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ABSTRACT: Channel morphology of forested, mountain streams in glaciated landscapes is regulated by a complex suite of
processes, and remains difficult to predict. Here, we analyze models of channel geometry against a comprehensive field dataset
col lected in two previously glaciated basins in Haida Gwaii, B.C., to explore the influence of variable hillslope channel
coupling imposed by the glacial legacy on channel form. Our objective is to better understand the relation between hillslope
channel cou pling and stream character within glaciated basins. We find that the glacial legacy on landscape structure is
characterized by rela tively large spatial variation in hillslope channel coupling. Spatial differences in coupling influence the
frequency and magnitude of coarse sediment and woody material delivery to the channel network. Analyses using a model for
channel gradient and multiple models for width and depth show that hillslope channel coupling and high wood loading induce
deviations from standard down stream predictions for all three variables in the study basins. Examination of model residuals using
Boosted Regression Trees and nine additional channel variables indicates that ~10 to ~40% of residual variance can be explained
by logjam variables, ~15 40% by the degree of hillslope channel coupling, and 10 20% by proximity to slope failures. These
results indicate that channel classification systems incorporating hillslope channel coupling, and, indirectly, the catchment glacial
legacy, may present a more complete un derstanding of mountain channels. From these results, we propose a conceptual
framework which describes the linkages between landscape history, hillslope channel coupling, and channel form.

KEYWORDS: mountain streams; hillslope channel coupling; hydraulic geometry; wood; landslides; process domains; channel classification; divide

breaching; glacial history

Introduction

Channel morphology and typology derive primarily from the
local interplay between sediment supply and channel transport
capacity (Schumm, 1977). In forested mountain environments,
sediment and wood supply is dominated by landslide and
debris flow inputs originating from adjacent hillslopes and
steep colluvial tributaries (Nakamura and Swanson, 1993;
Grant and Swanson, 1995; Benda and Dunne, 1997a, 1997b;
Benda and Sias, 2003; May and Gresswell, 2003; Rigon
et al., 2012; Hassan et al., 2016). In such settings, fluvial sys
tems characterized by simple concave up longitudinal profiles
typically exhibit hillslope channel sediment connectivity (i.e.
Bracken et al., 2015, hereafter termed hillslope channel con-
nectivity) that declines progressively downstream from the
headwaters as channel slope decreases and valley width in-
creases (Wohl, 2017). An idealized progression of channel
types in these systems would include strongly coupled debris
flow dominated channels at the headwaters followed by

transitional (partially coupled) channels where debris flow dis-
turbance (mainly deposition) coexists with fluvial reworking,
and finally (uncoupled) fluvially dominated channels further
downstream (Montgomery and Buffington, 1997; Church,
2002; Gomi et al., 2002; Brummer and Montgomery, 2003).
Along the fluvial portions of concave up longitudinal profiles,
a schematic sequence of channel morphologies may be ob-
served as a function of decreasing channel slope and increas
ing contributing area, starting from coarsely bedded and
poorly organized morphologies (e.g. boulder cascade) down
to finer textured and organized (e.g. riffle pool) reaches
(Montgomery and Buffington, 1997). In these reaches, channel
cross sectional variables (geometry) are assumed to be well
described as functions of local slope, grain size, and stream
discharge (Leopold and Maddock, 1953; Ferguson, 1986;
Wohl, 2004; Finnegan et al., 2005; Parker et al., 2007).
Peculiar geomorphic contexts resulting from the interplay
between dependent and independent river variables in time
and space (Schumm and Litchy, 1965) can display diverse



arrangements of forms and processes along river networks
(Wohl, 2018). In landscapes with a history of intense glaciation
(Brardinoni and Hassan, 2006, 2007) hillslope channel con-
nectivity may become more spatially complex and therefore
may depart from a predictable downstream pattern of progres-
sive weakening. The case of glacial conditioning is particularly
critical, since formerly glaciated and currently glacierized
orogens represent a large proportion of terrestrial mountain
settings. However, they have received limited attention, and
consequently our understanding of the downstream patterns
of channel bed texture and geometry in steep glaciated settings
remains elusive.

Glacial conditioning of hillslope channel connectivity may
arise from a combination of factors including comparably
wider and deeper valleys (Montgomery, 2002), altered basin
hypsometry (Brocklehurst and Whipple, 2004), stepped longi-
tudinal profiles alternating between coupled and uncoupled
valley segments (Brardinoni and Hassan, 2006), and hillslopes
mantled by unstable surficial materials such as till and glacio-
lacustrine deposits (Slaymaker, 1993; Brardinoni et al., 2003).

Channel networks with complex spatial configurations of
hillslope channel connectivity pose major challenges for
understanding and predicting downstream patterns of channel
geometry, morphology and bed texture. A limited number of
approaches have been proposed to incorporate the influence
of hillslope channel connectivity, as modulated by landscape
structure, into current knowledge of what controls stream chan-
nel form and dynamics at finer scales. For example, Whiting
and Bradley (1993) propose a channel classification scheme
that describes reaches based on their likelihood of receiving
landslide and debris flow sediment supply. This scheme uses
the ratio of non channel floodplain width to the average maxi-
mum runout length of slope failures to provide a probabilistic
estimate of hillslope channel connectivity, and therefore de-
scribes the potential degree of coupling at any point along a
network, regardless of landscape history. Grant and Swanson
(1995) examine post flood spatial patterns of channel erosion
and deposition in two unglaciated mountain streams of western
Oregon. They explain observed channel changes with non-
fluvial disturbance as modulated by the spatial configuration
of landforms (e.g. fans and terraces) and sediment sources
(e.g. landslides and debris flows), hence proposing a scheme
for discriminating channel response potential in relation to
slope and a valley floor width index (i.e. valley floor width to
active channel width ratio).

Brummer and Montgomery (2003) examine downstream se-
quences of surface and subsurface particle size in relation to
three broadly defined geomorphic process domains described
above, including: debris flow dominated, transitional, and flu-
vial channels in four partially glaciated basins in Washington
State. In another case study in California, Brummer and
Montgomery (2006) provide examples of how hillslope sedi-
ment inputs, can locally influence particle size by introducing
sediment too coarse to be fluvially mobilized. Using a combi
nation of field and remotely sensed data from heavily glaciated
terrain in southwestern British Columbia, Brardinoni and
Hassan (2007) show that channel reach morphology is strongly
controlled by glacially imposed channel slope and degree of
hillslope channel connectivity. More recently, in partially gla-
ciated basins of the Colorado Front Range, Livers and Wohl
(2015) found that characteristics of (upstream) glaciated head-
water reaches differed substantially from (downstream)
unglaciated analogs, partly as a result of imposed valley bottom
confinement.

While these approaches have made valuable contributions
towards identifying and classifying scale linkages between
large scale landscape structures and in stream features, a

comprehensive understanding of possible dependencies
cascading from landscape organization down to hillslope-
channel connectivity and in stream variables is still missing.
Of particular interest are the causal linkages between glacial in-
heritance and in stream quantitative variables such as width,
depth, and particle size. In addition, the role of wood load in
relation to hillslope channel connectivity needs to be investi-
gated explicitly, as it may greatly influence channel form in gla-
ciated mountain streams. In summary, the effect of the spatial
organization of wood and sediment delivery from hillslopes
and their connection to landscape history and channel vari-
ables remains an open question.

