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Abstract 

    High erosion rates in mountainous landscapes of Taiwan reflect frequent disturbances by seismic 

events and tropical cyclones. Patterns and rates of geomorphic processes on hillslopes and valley 

floors, and their interactions, alongside appraisals of magnitude–frequency relationships of 

disturbance events, are key considerations in analyses of landscape evolution and environmental 

management of these highly dynamic landscapes. This thesis incorporates analyses of sequential 

remotely sensed data and field investigations to examine hillslope-valley floor interactions in the Liwu 

Basin, Eastern Taiwan. Following a brief introduction chapter that sets up the thesis questions in 

relation to key literatures, thesis results are presented as three papers. The first paper examines how 

landscape configuration influences downstream patterns of sediment storage across the Liwu Basin. 

This paper shows how downstream patterns of sediment storage are controlled primarily by valley 

confinement and landscape configuration. This, in turn, reflects downstream patterns of river types and 

their longitudinal connectivity. The second paper demonstrates how landscape connectivity and 

landslide dynamics influence channel adjustments in the Liwu Basin. Analysis of geomorphic changes 

over 30 years (1980-2010) in differing parts of the catchment show that spatial variability in 

magnitude-frequency relations of hillslope-valley floor and upstream-downstream connectivity during 

the study period reflect annual reworking in source and accumulation zones, while partly-confined 

valleys in the mid-catchment area trap sediment behind landslide-induced dams that are formed and 

breached on an approximately decadal basis. The third paper applies field survey techniques to show 

how channels respond to flood events of low to moderate magnitudes in this bedrock-dominated river. 

Reach-scale monitoring by terrestrial laser scanning indicates that variability in geomorphic 

effectiveness reflects valley confinement and the composition/configuration of geomorphic units on the 

channel bed. Frequent changes of patterns of scour and fill indicate that the Liwu River is highly 

sensitive to flood events of low to moderate magnitude. These various threads are brought together in 

the discussion, which contextualizes findings on short-term (decadal) magnitude-frequency 

relationships in the Liwu Basin derived in this study in relation to the Taiwanese landscape as a whole. 

Limitations and implications of this study are outlined, alongside future research applications. 
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1. INTRODUCTION 

1.1 BACKGROUND OF RESEARCH 

The basic principles of fluvial geomorphology were established in the fundamental work completed 

by Luna Leopold, Arthur Strahler and Stanley Schumm in the mid-twentieth century (Wohl, 2014, 

Church, 2010). These foundations brought about and supported the emergence of systematic 

approaches to analysis of river processes and forms. Initial endeavours emphasized relationships in 

alluvial channel systems, while bedrock channel systems were rarely investigated. As these two 

channel types have distinct boundaries and show different flow characteristics, such as velocity and 

shear stress, it cannot be assumed that knowledge from alluvial and gravel bed systems can be 

transferred directly to bedrock rivers (Tinkler & Wohl, 1998). In the past two decades, considerable 

attention has been given to studies of bedrock channels (Turowski et al., 2008b, Carling, 2006). This 

includes assessments of channel morphology, flow dynamics and hydraulics and sediment transport 

from at least three approaches: basin scale, reach scale and experimental (Tinkler & Wohl, 1998). The 

main drivers for bedrock channel studies reflect both scientific and social needs. Firstly, bedrock 

channels play a key role in erosional landscape evolution. They set the base level for hillslopes and 

communicate changes in tectonic and climatic boundary conditions throughout the landscape (Whipple, 

2004). Processes of fluvial incision and transport are fundamental parameters within numerical 

landscape evolution models (Carling, 2006). Secondly, bedrock channels often compose a significant 

proportion of the headwater networks of major river systems. Increased pressure on these uplands for 

land use (e.g. forestry management), recreational use and urban expansion means that the behavior 

of these types of rivers needs examination (Tinkler & Wohl, 1998, Carling, 2006). 

Bedrock channels occur mainly in actively incising portions of landscapes and where channels are 

cut into resistant rock units, most often in actively uplifting areas (Whipple, 2004). Channel responses 

to uplift such as downward incision (e.g. Schaller et al., 2005) and headward extension through 

knickpoints retreat (e.g. Crosby & Whipple, 2006) have been widely investigated. Many recent papers 

have examined fluvial processes in bedrock rivers in tectonically uplifting settings around the 
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East-Asian Island Arc (e.g. Turowski et al., 2008a, Schaller et al., 2005, Stark et al., 2010, Petley & 

Reid, 1999). These rivers are excellent locations to study landscape evolution because high uplift and 

incision are accompanied by active climatic events such as tropical cyclones (or typhoons). However, 

these concerns for longer-term landscape evolution have seldom been linked to issues such as 

sediment storage and reworking, landscape sensitivity and connectivity over decadal time scales, 

whereby impacts of short-term disturbance events are documented. To date, these considerations 

have been widely studied among alluvial rivers (e.g. Fryirs et al., 2007a, Fryirs et al., 2009, Kasai et al., 

2004a, Kasai et al., 2004b), but further investigation is required in bedrock rivers.  

Bedrock rivers are often seen as ‘supply-limited’ systems (Carling, 2006). However, channels with 

long stretches of bare bedrock along the bed and banks are rare, as short-term pulses of rapid 

sediment delivery from hillslopes produce temporary sediment fills (Benda & Dunne, 1997a). Other, 

thin, patchy mantles of alluvium may persist despite active incision through rock (Whipple, 2004). It is 

only in recent years that the dynamics of these fills in relation to intervening bare bedrock reaches has 

been explored. Over longer time-scales, river incision into bedrock must reflect climatic and tectonic 

controls. However, in the short-term, morphodynamic adjustments may also reflect changes in 

sediment load; the latter is often affected by landslide dynamics and anthropogenic influences. From a 

practical perspective, it is necessary to know more about the dynamics of sediment transport and 

reworking during flood events at a time when perceived climate changes have led to an increased 

frequency and magnitude of flooding in many locations around the globe (Carling, 2006). Increasing 

and decreasing of sediment flux induced by flood events may alter habitat morphology by smothering it, 

with serious implications for prospective recovery (Kasai et al., 2004b, Kasai et al., 2004a). Therefore, 

insights into the dynamics of sediment storage and periodicity of reworking aid our efforts to develop 

proactive approaches to river management. 

  River character and behavior in many steep, high relief landscapes are primarily determined by the 

relationship between rates of sediment supply from hillslopes and rates of sediment reworking on 

valley floors. The dynamics of this relationship are especially dramatic when considering landscape 
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responses to typhoon events, when high flow events coupled with landslide activity can result in 

significant changes to bed morphology (Kasai et al., 2004b). Taiwan is a typical example of a highly 

dynamic setting in which these issues must be addressed. It is located on the midpoint of East-Asia 

Island Arcs and has formed as a result of the highly complex interaction of the Philippine Sea oceanic 

plate and the Eurasian continental plate with a high uplift rate of 5-7 mm a−1 (Liew et al., 1990). This 

location not only causes steep and uplifting terrains comprised largely of weak and highly fractured 

rocks, but also induces seismic activities with high frequency. In addition, landscapes are subjected to 

high rainfall totals (mean annual precipitation ~ 2500mm), with large numbers of high magnitude flood 

events caused by typhoons (3.4 per year on average, Figure 1.1). As a result, Taiwan has high erosion 

rates of 3–6 mm a−1 (Dadson et al., 2003). Large volumes of sediment are eroded from hillslopes, from 

where they are transferred to the channel and transported downstream. High rates of sediment 

transport, along with dramatic adjustments to channel morphology, result in significant challenges for 

river management and ecological conservation. 

  

Figure 1.1: (A) Seasonal distribution of typhoon per year. (B) Numbers of 

typhoon invaded Taiwan since 1958 (Central Weather Bureau, Taiwan, 2009). 
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Taiwan is a mountainous island and most channels in mountain area are defined as bedrock 

channels (Turowski et al., 2008b). The Liwu River located in eastern Taiwan (Figure 2A) is a typical 

bedrock river which is famous for its spectacular marble gorge (Figure 2B). The establishment of 

Taroko National Park in 1986 protects the unique landscape and its ecological environment. The 

catchment flanks the Central Range from the main divide (3416 m a.s.l.) to the Pacific Ocean and 

drains approximately 621 km2 of steep terrain underlain mainly by schists, gneisses and marbles 

(Figure 2C & 2D). Mean annual precipitation is around 2200 mm throughout the catchment and 

precipitation rates have reached up to 600 mm/day during typhoon passage (Schaller et al., 2005). 

Given the character of the bedrock channel together with frequent typhoon events and its unique 

landscape attributes, this area is an ideal location for research into process-form relationships and 

management application in dynamic river systems. 

Many studies have been done in the Liwu River including the topic of landscape evolution, fluvial 

processes and river ecology. Petley and Reid (1999) summarized four factors which are significant in 

the formation of such a narrow, deeply incised landform: (1) high rates of uplift resulting from the active 

tectonic setting; (2) intense down-cutting on the floor of the gorge; (3) properties of the local rock types, 

including high strength but a vulnerability to denudation; (4) high-magnitude climatic events that induce 

high rates of surface processes. Brunsden and Lin (1991) proposed an incision rate of 5.5 mm a-1 in 

the Central Mountain during Pleistocene uplift based on fission track measurement. However, the 

Holocene fluvial incision rate (26 mm a-1) was considerably faster than the Quaternary average 

(Schaller et al., 2005). The process of river evolution left terraces covered by thick gravel deposits 

upstream and downstream of Taroko Gorge. Some of the fluvial deposits are found at considerable 

altitude. For example, thick, fluvial deposits are found at about 200m above the valley floor at Pulowan 

located on Fig. 2B (Petley & Reid, 1999). The maximum thickness of these deposits is around 200 m in 

the mountain area and 100 m close to the estuary. Chyi (1994) considered that these terraces were 

formed by episodic river aggradation that took place during rejuvenation in the late Holocene. During 

rejuvenation the complex response of fluvial systems was the direct cause for episodic river 
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aggradation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In their study of magnitude-frequency relationships that underpin fluvial processes in the Liwu River, 

Hartshorn et al. (2002) indicated that the lowering of the Liwu Valley is driven by relatively frequent 

flows of low to moderate intensity and that rare large floods are more important in widening the 

bedrock channel than they are in driving down the base level because extreme flood events carry large 

sediment loads which protect the thalweg and enhance erosion on the channel walls. Turowski (2008a) 

concluded that the balance between sediment supply and transport control the channel cross-sectional 

Figure 1.2: (A) Location and topography of Taiwan and Liwu Basin, (B) Taroko Gorge. Flow direction is 

from top left to bottom. (C) Topography and river network, and (D) Geology map of the Liwu Basin. 

