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ABSTRACT: Intense precipitation or seismic events can generate clustered mass movement processes across a landscape. These
rare events have significant impacts on the landscape, however, the rarity of such events leads to uncertainty in how they impact
the entire geomorphic system over a range of timescales. Taiwan is steep, tectonically active, and prone to landslide and debris
flows, especially when exposed to heavy rainfall events. Typhoon Morakot made landfall in Taiwan in August of 2009, causing wide-
spread landslides in southern Taiwan. The south to north trend in valley relief in southern Taiwan leads to spatial variability in land-
slide susceptibility providing an opportunity to infer the long-term impact of such landslide events on channel morphology. We use
pre- and post-typhoon imagery to quantify the propagating impact of this event on channel width as the debris is routed through the
landscape. The results show the importance of cascading hazards from landslides on landscape evolution based on patterns of chan-
nel width (both pre- and post-typhoon) and hillslope gradients in 20 basins along strike in southern Taiwan. Prior to Typhoon
Morakot, the river channels in the central part of the study area were about 3–10 times wider than the channels in the south. Follow-
ing the typhoon, aggradation and widening was also a maximum in these central to northern basins where hillslope gradients and
channel steepness is high, accentuating the pre-typhoon pattern. The results further show that the narrowest channels are located
where channel steepness is the lowest, an observation inconsistent with a detachment-limited model for river evolution. We infer this
pattern is indicative of a strong role of sediment supply, and associated landslide events, on long-term channel evolution. These find-
ings have implications across a range of spatial and temporal scales including understanding the cascade of hazards in steep land-
scapes and geomorphic interpretation of channel morphology. Copyright © 2018 John Wiley & Sons, Ltd.
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Introduction

The topography of steep landscapes is a product of the geomor-
phic processes that erode and transport material over a range of
spatial and temporal scales. In tectonically active regions, most
geomorphic work is accomplished during discrete atmospheric
and seismic events. These occur as either frequent, low-
magnitude events that gradually shape landscapes (Wolman
and Miller, 1960), such as annual floods resulting from sea-
sonal precipitation patterns, or as rare, high-magnitude events,
such as intense storms and earthquakes, that dramatically alter
a landscape in a short period of time (Yanites et al., 2010a; Par-
ker et al., 2011; Anderson et al., 2015; Rathburn et al., 2017).
The effects of rare events on landscape evolution, however,
are poorly constrained due to limited observational data.

Moreover, these rare, high-impact events are often hazards to
the communities living on and near landforms experiencing
the most change (e.g. Chen and Petley, 2005). It is therefore im-
perative to quantify landscape responses to such events in or-
der to better mitigate these hazards as well as understand the
importance of these rare events in landscape evolution.

An example of a recent high-magnitude event is Typhoon
Morakot, which made landfall in Taiwan on August 7, 2009
and delivered extreme rainfall to the southern portion of the is-
land (Chien and Kuo, 2011). Studies have documented that >
22 000 landslides occurred as a result of this typhoon, which
is comparable to recent seismically driven events (Lin et al.,
2011; Huang et al., 2017). The massive amount of sediment
mobilized by this event is now propagating through local flu-
vial systems. This causes a cascade of significant geomorphic
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change and hazards where the impacts of the event continue to
propagate through a system, threatening life and property. Our
objective is to document downstream impacts of these land-
slides to improve quantitative constraints on landscape re-
sponse to rare, high-magnitude events and to place the results
into the context of how such events shape the landscape. We
perform this analysis along a steep topographic gradient
resulting from the tectonic setting of Taiwan (Figure 1). This to-
pographic pattern sets up a gradient in landslide susceptibility
and provides an opportunity to explore the long-term impact

of such events on the geomorphology of the fluvial systems
draining the landscape. The results have implications for both
hazard mitigation strategies as well as understanding controls
on channel morphology in steep, highly erosive environments.
Furthermore, a deeper understanding of the potential down-
stream effects related to large scale landslide events and the re-
lated impacts on population centers may also improve our
predictive abilities for the propagation of hazards by future
landslide events (Robinson and Davies, 2013; Dingle et al.,
2017), thereby reducing the losses associated with such

Figure 1. Topography and geomorphic metrics of the study area in southern Taiwan. (A) Elevation and watershed numbers are indicated; (B) channel
steepness averaged over 1 km reaches in each basin; (C) pattern of hillslope gradients; (D) distribution of relief over 1 km circular windows. [Colour
figure can be viewed at wileyonlinelibrary.com]
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catastrophic geomorphic events. Insights gained from observ-
ing landscape response to individual events provide important
context for understanding how rare or extreme events influence
landscape evolution.
Previous work has shown that the effects of regional mass

wasting events due to earthquakes or extreme precipitation
have the ability to produce significant change across the land-
scape (Goswami, 1985; Pearce and Watson, 1986; Anderson
et al., 2015; Rathburn et al., 2017) with the potential for gener-
ating a lasting imprint on the landscape (Yanites et al., 2011).
For example, the 1929 Mw 7.3 Murchison earthquake in New
Zealand resulted in a massive influx of sediment to river chan-
nels (~4 × 105m3 km�2) that persisted for at least 50 years
(Pearce andWatson, 1986), indicating that earthquake-induced
landslides act as an important sediment delivery mechanism
that can impact the river system for decades. Following the As-
sam earthquake in 1950, significant river aggradation occurred
immediately following the seismic event (Poddar, 1952) which
continued to influence downstream river dynamics along the
Brahmaputra until at least the late 1970s (Goswami, 1985). In
Taiwan, the damaging 1999 Mw 7.6 Chi-Chi earthquake and
subsequent typhoons induced over 50 000 landslides across
central Taiwan (Hung, 2000; Dadson et al., 2004). These land-
slides had significant downstream impacts including increased
fluvial suspended sediment discharge in the following few
years after the event (Dadson et al., 2004; Hovius et al., 2011)
and significant aggradation (3–12m) of river beds due to excess
bedload that persisted for at least a decade (Hsu et al., 2010)
and may persist for up to a century following the earthquake
(Yanites et al., 2010a). The 2008Mw 7.9 Wenchuan earthquake
caused extensive landslides that led to significant changes in
sediment dynamics in the regional rivers (Wang et al., 2015;
Li et al., 2016). Recently, the 2015 Gorkha, Nepal earthquake
(Mw 7.8) caused extensive avalanches and landslides (Kargel
et al., 2016; Roback et al., 2018) which may impact river pro-
cesses in the future as the material is mobilized during the mon-
soon season.
Recent work has recognized the importance of understand-