To this purpose, we propose the following conceptual frame-
work: finer scale channel variables such as width, depth, and
local slope are controlled not only by discharge, local particle
size, and valley slope, but also by a cascade of processes
linking these variables to channel coupling, and in turn to land-
scape history. From this framework, we hypothesize that vari-
ability in channel geometry (width, depth, slope) and particle
size is a function not only of local flow conditions and texture
of sediment transported from upstream or eroded locally, but
also of the variability in sediment and wood sources and deliv-
ery processes inherent to highly coupled landscapes.

In order to evaluate our proposed concept and test the hy-
pothesis, we examine downstream patterns of channel charac-
teristics in relation to mass wasting driven sediment and wood
inputs in (formerly) glaciated basins with variable hillslope-
channel connectivity, focusing on sediment texture and down-
stream hydraulic geometry (i.e. channel width, slope and
depth). Our specific objectives are to: (1) describe downstream
patterns in sediment texture and channel geomorphological
characteristics in two glaciated mountain basins; and (2) evalu-
ate possible causal linkages between observed spatial patterns
and the degree of hillslope channel connectivity and assess
the importance of landscape and coupling variables on chan-
nel geometry.

Our work focuses on two volcanic mountain streams in
Haida Gwaii, British Columbia, which were repeatedly overrid-
den by Pleistocene advances of the Queen Charlotte Islands Ice
Sheet (Sutherland Brown, 1968). The datasets for these basins
are unique; channel geometry, morphology, particle size and
in stream wood data are present over a combined 21 km of
stream channel, in addition to a detailed landslide inventory
covering both basins. For both catchments, we integrate field
data, topographic analysis, hydraulic geometry modeling and
statistical evaluation of model output to directly demonstrate
the effect of landscape connectivity and logjams on these
variables.

Study watersheds

The study was conducted in Gregory and Riley creeks, two ad-
jacent mountain basins located in the Graham Ranges
(Skidegate Plateau), west of the archipelago divide in Haida
Gwaii, British Columbia, Canada (Figure 1). The area was over-
ridden by the Queen Charlotte Islands Ice Sheet during Fraser
glaciation, resulting in the glacial carving of bedrock troughs
and in the deposition of till that blankets most of the mid to
lower elevation slopes (Alley and Thompson, 1978). Ice
masses flowed outward to the eastern and western coastlines
from the main archipelago divide, with only a limited number
of outstanding nunataks (Sutherland Brown, 1968).

West of the divide, intense glacial erosion on relatively weak
volcanic lithology has generated: (i) glacial troughs dominantly
aligned east to west (i.e. the relict axes of the main ice flows),
which today host the main fluvial valley floors; (ii) widespread
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Figure 1.

Location map, watersheds, geology, landslides, glacial history and study reaches of Riley and Gregory creeks. Reaches are delineated

based on criteria outlined in Whiting and Bradley (1993): (SD  debris flows seldom enter the channel (probability of entry < 10%); OD occasional
debris flows enter the channel (10 50%); MD  debris flow frequently enter the channel (50 100%); and AD  debris flows certainly enter the channel
(100%). Ice flow direction is indicated by solid (flow is within a catchment) and dashed (ice flow crosses catchment divide) lines with arrows. [Colour

figure can be viewed at wileyonlinelibrary.com]

divide breaching (i.e. oriented dominantly northeast to south-
west) that cut across adjacent basins due to past glacial
transfluence; and (iii) a limited number of hanging cirques on
tributary valleys, dominantly facing north (Figure 1).

The two basins are similar in terms of drainage basin area
(Ag), terrain, and precipitation regime, with mean annual
precipitation exceeding 3600 mm and mostly falling as rain
(Williams, 1968). Gregory Creek is mainly underlain by the
Massett Formation composed of basalt and rhyolite ash flows
of volcanic origin (Sutherland Brown, 1968). Basin headwaters
(~ 10% of total area) are underlain by part of the Yakoun forma-
tion, composed of paraphytic andesite agglomerate and flows,
and some volcanic sandstone. By comparison, the geology of
Riley Creek is more diverse, underlain by the Yakoun Forma-
tion in the eastern part, and covered by a thick blanket of gla-
cial deposits at low elevations to the west. To the north of the
broad valley bottom lies part of the Massett formation, and to
the south, a small pluton formed of quartz and granite. The
mainstem stream channels possess similar riffle pool morphol-
ogies and high wood loads. General characteristics of the study
reaches are summarized in Table I.

Mass wasting activity is widespread, and associated with
storms that produce precipitation in excess of 120mm/12h
(Wilford and Schwab, 1982), weak and highly fractured lithol-
ogy, and seismic activity (Gimbarzevsky, 1988; Martin et al.,

Table I. Summary characteristics of study reaches in Riley and
Gregory Creeks

Reach Channel
Reach length (m) Classification®* B (m) Hm) S (m/m)
Riley
R1 5935 SD 24.7 1.83 0.009
R2 5266 AD 19.1 1.61 0.023
R3 1005 oD 19.7 1.08 0.013
Gregory
G1 2211 AD 30.4 1.88 0.011
G2 3655 MD 319 2.05 0.012
G3 2687 AD 15.5 1.48 0.020

*Channel classification described by Whiting and Bradley (1993).

B bankfull channel width; H bankfull depth and S channel slope. Data
were collected by the British Columbia Ministry of Forests. See Table S1
for additional details on measurements.

2002). The inherent instability of the hillslopes has been in-
creased locally by logging (Gimbarzevsky, 1988; Martin et al.,
2002). At the time of survey, approximately 2% and 12% of
the basin area of Gregory and Riley creeks, respectively, were
logged, primarily in the mid to late 1970s (Hogan et al., 1998).
A large number of slope failures have been initiated along roads
either in badly placed side casts or above truncated spurs.



A summary of within channel stored Large Wood (LW) and
sediment characteristics, volume of sediment delivered from
landslides, sediment stored behind logjams, and the number
of debris flow prone tributaries for Gregory and Riley creek
reaches is given in Figure 2(a) and 2(b), and in Table II. Addi-
tional detailed information about wood sources and character-
istics can be found in Hassan et al. (2016). Overall, we
identified 52 and 106 logjams in Gregory and Riley creeks, re-
spectively. Logjam age ranged from a few years and up to 95
with a mean age of 50 years and 40 years for Gregory and Riley
creeks, respectively (Hassan et al., 2016).

Field data collection

In the summers of 1988 and 1989, technicians and researchers
with the British Columbia Ministry of Forests conducted exten-
sive surveys to characterize channel morphology in Riley and
Gregory creeks (Hogan et al., 1998; Hassan et al., 2016). Dur-
ing the same period, interpretation of aerial imagery for land-
slide characterization was conducted. Channel surveys were
carried out over longitudinal profile lengths of 8.56 km and
12.21 km in Gregory and Riley creek, respectively. The survey
captured channel geometry, including bankfull depth (H),
bankfull width (B), channel slope (S), within channel sediment
storage and texture Dgs and Dsq, where the Dsq data were

(a) Riley Creek

collected by Steve Rice (reported in Rice, 1995), in channel
wood characteristics (e.g. volume of wood and sediment, age,
etc.), and landslides (volumes of sediment and wood input into
channels, location of entry points, and age). Measurements of
H, S, and Dg5 were made at intervals based on a single average
channel width, while B was measured at an interval of every
fifth width. Morphological features, such as pools, riffles, and
steps were measured at supplementary survey points. As indi-
cated in Table S1, most data were collected at intervals of
one bankfull channel width. For summary of channel metrics
and additional measurement information see Table Sl in the
supporting material.