(A)  

(B)  

(D)  (C)  
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shape. 

In relation to river ecology and management, Tseng (1992) reported there is nearly no habitat 

suitable for aquatic animals in the Liwu main stream because of the steep channel gradient and high 

variability of the river bed. However, the Shakadang Stream (Figure 2C), the most downstream 

tributary, has abundant fishes probably because of the relatively lower channel gradient and 

concentration of suspended solids. The Sipan Dam was constructed within Liwu main stream in 1966 

for power generation. It not only disrupted the longitudinal continuity of the system, it also altered the 

habitat distribution, inducing transition from forced riffles into a lake upstream of the dam and runs 

downstream. The contemporary discharge of the downstream reach is too low to maintain the 

ecological base flow, especially in dry season (Su, 1999). 

Although these various studies investigated fluvial processes and forms in the Liwu River, limited 

understanding has been gained into patterns and rates of sediment storage and reworking at the 

catchment scale. Although changes to channel boundary condition in this bedrock river system take a 

long period of time, the sediment dynamics may be highly variable because of massive but irregular 

inputs of sediment and frequent disturbance events. Understanding of patterns and rates of landscape 

changes to hillslope and channel systems and magnitude–frequency relationships of disturbance 

events in this setting is vital for investigating landscape evolution, natural resource management, and 

disaster mitigation. These themes are the core elements of this PhD thesis. Prior to outlining the 

specific research questions in Section 1.3, the next section presents an overview of the primary 

theories that underpins this study, with particular emphasis upon bedrock channel morphology, 

geomorphic effectiveness (magnitude-frequency relations), and landscape sensitivity (including an 

overview of connectivity relationships at the catchment scale). 

 

1.2 LITERATURE REVIEW 

1.2.1 Bedrock channel morphology 

  Based on the cover of sediments and the ratio of transport capacity to supply, bedrock channels 
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“lack a continuous cover of alluvial sediments, even at low flow, and exist only where transport capacity 

exceeds bedload sediment flux over the long term” (Montgomery et al., 1996, Whipple, 2004). 

Alternatively, Tinkler and Wohl (1998) define bedrock channels as “those reaches along which a 

substantial proportion of the boundary (≥ 50%) is exposed bedrock, or is covered by an alluvial veneer 

which is largely mobilized during high flows such that underlying bedrock geometry strongly influences 

patterns of flow hydraulics and sediment movement.” As noted by Turowski et al. (2008b), it is difficult 

to recognize whether ‘transport capacity exceeds bedload sediment flux over the long term’ in the field, 

as detailed analyses of discharge and sediment transport data, or continuous observation over long 

periods of time, are required. In a similar vein, the cut-off value of 50% exposed or thinly covered 

bedrock is arbitrary. Thus, Turowski et al. (2008b) proposed a new qualitative definition which is “a 

bedrock channel cannot substantially widen, lower, or shift its bed without eroding bedrock.” This 

definition is based on a consideration of channel dynamics and can easily be applied in the field or by 

using remotely sensed imagery and topographic data for classification. The definition brought a shift 

from the observation of the physical state of the river bed to the consideration of the channel-shaping 

processes and channel dynamics. Turowski et al. (2008b) used this definition in their analysis of 

channel hydraulic geometry relationships for various rivers in Taiwan. The Liwu River is a typical 

bedrock-dominated river based on this definition when considering the sediment effects on channel 

dynamics in this environment setting. 

Tinkler and Wohl (1998) reviewed the morphological attributes of bedrock channels relative to 

alluvial channels in terms of their gradient, change, variability and resistance. Firstly, the gradient of 

bedrock channels is greater than those encountered in alluvial channels. Montgomery et al. (1996) 

also indicated that bedrock channels are steeper than alluvial channels with similar drainage areas 

(see also Wohl and David, 2008). Tinkler and Wohl (1998) consider steepness to be the most 

important control on fluvial dynamics in bedrock channels. Secondly, morphological change in bedrock 

channels is unidirectional – rock removed from the bed of a channel lowers the local base level for all 

points upstream. In contrast to alluvial and gravel-bed systems then, bedrock channels are not 
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self-repairing, and do not conserve morphology because they are more intimately connected with 

hillslope systems (e.g. Korup, 2004, Korup, 2005a). Despite generally slow rates of morphological 

change, bedrock systems accumulate change, and the rock form reflects a time integration of change 

through time, up to centuries and probably millennia (Tinkler & Wohl, 1998). In a sense, the rock acts 

as a medium and high pass filter by essentially ignoring the effects of low magnitude high frequency 

events. Thirdly, the commonly observed spatial variability in hydraulics along bedrock channels may 

reflect variability in the lithology or structure of the channel substrate, such as tributary inputs of coarse 

sediment (e.g. Rice, 1998, 1999). Fourthly, the rock resistance to flow dynamics obviously varies 

according to lithological considerations. The bedrock channel morphology reflects the interactions 

between fluvial forces applied and bedrock resistance offered (Wohl, 1998). 

The controls on the interactions between erosive processes and the resistance of the channel 

substrate change with spatial scale (Wohl, 1998). At the micro scale (mm to cm), mineralogy, exposure 

age of the substrate, and local heterogeneities are particularly important in controlling substrate 

resistance. At the meso scale (cm to m), substrate discontinuities created by bedding, joints, and 

lithologic contacts become progressively more important. At the macro scale (m to km), regional 

structure and base level history may dominate substrate resistance. In their study of 41 bedrock 

channel reaches, Wohl and Merritt (2001) derived quantifiable relationships between bedrock channel 

morphology and reach-scale hydraulic and substrate variables. They suggested that bedrock channel 

morphology, like alluvial channel morphology, results from an adjustment between the controlling 

variables of substrate and hydraulics. Montgomery and Buffington (1997) developed a classification 

scheme of channel-reach morphology in mountain drainage basins. The key concept in this study is 

that the channel morphology is correlated to the ratio of transport capacity to sediment supply. Bedrock 

reaches lack a contiguous alluvial bed and reflect high transport capacities relative to sediment supply; 

they are typically confined by valley walls and have steep slopes. In contrast, alluvial channels exhibit 

a wide variety of morphologies and roughness configurations that vary with slope and position within 

the channel network. 
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Regarding bedrock channel width, Montgomery and Gran (2001) found that there is no systematic 

difference in width versus drainage area relations for surveyed bedrock and alluvial reaches. This 

suggests a fundamental role of bedload flux as a determinant of channel width in these systems. 

Bedrock channels were narrower, and therefore had deeper flow, than alluvial channels with equal 

drainage areas in the granite and limestone terrain. In addition, the results showed that bedrock 

channel width decreases substantially downstream at the contact between relatively weak and more 

erosion-resistant lithologies. Floods and debris flow events also widened the channel width 

systematically. They concluded that downstream variations in the width of bedrock channels generally 

follow traditional hydraulic geometry relations but also reflect the local influence of longitudinal patterns 

of bedrock erosivity and disturbance history. 

The ratio of channel to valley width is closely related to discharge variability and sediment supply 

(Johnson et al. 2009, Turowski et al., 2009). The sediment load of a bedrock river plays an important 

role in the fluvial incision process by providing tools for abrasion and by covering and thereby 

protecting the bed (Turowski et al., 2007). Increasing sediment supply will increase the number of 

impacts per unit bed area and time, thereby impacting upon the erosion rate (the tool effect). However, 

a further increase of sediment supply may increase bed cover, shielding the bed from impacts, and 

decreasing the erosion rate (the cover effect) (Turowski et al., 2008b). Sediment effects and discharge 

variability exert a strong control on bedrock channel morphology and need to be taken into account in 

the modeling of channel dynamics under steady state conditions (Sklar and Dietrich, 2006). Turowski 

et al. (2008a) demonstrated that the interplay of sediment supply and discharge variability sets the 

cross-sectional channel geometry of the Liwu River. Extreme flood events, for instance typhoon-driven 

discharges, carry large sediment loads which protect the thalweg and enhance erosion on the channel 

walls (Hartshorn et al., 2002). Lateral erosion is more important when sediment is abundant in the 

channel (Turowski et al., 2008a, Turowski et al., 2008b). Through field measurement, these studies 

concluded that extreme floods mainly shape the channel morphology in widening valley width rather 

than lowering the river bed. However, in some reaches of the Liwu River, the valley is extremely deep 
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and narrow, implying that the rate of incision is much higher than widening. Thus, long-term channel 

evolution conflicts with the short-term field observations and measurement. Further understanding of 

relationships to sediment distribution and reworking, as well as magnitude–frequency relationship of 

events, is required. 

 

1.2.2 Geomorphic effective floods and typhoon event s 

Wolman and Miller (1960) investigated the relative geomorphic importance of extreme events and 

more frequent events of smaller magnitude. They found that the greatest part of the total sediment 

removed from the drainage basins during the period of record was carried by small to moderate flows 

and not by catastrophic floods. Wolman and Miller’s (1960) classic paper implied that overall 

geomorphic effectiveness of large floods is less than that of smaller and more frequent floods because 

of the rareness of extreme events. This concept profoundly influenced the development of modeling of 

fluvial dynamics that emphasized the importance of frequent flows in most geomorphic setting (Wohl, 

2007). However, Wolman and Miller’s paper focused on the suspended load in alluvial systems. 

Subsequent studies showed different results for geomorphically effective floods in bedrock systems 

(Wohl, 2007). In fact, Wolman and Miller (1960) had already indicated that in many valleys rivers scour 

to bedrock only during high and relatively infrequent flows. 

In the 1990s, the analysis of the effects of extreme events on overall landscape form had shifted 

geomorphic attention away from a focus on the magnitude and frequency relationship of discharge to a 

focus on flood power. Magilligan (1992) proposed minimum values of stream power necessary to 

initiate substantial geomorphic change in alluvial channels. Costa and O'Connor (1995) created a 

conceptual model of the frequency/duration of flows exceeding an erosional threshold governed by 

channel-boundary composition (Figure 1.3). The geomorphic effectiveness of a flood will ultimately 

depend on the duration of flow(s) that exceed the erosional resistance of the channel boundaries. 

