Adjustment
of channel morphology after landslides and debris flows largely depends on sediment and woody
debris inputs. Regenerating riparian stands in scour and deposition zones of debris flows begin to
restore the recruitment of woody debris 20 to 50 years after mass movement in headwater streams
(Gomii et al. 2001).

Channel morphology in headwater systems can be characterized by channel obstructions
such as large woody debris and boulders (Table 1.1) (Zimmerman and Church 2001). Channel depth
in headwaters tends to be shallower relative to the average diameters of such channel bed |
obstructions. Because substrate materials are not well sorted, interlocking boulders and cobbles
modify the stability of channels, formation of channél steps, and create sites folr sediment storage
(Zimmerman and Church 2001). Woody debris pieces also store sediment and modify channel -
roughness. Relatively smaller woody debris pieces and jémé also have similar functions in headwater’
channels due to the narrow channel width (Gomi et al. 2001). The accumulation and distribution of
woody debris alters the distribution of channel reach types such as cascade, step-pool, and bedrock

(Montgomery and Buffington 1998; Halwas and Church 2002).

Network systems

Observations of single headwater systems cannot be simply extrapolated to network systems
where contributions from upstream dominate base flow and stormflow generation. Because of the
longer routing processes of water and greater storage capacity, peak flows in downstream reaches are
often attenuated, lost partly to deep percolation and desynchronized flows that buffer peaks between
headwaters and downstream locations. Floodplain and riparian zones also contribute to stormflow
generation in larger watershed systems. Synchronized outflows from headwaters enhance peak flow
in downstream reaches, while desynchronized outflows from headwaters attenuate flood peaks
(Robinson et al. 1995; Ziemer and Lisle 1998, Table 1.1; Figure 1.6). Timing of outflows may be

altered by hillslope and channel storage capacity (e.g., soil and substrate depth), amount of deep
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percolation from headwater systems, routing length, woody debris and other roughness elements in
channels, and riparian vegetation characteristics.

More regular sediment transport, such as bedload movement, dominates sediment transport
in downstream reaches (Table 1.1). Sediment delivery from headwater to downstream is often
interrupted because sediment is-temporarily stored in or along the streambed, banks, terraces, and
debris fans (Hey 1979; Benda and Dunne 1997a; Nakamura et al. 2000). Number of sediment storage
sites increases toward downstreams. Sediment transport from tributaries alters patterns in the
downstream fining of substrate size (Rice et al. 2001). Sediment movement may appear as sediment
waves through channel networks from headwater to downstream systems (Figure 1.7) (Benda and
Dunne 1997b). Sediment deposits and accurnulations induce local aggradation with the fining
processes of sediment in the downstream direction. Such processes also modify channel reach types,
sinuosity, and formation of side channels. Channels may shift laterally as banks erode and bars form
in the unconfined floodplains of downstream reaches. Synchronized and desynchroniied landslides
and debris flows in headwater systems alter the impacts of sediment movement on geomorphic and
biological conditions in downstream reaches (Figure 1.7). Synchronized landslides and debris flow
deposits aggregate extensively within confined reaches of downstream channels during relatively
short periods. In contrast, desynchronized mass movements gradually aggregate in larger reaches of
channels. Sediment transit time from headwaters to the main channel depends on the presence of
unconstrained reaches, tributary junction angles, channel gradient, timing of various mass
movements, and amount of runoff (Benda and Cundy 1990; Bravard and Gilvear 1996; Nakamura et
al. 2000).

However, sediment transport to downstream reaches is not as simple as shown in Figure 1.6.
Woody debris often forms jam structures in the transition zone between headwaters and downstream
reaches due to deposits from landslides and debris flows, fluvial transport, and recruitment from
riparian areas (e.g., by windthrow and natural mortality). Log jams oftén store sediment for 40 to 50

years until the structures collapse or channel courses change (Hogan et al. 1995). Changing valley
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configurations, channel gradient, and material types also modify sediment transport from headwater
to downstream systemé (Whiting and Bradley 1993; Nakamura et al. 2000). Spatial distribution of
mass movement occurrence influences sporadic sediment transport throughout network systems

(Benda and Dunne 1997b).

1.3.2. Biological processes

Biological processes in headwater systems

Because forested headwater streams are typically narrow with closed riparian canopies,
biological processes in hillslopes and streams (terrestrial and aquatic) are closely linked (Figures 1.1).
Retention and routing of organic materials from allochthonous inputs (i.e., riparian and lateral input
of leaf litter and woody debris) are important factors affecting biological processes in headwater
systems (Table 1.1). Allochthonous energy sources are larger than autochthonous energy sources
(e.g., primary production in streams) (Bilby and Bisson 1992). Because of relatively smaller
discharges aﬁd greater roughness elements (e.g., boulders and woody debris), coarse particulate
organic matter (CPOM = 1 mm) tends to be stored behind in-stream obstructions, retained for longer -
periods in headwater channels, and transformed to smaller particles (Kiffney et al. 2000): such
organic matter accumulation thus are important sources of fbod and habitat for macroinvertebrates
(Richardson 1992). The dominant functional group of macroinvertebrates in headwater channels is
shredders; they break larger particles into smaller sizes (Table 1.1) (Cummins et al. 1989). Fungi and .
bacteria also help to break CPOM into fine particulate organic matter (0.5 pm < FPOM < 1 mm) and
dissolved organic carbon (DOC), which could benefit secondary consumers (Heard and Richardson
1995). Terrestrially derived invertebrates that are associated with riparian vegetation are important for
aquatic biota in headwater streams (Wipfli 1997). Riparian canopy closure also modifies heat and
solar radiation available to stream channels (Tablé 1.1). Groundwater and subsurface flows from

hillslopes and zero-order basins contribute nutrients (e.g., DOC and nitrate) and influence water
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temperature (Table 1.1). Availability qf nutrients and light és well as water temperature modifies algal
growth: this in turn alters rates of nutrient ieéching‘ and litter deéomposition. Hyporheic zones and
their nutrient exchange in headwaters are relatively smaller than those in downstream reaches
(Stanford and Ward 1993). Lateral habitat diversity in ripariah zones méy be small because of the
confined valleys of headwater streams, while longitudinal variation of habitat may be larger due to
changes in discharge, channel gradient, and sediment supply. Transitional streams emerging from
zero-order basins are also impbrtant habitat and sources of organic matter (Meyer and Wallace 2001).
Species composition and life history of vertebrates are also unique in headwaters. In the
Pacific Northwest, there are relatively limited numbers and restricted species of fishes (e.g., cutthroat
trout [Oncorhynchus clarki] and bull troﬁt [Salvelinus confluentus]) occur because of the topographic
héréhness (steep-channel gradients and shallow water). Due to geographical isolation, population of
such trout may have unique genetic c‘haracteristics in headwater systems. Adult coho salmon
(Oncorhynchus kisutch) spawn and some juvenile coho reside in refugia within lower headwater
reaches during high flows (Bryant 1984). Some amphibians (e.g., tailed frogs [4scaphus truei]) are

also found primarily in headwater channels and associated riparian zones.

Responses and recovery from disturbances in headwater systems

The dynamic nature of geomorphic and hydrologic processes affects the biotic community
through disturbances. The frequency, intensity, and duration of disturbances are important factors
altering responses and recovery time of riparian vegetation, channel morphology, and biological
communities (Townsend, 1989; Gregory et al. 1991; Swanson et al. 1998). Mass movement is the
major disturbance in headwater channels, while foresi fire, floods, and droughts also occur with
varying frequencies (Table 1.1). The movement of sediment and woody debris during landslides and
debris flows drastically alters in-channel habitat (e.g., pool depth and interval) and macroinvertebrate
communities (Lamberti et al. 1991) (Table 1.1). Becauée of limited refugia and larger moving

particles in rélatively confined headwater channels, macroinvertebrates and fish may be killed or
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washed away during peak flows, or find refuge locally and in downstream reaches (Sedell et al.
1990).

Recovery processes in riparian and stream ecosystems differ according to level of
disturbance. For instance, exposed bedrock is found in scour and runout zones of landslides and
debris flows, and sediment and woody debris accumulations are distributed in deposition zones: this -
physical template characterizes the resistance and resilience of biotic communities and recovery
processes from the disturbances. Either narrow bands of even-aged vegetation (typically alder [4/nus
spp.] in the Pacific Northwest) or mixed conifer and deciduous riparian corridors may establish along
headwater channels depending on the level of disturbance (e.g., level of soil damage). Such
differences in riparian vegetation modify long-term recovery processes of the biological communities
in headwater ecosystems because of changes in the recruitment of leaf litter, woody debris, and
sediment (Bilby and Bisson 1992; Gomi et al. 2001). Recovery of headwater biotic communities from
disturbances may also depend on the continuity of headwater sysfems. Aerial migration from
undisturbed downstream to upstream reaches is important for recovery. If undisturbed sub-reaches
exist in otherwise disturbed upper reaches, invertebrates and organic matter that drift to disturbed
reaches may induce quicker recovery of biotic communities (Lamberti et al. 1991).

Seasonal drought significantly affects the life cycles and community structure of
invertebrates in headwater systems (Dieterich and Anderson 2000; Muchow and Richardson 2000)
(Table 1.1). Temporary streams with greater than 4 to 5 months flow duration ﬁave similar faunal
assemblages, whereas life cycles of macroinvertebrates are altered in intermittent streams with less
than 3 months of flow. During the dry periods, aquatic insects move to hyporheic zones, remnant
wetted pools, and permanently flowing channels (e.g., downstream reaches and other streams).
Aquatic invertebrates also emerge to adult forms and other desiccation-resistant forms, largely based
on diapause. During much drier years, first- and second-order channels may be entirely dry and exert

greater effects on macroinvertebrates.
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Downstream assemblages in network systems

Materials from headwater tributaries modify downstreafn biological assemblages and
processes in channel networks (Table 1.1). Spatial and temporal variation of riparian and channel
structures related to the occurrence of mass movement as well as flow characteristics in headwater
tributaries creates different patterns of biological assemblages in channel network systems. Changes
in channel morphology from confined headwater systems to braided and meandering channels in
downstream systems may affect interaction between riparian and stream ecosystems as well as habitat
types (Ward and Stanford 1995). Sediment transport from tributaries affects the distribution of
substrate sizes and thus modifies macroinvertebrate communities (Rice et al. 2001). Supplies of
. nutrients and organic matter to larger streams depend largely on inflows from tributaries. Most of the
CPOM recruited in headwater streams (70 — 90 %) is transported d.ownstream (Webster et al. 1999;
Kiffney et al. 2000; Wipfli and Gregovich 2002). FPOM concentrations typically increase along
headwater channels due to biological and physical processing (breakdown). Therefore, the
CPOM/FPOM ratio may rapidly decrease with increasing drainage area because CPOM declines due
to lower inputs relative to channel size and FPOM increases due to breakdown processes (Webster et-
al. 1999) (Table 1.1; Figure 1.4). Types of Vege\tation (deciduous and coniferous) related to mass
movement and timber harvesting histories in headwater systems may modify the amount and seasonal
variation of CPOM and FPOM export to downstreams (Kiffney et al. 2000). For instance, leaves from
deciduous trees and shrubs typically decompése 2 to 3 months after eﬁtering streams, while conifer
needles take 200 days to 2 years to be proceséed by bacteria and macroinvertebrates (Gregory et al.
1991). Drifting organic materials and macroinvertebrates from fishless headwater tributaries support
both growth rates and density of stream vertebrates in downstream systems (Wipﬂi and Gregovich
2002). Therefore, the food webs and community structures of network watershed systems may be
modified through the drifting of materials (invertebrates and detritus) from headwater tributaries.

Because of the different characteristics and magnitudes of disfurbances, their impaqts on

biological communities in headwaters and downstream reaches will differ. A single debris flow may
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destroy biotic communities and habitat in headwater systems because of its acute impact. In
downstream systems, however, collective effects of sediment transport and flood pulses and surges
from headwater systems affect riparian vegetation and the biotic community (Table 1.1) (Nakamura et
al. 2000). Basin wide drought may increase the number of intermittent reaches and decrease linkages -
between headwaters and main channels. However, more refugia such as side channels and
undisturbed tributaries are accessible in downstream reaches compared to confined headwaters (Reice
et al. 1990). The effects of disturbances in headwater systems on the channel network strongly relate

to material routing processes from headwaters to downstream.

1.4. Linkages of headwater and network systems

The nature and degree of linkages between headwater and downstream systems are
important aspects of the roles of headwater streams and routing processes of organic and inorganic
matter. Linkage strength varies spatially and temporally due to topographic aspects and occurrences
of mass movement: such characteristics relate to long-term geomorbhic (e.g., glaciation and tectonic)
activities and lithology (Sidle et al. 1985). Debris fans and flood plains are geomorphic attributes that
support the linkages from headwaters to main channels. Sediment movement may be modified by
channel gradient, tributary junction angle, and reach constraints (Benda and Cundy 1990; Nakamura |
et al. 2000). Beaver ponds, wetlands, and intermittent channel reaches also alter the connectivity
between headwater to downstream systems. Intermittent channel reaches also disrupt the connectivity
between headwater to downstream systems. In addition to spatial variation of connectivity, temporal
variation related to the occurrence of mass movement, windthrow, wild fire, and landuse change as
well as their respective recovery processes affect the degree of connection between headwater to
downstream systems. Biologically, connectivity is important for species migration, habitat, and
refugia (Sedell et al. 1990) and for the flux of organic mafter and nutrients (Cummins et al. 1983).

Tributary junctions between headwater continua and larger channels are very important as

network nodes for regulating material flows in watersheds and have unique hydrologic, geomorphic,
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and biological attributes. Higher heterogeneity of water, sediment, and woody debris movement occur
at tributary junctions. Abrupt changes in channel gradient and valley width may cause sediment
deposition, including terraces and debris fans. Riparian structure at such tributary junctions is
complex because riparian vegetation is frequéntly destroyed by floods, sedi.rhent deposition, and
scour. Plant seeds transported by headwater streams may initiate riparian regeneration. Channel
geometry at tributary junctions varies depe;lding on sediment and flow regimes from headwater
systems and their degree of synchronization. Scour pools and gravel bars typically form aléng
tributary flow margins depending on junction angles (Bristow et al. 1993). Such sediment and woody
debris deposits modify channel forms — e.g., braiding and side channels. Hydrologic and geomorphic
variability at tributary confluences also influences habitat types (pdol size and distribution as well as .
substrate type) and biological processes in the area of the junction. Habitat, and therefore species
composition, may be very diverse at confluences because sediment and woody debris accumulations
form pools, steps, and side channels (Rice et al. 2001). Drifting materials from headwater tributaries
also mix at junctions. Hyporheic processes should be enhanced at junctidns due to the accumulation
and exchange of matefials, but this has not been studied. Both nutrient and gas exchange in the
hyporheic zone would be significant when sediment and woody debris accumulate and braided

channels form at confluences.

1.5. Summary and conclusions

The importance of headwater systems as sources of sediments, water, nutrients, and organic
matter to downstream reaches has been articulated and emphasized. Despite the significant roles of
headwater systems within the channel network, the ecolbgical values of headwater systems are
underestimated and their processes have been extensively modified by land use (e.g., Meyer and
Wallace 2001). Different characteristics of processes in headwaters and larger watershed systems
need to be considered for establishing management guidelines. Hydrologic, geomorphic, and

biological processes in and along hillslopes, zero-order basins, transitional channels, and first- and
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second-order channels characterize headwater systems in the following ways: (1) processes are tightly
linked between hillslopes and channels and from terrestrial to aquatic environments; (2) the expansion
of hydrologi'cally active areas (e.g., riparian zones, zero-‘ordérAbasins, bogs) during periods of
increasing wetness increases the probability of mass movements and alters flow pa;chs between
terrestrial and aquatic environments; (3) landslides and debris flows that dominate geomorphic
processes alter distributions and accumulations of sediment and woody debris; (4) recovery of
invertebrate communities after such disturbances depends on drift, migration, and recolonization of
biota from undisturbed upper and lower reaches; and (5) succession and conversion from deciduous
to coniferous riparian stands (and vice versa) modify availability of nutrients and light, recruitmént of
wood and organic materials, habitat types, and structure of ‘biotic communities.

.The numerous headwater tributaries that flow into downstream reaches affect hydrologic,
geomorphic, and biological processes and attributes in downstream reaches of channel networks in
the following ways: (1) synchronized or desynchronized inflows of water, sediments, nutrients, and
organic matter from headwater tributaries create a variety of channel conditions and biological
assemblages in downstreams reaches; (2) temporal variations of disturbance regimes and riparian
succession in headwater tributaries alter physical and bioiogical conditions of channels as well as
input of materials (sediment, invertebrates, and detritus): tﬁis in turns modifies food webs and their
productivity in downstream reaches ; (3) connectivity of headwater systems to downstream reaches
affects both the cumulative and dispersed nature of material transport processes within watershed
systems; (4) tributary junctions are unique in their physical and biological processes and are
important as network nodes; and (5) spatial and temporal variations of processes in headwater
systems are critical factors affecting the dynamics of stream ecosystems as well as heterogeneity of
riparian and riverine landscapes in channel networks.

Because the characteristics of headwaters vary due to biogeoclimatic factors (e.g., riparian
structure, precipitation, discharge, drainage density) and management and disturbance regimes, both

similarities and differences of processes among headwater systems are important for evaluating the

27




role of headwaters within the watershed network. Two general types of studies are needed to
understand headwater processes and downstream linkages. Process-related studies within headwater
systems are essential. Despite the progress in elucidating hydrogeomorphic (e.g., Sidle et al. 2000)
and biological (e.g., Richardson 1992; Wallace et al. 1999) processes from hillslopes to stream
channels, a better understanding of the functional linkages among wood, sediment, nutrients, and
water in headwater systems is needed to address the relevant ecosystem pfocess. It is also necessary
to evaluate the influence of headwater processes on downstream systems (e.g., Benda and Dunne
1997b; Rice et al. 2001; Wipfli and Gregovich 2002). The connectivity of headwaters to downstream
reaches must be evaluated in future studies to understand cumulative effects of changes in
headwaters.

Ecology and management of downstream riparian zones have been extensively studied and
applied in the context of stream restoration during the past 10 years (Naiman et al. 2000). However,
recently the role of headwater systems has attracted more attention with respect to conservation,
restoration, and management of downstream reaches. Consequently, management of headwater
streams and riparian zones is important and there are benefits to considering the linkages of
headwater and downstream systems. The collectioﬁ of appropriate information will require

collaboration of interdisciplinary teams of hydrologists, geomorphologists, and biologists.
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Figure 1.1 Processes and structures in headwater continua. Four topographic units
(bold type), including hillslopes, zero-order basins, intermittent channels emerging
from zero-order basins (transitional channels), and 1% and 2" order stream
channels, compose headwater systems.
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This photo was taken

Figure 1.2 an example of a forested headwater stream

looking upstream.
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Network System

Headwater System

Figure 1.3 Structural differences between headwater and network systems
with arrows showing the movement of sediment, water, nutrients, and
organic material. Solid and broken lines show perennial and intermittent
stream, respectively.
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Figure 1.4 Downstream changes of hydrologic, geomorphic, and biological
processes. Shaded area indicates ranges of each parameter. Transition from
debris flow-dominated to alluvial-dominated processes occur at drainages area
ranging from 0.1 to 1.0 km? (Figure 3A) (Benda and Dunne 1987). Variation of
unit area discharge is greater within basins < 1.0 km? (Figure 3B) (Woods et al.
1995). Numbers of woody debris dams in headwater streams without mass
movement is greater compared to larger watershed systems because relatively
smaller woody debris forms woody debris dams (Figure 3C). CPOM/FPOM
ratio may rapidly decease in drainages > 1.0 km? because CPOM is retained
more in headwater streams and greater amounts of FPOM are transported from
headwaters (Figure 3D).
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Figure 1.5 Conceptual view of dynamic, hydrologically active areas in
headwaters (modified from Sidle et al. 2000). For dry conditions, riparian
zones and direct precipitation on channels are the only active sites of flow
generation. Throughflow from the soil matrix in the foot of hillslopes and
riparian areas gradually activates with increasing wetness. Zero-order basins
(shaded areas) with relatively shallow soils begin to contribute surface runoff
(large arrows) during wet conditions, while preferential flow (small arrows)
from hillslopes contributes less to stream flow. Flow begins to occur in
transitional channels emerging from zero-order basins. Zero-order basins and
preferential flow actively contribute to storm flow during very wet conditions.
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Synchronized outflows

Watershed A

A3

Discharge

Desynchronized outflows

Watershed B

Discharge

Figure 1.6 Synchronization of hydrologic processes in network systems (modified from
Ziemer and Lisle 1998). Volumes of outflows in tributaries of watershed A and B are
similar; however, peak discharges are different at A’ and B® because of the different
arrival time of peak flow.
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Synchronized sediment movements

Desynchronized sediment movements

Figure 1.7 Synchronization of sediment movement in branched watershed systems
(modified from Montgomery and Buffington 1998). Shaded area shows sedimentation
due to landslides and debris flows. Accumulated sediments from headwater systems
may alter the formation of braided and side channels.
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Chapter 2
Characteristics of sediment and woody debris distribution

and the function of woody debris for storing sediment
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2.1. Introduction

A number of studies during last three decades have demonstrated the biological and
geomorphological importance of woody debris in forested streams (e.g., Harmon et al. 1986; Bisson
et al. 1987). Woody debris can alter flow velocity and direction and thus exert control o&er sediment
and organic matter transport as well as stream geomorphology (Wbodsmith and Swanson 1997).
Therefore, woody debris modifies the structure and abundance of habitat as well as provides a source
of nutrients for stream biota (Bilby and Ward 1989; Inoue and Nakano 1998). Woody debris also
forms steps and modifies the hydraulics of mountain stream channels (Heede 1972). Changes in the
abundance of woody debris in streams control sediment movement (Megahan 1982; Nakamura and
Swanson 1993; Bovis et al. 1998), pool spacing (Montgomery et al. 1995), and streambed
composition (Sidle and Sharma, 1996; Wdodsmith and Buffington 1996).

Timber harvesting and related landslides and debris flows strongly affect stream geometry
and the persistence of woody debris (Bissoﬁ et al. 1987). Higher volumes of woody debris were found
in unlogged streams compared to logged streams in the Appalachian Mountains (Hedman et al. 1996).
Similarly, recent research in the Pacific Northwest observed reduced numbers of woody debris pieces
in streams after logging (Bilby and Ward 1991). In contrast, earlier reseérch in the Pacific Northwest
showed that the numbers of woody debris pieces increased after logging due to logging slash and
unmerchandible timber (Froehlich 1973; Bryant 1980). Hogan et al. (1998) indicated that formation A
of log jams were related to the history of landslides after logging in the Queen Charlotte Islands,
British Columbia.

Both timber harvesting and related soil mass movement can significantly impact headwater
streams. Headwater streams are defined as small (bankfull width < 2 m), steep gradient (> 3°)
channels that include first- and second-order streams (Strahler 1957) and zero-order basins

(Tsukamoto et al. 1982). While hillslope gullies have relatively deep (3-30 m) V-shaped cross-
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sections (Bovis et al. 1998), headwater streams may have either shallow (1-3 m), U-shaped profiles or
gullyv-like profiles. Headwater streams are abundant in mountainous terrain of the Pacific Northwest.

The distribution and accumulatioﬁ of woody debris in headwater streams may be more
directly affected by timber harvesting and related sediment movement than in larger, low gradient
streams. For instance, logging slash and unmerchandable logs remain in the streams after timber
harvesting (Froehlich 1973; Millard 2000). Logging roads, which cross headwater streams, often alter
stream channels due to culvert installations, modify flow and sediment regimes, and increase
land‘slide probability (Sidle et al. 1985). Wood and sediment are evacuated from upper stream reaches
by landslides/debris flows and then redistributed and deposited in downstream reaches (Johnson et al.
2000). Subsequently, pioneer vegetation species rapidly rec.olonize in both scour and 'deposition zones
and new woody debris is introduced gradually into headwater chénnels (Swanson et al. 1998). This
newly recruited woody debris provides sites for sediment storage. These processes modify the
biological productivity, microinvertebrate habitat, and sediment linkages from hillslopes to streams
and from headwaters to main channels.

Even though various attributes of headwater streams related to biological and physical
stream dynamics are recognized, the relative impor>tance. of these small channels compared with
higher order and fish bearing streams is often underestimated. Particularly, functional linkages
between headwater streams and main channels are poorly understood. A tight biological coupling
exists between organic matter inputs and macroinvertebrate habitét in headwater streams (Richardson
1992)'. Drifting materials (invertebrates and detritus) from headwater streams are important
components for food webs in the downstream ecosystems (Wipfli and Gregovich 2001). Portions of -
headwater streams in lower gradient sections.are also important for migration, refugia, and habitat of
juvenile fish (Bryant 1984). Sediment movement and floods in headwater systems affect the channel
geomorphology and riparian vegetation structure in headwaters and downstream reaches (Swanson et
al. 1998). Sediment transport from steep headwaters to downstream is closely related to the sediment

storage capacity of woody debris (Megahan 1982; Bovis et al. 1998). Although the river continuum
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concept (Vannote et al. 1980), which incorporates physical and biological stream attributes, is widely.
accepted; headwater streams have typically not been included in this conceptual model, supported
studies, and management applications. Thus, the influence of timber harvesting on woody debris and
sediment dynamics in headwater streams is poorly understood.

The objective of this study is to estimate the influence of different riparian conditions
related to timber harvesting and landslide activities (management/disturbance regimes) on woody
debris and sediment distributions and their related functions in headwater stream systems. We
examined: (1) the influences of recent and past timber harvesting on the abundance and distribution of
woody debris; (2) the influences of landslides/debris flows on woody debris abundance and sediment

accumulations; and (3) the in-stream functions of woody debris related to sediment storage.

2.2. Study site

This study was conducted in the Maybeso Experimental Forest and the adjacent Harris
River basin in the Tongass National Forest, Prince of Wales Island, southeast Alaska (Figure 2.1).
Climate in this area is cool and temperate. The mean annual temperature is 10°C; mean annual
precipitation is 2800 mm. The basins are U-shaped glacial valleys. The valleys are covered by a
varying thickness of glacial till that was formed during late Wisconsinan glacial advance (Swanston
1967). Depth of soil plus the thin veneer of glacial till ranges from 0.30 to 1.0 m. Forest vegetation is.
dominated by western hemlock (Tsuga heterophylla), Sitka spruce (Pieces sitchensis), western red
cedar (Thuja plicata) and red alder (4lunus rubra); however, riparian vegetation is highly influenced
by past disturbance regimes. Alder dominates riparian zones that have been disturbed by landslides
and debris flows. No residential fish were found in the upper reaches of the headwater étreams,
although a few juvenile salmonids were found in the lower. The Maybeso Valley was initially logged-
in 1953 and logging continued until 1957. Timber harvesting was conducted from 1959 to 1961 in the

Harris River basin (Meehan et al. 1969). More recent clear-cutting occurred in the Harris River basin
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in 1995 with relatively smaller cut-blocks. All harvest units were clear-cut using cable-logging
methods on hillslopes.