Methods and analyses
Hillslope—channel coupling

To classify channel reaches and evaluate hillslope sediment de-
livery to streams across the drainage basin components, we
used the topography based geomorphic process domains and
hillslope channel coupling frameworks, as defined by Mont-
gomery and Foufoula Georgiou (1993), Whiting and Bradley
(1993), Brummer and Montgomery (2003) and Brardinoni and
Hassan (2006). This analysis addresses our second objective,
and was accomplished using GIS topographic analysis,
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Figure 2. Longitudinal profiles, valley width, landslides (location, age,

volume of sediment), logjams (location, age and volume of wood), and gla-

cial landforms. Brummer and Montgomery (2003) process domains (debris flow, transition, fluvial) and Whiting and Bradley (1993) are shown. Note
that for logjams and landslides, symbol size corresponds to volume, and shading to age. [Colour figure can be viewed at wileyonlinelibrary.com]



Table I1.

Characteristics of wood, sediment storage, and hillslope sediment delivery in Riley and Gregory Creeks

Jam LW  Sediment stored  Total stored Number of Number of  Sediment delivered

Number Jam Mean jam storage by jams sediment slides reaching  torrented from slides
Reach  of jams spacing (m) age (year) m>km"Y a0 m*km"  10° m? km')P channel tributaries (10> m> km'' yr Tye
Riley
R1 57 104.1 56 1100.4 13.2 81.9 0 3 0.000
R2 46 114.5 39 754.7 5.7 64.4 7 10 0.065
R3 0 0.0 0.0 66.3 0 0 0.000
Gregory
G1 9 245.7 52 644.5 6.0 91.4 4 2 0.075
G2 22 166.1 51 906.8 20.3 91.2 7 7 0.157
G3 16 167.9 61 580.2 8.6 57.2 8 5 0.136

“Includes sediment stored in bars and material stored above bedrock. Does not include floodplain storage.

PCalculated from channel geometry data adjacent to jam.

“Only includes delivery from slope failures which deposited sediment in the main channel.

fieldwork, and aerial photo interpretation. We adopted the
Brummer and Montgomery (2003) geomorphic domain bound-
aries to identify debris flow (i.e. colluvial channels), transitional,
and fluvially governed corridor settings. We choose to focus on
the Brummer and Montgomery (2003), and Whiting and
Bradley (1993) domain classifications, as they all explicitly
consider hillslope sediment delivery potential to streams but
through different approaches. Whiting and Bradley (1993)
describe a process based approach to define linkages at the
scale of landscape building blocks including individual
hillslopes and channel segments, independently of the broader
catchment configuration. Brummer and Montgomery (2003)
apply a general framework describing hierarchical
downstream processes at the catchment scale in relation to
channel slope, contributing area, and stream power. In the
context of formerly glaciated mountain basins, Brardinoni
and Hassan (2006) introduce the concept of glacial
inheritance by considering the influence of glacial
macroforms (e.g. troughs, cirques and hanging valleys) on
hillslope sediment input potential to headwater channels,
and in turn to the configuration and arrangement of
different channel morphologies.

We applied the Whiting and Bradley (1993) process based
classification to separate channel reaches based on their prox-
imity to steep hillslopes, resulting in the identification of three
reaches each for Gregory and Riley creeks. Whiting and
Bradley (1993) specifically suggested four coupling categories
describing the probability of a slope failure entering an
adjacent channel (see their Figure 1 Panel 2): SD  debris flows
seldom enter the channel (probability of entry < 10%);
OD  occasional debris flows enter the channel (10 50%);
MD  debris flows frequently enter the channel (50 100%);
and AD  debris flows certainly enter the channel (100%).
The probabilities are based on the ratio of average slope failure
runout length to floodplain or valley bottom width. To apply
this classification in our channels, we measured the valley
and channel widths at intervals of five average channel widths
for both creeks in the field, except for the lower part of Riley
Creek (RT). In lower Riley Creek, the active valley bottom is
recessed in a much larger valley and therefore the valley width
was assessed remotely.

Channel characteristics

To evaluate the downstream changes in the channel character-
istics in relation to reach classification and expected trends, we
explore changes in B, H, S, and Dg5 and D5 of the bed surface.
This analysis of channel characteristics addresses objective 1.

For B we compared field measurements with three models:
(1) Ferrer Boix et al. (2016); (2) Finnegan et al. (2005), and (3)
Parker et al. (2007) hereafter referred to as the Ferrer Boix,
Finnegan (gravel or boulder), and Parker width models,
respectively. For the Finnegan model we provide a solution
for both gravel and boulder beds. We note that even though
the Finnegan model was developed for bedrock channels, it
can provide insight regarding channel width expression in
systems with beds composed of coarse, non fluvially sourced
material (e.g. from mass movement, see Brummer et al.
(2006)). In addition, we used Finnegan et al. (2005) and Parker
et al. (2007) to estimate H, and Parker et al. (2007) to estimate
S, hereafter referred to as the Finnegan (gravel or boulder)
depth model, Parker depth model, and Parker slope model,
respectively. For more details on the models, see Supporting
information Text S1.

Analysis of model residuals

To provide an explanation for the observed variability in B, H
and S, we undertook a statistical analysis of residuals from the
various B, H and S models using channel characteristics (see
list below) not included in the three models of the section
‘Channel characteristics’. We used boosted regression trees
(BRT) (Hastie et al., 2009 and James et al., 2013) to predict
the residuals associated with each model following the ap-
proach of Elith et al. (2008) and Hijmans et al. (2017). Residuals
were calculated as a field measured value subtracted from the
modeled value, meaning that a positive residual indicates an
over prediction by the model (for more details on residual anal
ysis, see Supporting information Text ST).

We used both categorical and numeric predictor variables in
the BRT analysis. These include: (i) proximity to the nearest
landslide that entered the channel (either upstream or down-
stream); (ii) volume of wood and sediment delivered to the
channel by the nearest landslide; (iii) age of the nearest land-
slide; proximity to the nearest logjam (either upstream or down-
stream); (iv) volume of wood and sediment stored in the nearest
logjam; age of the nearest logjam; (v) the Whiting and Bradley
(1993) classification; (vi) basin area (Ay); and (vii) the basin it
self (i.e. Gregory, Riley). Variables were selected to capture
the effect of hillslope channel coupling on channel morphol-
ogy (especially on channel width, depth and slope) at the chan-
nel unit scale (e.g. due to landslide input of sediment and local
storage in logjams), the reach scale (Whiting and Bradley, 1993
classes), and the basin scale (e.g. influence of basin morphom-
etry and geology).



Results

Landscape organization and hillslope~channel
coupling

The quantity of solid material input from hillslopes and the de-
gree of hillslope channel coupling do not reduce consistently
downstream, ranging from high within narrow troughs (AD
reaches), to low in valley bottom buffered sections (SD) or in
valley segments where adjacent hillslopes are not steep enough
to sustain mass wasting activity (Figure 2).

The lowermost reach of Riley Creek (R1) flows through a
wide trough floor, characterized by gentle valley sides due to
glacial breaching of the divide to the north and south. This to
pographic configuration disconnects all but one landslide
event from the main channel, and results in a SD reach classi-
fication according to Whiting and Bradley (1993) (Figure 1
and 2(a)). Moving upstream, the valley becomes narrower
and is bound by steep sided walls, resulting in a relatively high
level of coupling (AD) in reach R2. In R2, this classification
matches well with the large number of inventoried slope fail-
ures that delivered sediment and wood to the channel (Figures 1
and 2(a)). At the upstream limit of R2, however, the valley
widens again, mainly due to glacial breaching from the north-
east. The headwaters of Riley Creek (R3) are characterized by
ill defined drainage divides, especially to the eastern and
southeastern side, where the area exhibits a plateau like topog-
raphy. Several slope failures nearly intersect the channel in this
reach, but none has delivered sediment directly, and therefore
the reach is classified as OD.