Baker and Kale (1998) summarized the effect of high magnitude floods in shaping bedrock channels. 

The erosion of the bedrock to produce a river channel requires a high shear stress and stream power, 
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such that only relatively rare, high-magnitude flood discharges contribute to shaping their 

morphologies. Wohl et al. (2001) used a lower threshold value based on a ratio of stream 

power/drainage area for substantial flood modification of channel boundaries and demonstrated that 

channel modification correlated well with the combination of channel-boundary composition and 

channel geometry along canyon rivers. 

 

 

 

 

 

 

Wohl (2007) reviewed the effects of large floods in resistant-boundary channels (where boundaries 

are composed of either bedrock, coarse alluvium, or some combination of these two). She pointed out 

that higher thresholds of resistance to fluvial erosion relative to channels formed in finer-grained 

sediment will be exceeded only during large floods. Many case studies in the past two decades have 

argued that the morphology of some rivers is more likely to be dominated by infrequent high magnitude 

floods. These rivers include channels with high seasonal and interannual flow variability, high ratios 

between discharge of infrequent floods and average annual flow, abundant coarse bedload, high 

channel gradient and resistant channel boundaries (Wohl, 2007).  
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Figure 1.3: Conceptual stream-power graphs used to document geomorphic effectiveness of different kinds 

of floods (Costa & O'Connor, 1995). The three curves represent three different types of idealized flood 

hydrographs: (a) could be a convective storm over a small basin, (b) could be a frontal rainfall storm, and (c) 

could be a seasonal snowmelt peak of longer duration but lower magnitude than (a) and (b) (Wohl, 2007). 
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The effectiveness of flood events on both hillslopes and rivers is related to gradient, lithology or other 

variables which control both thresholds of activity and recovery rate (Wolman & Gerson, 1978). Wohl 

(2007) summarized the variables that influence the geomorphic role of floods in resistant-boundary 

channels in relation to the flood-generating mechanism, position within a drainage basin, erosional 

threshold, sediment supply, land use, in-channel wood, riparian vegetation, and time since last flood. 

Geomorphic effects of floods include transport of sediment and wood, alteration of channel and valley 

morphology, and channel incision. Extremely large floods have great power to create these effects. For 

example, a single catastrophic flood in 2002 was able to carve Canyon Lake Gorge in Texas, as this 

event was able to move meter-sized boulders, excavate ∼7m of limestone and transform a 

soil-mantled valley into a bedrock canyon in just ∼3 days (Lamb & Fonstad, 2010). Geomorphic effects 

of floods also interact with each other. For example, the transport and cover of sediments on bedrock 

channels in flow events of different magnitude might influence the rate of incision. Coarse boulder 

deposits tend to cap topographic convexities in the rock floor, thereby restricting bedrock incision to 

rare large floods (Jansen, 2006).  

 

 

 

 

Section Headwater Middle Downstream 

Gradient steepest lower lowest 

Disturbances from 

floods and debris flows 
frequent infrequent infrequent 

Boundary resistance very high high low 

Supply of coarse 

sediment 
large moderate minimal 

Ratio of flood flow (Qf) 

to base flow (Qb) 
large large small 

Dominated flood type 
frequent 

large floods 

infrequent 

floods 

frequent 

smaller floods 

Headwater 

Middle 

Downstream 

Figure 1.4: Schematic illustration of the distribution of characteristics that govern the geomorphic impact of 

floods across a drainage basin (Wohl, 2007). 
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Distinct patterns of geomorphic responses to flood events may be evident. Wohl (2007) proposed a 

conceptual model outlining spatial correlations, showing some generalized basin-wide trends in the 

geomorphic importance of floods within an idealized mountainous drainage basin (Figure 1.4). The net 

result of downstream trends in numerous physical variables is that the aggregate population of large 

floods creates the greatest geomorphic effects in headwater channels, whereas individual large floods 

are likely to be most geomorphically important in the middle portion of drainage basins. 

Strong climatic events like tropical cyclones (also known as hurricanes or typhoons) often generate 

extreme floods in parts of the tropics and subtropics between about 10° and 30°latitude. Drainage 

basins where tracks of tropical cyclones cross tectonically active terrains tend to be strongly controlled 

by extreme events. For example, Taiwan is located in a tectonically uplifting area and the mean annual 

sediment yield of 9,500 t km-2 a-1 is 60-fold greater than the global average yield of 150 t km-2 a-1. Most 

sediment erosion and delivery occurs in response to typhoon-generated floods, as evidenced by the 

fact that > 75% of the long-term flux occurs in < 1% of the time (Kao & Milliman, 2008). Typhoon events 

not only significantly contribute sediment yield but also play an important role in shaping channel 

geometry. Stark et al. (2010) showed that climate directly influences the extent of river meandering. 

When expanded to a larger region of the western North Pacific, this analysis revealed a strong climatic 

imprint on the landscape of humid mountainous areas. Spatially averaged river sinuosity generated 

from digital elevation data peaks in the typhoon-dominated subtropics, where extreme rainfall and 

flood events are common, and decreases toward the equatorial tropics and mid-latitudes, where such 

extremes are rare. 

These studies of geomorphically effective floods indicated that only rare and extreme floods can 

shape the morphology in bedrock rivers. However, further analysis is required into 

magnitude-frequency relationships that underpin morphologic adjustments in bedrock channels like 

the Liwu River that have abundant sediment supply and high frequency and magnitude typhoon events. 

In these instances it could be contended that geomorphic impacts may not be dominated by floods with 

return period of decades but annual floods. This is a primary theme of this thesis. 
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1.2.3 Sensitivity and connectivity in river channel  system 

The concept of landscape sensitivity was first introduced into the language of geomorphology by 

Brunsden and Thornes (1979). The study of landscape sensitivity addresses relationships between the 

environmental forces that bring about landscape change and the capacity of landscapes to resist those 

forces. Discussion of sensitivity to change involves thresholds, resilience, rates of change and the 

magnitude and frequency of episodic events such as floods and droughts (Thomas & Simpson, 2001). 

Sensitivity can be defined as the ratio of disturbing to resisting forces. It can also be expressed by the 

ratio between the mean relaxation time of the system and the mean recurrence time between effective 

events (Brunsden & Thornes, 1979, Brunsden, 2001). Landforms react to environmental change in one 

of two ways: “robust” and “responsive”. “Robust” landforms are those which have the capacity to 

absorb change with only modest adjustment in their configuration or distribution. By contrast, 

“responsive” landforms are those which, when subject to significant environmental change, undergo a 

fundamental and persistent change in their morphology by crossing an extrinsic or external threshold 

(Werritty & Leys, 2001). 

The concept of landscape sensitivity has been applied to river channels in upland settings. 

Researches assessed the role of hillslope/channel coupling for sensitivity (Harvey, 2001), stability of 

river channels and their associated valley floors (Werritty & Leys, 2001), and spatial distribution and 

timing of lateral, vertical and wholesale river adjustments (Fryirs et al., 2009). The ease with which 

different types of river can adjust their bed character, channel morphology, and channel planform (i.e. 

shifts in channel position on the valley floor) provides a measure of river sensitivity (Brierley & Fryirs, 

2005). The degree to which any given reach adjusts is also influenced by its position in the catchment 

and the ease with which disturbance responses are conveyed through river systems (i.e. landscape 

connectivity) (Fryirs et al., 2007a). 

Landscape sensitivity cannot be explained independently from appraisals of landscape connectivity 

(Brunsden, 2001). Connectivity can be defined as the transfer of energy and matter between two 

landscape compartments or within a system as a whole (Fryirs et al., 2007a). The concept of 



15 

 

“sediment connectivity” is in its infancy within the field of alluvial system response, with intriguing 

emerging issues for the study of bedrock systems (Carling, 2006, Wohl, 2014). Sediment connectivity 

refers to the physical linkage of sediment through the channel system (Hooke, 2003). Identifying the 

degree of sediment connectivity within a river system is vital for understanding how the system evolves 

and functions and for interpreting the morphology and dynamics of the channel. Identification of 

connectivity focuses attention on the spatial relations of sediment transfer within a river system. It is 

also important in channel management for understanding the impacts of direct and indirect action on 

the channel and for habitat maintenance (Hooke, 2003).  

Catchment configuration and the nature of connectivity within and between landscape 

compartments affect the operation of sediment cascades and geomorphic responses to disturbance 

events of differing magnitude and frequency (Fryirs et al., 2007a). In addition, the spatial and temporal 

pattern of connectivity affects the nature and rate of lagged and off-site responses, and hence the 

recovery potential of a system following disturbance (Brierley & Fryirs, 2005). Connectivity between 

different compartments is useful in determining the sensitivity of a river basin to external factors such 

as climate change, tectonic effects, river engineering works, or land use change (Jain & Tandon, 

2010). 

Hooke (2003) proposed a classification of types of channel connectivity (Table 1.1). It can provide a 

conceptual framework for identifying the status of river reaches and linkages between reaches and 

thus a basis for understanding how a reach is functioning. Fryirs et al. (2007a) introduced the concept 

of landform impediments, termed buffers, barriers and blankets, that impede sediment conveyance by 

limiting the connectivity between landscape compartments. These features operate as a series of 

switches which turn on/off processes of sediment delivery, determining the effective catchment area at 

any given time (Figure 1.5). At low flow stages associated with frequent, low magnitude energy inputs, 

the capacity for slope erosion and fluvial sediment reworking is limited. Landscape disconnectivity is 

significant and the effective catchment area is low. As connectivity increases, the effective catchment 

area increases. In a high magnitude–low frequency event, other buffers and barriers are breached. 
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Reworking of alluvial fans connects the hillslopes to the channel network. In contrast, some reaches 

(e.g. gorges) may enhance propagation, acting as boosters to sediment conveyance. Connected 

(coupled) catchments tend to manifest geomorphic adjustment in off-site locations, thereby increasing 

the potential for change in downstream reaches. In contrast, disconnected catchments tend to 

suppress geomorphic adjustment, with minimal impact (or lagged) responses to disturbance in off-site 

locations (Fryirs et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Notions of geomorphic sensitivity and coupling (connectivity) are key themes in contemporary fluvial 

geomorphology, aiding our interpretations of sediment budgets and associated management 

applications. Indeed, Wohl (2014) indicates that efforts to quantify connectivity represent a key 

Table 1.1: Classification of channel reach connectivity (Hooke, 2003) 

Unconnected Incompetent reaches between local sources and stores/sinks 

Partially connected Transfer only in extreme flood events 

Connected Coarse sediment transfer during ’normal’ flood events 

Potentially connected Competence to transport but lack of supply 

Disconnected Formerly connected but transfer is now obstructed (e.g. by dams) 

Figure 1.5 Switches in catchments. The effective catchment area increases as the magnitude of 

the event required to breach buffers, barriers and blankets increases (Fryirs et al., 2007a). 