Five management/disturbance regimes (treatments) in riparian zones of headwater streams
were selected based on the history of timber harvesting and landslides/debris flows within the
Maybeso Experimental Forest and the Harris River basin (Figure 2.1). The five treatments include:
old-growth (OG); recent (3 year old) clear-cut (CC); young-growth (37 year after clear-cutting)
conifer riparian forest (YC); young-gfowth (40 year after clear-cutting) alder riparian forest (YA);
and recent landslide/debris flow channels (LS) (Table 2.1, Figure 2.2 and 2.3). Three headwater
streams were examined for each of the five treatments giving a total of 15 streams. These treatments
are representative of steep glaciated forest landscapes in southeast Alaska since they are largély
controlied by similar biogeoclimatic factors typical of the area (e.g. vegetation, glaciation, and
geology). LS and YA streams were affected by timber harvesting and once or twice by
landslides/debris flows in 1961, 1979, and 1993 based field studies (Swanston 1967; Johnson et al.
2000), aerial photographs taken by USDA Forest Service, and tree ring analysis of trees growing on
debris flow deposits. The most recent landslide activity occurred during an October 1993 rainstorm
and affected only LS channels (Figure 2.2). Once landslides initiate, sediment is transported as
channelized debris flows and deposits in lower gradient reaches. Debris flows also transport woody
debris and newly recruited wood as well as form woody debris jams in the deposition zones. The
lower ends of the deposition zones did not reach the main channel of Maybeso Creek due to the wide,
flat valley bottom (Figure 2.4).

To evaluate the influence of landslides/debris flows on the distribution and accumulation of
woody debris, both LS and YA streams were divided into upper (scour and runout) and lower
(deposition) sections based on field observations (Figure 2.4). Additionally, two CC streams (CCl1
and 2) were divided into upper and lower sections to estimate the effects of a mid-slope logging road _
on woody debris and sediment distribution. The effects of landslides/debris flows and subsequent

regeneration of riparian stands were evaluated by comparing the LS, YA, and OG streams.
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Comparing YC, CC, and OG streams demonstrate the influence of past and recent timber harvesting
in channels with no landslide/debris flow activity during the past few centuries.

The lengths of upper channel reaches range from 100 to 340 m with mean bankfull widths
of 0.6 to 2.8 m and mean stream gradients of 8.5 to 45.9 % (Table 2.1). The lengths of lower channel
reaches in LS, YA, and CC range from 100 to 400 m with mean bankfull widths of 0.9 to 3.7 m and v
mean stream gradients of 9.4 to 32.5 %. Elevations from lower to upper ends of study reaches range
from 80 to 270 m in YA and LS, while those in YC, CC, and OG range from 150 to 330 m. Stream
channel profiles are only incised 1 to 3 m. Most of the streams are perennial but several appear to be
ephemeral during seasonally dry periods. Because soil is shallow in the study area (Swanston 1967), -
bedrock was naturally exposed ih 13.4 and 26.9 % éf the channel sections in OG1 and OG2 channels,
respectively. Moreover, due to extensive landslide/debris flow scour and runout, the upper sections of

LS and YA channels had 25 to 60 % exposed bedrock (Table 2.1).

2.3. Methodology
Field methods

Representative channel reaches were int@nsively inveétigated during the period from June to
August 1998. Stream gradient and cross-sectional profiles were surveyed using an engineer’s level,
stadia rod, and tapes. Stream elevation was measured at 5 m intervals and at each significant slope
break. For example, the upper and lower boundaries of log steps and the front and back of sediment
wedges were surveyed. Exposed bedrock length and its position in the channels were also measured.
The wetted and bankfull widths of streams were estimated every 5 m. Bankfull width was defined by
the presence of moss and rooted vegetation along the channel margins and the top of banks. Three
cross sections in each stream were surveyed to describe valley and channel profiles. At the three cross
sections, the median diameters of 100 pebbles in a 0.2 x 0.2 m grid were measured to provide an

indication of mobile streambed material (Wolman 1954). Large cobble and bolder components > 0.2
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m were excluded because of their relative immobility except during landslide/debris flow events.
Watershed area for each stream was calculated frbm topographic maps (US Geological Survey, Craigv
C-3 and B-3; 1991) using a digital planimeter.

Organic debris in streams was divided into woody debris and fine organi§ debris (FOD).
Woody debris was further classified into two categories: (1‘) large woody debris (LWD) - pieces 2 0.5
m in length and = 0.1 m in diameter and (2) fine woody debris (FWD) - pieces 2 0.5 m in length and
0.03 to0 0.1 m in diameter. To quantify the distribution and accumulation of woody debris at each site,
the following properties of LWD were measured: in-channel, bankfull, and total lengths; diameter;
position; and orientation. In-channel length was measured for either a portion or the entire length of
LWD pieces located within the wetted channel width that significantly dissipated flow energy and
affected sediment transport. Bankfull length was defined as either a portion or thé entire length of
LWD pieces within bankfull width. Total length was measured for entire pieces of LWD including
terrestrial portions. Diameter at fhe middle of each woody debris piece was recorded. Volume (m’) of

LWD (V) was calculated as follows for the in-channel, bankfull, and total volume components of

LWD:
V = nx(D/2)* XL (1]

where D and L are the mid-log diameters and app?opriate lengths, respectively (Robison and Beschta
1990). Even though several studies applied a volume equation using end diameters of LWD pieces
(Nakamura and Swanson 1993; Inoue and Nakano 1998), we used only median diameter as an
approximation for estimating LWD volumes because of our small stream widths. All LWD pieces
were classified as functional (interacting directly with streams), transitional (not directly interacting
with streams, but suspended just above streams and decomposed enough to interact with streams in
the near future), and non-functional (no interaction with streams and/or suspended well above

channels). Orientation of LWD was measured in relation to a line parallel to the channel axis to
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determine the degree of interaction of LWD pieces with streams. Both left (+) and right (-) hand
orientations of LWD from 0° to 90° were recorded in +5° intervals. LWD recruitment in CC sites was
divided into three types based on the period of recruitment: (1) recent recruitment (i.e., just after
logging); (2) during logging; and (3) before logging. These groupings were based on field inspection
of cutting edges and decay in woody debris. FWD was surveyed for channel position and number of
pieces. Volumes of fine organic debris (FOD), such as accumulations of leaves, branches, and fine
logging slash were categorized as small (< 0.01 m*), medium (0.01 to 0.1 m?), and large (> 0.1 m®)
volumes where FOD accumulations contributed to and/or formed a sediment wedge.

Sediment storage behind woody debris and other obstructions (e.g., rock and bedrock) was
measured in these Headwater streams based on the geoﬁeﬁy of sediment wedge [width (w), length of
the wedge (L), and average depth at the front of the wedge (d)]. Averagé depth of the sediment
wedge was measured using a sediment probe at several points. The cause of sediment deposition was
categorized according to the formation elements of debris dam: LWD, FWD, FOD, rocks, and
bedrock. The volume of sediment stored behind woody debris and other obstructions was computed

based on rectilinear pyramid,

Sediment volume = (w x L, x d)/3 [2]

The approximation of a pyramid shaped wedge appears appropriate since the upstream end of stored
sediment typically converges to a point in these small channels. Sediment storage ratio, determined as
the volume of sediment behind woody debris divided by volume of all stored sediment, was assessed

to estimate the relative contribution of woody debris for storing sediment.

Statistical methods

Three levels of hierarchical structure in statistical analysis were: treatments; sites within

treatments; and 20-m consecutive reaches within sites. Treatments (LS, YA, YC, CC, and OG) were
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fixed factors, while sites (1, 2, and 3) nested within each treatment were considered random factors. ’
Thus, a mixed effect procedure was conducted to assess treatment effects (Neter et al. 1996). For
these analyses, the lower (depositional) reaches of LS, YA, and CC channels we excluded. All 15
sites were divided into consecutive 20-m reaches to test the treatment effects on distribution and
abundance of woody debris and sedimenf. At the scale of these 20 m reaches (about an order of
magnitude greater than bankfull width), woody debris, sediment and channel morphology are
governed by relatively uniform hydrologic and geomorphic processes (Frissell et al. 1986). Because
consecutive 20-m reaches might be correlated with each other, repeated measurement effects were
also incorporated in the statistical model.

The PROC MIXED procedure of SAS version 8 was used for analyzing the mixed effects
model (Littell et al. 1999). This procedure permits the inclusion of an uﬁequal number of samples
(i.e., 20-m reaches) in the analysis. Number and volume of LWD (in-channel and total), number of
FWD pieces, total volume of sediment, and volume of sediment stored behind woody debris were
measured in each 20 m section. Channel gradient and bankfull width were related to the abundance,
distribution, and in-stream function of woody debris (e.g., Bilby and Ward 1989). Thus, stream
gradient and average bankfull width in the 20 m reaches were used as covariate terms in the statistical
models. If interaction terms such as treatment x stream gradient and treatment x bankfull width were
significant in the mixed-effect analysié of covariance (ANCOV A), relationships among the dependent
variables and stream gradient and bankfull width were ass;essed. If interaction terms were not
significant, the mixed-effect analysis of covariance (ANCOVA), including treatment and two
covariate effects (channel gradient and bankfull width), was conducted to assess treatment effects
(Neter et al. 1996). In this case, the reduced model (i.e., without interaction terms) was compared to
the full model based on AIC (Akaike Information Criterion) (Littell et al. 1999). Then, if treatment
effects were significant, Bonferroni multiple comparisons were conducted to estimate the differences
among treatments. The upper aﬁd lower sections in LS, YA, and CC sites were compared in a

separate analysis. Lengths and diameters of LWD pieces in each treatment were statistically
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compared using the Wilcoxson Rank sum test because the sizes of LWD pieces were strongly
skewed. A significance level of o = 0.05 was used for all statistical analyses.

The mixed effect ANCOV A model using PROC MIXED procedure was also applied to
analyze total sediment volume, volume of sediment stored behin'd woody debris, and sediment storage
ratio in each 20 m reach. The numbers of LWD and FWD pieces, volume of LWD, estimated volume
of FOD, stream gradient, and bankfull width were used as covariate terms in the full models.

It was also hypothesized that the different types of woody debris (LWD, FWD, and FOD)
had different functions related to sediment storage among treatments. Thus, the sedimeﬁt storage
behind woody debris in each treatment was evaluated using a liﬁear regression model to indicate the
influence of stream conditions and woody debris characteristics. Significant independent variables in
the full model (number 6f LWD and FWD pieces, volume of LWD, accumulation of FOD, stream
gradient, and bankfull width) were selected by a stepwise procedure with Cp statistics (Neter et al.
1996). Null hypotheses that the coefficients of independent variables in the regression models are
zero were tested at o = 0.05 level. All variables in this study were log (x+1) transformed to meet the
assumption of normality and variance equality.

It was not possible to randomly sémple streams in the study landscape because treatments
were dictated by external geomorphic factors (i.e., YA and LS), management effects (i.e., YC and
CC) and natural conditions (i.e., OG). Thus, a fixed model of treatment effects was employed in this
observational study. Additionally, there were limited numbers of certain stream types in the area.
Also, the size and largely perennial nature of the required headwater systems as well as the need
ensure a continuity of processes within each system limited our choices of steams in the landscape.
Therefore, it was difficult to truly randomize sites within each treatmeﬁt. Nevertheless, we rely on the
robustness of statistical procedures to draw inferences related to treatments. We assume that the five
stream types (treatments) cover the entire population of streams in the area. To further support our

approach and inferences, we note that the landscape from which the streams were selected has

46



basically the same lithology, soils, climate, hydrological processes, natural vegetation, and
geomorphic processes (i.€., glaciation and deposition of till). In such humid terrain, aspect has little
influence on hydrological processes. Thus, aside from the obvious “external’ management and
geomorphic perturbations that dictated our treatments, th¢ ‘original’ landscape and climate was

uniform; this should minimize any confounding effect of the landscape (i.e., selection bias).

2.4. Results and discussion

2.4.1. Characteristics of LWD pieces

The distributions of diameter and length of LWD pieces were highly skewed to the smallest

size classes in all streams (Figure 2.5). Thus, median diameters and median lengths were used to
represent central tendencies for each treatment. Median diameters of total LWD ranged from 0.15 to
0.24 m (Table 2.2). Relatively larger diafneters were found in YC (0.24 m) and OG (0.20 m) streams.
Although other research in undisturbed streams of southeast Alaska found that 10 to 25 % of LWD
pieces were > 0.6 m (Murphy and Koski 1989), we found that only 7.1 and 6.8 % of LWD pieces
were > 0.6 m in OG and YC headwater channels, respectively. In LS, YA, and CC channels, only 1.4
to 2.7 % of LWD pieces were > 0.6 m. According to the Wilcoxson rank sum test, diameters of LWD
pieces in LS, YA, and CC were significantly smaller than those in the OG and YC channels.

Median lengths of entire LWD pieces ranged from 1.5 to 2.5 m in each treatment. There
were few pieces of LWD > 10m in LS (3.4 %), YC (2.7 %), and CC (0.4 %) streams compared to OG
(6.6 %). Due to the regeneration and subsequent mortality of young alder stands, many alder logs
were suspended above streams and interacted with streams without breakage. Thus, relatively large
numbers of long LWD pieces (= 10 m) were found in YA (7.5 %). Lengths of LWD pieces in LS and-
CC were significantly shorter than in OG (p < 0.001 and p = 0.002). Lengths of LWD pieces in YA

were slightly longer than in OG (p = 0.002).
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LWD volumes per piece in all study streams ranged from 0.1 to 1.1 m’ and was small
compared to other studies in the region that focused on lower gradient, wider streams in old-growth
forests (Murphy and Koski 1989; Robison and Beschta 1990). Swanson et al. (1984) noted that the
size of LWD was smaller in southeast Alaska than in Oregon and Washington. Since large diameter
and valuable oId-growth forests in southeast Alaska have been logged during past 50 years, the
remaining old growth tends to have smaller diameters and lower productivity. Despite this limitation
for sélecting old-growth streams, our OG sites represent existing old-growth headwater channels in
southeast Alaska in which the recruitment and function of woody debris play important roles.

Both diameters and lengths of LWD pieces were significantly smaller in upper sections of
LS compared to lower reaches. In contrast, lengths (;f LWD in lower YA channels were significantly
shorter than in upper YA. The differences of LWD size with respect to upper and lower reaches of
LS and YA might be related to the regeneration of young alder stands after landslides and debris |
flows and their subsequent £nortality. There were no significant differences in LWD diameters
between the lower and upper reaches of YA and CC. Lengths of LWD pieces in upper and lower CC
sections were not significantly different.

The percentage of all LWD pieces that directly interacted with the 15 streams averageq 68.5
% and ranged from 53.5 to 89.1 %. Sites without recognizable landslides and debris flows had a
relatively constant percentage of LWD that directly interacted with channels; landslide channels had a
higher variability of interactive LWD. Due to landslide deposition, a higher percentage (53 to 89 %)
of interactive LWD was observed in the lower sections of LS and YA. About 50 to 70 % of LWD was
orienteci from 0° to +45° with respect to the channel; however, no significant differences in

orientation were found among various treatments.
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2.4.2, Effects of timber harvesting on the abundance of LWD
For all analyses related to treatment effects, the interactions between treatment x stream

gradient and treatment x bankfull width were not significant, thus treatment effects were assessed by
the mixed effect ANCOV A model (Table 2.3). Additionally, based on AIC, the reduced model (i.e.,
without interaction terms) had a better fit than the full model (Littell et al. 1996). The in-channel
numbers of LWD pieces were significantly higher in YC and CC compared to numbers in OG, YA,
and LS streams (Table 2.3). The total numbers of LWD in OG streams were significantly smaller that
in CC, but were not significantly different compared to YC. The abundance of LWD in both CC and
YC channels increased because of the recruitment of LWD during past and recent logging activities.
The number of LWD pieces was highest in the YC streams even though logging activities concluded
three decades ago and woody debris has been gradually decomposing.

No significant differences in total ahd in-channel volumes of LWD were found among OG,
CC, and YC streams (Table 2.3). However, total volume of LWD per 100 m in YC was twice that in
OG. Total volume of LWD per 100m associated with CC channels was half that in OG channels;
however, the majority of this volume in OG systems was outside the bankfull area. The higher
numbers and volumes of LWD in YC streams (mean total LWD pieces 82.7 and in-channel 45.0
piecés/ 100 m) are attributed to large inputs from logging in the early 1960’s. In séme sections of YC,
the stream flowed under “tunnels” of LWD even though much rotten wood was evident. Tree falling
and yarding techniques affect debris recruitment into headwater streams and LWD levels can vary in
managed forested streams (Froehlich 1973). Thus, past and recent logging activities appear to affect
the distribution and abundance of LWD in headwater streams. The logging road through the CC
chaﬁnels did not significantly alter the abundance and distribution of woody debris below the road.

Although the numbers of LWD pieces in both CC and YC streams increased due to logging,
the sizes and volumes of LWD in CC and YC differ (Figure 2.6 and Table 2.2). During the past 50

years, the amount and size of logging residue in harvested areas has changed with changing timber
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utilization, stand conditions, and logging and transportation techniques (Harris and Farr 1974). The
standard for timber utilization has improved because of a variety of market conditions and upgrades -
in timber technology and industry. Before pulpmills were established in southeast Alaska in 1953,
only high quality Sitka spruce and western hemlock were merchantable. In contrast, much low quality
timbér has value in the present market. Although western red cedar and yellow cedar have the highest
value today, cedars were unused during 1950’s. When loggers encountered cedars, they were
normally cut and left in the woods (Harris and Farr 1974). Such practices led to abundant
accumulations of large cedar in YC channels. In addition, logging and timber transportation systems
are usually designed for the largest class of logs. Thus, such systems may not be suitable for handling
smaller logs and broken pieces. With such technical limitations, even-aged stands are more pfeferable
for cutting and less logging residue is generated compared to harvesting mixed aged stands (Harris
and Farr 1974). By evaluating stump diameters, it is evident that trees harvested near YC channels in
the 1950’s and early 1960°s were much larger and of greater age diversity than trees cut in 1995 at
CC sites.

While we observed increases in the numbers of pieces of LWD (in-channel and total) in YC
and CC due to timber harvesting, Murphy et al. (1986) found 54 % less LWD piéces in clear-cut
streams compared to old-growth channels in larger, low-gradient stréams of sdutheast Alaska. Lower
numbers of LWD pieces were alsé found in logged streams in southwestern Washington (Bilby and
Ward 1991). Ralph et al. (1994) found no significant differences in the number of LWD pieces
among unharvestéd, moderatély harvested,I and intensively harvested éneams in western Washington.
In contrast, Froehlich (1973) reported that logging resulted in a 2- to 10-fold higher recruitment of
woody debris (i.e., slash) compared to natural debris in steep headwater streams of Oregon.

The conflicting findings from these studies and our research can be attributed to: (1)
changing management guidelines related to. logging activities, including buffer strip leave areas; and
(2) modification of recruitment and distribution of woody debris after énd during logging, including

the time lag of recruitment. Management regulations for woody debris and riparian buffers have
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changed dramatically because of concerns related to fish and wildlife habitat. Because of forest
practices codes and rules that have been established and upgraded in the Pacific Northwest during the
past few decades, damage to fish bearing streams has been reduced and very large accumulations of
logging-related woody debris have been partly removed in larger streams (Bisson et al. 1987). Thus,
under current forest practices, such accumulations in fish bearing streams are less frequent compared
with earlier logging operations. Riparian buffer strips are designed to minimize impacts of timber
harvesting on water temperature, bank erosion, and woody debris loading. Without buffer strips,
LWD recruitment from riparian stands would be drastically reduced after logging. If continual inputs
of woody debris to streams are not sustained, existing debris w_ill wash awhy and decay, thus reducing
the numbers of pieces. In contrast, 1ogging residues and blow down frc;m riparian stands can increase
the numbers of LWD pieces after logging (Froehlich 1973; Bryanf 1980). Despite such considerations
in lower grédient streams, steep and small headwater streams have not been carefully managed for
long-term recruitment and function of woody debris. From 36 to 60 % of LWD in our CC channels

~ was recruited during and just after logging. Volume of LWD recruited during logging and just after
logging activities ranged from 2.6 to 7.0 m*/100 m in the three CC channels. Although the amount of
LWD added by logging activities was relatively small compared to levgls reported by Froehlich
(1973), these inputs are significant in small headwater streams. Moreover, evidence from nearby
streams suggests that, in the absence of landslides/debris flows, woody debris may persist at least 50
to 100 years because flow in these small headwater channels is too small to transport large amounts of

woody debris.

2.4.3. Abundance of fine woody debris

The number of FWD pieces in LS and YA streams was significantly smaller compared to all
other systems (Table 2.3), while the difference be;[ween OG and YA (p = 0.065) was not significant.
However, Sidle (1986) found that organic and small woody debris inputs were abouf twice as high as

in old growth streams compared to young alder streams in southeast Alaska. Despite the significant
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regeneration of alder riparian stands in YA sites, numbers of FWD in LS and YA channels were not -
significantly different. The potential explanations of this result are: (1) deciduous FWD is broken and
decomposed more rapidly compared to coniferous FWD (Harmon et al. 1986); and (2) fallen branches
and stems from alder riparian stands of YA sites are smaller than FWD category. Thus, differences in
abundance of FWD between YA and LS were not statistically apparent.

There is no significant difference in the numbers of FWD among CC, YC, and OG
channels. However, Bilby and Ward (1991) observed that more fine organic debris occurred in old-
growth streams than in clear-éut and young growth streams in Washington. In the Pacific Northwest,
coniferous woody materials from old-growth forests have much slower decay rates than hardwood
materials (Harmbn et al. 1986). Thus, woody materials from coniferous old-growth staﬁds accumulate
and persist in stream channels. |

Although the numbers of FWD pieces were not signiﬂéantly different betwéen OG and CC
(Table 2.3), the recruitment of FWD in CC channels was largely related to 1ogging activity (slash and
small branches), while FWD in OG channels was attributed to natural inputs. Froehlich (1973) found.
logging slash to be a primary factor affecting FWD recruitment in headwater streams. A significant
iﬁcrease in FWD loading after clear cutting was also found in low gradient streams in southeast
Alaska and western Oregon (Swanson et al. 1984). Large numbers of FWD also occurred in YC, even
though much of this material was decayed and rotted. An old timber landing located just below the
lowest reaches of YC3 contributed extensive FWD (400 pieces /100m). Numbers of FWD pieces in |
the upper and lower reaches of LS and YA varied widely; however, relatively small numbers of FWD

were found in the upper reaches (Table 2.2).

2.4.4. Effects of landslides and debris flows on woody debris accumulations and
distributions
The effects of landslides and debris flows on LWD can be assessed by comparing the two

channels affected by these disturbances (LS and YA) with OG channels. Both total and in-channel
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numbers of LWD were not significantly different among OG, YA, and LS channels (Table 2.3).
Although the landslides/debris flows transported LWD in the upper section of LS, some residue was
found in and around stream channels. In YA, woody debris was also introduced from riparian stands .
in the intervening years after landslide activities. Thus, the numbers of LWD pieces among OG, YA,
and LS were not statistically different. However, in-channel Vovlurnes of LWD in LS and YA channels
were significantly smaller than volumes in OG streams because individual LWD pieces were
relatively large and mature in OG systems (Table 2.3).

The number of LWD pieces in upper LS1 reach (15 total and 4 in-channel LWD pieces)
was extremely low because this channel experienced two major landslide/debris flow events (1973
and .1993) compared to one event in 1993 in tﬁé other LS channels (Table 2.2 and Figure 2.6).
Although two landslides and debris ﬁows in 1961 and 1973 affected upper YA3, LWD levels were
similar in all YA channels. These results indicate thbe importance of succession and recruitment of
riparian alder into scour and runout zones of YA streams.

For both LS and YA, assessment of all organic coﬁponents between upper and lower
reaches yielded a significant treatment x channel gradient interaction. However, the average number
of total (58.0 pieces) and in-channel (40.0 pieces) LWD per 100m in lower LS were relatively larger -
than numbers in upper LS (36.3 and 19.3 piéces). Similar tendencies were also found in YA channels
(Table 2.2). The accumulation of LWD in the depositional zones of landslides and debris flows is
common (Figure 2.4). Johnson et al. (2000) indicated that the amount of LWD accumulation in the
deposition zones (i.e., debris fans) wés largest in old-growth channels followed by second-growth and
clear-cut channels. Because landslides in YA channels occurred 5 to 9 years after clear cutting, only
logging residue and small-diameter standing trees were transported. In contrast, LWD transported by
recent landslides and debris flows is associated with second-growth conifer riparian stands with mean
diameters of 0.15 to 0.25 m. Therefore, much larger volumes of LWD were transported to lower LS

reaches compared to lower YA reaches.
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Stream gradient significantly influenced both in-channel and total numbers of LWD pieces V
(Table 2.3); gradient effects on numbers of FWD pieces were barely insignificant (p = 0.065).
Correlations between nu;nbers of LWD pieces (and also FWD) and channel gradient were conducted
for all treatments including lower reaches of LS, YA, and CC. Correlations for LWD (r =-0.53, p <
0.001) and FWD (r = -0.61, p < 0.001) were significant only in upper LS. These negative correlations
indicate that the number of woody debris pieces decreased with increasing stream gradient.

Numbers and volumes of LWD and FWD pieces were not significantly related to bankfull
width (Table 2.3). In contrast to our results, Bilby and Ward (1989) found a negative correlation
between channel bankfull width and LWD frequency in larger, lower gradient streams.

Our findings show that only landslides and debris flows modify the distribution of LWD
and FWD with respect of gradient in headwater streams. In wider and lower gradient streamé, woody
debris distribution might be controlled the size of woody debris, flow regimes, bankfull width, and
channel sinuosity (Bilby and Ward 1989; Robisbn and Beschta 1990; Nakamura and Swanson 1994).
In such larger systems, stream size and flow regimes must be sufficient to transport LWD and FWD. |
However, bankfull widths and basin areas of headwater streams are generally too small t;) transport
significant amounts of woody debris compared to fluvial processes in lower gradient channels. The
distribution of woody debris in small streams is more likely affected by random factors such as bank
erosion, tree mortality, wind throw, and logging slasﬁ (Berg et al. 1998.). However, dynamic colluvial
processes, such as landslides and debris flows, and intrinsic channel properties (i.e., gradient and
channel smoothness) influence the distribution of woody debris in LS channels. Landslide channels
typically have lower roughness than other systems; thus gradient breaks more strongly influence
LWD and FWD accumulation in LS channels compared to channels with greater lateral and

longitudinal roughness complexity.
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2.4.5. The amount of sediment accumulation

Differences in sediment storage among the various stream types appeared to be masked by
high variability among sites, especially in LS and CC channels (Figure 2.7). Although not
significantly different (Table 2.4), average total volumes of sediment were considerably higher in LS
and YA (5.35 and 4.75 m*/100m, respectively) than in YC and OG channels (1.6 and 1.3 m’/100m,
respectively). Due to landslides and debris flows as well as subsequent sediment movement from
hillslopes to channels, headwater streams in LS and YA were relatively sediment-rich. Active small
bank failures contributed sediment transport in CC2.

The volume of sediment stored behind woody debris in YA channels was the significantly
larger compared to OG, YC, and CC channels (Table 2.4). This increased storage in YA channels is
attributed to the abundance of both sediment and §voody debris due to past mass movements and
subsequence riparian generation. For instance, in upper LS reaches, woody debris was a limiting
factor because it was largely transported downstream by léndslides and debris flows while sediment
remained abundant. In contrast, sediment limited conditions and lower transport capacities induce
smalier sediment accumulations behind woody debris (Berg et al. 1998). Rain splash, overland flow,
shallow bank failures and freeze-thaw activity are the major erosive factors on disturbed slopes that
recharge sediment into streams in LS channels. In the lower reaches of landslide channels, both
sediment and woody debris are very abundant. Consequently, the role of woody debris in headwater
streams changes depends on the “limiting” conditions of sediment and woody debris.