Along Gregory Creek, relict glacial macroforms tend to im-
pose a different sequence of hillslope channel coupling condi-
tions (Figures 1 and 2(b)). The valley is relatively narrow along
much of its length, and overall the degree of interaction be-
tween the hillslope and the channel was medium to high, with
reaches G1, G2, and G3 classified as AD, MD, and AD, respec-
tively. Figures 1 and 2(b) show that many landslides entered or
nearly entered Gregory Creek along much of its length. Over-
all, the Whiting and Bradley (1993) classification corresponds
well with observed hillslope sediment inputs delivered to the
study streams, and depict two contrasting downstream se-
quences of channel types.

Sediment texture

The channel bed of the upper headwaters in Riley Creek (A4 <
0.3 km?) is dominated by large lag sediment originating from
mainly steep tributaries. Although few surveyed points were
available for Ay < 1 2km?, we observe a fining trend in the
Dos is in this region, extending down to approximately AD
1km?. For Ay > 1 2km?, we note a systematic increase in
the Dgs of the bed surface material with drainage area, with a
peak at about 10km? and a subsequent decline down to
20 km? (Figure 3(a)). Shifts in Dgs are associated with transitions
from OD to AD and from AD to SD, suggesting strong hillslope
influence in local sediment texture. These shifts in Dgs5 also
align well with the Brummer and Montgomery (2003) process
domain breaks, though our data do not correspond as closely
to their conceptual diagram of downstream changes in sedi-
ment texture (Figure 3(a)). Limited surface D5, data are avail-
able from Rice (1994, 1995), collected from pebble counts
and photographs. In Riley Creek, trends in Dsq roughly mimic
those in Dg5 for the channel sections where Dsq data are avail-
able (Ay > 5 km?). Surface texture clearly fines for Ay > 10 km?,
in agreement with transitions from AD to SD.
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Figure 3. Plots of grain size (Dgs and Ds) versus drainage basin area

for Riley (a) and Gregory (b) creeks showing downstream trends in sedi-
ment texture. Schematic illustration of Brummer and Montgomery’s
(2003  see their Figure 10) process domains (debris flow, transition, flu-
vial) and downstream trends in grain size (Brummer and Montgomery
D5 surface and Dsq subsurface) are shown. Also shown is the Whiting
and Bradley (1993) channel classification used to define our study
reaches (see Figure 1 caption). Note that surveys and associated Whiting
and Bradley Classifications extend upstream to A, of 0.26 km? in Riley
Creek (a), and to an Ay of 1.63 km” in Gregory Creek (b). [Colour figure
can be viewed at wileyonlinelibrary.com]

Despite limited data available in Gregory Creek for Ay <
2 km?, unlike Riley, no clear downstream trends in the Dgs
are observed, and the data are widely scattered with large fluc-
tuations over short distances (Figure 3(b)), though local clusters
are seen at Ay < 5km?. Overall, there is little correspondence
with either the Brummer and Montgomery (2003) process do-
main break at 10 km?, or the Whiting and Bradley (1993) clas
sification scheme. The Dsy of the bed surface material is
equally scattered, and spans a much greater range of sizes than
in Riley Creek. In reach G1 (classified AD), Dsq spans an order
of magnitude over only a kilometer of channel, with some
points falling into the subsurface texture zone as defined by
Brummer and Montgomery (2003) (Figure 3(b)). Although the
data are scattered, median grain size and the Dgs percentile
seems to be uncorrelated. The median size (Dsq) spans from
fine grain sizes (~10mm) to relatively coarse grain sizes



(~200 mm), suggesting that mass movement at streamwise posi-
tion 1Tkm (~ 3.4km?) (Figure 2(b)) might have introduced
poorly sorted material to the channel.

Width

Width generally increases downstream in both channels, with
exponents of the best fit lines for Riley and Gregory creeks of
0.20 and 0.34, respectively (Figure 4(a) and 4(e)). However,
the data are scattered and the coefficient of determination (R?)
for the best fit line in both creeks is low (0.21 for Gregory and
0.42 for Riley). The scatter in the width data vary with contrib-
uting area, with greater scatter in the lower sections of both ba-
sins (Ag > 10km?), and both channels exhibit several outlying
width points (Figure 4(a) and 4(e)). Overall, the high variability
in B is associated with reaches that are dominated by logjams,
landslides, or both (Figure 4). Channel reaches with A; >
10km? contain the greatest scatter in width and the majority
of large and young jams. In Riley (Figure 4(a) (d)), this channel
zone (reach R1) receives little hillslope input but has the
highest frequency of jams of the study reaches. In Gregory,
jam spacing is low and hillslope sediment input from recent
(< 10years) events is high in G1 and much of G2, while G3

received less hillslope material and has fewer jams (Fig
ure 4(e) (h)).

Predictions derived from the Ferrer Boix, Finnegan (gravel
and boulder), and Parker width models are plotted against the
respective field measured data in Figures 4 and 5. The results
reveal considerable scatter with relatively low correlation coef-
ficients (n) that range from 0.2 to 0.4 (Table Slll). The mean bias
(MB) error was calculated as the mean of the field measure
ments subtracted from the mean of the model predictions. As
expected, the MB error shows that the Finnegan Gravel width
model has a tendency towards over prediction (by 10.5m),
while the Finnegan Boulder width model has a tendency to
wards under prediction (by 12.1 m), likely reflecting the choice
of channel form ratio (a) in the respective models. Although we
use Dgs rather than Dsq for grain size, channel width is rela-
tively insensitive to grain size with the Finnegan approach:
the 1/6 exponent in the Strickler formulation (Parker, 1991)
along with the 3/8 exponent for n in the Finnegan model result
in B o< D''®. Histograms of prediction residuals show a nega-
tive skew (Figure S2) with relatively wide sections of channel
(> 40 m) under predicted by all models.

Relative to stratifications of A4 given by Brummer and Mont-
gomery (2003), Finnegan (gravel and boulder) width predic-
tions show similar patterns for Riley and Gregory creeks
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Figure 4.  Plots of relations between bankfull width (B), bankfull depth (H), wood volume and age of logjams, and landslide age and volume of sed
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Figure 5.

Scatter plots of modeled vs measured width, model residuals vs predicted residuals, and, measured and calibrated width for the Ferrer

Boix (a) (c), Finnegan Boulder (d) (f) and Finnegan Gravel (g) (i) models and Parker (j) (I). Lines of 1:1 are plotted for comparison, and individual
reaches are plotted with unique colours. [Colour figure can be viewed at wileyonlinelibrary.com]

(Figures 4(a), 4(e) and 5): field data are mostly contained be-
tween width calculations associated with gravel and boulder
substrates. Predictions of width from the Parker model exhibit
better agreement with field data compared with the Ferrer Boix
and Finnegan width models (Figure 4(a), 4(e), Figure 5). Since
Boc D1, significantly wider channels will be predicted only
when Ds5o<Dgs (for example, width predictions would in-
crease by 12% if Dso were half as coarse as Dgs).

Lastly, width predictions for the two creeks following the
methodology developed by Ferrer Boix et al. (2016) show good
correspondence with width in Riley at Ay < 8 km?, but under
predictions of width in Gregory are evident (Figure 4(a), (e) and
Figure 5). This model generally aligns with the Finnegan Gravel
model in Riley, and the Finnegan Boulder model in Gregory.