Frequent, low magnitude 
Less frequent, 
moderate magnitude Infrequent, high magnitude 

blanket - fine sediments 
buffer - alluvial fan 
buffer – floodplain & terrace 

barrier - sediment slug  
barrier – valley construction 

switch on 
switch off 
effective catchment 

area at the basin or 
sub-basin outlet 

Effective 

timescale 
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challenge in geomorphic enquiry. Initial guidance in such endeavors is provided by Cavalli et.al. (2013), 

building upon a geomorphometric index developed by Borselli et. al. (2008) to assess spatial sediment 

connectivity in small catchments of the Italian Alps. The sediment connectivity index was derived from 

the average slope gradient and the contributing area (upslope component) and the length of the flow 

path (downslope component). Heckmann and Schwanghart (2013) also presented a novel application 

of mathematical graph theory to explore the network structure of coarse sediment pathways in a 

central alpine catchment. This theory was used to assess the upslope (contributing area) and 

downslope (source to sink) functional connectivity by analysing its nodes, edges and paths. Numerical 

simulation models for rockfall, debris flows, and (hillslope and channel) fluvial processes are used to 

establish a spatially explicit graph model of sediment sources, pathways and sinks. These measures 

and indices (i.e. slope gradient, contributing area, nodes, edges and paths) are used to assess transfer 

magnitude/potential, overlaid by the inventory of source areas and active processes along pathways. 

These developments highlight the importance of sound conceptual frameworks to underpin 

quantitative analysis of sediment connectivity. Such applications are yet to be developed and applied in 

an effective manner over broad spatial and temporal scales, though recent work by Tunnicliffe and 

Church (2011) points to the prospective use of 1-D modelling to support such applications.  

  The sensitivity and connectivity along a river is also influenced by valley confinement. Valley settings 

can be broadly differentiated into three classes, namely confined, partly confined, and laterally 

unconfined (Figure 1.6) (Brierley & Fryirs, 2005, Fryirs & Brierley, 2010). They provide a basic principle 

to classify the type of reaches in any given catchment. Brierley and Fryirs (2005) developed a method 

named “River Styles Framework ” to outline a generic set of procedures that provides tools for 

interpreting river character, behavior, condition and recovery potential. In the River Styles Framework, 

each River Style is interpreted under different valley settings. Valley confinement not only acts a 

primary control on the differentiation of geomorphic process zones but also reflects the capacity for 

sediment storage or reworking along rivers (Brierley, 2010b, Brierley & Fryirs, 2005). The deeply 

dissected terrains of upland areas act as sediment source zones. Steep slopes and confined valleys 
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readily flush available sediments. In transfer zones of mid-catchment, erosion and deposition are 

roughly in balance. Sediment storage gradually increases downstream as energy progressively 

decreases and valleys widen (i.e. accommodation space increases). However, these stores are prone 

to reworking. Further downstream, sediment sinks preserve materials within depositional basins. Wider 

valleys and lower slopes dissipate flow energy, reducing prospects for reworking of sediments.  

 

 

 

 

 

 

In mountain areas, channel-hillslope coupling also influence channel morphology significantly. 

Geomorphic coupling interfaces between landslides and river channels can be described as several 

types: area, linear, point, or decoupling (Figure 1.7, Korup, 2005a). However, the short-term erosion 

through mass wasting in alpine landscapes is often highly localized and linear rather than diffuse. In 

addition, high relief, slope steepness, and limited accommodation space on valley floors promote the 

frequent interference of landslide deposits with river channels (Korup, 2005a). Further research is 

required into these various controls upon landscape configuration, sediment availability, and 

nature/history of disturbance events (and their geomorphic effectiveness). 

 

 

 

 

 

Figure 1.6 Valley settings and their spatial link along a river (Fryirs & Brierley, 2010) 

Confined  
valley setting 

Partly confined valley setting Laterally unconfined 
valley setting 

Bedrock-controlled 

discontinuous floodplain 

Planform-controlled 

discontinuous floodplain 

Area Linear Point Decoupling 

Figure 1.7 Nominal classification of geomorphic coupling interfaces 

between landslides and river channels (Korup, 2005a). 
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1.3 RESEARCH QUESTIONS 

  The concepts reviewed above have been investigated and discussed over the past decades. The 

issues of sediment flux in orogenic belts have also been widely investigated. This thesis synthesize 

several of these geomorphic concepts in an analysis of geomorphic adjustments in a bedrock channel 

system with abundant sediment supply and highly frequent disturbance events. Investigations of 

remotely sensed data including orthorectified aerial photographs and DEMs derived in the field using 

terrestrial laser scanning techniques are applied to the Liwu Basin, Eastern Taiwan to assess three 

inter-related questions: 

a) Where are sediments stored along valley floors in the basin, and what controls these patterns of 

sediment stores? 

b) How do magnitude-frequency relationships for hillslope processes influence patterns and rates of 

sediment reworking, and geomorphic responses, on the valley floor? 

 c) How frequently are valley floor sediments reworked, by what set of how conditions? 

These three themes form central pillars of the thesis, research publications on each theme are 

presented as chapters 2, 3 and 4. The underlying rationale that frames these themes, and thesis 

inter-related threads, are outlined below. 

how you are challenging prevailing ideas, or otherwise furthering these concepts. 

you need to provide this vital piece of your thesis in a prominent place here in Section 1.3. 

 

1.3.1 Controls upon patterns of sediment storage 

Sediment storage is a key component in analysis of sediment budgets, as it is the critical link 

between erosion rate and sediment yield (Straumann & Korup, 2009). Patterns of sediment storage 

influence the capacity of a river to adjust (i.e., sensitivity; see Brunsden, 2001, Fryirs et al., 2009) and 

transfer materials (i.e., connectivity; see Harvey, 2001, Hooke, 2003, Fryirs et al., 2007b). At the 

catchment scale, sediment storage increases as channel slope and stream power decrease (Church, 

2002). However, Macnab et al. (2006) and Taylor and Kite (2006) showed that local controls such as 
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variability in valley width and occurrence of confluence zones also influence patterns of sediment 

storage, as the spatial distribution of accommodation space disrupts systematic catchment-wide 

relations (Rice et al., 2006, Benda et al., 2003, see also Rice & Church, 1998). Besides, landslides are 

an additional control upon patterns of sediment storage in tectonically uplifting landscapes (Benda & 

Dunne, 1997b), potentially creating a cascading sequence of intramontane storage units such as 

alluvial flats or debris terraces (Korup, 2005a). 

  This thesis engages with the concepts mentioned above. I intend to analyze both the valley floor and 

hillslope system in a highly connected landscape to investigate “what are the main controlling factors 

upon patterns of sediment storage in this river system?” To address this, valley confinement, channel 

gradient, and effects of tributaries and landslides were analyzed at the catchment scale. The key 

research hypothesis addressed in this part of the thesis is: “valley confinement determines the spatial 

distribution and connectivity of sediment storage thereby affecting the nature and rate of channel 

adjustment”. 

 

1.3.2 Landscape connectivity, landslide dynamics an d channel adjustments 

Analysis of landscape connectivity is a critical determinant of sediment transfer between landscape 

compartments. Approaches to analysis of landscape connectivity include field observation and survey 

(e.g. Harvey, 2001, Fuller & Marden, 2010, Wenske et al., 2012), digital photogrammetry (e.g. Betts et 

al., 2003, Schwab et al., 2008) and numerical modeling (e.g. Cavalli et al., 2013, Heckmann & 

Schwanghart, 2013, Borselli et al., 2008). These studies demonstrated how hillslope characteristics 

and flood events of different magnitude and frequency influence connectivity relationships. Landslides 

play an important role in landscape evolution and are a major source of sediment in tectonically active 

mountain belts (Dadson et al., 2004). High local relief and limited accommodation space on alpine 

valley floors promote recurrent geomorphic coupling and delivery of landslide debris to river channels 

and on the valley floors, creating obstacles to flow which may alter channel geometry and modulate 

fluvial sediment flux (Korup, 2013). 
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To date, most studies have focused on small-scale applications, with limited consideration of the 

cumulative operation of arrays of process responses to disturbance events at the catchment scale. 

Therefore, I intend to unravel the question: how do landscape connectivity and landslide dynamics 

influence channel adjustments and sediment flux in a tectonically active river basin? Historical aerial 

photographs were used to analyze the nature, pattern and rate of morphological changes as well as 

and sediment reworking along the Liwu River over decadal timescales (1980-2010). The proposed 

hypotheses here are that “channel gradient works along with landscape connectivity to determine the 

effectiveness of sediment transport from reach to reach” and “sediment supply from landslides induces 

local-scale channel adjustments”. 

 

1.3.3 Geomorphically effective floods 

  Changes to channel morphology reflect geomorphic work by flood events of differing magnitude and 

frequency. The original conceptualization proposed by Wolman and Miller (1960) suggested that 

channel morphology is determined predominantly by frequent discharge events (mean annual or 

bankfull stage, 2.33-year recurrence interval) rather than infrequent large events. Subsequent 

reappraisals indicated that the geomorphic effectiveness of flood events of a given magnitude varies 

markedly in differing environmental settings (Wolman and Gerson, 1978). The impact of floods on 

channel morphology is highly variable. While some major floods produce catastrophic change (e.g. 

Baker, 1977; Miller, 1995; Milan, 2012), other events of a similar magnitude have little geomorphic 

impact (e.g. Costa and O'Connor, 1995; Magilligan et al., 1998). In summary, geomorphic impacts of 

flood events are spatially discontinuous and reach specific (Fuller, 2007). 

  This thesis reviews the concepts of magnitude-frequency relationship in differing settings and 

intends to answer the question: how do channels respond to flood events of low to moderate 

magnitudes in this bedrock-dominated river? Are these geomorphically effective floods? The 

hypothesis addressed here is “annual floods are geomorphically effective events that drive adjustment 

to patterns of geomorphic units in this highly dynamic system”. This study documented and accounted 
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for reach-scale channel response to disturbance events, especially typhoons, over a short-term time 

scale (a few years) using morphological budgeting by Terrestrial Laser Scanning. 