The sediment storége ratio in»LS‘ channels was significantly smaller than in other channels .
(Table 2.4). Riparian regeneration and recruitment of woody debris after landslides in YA
significantly increased the sediment storage capacity of the channel. Although more sediment was
generally observed in sites that were affected by landslides, a lower percentage of sediment in the
channel was stored behind woody debris in LS streams. However, > 79% of total sediment was stored
behind woody debris in YC, CC, and OG channels (Table 2.4; Figure 2.7). Siﬁilarly, 84% of

sediment was stored behind logs, organic debris, roots, and stumps in steep streams in Idaho
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(Megahan, 1982). In our study, FWD and FOD generally contributed less to sediment storage than
LWD, but the amount of sediment stored behind FWD/FOD was the highest (28.7%) in OG channels
(Figure 2.7). Total volume of sediment and sediment storage ratio between upper and lower sections
of LS, YA, and CC were not significantly different. Out of the 702 LWD pieces that contributed to
sediment storage, 53.7 % were oriented perpendicular (£45°) to the channels. However, only 37.9 %
of a-ll LWD pieces were oriented perpendicular (£45°) to channels. Thus, orientations that are nearly

perpendicular highly influence sediment storage in all treatments.

2.4.6. Factors of sediment storage in headwater streams

Number of both LWD and FWD pieces significantly contributed to the volume of sediment
stored behind woody debris (Table 2.4). Thus, a regression analysis was conducted for each treatment
to predict volume of sediment stored behind woody debris ﬁsing stream gradient, bankfull width,
volume of LWD, number of LWD and FWD, and the accumulation of FOD as independent variables.
The site variables were pooled in treatments to conduct the regression analysis. Multiple R-squared
values ranged from 0.20 to 0.61 and from 0.23 to 0.74 in upper and lower reaches, respectively (Table
2.5). Multicolinearity occurred only between numbers of LWD pieces and volumes of LWD in the
regression model for lower LS reaches (r = 0.74 and p <0.001). In all treatments, stream gradient did:
not significantly influence the volume of sediment stored behind woody debris.

In OG channels, numbers of LWD and FWD pieces equally accounted for the volume of
sediment stored behind woody debris (Table 2.5). The numbers of FWD pieces wére significantly
related to sediment storage in recent clear-cut sites (CC), while LWD numbers contributed strongly to
sediment storage in YC. Recent logging slash provided initial sediment storage sites in CC channels.
Because the stability of logging slash largely depends on channel bankfull width (Millard 2000),
logging residue in narrow CC channels is relatively stable. After decomposition of these woody

materials, sediment accumulations may gradually shift to LWD jams. In upper LS channels, numbers

56




and volumes of LWD accounted for the bulk of sediment storage (Table 2.5). FWD clearly provided
sites for sediment storage, whereas FOD was inversely correlated to sediment storage in upper YA
channels (Table 2.5). Large accumulations of FOD behind woody debris dams in steep channels may
occupy storage space and actually reduce the levels of sediment accumulation. Because of the
recolonization of alder riparian stands after landslides and the interaction of these woody materials
with stream channels, FWD contributed more to sediment storage in YA than in LS sﬁeaﬁs.
Although Bilby and Ward (1989) found that FWD was more common in smaller streams, differences
in riparian stand structure, such as between LS and YA, also influence the distribution and abundance
of FWD. In the lower reaches of LS and YA, volume of LWD was significantly correlated to
sedimént storage (Table 5). In addition, with increasing numbers of LWD pieceé and accumulations
of FOD, sedimentation behind woody debris increases in the lower LS channels.

Our study indicates that different characteristics of woody debris accounted for sediment
storage in the upper and lower sections of streams affected by landslides and debris flows. In the
lower sections of LS and YA channels, LWD jams are common due to deposition of landslide/debris
flow material. Thus, the volume of jéms fnay modify the spatial dis-trit;ution of sediment deposition.
Bilby and Ward (1989) found that surface area of sediment deposition was significantly associated
with the volume of woody debris in wider, low gradient forest streams in Washington. Lower gradient
reaches have larger volumes of LWD pieces and jams and, thus, greater storage capacity behind
LWD. On the other hand, high gradient headwater streams have limited storage space for sediment.
Thus, higher numbers of LWD and FWD pieces (i.e., multiple dams) are more important for greater
sediment storage in headwater streams (Figure 2.4). At fhe same time, some woody debris and
sediment accumulations contribute to the formation of step structures in headwater channels. Such
steps typically function to dissipate stream energy (Heede 1981). Size, interval, and stability of
stepped-bed structures may critically éffect sediment budgets and routing processes in headwater
streams. The accumulation of sediment was coﬁtrolled by differeﬁt aspects of LWD in lower and

upper reaches of landslide-affected channels as well as different types of woody debris resulting from
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of disturbances (logging activities and landslides/debris flows) and the recovery phase after such
disturbances. Consequently, the dynamics of sediment in headwater streams might be greatly affected

by the recruitment of woody debris due to logging and related disturbances.

2.5. Summary and conclusions

During the past decade, low gradient, fish-bearing streams in the Pacific Northwest have
been managed to minimize the impacts of timber harvesting and other land uses on ecological and
hydrological conditions of streams (Naiman et al. 2000). However, little attention has focused on
regulating management activities around headwater streams, except for landslide and debris flow
hazard mitigation. This may be attributed to the lack of understanding of the complete interactions
between woody debris and sediment in headwater streams. Thus, the dynamics of headwater streams
and their impacts on do@sﬁeam resources are poorly understood, even though the headwater streams
are primary sources of organic materials, nutrients, and sediments. Moreover, headwater streams
often flow directly though timber harvest units. We found that timber harvesting and related
landslides/debris flows affected the distribution and accumulation of woody debris and related
sediment accumulation in headwater streams (Figure 2.8). These effects are summarized as: (1) inputs
of logging slash and unmerchantible logs significantly increase the abundance of in-channel woody
debris; (2) in the absence of landslide/debris flows, these Woody materials remain in the channel 50 to
100 years after logging; (3) relatively smaller woody debris initially stores sediment; (4) when
landslides and debris flows occur 3 to 15 years aftef logging due to intensive rain and weakening of
root strength (Sidle et al. 1985), woody debris is evacuated from headwater streams and deposited in
downstream reaches; (5) although less woody debris remains in the scour zone, woody debris pieces
and jams contribute to sediment storage in both the scour and deposition zones of landslide/debris
flow channels; (6) red alder stands actively re-colonize riparian zones of headwater streams for 20 to

50 years after mass movement and recruit woody debris and organic materials which in turn provide
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sediment storage sites; and (7) subsequent sediment movement after landslides/debris flows is
affected by residual woody debris and newly introduced debris.

The disturbance regime, both natural and management-related, significantly affected
headwater ecosystems. Three aspects of disturbances appear important for understanding the
functions of headwater streams: (1) logging slash; (2) landslides/debris flows; and (3) regeneration of
riparian stands after logging and mass movement. Such conditional changes with time affect
abundance and distribution of LWD, FWD, and sediment (Figure 2.8). Moreover, these modifications
determine the in-stream function of LWD and FWD, particularly related to sediment storage. Thus,
the dynamics of sediment movement as well as stream channel geomorphology in headwater streams
may relate to such management/disturbance regimes through time and space. Both episodic and
chronic events are importaht for understanding the dynamics of headwater streams and to evaluate
downstream impacts.

Forest practices in and around headwater streams are incbnsistently regulated and
management is based on very limited scientific knowledge. For instance, steep headwater streams
without salmonids do not typically require riparian buffer zones. Even when riparian buffer strips are
left, the relatively narrow riparian corridor may be highly susceptible to wind throw. Wide riparian
buffers in headwater systems will reduce the amount of timber available for harvest. To effectively
manage headwater streams, iﬁformation on geomorphic processes, hydrology, and riparian vegetation

dynamics needs to be systematically integrated.
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Table 2.1 Characteristics of the study sites.

Drainage Length of Average Average Bedrock Dso Landslides
area studied gradient bankfull (%) (mm}) and
(Km?) channel (m) (%) width (m) Debris flows
LS1* Upper 0.21 340 40.3 (11.0) 1.2 (0.6) 26.7 30 1993/1979
Lower 400 9.9 (5.8) 2.6 (1.5) 0.0 25
LS2* Upper 0.27 150 31.0 (12.3) 1.6 (0.4) 40.7 31 1993
Lower 250 13.7 (6.0) 1.8 (0.6) 0.0 30
LS3* Upper 0.35 300 31.7 (11.5) 2.8 (1.3) 59.8 43 1993
Lower 350 9.4 (8.1) 3.7 (1.3) 0.0 29
YA1* Upper 0.22 125 36.6 (9.3) 1.1 (0.5) 26.0 36 1961
Lower 100 17.5 (6.8) 1.4 (0.5) 2.0 35
YA2*Upper 0.14 225 42.7 (9.1) 0.9 (0.3) 38.0 40 1961
Lower 125 18.6 (7.1) 0.9 (0.3) 0.0 27
YA3* Upper 0.21 150 28.9 (11.2) 2.0 (0.6) 471 38 1979/1961
Lower 300 17.4 (7.3) 1.9 (0.6) 0.0 28
YC1 0.24 300 23.8 (5.7) 1.2 (0.4) 0.0 28
YC2 0.12 100 43.0 (11.5) 0.6 (0.4) 0.0 40
YC3 0.26 250 25.8 (7.3) 1.9 (1.0) 21.9 33
CC1**Upper 0.20 200 44.4 (6.4) 0.9 (0.4) 0.0 48
Lower 190 25.5 (8.2) 1.0 (0.4) 0.1 30
CC2**Upper 0.20 130 459 (6.2) 0.9 (0.5) 0.1 40
Lower 150 32.5 (12.7) 0.9 (0.4) 0.0 19
CC3 0.19 225 39.8 (7.6) 1.3 (0.7) 0.0 38
0OG1 0.19 150 40.9 (11.7) 0.8 (0.4) 134 62
0G2 0.22 150 45.0 (8.7) 1.6 (1.1) 26.9 50
0G3 0.25 200 8.5 4.1) 1.9 (0.6) 0.1 37

Note: LS, recent landslide (landslide and debris flows in 1979 and (or) 1993); YA, young
alder riparian forest (logged from 1953 to 1957 and landslide and debris flows in 1961 and
(or) 1979; YC, young conifer riparian forest (logged from 1959 to 1961); CC, clear cut
(logged in 1995); OG, old-growth sites.
Standard deviations (SD) are expressed in parentheses.
* Sites are divided into scour or run-out (upper section) and deposition (lower section) zones
of landslides and debris flows.
** Sites are divided into upper and lower reaches at logging roads.
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Table 2.2 The characteristics of woody debris

Number
Large woody debris of
FWD
Number (/100m) Mean Median Mean Median Total volume (/100m)
Diameter Diameter  Total length  Total length  per pieces (m%
Total In- (m) (m) (m) (m)
channel
LS1 Upper 15 4 0.19 (0.15) 0.15 5.2 (4.0) 5.5 0.2 (0.3) 15
Lower 40 29 0.24 (0.17) 0.19 2.2 (2.2) 14 0.3 (1.0) 106
LS2 Upper 37 27 0.18 (0.08) 0.15 1.4 (0.8) 1.0 0.1 (0.1) 67
Lower 54 45 0.22 (0.15) 0.17 1.9 (1.8) 14 0.2 (0.4) 71
LS3 Upper 57 27 0.19 (0.12) 0.16 2.1 (1.8) 1.5 0.2 (0.2) 53
Lower 80 46 0.28 (0.27) 0.19 3.1 (2.6) 2.0 0.6 (3.3) 116
YA1 Upper 24 21 0.20 (0.15) 0.16 22 (1.7) 1.7 0.2 (0.4) 41
Lower 52 37 0.22 (0.16) 0.17 1.4 (0.9) 1.1 0.1 (0.2) 82
YA2 Upper 20 16 0.19 (0.08) 0.17 3.8 (3.5) 25 0.1 (0.1) 55
Lower 14 14 0.24 (0.19) 0.13 1.9 (1.8) 1.1 0.2 (0.4) 48
YA3 Upper 29 23 0.25 (0.15) 0.20 3.1 (3.4) 1.9 0.2 (0.3) 27
Lower 66 59 0.23 (0.14) 0.19 1.7 (1.3) 1.3 0.2 (0.6) 105
YCA 52 34 0.26 (0.18) 0.20 3.3 (3.3) 2.5 0.5 (3.5) 130
YC2 80 35 0.30 (0.15) 0.25 5.0 (3.1) 4.8 0.5 (0.7) 102
YC3 116 66 0.30 (0.20) 0.25 3.0 (24) 2.3 0.5 (1.5) 399
CC1 Upper 78 58 0.22 (0.15) 0.16 27 (1.9) 2.0 0.2 (0.4) 163
Lower 55. 34 0.23 (0.17) -, 0.16 2.5 (2.0) 1.6 0.3 (0.8) 124
CC2 Upper 42 25 0.20 (0.13) 0.17 2.6 (2.0) 2.0 0.2 (0.4) 110
Lower 62 39 0.20 (0.10) 0.16 2.7 (1.9) 2.0 0.1 (0.2) 99
CC3 82 65 0.23 (0.15) 0.17 1.6 (0.9) 2.0 0.2 (0.4) 151
0G1 31 21 0.24 (0.13) 0.20 4.0 (3.8) 2.5 0.3 (0.7) 124
0G2 41 24 0.37 (0.26) 0.26 4.6 (4.1) 27 1.1 (2.5) 143
0G3 52 33 0.25 (0.19) 0.19 3.1 (2.5) 2.2 0.4 (1.1) 150

Note: See Table 1 for definition of the treatment code
* Standard deviations are shown in parentheses
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Table 2.3 Summary of mixed effect ANCOVA on the number and volume of woody debris in upper
sections v

Treatment Stream Bankfull Multiple comparisons and means
gradient width
Number of in- F 4.99 5.32 0.01 | LS (3.6), YA (4.0), OG (5.1) << YC (9.3), CC (10.9)
channel LWD p-value 0.019 0.026 0.930
(/20m)
Total number of F 4.35 6.79 1.44 YA (5.0), LS (6.8) << CC (14.4), YC (16.1)
LWD p-value 0.028 0.012 0.23 0G (8.3) << CC
(/20m)
In-channel F 2.55 0.02 0.04
volume of LWD p-value 0.104 0.886 0.845
(m%20m)
Total volume of F 7.27 0.66 1,36 LS (0.6) << CC (0.27), OG (5.8), YC (8.2)
LWD p-value 0.005 0.419 0.419 YA (0.8) << OG, YC
(m%20m)
Number of FWD F 4.01 3.57 0.45 LS (8.1) << OG (28.4), CC (29.5), YC (46.0)
(/20m) . p-value 0.035 0.065 0.506 YA (9.3) << CC, YC

Note: Multiple comparisons with Bonferroni method were conducted at the 0.05 of
confidence level. Treatment x channel gradient and Treatment x bankfull width were
not significant. See Table 1 for definitions of the treatment codes.

d). The order in percentiles from left to right shows the relative abundance (smaller
abundance in left side). Values in parentheses are mean numbers. Treatment
separated by << symbols are significant different.
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Table 2.5 Summary of stepwise regression analysis to predict volume of sediment stored behind
woody debris (SW).

Treatment Equation
Upper reach
LS SW = 0.79 LWD +2.20 Volume - 2.4446
R?=0.56, n =26, F = 15.22, p < 0.001
YA SW = 0.67 FWD — 0.68 FOD - 0.83
R?=0.40,n=23,F = 6.9, p = 0.005
Ye SW = 0.27 LWD - 0.08
R?=0.32, n= 31, F = 14.4, p < 0.001
ce SW = 0.19 FWD + 0.03
R?=0.20, n= 26, F = 6.1, p = 0.021
0G SW =0.10 LWD +0.10 FWD - 0.10

R®=0.61, n= 23, F = 16.6, p < 0.001

Lower reach

LS SW = 0.20 LWD + 0.56 Volume + 0.13 FOD + 0.03 ‘
. R?=0.74, n= 68, F = 62.5, p < 0.001
YA SW = 1.24 Volume —0.51 Width+0.74
R%=0.46, n=48, F = 19.9, p < 0.001
cc SW = 0.28 FWD - 0.18

R?=0.23, n= 30, F = 8.9, p < 0.006

Note: Relationship between the volume of sediment behind woody debris (SW) and the other
variables (BW: Bankfull width, S: slope, LWD: number of LWD, FWD: number of FWD, Volume:
volume of LWD, FOD: accumulation of FOD) are selected using a stepwise procedure with Cp
statistics. All variables were transformed using log (x+1) prior to regression analysis. The null
hypotheses, (Ho) is that coefficients of variables are equal to 0, are all rejected at 0.05 level
except intercepts. See Table 1 for definition of the treatment codes.
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Figure 2.1 Location of study sites in headwater streams of Maybeso
Experimental Forest and the Harris river basin. Broken line shows watershed

boundary. See Table 1 for definition of the treatment codes.
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YA3

Figure 2.2 Examples of study streams in Landslide (LS) and Young alder
(YA). Less woody debris pieces and exposed bedrock were observed in the
LS channels. Thin and dense young alder stands covered riparian zones of
the YA channels.
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Figure 2.3 Examples of study streams in Young conifer (YA), Clear cut
(CC) and Old-growth (OG). Dense second growth conifer stands covered
riparian zones of the YC channels. No riparian over story vegetation was
found in the CC channels. No mass movement and timber harvesting was
occurred in CC channels for at least the last 100 years.




Sediment
storage behind
woody debris

Scour and runout
of landslide and
debris flow

Sediment deposition

) , , due to landslide and
With Landslide/debris flow debris flow and log

jams

Figure 2.4 Schematic view of headwater streams with and without landslides and
debris flows. Sediment stored behind woody debris is distributed along stream
channels in headwater streams without landslides and debris flows. The
accumulation of sediment and woody debris occurs in the deposition zones after
landslides and debris flows. The terminal end of deposition dose not reach a main
channel because of the wide and flat bottom of U-shaped glacial valley.
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Figure 2.5 Distribution of diameter and length of large woody
debris. L and U, upper and lower sections in LS and YA
channels, respectively.
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See Table 1 for definition of the treatment codes.
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Figure 2.8 Flow charts of woody debris and sediment accumulation in headwater streams.

Examination of five management and disturbance regimes in this study (OG, CC, YC, YA,

and LS) shows the changes of recruitment of woody debris and sediment storage in

headwater streams along the time axis. Solid rectangles show the major recruitment modes

of woody debris in each treatment. Rectangles with broken lines show types of sediment

movement. Such changes due to management and disturbance are typically seen in
“landscape of southeast Alaska.
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Chapter 3

Characteristics of channel steps and reach morphology
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3.1. Introduction

Because headwater channels are confined by hillslopes, variations of longitudinal profiles
such as vertical drops and pools modify complexity of stream channels as contrasted to the greater
lateral variability in downstream reaches. Therefore, channel steps, which are staircase-like in
appearance and formed by boulders and logs, represent significant channel units in headwater streams
with channel gradient > 0.05 (e.g., Ashida et al., 1985; Chin, 1989; Grant et al., 1990; Zimmerman
and Church, 2001). Channel steps can be found in biogeoclimatic conditions ranging from arid
deserts (Wohl and Grodeck, 1994) to humid forests (Heede, 1972). Steps in step-pool channels are
formed under relatively low sediment supply conditions (Grant et al., 1990; Montgomery and
Buffington, 1997) during infrequent flood events (20- to 100-yr recurrence intervals; Chin, 1997).
Church (1996) documented that the interlocking channel bed structures of boulders and cobbles
generate stability in step-pool channels. Maita (1996) reported that passing sediment wave through
step-pool channel destroyed and rearranged steps in a headwater channel. Bedrock -steps typically
occur in\bedrock—exposed reaches subject to higher sediment transport events (e.g., flash floods and
mass movement) (Wohl, 2000; Duckson and Duckson, 2001). Sequences of steps and poolé alter the
transport of bed load sediment in headwater channels, because they wedge, jam, and store material
(Whittaker, 1987).

Single and multiple pieces of woody debris contribute to the formatioﬁ of channel steps in
forested streams because woody debris controls local flow direction and channel.roughness,
impounds sediment (Heede, 1972; Woodsmith and Swanson, 1997). Woody debris and log jams alter
the longitudinal profiles of channels by forming steps and pools and modify channel sinuosity and
side channels in low gradient channels (Nakamura and Swanson, 1993). Woody debris typically
stores sediment and alters substrate composition (Smith et al., 1993). Structure and abundance of
channel steps affect biological processes in headwater streams because Channel steps modify flow

velocity, substrate type, and geometry of pools. Organic materials are often stored behind woody

74



debris and boulder dams (Bilby and Likens, 1980). Retention of organic material due to in-channel
obstructions alters community structure and abundance of macroinvertebrates — this in turns modifies
decomposition processes of organic materials (Wallace et al., 1995).

Because timber harvesting and mass movement alter channel and riparian conditions in
forested headwater streams (Sidle et al., 1985), arhount and distribution of woody debris and sediment
in headwater channels are modified with the onset of timber harvesting and mass movement as well
as the recovery processeé (Gomi et al., 2001). Amount of woody debris in headwater streams
significantly increases after timber harvesting due to the recruitment of logging debris (Swanson et
al., 1984, Millard, 2000). Such woody debris remained in channels 40 years after logging (Gomi et
al., 2001). Number of woody debris pieces significantly decreased in scour and runout zones of
landslides and debris flows, because woody debris was transported to the deposition zones. Once
alder regenerated in riparian zones woody debris in these channels gradually increased (Gomi et al.,
2001). Such changes in timing and types of woody debris inputs and their influence on local hydraulic
conditions and sedimentation are expécted to affect reach morphology and the distribution of channel
steps in headwaters. |

Changes in the amount and size of woody debris due timber harvesting and mass movement
directly may alter channel morphology such as channel steps, pools, and channel reach types in
headwater streams (Woodsmith and Buffington, 1996; Rot et al., 2000). Two years after experimental
deforestation, numbers of woody debris dams decreased and subsequently sediment transport
increased in Hubbard Brook Experimental Forest, NH, USA (Hedin et al., 1988). Experimental
removal of woody debris in a forested channel in SE Alaska increased bed load transport (Smith et
al., 1993). In contrast, experimental installation of woody debris created channel steps by trapping
bed load (Wallace et al., 1995). Changes in amount or volume of woody debris may modify channel
reach types. For instance, decreasing the amount of woody debris in stream channels can lead to a
shift from forced step-pool and forced pool-riffle to bedrock and plane-bed reaches, respectively

(Montgomery and Buffington, 1998). Mass movement created bedrock reaches in scour and runout
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zones (Montgomery and Buffington, 1997). However, recruitment of woody debris changes the
distributions of bedrock and alluvial reaches depended on sediment accumulation behind the log jams
(Montgomery et al., 1996).

Because of the close coupling between hillslopes and channels as well as terrestrial and
aquatic environments in headwater systems, the history of timber harvesting and mass movement
related to abundance of woody debris and sediment alter hydrogeomorphic processes and éhannel
morphology at various spatial and temporal scales (Sidle, 2000)l. To understand the geomorphic
responses of headwater channels to external influences such as mass movement and timber
harvesting, and the complex processes which produce them, we investigated channel steps and reach
morphology. The objectives of this study are to (i) describe the sfructure and georﬁetry of channel
steps formed by woody.debris, boulders, aﬁd bedrock among different fnanagernent and disturbance
regimes; (ii) examine the distribution and types of channel reaches related to channel steps; and (iii)
evaluate the effects of timber harvesting and mass movement regimesionl channél steps and reach
morpholog&. In this stuﬁy, channel steps ermed by botﬁ fluvial énd colluvial processeé were

investigated.

3.2. Study site

This study was conducted in the Maybeso Experimental Forest and the adjacent Harris River
basin in the Tongass National Forest, Prince of Wales Island, SE Alaska (Figure 3.1). The climate in
this area is cool and temperate. Mean annual temperature is 10°C and mean annual precipitation is
2800 mm. The basins are U-shaped glacial valleys covered by varying thickness of glacial till.
Dominant forest vegetation includes western hemlock (Tsuga heterophylla), Sitka spruce (Picea
sitchensis), western red cedar (Thuja plicata), and red alder (Alnus rubra); however, rjparian
Vegetaﬁon is highly influenced by past mass movement regimes such as landslides and debris flows.
Maybeso Valley was initially logged in 1953 and logging continued until 1957. Timber harvesting

was conducted from 1959 to 1961 in the Harris River basin. More recent clear-cutting occurred in the
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Harris River basin in 1995 in relatively smaller cut-blocks. All harvesting units were clear-cut using
cable yarding methods on hillslopes. For both recent and past logging activities, logging slash was
neither removed from stream channels nor burned on-site after timber harvesting.

Five types of streams (i.e., ‘treatmgnts’) that reflect the history of timber harvesting and mass
movement in riparian zones of headwater channels were identified within the Maybeso Experimental
Forest and the Harris River basin (Figure 3.1). The five treatments, identified as OG, CC, YC, YA,
and LS, were described based on the dominant riparian stands (species and age). Riparian zones in
old-growth (OG) streams had pristine and mature conifer stands dominated by western hemlock and
red cedar. No riparian overstory vegetation existed along recent (< 3-yr old) clear-cut (CC) channels.
Because of logging activities in 1957, young conifer (YC) stands of westerﬁ hemlock and Sitka
spruce dominated in riparian zones. In sites clear-cut during the same period, but which experienced
landslides and debris flows in 1962 and (or) 1979, young-growth alder (YA) dominated the riparian
zones of headwater streams. Because of recent (1993) landslides and debris flows, unvegetated scour
and deposition zones along with immature (mean diameter 0.03 m and height 2 m) alder stands were
observed in the riparian zone certain chaﬁnels (LS). Details of these disturbaﬁce regimes are
presented by Gomi et al. (2001)' and summarized in Tablel. Resident cutthroat trout (Oncorhynchus
clarki) and Dolly varden (Salvelinus malma) were observed in the study steams with the exception of
the steep upper reaches.

Three headwater streams were examined in each of four headwater channel types (LS, YA,
YC, and CC); four streams were selected in OG channels. Aside from the ‘external’ timber harvesting
and mass movement influences, streams within treatments were selected based on relatively uniform
bankfull widths and gradients among streams, channel continuity from upper to lower reaches, and
perennial flows. Drainage area of the 16 streams ranged from 0.12 to 0.35 km? (Table 3.1). The entire
drainage basins including hillslopes, zero-order basins, and stream channels in LS, YA, YC, and OG

represented the designated treatment types. In the CC treatments, approximately the upper 15% of the
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channel was in old- growth forest due to the smaller cut-block size; this undisturbed reach was
excluded from the survey to identify the characteristics of CC channels.

To evaluate the influence of landslides and debris flows on the channel morphology and
woody debris distribution, both LS and YA streams were divided into upper (scour and runout) and
lower (deposition) sections based on field observations (see Figure 3.2 in Gomi et al., 2001). All
landslides typically mobilized into channelized debris flows that deposited sediment in lower gradient
reaches in LS and YA channels. Debris flows transported sediment and woody debris and formed log
jams in the deposition zones on the valley floor. The lower ends of the deposition zones did not reach
the main channel of Maybeso Creek due to the wide, flat valley bottom. No evidence of recent mass
movement such as scour or deposition was .found in and around YC, CC, and OG streamé. Although a
logging road crossed two CC channels, the effect of the road on the abundance of woody debris and
sediment was not statistically significant (Gomi et al., 2001).