ing cascading effects of natural disasters to fully mitigate the
hazards of such events (Nguyen et al., 2013; Budimir et al.,
2014). Landslides, especially when regionally clustered due
to events such as earthquakes or extreme precipitation, are
one example of a cascading hazard. While the landslides them-
selves can be quite catastrophic (Tsou et al., 2011), the propa-
gating impacts of the landslide material through the
landscape can cause significant, long-lived hazards (Nguyen
et al., 2013). For example, aggradation in downstream river-
beds following the event can change flood inundation patterns
and frequency (Stover and Montgomery, 2001; Chen and
Petley, 2005; Lane et al., 2007; Robinson and Davies, 2013;
Croissant et al., 2017a) as well as influence channel bank mo-
bility (Lisle, 1982; Lane et al., 2007). Regions with mountain-
ous topography and high populations, such as Taiwan, are
particularly vulnerable to cascading hazards associated with
regional landsliding initiated by earthquakes and extreme pre-
cipitation. Although the recognition that such events can im-
pact river processes for decades has been documented (e.g.
Goswami, 1985; Pearce and Watson, 1986; Yanites et al.,
2010a), relatively little work has focused on documenting the
downstream impacts of regional landslide events on fluvial
morphology immediately following the event.
Over longer timescales, the cumulative impact of sediment

supply events from hillslopes can potentially have a significant
impact on the morphodynamics of downstream river channels
(Sklar and Dietrich, 2006; Yanites et al., 2011; Dingle et al.,
2017). Sediment can provide the tools for active erosion pro-
cesses on the bottom of a river channel but can also inhibit

erosion processed by blanketing the bedrock in a thick alluvial
cover. Large, regional events such as Typhoon Morakot drive
aggradation and arrest fluvial incision processes from occurring
while the sediment is being evacuated. Such sediment impulse
events thus act to lower erosional efficiency processes, poten-
tially leading to long-term channel steepening. The timescale
of response compared to the frequency of pulses of sediment
input is therefore an important consideration to determine if
such events have a long-term impact on landform morphology
and landscape evolution. Documenting the spatial and tempo-
ral response to sediment impulse events, and comparing with
pre-event morphology, will provide key insights into determin-
ing the importance of these events on the topography of the
region.

Our focus here is to quantify channel width along strike in
southern Taiwan (Figure 1). The purpose of this is two-fold: (1)
characterize the pattern of channel width along a spatial gradi-
ent in topography and (2) document the initial fluvial response
to intense landslide activity associated with Typhoon Morakot
as a starting point for understanding the cascading impacts of
regional landslide events through the landscape. This is accom-
plished by analyzing pre- and post-typhoon satellite imagery
for major drainage basins throughout the study area. A detailed
analysis of the spatiotemporal patterns of channel width, drain-
age basin area, hillslope morphology, and channel steepness
will advance our understanding of the geomorphic processes
and cascading hazards that arise from extreme weather events.
Additionally, observations from this rare, high-magnitude event
will provide insight on the long-term dynamics of river systems
in southern Taiwan.

Field Area

Topographic setting

The Hengchung peninsula in southern Taiwan is the product of
the oblique collision between the Philippine Sea Plate and the
eastern margin of Eurasia (Suppe, 1984; Wiltschko et al., 2010).
The topography rises from maximum elevations of only a few
hundred meters in the south to almost 4 km in the north
(Figure 1a). The topography along this gradient is underlain pri-
marily by a low-grade slate (Wiltschko et al., 2010) and shows
a clear gradient of increasing slope and relief from the south to
north (Figure 1). Furthermore, thermochronology data are
unreset in the south and reset in the north, suggesting a
north–south (N–S) gradient in total exhumation (Fuller et al.,
2006; Hsu et al., 2016). Cosmogenic beryllium-10 (10Be) con-
centrations in quartz river sands show a gradual increase of
hillslope erosion rates from south to north as well (Derrieux
et al., 2014; Chen et al., 2015). Using the natural experiment
set up by the topographic gradient and relatively uniform rock
type, we explore the magnitude of geomorphic processes in re-
sponse to an extreme precipitation event and place the results
in context with long-term landscape evolution of the region.

Typhoon Morakot

Typhoon Morakot made landfall in Taiwan on August 7, 2009,
and slowly moved across the island before entering the
Taiwan Strait 24 hours later (Figure 2). While only reaching
Category 1 status on the Saffir–Simpson hurricane wind scale
(Vmax = 41m s�1 for Morakot), the storm produced substantial
volumes of precipitation (Hendricks et al., 2015). Rain gauges
in the mountains recorded 24 hours of accumulated rainfall ex-
ceeding 500mm (maximum: 800mm) and 700mm (maximum:
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>1200mm) on August 7 and 8, respectively (Chien and Kuo,
2011) (Figure 2). In total, Typhoon Morakot produced a
record-breaking 2777mm of accumulated rainfall over four
days, exceeding the previous record of 1736mm (Typhoon
Herb – 1996; Ge et al., 2010).
Record-breaking rainfall produced by the typhoon is attrib-

uted to multiple factors. Morakot received a substantial mois-
ture flux from the nearby Tropical Storm Goni (Zhang et al.,
2010; Chien and Kuo, 2011; Wu et al., 2011; Xu et al., 2011;
Yen et al., 2011), enhancing precipitation by 30% (Xu et al.,
2011). Additional moisture was provided by monsoonal
circulation to the southwest of Morakot (e.g. Ge et al., 2010;
Hong et al., 2010; Wu et al., 2011; Hall et al., 2012). Finally,
precipitation was orographically enhanced by the Central
Mountain Range (CMR) as the typhoon slowed while moving
inland (Chien and Kuo, 2011; Ge et al., 2010). In sum, the ex-
treme precipitation produced by Typhoon Morakot resulted
from an ideal convergence of meteorological factors, including
monsoonal circulation, nearby tropical cyclones, and
interactions with the CMR. Analysis of precipitation statistics
extrapolated from smaller events have been used to argue for
an ~200 year recurrence interval for an event like Morakot
(Chu et al., 2011); however others have cautioned that such
extrapolations are not appropriate for the rare atmospheric
conditions that occurred during Morakot (Ge et al., 2010; West
et al., 2011).
The intense precipitation from Typhoon Morakot triggered

22 705 observed landslides in southern Taiwan and the
Hengchung Peninsula (Lin et al., 2011). Landslides occurred
in areas with cumulative precipitation > 800mm, which are
located over much of our study area (Figure 2). Maximum
landsilding occurred in the central and northern part of our
study area (Figure 2C), with a few exceptions (note the north-
eastern most basin in Figure 2C). Landslides in the region
visibly altered the geomorphology of local channels by intro-
ducing a large influx of sediment to streambeds (Figure 3).
Based on previous studies exploring fluvial response to regional
landslide events (Goswami, 1985; Pearce and Watson, 1986;
Yanites et al., 2010a; Li et al., 2016), we can expect the impact

of this event to propagate through the landscape, potentially
influencing river morphology and flood inundation patterns
for the coming years and decades. Our focus is to document
such changes and consider the results in the context of propa-
gating geomorphic hazards and the long-term geomorphic
character of the Hengchung Peninsula in Taiwan.