  The research contributions focus upon academic outputs relating to fluvial geomorphology on topics 

of magnitude-frequency relationship and landscape connectivity and sensitivity in highly dynamic 

settings. Implications of the study highlight how insights into channel adjustments and sediment flux 

can inform the management of river environmental values in Taroko National Park. 

 

1.4 THESIS STRUCTURE 

This thesis consists of the Introduction (this chapter), three research papers (Chapter 2-4), and a 

discussion chapter (Chapter 5).  

 

Chapter 1 Introduction 

This chapter has addressed background themes considered in this thesis and has provided an 

introduction to the study site. Related geomorphic concepts and studies including bedrock channel 

morphology, sensitivity and connectivity in river channel system, and geomorphic effective floods 

(magnitude-frequency relationship) are reviewed. Based on these knowledges, research questions 

and associated hypotheses have been outlined. 

 

Chapter 2 The influence of landscape configuration upon patterns of sediment storage  

  Aerial orthoimages were used to analyze the influence of valley width, channel slope, and the area 

of landslides upon the downstream pattern of sediment storage in the Liwu basin. River types were 

classified based on River Style Framework (Brierley & Fryirs, 2005). Estimated sediment storage 

volume along the Liwu trunk stream and two tributaries were analyzed under considerations of the 

variations of valley width, channel gradient and landslide area as well as the linkage of river types and 

landscape configuration. 
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Chapter 3 The influence of landscape connectivity a nd landslide dynamics upon channel 

adjustments 

  Historical aerial photographs, combined with flow discharge and seismic data over a 30 year period 

(1980-2010), were used to interpret the spatial patterns and temporal variation of landslide activity, 

channel adjustments and landscape connectivity across source, mid-catchment and downstream 

areas of Liwu Basin. Geomorphic changes to channel and hillslope systems were compared between 

six periods with various time spans and these changes were appraised under the context of 

magnitude–frequency relationship of disturbance events and landslide area. 

 

Chapter 4 Monitoring channel responses to flood eve nts of low to moderate flood events 

  This study applied terrestrial laser scanning to monitor three reaches of the Liwu River from 2009 to 

2012 to investigate channel responses to flood events of low to moderate magnitude. Geomorphic 

effectiveness of flood events was appraised through morphological budgeting and changes to channel 

patterns. Channel change monitoring was undertaken in confined, partly confined, and laterally 

unconfined reaches with distinct sediment size distribution to investigate the relation between valley 

confinement, sediment composition and channel responses to floods. 

   

Chapter 5 Discussion 

This chapter addresses contextual considerations and highlights the distinctive nature of the 

Taiwanese landscape and the Liwu Basin. The major findings from these three research papers 

including downstream patterns of sediment storage (Chapter 2), decadal morphological changes to 

channel and hillslope systems in differing parts of catchment (chapter 3), and geomorphic 

effectiveness of flood events at reach-scale (chapter 4), are synthesized to demonstrate the role of 

landscape connectivity, sensitivity, and process relationships as influences upon river adjustments in 

the Liwu Basin. The discussion places the findings of this study in this intellectual and practical 

(managerial) context. 
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  The papers presented in the thesis were co-authored. The contributions of authors to each paper 

were as follows; 

 

Chapter 2 

  The initial development, remotely sensed analysis, generation of results, and initial draft of this 

paper were developed by the PhD candidate. The supervisor, Professor Brierley, assisted with 

refinement of the research question and contextualization of the research findings. This included a 

collective field visit to verify definition of reach boundaries and overview the application of the River 

Styles framework. The PhD candidate undertook all data analyses and drafted all figures. 

 

Chapter 3 

  The initial development, remotely sensed analysis, generation of results, and initial draft of this 

paper were developed by the PhD candidate. The supervisor, Professor Brierley, assisted with 

refinement of the research question and contextualization of the research findings. The PhD candidate 

undertook all data analyses and drafted all figures. 

 

Chapter 4 

  The initial development, remotely sensed analysis, generation of results, and initial draft of this 

paper were developed by the PhD candidate. The supervisor, Professor Brierley, assisted with 

refinement of the research question and contextualization of the research findings. Professor Chang 

supported field investigations. The PhD candidate undertook all data analyses and drafted all figures. 
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2. THE INFLUENCE OF LANDSCAPE CONFIGURATION UPON 

PATTERNS OF SEDIMENT STORAGE IN A HIGHLY CONNECTED 

RIVER SYSTEM 

(Published on Geomorphology, 180-181: 255-266 (2013)) 

Cheng-Wei Kuo* and Gary Brierley 

School of Environment, The University of Auckland, New Zealand 

 

ABSTRACT 

Orthoimages are used to analyze the influence of valley width, channel slope, and the area of 

landslides that deliver sediment to valley floors upon the downstream pattern of sediment storage in 

the Liwu basin, eastern Taiwan. Confined valley settings dominate this steep, deeply dissected, 

uplifting mountainous basin. Although they occupy 82% of the whole channel network, sediment 

storage is limited in these reaches. Partly confined valley settings are restricted to relatively short 

reaches of two tributary systems. Over 95% of sediment storage in the Liwu River is found within the 

short alluvial section of laterally unconfined valley close to the river mouth. Lateral bars are the primary 

features associated with sediment storage in confined reaches (54% in total volume), while floodplains 

dominate the partly confined and laterally unconfined reaches (95% in total volume). Downstream 

patterns of sediment storage are controlled primarily by valley confinement (i.e., valley width) and 

landscape configuration. Channel slope and locations of contemporary landslides are not key 

determinants of sediment storage patterns. Sediment accumulation at confluence zones is not 

determined by the catchment area of tributaries or by landslide area; rather, it is determined by valley 

confinement of the trunk stream at the confluence and the associated downstream sequence of river 

types. Sediment conveyance is very effective within this highly connected river system. 

 

Keywords: sediment storage; landscape connectivity; River Styles; Liwu River; Taiwan 
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2.1 INTRODUCTION 

Other than landscapes where solution processes are prominent, clastic sediment is the primary tool 

with which rivers perform erosion. The efficiency of erosion processes on the channel bed is related to 

the volume, calibre and hardness of sediments: if there is too much sediment, the bed is protected 

(buffered); if too few sediments are available, erosive activity is constrained. Hence, sediment 

availability and patterns of sediment storage are important determinants of the type and distribution of 

geomorphic process zones in river systems. Sediment availability, in turn, reflects the rate of sediment 

generation in any given landscape, the frequency with which sediments are mobilized and/or reworked, 

and the amount of sediments stored in accommodation spaces along the valley floor. Hence, sediment 

storage is a key component in analysis of sediment budgets, as it is the critical link between erosion 

rate and sediment yield (Straumann & Korup, 2009). Quantifying the volume of sediment storage is an 

important issue in catchment‐scale (e.g. Schrott et al., 2003, Houben et al., 2006, Otto et al., 2009, 

Straumann & Korup, 2009, Smith et al., 2011) and reach-scale analyses (e.g. Larsen & 

Santiago-Román, 2001, Kasai et al., 2005, Lancaster & Casebeer, 2007, Smith & Dragovich, 2008). 

Patterns of sediment storage also influence the capacity of a river to adjust (i.e., sensitivity; see 

Brunsden, 2001, Fryirs et al., 2009) and transfer materials (i.e., connectivity; see Harvey, 2001, Hooke, 

2003, Fryirs et al., 2007b, b). Connectivity reflects the way in which different landscape compartments 

fit together in a catchment (i.e., landscape configuration; see Brierley et al., 2006). Connectivity 

between compartments influences river responses to external factors (e.g. climate change, tectonic 

effects, and land use change) and associated patterns and rates of morphological adjustment within a 

catchment, thereby influencing the evolutionary trajectory of a river (Brierley & Fryirs, 2009, Fryirs et al., 

2009, Surian et al., 2009, Jain & Tandon, 2010). Storage elements may buffer the effects of large 

runoff events, introducing lags into otherwise simple balances between sediment input and output 

(Marutani et al., 1999). Collectively, understandings of these relationships can be applied to sediment 

disaster mitigation and river management (see Brierley, 2010a). 
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Patterns of sediment storage vary markedly in differing landscape settings and catchments. In low 

relief, low drainage density terrains, extensive sediment storage may form impediments to sediment 

conveyance in ‘disconnected’ landscapes (see Fryirs et al., 2007a). In these low energy settings, 

sediment conveyance is restricted to episodic, infrequent, large magnitude events. Residence times of 

sediment stores may extend over tens or hundreds of thousands of years. By contrast, incision, 

accentuated relief, and dissected terrains that result from tectonic uplift generate highly connected 

landscapes, with effective and efficient sediment delivery from hillslopes to valley floors via landslides 

(lateral connectivity) and thence downstream along steep and narrow confined valleys (longitudinal 

connectivity) (Snyder et al., 2003, Brierley et al., 2011). 

The eastern Central Range of Taiwan, located at the convergent plate boundary between the 

Philippine Sea oceanic plate and the Eurasian continental plate, is a typical highly connected 

landscape. Uplift rates are high, averaging 5-7 mm a−1 (Liew et al., 1990), while average erosion rates 

are approximately 3-7 mm a−1 (Dadson et al., 2003). The region has a subtropical climate with mean 

annual precipitation of 2500 mm and an average of 3.7 typhoons per year (Wu & Kuo, 1999). 

Recurrent seismic and typhoon events in these high relief terrains result in frequent landslides and 

extremely high sediment yield, extending beyond 10000 t/km2/yr for river systems in eastern Taiwan 

(Milliman & Syvitski, 1992). Landslides are the dominant source of sediment for rivers extending from 

the Central Range (Hovius et al., 2000). Inside the mountain belt, valley floors are narrow with limited 

space for alluviation. However, high rates of sediment supply from hillslopes cause extensive gravel 

mantling of channel beds, despite active incision through rock (Turowski et al., 2008b, Whipple, 2004, 

Benda & Dunne, 1997b). In addition, poorly sorted gravels and boulders are stored in floodplain 

pockets, which are preserved behind bedrock spurs or accumulations of wood (Brierley & Fryirs, 2005). 

To date, understanding of controls upon these pockets of stored materials, and associated implications 

for connectivity of sediment flux, has received limited attention (Carling, 2006). 