Results of the residual analysis using the BRT method help
illuminate the prediction variability explained by hillslope-
channel coupling variables that are not included in the
deterministic models of width, depth or slope. A summary of
modeled vs measured widths, model residuals vs predicted re-
siduals, and calibrated vs uncalibrated widths is shown in
Figure 5. The fitted BRT model coefficients and prediction sta-
tistics are given in Table Sl and SlII, and a summary of included
variables and their relative contribution to the final model is
given in Table Ill. The best model fit for the width residuals

occurs for the Ferrer Boix model, with a relatively high propor-
tion of model deviance explained and a high cross validation
(CV) correlation coefficient. The adjusted model deviance ac-
counts for both the number of cases and predictors used in
the BRT analysis and allows for inter model comparison. Resid-
ual deviance is the loss function being minimized by the BRT
algorithm as more trees are added, and describes the corre-
spondence between field and predicted observations.

The dominant predictor variables of Ferrer Boix width resid-
uals include the basin itself (Riley or Gregory) (19%), Whiting
class (19%) and volume of wood introduced to the channel
from a landslide (18%) (Table IlI). In contrast, the dominant pre-
dictor variable of the Finnegan width models (with boulder and
gravel substrate) and the Parker width model is the volume of
sediment introduced into the channel from a landslide, ac-
counting for 43%, 48%, and 61% of model influence, respec-
tively (Table Ill). The remaining predictor variables have only
a relatively minor influence (5 10%) on the models. Partial de-
pendence plots (Figure S3) show the approximate effect of a
predictor variable in the BRT model on model response after
accounting for the effects of the other variables used in the
model, and of interest is the general pattern revealed by the
fitted function as it changes along the abscissa. We also include
the second order interaction effects among the predictor



Table III.

Relative influence of each predictor used in the BRT analysis to model width residuals. Predictors labeled as ‘omitted” were removed from

the analysis if the change in predictive variance was reduced upon its removal. ‘Scale’ refers to the spatial extent of a variable’s influence on channel
conditions. The predictors are arranged in their overall importance to all models

Relative influence of predictor per model (%)

Width Depth
Slope
Finnegan Finnegan Finnegan Finnegan
Predictor Scale  Ferrer Boix (Boulder) (Gravel) Parker (Boulder) (Gravel) Parker Parker
Landslide sediment volume (V) Unit 10.4 42.7 47.7 61.0 9.7 9.5 6.8 21.3
Landslide age (T)) Unit 15.8 16.2 4.9 5.7 13.6 9.0 16.7 2.5
Jam sediment volume (Vjs) Unit 9.7 12.6 6.2 7.6 12.5 11.8 10.6 11.7
Landslide wood volume (V,,,) Unit 17.8 7.7 53 3.1 13.6 14.6 26.6 3.6
Landslide proximity (P) Unit 8.0 4.6 10.2 5.7 8.6 10.7 7.0 15.6
Basin area (Ay) Basin Omitted Omitted 6.3 2.6 12.3 7.9 13.7 14.9
Whiting and Bradley Reach 18.7 10.3 6.7 8.1 3.5 5.7 2.3 5.8
classification™

Jam proximity (P) Unit Omitted 5.9 5.6 4.4 8.8 10.4 6.3 10.9
Jam age (T)) Unit Omitted Omitted 3.4 Omitted 5.4 6.6 53 6.2
Jam wood storage (V) Unit Omitted Omitted 3.7 1.9 8.2 9.3 4.6 7.5
Basin* Basin 19.4 Omitted Omitted Omitted Omitted 0.0 Omitted  Omitted
Streambank logging Unit Omitted Omitted Omitted Omitted 3.7 4.6 Omitted  Omitted

*Whiting and Bradley (1993) channel classification.
*Riley or Gregory.

variables (Figure S4). For brevity, we present the first five vari-
ables in order of importance (these represent about 2/3 of the
relative influence of all variables in each respective model) and
the two strongest interactions between variables. Considering
the general pattern evident in all models, width is over-
estimated in Whiting class SD and AD; in proximity to large
landslides (sediment volumes >13 500 m®) and with greatest
overestimation both upstream of logjams and in Whiting class
SD and AD; and, in proximity to small sediment wedges stored
behind logjams (sediment volumes <3500 m?). Although the
Finnegan model results are biased by the choice of the a pa-
rameter, the partial dependence plots for boulder and gravel
substrates reveal a similar pattern (Figure S3).

The magnitude of the residuals generated by the four width
models can be reduced by subtracting the predicted residuals
derived from the BRT analysis, serving to calibrate each model
with variables we selected to account for the effects of
hillslope channel coupling (Table Slll). Figure 5 shows original
and calibrated model (B,,) results plotted against measured
values in the field (By. Generally, the r between B; and B, in
creased to a post calibration value of about 0.6 to 0.8, indicat-
ing that at least some of scatter in the model output can be
accounted for by our choice of variables that capture the effect
of hillslope channel coupling on channel morphology. Root
mean square (RMS) prediction errors for the Ferrer Boix model
dropped from 14.9 to 9.3 m (38%), from 16.1 to 9.0 (44%) in
the Finnegan Boulder model, from 15.4 to 9.0 (42%) in the
Finnegan Gravel model, and from 10.8 to 8.7 (19%) for the
Parker model (percentage reductions are given in parentheses).
The MB error reveals that systematic error in predictions is
almost eliminated. Calibration produced a small (< 0.7 m)
positive shift in the distributions, a result likely generated by
the positive skew in each uncalibrated distribution (Figure S3).

Depth

Some weak positive correlation is present between H and Ay
(Figure 4(b) and (f)): exponents of the best fit potential curves
for both Riley and Gregory creeks are 0.14 and 0.13, respec
tively, with R? of 0.12 and 0.10. Predictions derived from the
Finnegan (Gravel and Boulder), and Parker depth models are

plotted against the respective field measured data in Figure 6.
The results reveal considerable scatter with a relatively low r
of 0.3 (Table Slll). The MB error shows that all models under-
predicted channel depth with the largest under prediction oc-
curring for the Finnegan Gravel model (Table SIlI). Relative to
Ag, predictions using Parker depth model and Finnegan Boul-
der depth models fall close and capture the lower part of the
data for both basins. It should be noted that these predictions
only depend on bankfull discharge (see Parker depth model,
supporting information Text S1). Inspection of (a) scatter plots
of modeled vs measured depth, (b) model residuals vs pre-
dicted residuals, and (c) calibrated vs uncalibrated depth (see
Figure 6) indicate the similar importance of non channel geom-
etry variables in predicting depth as for width. The most impor-
tant predictor variable in the BRT analysis for the three depth
models was landslide wood volume, ranging from 14 to 27%
in overall influence in each BRT model. The partial depen-
dence plots and the second order interactions between
variables are given in Figures S5 and S6, respectively. Consider-
ing the general pattern evident in all models, depth is over-
estimated in proximity to small landslides wood volumes
(<1000 m?) although this effect is reduced with the age of a
landslide), and is also over estimated in proximity to small sed-
iment wedges stored behind logjams (sediment volumes
<3500 m>). Generally, the r measured between H; and H,, in-
creased to a post calibration value between 0.7 and 0.8. The
RMS prediction errors for the Finnegan Boulder model dropped
from 0.79 to 0.35 (56%), from 1.29 to 0.35 (73%) in the
Finnegan Gravel model, and from 0.84 to 0.44 (46%) for the
Parker model. The post calibration MB error reveals that sys-
tematic error in predictions was eliminated (Table SllI).