Methods

We focus our analysis on 20 basins: 10 on the western side and
10 on the eastern side of southern Taiwan (Figure 1A). The ba-
sins cover a range of the topographic relief observed in the
modern topography (Figure 1D). This provides an opportunity
to compare channel geometries with different landslide inputs
associated with Typhoon Morakot. We can also assess the im-
pacts on long-term sediment supply in areas that experienced
more and/or larger landslides to those that experienced fewer
and/or smaller landslides over time. Additionally, by exploring
both eastern and western basins, we can compare cross-orogen
differences in geomorphic response. Rain gauges suggest the
western side received more precipitation (Figure 2), and land-
slide concentration was highest where cumulative precipitation
was also the highest (Lin et al., 2011; Huang et al., 2017).
We begin our analyses by first identifying spatial variations in

hillslope and river steepness using the 30m ASTER GDEM V2
(Tachikawa et al., 2011). Hillslope gradient, relief, and channel
steepness indices are considered, as thesemetrics are representa-
tive of the changes in topography across Taiwan and set the geo-
morphic framework on which the typhoon impacted erosion and
sediment transport processes. Next, we measure channel width
in each basin from the mountain front and upstream to where
channel banks cannot be resolved on the imagery.

Channel slope

River profiles exhibit a scaling relationship, such that
above some critical drainage area (Montgomery and

Figure 2. Patterns of precipitation associated with Typhoon Morakot from rain gauge data. (A) Total accumulated rainfall between August 4 and 12,
2009. Note this includes the days leading up to the actual landfall. (B) Maximum precipitation intensity over one hour period. Note that rain gauges
are absent in many high mountain regions, where a notable orographic effect likely enhanced rainfall even more. (C) Distribution of landslides in Au-
gust of 2009 (Lin et al., 2011; Huang et al., 2017). The image is generated from a spatial coverage of disturbed land observed with the FORMOSAT-2
satellite. Each pixel is colored by the percent of area within a 1 km radius of that pixel that experienced landsliding during Typhoon Morakot. [Colour
figure can be viewed at wileyonlinelibrary.com]
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Foufoula-Georgiou, 1993) slope varies as a power-law function
of drainage (Flint, 1974; Wobus et al., 2006a):

S ¼ ksA
�θ (1)

where S is slope, A is drainage area (in m2), ks is the steepness
index (m2θ), and θ is concavity. The dimensions of ks depend
on the value of θ, and we have elected to calculate a normal-
ized steepness index ksn by using a reference concavity, θref
(Wobus et al., 2006a):

ksn ¼ S

A�θref
(2)

To compare channel slope at different drainage areas, we
calculate a normalized steepness index by assuming θref =
0.5. This is within the range of local θ in our study area and is
consistent with theory of river incision processes in tectonically
active, eroding river systems (Snyder et al., 2000). Using a ref-
erence concavity provides a simple, straightforward metric to
compare channel slope, fixed for the impact of changing drain-
age area, to our channel width measurements. As outlined
later, we will also normalize channel width in a similar ap-
proach. For this reason, we rely on the slope-area method
rather than slope-integral methods of channel steepness (Perron
and Royden, 2013). We note, however, that the general pattern

and magnitudes of steepness generated with either method is
similar (Chen and Willett, 2016) (Figure 1B).

Hillslope morphology

Hillslope erosion processes supply sediment to river channels,
and rates of hillslope erosion increase with hillslope gradient
(Culling, 1960; Roering et al., 2001; Montgomery and Brandon,
2002). In steep landscapes, the relationship between hillslope
erosion and gradient is non-linear because of the strong sensi-
tivity of landslide susceptibility to hillslope gradient (Larsen
and Montgomery, 2012). This manifests in the observation that
a large change in hillslope erosion processes is associated with
an almost imperceptibly small increase in gradient when hill-
slope gradient approaches material strength limits (Schmidt
and Montgomery, 1995). This phenomenon has led to the de-
velopment of the threshold hillslope concept (Burbank et al.,
1996; Montgomery, 2001). Although erodibility contrasts can
cause spatial trends in hillslope gradients to be unrepresenta-
tive of the trends in erosion rates (Riebe et al., 2000), the rela-
tively uniform lithology of the study area (Wiltschko et al.,
2010) should minimize differences in erodibility and promote
the use of hillslope gradients as a proxy for erosion rates and
long-term sediment supply.

We calculate two hillslope metrics, gradient and relief, to
map both patterns in long-term sediment supply to river chan-
nels and landslide potential. Calculations were done using

Figure 3. Examples of significant channel change following Typhoon Morakot. (A–B) Compare West basin 2 in 2001 (A) and 2013 (B). Inset shows
and example of channel delineation. (C–D) Compare West basin 1 in 2001 (C) and 2013 (D). The 2001 image shows the limit of channel visibility for
accurate delineation. (E–F) Compare East basin 5 in 2005 (E) and 2010 (F). [Colour figure can be viewed at wileyonlinelibrary.com]
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TopoToolbox v2 (Schwanghart and Kuhn, 2010; Schwanghart
and Scherler, 2014). The code calculates slope by quantifying
the maximum elevation drop over a 3 × 3 pixel window sur-
rounding each 30m pixel. Relief is calculated across the land-
scape using maximum differences in elevation within a 1 km
radius centered on each pixel. We consider mean and median
values for both hillslope gradient and relief, as well as the
values representing the 90th and 95th percentiles of each met-
ric’s distribution.

Quantifying channel width

Active channel boundaries were delineated from satellite im-
ages available in Google Earth. To quantify changes, we delin-
eated channel boundaries in images taken in years before and
after Typhoon Morakot (Table I). High quality imagery follow-
ing Morakot are available for all basins, but only a subset of ba-
sins also included pre-Morakot imagery of sufficient resolution
to confidently map channel margins. Channel extents were
interpreted to include visible surface water, as well as alluvium
surfaces within the vegetated banks, typically composed of
gravel or sand bars that are active during typhoon flooding

(Figure 3). Both field and remote evidence indicate that active
bedload transport occurs within the channel extents delineated
by our method. We ignored reaches with clear anthropogenic
impacts such as dams, agriculture fields (e.g. watermelon
farms), and other distinct channelization engineering. Channel
polygons were analyzed using the ChanGeom processing soft-
ware (Fisher et al., 2013). Measuring channel width in Taiwan
is facilitated by the stark contrast between active channel sedi-
ments and vegetation. In fact, the original developers of
ChanGeom used a dataset of central Taiwan (Yanites et al.,
2010b) as an early test of their methodology (Fisher et al.,
2013). To further test the accuracy of this approach, we com-
pare remote observations with 14 field-measured widths ob-
tained with a LaserTech rangefinder (1-cm precision) in May
of 2015. Active flood width in the field was chosen based on
visible high-water marks such as flood debris, evidence of ac-
tive scour, and mineralization on fresh bedrock surfaces.