At the catchment scale, sediment storage increases as channel slope and stream power decrease 

(Church, 2002). However, Macnab et al. (2006) and Taylor and Kite (2006) showed that local controls 
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such as variability in valley width and occurrence of confluence zones also influence patterns of 

sediment storage, as the spatial distribution of accommodation space disrupts systematic 

catchment-wide relations (Rice et al., 2006, Benda et al., 2003, see also Rice & Church, 1998). 

Besides, landslides are an additional control upon patterns of sediment storage in tectonically uplifting 

landscapes (Benda & Dunne, 1997b), potentially creating a cascading sequence of intramontane 

storage units such as alluvial flats or debris terraces (Korup, 2005a). Indeed, Hovius et al. (2000) 

considered that sediment flux of mountain ranges is controlled by the mode and rate of hillslope mass 

wasting and by the transport capacity of the channel network. 

Systematic analysis of controls upon catchment-scale sediment storage and flux builds upon 

appraisals of bedrock and alluvial compartments of a river network (Wohl, 2010). The River Styles 

framework (Brierley & Fryirs, 2005) provides a geomorphic tool for appraising the influence of 

landscape setting upon catchment‐scale patterns and linkages of river types. By extension, it can be 

used to appraise geomorphic controls on sediment flux (Fryirs & Brierley, 2001, 2010, Fryirs et al., 

2007b, 2009, Brierley et al., 2011). The entry point into identification of a River style is the valley 

setting. Valley confinement controls the capacity of the channel to adjust over the valley floor, 

determining patterns of sediment storage and reworking. It not only determines the size of 

accommodation space, it also influences variability in hillslope–channel relationships across a 

catchment. Building upon a hypothesis that valley confinement is a key control upon the spatial 

distribution of sediment storage in a catchment, and resulting connectivity relationships fashion the 

pattern and rate of sediment flux, this study applies the River Styles framework to interpret the 

influence of valley width, channel slope, and the area of landslides upon the downstream pattern of 

alluvial sediment storage in the Liwu basin, eastern Taiwan. 

 

2.2 REGIONAL SETTING 

The Liwu River basin flanks the Central Range of Taiwan. It drains from the main divide (~ 3500 m 

asl) to the Pacific Ocean, with more than 90% of catchment area > 1000 m (Chang et al., 2000). Given 
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its very short length (~ 60 km), the river has a steep channel slope (~ 0.05). Mean annual precipitation 

is around 2200 mm. Precipitation rates as high as 600 mm/d have been reached during typhoon 

passage (Schaller et al., 2005). This ~ 616 km2 of steep terrain is underlain mainly by schist, marble, 

and gneiss (see Figure 2.1). These Palaeozoic and Mesozoic rocks underwent considerable 

deformation during the Cretaceous and Tertiary as a result of the complex tectonic settings (Petley, 

1998). Preferential weathering of schist exerts a primary control upon drainage patterns. Permian 

marble (metamorphosed limestone) forms most of the extremely high cliffs found along the gorge. 

Considerable faulting and jointing induces many small rockfalls. High uplift rates and large magnitude 

climatic events have created the spectacular Taroko Gorge, a 600 m deep ravine carved into the high 

strength marble (Petley, 1998). 

Based on fission track measurement, Brunsden and Lin (1991) proposed that the average rate of 

uplift has been approximately 5.5 mm a-1 over the last 500 ka in the Central Range. Subtracting the 

current rate of denudation of 5.0 mm a-1, the net rate at which the gorge would be created is 0.5 mm a-1. 

Short term geodetic surveying data showed the rate of contemporary uplift is 15.2 mm a-1 in the marble 

area but 3.2 mm a-1 in schistose area (Liou & Chang, 2009). Fission track estimates of rock 

exhumation showed an erosion rate of 3 to 5 mm a-1 over the last 2 Ma (Liu et al., 2001, Willett et al., 

2003). Cosmogenic nuclide calculation revealed that the average incision rate of Taroko Gorge has 

been 26 mm a−1 over the last 6·5 ka, indicating that the Holocene incision rate was considerably faster 

than the Quaternary average (Schaller et al., 2005). Catchment-wide erosion rate derived from 

decadal sediment load gauge data is 12·5 mm a−1 (Dadson et al., 2003). Annual measurements of 

fluvial bedrock wear at selected sites showed an averaged wear rate of 3.4 mm a−1 in schists 

(Hartshorn et al., 2002). 

Quaternary terraces with thick gravel deposits lie up to 200 m above the contemporary channel bed, 

upstream and downstream of the Taroko Gorge, attesting to episodic aggradation prior to rejuvenation 

in the late Holocene (Petley & Reid, 1999, Chyi, 1994). Incision has been accompanied by valley 

widening during large floods, while thalweg lowering is driven by intermediate discharges (Hartshorn et 
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al., 2002). Turowski et al. (2008a) concluded that the partitioning of erosion in the channel is set by the 

balance between the sediment load and the transport capacity of the river. Hanging valleys in the Liwu 

River are considered to reflect a pulse of incision along the trunk stream that outpaced tributary 

responses, such that the gradients at tributary mouths pass a threshold value beyond which erosional 

efficiency declines, giving rise to a mismatch between trunk and tributary erosion rates (Wobus et al., 

2006). Similar results have been found in other uplifting zones (e.g. Crosby & Whipple, 2006, Cook et 

al., 2009). 

 

 

Figure 2.1: The geology, River Styles, and distribution of landslides in the Liwu basin. The full name 

of subcatchments are Tuobokuo (TBK), Cien (CE), Waheier (WHR), Siaowaheier (SWHR), Taosai 

(TS), Sikela (SKL), Laosi (LS), and Shakadang (SKD). 
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Most tributaries drain predominantly from schist terrains with slate, phyllite, and sandstone interbeds 

in the headwaters (Figure 2.1). The biggest tributary Taosai originates from mountain > 3000 m then 

merges with the Siaowaheier and Sikela, and joins the Liwu River at Tianxiang. The Shakadang is an 

unique tributary which drains from a lower elevation (~ 2000 m), flowing primarily within gneisses and 

marble, joining the Liwu trunk stream close to Taroko. The Liwu River can be differentiated into upper 

and lower gorges. The hillslopes downstream of Tianxiang are much steeper than upstream. 

Flow discharge of the Liwu River at Lushui Station, about 1.5 km upstream of the entrance to the 

Taroko marble gorge, show a mean annual discharge is 2.33 × 106 m3 km-2 from 1956 to 2009 

(upstream drainage area is 435 km2). Daily average discharge is 32.1 m3 s-1, ranging from 44 m3 s-1 in 

the wet season (between 25 and 65 m3 s-1, from May to October) to 20 m3 s-1 in the dry season 

(between 15 and 25 m3 s-1, from November to April). Discharge during typhoons can exceed the 

long-term daily average by an order of magnitude or more. Typhoon Andy in 1982, a 50 yr flood with a 

peak discharge of 2593 m3 s-1, is the largest event in recorded history. Another recent typhoon, Billis in 

2000, had a peak discharge of 2240 m3 s-1 (25 yr flood). Estimated data indicated that approximately 

90% of the total sediment discharge and 15% of the total water discharge of that year occurred over 5 

days during this flood event (Hartshorn et al., 2002). 

The Sipan dam was constructed in the lower gorge in 1965 (see Figure 2.1). Land cover in the Liwu 

Basin is dominated by native forest. Taroko National Park was established in 1986 to protect the 

unique landscape and its ecological environment. Despite extensive research into incision rate, 

landscape evolution, and erosion processes in the Liwu basin, no catchment-scale analysis of patterns 

of in-channel sediment storage has been performed to date. 
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2.3 MATERIAL AND METHODS 

2.3.1 Material 

    Classification of River Styles, identification and digitization of sediment storage units and landslide 

areas, and valley width measurement were completed using ArcGIS 9.3 software based on 65 digital 

air-photo orthoimages (from 2007 to 2010, produced by Aerial Survey Office, Forest Bureau, Taiwan) 

that cover the whole Liwu basin. Each image covers an area of 2500 m × 2750 m and has a spatial 

resolution of 0.25 m. Differing images were required dependent upon cloud cover at any given time. 

The river network was extracted from the digital elevation model (DEM) of 5 m resolution (established 

by Satellite Survey Center, Department of Land Administration, Taiwan) using Arc Hydro Tools in 

ArcGIS 9.3. The threshold of catchment area to generate a channel was set at 1 km2, which is close to 

the real situation based on aerial photographs. Longitudinal profiles of streams and downstream trends 

of increasing catchment area were also derived from the DEM data. 

 

2.3.2 River Styles classification 

The River Styles Framework outlines a generic set of procedures to interpret river character, 

behavior, condition, and recovery potential for confined, partly confined, and laterally unconfined valley 

settings along which floodplains are absent, discontinuous, or continuous respectively (Brierley & 

Fryirs, 2005). River Styles are identified on the basis of three key parameters: channel planform (e.g. 

number of channels and sinuosity), the assemblage of erosional and depositional geomorphic units 

that make up a reach (e.g. channel and floodplain features such as riffle/pool, boulder bar, levee, 

backswamp), and bed material texture (e.g. bedrock, boulder, gravel and sand). These features, and 

associated reach boundaries, were identified on the orthoimages. The River Styles tree that classifies 

river types in the Liwu River basin is shown in Figure 2.2. Representative orthoimages of various 

reaches are presented in Figure 2.3. Abrupt changes in valley confinement make determination of 

River Style boundaries very easy in this catchment. 



3
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Figure 2.2: The Liwu basin River Styles tree. 
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Figure 2.3: Example reaches of River Styles identified on orthoimages in the Liwu Basin. (A) 

Steep headwater, (B) gorge, (C) occasional floodplain pockets, (D) valley fill, (E) 

bedrock-controlled discontinuous floodplain, (F) planform-controlled discontinuous floodplain, (G) 

low sinuosity gravel bed, and (H) low sinuosity sand bed. Red arrows show the flow directions. 

(A) 

(D) (C) 

(B) 

(H) (G) 

(F) (E) 
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2.3.3 Sediment storage unit identification and sedi ment volume estimation 

Sediment storage units were differentiated into midchannel (e.g. island, gravel sheets and forced 

midchannel bar), bank-attached (e.g. lateral bar, point bar, tributary confluence bar, forced 

bank-attached bar), and floodplain geomorphic units (e.g. floodplain and valley fill). All features along 

the Liwu trunk river and two tributaries, Taosai and Shakadang were identified on the orthoimages and 

digitized into polygons in ArcGIS 9.3. Downstream patterns of River Styles for all major tributaries and 

the trunk stream are shown on Figure 2.4. Areas of sediment storage units were calculated in ArcGIS 

9.3.  