Slope

Plotting S versus the A, reveals a high degree of scatter and dif-
ferent trends within the two basins (Figure 7). Although slope
calculated from Parker Equation (6) (see Supporting information
Text S1) is generally under predicted, reasonably good agree-
ment between model and field slopes are present with a r of
0.6 (Table Sl and Figure 7). Although the data are limited for
areas < 2km?, a general downstream decrease in slope was
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obtained for Gregory Creek, indicating a concave upward lon-
gitudinal profile (Figure 7(b)). However, a more complex rela-
tion was obtained for Riley Creek (Figure 7(a)): slope initially
decreases (Ay < 1km?), followed by an increase between 1
and 10km? Ay, and a general decrease for Ay > 10km?
(Figure 7(a)). For Riley Creek, the steep channel segment
(1km? < Ay <10km?) coincides with the increase in the Dqs
of the bed material (Figure 3(a)). No significant correlation
exists between Dgs and slope for Gregory Creek (Figure 7(d)).
While the expression for bed slope developed by Parker
captures the main features in Riley Creek (Figure 7(c)), the
expression performed relatively poorly for Gregory Creek
(Figure 7(d)). Given the sensitivity of slope to local conditions,
slope averaged over 15 bankfull channel widths is also plotted
in Figures 7(c) and (d). Overall, both the raw and averaged
slope data yielded similarly scattered patterns.

Predictions derived from the Parker slope model are plotted
against the field measured data in Figure 8, the partial depen-
dence plots in Figure S7, and the second order interactions

between predictors in Figure S8. The most important BRT pre-
dictor variable was landslide sediment volume (21%), followed
by proximity to a landslide and basin area (16 and 15%, re-
spectively) (Table Ill). The patterns revealed by the partial de-
pendence plots (Figure S5) are generally more complex than
those shown for the width and depth models. The model
over estimated channel slope in proximity to small landslide
sediment volumes and small sediment wedges (<13 500 and
<4000m° of sediment, respectively), but this over estimation
generally declined with increasing volumes of sediment. The
model under estimated slope upstream of a landslide and
over estimated slope downstream of a landslide, and the
second order interactions show that these residuals all shift in
the positive direction with decreasing landslide sediment vol-
umes. The fitted function for basin area shows a complex rela-
tion, with steps between about 3 and 10 km?, 10 and 13 km?,
and then 13 to 30km?. Again, these residuals all shift in the
positive direction with decreasing landslide sediment volumes.
Calibration increased the rto a value near 0.8, while the RMS
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prediction error dropped from 0.007 to 0.004 (43%), and the
MB error was eliminated (Table SllI).

Discussion
Process domains and landscape history

A comparison of our field data with the process based
Brummer and Montgomery (2003) and Whiting and Bradley

(1993) classifications suggests that landscape setting, and in
particular glacially inherited topography, must be considered
in the evaluation of basin process domains.

Overall, field data from both channels matched the Whiting
and Bradley (1993) classification reasonably well: reaches clas-
sified as ‘coupled’ (AD and MD) are associated with a high de-
gree of sediment and wood delivery from hillslopes (Figure 3),
while decoupled (OD and SD) reaches receive little material.
Interestingly, divide breaching in both study streams results in
gentle adjoining valley sides and virtually no colluvial



sediment inputs to the channel main stems in G2, R3, and the
uppermost part of R2. This observation suggests that one should
take into account the proportion of adjoining valley walls steep
enough to host mass wasting activity, a condition that Whiting
and Bradley’s scheme does not consider. In addition, the dis-
tinction between AD and MD classes appears difficult to cap-
ture over the century scale: for example, the MD classed
reach in Gregory received more hillslope input per unit length
(Table SlI), than any of the three AD classed reaches. Where
hillslope sediment input is infrequent and episodic, longer
timescales may be needed to make distinctions between
reaches with only slightly different degrees of coupling.

The better agreement between our data and the Whiting and
Bradley (1993) classification, versus the Brummer and
Montgomery (2003) classification can be attributed to the sig-
nificance of landscape history and localized hillslope inputs
in both study channels. Traditional landscape process domains
usually involve upland coupling to hillslopes, which decreases
as one travels downstream (Church, 2002; Brummer and
Montgomery, 2003). However, glaciated regions, such as the
Riley and Gregory creek basins, may not show clear down
stream trends (Brardinoni and Hassan, 2006) and a channel
may be coupled or decoupled to hillslopes almost anywhere
along its length. These localized conditions, apparent in our
study channels, result in difficulties with fitting the data to more
general catchment scale models, such as the Brummer and
Montgomery (2003) domains, and illustrate the strengths of
classification approaches that capture localized conditions in
glaciated catchments.

Particle size

Within the Brummer and Montgomery (2003) process domains,
the conceptual model of downstream progression in particle
size shows good agreement with data from Riley Creek, but
not that of Gregory Creek (Figure 3). Though our data are com-
posed mainly of Dgs particle size, the trend of increasing Dgs in
Riley closely matches the Brummer and Montgomery (2003)
model for median grain size. In the fluvial domains of Riley
Creek, a sharp decrease in Dgs is observed whereas the
Brummer and Montgomery (2003) model suggested a slight
decrease in the median size of the bed surface material. The
Brummer and Montgomery (2003) model attributes finer me-
dian particle sizes to upland reaches dominated by debris
flows, followed by downstream coarsening into transitional
reaches, and subsequent fining into fluvially dominated envi-
ronments. In Riley, however, the highest degree of coupling
does not occur upstream, but rather towards the middle of the
basin, in the region described by Brummer and Montgomery
(2003) as ‘transitional’. Clearly, glaciation in this case has
moved the transitional part toward the middle part of the basin.
The finer Dos in the headwater reach (R3) and coarser in the
mid reach (R2) do appear to correspond to hillslope channel
coupling, but not in the way described by the Brummer and
Montgomery (2003) model, as the uppermost reach in Riley is
largely free of slope failures and is set into a relatively wide val-
ley bottom. Sediment to this reach (R3) is most likely delivered
from steeper tributaries which do receive inputs of hillslope
material, or from lateral erosion of relict deposits of glacial sed-
iment (Hassan et al., 2016).

The high degree of downstream coarsening and subsequent
fining in Riley Creek (Figure 3(a)) appears to be largely a func-
tion of coarse particle input from hillslopes, although there is a
clear relation between Dgs and channel gradient (Figure 7(c)).
Though our data are not of sufficient resolution to link coarse
particles to individual slides, the observed patterns in Riley

correspond well to the coarse lag deposits described by
Brummer and Montgomery (2006) for debris flow affected
channels in California. In Gregory Creek, Dgs shows no clear
downstream trend, and generally spans a similar range of
values to reach R2 in Riley, suggesting that input of hillslope
material is adding coarse particles along much of the channel
length. While the D5 data from Rice (1994) are not of sufficient
spatial resolution to clearly capture downstream trends, parti-
cles are generally coarser in the coupled AD reach of Riley,
than the decoupled SD reach, and in general fall below the
sizes found by Brummer and Montgomery (2003). In Gregory
Creek, Dso shows much more variability over short distances,
again potentially a product of the spatially distributed slope
failures and logjams along Gregory Creek.