In most mountainous river systems, channel width increases
with drainage area (Montgomery and Gran, 2001; Wohl and
David, 2008; Yanites and Tucker, 2010). The strength of the re-
lationship between area and width, however, varies for a num-
ber of reasons, including rock-type (Allen et al., 2013; Spotila
et al., 2015), climate (Finnegan et al., 2005), sediment supply

Table I. Data for the 20 basins analyzed as part of this study. See text for further description of variables

Basin name

Distance
from southern

tip
Mean

ksn

Median
ksn

Mean
1 km relief

Median
1 km relief

Mean
slope

Median
slope

Year of
image kw b

West 1 91 226 215 445 434 57.4 53.3 post-Morakot 2011 4.91E-04 0.60
pre-Morakot 2001 1.44E-03 0.48

West 2 84 307 284 479 462 61.8 56.6 post-Morakot 2014 2.79E+00 0.20
pre-Morakot 2001 1.56E-02 0.43

West 3 76 279 260 436 420 56.2 51.8 post-Morakot 2011 4.12E-01 0.25
pre-Morakot — —

West 4 64 269 241 501 489 61.4 56.5 post-Morakot 2011 3.35E+00 0.21
pre-Morakot — —

West 5 54 231 226 447 442 56.8 53.3 post-Morakot 2014 1.69E+00 0.28
pre-Morakot — —

West 6 46 192 196 416 414 55.6 53.3 post-Morakot 2014 2.61E-02 0.39
pre-Morakot

West 7 41 160 163 352 342 50.0 47.1 post-Morakot 2014 2.11E+01 �0.04
pre-Morakot — —

West 8 35 170 153 360 361 50.0 47.1 post-Morakot 2011 1.38E-04 0.74
pre-Morakot — —

West 9 29 96 101 268 277 39.4 37.7 post-Morakot 2014 4.89E-06 0.85
pre-Morakot — —

West 10 16 73 62 232 225 36.2 33.3 post-Morakot 2014 1.93E-05 0.79
pre-Morakot 2007 6.95E-05 0.77

East 1 96 283 269 470 468 60.2 56.5 post-Morakot 2014 1.42E+01 �0.06
pre-Morakot 2006 4.27E+00 0.10

East 2 89 269 233 414 411 53.5 50.0 post-Morakot 2014 2.68E+00 0.12
pre-Morakot 2005 insufficient data

East 3 77 281 248 450 440 57.3 53.3 post-Morakot 2011 2.19E+04 �0.31
pre-Morakot 2001 7.17E-01 0.23

East 4 70 270 245 462 446 59.3 54.2 post-Morakot 2011 4.47E-03 0.52
pre-Morakot 2005 5.64E+00 0.15

East 5 62 218 203 396 389 52.5 49.4 post-Morakot 2013 1.87E+00 0.19
pre-Morakot 2005 3.19E-01 0.27

East 6 51 177 178 363 366 50.0 47.1 post-Morakot 2011 3.63E-01 0.34
pre-Morakot

East 7 43 124 114 268 262 39.5 36.6 post-Morakot 2011 3.87E-04 0.66
pre-Morakot

East 8 31 62 61 199 209 33.1 30.6 post-Morakot 2014 4.57E-01 0.31
pre-Morakot

East 9 23 65 40 181 178 29.3 26.6 post-Morakot 2011 8.11E-05 0.72
pre-Morakot 3.42E-07 1.20

East 10 8 46 44 169 158 24.9 23.3 post-Morakot 2014 1.42E-02 0.37
pre-Morakot 2007 3.49E-03 0.43
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(Finnegan et al., 2007; Yanites and Tucker, 2010), erosion rate
(Finnegan et al., 2005; Whittaker et al., 2007), and channel
roughness (Goode and Wohl, 2010). We regress channel width
and drainage area data to quantify the strength of the area–
width relationship:

W ¼ kwA
b (3)

where W is channel width (in meters), kw is the channel width
scaling factor (m1�2b), A is upstream contributing drainage area
(in m2), and b is an exponent. Note the similarities between
Equations (3) and (1).
The scaling relationship in Equation (3) can also be used to

calculate the relative wideness of a river channel by accounting
for the tendency for channels to widen with increasing drain-
age area. Following Yanites and Tucker (2010) and Allen
et al. (2013), we normalize channel width by drainage area to
yield channel wideness, kwn, for comparison among different
sized drainages:

kwn ¼ W

Ab
(4)

We use a value of 0.37 for b, which is the median value of all
drainage basins (see Results later and Table I). The approach al-
lows the comparison of channel width for different drainage ba-
sin sizes as well as different values of steepness (e.g.
Equation (2)).

Normalizing steepness by wideness

The stream power erosion model (Whipple and Tucker, 1999)
is often used as a theoretical basis for explaining channel steep-
ness in tectonically active landscapes (Snyder et al., 2000;
Wobus et al., 2006a). The data presented here provides a
means to test this model as well as many of the assumptions be-
hind it. Specifically, many approaches of the stream power
model, assume channel width only scales with drainage area
and is therefore not explicitly accounted for in channel steep-
ness patterns. One can account for non-uniform width–area
scaling by normalizing channel steepness by channel wide-
ness, kwn (Equation (4)). First, we start from the assumption that
bedrock incision rates (E) scale with unit-stream power, ω,
raised to a power, a (Whipple and Tucker, 1999):

E ¼ kbω
a ¼ kb ρg

Qw

W
S

� �a

(5)

where kb is the lithology dependent erodibility value, a is a pos-
itive constant that is related to the dominant process of erosion
(Whipple et al., 2000), Qw is water discharge (in m3 s�1), W is
channel width (in meters), and S is stream gradient. Frequently,
drainage area is substituted for channel width, W, with Equa-
tion (3). Thus, Qw is often assumed to be a power-law function
of drainage area (Whipple and Tucker, 1999):

Qw ¼ kQA
c (6)

where kQ is a constant related to precipitation (in m3-2c s�1) and
c is a unitless exponent typically ranging from 0.7 to 1
(Whipple and Tucker, 1999). These relationships are combined
with Equation (5), yielding:

S ¼ kw
kQρg

E
kb

� �1=a

Ab�c (7)

Note that b � c should equal θ. River incision, E, is often as-
sumed to equal the rate of rock-uplift, U, in Equation (7), but

since southern Taiwan is a growing orogen, we do not make
this assertion.