The length of the surveyed headwatefs varied frorﬁ 100 to 400 m among stream types. If
channel profiles and distribution of woody debris and sediment were relatively uniform in the entire
headwater channels (e.g., YC, CC, and OG), shorter reaches (minimum 100 m) were survéyed. We
thus assume that survey sections represent geomorphic characteristics in these streams. In contrast,
distribution of woody debris and sediment as well as channel morphology was measured in longer
sections of LS and YA channels. These longer surveys included zones of scour, runout, and
deposition related to mass movement in the upper and lower reaches of LS and YA, to capture the up-
to downstream transport of sediment and woody debris. Mean channel gradient ranged from 0.09 to
0.45, and mean bankfull width ranged frorfl 0.6 to 3.7 m (Table 3.1). Elevations from lower to upper
ends of the study streams ranged from 80 to 270 min YA and LS; in YC, CC, and OG eievations

ranged from 150 to 330 m.
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3.3. Methodolégy
Field méthods

Fifteen streams, 100 to 400 m in length, were intensively surveyed during the period from
June to August 1998. An additional OG channel was surveyed in July 1999, as it was selected for
monitoring bed load and suspended movement. Stream gradients were surveyed using an engineer’s
level, stadia rod, and tapes along the centerline of the channels. Stream elevation was measured at 5-
m intervals and at any steps = 0.1 m of vertical height that spanned the channel. For example the
upper and lower boundaries of log, boulder, and bedrock steps were surveyed. Exposed bedrock
length and its position in the channels were measured. The wetted and bankfull width of the stream
was measured every 5 m. Bankfull width was defined by the presence of moss and rooted vegetation
along tl'vle-channe.l margins and the top of the banks. Riparian stand structure was measured in 10 x 10
m plots along the stream edgé for each SOTm reach; plot positions — both longitudinal and left/right
side of channel - were randomly selected for each 50-m reach. All live trees = 0.1 m diameter at
breast height (DBH) were tallied and the species composition was documented.

Headwater streams were categorized in three hierarchical levels: headwater segment, channel
reach, and channel unit (Frissell et al., 1986). A headwater segment is an entire headwater channel
typically, 100 to 1000 m in length. A channel reach exhibits a more homogenous pattern of channel
bed form over a defined stream length. Relatively uniform hydrologic and geomorphic processes
govern within channel reaches (Frissell et al., 1986). A channel unit is a subsystem of a channel reach
varying from 1 to 10 m in length (up to several channel widths in length) (Montgomery and
Buffington, 1998). While pools and riffles are the major channel units in low gradient channels,
channel steps dominate in headwater streams (Chin, 1989). This study particularly focuses on channel
réach morphology and channel steps in headwater streams.

For channel steps, height and interval length were measured. Step heights were estimated as _

the vertical distance between the top and bottom of slope breaks higher than 0.1 m. Step interval
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length was the calculated distance between the tops of steps parallel to mean channel gradient (Figure
3.2). Because local channel gradient and bankfull width are reiated to the step geometry (e.g.,
Chartrand and Whiting, 2000), mean channel gradient and bankfull width were calculated for
consecutive 20-m reaches. A 20-m reach length was' deemed suitable to characterize step
morphology. The organic debris that contributes to formation of steps was divided into woody debris
and fine organic debris (FOD). FOD was typically an accumulation of leaves and small branches.
Woody debris was further categorized as (i) large woody debris (LWD) with pieces > 0.5 m in length
and > 0.1 m in diameter and (ii) fine woody debris (FWD) with pieces > 0.5 m in length and 0.03 to
0.1 m in diameter. Channel steps were then classified as LWD, FWD, FOD, boulder, and bedrock
steps based on the primary forming element of each step.

To quantify the characteristics of LWD, the following properties were measured: in-channel,
bankfull and total lengths, diameter, longitudinal position, and orientation. In-channel length was
defined as the poftion of the LWD piece l‘ocated within the wetted channel for low flow conditions.
Bankfull length was defined as the portion of LWD pieces within bankfull width. Total lengths were
measured for entire pieces of LWD including terrestrial portions. The diameter at the middle of each
piece of woody debris (within bankfull length) was recorded. In-channel and bankfull volume
components of LWD (m®: V) were calculated as follows:

V =nx(D/2)*xL [1]
where D and L are the diameter and appropriate length, respectively. Orientation of LWD was
measured related to a line parallel to the channel axis to determine the degree of interaction of LWD
pieces with the stream. Both left- (+) and right- (-) hand orientation of LWD from 0° to 90° were
recorded within +5° intervals. FWD was surveyed with respect to channél position and number of
pieces. Volumes of FOD were categorized as small (< 0.01 m®), medium (0.01 to 0.1 m’), and large

(= 0.1 m®), where FOD accumulations contributed to and/or formed a sediment wedge.
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Consecutive 20-m reaches _weré classified into the following types based on field
observations and survey data: bedrock, cascades, step-pools, step-steps, rapids, and pool-riffles (Table
3.2; Figure 3.2). Instead of morphologic brakes, we employed fixed 20 m reaches (approximately 10
times bankfull width: Frissell et a]., 1986) to conduct statistical analyses for nu'mber and distribution
of channel reach types among treatments. The dominant reach type was selected if several reach types
were mixed within 20 m reaches. Characteristics of bedrock, cascade, step-pool, and pool-riffle
reaches were based on the classification of Montgomery and Buffington (1997) (Table 3.2). The term
“rapids” (introduced by Zimmerman and Church (2001)) was used to avoid confusion arising from
the established use of the term “plane-bed” (Montgomery and Buffungton, 1997) (Table 3.2; Figure
3.2). One notable variation in this paper from the typologies of Montgomery and Buffington (1997)
and Zimmerman and Church (2001), is the term “step-step” uéed to explain a varataion of step pools;
we hypothesis increases woody debris and sediment alter step interval and pool depth. In step-step
reaches, channel steps formed by boulders and logs are geometrically organized and span channels;
however, defined pools are not formed between steps. Similar to step-pools defined by Montgomery
and Buffington (1997), materials at the bottom steps in step-step reaches are sorted and are finer than
step forming materials. In cascade rbeaches‘, however, step-forming materials are relatively
disorganized and mate;ials at the bottom steps are not finer; this is critical for distinguishiﬁg between

cascades and step-step reaches (Table 3.2; Figure 3.2).

Statistical methods

Three levels of hierarchical structure were included in the statistical analysis: treatment,
individual streams within treatment, and 20-m consecutive reaches within individual streams. It was
not possible to randomly sample streams in the study landscape because treatments were dictated by
external geomorphic factors (i.e., upper and lower reaches of YA and LS), management éffects (ie.,
YC and CC) and natural conditions (i.e., OG). Therefore, a mixed-effect procedure was used to assess

the treatment effect. A fixed model of treatment effects was employed in this observational study (LS,
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YA, YC, CC, and OG), while streams within treatment (1, 2, 3, and 4) were considered to be random
factors. Consecutive 20-m reaches from all 16 streams were included. Because consecutive 20-m
reaches might be correlated with each other, repeated measurement effects were also incorporated to
the statistical model.

The PROC MIXED procedure of SAS (version 8) was used for analyzing the mixed-effects
model (Littell et al., 1999). This procedure permits the inclusion of an unequal number of samples
(i.e., 20-m reaches) and streams (e.g., OG). For analysis of step geometry, both mean interval lengths
and heights of steps in the 20-m reaches were examined for treatment effects. Number of LWD and
FWD steps (i.e. classified by primary forming element) and number of LWD and FWD pieces per
step in the 20-m reaches were examined. Stream gradient and mean bankfull width were used as
covariate terms in the statistical models. If iﬁteraction terms such as &eatment x stream gfadient or
treatment x bankfull width were significant in ;che mixed-effect anélysis of covariance (ANCOVA),
correlation between the dependent variables and stream gradient and bankfull width were assessed. If
interaction terms were not significant, the mixed-effect ANCOVA, including treatment and two
covariate effects, was conducted to assess treatment effects (Neter et al., 1996). Then, if treatment
effects were significant, Bonferroni multipie comparisons were conducted to estimate the differences
among treatments. Additionally, differences in height of LWD steps am(;ng treatments were also
analyzed by ANCOVA using channel gradient, bankfull width, the number of LWD and FWD pieces
and volume of in-channel LWD per 20-m reach as covariate terms. Two-way analysis of variance
(ANOVA) was used to determine the effects of channel reach types, treatments, and channel reach
type x treatment interaction on interval length and height of steps, number of woody debris pieces,
and number of steps formed by woody debris. A significance level of o = 0.05 was used for all
statistical analyses. All variables in this study were log-transformed to meet the éssumptions of

normality and variance equality.
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A truly randomized statistical design in this observational study is difficult to employ because
of the limited numbers of certain stream types in the area. The required size and largely perennial
nature of the headwater systems as well as the need to ensure continuity of processes within each
system limited our choices of streams in the landscape. Because of difficulties in selecting appropriate
variables, observational data does not always provide adequate information on cause and effect
relationships in statistical analyses (Neter et al., 1996). However, because the importance of variables
in our statistical models was previously demonstrated in the other studies, we rely on the robustness
of statistical procedure and inferences of the analysis. To further support our approach and inferences,
we note that the laﬁdscape from which the streams were selected has basically uniform lithology,
soils, climate, hydrological processes, vegetation, and geomorphic processes (i.e., glaciation and
deposition of till). Aside from the obvious external management and geomorphic perturbations that
dictated the conditions in the LS, YA, YC, CC, and OG channels, the original landscape and climate
was approximately uniform; this should minimize any confounding effect of the landscape (i.e.,

selection bias).

3.4. Results and discussion

3.4.1. Characteristics of woody debris and channel steps

The amount and distribution of woody debris and sediment significantly differed among
treatments (Gomi et al., 2001). For instance, numbers of in-channel LWD in the YC and CC channels
were significantly larger than those in LS, YA, and OG channels (Table 3.1). Recruitment of logging
slash during and after timber harvesting increased the amount of woody debris in the CC and YC
streams, although Bilby and Ward (1990) found that the amount of woody debris decreased in
managed forest streams in Washington. Free felling of timber without riparian buffer zones may
increase the recruitment of logging slash (Swanson et al., 1984). Numbers of FWD in the scour and
run out zones of landslides and debris flows in LS and YA channels were significantly lower

compared to other streams because landslides and debris flows transported woody debris (Table 3.1).
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Relatively higher amounts of sediment were deposited in LS and YA channels compared to CC, YC
and OG channels (Gomi et al., 2001). In the YA and CC channels, only numbers of FWD were
significantly correlated to sediment volume stored behind woody debris, while both humbers of LWD
and FWD were significantly correlated to volume of sediment in OG channels. In YC channels, the
number of LWD significantly altered the volume of sediment, while both numbers and volumes of
LWD modified the volume of sediment stored behind woody debris (Gomi et al., 2001).

The differences in amount of woody debris and sediment may modify the numbers and types
of channel steps. In each treatment, mean height of channel steps ranged from 0.24 to 0.65 m and
mean interval length ranged from 2.81 to 9.22 m (Table 3.3). Mean step interval lengths ranged from
1.8 to 7.7 times bankfull width. The mean number of steps per 100 m was highest in CC ‘channels-
(28.3 to 53.5) and lowest in upper LS channels (9.5 to 21.3). Although Bilby énd Ward (199'1) noted
that diameters of LWD tﬂat formed steps in old gro§vth channels were significantly greater compared
to those in second growth and clear-cut channels, we did not identify such differences in stéps among
YC (0.29 m), CC (0.27 m), and OG (0.26 m). .Because the diameter of our old-growth riparian stands
was small cdmpared to many other old-growth sites in SE Alaska, LWD pieces .in OG channels had
relatively small diameters and volumes (Gomi et al., 2001).

Formation materials of channel s;[ep.s may ‘also relate to differences in the amoﬁnts and types
of woody debris among treatménts. Single elements (LWD, FWD, FOD, or boulders) formed 45% of
all steps, while 55% of the steps were formed by two or more elements. The percentage of steps
formed by LWD was similar among the CC, YC and OG channels (Table 3.3), whereas Bilby aﬁd
Ward (1991) observed that the percentage of steps formed by LWD in old-growth channels in
Washington was significantly higher than in second-growth and clear-cut channels. Because large
amounts of logging slash were recruited during and after timber harvesting, CC channels had more
steps formed by FWD. LWD and FWD in the upper LS and YA éhannels formed only 23 and 39% of
the steps compared to 55% in lower LS and 53% in lower YA channels (Table 3.3) due to the

evacuation of woody debris pieces and boulders from upper reaches during landslides and debris
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flows. A larger percentage (54%) of the steps formed of LWD were oriented perpendicular to or at an
angle > 45° (relative to channels); the remaining 46% of steps formed by LWD were oriented at an
angle < 45° relative to the channels. Because channels are narrow, a range of LWD orientations can
effectively store sediment and form channel steps.

Treatment effects were significant for several characteristics of step structure, including step
interval, number of LWD and FWD steps, and number of FWD pieces per step. However, the
interpretation of these treatment effects is complicated by the fact that treatment x channel gradient
interaction terms were also significant for all these variables, even though none of th'em were
significantly associated with channel gradient alohe (Table 3.4). The relationships between step
interval length and channel gradient among treatments is discussed in the next section. In contrast to
step interval, step height did not significantly vary among treatments, but did vary with channel
gradient (p < 0.001) and bankfull width (p < 0.001). Height and interval length of steps were weakly
correlated in our study (r = 0.20,.p = 0.004) compared to strong correlations found by Chatrand and
Whiting (2000). The number of LWD pieces per step also did not vary significantly among treatments

(p = 0.12), but did vary with bankfull width (p = 0.026, Table 3.4).

3.4.2. Length of step interval

Correlations between interval lengths of all steps and channel gradients may differ among
treatments because treatment x cﬁannel gradient interactions (F = 4.06, p = 0.001) were significant
(Table 3.4). Correlations between step inteﬁal length and channel gradient were only significant in
OG (r=-0.63, p=0.001), lower LS (r=-0.61, p <0.001), and upper LS (r = 0.39, p = 0.038). Similar
to findings in OG and lower LS channels, negative correlations between length of step intervals and
channel gradients were also observed in Oregon coastal streams (Heede, 1972). Whittaker (1987)
estimated an exponential relétionship between channel gradient (S: m/m) and length of step intervals

(L: m) in mountain streams:
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L=0.31S """ R>=0.68) (2]

In both LS and OG channels, we also found a negative exponential relationship in channels with a
gradient < 0.25 (Figure 3.3): _

OG channel (gradient < 0.25): L =0.80 S % (R* = 0.58, p = 0.006) {3]

LS channel (gradient < 0.25): L=1.90 S % (R*=0.49, p<0.001) [4]
Data from upper and lower reaches of LS channels were pooled for this analysis. Steé height did not
contribute significantly to these relationships based on stepwise variable selection. Smaller exponents
in Egs. 3 and 4 than in Eq. 2 may relate to different substrate sizes, availability of large roughness
elements, flow regimes, downstream fining processes, and geology among the systems (Heede, 1972;
Chin, 1999). Although multiple correlation coefficients (R*) and equation exponents differed from
those reported by Whittaker (1987), the three equations did not differ statistically based on 95 %
confidence inteﬁals estimated for our data.

Contrary to our findings, previous studies showed weaker correlations between step interval
length and channel gradient as well as different coefficients and exponents (Chin, 1999; Chartrand
and Whiting, 2000; Duckson and Duckson, 2001). Abrahams et al. (1995) did not find significant
correlations between channel gradient and step-interval length. Tﬁe differences between our findings
and the previous studies méy relate to d{fferent definitions of channel steps (e.g., falls, steps, gravel
bars) (Chin, 1989). Moreover, because previous studies mainly focused on step-pool streams, the
ranges of gradiénts were typically much smaller (0.03 to 0.15; e.g., Chin, 1999; Chartrand and
Whiting, 2000) compared to our headwater channels. No re.gular spacing of steps and pools was
observed in a headwater stream (gradient < 0.18) in the Okanagan Valley, British Columbia
(Zimmermann and Church, 2001). Wohl and Grodeck (1994) found that Eq. 2 best approximated the
relationship between channel gradient and step interval length over a wide range of channel gradients.

The relations between the lengths of step inteﬁals and channel gradients were only
significant for undisturbed (i.e. OG channels) and extremely disturbe‘d (i.e. LS channels) strearhs with

< 0.25 gradient (Figure 3.3). Even though the woody debris was randomly recruited into the channels,
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fluvial processes may gradually arrange step intervals with respect to channel gradient in undisturbed
(OG) channels. In contrast, catastrophic landslides and debris flows can rearrange the interval length
of steps in deposition zones of LS channels. For instance, channel aggradation due to sediment
deposition behind log jams may destroy or rearrange channel steps as well as alter channel flow
direction. We found that gradient is an important variable that modifies step interval length in LS and
OG channels with < 0.25 gradient. Howevef, smaller substrate size and increasing discharge typically
accompany decreasing gradient along channels. Control processes of step-interval length may also be
associated with substrate size and stream discharge.

Two possible explanations that we could not found the relationships between step interval
lengths and channel gradient in CC, YC and YA channels were; rangeé of gradient in studied
channels and effects of additionai woody deBris recruitment. Because ranges of channel gradient in
studied reaches in CC tended to be smaller and steeper than those in LS and OG, colluvial processes
may govern most of the study reaches in CC channels (Table 3.1). LWD and FWD recruited from
logging slash and regenerating riparian stands may contribute to formation of steps. Because channel
width ranged from 0.8 to 1.9 m, logging slash has not been transported and appears to form steps
more randomly in headwater channels. Regeneration of alder in riparian zones of YA and subsequent
rec.ruitment of woody debris may also affect more random distribution of steps. Thus, clear
exponential relations _betWeen the length of step intervals and channel gradients were not detected in
CC, YC, and YA streams that had disturbances intermediate in nature between OG (undisturbed) and
LS (recent landslide and debris flow disturbances).

Channels with gradient > 0.25 in our OG and LS systems had no clear relations between step
interval length and channel gradient. Step-interval lengths in steep OG channels were more constant. .
Wohl and Grodeck (1994) also found that step interval length was constant in steep channels (> 0.20)

of desert streams. Distribution of step intervals in LS channels (= 0.25) was more random because of

extensive bedrock control (Figure 3.3). Although the energy gradient is higher in steeper channels (>
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0.25), unit discharge in such channels is not sufficient to rearrange the relationships between step
interval length and channel gradient. Thus colluvial processes appear to govern the formation of steps
through delivery of immobile roughness elements. Wood and sediment are recruited by gravitational
processes and are not redistributed through the systems except in channels impacted by mass
movement. While the relationship between channel gradient and step interval length in ;hannels <

0.25 steep may be due to hydraulic constraints (fluvial processes), steps in steeper channels (= 0.25)

were controlled by gravitational (colluvial processes) and geological factors (bedrock control).

3.4.3. Height of steps

Step height may relate to various attributes such as diameter of step forming boulders
(Chartrand and Whiting, 2000), diameter of LWD (Wohl et al., 1997), and channel gradient (Chin,
1999). Cumulative (F = 4.23, p = 0.012) and mean (F = 5.79, p < 0.001) height significantly differed
among treatments for LWD steps. Mean and cumulative step heights in lower LS and YA channels
were significantly smaller compared to those in CC channels. Because step heights for all step types
combined were significantly correlated to channel gradient (Table 3.4), the differences in step height
between both lower LS/Y A and CC channels may relate to channel gradient rather than treatment
effects. Since the height of channel steps may be related to channel gradient (Wohl and Grodek, 1994;
Chin, 1999), gentler gradients in lower LS and YA channels had smaller means and cumulative
heights of channel steps than steeper CC channels. Volumes and numbers of in-channel LWD as well
as numbers of FWD were significant covariate terms in the model that explained hlean heights of
LWD steps. Even though Wohl et al. (1997) found relations between step heights and log diameters,
diameters of LWD pieces did not correlate to the heights of steps in our stﬁdy. Similarly, boulder size
was significantly correlated to step height in step-pool channels (Wohl et al., 1997; Chartrand and
Whiting, 2000). Because our study streams included several types of channel reaches (e.g., step-pool
and cascades), substrate, channel morphology, and flow conditions were likely more variable. Thus,

clear relationships between step height and wood and boulder size were not found.
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3.4.4. Channel steps and reach morphology’

Geomorphic processes that dominate at the reach scale are classified as fluvial or colluvial,
based on relationships between step interval length and channel gradiént in our streams (Figure 3.3)
as well as relationships between drainage area and reach gradient in Finney Creek watershed,
Washington (see Figure 5 in Montgomery and Buffington, 1997). Montgomery and Buffington
(1997) noted that fluvial reaches occurred where channel gradients were < 0.2 to 0.3; such patterns
also occurred in other streams in Oregon and Washington. Our study noted a significant relationship
between step interval length and channel gradient for gradients < 0.25 (Figure 3.3). A gradient of 0.25
appeared suitable for separating colluvial and fluvial dominated reaches in our study streams. Thus,
reach types were evaluated separately for colluvial (gradient > 0.25) and fluvial (< 0.25) portions of
channels.

Differences in colluvial and fluvial domination may imply differences in th.e formation of
channel steps: this alters the distribution and types of reaches. Fluvial processes dominated in pool-
riffle and step-pool reaches (Table 3.5). Pool-riffle reaches only occurred in lower reaches of LS
channels. Colluvial processes bnly dominated in bedrock reaches of our streams, although
Montgomery and Buffington (1997) found bedroc;k reaches in both colluvial and fluvial reacheé.
Bedrock, rapids, colluvial cascades and step-step reaches had greater ranges of channel gradient
compared to other reach types (Table 3.5). Cascades, step-step, and rapid reaches had both fluvial and
colluvial forms. Therefore, both colluvial and fluvial processes may govern formation of cascades,
step-step, and rapid reaches. Step-step reaches appear to be transitional between cascades and step-
pools with respect to gradient and field observation (Table 3.5).

Channel steps formed by boulders and logs were the major channel roughness features in
step-pool, step-step, and cascade reaches. No steps were found in pool-riffle feaches, while few steps
were observed in rapids (Table 3.5). Because of the absence of colluvial and fluvial materials,

exposed bedrock formed steps in bedrock reaches. Although material can temporarily be stored on
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exposed bedrock steps, such steps may be unstable due to greater slope gradient and basal shear stress
with the excei)tion of steps formed by woody debris pieces (Montgomery et al., 1996). Step intervals
among reach types varied significantly (F = 6.6, p < 0.001); interval length of steps in step-pools and
step-steps were longer than in cascade reaches. However, no statistical differences in step interval
lengths were found between step-step and step-pools. Mean step intervals in step-pool and fluvial
step-step channels were 3.3 and 3.5 times bankfull width, respectively. In contrast, mean step
intervals in fluvial cascade channels were only 1.4 times bankfull width. Because channel steps were
observed in both colluvial and fluvial dominated reaches, both colluvial and fluvial processes likely
contribute to the formation of steps.

Step heights of step-step and cascade reaches were significantly greater than in rapids (F =
9.3, p <0.003). Numbers of in-channel LWD and FWD did not statistically differ among reaches,
although the lowest numbers of LWD aﬁd FWD were found in bedfock channels. The highest
percentages of number of steps formed by LWD were in colluvial (59%) and fluvial (54%) reaches of
cascades (Table 3.5). | |

Height (H) and interval length (L) of steps and channel gradient (S) have Was examined for
the characteristics step-pool reacheé. Well-defined step-p061 reaches were observed when (H/L)/S
ranged ﬁom 1.0 ‘to 2.0 based on field and laboratory experiments (Abrahams et al., 1995). Chin
(1999), Chartland and Whiting (2000), and Wohl (2000) noted that distinguishable steps-pool reaches
were developed with (H/L)/S > 1.0. Lenzi (2001) found that (H/L)/S decreased from 1.30 to 0.79
after a large flood event with a recurrence interval of k30-50 yr and noted that this change was
associated with a disorganized pattern of step-pool morphology due to deformation of step structures.
Mean (H/L)/S per 20 m in step-pool reacﬁes of our s&earﬁs was only 0.72 (ranging from 0.22 to 2.61);
pools and steps in these step-pool reaches appear to be poorly developed. Thus, a larger (H/L)/S ratio
is associated with organized patterns of steps and deeper pools and may imply more competent flow.

Well-developed step-pool channels are typically formed in sediment-limited conditions (Grant et al.,
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1990; Montgomery and Buffington, 1997; Chin, 1999). Thus, the smaller (H/L)/S values in our study

may reﬂect more flow-limited conditions and higher supplies of sediment needed to fill the pools.

3.4.5. Distribution of channel reach types

Timber harvesting and mass movement may alter the distribution of reach types in headwater
streams. Although differences in reach types were not significant among treatments based on 2-way
ANOVA, percentages of dominant channel reach types differed among treatments and between
gentler (fluvial) and steeper (colluvial) channel gradients (Figure 3.4). Pool-riffle reaches were only
found in the lower sections of LS streams (< 0.25). In upper LS and YA channels (= 0.25), 74 and
52% of the réaches were classified as bedrock, respectively. The more extensive bedrock reaches in
LS channels likely rélate the shorter time period since last mass movement and for the recruitment of
woody debris and sediment compared to YA channels. In steeper reaches of OG, CC, and YC
channels, 54 to 77% of reaches were classified as step-steps. Step-pool reaches dominated in oG
channels with gradients < 0.25, but no step-pool reaches were observedv in similar CC channels, which
consisted entirely of step-step reaches (Figure 3.4). Despite the different percentages of reach types
among treatments, each treatment had a different range of channel gradients; thus, this result is
conservative.

| In each treatment, do§vnstream changes in reach types were observed as noted by
Montgomery and Buffington (1997). Because the amount and distribution of woody debris varied,
downstream progression of channel reach types may also differ among treatments. In old-growth
channels, cascade, step-step, step-pool, and pool-riffle reaches were sequentially distributed from
upper to lower headwater channels (Figure 3.5A). Rapids occurred between the other reach types
possibly reflecting local control of channel gradient, discharge, sediment supply, and bedrock
lithology. Due to scour and mﬁ-out during landslides and debris flows in the LS and YA channels,
bedrock and cascade reaches were located in the uppermost parts of headwaters (Figure 3.5B).

Subsequently, step-step, step-pool, and pool-riffle reaches were observed in the middle and lower
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portions of headwaters depending on the location of the sediment deposition zone. Because
recruitment of woody debris due to riparian regeneration increased the volume of in-channel LWD in
upper YA (3.8 m’/100m) compared to recruitment in upper LS channels (0.5 m*/100m) (Gomi et al.,
2001), the percentage of step-step reaches increased in steep (= 0.25) YA channels compared to LS
(Figure 3.5). Such changes in recruitment of woody debris may induce alter bedrock reaches to step-
step and other reach types (Montgomery et al., 1996).

Although a limited range of channel gradient was encountered in CC channels, we inferred
that low gradient CC channels may shift from step-pool to step-step channels. Because logging debris
in headwater streams is typically immobile except during landslides and debris flows (Millard, 2000),
it may create steps and buttress significant amounts of sediment. In additién, increases in sediment
supply may lead to a shift from step-step to step-pool channels, because the excess supply of sediment
may fill pools. Although the effects of logging road that crossed CC 1 and CC 2 channels on amount
of woody debris and sediment was not statistically detectable (Gomi et al., 2001), surface erosion
from the road surface and ditch may producé sediment. We also observed small bank failures and
evidence of soil creep along CC channels. Small to moderate changes in geomorphic and hydrologic
processes can alter channel reach types (Montgomery and Buffington, 1997). Thus, in logged streams
(CC and YC), step-step reaches were found in long spans of headwater channels at lower channel
gradients (Figure 3.5C). Distribution of channel reach types is strongly affected by the amount of
woody debris loading, sediment supply, transport, and sorting processes related to flow éeneration in

headwater streams (Montgomery and Bufﬁngtoﬁ, 1997; Rot et al., 2000).

3.4.6. Effects of timber harvesting and mass movement

Channel unit scale

Differences in the amount of LWD and FWD and in-stream function of woody debris for
storing sediment appeared to alter the formation of channel steps among treatments. Numbers of steps

and total height of steps in the CC channels may increase due to greater woody debris recruitment
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(Table 3.1 and 3.2). Because different types of woody debris (LWD and FWD) determine the volume
of sediment storage among treatments (Gomi et al., 2001), different types of woody and organic
debris may contribute differently to formation of channel steps. These differences are important in
relation to the stability of channel steps. Large woody debris steps may be stable for 50 to 200 years
(Harmon et al., 1986) unless the entire headwater system is impacted by landslides and debris flows;
however FWD and FOD steps are much more gnstable (e.g., Millard, 2000).