 

 

 

 

Automated measurement of the depth of sediment storage units is not possible using available data 

(cf. Brown et al., 2009). Systematic determination of the depth of each unit in the field is difficult 

because most reaches are inaccessible. Thus, estimated depths were used to generate the volume of 

sediment storage, based upon process-based surficial mapping (Taylor & Kite, 2006) and field 

observations of differing units at more accessible locations. This procedure provides a rapid method to 

Figure 2.4: Downstream patterns of River Styles in the Liwu basin. 
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delineate storage compartments and routing mechanisms in mountain watersheds. The estimated 

depths of sediment storage units were classified into three levels: 0-5, 5-10, and 10-20 m, based on 

the type of geomorphic units, the shape of the valleys and the height difference between the surface of 

geomorphic units and the thalweg of the channel (see Figure 2.5). The thalweg is characterised by 

bedrock in most cases. Elsewhere, variable volumes of storage were determined in reaches where the 

channel was developed in alluvium (i.e., valley fills and low sinuosity gravel bed and sand bed). The 

volumes of sediment storage units were derived from the product of polygon areas and the midpoint of 

the range of estimated depths (i.e., 2.5, 7.5, and 15 m respectively). Given the limited resolution of the 

orthoimages (0.25 m), the size of materials composing these sediment storage units was simply 

classified into two categories, boulder (> 256 mm) and gravel and finer material (< 256 mm). 

Downstream patterns of cumulative sediment storage volume are plotted in Figure 2.6 based on 1-km 

divisions along Liwu, Taosai, and Shakadang Rivers. 

 

 

 

  

Figure 2.5: An example for estimating the depth of sediment storage units. Cross 

section profiles were derived from a 5-m DEM. The estimated depth shown in this 

figure is classified as the level of 5-10 m. 
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Figure 2.6: Downstream patterns of valley width, River Styles, sediment storage volume, and 

landslide area along (A) the Liwu trunk stream (LW), (B) tributary Taosai (TS), and (C) Shakadang 

(SKD). The locations of tributary confluences are marked on the graphs of catchment area. 
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2.4 RESULTS 

2.4.1. Downstream patterns of River Styles 

Eight River Styles were identified in the Liwu basin (Figures 2.1-2.3). There are three confined (i.e., 

steep headwater, gorge, and occasional floodplain pockets), two partly confined (i.e., 

bedrock-controlled and planform-controlled discontinuous floodplain), and three laterally unconfined 

River Styles (i.e., low sinuosity gravel bed, low sinuosity sand bed, and valley fill). Confined, partly 

confined,and laterally unconfined valley settings occupy 82%, 5%, and 13% of the studied channel 

network, respectively. Downstream patterns of River Styles for the trunk stream and tributaries are 

similar in upland areas (Figure 2.4). Most streams originate in steep headwaters (Taosai, Siaowaheier, 

Waheier, Cien, and Tuobokuo Rivers). However, some upstream valleys are filled with materials 

derived from landslides and form wider valleys than are evident in the steep headwaters River Style. 

For example, there are two sources in Siaowaheier subcatchment, where landslides affecting > 130 ha 

resulted in the valley fill River Style over long distances (> 2 km) (see Figure 2.1). Gorges or 

occasional floodplain pockets commonly alternate downstream of steep headwaters and valley fills. 

Partly-confined valleys with bedrock-controlled and the planform-controlled discontinuous floodplains 

are only evident along Taosai and Shakadang tributaries (see Fryirs & Brierley, 2010). A gorge 

characterises most of the trunk stream Liwu in mid-catchment. Downstream of the Sipan Dam is a low 

sinuosity gravel bed reach. Valley width expands to hundreds of meters after Taroko (Figure 2.1 & 2.6), 

and the bed material texture turns to sand gradually. Several short and steep unnamed tributaries join 

the trunk river from the south side. 

 

2.4.2 Downstream patterns of valley width and area of landslides 

Downstream patterns in valley width and area of landslides along the Liwu, Taosai, and Shakadang 

Rivers are plotted on Figure 2.6. Confined valley settings with near-uniform widths < 40 m dominate 

the Liwu trunk stream. Downstream of the Sipan Dam, the laterally unconfined valley extends to 

hundreds of meters wide in the final 5 km. The widest valley in the Taosai subcatchment occurs in the 
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bedrock-controlled discontinuous floodplain River Style where valley width is > 100 m. Other reaches 

of confined valley settings have valley widths < 50 m. The variation of valley width in Shakadang 

subcatchment is between 25 and 50 m, other than the very narrow valley in steep headwater areas. 

Landslides occur along all River Styles in the Liwu basin, other than the low sinuosity sand bed in 

the final 5 km (Figure 2.6A). Along the lower part of the marble gorge (40-50 m), the area of landslides 

identified from the orthoimages is small but frequent rock falls occur in this area. Landslides in Taosai 

subcatchment occur intensively in the lower part of the bedrock-controlled discontinuous floodplain 

River Style. This area is underlain by schists (Figure 2.6B). There is only one big landslide of 32 ha at 7 

km along Shakadang subcatchment (Figure 2.6C). This area is composed mainly by gneiss. 

 

2.4.3 Downstream patterns of sediment storage 

Conceptual understandings in fluvial geomorphology (e.g. Church, 2002, Schumm, 1977) indicate 

that sediment storage along river courses increases as slope decreases, valley width increases and in 

response to local sediment inputs from landslides. Results from this study show that valley 

confinement exerts significant control on downstream patterns of sediment storage. Nearly no 

sediment storage was observed in the source of Liwu River (Figure 2.6A). The cumulative volume of 

sediment storage increases gradually from 6 to 25 km. Limited increase is evident from 25 to 52 km. 

However, it rises notably from 2 to 45 million m3 after 52 km. This pattern roughly coincides with the 

change of valley width. The corresponding River Styles to the pattern of sediment storage are 

occasional floodplain pockets (5 to 25 km), gorge (25 to 52 km), and low sinuosity gravel bed and sand 

bed (after 52 km). Material composition of sediment storage units in the upstream reach (from 5 to 15 

km) is comprised primarily of gravels and finer materials. After 15 km, features composed by boulders 

emerge. Limited increase in sediment storage is evident for either grain size fraction in the gorge 

section, other than a slight increase at the confluence with Taosai tributary. Downstream of the dam at 

52 km, the volume of sediment storage units composed by boulders increases by 1 million m3, 

associated with the widening valley. After this, gravels and finer materials dominate sediment storage 
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in the wide valley after the confluence with Shakadang tributary at 57 km. 

No large sediment storage unit is evident in the reach of steep headwater in Taosai subcatchment 

(Figure 2.6B). Some floodplain pockets emerge after 10 km. After this, the cumulative volume of 

sediment storage increases considerably from 0.5 to around 6 million m3 in the reach of 

bedrock-controlled discontinuous floodplain from 15 to 23 km. This is linked to an increase in valley 

width > 100 m. Occasional floodplain pockets reoccur farther downstream, extending to the confluence 

with the Liwu trunk stream. There is no abrupt increase in sediment storage in the final 5 km even 

though two tributaries, Siaowaheier and Sikela, join Taosai River. In addition, the majority of the 

sediment storage units along Taosai River are composed of gravels and finer materials, a notable 

difference compared to Liwu and Shakadang Rivers. The channel in mid-Taosai subcatchment seems 

unable to convey the abundant sediment supply from the sequential large landslides. 

The volume of sediment storage along Shakadang River is much lower than along Liwu and Taosai 

Rivers (< 2 million m3, see Figure 2.6C). No sediment storage unit was identified in the steep 

headwaters. Occasional floodplain pockets appear from 6 km, with gradual transition to 

planform-controlled discontinuous floodplains. The volume of sediment storage increases steadily 

along Shakadang River. Sediment storage units composed of boulders and gravels and finer materials 

are roughly equivalent. 

Figure 2.7 synthesises the downstream compositions of sediment storage units by River Styles 

along Liwu, Taosai, and Shakadang Rivers. Along Liwu trunk stream, lateral bars are the most 

representative type of sediment storage unit in confined reaches upstream of the dam (54% in total 

volume). Large and continuous floodplains dominate the laterally unconfined valley settings 

downstream of the dam (95% in total volume). Along Taosai tributary, the volumes of sediment storage 

in the upstream and downstream confined reaches are much lower than in the middle, partly confined 

reach, where the large number of floodplain pockets results in a discontinuous pattern of sediment 

storage. The volume of sediment storage increases steadily along Shakadang River, reflecting the 

downstream change of River Styles. Lateral bars are the primary form of sediment storage unit.  
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2.4.4 Relationships between sediment storage and co ntrolling factors 

Variable patterns of sediment storage along Liwu, Taosai, and Shakadang Rivers reflect downstream 

variation of valley width and channel slope as well as lateral input from hillslopes (i.e., landslides) (see 

Table 2.1). Large landslides often deposit great volumes of material that form sediment storage zones 

along channels (Korup, 2005a). In the Liwu basin, this occurs frequently when landslides connect to 

channels, but not in every case. For example, landslides of large magnitude occur in the steep 

headwater and in the lower part of bedrock-controlled discontinuous floodplain along Taosai River 

(8.31 and 7.42 ha in average area respectively). However, sediment storage is much greater in the 

latter than the former (77.0% and 1.1% in total volume). The gentler slope (0.040 < 0.168) and the 

Dam 

Figure 2.7: Downstream patterns and volumes of sediment storage units along the trunk stream LW 

and tributaries TS and SKD. The reach length of each River Style is in scale. The thickness of each 

River Style represents the sediment volume per unit length (km). 
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wider valley (103 > 18 m) prompt greater sediment storage in the partly confined valley setting. 

Similarly, landslides occur most frequently in the occasional floodplain pockets and the upper gorge 

River Styles along Liwu trunk stream (40.4% and 44.0% in total area respectively). However, both the 

volume and the number of sediment storage units in the former are larger than the latter. The former 

River Style provides more accommodation space (i.e., floodplain pockets) for sediment storage than 

the latter, even though it has greater channel slope (0.057 > 0.047). 