Equation (7) is the slope–area scaling often used in tectonic
geomorphology studies and all the constants are lumped into
a bulk erodibility value often denoted as K. Essentially, the ap-
proach assumes that variation in channel steepness reflects var-
iations in fluvial shear stress (or unit stream power) as a proxy
for erosion potential. Recent studies have shown that variations
in kQ has a significant influence on channel steepness, requir-
ing precipitation based scaling of channel steepness to appro-
priately map shear stress (Gasparini and Whipple, 2014). It is
our aim to test if unaccounted variations of channel width
can similarly muddle interpretations of channel steepness. If
the values of θref and b effectively remove any dependence of
both ksn and kwn on drainage area such that ks ~ ksn and kw
~ kwn, then channel steepness can be normalized as

ksn
kwn

¼ 1
kQρg

E
kb

� �1=a

(8)

Normalizing steepness by wideness may therefore highlight
the roles of other factors, such as the erodibility factor (kb) or
climate and hydrology factor (kQ) on the pattern of unit stream
power. The ratio represents a proxy for unit stream power that
allows for systematic changes in channel width. This allows
for changes in slope and/or width at a given drainage area to
drive changes in river incision. While our analysis of this ratio
is focused on the along strike patterns, this derivation is also rel-
evant in exploring downstream variations in erosion potential.
Future work exploring downstream patterns in incising rivers
could be insightful towards understanding trade-offs between
channel width and slope adjustments in these systems.

The approximation allows for uniform river incision potential
maintained by equivalent adjustments in both slope and width
(e.g. both increase). In other words, an increase in slope does
not have to equal an increase in erosion potential (i.e. shear
stress or unit stream power) if channel width also increases. Be-
cause channel width is sensitive to sediment loading and trans-
port (Finnegan et al., 2007; Turowski et al., 2007; Yanites and
Tucker, 2010), wideness-normalized steepness can aid in un-
derstanding the balance of channel and hillslope processes
and how this balance varies spatially with tectonic and climatic
drivers. For example, some river systems in tectonically active
regions appear to be limited by the ability to remove sediment
overlying bedrock to allow erosion processes to occur (Johnson
et al., 2009; Yanites et al., 2011). In these settings, channel mor-
phology maximizes sediment transport capacity and is pre-
dicted to manifest in steeper yet wider channels (Turowski
et al., 2007; Yanites and Tucker, 2010), whereas detachment-
limited systems are expected to narrow as rivers steepen
(Finnegan et al., 2005; Wobus et al., 2006b; Yanites and
Tucker, 2010). By mapping both steepness and wideness, we
aim to test such predictions.

Results

Geomorphic context

The general patterns of channel and hillslope gradients are con-
sistent with the southward propagation of the Taiwanese
orogen (Figures 1 and 4). Channel steepness values are lowest
in the south and generally increase to the north (Figures 1B
and 4B) (e.g. Wiltschko et al., 2010; Chen and Willett, 2016).
There is an across-orogen pattern of maximum steepness near
the core of the range that decreases toward the mountain front
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on both sides of the orogen (Figure 1B). This is especially
prevalent in the central and northern part of the range (Figures 1
and 5). A concavity of 0.5 appears to remove most of the drain-
age area dependence on slope although there appears to be
correlation between ksn and drainage area for some basins in
the central to northern basins suggesting a higher concavity
(Figure 5).
Hillslope morphology metrics follow a pattern similar to that

of steepness, with both gradient and relief increasing from
south to north, achieving local maximums at the core of the
range (Figures 1C–1D and 4). Mean and median values of hill-
slope gradient and relief increase steadily from the southern tip
to ~60 km (Figures 4A and 4B), where mean and median values
become more uniform. The basins at the northern extent of the
study area may be slightly less steep, which is most evident in
the relief data (Figure 4B); however, the difference is quite
small. The 90th and 95th percentiles reveal the spatial pattern
of the steepest hillslopes in each catchment (Figures 4D and
4E). These values follow a similar trend as average hillslope
metrics (i.e. a south to north increase in hillslope gradients
and relief). One difference, however, is that the 90th/95th per-
centiles of 1 km relief (Figure 4E) are lower in the basins at
the northern end of the study area. The leveling off (or slight de-
crease) in hillslope gradient (Figure 4D) may indicate a thresh-
old hillslope condition (Burbank et al., 1996; Montgomery,
2001). We note that the digital elevation model (DEM)

resolution influences the absolute values of slope, especially
in steep terrain (Mukherjee et al., 2013). Nonetheless, assuming
hillslope gradient and relief (Figures 1C and 1D) reflects relative
differences in sediment supply to channels, we can expect that
long-term (centennial- to millennial-timescale) sediment supply
from hillslopes to channels has a strong spatial variation across
the landscape, which is corroborated by cosmogenic nuclides
(Fellin et al., 2017). We also anticipate landslide susceptibility
to closely follow this pattern of hillslope morphology.

Channel width

We compare digitized channel width and field-based measure-
ments (Figure 6). In general, the relationship between digitized
and field measurements closely follows the 1:1 line (the aver-
age misfit is < 10% of the remotely measured width). The larg-
est outliers are locations with the widest field measured widths,
suggesting that channel width for wide rivers is either
underestimated by remote methods or overestimated by field
measurements, respectively. Although either scenario is possi-
ble, we argue that our field measurements likely overestimate
width, as the river stage during the field campaign limited our
ability to precisely locate high water marks on both sides of
the river. Consequently, far-field estimates of flood height made
for the opposite banks were based on the first observations of

Figure 4. Hillslope statistics along strike. Average hillslope gradient (A), 1 km relief (B), and channel steepness (C) with distance from southern tip of
Taiwan for the 20 basins studied. The 90th and 95th percentile for slope (D) and relief (E) are also plotted.
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non-inundated locations, which is a conservative (i.e. maxi-
mum) estimate of bankfull width. Nonetheless, the strong rela-
tionship observed in Figure 6 justifies that the approach taken
here generates reliable data that are consistent with field
measurements.