Changes in number and structure of steps formed by woody debris are associated with long-
term recruitment of wood from riparian stands. Likens and Bilby (1982) noted that regeneration of
deciduous alder and subsequent coniferous stands in riparian zones after logging altered the number
of woody debris dams in channels. In our study, mean diameter at breast height (DBH) of trees in
riparian zones was larger than the mean diameter of LWD steps in OG systems (Figure 3.6), although
the diameters of LWD pieces did not strictly represent DBH of LWD pieces. In contrast, mean DBH
of riparian stands was smaller than diameters of LWD in steps of LS, YA, and YC channels (Figure
3.6), even though the YA and YC riparian stands regenerated for 30 to 40 yr after timber harvesting
and mass movement. Steps formed by LWD with diameters larger than riparian DBH represent
legacies from previous old-growth stands. Smaller woody debris and deciduous wood (alder)
décompose and fragment rapidl); (Harmon ét él., 1986). This breakdown alters the stability of steps as
well aé sediment storage. Potential woody debris from old-grow_th riparian zones will remain larger
diameter and may reside in channels for longer periods comparted to the other treatremsnts, because
of the large DBH of riparian stands.

The effect of woody debris on channel geomorphblogy largely depends on biogeoclimatic
factors. For instance, woody debris had little influence on channel morphology in streams of Sierra
Nevada, CA, USA (bankfull width ranged from 2.1 to 7.5 m), because the size of woody debris were
small relative to channel dimensions (Berg et al., 1998). Channel steps in such systems are more
likely controlled by boulders and cobbles instead of woody debris. Thus, the effects of timber

harvesting and disturbance in such streams may be different than in our streams.
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Channel reach scales

In hierarchical stream ecosystems, changes in the larger-scale system will affect the structure
of smaller-scale systems (Frissell et al., 1986). Management and disturbance regimes in headwater
streams also alter channel morphology at different hierarchical levels of stream ecosystems (Figure
3.7). Longitudinal profiles of headwater segments in SE Alaska are typically concave with steep
upper reaches and gentle lower reaches because of glaciation. Sediment deposition from landslides
and debris flows typically occurs before headwater channels enter major rivers due to the lower
channel gradient in the bottom of U-shaped valleys (Gomi et al., 2001). The locations of scour,
runout, and deposition during and immediately following mass movement alter channel reach types
(Montgomery and Buffington, 1997). For instance, bedrock reaches were typically located in scour
and runout zones of landslides and debris flows. Cascade, step-étep, énd stef)-pool reaches were
rearranged in the deposition zone of debris flows. Such rearrangement of channel reéch types also
modifies distribution and structure of channel steps (Figure 3.7).

Changes in the recruitment of woody debris affect the number of channel steps and reach
types. Because in-channel woody debris alters substrate size and channel morphology (Woodsmith
and Buffington, 1996), decreasing the woody debris loading can increase pool spacing and shift step-
pool and step-step reaches to plane-bed and bedrock reaches (Montgomery and Buffington, 1998). In
contrast, step-pool channels possibly shift to step-step and cascade reaches if channel roughness
increases, thus storing more sediment and impeding the creation of pools due to recruitment of
logging slash. However, for longer periods, such logging slash decays and has little influential on the
formation of steps. Woody debris recruitment from regenerating riparian alder stands promotes the
shift from bedrock to cascade and step-step reaches.

In conjunction to changes in amount of woody débris, changes in sediment supply modify the
distribution and types of steps and channel reaches. Because of supply-limited condition for sediment,

bedrock channels did not convert to forced pool-riffle channels despite loading of LWD in streams of
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the Cascade Range in Washington (Rot et al., 2000). Thus, the presence of woody debris, due to
timber harvesting and riparian stand regencratioﬁ, is one element that influences headwater channels;
time, sediment supply and size of streams are also important for understanding cause and response to
timber harvesting and mass movement. Consequently, changes in the recruitment of woody debris
and sediment alter the number and types of channel steps, and subsequently modify channel reach
types (Figure 3.7). Channel steps can be controlled by chronic woody debris inputs (e.g., riparian
regeneration and bank erosion), and transport and accumulation of woody debris during episodic

events (e.g., mass movements).

3.5. Summary and conclusion

External influences sucfl as the history of timber harvesting and mass movement modified
channel steps and reach morphology m headwater streams. Both woody debris and sediment supply
are important for the formation of channel steps and reach types. For undisturbed conditions (OG)
with gradients < 0.25, step interval length énd channel gradient followed an exponential relationship
attributed to fluvial processes. Channel steps were arranged with exponential relatioﬁship to channel
gradient for long term unciisturbed conditions. Exponential relationships between channel gradient
and step interval length wére also significant in stream channels with recent landslides and debris
flows with gradients < 0.25 (LS). Location of scour, runout, and deposition of sediment and woody
debris from landslides and debris flows modified the distribution of reach types and the structure of
steps within reaches. Although ranges in chaﬁnel gradient were limited, woody debris recruitment
from logging in CC and YC channels and from alder stands in YA channels affects channel steps and
reach morphology. Because such woody debris is typically immobile in narrow channels (Millard,
2000), woody debris pieces creates channel obstructions such as steps and alter sediment movement.
In addition, sediment supply may also contribute tov step formation and alter channel morphqlogy.

Thus, woody debris recruited by logging and riparian stands modified channel reach types by forming

steps.




Processes for the formation of channel steps have been discussed in other studies (Whittaker,
1987; Abrahams et al., 1995; Zimmermann and Church, 2001). Our preliminary results show the
amount of woody debris and sediment are important factors in characterizing channel steps and
altering reach morphology. Changes in the amount of woody debris and sediment, which relate to
mass movement and timber harvest history and their recovery processes, alter the spatial and temporal
formation of channel steps and distribution of reach morphology. Such variations are important
factors controlling the dynamics of sediment, water, nutrients, and organic matter in headwater
channels (Sidle et al., 2000). Recently the role and linkages of headwater systems in the restoration
and management of downstream reaches has attracted more attention (Sidle, 2000). Studies of timber
harvesting and mass movement effects oﬁ various channel morphology in headwater streams will |

provide information needed for the conservation and management of major stream systems.
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Table 3.3 Characteristics of channel steps.

Number of  Mean Mean Percentage E’lv?l%n numtber of
Steps per height interval of per step
10(;Jmp of sgt]ep steps (m) sLt\:avp[; F::V(\;B/ B:tl;lgs r B:gg;: K primary formed by
(m) , stops . LWD
LS1 Upper- 9.5 0.4 56 0 0 36 64 0
LS1 Lower 125 0.3 7.8 52 18 26 0 1.4
LS2 Upper 21.3 0.5 48 19 0 56 22 1.3
LS2 Lower 124 0.4 85 - 46 12 42 0 3.5
LS3 Upper 13.0 0.5 6.6 29 13 37 21 1.6
_LS3Llower 106 __________ 05 ... 10.7 .. 38 5 54 O ] 35 ...
YA1 Upper 16.7 0.6 57 17 28 39 17 1.0
YA1 Lower 17.0 0.5 59 59 12 18 12 2.0
YA2 Upper 13.8 0.4 4.8 23 41 36 0 1.1
YA2 Lower 18.4 0.2 4.8 30 20 40 10 1.2
YA3 Upper  20.0 0.4 48 23 23 30 23 16
_YA3lower_ 193 _________ 04 . 34 45 ] A Y S O 24
YC1 14.7 0.5 6.2 42 9 44 [0} 1.2
YC2 11.0 0.5 5.0 18 18 64 0 1.0
LYG3 A8 0.5 .. 47,338 . U . S 8
CC1 53.5 0.4 3.5 36 30 34 0 1.9
CC2 45.8 0.5 3.8 39 33 25 0 1.6
CC3 .. 284 . 0.5 ______. 39 . 34 . 36, ... 35 O 15 ...
0G1 21.3 0.4 4.4 22 16 44 19 1.4
0G2 24.0 0.4 4.1 24 28 28 20 1.3
0G3 12.0 0.3 7.8 46 25 25 4 2.1
0G4 34.5 0.4 2.9 41 10 44 1 1.6

Note: see Table 1 for description of treatments.

99




Table 3.4 Summary of mixed effect ANCOVA for the geometry and structures of steps.

Treatment  Stream gradient (S) Bankfull width TxS
(M

Step interval F 4.40 0.01 Not significant 4.06

P-value <0.01 0.94 <0.01
Step height F 0.35 28.70 15.28 Not significant

P-value 0.90 <0.01 <0.01
Number of LWD F 6.20 0.01 Not significant 6.56
steps P-value <0.01 0.99 <0.01
Number of F 3.17 1.69 Not significant 3.7
FWD steps P-value <0.01 0.20 <0.01
Number of LWD F 1.75 Not significant 5.13 Not significant
pieces per P-value 0.12 0.03
steps
Number of F 2.51 0.92 Not significant 3.10
FWD pieces per P-value 0.03 0.34 0.01

steps

Note: Significant p-values are listed in bold italics.
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— Prince of Wales Island

1392m,  Maybeso Experjmental Forest X
[} \

0 5Km

Figure 3.1 Location of study sites in headwater streams of Maybeso
Experimental Forest and the Harris river basin. Broken line shows watershed
boundary. See Table 1 for definition of the treatment codes.
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Figure 3.2 Schematic profiles of channel reach types.
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Figure 3.3 Mean length of step intervals in relation to channel gradient for 20m reaches in
OG and LS channels. Channels with gradient lower than 0.25 were dominated by fluvial
processes, and have significant exponential relations between step interval length and
channel gradient.
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Figure 3.4 Percentages of channel reach types among treatments as well as
between fluvial and colluvial domination.
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Figure 3.5 Schematic longitudinal profile showing the distribution of channel reaches in
three types of headwater streams: A) an undisturbed channel; B) a landslides/debris flow
channel; and C) a logged channel.

105




Average DBH of riparian stands (m)

Figure 3.6 Relationships between riparian stands DBH and step LWD
diameters. Dashed line shows equal diameter of LWD in steps and
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Figure 3.7 Effect of management and disturbance regimes on geomorphic attributes in
headwater streams. Landslides and debris flows modify channel reach types and then
alter channel steps. In contrast, timber harvesting alters channel steps and then modifies
channel reach types.
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Chapter 4

Bedload and suspended sediment transport
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4.1. Introduction

Headwater streams are the primary sources of sediment within most channel networks.
Because the total area of headwater systems comprises the major portion of a watershed, sediment
from headwaters contributes significantly to material dynamics in downstream systems [Schumm,
1956]. Both bedload and suspended sediment produced from headwaters affect channel morphology
in downstream systems [Lisle, 1987]. Changes in sediment supply modify habitat for fish and
macroinvertebrates as well as the distribution of spawning gravel and survival of salmonid eggs [Lisle
and Hilton, 1992; Beechie, 2001].

The sediment dynamics of steep headwater channels (> 0.05 in channel gradient) may differ
from those of low gradient channels. In particular, boundary conditions controlling bedload and
suspended sediment entrainment appear to be more complex in headwater streams. For instance, sizes
of sediment in headwaters vary widely compared to those in lower gradient channels [Lisle, 1995].
Interlocking structures of cobbles and boulders create channel steps and stabilize channel bed [Grant
et al., 1990; Church et al., 1998; Zimmerman and Church 2001]. In contrast, high-energy gradients
and strongly turbulent flow caused by large substrate may initiate more intense sediment transport
[Lisle, 1987]. In forested streams, woody debris from riparian stands affects channel roughness and
creates storage sites: this thus modifies the amount and regime of sediment transport [Sidle, 1988;
Woodsmith and Buffington, 1995; Buffington and Montgomery, 1999a]. Relatively smaller pieces of
woody debris can also contribute to sediment storage in headwater channels [Gomi et al., 2001].

External influences such as mass movement and timber harvesting create spatial and temporal
variations in amount of sediment and woody debris in forested headwater streams [Benda and Dunne
1997]. Larger amounts of sediment originate from episodic mass movement such as landslides and
debris flows [Sidle et al., 1985]. Mass movement affects the abundance and distribution of sediment
and woody debris [Gomi et al., 2001]. Furthermore, 20 to 30 years after disturbances, regenerated

riparian stands begin recruiting woody debris pieces. Logging activities in headwater catchments may
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also alter the amount of bedload and suspended sediment transport in channels due to mass movement
and bank failures [e.g., Grant and Wolff, 1991]. Logging slash (small wood and branches) that
remains in headwater channels creates sites for sediment storage [Millard, 2000; Gomi et al., 2001].
Because hillslopes, zero-order basins, and stream channels are tightly coupled within headwater
systems, changes in linkages between channels and hillslopes (e.g., vegetation coverage) due to mass
movement and timber harvesting may directly affect the supply and transport of sediment.

Despite such spatial and temporal variations in headwater systems, the dynamics of bedload
and suspended sedﬁnent in such steep headwater channelé has not been extensively studied through
field observations and laboratory experimentation compared to low gradient channels. The
application of theoretical sediment transport equations to headwater streams is difficult because of the
non-uniform conditions created by greater variations in velocity, channel geometry, roughness, and
sediment supply [Lisle, 1987; Adenlof and Wohl, 1994; Rickenmann, 2001; Zimmerman and Church,
2001]. In addition, changes in sediment and woody debris supply related to management and
disturbance histories are likely to dictate the types and amounts of sediment movement and the
effective discharge for initiating bedload sediment movement [Buffington and Montgomery, 1999b;
Hassan and Church, 2001]. Therefore, the objective of this study is to evaluate the amount and sizes
of bedload and suspended sediment transport in steep-gradient headwater streams with different mass

movement and timber harvesting histories.

4.2. Study sites

Four headwater streams were selected in the Maybeso Experimental Forest and the adjacent
Harris River basin within the Tongass Nationél Forest on Prince of Wales Island, southeast Alaska
(Figure 4.1). The drainage areas of the Maybeso watershed and Harris River basin are 39.4 and 82.4
km?, respectively. The climate in this area is humid, cool and temperate. The mean annual
temperature is 10°C and the mean annual precipitation is 2800 mm. About 40 % of this precipitation

occurs during rainstorms from September through November. As such, most bedload transport and

- 110




landslide activity occurs during this autumn period [Sidle, 1988]. The basin is characterized by a U-
’ shaped deglaciated valley covered by a veneer of glacial till (of varying thickness) below 1000 m in
elevation [Swanston, 1970].
Dominant forest vegetation includes western hemlock (7suga heterophylia), Sitka spruce

(Picea sitchensis), western red cedar (Thuja plicata) and red alder (4lnus rubra). Species distribution
in headwater systems, particularly the occurrence of alder, is highly influenced by past disturbance
regimes such as landslides and debris flows. »In the late 1950’s, 25.4% of the Maybeso watershed and
20.0 % of Harris River basin were clear-cut logged using cable methods. Small cut-block logging was
alsé conducted in the Harris basin in 1995.

| Four types of headwater streams reflecting different managemént and disturbance histories
in channels and riparian zones were selected ih the Maybeso and Harris watersheds (Figure 4.1; Table
4.1). These four types are: old-growth (OG); recent (3-year old) clear-cut (CC); young-growth (40
years after clear-cutting) alder riparian forest (YA); and recent mass movement channels (LS). These
four stream types have different characteristics of accumulation and distribution of woody debris and
sediment [Gorﬁi et al., 2001]. The OG stream and the surrounding forest had not been éffected by
logging activities or recognizabie mass movement during fhe las;c 100 to 300 years. In the CC
channel, the surrounding forest was logged without a riparian buffer zone. Largé amounts of logging
slash were left in and around the channel3 but no visible past or recent mass movement impacted the
channel [Gomi et al. 2001]. The YA and LS streams were affected by timber harvesting (from 1957 to
1959) énd by rhass movement (in 1961 and 1993) (Table 4.1). The most recent landslide activity
occurred during an October 1993 rainstorm and affected only the LS channel. Sediment and woody
debris produced.by landslides was t&picélly tfaﬁsﬁorted as cﬁannelized dvebris‘ flows and formed jams
in the deposition zones [Figure 2 in Gomi et al. 2001]. Relativély smaller amounts and sizes of woody
debris pieces were found in LS (Table 4.1). The amount of woody debris is higher in the YA channelv
compared to the LS channel because of the recruitment of woody debris from riparian alder stands

after 1961 mass movement in YA. The lower ends of the deposition zones did not reach the main
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channel of Maybeso Creek due to the wide, flat valley bottom. These study streams are representative
of steep glaciate(i forest landscapes in southeast Alaska and are controlled by similar biogeoclimatic
factors such as vegetation, precipitation, glaciation, and lithology.

V-notch weirs (120°) were installed in the summer of 1999 to measure discharge and
sediment yield in the four streams. In the LS and YA channels, weirs were located between the upper
zone (source area and run-out zone of debris flows) and the lower depositional zone for debris flows.
Theréfore, we monitored sediment transport in upper reaches that were once affected sources and run-
out paths of debris flows. Cascade, rapid, and bedrock reaches were dominant upstream of the weirs
[Montgomery and Buffington, 1997; Zimmerman and Church, 2001]. Drainage areas at the weirs
ranged from 2.1to 2.5 ha baséd on field measurements of length and width of contributing areas,
including channels, zero-order basins, and hillslopes (Table 4.1). Although the measured drainage
areas were considerably smaller than those estimated from GIS maps (ranging from 10 to 15 ha), the
areas based on field measureménts may be more accuréte representations of hydrologicalr contributing
area. Mean channel gradients of the headwater channéls ranged from 0.27 to 0.40,>and mean bankfull
widths ranged from 0.9 to 1.2 m (Table 4.1). Due to landslides and debris ﬂows, 26% of the upper
reaches of the LS and YA channels was exposed bedrock, although greater amounts of sedirﬁent wére

stored within the LS and YA channels compared to CC and OG (Table 4.1) [Gomi et al., 2001].

4.3. Methodology

Bedload deposition, movement of bedload tracers, suspended sediment concentration, stream
discharge, and precipitation were monitqrcd during a storﬁ season, from Seﬁtember to November
1999. In all four streams, discharge levels (based on water stage in the V-notch weirs) were
monitored every 10 minutes using a pressure tfansducer connected to a data logger. Discharge (Q)
was estimated by a stage-di‘scharge equation for a 120° weir [Gregory and Walling, 1973].

Precipitation was also monitored in 10-minute intervals using a tipping bucket rain gauge at an open-
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canopy area near the LS and CC channels. Sediment deposited in weir basins ';Jvas sampled when
significant volumes accumulated, generally after éach maj or storm event. Sampled sediment was
sieved into size classes of 11.2, 16.0, 25.0, 32.0, 45.0 and 115.0 mm, and weighed in the field.
Organic matter was removed by hand for these larger size classes. Sediment < 11.2 mm was
transported to the laboratory, dried, and then weighed for smaller sieve classes (4.75, 2.00, 1.00, and
0.425 mm). Particles > 1 mm were considered as bedload sediment. Although weir basin captured
particles < Imm, such fine particles were often suspended during storm event and thus considered as
suspended sediment. Sub-samples of finer bedload sediment (< 11.2 mm) were burned for 2 hours at
500°C to calibrate the organic matter content in each sieve class [Sidle, 1988]. The largest peak
discharges that did not initiate substantial bedload movement were estimated as the threshold
discharge (Qr) for entraining bedload sediment. Effective discharge (Qg) fof transporting bedload
material is calculated as

Qe=Q-Qr | [1]
Where, Q is the actual stream discharge during a storm. The effective discharge volume (Vg) was also
calculated from effective discharge.

Behaviors of bedload materials such as mobile distance and trapped loéation wefe
characterized using bedload tracefs. Fifty natural bedload tracers (large gravel particles painted green
and orange) were placed upstream of the two monitoring reaches in éach stream on Septémber 15,
1999. Average diameters of bedload tracers ranged from 28.4 to 30.2 mm, corresponding to D3, to
Dy c;f the channel bed substréte (Table 4.1). The dominant factors influencing entrapment of
displaced tracers were classified as woody debris steps, log jams, boulder steps, bank sides, and mid-
channel zones. The largest peak discharges that did not initiate tracer movement were estimated as the
threshold discharge for entraining bedload tracers.

To monitor changes in channel morphology, two 25 m reaches (M1 and M2) were located 50

and 100 m upstream of the weirs in three streams (the exception being the YA stream). In the YA

113




stream, one monitoring reach was located 50 m downstream of the weir and another reach was
located 100 m upstream of the weir. Movement of woody debris pieces and boulders as well as the
accumulation of fine organic debris was monitored on three occasions, generally after major storm
events.

Suspended sediment was measured using an automatic pumping sampler during selected
storm events. The intake of the pumping sampler was attached to a metal rod and suspended in mid-
stream. This minimized the effects of flow separation and clogging by organic matter for sampling
efficiency [Sidle and Campbell, 1985]. For most flows, the intake was located a few centimeters
above the streambed and at least 1 m upstream of the weir ponds. We assumed that the sampled water
was well-mixed and that there was no signi‘ﬁcant difference in suspended solids with changes in the
flow depth. Sampling was automatically activated by stormflow étage. A 500 ml sample was
collected every 10 or 15 minutés. Because only 24 sample bottles were containeci in the sampler,
suspended sediment responses were typically measured only during the rising limbs of major flood
events. Samples were transported to the Hollis ﬁeld station (Fig'ure 4.1) where they were analyzed.
Total suspended solids (TSS) Were determinéd by péssing a known volume of stream water through a
glass fiber filter with an effective retention of 1.2 pm; filters were oven dried at 100 °C and residual
sediment was weighed. Suspended sediment (SS), the mineral portion of the sample, was weighed'
after the TSS sample was burned at 550 °C for approximately 2 hours [Sidle and Campbell, 1985].

The locations and types of probable sediment sources in channels, hillslopes, and zero-order
basins upstream of the weirs were described and mapped before monitoring began. New potential
sediment sources were identified after major storm events if significant changes in hillslopes, zero-
order basins, and channels were observed.

To evaluate the rolé of woody debris on sediment movement in headwater channels, the
distribution and accumulation of woody debris and sediment were measured in 200 m upper reaches

[Gomii et al., 2001]. Organic debris in streams was divided into woody debris and fine organic debris
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(FOD). Woody debris was further classified into two categories: large woody debris (LWD: pieces >
0.5 min length and > 0.1 m in diameter) and ﬁne woody debris (FWD: pieces = 0.5 m in length and
0.03 to 0.1 m in diameter). To quantify the distribution and accumulation of woody debris at each
site, the following properties of LWD wére measured: in-channel, bankfull, and total lengths;
diameter; position; and orientation. In-channel length was measured for either the entire piece or
portion of the LWD piece located within the wetted channel. Bankfull length was defined as the
portion of LWD pieces within the bankfull width. Total length of LWD pieces, including terrestrial
portions, was also measured. Volume of large woody debris (V: m®) was calculated as follows for in-
channel, bankfull, and total volume components of LWD:

V= 1r (D/2‘)2 L {2]
where, D is the mid-log diameter and L is the appropriate length. Fine organic debris (FOD) was
classified based on the level of accumulation {Gomi et al., 2001].

Sediment storage behind woody debris and other obstructions such as boulders and bedrock
was measured in these headwater streams. The shape of sediment wedge was approximated as
rectangular pyramid, and then volume was calculated from width (w), length (L), and average depth
(d):

Sediment volﬁme =(wL,d)3 [3]
The average depth of the sediment wedge was measured using a sediment probe at several points. The
cause of sediment deposition was categorized according to the formation elements of the debris dam:
LWD, FWD, FOD, boulders, or bedrock. At a several locations along the channels, the median of 100
pebbles in a 0.2 x 0.2 m grid was measured to provide an indication the size of mobile streambed
material [Wolman, 1954]. Minimum size for measurable substrate was 1 mm. Large cobble and

bolder components > 0.2 m were excluded because of their relative immobility except during

landslide and debris flow events [Sidle, 1988; Zimmerman and Church, 2001].
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4.4. Bedload sediment

4.4.1. Peak flow characteristics and bedload transport

Stormflow attributes such as peak discharge and flow duration characterize the amount of
bedload transport in stream channels. We observed nine bedload events (only eight bedload samples
were taken in the OG channel) during the autumn 1999 monitoring period (Table 4.2). Rickenmann
[1997] found that average 20 bedload transport events occurred per year in an active mountain stream
of Switzerland. In contrast, Sidle [1988] observed that bedload entraining discharge occurred at least
two to three times during the storm season in a low gradient stream in southeast Alaska. Therefore,
relatively frequent bedload transport was observed in our streams. Threshold discharge levels of these
bedload events ranged from 3.44 x107 t0 5.91x10”° m’s™ and were approximately five times larger
than the minimum measured discharge (Table 4.1). The largest peak discharge and greatest bedload
movement occurred on October 21 in all four streams. Recurrence interval of the largest storm event
was ~ 1.5 yr based on 20-yr records of 24-hr precipitation af Hollis.

Total bedload yield throughout the monitoring period varied among streams. Cumulative
bedload yield in four streams were approxifnately liner property with respect to cumulative effective
discharge volume (Figure 4.2) [Rickenmann, 2001]. The slope of the cumulative sediment transport
versus cumulative volume of effective discharge plot was the steepest for the LS channel. About 1900
kg of bedload sediment was measured in LS during the 1999 storm season, although cumulative
effective discharge was the smallest of the four streams (Figure 4.2). This indicates that sediment was
constantly supplied throughout the storm season. Particularly, a small slope failure occurred 30 m
upstream of the weir du_ring the largegt storm event (October 21). The failure delivered about 1.5 to
2.0 m’ of sediment (largely weathered till [clay and silt] and coarse fragments) to the channel based

on dimensional estimates. Cumulative bedload transport plots were much less steep in YA, CC and
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OG channels with progressively less bedload sediment being transported with increasing cumulative
effective discharge later in the storrﬁ season (Figure 4.2).

Peak discharge and effective discharge volumes are important parameters in estimating total
bedload yield during storms. Rickenmann [1997] formulated the following relationship for total mass
of bedload per unit contributing area that was deposited behind a weir during individual storms (B, kg
ha™') as a function of peak discharge (Qp, m® s™'), threshold discharge (Qr), and effective discharge
volume (Vi)

B=2Vg"(Qr/Qn)° [2]
where a, b, and ¢ are empirical coefficients for the mountain stream in Switzerland. In our study, [2]
wés log-transformed and then step-wise regression selectioln (with the Bonferroni procedure) was
conducted to evaluavte the importance of parameters for estimating bedload transport (o = 0.05).
Although Rikennmann [1997] presented that total bedload sediment yield was correlated to total
effective volumes, threshold. discharges, and peak discharges, we found that either ratio of peak
discharges and threshold discharge (Qp/Qr) or effective discharge volume (Vg) was only significant in
four streams (Table 4.3). Peak discharge was significantly related to total bedload yield in the LS,
YA, and CC channels (Table 4.3, Figure 4.3). Volume of bedload transport was only significantly
correlated to effective discharge volume in the OG channel (Table 4.3). These results imply that
instantaneous stream power is important for the entrainment of bedload in LS, YA, and CC channels.
In contrast, the duration of flood events may be more important for sediment transport in the OG
channel. Amount of bedload transport increased rapidly until up to 2-times the threshold discharge in
the LS and YA channels (Figure 4.3). Therefore, bedload materials may be set in motion rapidly
when discharge exceeds the threshold level. However, onset of significant bedload movement in
bedload sediment with respect to discharge declined in the CC and OG channels (Figure 4.3). Such
findings may imply that channel bed materials were not actively mobilized until the discharge level 2-
times the threshold value. Since we did not directly measure bedload sediment during storm events,

threshold discharge in the CC and OG channels may have been underestimated.
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Amount of bedload sediment with respect to peak discharge differed before and after the
largest storm (October 21) in all streams, although each stream exhibited distinct patterns of change.
Three to five times more bedload sediment Waé transported in the LS chanhel after October 21 for
similar peak flows compared to before the storm event (Figure 4.4). Because a small slope failure
occurred during the October 21 event, sediment that was produced by the failure was stored in and
around channels and remobilized after the storm. In the YA channel, however, the amount of
sediment deposited at the weir decreased after the largest discharge on October 21 (Figure 4.4).
Because there was no significant new sediment source in the upper reaches of YA, most of the
available material in the channel was already transported, and the sediment supply may have been
exhausted. Such declines in bedload transport due to exhaustion of sedirﬁent supplies throughout the
storm season have been observed in a mduntéin étream in Alberté [Nanson, 1974] and in low gradient
channels of Idaho [Moog and Whiting, 1998]. Relatively greater. amoun;cs of bedload sedirﬁenf after
fhe October 21 storm were also found in the OG channel (Figure 4.4). Furthermore, Ds, of bedload
material in the November 1 ’(13.0 mm) and November ‘9 (8.5 mm) storms was coarser than dufing
October 21 (6.5 mm). Since no evidence of sigﬁiﬁcant sediment sources from hillslopes and channel
beds (e.g., slope failures and collapse of woodyv debris dams) was found, movement of greater
amounts and coarser sediment may be éssociated with the disruption of the armor layer in the OG
channel [Nanson, 1974; Warburton, 1992]. No noticeable changes in bedload sediment were found in
the CC channel before and after the highést flow.