The scatter in the Dgs and D5 for both creeks could be due
to inputs from landslides entering the channels at drainage area
larger than 2 km? (within the transitional and fluvial zones) and
because of the presence of logjams. At the unit scale, Rice
(1994, 1995) studied the influence of logjam on sediment
sorting along both creeks. Depending on age and functionality
of the logjams, he reported differences in the Dsq of the bed
material upstream and downstream of the jams. The channel
bed sediment upstream of jams is usually finer and composed
of trapped sediment, while the lower part is coarser with little
or no sediment storage. However, Rice (1994, 1995) noted that
while this effect was clearly observed for several well devel
oped jams in both Riley and Gregory, the degree of the effect
is a function of both jam age, integrity, and the span of the
structure relative to the channel width. In our study, for several
jams we noted differences in sediment texture up to distances
of several hundred meters, indicating that the spatial influence
in texture could be potentially larger than previously
expected.

Channel geometry

Overall, the models of Ferrer Boix et al. (2016), Finnegan et al.
(2005), and Parker et al. (2007) captured the general trends in
channel width, depth and slope but did not account for variabil-
ity imposed by local conditions stemming from features such as
landslide deposits and logjams. The generally better perfor-
mance of the Parker width model relative to the Ferrer Boix
and the Finnegan width models likely reflects the fact that the
Parker model explicitly accounts for variation in grain size,
whereas Ferrer Boix and Finnegan implicitly account for grain
size variation through the critical stress and Manning’s n
variables, respectively. This is an important distinction because
the spatial organization of hillslope channel coupling observed
in Gregory and Riley creeks exerts a strong influence on the as
sociated spatial organization of bed surface grain sizes.
According to Ferrer Boix et al. (2016), channel width in both
creeks is best described when using typical values of 7, /7. for
gravel bed rivers: 2 and 1.25 for Riley and Gregory creeks, re-
spectively (Figure S9 and S10). However, surface texture in
Figure 3 renders much higher values of the ratio 7z, /z. which
in turn lead, according to Ferrer Boix et al. (2016), to narrower
channels. If this method was taken to accurately describe chan-
nel width of gravel bed rivers, these results would suggest that
Riley and Gregory creeks have coarser bed material than their
channel width indicates. This is in agreement with results from
the Finnegan (Figure 5) and Parker models: higher values of
channel width in the latter would be obtained in cases where
Dso<Dgs. To summarize, all the model predictions suggest
that both Riley and Gregory creeks should have coarser bed
surface textures than predicted given the observed channel
widths, or equivalently, observed channel width in both creeks



is wider than anticipated. This channel widening might be at
tributed to inputs of coarse sediment and LW entering the river
bed from mass wasting events and subsequent channel adjust
ment, thus providing evidence for the role played by these
events in casting morphologies of mountain streams.

The Finnegan and Parker models do not perform as well for
predictions of depth (Figures 4 and 6). All three models predict
near the bottom of the data, with the Finnegan Boulder and
Parker models giving very similar predictions. These under-
predictions might be attributed to both the presence of logjams
in the channel and the coarse surface texture observed. On one
hand, logjams as obstacles to flow create a backwater zone in
their upstream side that contributes to reduce mean flow
velocity and to raise local water surface elevations. As de-
scribed earlier (Rice, 1994), these conditions enhance sediment
accumulation, often displayed as a reduction in bed slope. At
the same time, sediment trapping on the upstream side of log-
jams leads to channel degradation on their downstream side,
and therefore greater depths. Predictions of channel bed slope
from the Parker model (Figure 7 and 8) are generally greater
than observed, but in a few locations slope is under predicted.
In Riley Creek, the general pattern of slope is followed quite
closely, with fairly accurate predictions in regions of higher gra-
dient (e.g. reach R2), but shifted above our data elsewhere.
While slope data generally falls around the Parker model pre-
dictions in Gregory, predictions here do not capture the high
variability in slope over short distances in reaches G3 and
G2. Predictions in G1 better capture some of the variability in
the data.

Further insight is gained by considering the residuals gener-
ated by the model predictions of width, depth and slope. At
the unit scale, the BRT analysis shows that the width and depth
models generally over predict in proximity to recent landslides,
and that this effect on the width and depth models persists for
about 70 85years and 45 90 years, respectively. These time
scales are roughly equivalent to the residence time of LW and
the age of the oldest logjams in both channels (Hogan et al.,
1998; Hassan et al., 2016). These over predictions were also
observed in proximity to relatively small landslides (i.e. < 13
500 m?® and < 1000 to 1700 m® of sediment and wood deliv-
ered to a channel, respectively) and for small volumes of sedi-
ment (i.e. <3600 to 4400 m>) stored behind logjams. Both
slope and width were over predicted upstream of a landslide,
and then under predicted on the downstream side. Although
not all models strictly conformed to this pattern, we suspect that
in general, the relatively poor performance of the models be-
fore calibration results from changes in local roughness in-
duced by relatively small inputs of coarse particles and LW
from adjacent hillslopes to the channel that result in changes
in local channel geometry as logjams develop and evolve over
time. These inputs add a stochastic element to the geometry as
they fall below the spatial resolution for which the models were
designed, whereas larger inputs can be better accounted for in
the model formulation. At the reach scale, the Whiting and
Bradley classification integrates these unit scale deviances in
model prediction and their interaction along the channel. All
four width models over predicted in Whiting and Bradley clas
sifications SD and AD and under predicted in classes OD and
MD. Only the Ferrer Boix width model was influenced at the
basin scale, with channel widths in Riley and Gregory creeks
over and under predicted, respectively.

Overall, calibration using the BRT residual modeling im
proved width predictions by 16%, 40%, 42%, and 43% for
the Parker, Ferrer Boix, Finnegan Boulder and Finnegan Gravel
models, respectively. This finding is noteworthy as it implies the
significance of hillslope channel coupling and wood variables
in affecting channel form (Figure 4, 5, and 7). The width

residuals are generally well modeled by the BRT analysis up
to channel widths of about 40 m. Beyond this limit, over-
widening of the channel in relation to large, laterally expansive
jams are not well predicted by our choice of BRT variables

(Figure 5).
Several predictor variables were omitted from the various
BRT models (Table IlI). Streambank logging was omitted from

most models and, when included, only accounted for 4 to
6% of the overall model influence. The basin itself (Riley or
Gregory) was another poor predictor in all but the Ferrer Boix
width model where it was the most influential predictor of
model residuals. Ay was included in the analysis to account
for scale changes in residuals measured in the headwaters to
those measured near the outlet of the basin. However, A, was
another relatively poor predictor, representing only 3 to 15%
of model variance and was omitted in two models (Table IlI).
Although the omission of a predictor variable may imply
unimportance for prediction of width, depth or slope, it may
also instead indicate that the various deterministic models suf-
ficiently account for the effect of the variable in the first place,
so that the residuals produced by the model relate only to other
predictor variables. Generally, the predictor variables that af-
fected the channel on the unit scale had the largest influence
on a given BRT model.

Implications

In this study, we have demonstrated the relative importance of
(@) basin morphometry and history on hillslope channel cou-
pling, (b) hillslope channel coupling on landslide mediated
delivery of wood and sediment inputs, and (c) the interactions
of these variables with channel morphology characteristics of
two forested mountain streams. Much of the variability of chan-
nel dimensions at the unit, reach and basin scales (assessed
from analysis of model residuals) is associated with input of
sediment and wood from hillslopes and the formation of log-
jams, variables that depend on the local degree of hillslope
channel coupling. Models of channel width, depth, and slope,
such as those we have applied, do not consider these addi-
tional variables in their predictions and therefore are likely to
produce poor results in such environments.