Spatial variations in channel width

Our results show that even in a location with similar lithology
and climate, channel width is quite variable along strike.
Figure 7 shows averages of channel width versus drainage area,
with the averages centered on 30 equally log-spaced area bins
between 106 and 109m2. The temporal changes in channel
width (i.e. changes along strike before and after Morakot) also
vary significantly along strike (compare squares and circles in
Figure 7). Prior to the typhoon, the narrowest channels on the
eastern side of the study area were located in the southernmost
basin (Figure 7B). On the western side of the study area, the
narrowest channel widths were located in the northernmost ba-
sin (Figure 7A). In either case, the widest pre-Morakot basins
(squares, Figure 7) were in the central to north-central parts of
the study area.
We also illustrate the N–S trend by plotting width versus dis-

tance from the southern tip for a given drainage area (Figure 8).
For example, at ~22 km2 and ~35 km2, channel width is rela-
tively narrow at the southernmost basins. The width increases
northward until ~70 km from the southern tip before remaining
constant or decreasing slightly (Figure 8). The maximum

difference results in a seven-fold increase in channel width
from south to north. Note that not every basin is represented
in these plots. The reason is that the data show log-bin averages

Figure 5. Channel steepness versus drainage area along west (A) and east (B) sides of study area. Steepness calculated with a concavity of 0.5.
[Colour figure can be viewed at wileyonlinelibrary.com]

Figure 6. Test of remote width measurements. Field measured width
is consistent with remote width estimates.

Figure 7. Relationship between channel width and drainage area for
basins studied here. Bin averaged channel width is plotted for both
western channels (A) and eastern basins (B). Points are colored by dis-
tance from southern tip of Taiwan. The change in channel width from
pre- to post-typhoon is illustrated in Figure 10. [Colour figure can be
viewed at wileyonlinelibrary.com]
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centered on 22 km2. We note that some basins do not have a
measured width within the plotted area-bins as a consequence
of discrete changes in drainage area at tributary junctions.

Normalized channel wideness allows a comparison of chan-
nel widths at any drainage area. Although there is considerable
variation in the exponent between width and area (b, Table I),
the median value for all the basins (0.37) removes the drainage
area dependence in most basins (Figures 9A and 9B). Neverthe-
less, there is still a clear trend along strike (Figure 9) where the
southern channels tend to be the narrowest and central to
north-central channels are the widest. Comparing channel
wideness and steepness results in distinct clustering of drainage
basins suggesting that the relationship between width and slope
is more complicated than suggested by simple scaling argu-
ments (Finnegan et al., 2005) that predict an inverse relation-
ship between width and slope when drainage area effects
have been accounted for.

Temporal variation in width: response to Morakot

Note the observed temporal changes in channel width are
mostly due to aggradation. In many locations, this aggradation
is on the order of 100 to 101m. In the most extreme locations,
this included the filling of inner channels, subsequently spilling
sediment onto adjacent terraces (Figure 3). As such, the
changes influence the efficacy of geomorphic processes such
as sediment transport capacity and bedrock erosion. In fact,
in many cases, bedrock erosion on the channel bed has proba-
bly stopped until significant sediment evacuation occurs.

The spatial trend in channel width was accentuated by
changes resulting from TyphoonMorakot, which amplified wid-
ening in rivers in the central and northern basins with the excep-
tion of basin East 1 (see Figure 1A for basin numbers), which
experienced limited Morakot associated landsliding (Figure 2

Figure 8. Channel width along strike for the 22 km2 (A) and 35 km2

(B) log-binned average drainage areas.

Figure 9. Channel wideness versus drainage area (A, B) and steepness (C, D) for the west (A, C) and eastern (B, D) sides. Points are colored by dis-
tance from southern tip of Taiwan. [Colour figure can be viewed at wileyonlinelibrary.com]
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C). Prior to the typhoon, channels in the central (e.g. basinsWest
and East 3–4) part of the study area were ~3–10 times wider than
the channels in the south, in the years following the typhoon,
some of the channels widened to > 10 times greater than the
southern counterparts (Figure 8). Many channels in the central
to northern part of the study site had increased widths of two-
to three-fold, with some exceptional cases increasing width by
an order of magnitude or more (Figure 10). An exception to this
trend is basin East 1, which had little difference between pre-
and post-typhoon width estimates. Among the western basins,
West 1 and 2 experienced the most change following Typhoon
Morakot (Figure 10), with basin West 1 having up to a 14 times
increase in width. The maximum width change in basin West 2
occurred in headwater streams. The largest increases in width
on the eastern side occurred in basins East 3 and 4 having 50–
300% increases in width. In summary, significant changes in
channel morphology were greatest among central (the lightest
blue in Figure 10) and northern basins (dark blue in Figure 10)

in the west, while similar significant changes in the east were re-
stricted to central basins (East 3 and 4) where landsliding was
most intense (Figure 2C).

Although visual observations of channel morphology suggest
that the largest temporal changes occurred in headwater
streams, the resolution of pre-Morakot imagery prevented de-
lineation of many of these narrow headwater channels. This is
well illustrated in Figure 7 where wide, post-Morakot channels
exist in many of the central and northern basins, while we were
not able to resolve the pre-Morakot channel width. Therefore,
the lack of data in the upper left of Figure 10 (i.e. the lack of
squares for drainage areas less than 7 × 106m2) is not because
channels with lower drainage areas remained unchanged, but
rather, because pre-Morakot imagery was unable to resolve
these channels. Nevertheless, the very wide channels at small
drainage areas of the post-Morakot data (Figure 7) should be
taken as evidence of substantial channel change in these head-
water streams. Channels widened at large drainage areas in the
northern and central basins as well, but note the relative
change was smaller than locations upstream (Figure 10). The
southern channels drain topography with generally low slopes
and relief (Figure 1), and these channels had minimal changes
in width after the typhoon (Figure 10).

Wideness-normalized steepness

Normalizing channel steepness with channel wideness tests
how well the channel steepness pattern reflects variations in
unit stream power in southern Taiwan (Figure 11). Patterns in
channel steepness showed a clear N–S trend (Figure 5); how-
ever, after correcting for channel wideness, this trend is not as
apparent (Figure 11). The two northernmost basins (East and
West 1) remain as the highest apparent erosion potential, but
other basins with high steepness (Figure 4B) and channel width
(Figures 7 and 8) in the central to northern part of the study area
do not appear to have as high of an erosion potential (Figure 11
). This pattern is consistent between both pre- and post-typhoon
channel widths (squares versus circles in Figure 11), especially
for the east side, suggesting this pattern of limited unit stream
power variation is persistent in the southern Taiwan landscape.
The lack of pre-Morakot imagery on the west side limits any
conclusions on the persistence of this pattern.