Auvailability of sediment affects the relationships between discharge characteristics (peak
flow and effective discharge volume) and the volume of bedload yield éuring storm events. Bedload
sebdiment availability is affected by: (1) sediment supply from hillslopes to stream channels; (2)
sediment exestuation through sequences of storm events [Moog and Whiting, 1998];. and (3)
disruption of channel bed conditions during high flows [Sidle, 1988; Adenlof and Wohl, 1994]. Such
changes alter the strength of relationships (e.g., multiple regression coefficient) between flow

characteristics and amount of bedload sediment. In our study, the small multiple correlation
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coefficient obtained in the YAI channel may imply rather limited sediment supplies (Table 4.3). In
contrast, a strong correlation between discharge characteristics and bedload amount was found in LS
where sediment was constantly supplied from unvegetated hillslopes. In the previous studies, Sidle
[1986] found a strong (R* = 0.80) relationship between peak bedload transport (kg h™") and peak
discharge for 26 storms in a second-order forest stream in Southeast Alaska. In contrast, Adenlof and
Wohl [1994] did not find strong relationships between peak flow and sediment transport. Such
differences in multiple correlation coefficients related to sediment supply and antecedent storm
conditions for available sediment transport [Nanson, 1976; Sidle, 1986?1988]. If supply of sediment
is extremely limited, either a weak or no correlation between discharge characteristics and bedload
transport would be expected; For supply-limited conditions, sediment supply may be governed by
random factors such as slope failure and collapse of woody debris dams and channel steps [Adenlof
and Wohl, 1994]. Hysteresis over seasonal time scales modifies the relationships between discharge

and sediment transport throughout monitoring period.

4.4.2. Material composition of bedload sediment

The particle size distribution in bed materials of headwater streams influences bedload
entrainment processes. However, theoretically-based sediment transport equations are not typically
applicable to such mixed-bed, steep gradient channgls because flow depth in channel reaches varies
[Rickenmann, 2001; Zimmerman and Church, 2001]. Theoretical sediment transport equations predict
that these headwater channels can transport much coarser sediment because of their higher energy
gradient. Mean Basal shear stress (t) can be explained as

t=pgDS8 [4]

where p is density of water in kg m”, g is acceleration due to gravity (m s?), D is the depth of flow

(m), and S is the water surface gradient estimated as the channel slope (m m™). Based on the equation
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[4], shear stress ranges in our four channels ranged from 132 to 196 N m™ for near threshold
discharge. Zimmerman and Church [2001] calculated potential mobile bed sediment based on
v=0(p,-p) g Dss [5]
where 0 is Shields number (0.045 from Zimmerman and Church 2001 ) p, is particle density of
sediment (2650 kg m™), Dg, is the subs“cr’ate diameter that can be mobilized at the shear stress. Using
shear stress values derived from [4] for near threshold discharges, theoretical Dg4 of bedload can be
back-calculated from [5]. The Dy, values range from 180 to 270 mm in our streams; these are
significantly larger than sampled bedload sediment. Because these equations assume uniform channel
.geometry, such theoretical approaches are not appropriate to assess the bedload movement in mixed-
bed, steep gradient chaﬁngls that contain woody debris [Adenlof and Wohl, 1994; Zimmerman and
Church, 2001]. In addition, particle density of sediment also deferred compared to the equétion [5]
based on our field measurement (1280 kg m™).

N In all four of our streamé, bedload sediment was significantly finer than channel bed
substrate. Particle sizes ranging from 1 to 10 mm were the most mobile bedload materials throughout
the monitoring period in all foﬁr streams (F igure_4.5). Ds, of bedload sediment was approximately Ds
to D5 of the channel bed sur.faée substrate. Particularly, bedload sediment in the LS channel was
relatively finer than the other channels, because of ﬁﬁe sediment supply from landslide scour (Fi@re
4.5). Although Ds, of subsurface bed materials is typically 50% to 100% finer than that of surface bed
materials [e.g., Church and Hassan, 1992; Whiting et al. 1999; Buffington and Montgomery, 1999],
Ds, of bedload sediment in the largest storm on October 21 might be still finer than subsurface Ds, of
our stream channels. Church et al. [1991] also found that particle sizes of bedload sediment were
significantly finer than subsurface chénnel bed material in a gravel bed stream in British Columbia.
Consequently, stfong selective trénsport of fine materials more likely occurred in étecp headwﬁter
channels. Lisle [1995] also found that smaller and steeper channels have tended to have selective

transport processes in various streams of the Pacific Northwest.
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An alternative hypothesis to the selective transport of bedload sediment is the equal mobility
hypothesis that assumes all grain sizes mobilize at approximately the same discharge. Equal mobility
occurs because of the hiding effect and the protrusion of large grains over small size fractions cancel
the mobility of smaller size classes during the earlier stage of flood events [Parker et al., 1982]. Equal
mobility may be applicable in lower gradient and gravel bed channels because the variation of
channel bed subsurface substrate is smaller {Lisle, 1995]. In addition, changes in selective transport
relative to equal mobility may occur with increasing discharge. For instance, Campbell and Sidle
[1985] found that the size distribution of bedload éediment during the largest storm event in the
season was identical to channel bed substrate in a southeast Alaskan stream. Rickenmann et al. [1998]
noted that equal mobility might occur when the peak discharge was from 2 to 3 times higher than the
threshold discharge because of significant increases in transported bedload sediment siée in steep
(18%) channels. Typically, the breakup of armor layers entrain both fine and coarse particles: this in
turn appears to support equal mobility. Church et al. [1991] observed that equal niobility only
occurred for the sand fraction of the channel bed material. Consequently, differences between equal
mobility and selective transport may relate to variation of substrate sizes, éupply conditions of
sediment (e.g., limited or supply of sand), and discharge characteristics relative to channel bed
substrate. | |

Sediment supply and discharge conditions affected the nature of material transport in all four
streams. In the LS channel, greater amounts of fine sediment (diameter: 1 to 11.2 mm) compared to
coarse material (diameter > 11.2 mm) were transported during all storms except the largest event
(October 21). Because sand and fine gravel were continuously supplied from adjacent unvegetated
hillslopes, “nonequilibrium” conditions between sediment supply and transport capacity may have
occurred in LS. Indeed, greateri amounts of fine sediment accumulated in the LS and these fine
materials were domindntly transportéd. Inthe YA, CC, and OG chaﬁnels, however, more fine

material was transported than coarse material during large storms with peak discharge > 4-times the
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threshold discharge (Figure 4.6). Therefore, changes in dominant bedload sediment from fine (1 to 10
mm) to coarse (>10 mm) occﬁrred during lar‘ger events in the YA, CC, and OG channels.

In addition to sediment supply conditions, large variations in channel bed substrate size cause
selective bedload transport [Lisle, 1995]. Particularly, channel obstructions formed by interlocked
boulders and cobbles (> 200 mm in diameter) and woody debris influence entrainment of bedload
materials and stability of channels: this in turn affects selective transport processes in headwater
channels. Channel steps formed by larger particles (Figure 4.5) are typically stable and decrease local
channel [Church et al., 1998; Zimmerman and Church, 2001]. Woody debris also creates sediment
storage sites [Gomi et al., 2001] and may alter the threshold for bedload entrainment. Although ‘
channel structures in LS were destroyed during the mass movement in 1993, we found that boulder
steps had beén formed 5 years after the disturbance. Because no significant changes in formation and
disruption of boulders and woody debris steps were found at any of the monitoring sites during the
autumn storm season, smaller stored bedload particles (sand and gravel) were likely selectively
entrained from behind boulders and woody debris dams [Adenlof and Wohl, 1994; Lisle, 1995;
Whiting et al., 1999]. Such channel obstructions cause lower transport efﬁéiency especially in small
and steep channels [Rickenmann, 2001]. Therefore, fine sand and fine gravel (diameters 1 to 10 mm)
were the dominant bedload sizes. This material was transported over channel steps during the most
storm events, while substrate materials > 200 mm were not mobilized based on field observations and
surveys. Most of the stream substrate > 200 mm (e.g., cobbles and boulders) may be transported by
more extreme events such as mass movement [Sidle, 1988; Grant ef al. 1990]. Median size of
substrate (diameters 10 to 200 mm) may be mobile during intermediate flood events [Zimmerman and
Church, 2001]. Movement and behavior of such size classes were examined using bedload tracers

(see next section).
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4.4.3. Movement of bedload tracers

Channel bed materials with diameters ranging from 10 to 200 mm were transported less
frequeptly than most of the bedload materials. Bedload tracers (mean diameter ranging from 28 to 30
mm) placed in the four streams on September 16, 1999, were mobile three time_s during the
monitoring season. Threshold discharge for movement of bedload tracers ranged from 12.0 to 22.0
x10° m’ s™', approximately 2- to 4-fold the threshold discharge for bedload sediment (Table 4.1).
Recovery percentage of tracers ranged from 20 to 100% in the monitored channels. Some tracers
were buried in the channel bed and in woody debris jams. Gintz et al. [1996] noted that bed surface
particles in the range from Do to D5, were mobile once every year in a mountain stream in Germany.
During storm events with > 4-fold threshold discharge in the YA, CC, and OG channels, larger
amounts of bedload sediment with diameters >10 mm were sampled corﬁpared to finer (1 to 10 mm)
bedload sediment (Figuré 4.6). Consequently, based on the tracer study and sampled bedload
sediment, coarser materials (10 to 200 mm) were actively mobilized only during peak flows that were
2 to 4 times the threshold discharge for bedload transport.

The average displacement distance of bedload tracers varied among streams aﬁd between
monitoring sites (Table 4.4). Distance of bedload tracer movement did not reiate to discharge
characteristics. O’Conner [1993] found that no significant relationships between travel distances and
tracer diameters in steep headwater channels in Washington. Therefore, the movement of cﬁénnel bed
materials in the range of D3 to Dsy, may be governed by more random, local conditions, and
obstructions such as channel steps and woody debris. Because of the recruitment of logging slash,
most of the tracers in the CC channel deposited in the channel steps and in log jamé formed by LWD
and FWD (Figure 4.7). No tracers from the upper monitoring section (M2) of CC moved downstream,
possibly because the tracers were installed on the top o-f a woody debris step. Commandeur et al.
[1996] and Beechi_e [2001] also found that changes in amount of woody debris related to mass
movement and timber harvesting are important factors for trapping sediment. Because of the

regeneration of alder in the riparian zone of YA after landslides in 1962, relatively greater
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percentages of tracers were trapped behind LWD in YA compared to LS (Figure 4.7). Compareing to
CC and YA channels, many of the tracers placed in OG stream deposited behind boulders.

The condition of the channel bed surface is related to sediment supply; this condition also
serves t§ modify the transport distance of bedload sediment. Bedload tracers were mobile for longer
disténces on the smooth channel bed of LS due to fine sediment inputs and less woody debris in the
channel (Table 4.4). Because fine sediment was consistently supplied to the LS channel due to sheet
and rain splash erosion, transport capacity was somewhat overwhelmed by high sediment supplies,
thus causing fine sediment deposition and creating smoothgr bed surfaces [Dietrich et al., 1989;
Buffington and Montgomery, 1999b]. A large supply of fine sediment causes fining of the channel
bed surface and a reductioﬁ of pool depth [Lisie aﬁd Hilton, 1992]. Therefore, greéter bed smoothness
due to fine sediment supplylmay increase transport distance of particles in the LS chz;nnels. In
contrast, pools, bedrock pockets, and spaces (pockets) between cobbles and boulders may retain
bedload materials during supply-limited conditions in YA, CC, and OG channels (Figure 4.7).
Bedload materials can be buried between larger cobbles and boulders and effectively ‘hidden’ from
the stream flow [Church and Hassan, 1992]. Consequently, complexity created by woody debris and

boulders modifies the transport distance of bedload tracers. (Needs more work in this section).

4.5. Suspended sediment response and yield

Suspended sediment transport response varies among different stream types. Availability of
suspended sediment in stream channels affects the response with stream discharge (Figure 4.8). A
significant relationship between discharge and suspended sediment concentrations was found only in
the LS channel during the 1999 storm season. In the LS channel, suspended sediment concentrations
remained high throughout the storm season probably due to the sediment supply from the stream
banks and hillslopes. The greater variation of suspended sediment concentrations in the YA, CC, and
OG channels related to changes in sources of suspended sediment and antecedent storm events

[Nanson, 1974; Sidle and Campbell, 1985] (Figure 4.8). In the YA and OG channels, slopes of SS
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concentration versus discharge progressively decreased through autumn storm season (Figure 4.8)
because availability of fine sediment in and around the channel decreased with progressively. The
relationships between SS concentrations and discharge were not significant in the CC channel,
possibly due. to sudden and sporadic releases of fine sediment from behind wdody debris.

N Total suspended sediment yield was calculated for selected storm events. Suspended
sediment contributed only 4.2 to 45.1% of the total sediment yield in the CC and OG channels.
Higher contributions from suspended sediment to total sediment yield consistently occurred in the LS
channel (range: 65.0 to 75.6%). The percentages of suspended sediment increased from 27.3 to 69.1%
in the YA channel because of the exhaustion of the bedload sediment supply late in the storm season.
O’Connor [1993] estimated that suspended sediment comprised 69% of the total sediment yield in
steep forest streams in the Olympic Peninsula, Washington. Lenzi and Marchi [2000] estimated that
suspended sediment concentration comprised 16 to 100 % in total sediment yield. These large
variations in the percentages of suspended sediment are affected by sediment sources and the amount
of bedload, particularly the instantaneous supply from the slope and the channel bed [Grant and

Wolff, 1991; Lenzi and Marchi, 2000]

4.6. Characteristics of sediment transport in heédwater streams

Patterns of sediment transport in steep-gradient headwater channels can be characterized by
relationships between dominant mobile materials and peak discharges of storms. Four size classes of
channel bed sediment — fine (diameter < lmm: suspended sediment), small (diameter ranging from 1
to 10 mm), medium (diameter ranging from 10 to 200 mm), and large (diameter > 200 mm) —
characterize different transport regimes. Occurrences of seasonal hysteresis of bedload and suspended
sediment transport depend on exhaustion of in-channel sediment and supply of sediment from

hillslopes (e.g., slope failures) and the channel bed (e.g., disrupted armored layer and collapsed debris

dams). Phases of bedload sediment transport with changing stream discharge in steep gradient




headwater channels can be explained in slightly different ways compared to models of Jackson and
Beschta [1982] and Warburton [1992]: )

Before phase 1: Fine sediment < Imm (clay, silt, and fine sand) may be entrained as suspended
sediment before movement of bedload sediment. Amount and concentrations of suspended
sediment transport in headwater channels depended on sediment supply from hillslopes to
channels.

Phase I: Channel bed materials ranging from 1 to 10 mm are most actively mobile as bedload
sediment during iow stormflow events in steep headwater streams. Such materials may be
mobilized five to ten times during a storm season and are transported long distances over
channel steps and woody debris dams. Therefore, selective transport was most notably
observed during events with recurrence intervals < 1.5 years (i.e., approximately bankfull
discharge) [Lisle, 1995]. Because of the constant supply of sand and fine gravefs from
adjacent hillslopes, fine sediment is the more dominant bedload material that contributes
to the abundant sediment supply in disturbed channels (e.g., LS channel).

Phase 2: Channel bed materials ranging from 10 to 200 mm are gradually mobilized with
discharge levels approaching recﬁrrence intervals of 1.5 years; these transported materials
remain finer than step forming materials (boulders and cobbles). Such mateﬁals may be
moved only once or up to several times during a storm season. The entrainment of the
medium particles is governed by more random factors such as local turbulence and
roughness elements [O’Conner, 1993; Gintz et al. 1996]. Moreover, transport distance of
the materials depends on channel smoothness related to sediment supply conditions and
roughness elements within the channels (e.g., woody debris and boulders). Disruptions of
the armor layer and sudden sediment inputs (due to slope failures and LWD dam collapse)

may produce greater amounts of sediment during greater events [Sidle, 1988; Warburton,

1992; Adenlof and Wohl, 1994].




Phase 3: All channel bed parietals may only be mobilized during mass movement events, because
channel bed substrate > 200mm in diameter may remain stable until mass movement
occurs [Sidle, 1988; Grant et al. 1990]. Interlocking structures of boulders and cobbles in
the channel form steps and alter channel stability [Zimmerman and Church, 2001]. Large
woody debris dams and jams are also stable until wood decompo'ses or they are destroyed
by mass movements. Aggregation of large woody debris and resulting formation of
channel obstructions is important for understanding sediment accumulation in headwater
channels.

In addition to the overall characteristics that were observed in the four streams, the
occurrence of mass movement énd the vegetation recovery induces variations in sediment transport in
headwater channels. Depending on the timing of and récovery from disturbances, bedloadland
suspended sediment yield in steep-gradient headwater channels is controlled by linkages between
channels and hillslopes that affect the amoﬁnt of woody debris, sediment supply, and transport
capacity. Our findings in relation to sediment mox-rement in LS and YA channels can be arranged
chronologically after the occurrence of mass movement. Regenerating riparian vegetation produces
organic matter, reduces surface erosion, and increases the infiltration capécity of soils: this retards
sediment delivery from bank slopes and consequently decreases sediment supply. Because
regenerated riparian stands produce woody debris, larger amounts of in-channel LWD and FWD were
found in the YA channel than in the LS channel (Table 4.-1; Figure 4.9a) [Gomi et al., 2001].
Therelfore, more sediment was stored behind woody debris in the YA channel compared to the LS
stream (Figure 4.9b). Despite the greater sediment storage in YA compared to OG, the amount of
bedload sediment transported in YA was similar to bedload mass in OG (Figure 4.2 and 4.3).

Timber harvesting and related woody debris recruitment also contribute to variations in
sediment transport processes. Larger amounts of LWD and FWD were found in the CC channel; such
woody debris may incréase channel roughness and temporally store and trap sediment (Figures 4.7

and 4.9). Because of smaller width of the CC channel (Table 4.1), woody debris related to logging
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activities is more stable compared to larger streams [Millard, 2000]. Removal of such logging slash
significantly increased sediment transport in a headwater stream in British Columbia [Commandeur et

al., 1996].

4.7. Summary and conclusion

Four streams with different management and disturbance regimes exhibited different
sediment transport .responses. External influences such as mass movement and timber harvesting
greatly modified sediment entrainment, transport processes, and storage of sediment because these
factors affect inputs of sediment and woody debris and coupling between hillslopes and streams.
Sediment dynamics in steep-gradient headwater channels are characterized as follows: (1) peak flow
significantly altered the amount of bedload transported in all streams; (2) seasonal hysteresis in
bedload transport occurred during the autumn storm season, depending on sediment exhaustion,
sudden sediment supply from bank failures, and disruptions in the bed armor; (3) transported bedload
was smaller than channel bed substrate in all streams because much of the larger substrate contributed
to rather stable interlocked channel structures; (4) bedload transbort distance may have been affected
by relative channel smoothness related to the amount of woody debris and fine sediment supplly
conditions due to previous history of mass wasting; (5) the occurrence of mass movements (extreme
events) and related recovery processes modify the background level of sediment availability and the
thresholds for entrainment of sediment; (6) recruitment of logging slash affects sediment storage and
transport; and (7) spatial and temporal variations of sediment movement are largely related to
supplies of sediment and woody debris as well as sediment storage within channels; these processes
are associated with linkages among hillslopes, zero-order basins, and stream channels.

Since headwater streams are important sources of sediment, water, nutrients, and organic
matter to downstream systems, knowledge bf terﬁporal and spatial variations of sediment transport in
these systems related to mass movement and timber harvesting can improve our understanding of

sediment dynamics within the channel network and its influence on stream ecosystems. Information
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on sediment movement in headwater stream needs to be integrated into management and restoration

schemes for larger stream ecosystems.
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Figure 4.1 Location of study sites in headwater streams of Maybeso

Experimental Forest and the Harris river basin. Broken line shows watershed

boundary. See Table 1 for definitions of the stream codes.
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Figure 4.2 Cumulative bedload movement versus cumulative
effective discharge volume. Total discharge was subtracted from
threshold discharge to estimate effective discharge. LS channels
constantly transport greater amount of bedload throughout the
monitoring periods.
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Figure 4.3 Unit area bedload per flood event (B: kg/ha) in
relation to peak discharge (Qp: m3/s). Dotted lines show
approximate relations form threshold discharges. Thresholds
discharges in the CC and OG channels may possibly be
underestimated based on the figures.
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Figure 4.4 Total bedload in flood events related to peak discharge
before and after annual peak discharge on October 21. The recurrence
interval of the largest storm event on October 21 was 1.5 years based
on 20 years precipitation data collected at Hollis. Greater bedload
sediment was transported after the largest storm events compared to
the same discharge level before the storm.
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Bedload tracers
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Figure 4.5 Particle size distribution of surface channel bed
substrate and bedload sediment in selected storm events.
Streambed substrates larger than 200 mm were excluded because
of their relative immobility. Inter locking structure of cobbles and
boulders (> 200 mm) contribute to form channel steps, storing
sediment, and controlling stability of channels [Zimmermann and
Church, 2001]. Diameter of bedload tracers ranged from D3q to
Dso of channel bed surface substrate.
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Figure 4.6 Fractional (fine and coarse) bedload transport related to peak
discharges. Bedload sediment ranging from 1 mm to 11.2 mm was
categorized as fine sediment. Bedload sediment > 11.2 were categorized as
coarse materials. All regression lines were significant at confidence level o =
0.05 except fine material in the YA channel (p = 0.051).
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Figure 4.7 Deposited locations of bedload tracers. LWD: tracers
deposited in the top and bottom of LWD jams. FWD: tracers
deposited in the top and bottom of fine woody debris jams.
Boulders: tracers deposited boulder pockets and steps. Others:
tracers deposited in mid channel bed or in channel bank.
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Figure 4.8 Seasonal changes in relationships between suspended sediment
concentration and discharge during the rising rim of selected storm events.
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Significant regressions at a = 0.05 were shown in this figure. Scales in discharge
vary among streams.
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Figure 4.9 Volume of LWD (A) and sediment storage (B) per unit channel
length in headwater streams. In channel: the volume of LWD located
within the wetted channel width that significantly affects flow dissipation
and sediment transport. Bankfull area: the volume of LWD located within
the bankfull width, which was defined by the absence of vegetation.
Outside: the volume of the terrestrial portion of LWD located outside of
bankfull width. LWD: large woody debris formed sediment storage; FWD-
FOD: fine woody debris and fine organic debris formed sediment storage;
others: rock and bedrock formed sediment storage.
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Chapter 5

Hydrogeomorphic linkages of headwater streams
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5.1. Introduction

Various hydrological processes and topographic attributes govern hydrogeomorphic linkages
in headwater systems. The frequency of storm events influences the timing, magnitude, and spatial
distribution of runoff processes, and resulting sediment transport and deposition from hillslopes to
channels and from headwaters to downstream reaches (Dunne, 1991; Dhakal and Sidle, in press).
Subsurface and groundwater hydrology alters the stability of hillslopes and zero-order basins
(Tsukamoto et al., 1982), and thus relates to the initiation of landslides that are dominant geomorphic
processes in the Pacific Northwest (Sidle et al., 1985). Sediment produced by landslides is transported
to downstream reaches as channelized debris flows. Transport distances of sediment depend on
tributary junctions, channel gradient, valley configuration, and formation of log jams (Nakamura,
1986; Benda and Cundy, 1990, Hogan et al., 1998); these in turns affect sediment transport and
storage throughout channel networks (Wolman; 1977; Benda and Dunne, 1997a; 1997b).

Bedload and suspended sediment transport in steep-gradient headwater streams largely
depends on the occurrence of mass movement and their recovery processes (Grant and Wolff, 1991).
Sources of bedload and suspended sediment are small bank failures, bank erosion, surface erosion due
to rain splash, sheet erosion, and soil creep (Dietrich and Dunne, 1978). Availability of sediment 1s
modified with changes in vegetation coverage and riparian stand regeneration after mass movement
(Gomi et al., 2001). Vegetation cover in scour zones of landslides and debris flows reduce the
coupling between hillslopes and streams (Shimokawa, 1984). Regenerated riparian stands contribute
to the recruitment of woody debfis: such wbody debris creates sites for sediment storage (Gomi et al.,
2001).

Timber harvesting and logging roads affect the hydrogeomorphic linkages in headwater
streams. The probability of mass movement increases because root strength decreases 3 to 15 years
after timber harvesting (Sidle et al., 1985). Roads intercept precipitation and subsurface flow from

hillslopes, and thus modify flow pathways (Sidle et al., in press). Because of topographic changes,

144




logging roads both intercept and initiate debris flows and failures (Wemple et al., 2001). Logging
slash provides temporary sites for storage of sediment in small headwater streams after clear-cutting
(Gomi et al., 2001; Sidle et al., in press). In contrast, decreases in the number of woody debris dams
due to riparian vegetation removal increase sediment movement (Likens and Bilby, 1982).