In a downstream coupling system, the connection between
channels and adjacent hillslopes declines in the downstream
direction and with it the quantity of solid material input directly
originating from hillslopes. As a result, direct inputs of wood
and sediment from adjacent hillslopes are limited to headwater
streams. Further downstream, solid material is intercepted by
the presence of a valley bottom that stores material until the
channel migrates laterally across the floodplain and eventually
re mobilizes stored wood and sediment through bank erosion.
Although LW and logjams may be present in these channels,
the morphology is more likely to depend on the flow conditions
(discharge), local sediment supply, and gradient. The general
configuration and morphometry of basins within a downstream
coupling system is shown in Figure 9(a). The valley bottom
width and depth of alluvium in this model grow in proportion
to increasing basin area, and the channel develops an
upward concave longitudinal profile given a progressive in-
crease in discharge and fining of bed material sediment once
the channel reaches the valley bottom. Patterns of downstream
coarsening in the coupled reaches and downstream fining in
the decoupled reaches follow the process domains of the
Brummer and Montgomery (2003) model. The transitional
reaches between coupled and decoupled portions of the model
may perturb these patterns where the valley walls or landslide
deposits impinge locally upon the channel banks.
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Conceptual model of (a) upland hillslope channel coupling, (b) variable downstream hillslope channel coupling, and (c) variable down

stream hillslope channel coupling by lateral divide breaching. [Colour figure can be viewed at wileyonlinelibrary.com]

In contrast, we conceptualize a system of variable down-
stream coupling where basin morphometry is controlled by
past glaciation (Figures 9(b) and (c)). The spatial distribution
of coupled and decoupled reaches in such a model reflects
the spatial arrangement of relict erosional glacial macro forms
as carved by relict ice flows, and their scale relative to prevail-
ing channel dimensions as controlled by discharge. Macro-
forms such as cirques, hanging valleys, valley steps and troughs
typically give rise to stepped longitudinal profiles that alternate
coupled (V notched valley cross section) and uncoupled
reaches (U shaped valley cross sections) (Brardinoni and
Hassan, 2006) (Figure 9(b)). In glaciated settings dominated
by inter basin ice flow transfluence, widespread drainage di-
vide breaching has produced a highly dissected landscape
characterized by nearly concave up long profiles, but ex-
tremely variable downstream patterns of hillslope channel
coupling (Figure 9(c)). The Riley and Gregory basins are exam-
ples of this latter scenario. Channel geometry and bed texture
in our model depart from expected trends and channels may
be coupled anywhere along their length, and have geometry
and particle size modified by hillslope input of sediment,
wood, and resulting wood structures. The process domains of
the Brummer and Montgomery (2003) model are interrupted
and repeated and patterns of downstream coarsening and sub-
sequent fining of surface sediments are masked by this lack of
spatial organization.

Our findings, in particular the analysis of model residuals,
provide evidence for a link between the configuration in
Figure 9(b) and channel width, depth, slope, and grain size,
lending support to our hypothesis that landscape form has sub-
stantial bearing on the characteristics of finer scale variables in
the channels. While incorporating our results into prediction is
challenging without a better understanding of the causal

mechanisms between hillslope coupling and channel form,
the contrast between the styles of catchments shown in
Figure 9 provides a useful means with which to assess the ap-
plicability and likely prediction bias of traditional models of
channel form in a given catchment.

Conclusion

We present and explore how downstream patterns in hydraulic
geometry and bed surface texture vary for two mountainous
watersheds which were ice covered during the Fraser glacia-
tion. Our results demonstrate that the degree of hillslope

channel coupling, as imposed by past glacial activity, governs
downstream variations to channel size and bed surface rough-
ness, which can change rapidly with drainage area depending
upon the coupling state. This work expands upon that of
Brummer and Montgomery (2003) who showed, for example,
that four basins of western Washington were described by a rel-
atively clear pattern of downstream coarsening and subsequent
fining as headwater channel networks transition from debris
flow dominated to fluvially dominated watershed processes.
In the two Haida Gwaii basins, we were unable to identify
downstream trends consistently fitting the Brummer and Mont-
gomery (2003) model. Our data proved to mimic more closely
the channel coupling states described by the Whiting and
Bradley (1993) classification approach. To examine and help
explain observed downstream patterns of channel character
in relation to the two classification systems, we used four differ-
ent theoretical models of downstream channel width variation,
three of depth, and one of slope. Model residuals were then
analyzed with the machine learning method of Boosted
Regression Trees machine learning in order to explore possible



explanations for observed downstream variability in width,
depth and slope.

Predictions of width, depth and slope were compared with
field data from the two basins, revealing notable differences
in model performance in relation to different channel configu-
rations, coupling states, and glacial macroforms. The analysis
of residuals generated by the models of channel width, depth,
and slope also illustrate the importance of variables not
considered by the respective models, including how the
glacially inherited topography of the Riley and Gregory basins
conditions post glacial channel development. Results from this
approach suggest that variables related to landslides and
logjams (volume, proximity, and age) influence much of the
variance in the model predictions, and also that explicit consid-
eration of the degree of coupling (Whiting and Bradley (1993)
classification) is needed. Finally, our results reinforce the im-
portance of landscape, and emphasize the relative importance
of glacial history, highlighting that the glacial legacy can
disrupt downstream gradients in channel geometry, sediment
texture and other key variables, which typify downstream con-
cave river profiles. These results work towards improving a gen-
eralized understanding of how landscape history influences
landscape organization, which in turn drives local channel
form, structure, and process in previously glaciated regions.
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Figure S1: Example regression tree for predicting modeled re
siduals of width, depth and slope. A mean value is assigned
to each quadrant in the scatterplot.

Figure S2: Histograms of measured residuals of width, depth
and slope models subtracted from predicted (BRT) residuals.
Figure S3: Partial dependence plots of the width for the Ferrer
Boix, Finnegan Boulder, Finnegan Gravel and Parker width
models showing the fitted function for each covariate.

Figure S4: Perspective plot showing predicted values for two
most important interactions between predictors in the BRT
models for the Ferrer Boix, Finnegan Boulder, Finnegan Gravel
and Parker width models.

Figure S5: Partial dependence plots of depth for Finnegan
Gravel, Finnegan Boulder and Parker depth models showing
the fitted function for each covariate.

Figure S6: Perspective plot showing predicted values for two
most important interactions between predictors in the BRT
models for the Finnegan Boulder, Finnegan Gravel and Parker
depth models.

Figure S7: Partial dependence plots of slope for the Parker
slope model showing the fitted function for each covariate.
Figure S8: Perspective plot showing predicted values for two
most important interactions between predictors in the BRT
model for the Parker slope model.

Figure S9: Downstream patterns of bed shear stress (a and b)
and dimensionless shear stress associated to Dgys (c and d) for
Riley and Gregory creeks. Best fit lines are shown for
comparison.

Figure S10: Measured width shown with predicted width under
different scenarios of bankfull to critical shear stress ratios in (a)
Riley and (b) Gregory creeks.

Table SI. Study dataset and data acquisition methods

Table SII. Summary of results derived from the BRT models fit to
the width and depth model residuals. Mean deviances are
given for the model, model residuals, and cross validated
model residuals (i.e. the residuals within the BRT model fitting
and not the predicted residuals of the width, depth and slope
models). Deviance gives the cross validated proportion of the
total deviance explained, while CV gives cross validated corre
lation coefficient (both derived from the validation folds). Stan
dard errors are given in parentheses.

Table SIII. Summary of predictions made from the four width
and depth models. The subscripts “raw” and “cal” denote a
model prediction before and after applying the appropriate
BRT calibration, respectively.