Discussion

The spatiotemporal variability of channel morphology indi-
cated by our results has a number of implications ranging from

Figure 10. Change in channel width following Typhoon Morakot at
different drainage areas.Note the broken y-axis between six- and 12-
fold change in width. The lack of data for small areas is because chan-
nel width was unresolvable for small basins in pre-Morakot imagery,
and not because there was not significant change in these areas.
[Colour figure can be viewed at wileyonlinelibrary.com]

Figure 11. Channel steepness corrected for wideness at different drainage areas for western (A) and eastern (B) basins. Colors indicate distance from
southern tip of Taiwan. [Colour figure can be viewed at wileyonlinelibrary.com]
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short-term hazard mitigation to long-term tectonic geomorphic
interpretation of channel morphology. Specifically, the obser-
vational record of dynamic river response to a large-magnitude,
regional landslide event provides key insights to the dynamics
of river systems in steep, landslide-prone landscapes over a
range of timescales. Observations reveal high-magnitude haz-
ards that have a cascading effect throughout fluvial systems of
Taiwan, including channel aggradation and mobility. Further-
more, these hazards will likely impact riverside communities
for decades to come. From a long-term perspective, the spatial
variability observed in pre- and post-storm channel widths sug-
gests that channel width is strongly influenced by sediment
supply from hillslope processes. Finally, our results indicate
that channel steepness observations alone likely overestimate
variations in stream power and shear stress along this topo-
graphic gradient.

Cascading hazards and landscape records

An important implication of the observed landslide driven
channel change (Figure 3) is the potential for continued im-
pacts on flood inundation patterns from significant in-channel
aggradation (e.g. Stover and Montgomery, 2001; Chen and
Petley, 2005; Lane et al., 2007). Figure 12 illustrates a concep-
tual model and shows photographic evidence of how the prop-
agation of this landslide material influences flooding and
associated hazards. As aggradation fills the channel bottom
(Figure 12), the stage for a given water discharge will rise due
to decreases in channel conveyance (i.e. the cross-sectional
area of the inner channel). Consequently, the frequency of
flooding outside of the channel banks will increase and
threaten infrastructure built when the river had a larger cross-
sectional area to convey the water discharge (e.g. Figures 3F
and 12). In Figure 12B, a channel on the left side of the image
has been evacuated in an attempt to limit flooding of this aban-
doned town. The duration of the impacts on flood inundation

patterns is a function of sediment evacuation timescales, which
also influence the lasting impact of events like Morakot on the
long-term landscape evolution (see discussion later). Assuming
that river response to the sediment delivery induced by
Morakot is similar to the response to the Chi-Chi earthquake
(1999), which also generated tens of meters of river aggradation
(Chen, 2009; Hsu et al., 2010), the sediment evacuation time-
scale will likely be on the order of decades to centuries (Yanites
et al., 2010b). Such a response timescale would be similar to
other regions, such as New Zealand (Pearce and Watson,
1986) and the Himalaya (Goswami, 1985). Events such as re-
gional landsliding thus add a non-stationary component to
flood stage records, and should therefore be considered by
stakeholders concerned with flooding risks in regions suscepti-
ble to such events.

The observed channel widening and aggradation is spatially
variable. Landslides occurred on steep hillslopes that received
> 800mm of rain during the storm (Lin et al., 2011). Only in
these basins has significant channel change occurred
(Figure 10). Other steep basins experienced very little channel
change if rainfall was limited, such as basin East 1 in the
north-eastern part of our study area, which experienced over
all less landsliding (Figure 2C). Such observations confirm the
observed changes in channel morphology are a result of cas-
cading hazards and are not driven by a longer-term trend in cli-
mate driven variations in sediment supply or water discharge
(e.g. Montgomery et al., 2014) which should affect all basins
in the region. These observations reveal significant spatial
variability in cascading hazards, highlighting that predictions
of hazard potential will be event and site specific.

Finally, the channel response to this event has significant
potential to create a lasting terrace record. The magnitude of
observed channel change due to aggradation is quite
significant in some of the basins, such as West 1 (Figure 3).
Paleo-landslide events responsible for terrace formation have
been documented in previous studies, although those studies
attribute the terraces to seismically induced landslides
(McPhillips et al., 2014; Schwanghart et al., 2016). An implica-
tion of our observations is that individual, large magnitude
atmospheric events, such as tropical cyclones, may be capable
of generating lasting terraces due to the cascade of geomorphic
processes associated with regional landsliding. The record,
however, will be quite spatially variable as nearby basins
responded differently depending on the specifics of precipita-
tion magnitudes across the landscape during the event (e.g. ba-
sin East 1 experienced little change). Such spatial variability
may be a way to distinguish between seismic versus precipita-
tion driven events. Further observations of channel response to
landslides driven by different mechanisms are needed to fully
understand the terrace record of extreme events.

Hillslopes control channel morphology

The spatial trend in channel width along strike of the growing
Taiwan orogen suggests a dynamic coupling between hillslope
and river processes. Previous theoretical and modeling
approaches have suggested that channel width has a negative
relationship with slope and erosion rates (Finnegan et al.,
2005; Wobus et al., 2006b; Turowski et al., 2009). This expla-
nation alone cannot explain our data (Figure 9). Instead, our
data show that the wider channels tend to occur where channel
steepness (and hillslope gradient) are high with a few noted
exceptions. This trend exists in the data both prior to and
following the aggradation associated with Typhoon Morakot
(Figures 7 and 8) suggesting it is not a transient feature of the
landscape. We interpret this to indicate that sediment supply

Figure 12. Illustration and image of the effects of cascading hazards
in southern Taiwan associated with Typhoon Morakot. The landslide
debris aggrades river beds as is propagates through the landscape, low-
ering channel conveyance and increasing flood risk (A). Many loca-
tions along the rivers in the north and central parts of the study area
have been abandoned due to high flooding risk (B). The photograph
was taken in May of 2015. [Colour figure can be viewed at
wileyonlinelibrary.com]
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is a strong control on bedrock channel width as documented in
experimental channels (Finnegan et al., 2007) and predicted
theoretically (Turowski et al., 2007; Yanites and Tucker, 2010).
Events that impact the sediment budget for a significant period,

such as Morakot or large earthquakes, may be the reason that
sediment is a dominant control on river dynamics in a rapidly
uplifting environment such as Taiwan. Many channels in the
north-central part of the study area have an excess of sediment
covering and protecting the underlying bedrock (Figure 3), yet
the Hengchung Peninsula is eroding at relatively high rates over
millennial and longer timescales (Fuller et al., 2006; Chen et al.,
2015; Fellin et al., 2017). This requires significant variability in
sediment cover in this landscape, which has been suggested for
rivers in central Taiwan as well (Yanites et al., 2011). As in the
case for short-term hazards, understanding the timescale of this
change is therefore an important future step in understanding
the spatiotemporal dynamics of this landscape. If events such as
Morakot occur with a frequency that is comparable to the evacu-
ation timescale, then removal of landslide material may be a lim-
iting factor on erosion potential in such landscapes.
The estimated 200-year recurrence interval (Chu et al., 2011)