Spatial and temporal variation in sediment transport occurs due to changes in the amount of
sediment and woody debris related to timber harvesting, the occurrence of mass movement, and the
vegetation recovery processes (e.g., Shimokawa, 1984; Grant and quff, 1991; Benda and Dunne,
1997a). Wolman (1977) pointed out.the importance of linkages among sou?c.:e areas, storage, and
transport for understanding sediment routing processes in channel networks. Sediment transport from
hillslopes to channels and in-channel storage has béen extensively s.tudied for understanding
dynamics of materials and impacts of timber harvesting on stream ecosystems i.anritish Columbia,
Oregon, Washington, and Japan (e.g., Dietrich and Dunne, 1978; Nakamura et al., 1995; Benda and
Dunne, 1997b; Slaymaker, 2000). Although failure initiation and méss mbvement brocesses have
been investigated in southeast Alaska (e.g., Swanston, 1970; Johnson et al., 2000), few studies had
demonstrated sediment transport and storége within headwater streams and from headwaters to
downstream reaches of U-shaped glaciated yvalleys. In particular, sedimént movement in such
laﬁdforms may be unique in terms of linkages from hillslopes to streams and from headwaters to
downstream reaches compared to unglaciated terréin of Oregon and Washington. Indee&, because
hillslopes, zero-order basins, and channels are tightly coupled in headwater streams (Sidle et al.,
2000), timber harvesting and mass movement strongly affect sediment supply, transport; and storage.
This study thus focused on documentiﬁg sediment routing processes such as transport and storage in
headwater systems, particularly related to the occurrence of mass rhovement and Vegétation recovery
after timber harvesting in a southeast Alaékan watershed. The objectives of this study are: (1) to
describe sediment transport and storage due to episodic mass movement and more regular bedload
and suspended sediment. movement; and (2) .to demonstrate hydrogeomorphic linkages between

headwater streams and downstream systems for various sediment movement conditions.
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5.2. Study sites

This study was conducted in the Maybeso Experimental Forest within the Tongass National
Forest, on Prince of Wales Island, southeast Alaska (Figure 5.1). Drainage area of Maybeso
watershed is 39 km®. About 25 % of the watershed (10 km?) was logged from 1953 to 1957 using
cable yarding methods. Riparian corridors along the main stem of Maybeso Creek and its tributaries
were also logged during that period (Bryant, 1980). Logging residue was not removed from streams
and slash burning was not conducted after harvesting. The Maybeso Experimental Forest was
established to monitor the effects of watershed-wide logging on soil erosion, fish and wildlife habitat,
and forest stand succession. The climate in this area is cool and temperate. The mean annual
temperature is 10°C and the mean annual precipitation is 2800 mm. The basin is characterized by a
U-shaped glaciated valley covefed by a veneer of glacial clay-rich till of varying thickness below
1000 m elevation (Swanston, 1970). Major geologic units are metasedimentary mudstones,
greywackes, shales, slates, diorite, and granodiorite (Johnson et al., 2000). Dbminant riparian forest
vegetation includes western hemlock (Tsuga heterophylla), Sitka spruce (Picea sitchensis), western
red cedar (Thuja plicata) and red alder (Alnus rubra). Occurrence of alder in riparian zones is highly
influenced by past disturbance events such as landslides and debris flows. Resident fish populations
in the lower reaches of headwater strearﬁs include cutthroat trout (Oncorhynchus clarki) and Dolly
Varden (Salvelinus malma).

Two stream types were selected based on the history of mass movement and riparian stand
conditions. Young growth alder [mean diameter at breast height (DBH): 0.2 m] dominated riparian
zones in streams affected by mass movement in 1962 (one case in 1979): this type of stream was
identified as YA. Small alder stands (mean DBH: 0.03 mj or partially bare slopes were observed in
riparian corridors affected by recent landslides (1993): this type of stream was identified as LS (Table
5.1; Figure 5.1). Three headwater streams were investigated in both LS and YA channels. All

streams in LS and YA were affected by timber harvesting, but had different histories of mass
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movement (Table 5'.1). Valley forms of all streams were incised less than < 5 m, typical of sidewalls
of U-shaped glaciated valleys. All landslides immediately mobilized into channelized debris flows
and deposited in the lower gradient reaches of both the LS and YA channels. Based on field
.observations of scour and deposition, both LS and YA channels were divided into upper (scour and
runout) and lower (deposition) sections (See Figure 2 in Gomi et al., 2000). Scour and run-out zones
were combined because of the difficulty of distinguishing these features. The YA1 and LS2 channels
joined at the lower reaches of LS1, and the YA3 cﬁannel joined to the lower reach of LS3 (Figure
5.1). YA 2 did not join any other channels, because it disappeared in the debris flow deposits
downstream. Mean gradients of the headwater channels ranged from 9 to 45%, and mean bankfull
widths ranged from 0.6 to 3.7 m. The drainage area at the downstream end of the study reaches

ranged from approximately 0.14 to 0.35 km® (Table 5.1).

5.3. Methodology

The occurrence and spatial distribution of mass movement after timber harvesting was
documented through field surveys and by examining aerial photographs. Aerial photographs taken in
1959 (1:15,840), 1962 (1:15,840), 1980 (1:12,000), and 1998 (1: 63,360) were used to interpret the
spatial distribution of landslides and debris flows. Unvegetated slope areas that were formed by either
episodic mass movement or more féequent slope failures were mapped and counted. Scour, run-out,
and deposition zones of 6 streams in the LS and YA channels were intensively investigated in the
field. Stream channels, abandoned channels, and sediment deposition along channels, such as debris
fans and terraces were mapped using a tape and compass. Because of different lengths of scour and
deposition zones among channels, the length of the surveyed headwater reaches varied from 100 to
400 m in both the upper and lower reaches of the LS and YA streams (Table 5.1). The reference point
(0 m point) of the stream survey was the boundary between the scour or run-out and deposition zones
of mass movement. Stream gradient and cross-sectional profiles were surveyed using a level, stadia

rod, and tapes. Exposed bedrock length and its position in the channel were also measured. The
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wetted and bankfull widths of streams were estimated every 5 m. Bankfull width was defined by the
presence of moss and rooted vegetation along the channel margins and the top of banks.

Locations, number, and volumes of large woody debris pieces (LWD: diameter > 0.1 m,
length > 0.5 m) and numbers of fine woody debris pieces (FWD: diameter 0.03 — 0.1 m, length > 0.5
m) were measured and calculated using methods described by Gomi et al. (2001). Fine organic debris
(FOD: accumulations of leaves and branches) was also measured, if»sediment was stored behind these
features. Sediment storage behind woody debris and other obstructions (e.g., boulders and bedrock)
was measured based on the geometry of sediment wedge (width, length of the wedge, and average
depth at the front of the wedge). Average depth of the sediment wedge was measured using a
sediment probe at several points. The cause of sediment deposition was categorized according to the
formation elements of the sediment wedge: LWD, FWD, FOD, boulders, and bedrock. The volume of
sediment stored behind woody debris and other obstructions was computed based on rectilinear
pyramid (Gomi et al., 2001).

The age of sediment deposits was estimatéd from even-age stands of alder growing in these
scour and deposition zones (Nakémura, 1986). Three cross sections in each étream were surveyed to
describe valley and channel profiles. Size of mobile streambed material was measured based on the
median diameter of .1 00 pebbles in a 0.2 x 0.2 m grid at the threé cross-sections (Wolﬁan, 1954).
Large cobble and boulder components (> 0.2 m) were excluded because of their relative immobility
except during landslides and debris flows despite their contribution for the formation of channel steps
(Church, 1996). Drainage areas of study streams were measured from a topographic map (USGS Crag
C-3) using a digital planimeter.

Bedload and suspended sediment movement was monitored in the LS 1 and YA 1 channels
from September to November 1999. V-notch weirs (120°) were installed in LS 1 and YA 1 in the
summer of 1999 to measure discharge and sediment yield. Sediment deposited behind the weirs was

sampled when significant volumes accumulated, typically after major storm events. Sampled
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sediment was sieved into size classes of 11.2, 16.0, 25.0, 32.0 45.0, and 115.0 mm, and weighed in
the field. Sediment smaller than 11.2 mm was taken back to the laboratory, dried, and then weighed
for smaller sieve classes (4.75, 2.00, 1.00, and 0.425 mm). Sub-samples of finer sediment (< 11.2
mm) were burned for 2 hours at 500°C to remove organic matter in each sieve class. The bulk density
of the sampled sediment was 1.2 g cm™.

Suspended sediment samples were collected during selected storm events in the LS1 and
YA1 channels with an automated pumping sampler. The intake of the pumping sampler was attached
to a metal rod and suspended in mid-stream. This minimized the effects of flow separation and
clogging by organic matter for sampling efficiency (Sidle and Campbell, 1985). Sampling was
autbmatically activated at a predetermined storm stage. A 500 rﬁl sérnple was cbllected every 10 to 15
minutes. Because only 24 sampling bottles were contained in the sample.r,b suspended sediment
samples were typically énly collected during the rising limbs of storms. Samples were transported to
the Hollis field station (Figure 5.1) where they wer’e analyzed. Total suspended solids (TSS) were
determined by passing a known volume of stream water through a glass fiber filter with an effective
retention of 1.2 um; filters were oven dried at 100-°C and residual sediment was weighed. Suspended
sediment (SS), the mineral portion of the sample, was wéighed after the TSS sarﬁple was burned at
550 °C for approximately 2 hours (Sidle and Campbell, 1985). Precipitation was also monitored every
10 minutes using a tipping buckef rain gauge at an open-canopy aréa néar the LS 1 channel (Figure
5.1). Daily preéipitation was collected at Hollis from 1947 to 1994, although data are missing from

1951 to 52 and from 1963 to 87.

5.4. Results and discussions

5.4.1. Occurrence and distribution of mass movement
Both the occurrence and spatial distribution of mass movement processes are important for

sediment transport in headwater streams and their downstream linkages. Most of the scour and
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deposition related to mass movement was distributed in the logged area compared to unlogged area of
Maybeso watershed after timber harvesting (Figure 5.2). Despite the absence of canopy cover in the
logged area, there was little evidence of mass movement in most of the headwater channels in 1959.
There were only 14 number of unvegetated slope areas detected on air photo (Figure 5.2). It is
possible that logging residue and understory vegetation may have covered certain stream reaches
obscuring small mass-movements. Following the storm events in 1961, scour and deposition from
landslides (number of unvegetated slope areas = 30) and subsequent debris flows were clearly visible
in the 1962 photographs. Multiple landslides and large deposjtional areas along channels were
observed in deeply incised (> 15 m) landforms (Figure 5.2). Single landslides and subsequent debris
flows were found in headwater systems with shallowiy incised (< 15 m) landfofms.

Scour and deposition from landslides (number of unvegetated slope areas: 38) and debris
flows observed in the 1980 .photographs and were associated with a 1979-storm event (Figure 5.2).
Because riparian vegetation existed along the lower reaches of headwater streams, the travel distances
of debris flows in 1979 were shorter than for the events in 1961 (Figure 5.2). This shorter travel
distance may also relate to roughness contributed by young riparian trees and the higher content of
wdody debris in the debris flow materials in 1979 due to logging residue and the second-gro@th
forest inputs (Johnson et al., 2000). Of the three mass erosion episodes covered in this study, the 1993
event produced the smallest nurﬁber of landslides (number of unvegetated slope areas: 18) and debris
flows, as observed in the 1996 small-scale photographs. Despite the frequent mass movement after
timber harvesting, no landslides and debris flows directly reached the main stem of Maybeso Creek
(Figure 5.2).

Sizes of storm events are significantly related to the occurrence of mass movement (Dhakal
and Sidle, in press). Landslides in southeast Alaska typically occur during the autumn storm season
from September to December (Swanston, 1967; Sidle, 1984; Johnson et al., 2000). The amount of 24-
hour precipitation on October 14, 1961, and October 27, 1993, were 128.4 and 116.7 mm,

respectively; the third and fifth highest values of an incomplete 20-yr record. Because average soil
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depth was 0.96 m in hillslopes and zero-order basins, soil within drainage depressions (i.e., zero-order
basins) was believed to be fully or nearly saturated dufing the 1961 and 1993 storms based on the
relationship between piezometric head and 24-hour precipitation in Maybeso Experimental Forest
(Swanston, 1967). The relationship between rainfall return period (T,) and 24-hour precipitation (P)
was estimated from precipitation data at Hollis using the Weibull plotting position formula;
P=108.7 log (T;) + 65.6 (R2=0.87;p<0.001) [1]
The return intervals for the 1961 and 1993 storm events were calculated as 7.00 and 4.20 years,
respectively. This finding agrees with the landslide-triggering storm estimates (5 to 8 yr recurrence
interval based on 24-hour precipitation) noted by Swanston (1970) for this area. Montgomery et al.
(2000)‘ also found that a 24-hour rainfall event with a recurrence interval > 4 yr might initiate shallow
landslide_s in the decade after logging in Oregon and Washington. Storms with recurrence intervals >
2 yr were sufficient to initiate iéndslides in Queen Charlotte Islands, British Columbia (Schwab,
1998). More importantly, however, combinations among slope gradient, antecedént m;)isture, and
precipitation intensity govern the initiation of landslides (Sidle, 1984; Dhakal and Sidle, in press).
Changes in geomorphic and hydrologic conditions (iue to timber hafvesting and logging roads
can modify slope stability. Because the soils in the Maybeso »\;atershed are essentially cohesionless,
roots anchor the soil to bedrock énd provide a long-ﬁlament binder to soil substrate (Swanston, 1970).
Therefore, decreasing root strength in the peric;d of 3 to 15 year after logging (Sidle et al., 1985)
significantly affected the stability of slopes in the 1961 event. Although the two highest 24-hour
precipitation amounts in Maybeso were recorded during and immediately after logging [December
31, 1953 (264 mm) and December 7, 1959 (178.2 mm)], effects of such storm events did not trigger
mass movements based on aerial photo interpretation because anchoring and reinforcing effects of
.roots are likely still contributing substantially to stability of hillslopes. Because most of the landslides

occurred just below mid-slope logging roads in 1961, unstable road-fill material may have also

contributed to landslide initiation (Schwab, 1998; Wemple et al., 2001).
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5.4.2. Scour, run-out, and deposftion of mass movement -

Channel gradient and valley configuration are important determinants of the location of
scour, run-out, and deposition of mass movement. Following landslide initiation, sediment and woody
debris moved as channelized debris flows toward the valley bottom of Maybeso Creek. Distances of
scour and run-out zones in the LS and YA channels ranged from 275 to 700 m (Table 5.2). Within the
scour and run-out zones, bedrock was exposed in 27 to 60% of the channel length (Table 5.1).
Landslides initiated on hillslopes with gradients ranging from 36° to 58°. Swanston (1970) noted that
landslides commonly occurred on hillslopes at or near 37 © in the Maybeso watershed. The sediment
deposition zone occurred near the foot of the slope, where channel gradient was in the range of 4.9 to
7.5° (Table 5.2). Depositional volume (sediment and woody debris transported by mass movement)
was greater in LS sites (750 to 1871 m®) than in YA channels (309 to 869 m®) (Table 5.2). Because
landslides and debris flows in LS2 and LS3 had longer scour and runout distances and initiated in
second-growth conifer forests, deposited materials contained greater amounts of sediment and woody
debris. In LS1 and YA3 channels, two landslides transported relatively large amounts of sediment and
woody debris compared to YA1 and YA2.

Valley configuration sets the template for sediment transport and deposition. Debris flow
materials were typically deposited at the bottom of the U-shaped glacial valley because of abrupt
changes in landforms (Figure 5.3A). The decreased gradient reduced the momentum of debris flows.
Wider valleys result in spreading and thinning of debris flows and increasing resistance to flow
(Nakamura, 1986; Benda and Cundy, 1990). Separation of water and sediment due to percolation into
alluvium may also reduce the momentum of debris flows. Such changes cased the formation of debris
fans and log jams in the bottom of valley. Debris flows encountered standing trees and an old logging
road at the foot of the hillslopes, both of which reduced the momentum (Figure 5.3B and 5.4).

Roberts and Church (1986) noted the amount of sediment transported from the hillslope to main
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channels due to debris flows depends upon the presence or absence of a valley flat in Queen Charlotte
Islands. The initial energy of landslides and debris flows partly determines the distance of sediment
and woody transport. Because the landslide in LS3 was initiated at a higher altitudé, the resultant
debris flow they.may have a greater terminal velocity and would be transported farther (Table 5.2). In
contrast, debris flow material may deposit in relatively steeper gradient reaches of YA channels
compared to the LS channels because landslides initiated at lower elevations in YA channels. No
debris flows directly entered the main channel of Maybeso Creek due to wide and flat valley floor
despite the frequent mass movements in headwaters (Figure 5.2).

Because stfeams were not entrenched and moved frequently on debris fans, several unsorted
sediment deposits were observed at the foot of hillslopes (Figure 5.4 and 5.5). Due to sediment and
woody debris deposition in 1961, 1979? and 1993, debris fans formed in the transition zone from
hillslopes to floodplains (on the logging road in Figures 5.4 and 5.5). Larger sediment deposits and
log jams formed 200 m downstream of the logging road in the LS3 channel. Channels shifted
dramatically due to the formation of debris fans and logjams (Hogan et al. 1998). Small fans and bars
were also found along channels and on terraces about 200 m downstream of the logging road in LS1
(Figure 5.4) and YA3 channels (Figure 5). Larger sediment deposits behind in-éhannel obstruc.tions,
such as woody debris and boulders, were also found about 200 m downstream of the reference point
(logging road) in LS1 and YA3. Because channels in LS2, and YA1 eventually merged into the LS1
channel, sediment from LS2 and YA1 was transported to the downstream reaches of LS1. The
volume of each depositslalong and within channels ranged from 1 to 10 m’. Such small deposits along
channels as well as behind obstructions in downstream reaches may have been formed by sediment
transported as flood surges and bedload movement during the 1993 event or subsequent storms
(Figure 5.4 and 5.5). Due to such sediment movement, fan shaped depositions were formed along
lower reaches of the headwaters. Sequentiai sediment movement also partially damaged riparian

stands and caused local aggradation and side channel formation in downstream reaches.
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5.4.3. In-channel storage of sediment

Sediment produced during and after mass movement was stored in channels. Total sediment
stored behind large woody debris (LWD), fine woody debris (FWD) and other obstructions (boulders
and bedrock pockets) in stream channels ranged from 0.2 to 10.1 m® per 100 m (Table 5.2; Figure
5.3C). Sediment stored in upper sections of the LS and YA channels was either the residual from
earlier mass movement or was transported from hillslopes after recent mass movement. Sediment
stored in lower sections of LS and YA channels was transported during the mass movements and
subsequent events. Larger volumes of sediment were found in the lower sections of the LS channels
compared to other sections. Sheet erosion, rain splash, and creep within landslide scour zones of
weathered till govern sediment supply from hillslopes to LS channels. Soil erosion pedestals
developed on bank slopes. Bare soil and till were affected by frost-heaving during winter and, thus,
produced much coarser sediment that was temporarily stored in channels. Eroded material on
hillslopes was directly transported to streams. In contrast, evidence of surface erosion and direct
connections of sediment transport from hillslopes to streams existed in the YA channels due to
vegetation and litter cover. Alder roots penetrated into bedrock and till and expanded on exposed
substrate, thus binding soil and organic matter. |

Different histories of mass movement relate to different vegetation recovery processes and in-
stream sediment storage in LS and YA chaﬁnels. The volume of woody debris and in-stream function
of woody debris characterized the differences between the LS and YA channels (Table 5.2 and Figure
5.6). Because both branches and leaf litters were recruitéd from regenerating riparian alder sfands, the
amount of large (LWD) and fine woody debris (FWD) increased in YA channels 40 years after mass
movement. The volumes of in-channel woody debris in YA channels (0.7 to 1.3 m’/100m) were
greater thén in LS channels (0.2 to 0.5 m*/100m) (Figure 5.6). Sediment storage ratio, which was
calculatea as the total volume of sediment divided by sediment stored behind woody debris, was
significantly higher in YA (0.55) channels compared to in LS (0.22) (Gomi et al,, 2001). Therefore,

increases in woody debris pieces recruited from alder stands created channel roughness and
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turbulence and thus contribute to sediment storage (Gomi et al., 2001). Such sediment storage due to
channel obstructions may be an important source for more regular sediment transport processes such
as bedload and suspended sediment (Roberts and Church, 1986). Because of woody debris
recruitment and in-channel storage of sediment, the percentages of exposed bedrock slightly was
slightly lower in the YA channels (Table 5.1). For much longer periods (> 50 years), .woody debris
inputs and colluvial material are stored in hollows and channels until landslides and debris flows
remobilize the material. Larger sizes of materials are likely stored in the channels because of the

limited transport capacity in small streams.

5.5. Transport of bedload and suspended sediment

Bedload and suspended sediment transport in streams is linked to sediment supply from
hillslopes and in-stream storage. Rain splash and sheet erosion on glacier tills and forest soils produce
mostly finer sediment, such as cléy, silt, and fine sand, most of which is transported as suspended
sediment. Small bank and slope failures typically produce coarser sediment and alter channel
morphology. During the October 21, 1999 storm, a small bank failure occurred in LS1, 30 m
upstream from the weir. According to the eqﬁétion [1], the returh interval of the 24-hour precipitation
(71 mm) was 1.5 years. Based on Swanston’s (1967) equation, 71 mm of rainfall in 24-hour
precipitation would cause a 0.65 m rise in piezometric head. Thus, sections of shallow soil near the
channel bank may have been nearly saturated during this storm. Nevertheless, bank and slope
undercutting due to higher discharge may have played an important role in creating unstable
conditions in the side-slopes. The small bank failure produced 1 to 1.5 m* of sediment, including soil
and weathered till, based on dimensional estimates. Failed material consisted of weathered till (clay
and silt) and coarse fragments (gravels and cobbles). Since the capacity of the weir pond in LS1 was
less than 1 m’, a maximum 85-90% of the sediment was captured behind the weir. Because of the
sudden sLlpply of saturated sediment from the bank failure during the high discharge, the sediment

was probably mobilized and transported downstream during the storm. Such a channelized mass
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wasting process with a large sediment flux and higher water content is described as a
hyperconcentrated flow.

Sediment produced from hillslopes and stored in channels is subsequently transported
downstreams as bedload and suspended sediment depending on the size of storm events, sediment
supply, and channel roughness. The relationships between sediment deposition at weir ponds in LS1
and YA1 and maximum 24-hour rainfall during the various sampling intervals from September 1 to
November 15, 1999 are shown in Figure 5.7. Bedload sediment transport in LS1 was 2 to 10-hold
greater than in YA1. Significant exponential relationships were derived between the maximum 24-
hour precipitation (P: mm) and the total volume of sediment (V: m®) in LS1 and in YA (Figure 5.7).

LS1: V=78x10"e % (R*=0.90,P <0.001) [2]

YAL: V=74x10%¢*®" (R*=0.66,P =0.008)  [3]
The exponent in equation {2] (LS 1) is significantly different compared to equation [3] (YAl) (F =
5.71, p = 0.03) at the o = 0.05 confidence level, while the constants are similar. For small rainfall
events (e.g., 10 mm in 24-hour), bedload movement was similar in both channels. During larger
events, total bedload movement in the LS1 was significantly larger than in YAL. In addition, the
relationship between maximum 24-hour precipitation and volume of sediment in LS1 was stronger
(R* = 0.90) compared to YA (R* = 0.66) (Figure 5.7). These findings imply that bedload sediment
response to rainfall input in LS1 was less complex that in YA1. This result may relate to the higher
availability of sediment in the LS1 channel due to its constant supply from unvegetated bank slopes.
Variations in bedload transport in YA1 during storms may be caused by sediment storage behind
woody debris and boulders or the sudden release of sediment from such storage sites (Adenlof and
Wohl, 1994). Median diameter (Ds) of bed load was approximately 10 mm and was smaller than
channel bed substrate (Table 5.1). Although there was no replication of LS1 and YA1, we assumed
that similar relations between bedload transport and rainfall might be observed in the other LS and

YA channels.
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Total sediment yield during the selected storm events was estimated from bedload and
suspend sediment yield, although we could not collected suspended sediment samples during all
phases of storm events. Total suspended sediment yield from LS1 (19 to 207 kg per event) was 10 to
20-fold greater than from the YA1 (2 to 37 kg per event). Suspended sediment accounted for a
smaller percentage to the total sediment yield in YA1 (26, 32, and 68%) compared to LS1 (49, 67,
and 70%) during the storm events on September 8 and 22 and November 1,' respectively. Because less
bedload was transported late in the storm season, suspended sediment comprised 68% of the total
sediment yield in YA1 during November 1 storm. Lenzi and Marchi (2000) estimated that suspended
sediment contributed from 16 to 100% of the total sediment yield in a small stream in Italy. These
large variations in the percentage of suspended sediment are affected by sediment sources, the relative
amount of bedload, seasonal changes in availability of sediment, and the instantaneoué supply from
the slope and the channel bed (Sidle and Campbell, 1985; Lenzi and Maféhi, 2000). Cumulative
bedload yield during the 1999 monitoring period was 2.0 and 0.1 m® in LS1 and YA channels,
respectively. Therefore, assuming an average proportion of suspended sediment to total sediment of
62% in LS1 and 42 % in YAl throughoﬁt the stormv season, total sediment yields in LS1 and YA1

channels were approximately 5.3 and 0.2 m’, respectively.

5.6. Sediment transport and hydrogeomorphic linkages
5.6.1. Temporal variation

Based on results of sediment transport and storage in the LS and YA channels of Maybeso
watershed, temporal variation in sediment transport occurs along with changes in linkages from
hillslopes to streams. These changes are telated to mass movement and vegetation recovery processes.
Ground vegetation cover on previously expdsed soil and till, and the regeneration of alder stands in
the riparian areas after mass movements, modifies soil erosion processes and linkages from hillslopes
to streams (Shimokawa, 1984). Aftef the regeneration of alder riparian stands, the nitrogen-

supplemented soils may improve hydrological conditions and facilitie regeneration of other
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successional plants (Bormann and Sidle 1990). Soil under alder riparian stands may be improved with
the accumulation of organic matter, increases in flora and fauna (possibly contributing to the
formation of macropores), development of soil structure, and increases in infiltration capacity and
hydraulic conductivity (Bormann and Sidle 1990). The decoupling of side-slopes and streams
gradually occurs as slopes revegetate and consequently decrease the supply of sediment from
hillslopes to channels in YA.

The role of woody debris related to the transport and storage of sediment niay change with
the succession of riparian stands after mass movement. Woody debris recruitment may change from
early establishment of alder to the replacement with alder to conifers in later stages of succession.
Succession patterns of riparian forests after timber harvesting differ with and without mass movement
in headwater streams (Gomi et al., 2000). Likens and. BilBy (1982) noted that the succession of
riparian stands after logging modified the amount bf woody debris dams for a periods of 50 to 100
years after disturbances. Although woody debris recruited from alder ripaﬁan stands contributed to
sediment storage 40 years after mass movement, alder typically decomposes and fragments more
rapidly compared to conifers (Harmon et al., 1986).

Dominant sediment tranéport modes after timber harvestiﬁg in headwater streams of the
Maybeso watershed can be grouped in ?elation to triggering storm events (Table 5.3). Landslide and
debris flows after timber harvesting were triggeréd by storm events with recurrence internals > 5
years. Relatively unsorted materials (= 100 m3) including cobbles and boulders (Dso = 200 mm) and
large woody debris pieces were transported during these events. Hyperconcentrated flows may occur
when large amounts of sediment are transported from the hillslope and accumulate in channe_ls (Table
5.3). Although only one case was observed, approximately 1 m’ of sediment from a slope failure was
transported as a hyperconcentrated flow during a storm with a recurrence interval of 1.5to 5 yr. A
flood surge may also occur if a log jam breaks (Nakamura et al., 2000). Gravels, cobbles, and small

boulders (10 < D5 < 200 mm) and fine woody debris pieces were transported during such
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intermediate events (Table 5.3). Sediment < 1 m® was transported more regularly (daily rainfall return
period < 1.5 yr) as bedload and suspended sediment (Table 5.3). Because such materials were smaller
than channel bed substrate, bedload materials were more selectively transported during storm events
(Adenlof and Wohl, 1994). Materials smaller than gravel as well as organic matter (e.g., leaves and

branches) were typically transported during these smaller events.