and potential for multiple decade to century timescale in evac-
uationwould suggest that sediment transport and bedrock expo-
sure are dominant mechanistic controls on river morphology in
this landscape. Recent studies have suggested that the fluvial re-
sponse timescale of evacuating landslide material is much
shorter (e.g. 5–25 years to remove 50% of the material) than pre-
vious estimates based on a model of dynamic channel adjust-
ment to an individual landslide (Croissant et al., 2017b). Field
(Figure 12) and remote (Figure 3) observations suggest contin-
ued or sustained aggradation well beyond the event, rather than
narrowing as suggested by Croissant et al. (2017b), suggesting
the evacuation of Typhoon Morakot landslides is on the longer
end of the scaling analysis. This is likely due to steeper channels
in the headwaters oversupplying the downstream reaches with
sediment, thereby lowering local rates of landslide evacuation.
Further study observing the fate of this sediment and morphol-
ogy (i.e. steepness and wideness) vary over time will provide
important constraints towards understanding the temporal dy-
namics of river systems in landslide dominated landscapes. Spe-
cifically, the observations will provide insight into how multiple
pulses of sediment into a mountain river may interact while the
material is evacuated (Cui and Parker, 2005).
Consistent with the idea that sediment supply from landslide

events lowers erosional efficiency on long timescales (Lague,
2010), steady-state theoretical approaches have suggested that
in such scenarios, rivers with relatively high sediment loads
should be wider and steeper than counterparts carrying less
sediment (Turowski et al., 2007; Yanites and Tucker, 2010).
There are no long-term estimates on the frequency of regional
landslide events in this area and as such, we cannot conclu-
sively say if the evacuation of landslide material limits erosion;
however, the clear relationship between hillslope morphology
(and presumably landslide susceptibility) and wide, steep chan-
nels is consistent with the theoretical prediction that the river
dynamics are dictated by sediment transport and bedrock ex-
posure in these river systems. The role of regional landslide
events versus continual sediment input from this steep land-
scape is an unresolved question. We note that in alluvial rivers
sediment supply has a strong control on the lateral mobility of
rivers which acts to further widen channels and valley bottoms
(Wickert et al., 2013). It is not clear if the sediment supply con-
trol on lateral mobility is as strong for coherent, bedrock banks.
Physical arguments suggest that lateral erosion processes may
be enhanced with increasing sediment supply (Nelson and
Seminara, 2011); however, field evidence of lateral mobility
suggests climate variability may play a dominant role (Stark

et al., 2010), which would suggest limited differences in lateral
mobility among the basins in this study. Future work illuminat-
ing the physical controls on rates of channel widening and lat-
eral mobility would be a fruitful exercise.

Patterns in orographic precipitation offer another potential
explanation. It is documented that the higher parts of the
Taiwan orogen receive higher annual precipitation, and rainfall
intensity of individual events may be amplified by the topogra-
phy (Chen et al., 1990; Akaeda et al., 1995; Chen and Chen,
2003). This greater precipitation and, presumably, water dis-
charge, could explain the wider channels where the topogra-
phy is steepest, which is in the core of the range (Figure 1).
Observations along a single channel subject to significant oro-
graphic precipitation would predict relatively wider channels
near the headwaters, with the wideness values decreasing in
the downstream direction, as the river is further removed from
the high precipitation area (if drainage area is a proxy for water
discharge in Equation (4)). Such a prediction is consistent with
the relatively low b values observed in the north-central chan-
nels (Table I), which indicate less variation of width with drain-
age area. However, observations of channel steepness run
counter to such an explanation as one would expect lower
steepness where precipitation is high which then increases to-
ward the mountain front (e.g. Gasparini and Whipple, 2014).
Instead, we observe channel steepness is a maximum where
precipitation is high and then decreases towards the mountain
front. If this was a detachment-limited system, with steepness
set by higher rock-uplift and erosion in the core of the range,
theoretical predictions suggest that channel width should have
the inverse trend (i.e. relatively narrow in the headwaters and
relatively wide at the mountain front). Therefore, it is difficult
to reconcile these observations by variations in precipitation
alone, though it might provide an important secondary control.

Instead, we propose the pattern is a manifestation of strong
hillslope–channel coupling. The pattern in channel morphology
suggests the rivers adjust to the sediment supplied by the up-
stream hillslopes. We note that although unit stream power or
shear stress does not vary as strongly as implied by the channel
steepness pattern (Figure 11), volumetric sediment transport ca-
pacity likely does. This is because channel width limits howwide
the bedload area can be transported during storm events. There-
fore, for a given shear stress and grain size, a wider (and steeper to
maintain the same shear stress) channel will generate a greater
volumetric bedload flux. The observation that channels are wider
and steeper towards the north, even prior to the accentuation of
the width pattern by Typhoon Morakot, suggests these channels
are responding to increases in sediment supply over a range of
timescales (e.g. both the extreme and background landslide
events that occur during a range of rainfall intensities). The in-
crease in sediment transport capacity from south to north is in re-
sponse to the steeper hillslopes that develop as the Taiwan
orogen grows from south to north. The greater transport capacity
exposes bedrock to erosion more frequently, even though the
hillslopes are generating sediment quite rapidly. This conceptual
model suggests that the propagation of sediment generated from
landslides through the fluvial system is a fundamental control in
constructing the landscapes of southern Taiwan. It is this propa-
gation of sediment that generates the cascade of hazards initiated
by Typhoon Morakot and will likely impact the communities
living along the streams for decades.

Conclusions

Documented spatiotemporal patterns of channel width along
the Hengchung Peninsula in southern Taiwan suggest a strong
coupling between hillslope and channel processes. Prior to
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Typhoon Morakot, channels in the central to northern part of
the study area were ~3–10 times as wide as rivers in the south-
ern part of the area. Channels in the central to northern section
of the study area were significantly impacted by Typhoon
Morakot, which generated landslides in the basins that have
both steep hillslopes and experienced high precipitation. The
debris from these mass movements propagated through the
landscape, aggraded riverbeds, and accentuated the spatial
pattern in channel width. Rivers in these basins experienced a
two- to 14-fold increase in the width of the active channel.
The wider channels (for a given drainage area) tended to occur
where channel steepness was also high, which is unexpected
for a typical detachment-limited river model. In fact, we show
that when accounting for the systematic, along-strike spatial
differences in channel width, the variation in unit stream power
is much less than what would be predicted from channel steep-
ness patterns alone. Instead, we propose that river incision in
this landscape is limited by the ability to expose underlying
bedrock to erosive properties, and as such, the channel mor-
phology is strongly influenced by the sediment supplied by
the upstream hillslopes. This strong hillslope–channel coupling
places a fundamental constraint on the long-term landscape
evolution of this region and suggests that events like Morakot
may influence patterns in topography through the initiation of
a cascade of geomorphic processes and hazards that propagate
through a landscape.
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