5.6.2. Spatial variation

A shift in the dominant geomorphic processes from up to downstream reaches within
headwater streams causes various types of deposition and erosion features along channels. Sequential
changes from colluvial (mass movement) to alluvial-dorhinated (bedload and suspended sediment)
processes occurred within 1 km in the Maybeso watershed due to changes in channel gradient,
material size, and valley configuration. Such changes also modified ripafién structure and channel
form (Nakamura et al., 2000). Most of the sediment produced by the mass movement formed debris
fans at the bottom of the U-shaped glacial valley. A portion of this deposited material was
subsequently transported as flood surges, bedload, and suspended sediment due to break up of log
jams, bank erosion, and channel avulsions on the debris fans, while most of deposited sediment
remained in the same location for loﬁger periods. Fovr instance, residenée time of deposited materials
on the bottom of valleys may be much longer than 10* years (Dietrich and Dunne, 1978).. Sediment
stored in channels mobilizes more frequently depending on the stability of obstructions. Bedload
sediment may gradually be transported from downstream reaches of debris fans to the main stem of
Maybeso Creek. Suspended sediment is transported directly to the main stream of Maybeso Creek
during storm events. The dominant chaﬁnel reach morphology changes from bedrock and cascade to
step-pool and pool-riffle in headwater streams (Montgomery and Buffington, 1997). Sediment
movement related to mass wasting and the recovery process alters the distribution of such channel

reach types.
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Although tight linkages from hillslopes to streams within headwater streams were observed,
routing processes from the downstream portion of headwaters to the main channel Qf Maybeso Creek
were not strongly coupled (Figure 5.8). Because of decreases in the channel gradient and increased
valley width, sediment movement is more dispersed in downstream reaches. Unit stream power is
lower in wider and shallower channels and this induces sediment deposition. Stream water percolates
into substrate in some reaches and, conversely, groundwater recharges through the streambed. Wide
floodplains, beaver ponds, and bogs intercept and dissipate material transport from headwaters to
downstream reaches (Figure 5.8). Bryant (1980) documented channel changes in Maybeso Creek
before and after timber harvesting and found that log jam formation, bank instability, and sediment
accumulation occurred after logging. Because mass movements did not directly enter the main
channel (Figure 5.8), most of sediment in Maybeso Creek was likely the result of bedload transported
from tributaries, bank erosion, and' side channel formation in ﬂbodplain materials. Schwab (1998)
estimated that a greater amount of sediment was transported by mass movement in the early 1900’s
compared to after timber harvesting in the 1950’s in Queen Charlotte Islands. Hogan et al. (1998)
estimated that the most log jams were formed during and after mass movement. Slaymaker (2000)
also noted the different findings in the occurrénce of mass movement and log jam formations of these
studies. Such results may be related to linkages of sediment and woody debris movement between
headwater streams and downstream systems at various spatial and temporal scales (Hogan et al.,

1998) (Figure 5.8).

5.7. Summary and Conclusions

Hydrological processes with varying magnitudes and frequencies alter sediment movement
after timber harvesting in headwater systems of Maybeso watershed. The history of mass movement
controls the availability of sediment in channels and the structure of riparian vegetation. Recovery of
vegetation after episodic mass movement modifies bedload and suspended sediment transport and in-

channel storage of sediment in headwater streams. The dynamics of sediment movement in managed
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forest headwaters can be summarized according to the following sequence: (1) mass movement after
timber harvestian is triggered by storm events with récurrence intervals > 5 yr in logged areas; (2)
sediment and woody debris redistributes from upper to lower reaches of channels; however, debris
flows do not enter main channels; (3) subsequent sediment movement is transported from debris fans
formed at the bottom of the U-shaped glacial valley; (4) greater amount of bedload and suspended
sediment was transported immediately after mass movement; (5) amount of bedload and suspended
sediment transport largely depends on vegetation recovery processes and amount of woody debris
recruitment after mass movements; and finally (6) the sequence of sediment transport and
transformation of sediment movement modes from headwaters to downstream reaches alter riparian
stands and channel morphology: this in turn creates heterogeneous riparian and in-stream landscapes
in Maybeso watershed.

Landforms strongly influence sediment transport with respect to hydrologic aﬁd geomorphic
linkages from hillslopes to streams and from headwaters to downstream reaches in Maybeso
watershed. Landform characteristics such as valley incision, valley floor topography, and vegetation
cover control the spatial and temporal distribution of sediment transport and storage (Nakamura et al.,
1995; Benda and Dunne, 1997b). Such landfbrm characteristics are also important for understanding
the patterns of disturbances in riparian zones and channel morphology throughout the channel
network (Nakamura et al., 2000). Theréfbre, hydrogeomorphic linkages in different landforms must
be evaluated to understand the dynamics of wafer, sediment, nutrients, and organic matter in channel
networks and riparian zones.

Knowledge of sediment transport and storage and the interaction of sediment movement with
riparian vegetation and woody debris may aid in the understanding of dynamic material fluxes and

| processing in headwater streams. Since the total area of headwater systems comprises a major portion
of the channel network, material transport in headwater systems is critical to understanding the

dynamics of channel networks (Benda and Dunne, 1997a; Sidle, 2000). In particular, the importance
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~of headwater streams for the habitat and food supply of stream biota are a major concern in forest

management.
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Figure 5.3 Longitudinal profile, distribution of in-channel sediment, and sediment
due to debris flows along LS 1. Small arrows show old logging roads located at the
foot (solid arrow) and middle (dotted arrow) of hillslopes; large arrow shows the
reference point (0 m) for the stream survey. Volume of sediment transported and
deposited due to mass movement is estimated in Figure 3B. Volume of sediment
stored behind woody debris and the other channel obstructions (e.g., boulders) is
described in Figure 3C.

168



J— Sediment deposition in

fd 1993 and later

weve: Sediment deposition in 1979
LA (after 1991 and before 1993)

it Sediment deposition in 1961
and earlier
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LS2 - - 1045 > 42
YA1 309 - -

Figure 5.4 Sediment deposition due to debris flows and subsequent sediment movement
in the LS1, LS2, and YA1 channels. Debris fans formed at the bottom of the glaciated
valley near the logging road. The table shows the volume of mobile sediment in different
years estimated in the field.
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Figure 5.5 Sediment deposition due to debris flows and subsequent sediment
movement in the LS3 and YA3 channels. More sediment deposits due to
debris flows in LS3 were found approximately 200 m downstream of logging
roads. Sediment deposits of varying ages were found along YA3. The table
shows the volume of mobile sediment in different years estimated in the
field. See Figure 5-4 for the code on the map.
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Figure 5.6 Volume of in-channel large woody debris in the upper
reaches of LS and YA channels. In-channel volumes of large woody
debris (LWD) in YA streams were higher than those in LS channels
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Figure 5.7 Relationships between the volumes of sediment deposited in weir

ponds (V: m’) and maximum (event) 24-hour precipitation (P: mm) for sediment

sampling periods in LS 1 and YA 1 from September to November 1999.
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Headwater

Figure 5.8 Schematic view of linkages from hillslope to channels, and from
headwater streams to main channels. Multiple landslides are often found in
headwater systems with ravine landforms, while single landslides affect
channels with shallowly incised landforms. Headwater A: Headwater channel
eventually merges into wetlands and beaver ponds in both shallowly incised
and ravine landforms. Headwater B: Single landslides and channelized debris
flows in headwater systems with shallowly incised landforms; sediment and
water diffuse near the foot of hillslopes and do not directly enter the main
channel. Headwater C: Because of alluvial material in the floodplain, the
stream becomes influent during the dry season. Headwater D: Multiple
landslides are found in headwater systems. Because of the larger amount of
sediment, sediment is transported near or in the main channel.
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Summary, synthesis and conclusion
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Summary

The findings of the integrated components of this thesis show how woody debris and
sediment dynamics are associated with typical forest management énd disturbance regimes at
different temporal and spatial scales. First of all, the uniqueness and interaction of hydrologic,
geomorphic, and biological processes among hillslopes, zero-order basins, and stream channels is
presented (Chapter 1). The importance of headwaters as sources of sediments, water, nutrients, and
organic matter to downstream reaches was emphasized. The remainder of the thesis (Chapters 2 to 5)
assesses the distribution of woody debris and sediment in headwater streams as well as the function of
woody debris for storing sediment related to management and disturbance regimes. The timing of
clear cutting and landslides/debris flows modified channel steps and reach morphology in headwater
streams. Both woody debris and sediment supply are important for the formation of steps and the
modification of reacﬁ types. In Chapter 4, it was shown that responses of bedload and suspended
sediment transport during storm events were related to the availability of sediment and woody debris.
The availability of sediment and woody debris greatly modified the threshold, transport processes and
storage of sediment. Finally, spatial and temporal Vari:dtibns of sediment movement (episodic and
chronic sediment movement) and their linkages from hillslopes to channels were assessed. The
history of episodic sediment movement as well as recovery processes from these disturbances appears
to control chronic sediment movement. The key findings of the five chapters are summarized in the

following sections.

Importance of headwater streams (Chapter 1)

Headwater systems are the important sources of water, sediment, nutrients, and organic
matter for downstream systems (Hack and Goodlett, 1960; Sidle, 2000). Headwater streams are
defined as small (bankfull < 2 m), steep gradient (> 0.10) channels, which include hillslopes, zero-

order basins (Tsukamoto et al., 1982), and first and second order channels (Strahler, 1957). Such
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small headwater streams are also recognized as important habitat for macroinvertebrates (Richardson,
1992) and food sources for juvenile salmonid and residential trout in Pacific Northwest (Bryant,
1984). Headwater catchments can comprise a major portion (up to 70% or more) of the total area for a
larger watershed (Tsukamoto et al., 1982). Because mahy headwater systems are located within larger
watersheds, a linear abstractioﬁ of stream ecosystems (e.g., Vannote et al., 1980) is not suitable for
understanding the processes and roles of headwater streams in channel networks, which are
approximated as branched structures. A paradigm shift from linear to branched systems is necessary
to understand the processes and linkages of physical and biological dynamics in stream systems
(Fisher, 1997). Moreover, because logging activities are typically conducted around headwater
streams, establishing sound management practices for the conservation of headwater ecosystems is a
central issue in Pacific Northwest.

Watersheds can be classified as headwater and network systems based on the éontinuous»and
discontinuous nature of material dynamics from hillslopes to streams and from headwaters to
downstream reaches. The maximum drainage area of headwater systems is 1 km’ based on the
continuum of hydrogeomorphic processes (Woods et al., 1988; Montgomery and Foufoula-Georgiou,
1993; Swanson et al., 1998). However, the size of headwater systems may be modified by drainage
density, which varies through several orders of magnitude in landscape.. Processes from hillslopes to
streams and from terrestrial to aquatic environments are tightly linked and continuous in headwaters,
while the continuity from headwater to downstream systems varies depending on changes in channel
gradient, tributary junctions, and valley width. For the downstream reaches, geomorphic processes
typically change from mass movement to fluvial-dominated (Montgomery and Foufoula-Georgiou,
1993). Connectivity and distribution of headwater streams are important to evaluate the linkages
between headwater and downstream systems. Because of their unique geomorphic, hydrologic, and
biological processes and attributés, the dynamics of headwater streams require more intensive and
extensive investigation. In particular, sediment and woody debris dynamics are the key factors in

understanding the linkages from hillslopes to streams and from headwaters to downstream reaches.
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Distribution and accumulation of woody debris and sediment (Chapter 2)

Accumulation and distribution of woody debris and sediment are largely related to riparian
conditions, which in turn rely upon disturbance sequences, such as timber harvesting and landslides.
Although various geomorphie and biological functions of woody debris have been investigéted (e.g.,
Harmon et al., 1986), the roles of woody debris for storing sediment and modifying channel
morphology in steep headwater streams are poorly understood. Large woody debris (LWD: diameter
> 0.1 m; length > 0.5 m), fine woody debris (FWD: diameter 0.03 —0.1 m; length > 0.5), fine organic
debris (FOD: accumulations of leaves and branches), and sediment deposition were measured in 15
steep headwater streams with five management and disturbance regimes (LS, YA, YC, CC, and OG).
Differences in the amount of woody debris pieces and sediment deposition were statistically tested
using a mixed effect analysis of covariance model. Clear-cut channels, logged in 1995, contained
large accumulations of logging residue that initially provided sites for sediment storage. Half of the
LWD in clear-cut channels was recruited during and immediately after logging. Woody debris from
logging activities remained in the young growth conifer channels 37 years after logging. Numbers of
LWD in clear-cut and young conifer channels were significantly higher than in old-growth channels,
although numbers of FWD pieces were not significantly different due to higher recruitment from old-
growth stands. Channels that experienced recent (1979 and/or 1993; LS channels) and earlier (1961
and/or 1979; young alder riparian forest) scour and/or runout of landslides and debris flows contained
less LWD and FWD, althoiigh greater volumes of LWD and FWD were found in deposition zones.
The volumes of sediment stored in young alder and recent landslide channels were higher than in the
other channels. The ratio of sediment stored behind woody debris to total sediment volume was
greater in young alder channels compared with recent landslide channels, however, this may have
been due to higher recruitment of LWD aiid FWD from the adjacent young alder stands. Numbers of
LWD and FWD pieces in all streams were significantly correlated with the volumes of sediment

stored behind woody debris, while Bilby and Ward (1989) noted that the volume of woody debris

177




correlated to the volume of sediment. Higher numbers of LWD and FWD pieces (multiple dams)
were more important for greater sediment storage in headwater streams than volumes. Woody debris
and sediment accumulations also formed channel steps and altered hydraulics. Differences in
geomorphic attributes also affect the amount and regimes of bedload and suspended sediment

transport in headwater streams.

Channel steps and reach morphology (Chapter 3)

Channel steps, most commonly formed by boulders, are the most significant geomorphic
units that affect the stability of channels in steep headwater streams. In forested channels, woody
debris pieces and jams also contributevto the formation of channel steps. Because channel units such
as pools and steps are the subunits of channel reaches‘ (e.g., Grant ét al., 1990), the distribution and
abundance of channel steps can alter the distribﬁtion of reach types. Thus, the effect éf five
management and disturbance regimes on channel sfeps and reach morphology was examined in 16
headwater channels.

Differences in step geometry, such as height and interval length of steps, among stream types
(LS, YA, YC, CC, and OG) were measured and statistically tested using mixed effect analysis of
covariance. While numbers, intervals, and heights of steps did not differ, step interval length
significantly differed among management and disturbance regimes. Similar to the findings by
Whittaker (1987), a negative exponential relationship between channel gradient and average length of
step intervals was observed in fluvial reaches (< 0.25 unit gradient) of the LS and OG channels. No
such relationship was found in upper reaches (> 0.25 gradient) where colluvial processes dominated.
Similarly, Wohl and Grodeck (1994) found no significant relationship between step interval length
and gradient in steep (> 0.2) channels. Recruitment of old and recent logging slash as well as woody
debris recruitment from regenerating riparian stands may obscure any strong relationship between

step geometry and channel gradient in the YA, YC, and CC channels.
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Changes in the number of channel steps were related to the amount of woody debris available
to modify channel reach types. Channel reaches were described as pool-riffle, step-pool, step-step,
cascade, rapids, and bedrock (modified from Montgomery and Buffington, 1997; Zimmerman and
Church, 2001). In step-step reaches, pools do not form between steps. The geometry of channel steps
such as step interval length and height characterized reach types. Fluvial processes dominated in pool-
riffle and step-pool reaches, while colluvial processes dominated in bedrock reaches. Both fluvial and
colluvial processes dominated in step-step, cascade, and rapids reaches. Step-step reaches appear to
be a transitional channel type between cascade and step-pool reaches. Step-step reaches dominate in
clear-cut channels with gradients < 0.25 because logging slash forms steps and impounds sediment.
Recruitment of woody debris thus contributed to the formation of steps and then sequentially induced
the quiﬁcation of channel reach types from step-pools to step-steps. Scour, runout, and deposition
of sediment and woody debris frdm landslides and debris flows modified the distributionvof reach
types (bedrock, cascades, and step-pools) and the structufe of steps within the reaches. The
differences in the distribution of channel steps and reach morphology among stream types are likely

to modify bedload and suspended sediment transport.

Bedload and suspended sediment transport (Chapter 4)

The sediment dynamics of steep headwater channels may differ in many ways compared to
those of low gradient channels. Woody debris pieces and related changes in geomorphic attributes
(e.g., steps and pools) affect sediment transport in stream channels. The variation of bed topography
may modify the variation of material exchange between what is transported and what is resident in
the channel bed. Landslides and debris flows and their recovery processes alter the amount of woody
debris and available sediment: this in turn affects patterns and threshold discharges for bedload and
suspended sediment movement. Logging activities also modify channel morphology, hydrologic
regime, and availability of sediment. Therefore, synoptic bedload and suspended sediment transport

was examined in four (LS, YA, CC, and OG) of the 16 study streams (discussed in Chapters two and
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three) reflecting the full range of management and disturbance regimes.

The amount of bedload sediment was correlated to peak discharge and effective discharge
volume in each stream. Because surface erosion and small bank failures regularly occur on
unvegetated soil, the LS channel produced 15 times more sediment than the YA, CC, or OG channels.
Median diameter of transported materials in all streams was smaller than that of the channel bed,
although the peak discharge exceeded the threshold for bedload entrainment by 10-fold. This result
thus implies selective transport occurred rather than equal mobility (Whiting et al., 1999). Sediment
exhaustion occurred after bankfull peak discharge for supply-limited conditions in the YA channel.
Sediment transport in the LS channel increased after the annual peak flow due to the occurrence of a
small bank failure. Thus, cloékwise and counterclockWise seasonal hystheresis may occur in YA and
LS during supply-limited and enefgy-limited condi.tions, résﬁectively. Bédload tracers were
transported further downstream in L.S because the excess sediment created a smooth béd surface. In
contrast, bedload tracers moved shorter distances in the YA, CC, and OG chanﬁels because they were
trapped between cobbles and boulders as well as behind woody debris. In particular, most of the
bedload tracers in the CC channel were trapped Behiﬁd logging slash. Suspended sediment comprised
< 50% of the total sedfmeﬁt yield for supply-limited conditions in the YA, CC and OG channels; in
the LS channel, suspended sediment was > 60% of total sediment.. Vegetation coverage and woody

debris recruitment modified the available sediment and transport thresholds.

Episodic and chronic movement of sediment and woody debris (Chapter 5)

_ Both episodic and chronic sediment movement following basin wide clear-cut loggiﬁg were
compared in several chaﬁnels within Méybeso Experimental Forest. Episodic events (landslidés and
debris flows in 1961, 1979, and 1993) resulted in the transport and redistribution of sediment and
woody debris in headwater tributaries. Widespread landslidihg in 1961 and 1993 was triggered by |
storms with recurrence intervals (based on 24-hour rainfall) of 7.0 and 4.2 years, respectively. The.

landslides that occurred in 1961 were likely related to the decreased root strength in headwater areas.
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Between 300 and 1800 m’ of sediment and woody debris were deposited in the lower reaches of
headwaters after these mass failures. Landform features, such as incised channels, control the
occurrence, distributibn, and downstream effects of mass movements. Landslides and channelized
debris flows formed log jams, alluvial fans, exposed reaches of bedrock, and abandoned channels.
The-terminus of the deposits did not enter main channels because channel gradients were less than
0.05 at the bottom of the U-shaped glaciated valley. Chrdnic sediment input to channels included
surface erosion on exposed glacial till (rain splash, sheet erosion, and freeze-thaw) and bank failures.
Chronic bedload sediment transport during a large storm (recurrence interval of 24-hour precipitation
< 1.5 years) in a channel with recent landslides (failures in 1993) was 2 to 10 times greater and finer
in composition when compared to the sediment transported in a young alder riparian channel that
experienced a landslide in 1961.

Water, sediment, and organic matter cascades through channels and accumulates from
hillslopes to streams within headwater systems due to episodic and chronic processes.
Hydrogeomorphic linkages (material flows) between hillslopes and streams differ during episodic and
chronic events. Strong hydrological coupling (e.g., subsurface flow) from hillslopes and streams can
initiate episodic mass movement. Smaller bank failures and sheet erosion near stream channels may
occur as chronic events and are directly coupled with channels. Such linkages changed with
regeneration of riparian vegetation during recovery processes. In contrast to the processes in
headwaters, routing processes of episodic and chronic events from the downstream portion of
headwaters to the main channel were more dispersed because of changes in the channel gradient and
valley width. Temporal variation of sediment movement as well as riparian conditions related to
management and disturbance regimes are important factors in understanding material transport within
headwaters. Spatial variation of the occurrence of landslides and debris flows in headwater systems as
well as their downstream linkages are also critical for understanding material dynamics through

channel networks.
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Dynamics of sediment and woody debris in steep headwater streams: a synthesis

Timber harvesting and related landslides and debris flows clearly affect the dynamics of
woody debris and sediment in headwater streams. Theses external influences (mass movement and
timbe{ harvesting) modified channel morphology and sediment transport processes compared to
undisturbed old-growth conditions. Three aspects of disturbance appear to be important for
understanding the dynamics of sediment and woody debris: (i) logging slash; (i1) landslides and
debris flows; and (iii) regeneration of riparian stands after timber harvesting and mass movement.
These conditional changes are important in headwater streams because of the strong coupling among
hillslopes, zero-order basins, and stream channels. Such conditional changes with time affect the
distribution of woody debris and sediment: this in turns modifies geomorphic attributes and sediment
transport. Spatial and temporal variations in these qonditional changes create the variation of material
dynamics in headwater streams, and thus cause the variation of material transport from headwater to
downstream systems.

This study found that the management and disturbance regimes clearly affect geomorphic
processes and attributes related to woody debris and sédiment. Sediment yield and routing in
headwater streams can be described by variables related to the amount of sediment and woody debris
input from hillslope to channels over time (Figure C.i). In old-growth streams, sediment yield
remains low due to sediment-limited conditions with no significant sediment source from hillslopes.
Large and fine woody debris as well as interlocked boulders contribute to sediment storage and
channel step formation in old-growth channels. Howéver, both timber harvesting and mass movement
alter sediment and woody debris availability: this in turn modifies sediment yield and routing in the
following ways:

1. After clear-cutting headwater catchments, inputs of logging slash significantly increase the
abundance of in-channel woody debris (see stage 1 in Figure C.1a).
2. The logging slash initially stores sediment, creates channel steps, and reduces the sediment

movement (stage 1 to 3 in Figure C.1b).
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3. In the absence of landslides and debris flows, larger woody materials remain in the channel
50 to 100 years after logging and sediment transport remains low (before stage 3 in Figures
C.laand C.1b).

4. When landslides and debris flows occur 3 to 15 years after logging due to intense rain and
deterioration of root strength (Sidle et al., 1985), woody debris is evacuated from headwater
streams and deposited in downstream reaches (stage 2 in Figure C.1a).

5. Because of higher sediment production from stream banks in the scour zone, more bedload
and suspended sediment is transported in channels affected by recent landslides and debris
flows (after stage 2 in Figure C.1b).

6. Red alder stands actively re-colonize ripari.an zZones of headwater streams for 20 to 50 years
after mass‘movement and woody debris and organic materials are recruited from these stands,
thus providiﬁg sediment storage sites (stage 2 to 4 in Figure C.1a and C.1b).

7. For the longer periods ranging from 100 to 200 years, late successional conifer riparian stands
gradually replace in alder stands (stage 5 onwards in Figure C.1a) (Likens and Bilby, 1982).

8. Decoupling of geomorphic processes from hillslopes to channels due to vegetation coverage
also reduces sediment inputs (stage 2 to 4 in Figure C.1b).

Thus, the recovery processes related to revegetation ana woody debris recruitment significantly
decrease sediment supply and transport in headwater streams.

Woody debris pieces and jams-play important roles for altering physical pr.ocesses and
morphology in headwater streams. The function of woody debris is summarized as follows: (1) large
woody debris is the primary determinate of channel form in headwater forest streams, particularly
creating channel steps similar to boulder steps; (2) the presence of woody debris facilitates deposition
and accumulation of sediment in channels; (3) functions of sediment storage and formation of steps
modify the amount, material composition, and regimes of sediment movement; (4) higher numbers of

woody debris pieces are important for storing sediment in headwaters; (5) large woody debris in
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stream channels can be stable and alter channel morphology for 50 to 200 years until the pieces decay
or are transported by Ilnass movement.

Timber harvesting may alter physical and biological processes in and around headwater
streams for 100 years or more. Woody debris from logging may affect channel morphology for 200
years until the pieces decay or are transported by mass movement. In steep headwater systems, the
probability of mass movement increases 3 to 15 years after logging. Mass movement modifies the
availability of sediment and distribution of woody debris. In addition to the hydrologic and
geomorphic changes related to timber harvesting, biological processes in headwater streams can be
modified by changes in water temperature, solar radiation input, organic matter input, and sediment
transport.

Headwater streams without fish have not been well managed compared to fish-bearing
streams. Riparian bﬁffer zones are not always appropriate for minimize harvesting impact on small
headwater streams, because narrow riparian corridors are highly suéceptible to windthrow. One
possible management option is to plan timber-harvesting units based on drainage area of headv;/ater
systems. A headwater management unit is defined as a spétial extension of headwater systems. These
units are delineated by the catchment boundary that includes the hillslopes and stream corridors along
the headwater continuum. Headwater units could be dlelineated accordingly and managed sequentially
or randomly throughout the watershed. If properly designed, such a temporal rotation system may
minimize damage to the watershed by allowing various headwater systems to “blink-on” and “-off” in
response to spatially and temporally distributed logging disturbances (Reeves et al., 1995). Such
disturbances would have to .be planned sol as not to coincide with hydrologically active periods (Sidle
et al., 2000). Another possible manégement options are “variable retention harvesting” arqund
headwater channels (Franklin et al. 1997). Retained stands along headwater channels may contribute

for shading streams, recruiting woody debris and organic matter, and inducing vegetation succession.
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Conclusion

Understanding processes at various spatial and tempéral scales is the fundaméntal approach
to comprehend material dynamics related to hydrology, geomorphology, and biology. Depending on
the objectives and approaches, scientists and managers observe and study hydrologic and geomorphic
processes at different spatial and temporal scales: thus the explanations of results may also vary
among the observations and studies. For instance, at short time scales, logging slash may be
beneficial for storing sediment and reducing sediment yield in headwater channels. However, for
longer time scales, accumulations of sediment due to logging slash recruitment may induce sequential
failures of woody debris dams and subsequent debris flows. Thus, potential relationships between
causes and responses at various temporal and spatial scales should be estimated to further improve
our understanding of the dynamics in headwater streams.

Ecology and manégement of downstream riparian zones have been extensively studied and
applied in the context of stream restoration during the past 10 years (Naiman et al., 2000). However,
the role of headwater systems as sources of water, sediment, nutrients, and organic matter has
attracted more attention with respect to restoring and managing downstream reaches. To enhance our
understanding of the dynamics m headwater streams related to the inﬂuence of management and
disturbance regimes, the following hydrologic, gc;,omorphic, and biological processes need to be
considered: (1) understanding establishment, growth, competition and mortality of riparian vegetation
over time after timber harvesting and mass movement; (2) estimativng soil in landslide scars and.
sediment accumulation in headwater channels with changes in riparian vegetation; and (3)
comprehending subsurface flow paths, nutrient transformation, and frequency/magnitude of peak
discharge with changes in riparian vegetation, soil development, and sediment accumulation in
channels. Such studies will provide the necessary information for effective management and
conservation of forested headwater streams and watersheds.

It is very difﬁcuit to attain a holistic understanding of material transport at various spatial and

temporal scales as well as the effects of management and disturbance regimes on stream ecosystems.
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Although this study examines and emphasizes the dynamics of sediment and woody debris
throughout approximately 100 years, processes operating over much longer time scales need to be
incorporated to develop a more complete conceptual model of material dynamics in headwater
streams. For example, glaciation and Holocene climate changes are also important to evaluate and
predict the dynamics of material transport. To advance towards a holistic understanding of
geomorphic processes in headwater streams, it will be necessary to attempt to model the combinations

of episodic and chronic processes at various spatial and temporal scales.
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Figure C.1 Hypothetical change in the frequency of woody debris in headwater
streams (developed from Likens and Bilby, 1982). The amount of woody debris
and sediment changes with timber harvesting and related mass movement in the
following way: (1) after clear-cut logging, logging slash enters streams and
creates woody debris steps and dams; (2) landslides and debris flows transport
woody debris and sediment to downstream reaches; (3) conifer riparian stands
colonize after logging in sites without landslides and debris flows; (4) colonized
alder stands begin to fall and enter streams after mass movement; (5) mature, late
successional conifers, replace alder stands and began to interact with streams.
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