 

 

 

Similar relationships between sediment storage and controlling factors are shown in the upper and 

lower parts of Liwu gorge. The lower gorge has a wider valley (40 m) and a gentler slope (0.023) than 

the upper gorge (26 m and 0.047). This provides a greater volume of sediment storage (521 > 112 × 

103 m3) even though the area of landslides is larger in the upper gorge (69.9 > 1.9 ha). Another 

subdivision of bedrock-controlled discontinuous floodplain River Style along Taosai River shows that 

the lower part of this reach where sequential big landslides occur is much wider (103 m) than the upper 

Table 2.1: Summary of channel attributes, landslides and sediment storage units of each River Style 

along the Liwu (LW), Taosai (TS), and Shakadang (SKD). 
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part (62 m) but they have similar channel slopes (0.037 and 0.040). These results show that sediment 

storage volumes are notably higher in sections with wider valleys, but they are not necessarily linked to 

large landslide areas and steep channel slopes in all cases. 

 

 

 

Analysis of the 1-km sections along Liwu, Taosai, and Shakadang Rivers, shown independent from 

River Styles, are presented as scatter plots on Figure 2.8 to assess the relationships between the 

volume of sediment storage (Y-axis) and controlling factors (i.e., valley width, channel slope, and area 

of landslides; X-axes). In general, the volume of sediment storage increases with valley width and 

lower channel slope but has no significant relationship with area of landslides. Positive relationships 

between sediment storage and valley width are evident in the unconfined reaches of Liwu trunk stream 

and the partly-confined reaches in the mid-stream of Taosai River where valley widths are > 60 m 

(dashed line, see Figure 2.8A). However, the relationship is not clear when valley width is < 60 m. 

Slight variances in sediment storage were probably determined by local differences in lateral inputs 

and transport capacity. Negative relationships between sediment storage and channel slope are 

evident along Shakadang and Taosai Rivers, but vary from section to section along Liwu trunk stream 

(Figure 2.8B). Sediment storage is greater in sections with lower channel slope in the downstream 

unconfined reaches. The upstream confined reaches have steeper channel slopes (> 0.03, dashed line) 

Figure 2.8. X-Y scatter plots of the volume of sediment storage (Y-axis) and three controlling factors 
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and less sediment storage compared to the unconfined reaches, but overall there is no clear 

sediment–slope relationship. The lower gorge also has less sediment storage but gentler slope than 

upstream reaches. Overall, valley width exerts a greater control than channel slope and landslide area 

on volume of sediment storage. 

 

 

 

 

 

 

 

 

 

 

 

2.4.5 Assessment of connectivity 

2.4.5.1 Lateral connectivity 

In general, hillslopes are highly connected with valley floors in steep and uplifting landscapes. Along 

the Liwu trunk stream, 87.1% by number and 90.9% by area of landslides directly connect to the valley 

floor (see Table 2.2). The lack of buffers (i.e., continuous floodplains) along the confined valleys 

ensures that materials are transferred directly to the channel network. Most landslides occur along low 

order streams (third order or less). The number and area of landslides decrease along fifth order 

streams or higher. However, lateral connectivity remains high in the lower gorge because the hillslopes 

are very steep and the materials enter the channel via rockfalls. Although the volume of sediment 

storage is limited in the lower gorge, huge boulders (> 5 m in diameter) are frequently observed in the 

channels (Figure 2.9A). These boulders that are very difficult to mobilize likely reflect local inputs from 

Table 2.2: Number and area of landslides along the Liwu 

trunk stream by stream order; stream order 0 represents 

no connection between landslide and valley floor. 
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hillslopes. Lateral connectivity between hillslopes and the valley floor is very high throughout the Liwu 

basin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.5.2 Longitudinal connectivity 

Longitudinal connectivity can be examined in relation to upstream–downstream and tributary–trunk 

stream relationships. Nearly all reaches upstream of the dam on Liwu trunk stream have confined 

valleys with limited accommodation space for sediment storage. Although the total area of landslides in 

the confined valleys is large (> 150 ha, see Table 2.1), most of the sediment storage units in the forms 

of lateral bars, confluence bars, and floodplain pockets are small (average volume < 10,000 m3). This 

contrast is most evident along the upper Liwu gorge, where 44.0% by area of landslides contributes 

only 0.2% by volume of sediment storage. This reflects the lack of accommodation space within the 

gorge and the high capacity for sediment transport in this confined reach. Consequently, more than 

Figure 2.9: (A) Huge rockfalls (diameter > 10 m) piled on the channel bed in the 

Taroko gorge and (B) floodplains formed by thick sediment in the downstream 

unconfined reach. Red arrows show the flow direction. 
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85% of sediments are stored in floodplains in the downstream unconfined valleys (see Table 2.1; 

Figure 2.9B). This implies that Liwu trunk stream transports sediments very efficiently (i.e., longitudinal 

connectivity is high). Although Sipan Dam disconnects the downstream transfer of sediments most of 

the time, sediments pass through the dam during flood release in typhoon events. Overall, the dam 

reduces discharge by 50%, lowering the capacity for sediment transport and extending the residence 

times of sediment storage (Chang et al., 2000). Another notable sediment accumulation zone is the 

bedrock-controlled discontinuous floodplain in the mid part of Taosai subcatchment. This 

accommodation space temporarily stores sediments from upstream areas and hillslopes within this 

mountainous area. 

The longitudinal connectivity between tributaries and trunk stream is also high in the Liwu basin 

because buffers such as floodplains are seldom seen at confluence zones (see Fryirs et al., 2007b). 

Benda et al. (2004) indicate that confluence-related landforms (i.e., fans, bars, terraces, etc.) are 

driven by punctuated sediment supply that scales with catchment size. This relationship is more 

complicated in this instance. Connectivity differences at Taosai–Liwu and Shakadang–Liwu 

confluences are reflected by marked differences in their sediment storage units. Taosai is the largest 

subcatchment in the Liwu basin (the ratio of subcatchment area to trunk stream area is 73.6%). It joins 

the Liwu trunk stream in the gorge. Shakadang tributary is smaller than Taosai tributary (area ratio is 

11.4%), merging with Liwu in the downstream unconfined valley. The area of landslides in Taosai is 

larger than Shakadang (121.9 > 34.2 ha, see Table 1). However, the area of tributary confluence bars 

at Shakadang is much bigger than at Taosai (12,908 > 1,934 m2). The sediments accumulated in the 

tributary mouth at Shakadang block 90% of the channel width in low flow. However, field observations 

indicate that the connectivity between Shakadang and Liwu is maintained during high flow events. By 

contrast, the tributary bar at the confluence with Taosai only occupies < 20% of the channel width, so 

the connectivity between Taosai and Liwu is high at all times. The River Style and location where the 

tributary joins the trunk stream determines the size of the bar. The location where Taosai joins Liwu is a 

narrow gorge with a valley width < 50 m. Sediment inputs from Taosai to Liwu were conveyed rapidly 
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downstream rather than deposited along the gorge. By contrast, Shakadang joins Liwu in a wide 

unconfined valley (width > 100 m) where sediments tend to accumulate. 

 

2.5 DISCUSSION 

Downstream patterns of sediment storage in Liwu basin are controlled mainly by valley width. 

Similar findings have been made in relatively low relief landscape settings (e.g. Macnab et al., 2006, 

Taylor & Kite, 2006). However, narrow confined valleys (< 60 m) are dominant across most of the Liwu 

basin, and the valley only widens considerably (> 500 m) for a short distance adjacent to the river 

mouth. In this instance, more than 85% of the volume of stored sediment occurs in the final 5-km reach 

and over 95% is found within the alluvial section (i.e., low sinuosity gravel bed and sand bed, see Table 

1). Changes in valley confinement are accompanied by transitions in geomorphic process zones and 

associated capacities for geomorphic adjustment, sediment storage and reworking (McDowell, 2001, 

Brierley, 2010b, Brierley & Fryirs, 2005).  

Confined valleys, especially the gorge section, play a key role in sediment transport in the highly 

connected Liwu basin. As noted by Wohl (2010), the geometry of a confined valley results in little 

accommodation space at the base of hillslopes, and hillslope mass wasting products are directly 

injected into the fluvial system. Subsequent removal of the debris is rapid, unless a discrepancy exists 

between the amount of sediment supplied and the transport capacity of the river at the site of entry 

(Hovius et al., 2000). The residence time of hillslope inputs is longer if they are dominated by coarse 

material or large volumes of material. For example, aerial photographs since 1986 indicate that large 

boulders (> 5 m) within the marble gorge appear to be stable. By contrast, the residence time of finer 

materials is short. Narrow valley bottoms generate high values of shear stress during large magnitude 

floods, stimulating sediment transport and removal (Miller, 1990, Wohl and David, 2008). 

Inevitably, the relationship between valley width and volumes of sediment storage may change over 

time. In some instances, large sediment inputs from landslides could widen the valley width by 

aggrading channel beds, lowering the channel slope as the steep bedrock channel is infilled. This 
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phenomenon is only evident in a few headwater valley fills in the Liwu basin. Most downstream 

confined valleys with steep slopes and abundant discharge are able to transport the materials 

generated from landslides. Exhaustion of sediment supply on hillslopes may also account for the 

limited impact of landslide area upon the contemporary pattern of sediment storage, but no data are 

available to test this assertion (De Rose, 2009). 

Downstream pattern of River Styles reflects downstream changes in valley width and channel slope. 

However, channel slope is not the primary control upon sediment storage in this basin. Rather, patterns 

of sediment storage are controlled primarily by valley width and landscape configuration. Catchment 

configuration and the nature of connectivity within and between landscape compartments affect the 

operation of sediment cascades and geomorphic responses to disturbance events of differing 

magnitude and frequency. These spatial relationships explain the variable impact of sediment inputs 

from tributaries and landslides in the Liwu River. Sediment accumulation at confluence zones is not 

correlated with the catchment area of tributaries or by landslide area; rather, it is determined by the 

type of trunk stream at the confluence zone and the associated downstream sequence of river types. 

Similarly, Hovius et al. (2000) highlighted how landscape position affects patterns of sediment storage, 

noting that sediment transfer at the mountain front is a function of the amount of sediment supplied, the 

position of its entry into the fluvial system, and the ambient climatic conditions. River Styles and their 

position in a catchment are key guides to sediment storage along a river system and the capacity for 

river adjustment of any given reach. 

An extending question regarding the relationships between valley confinement and sediment 

storage is: what controls valley confinement (or valley width)? Montgomery and Gran (2001) found that 

downstream variations in the width of bedrock channels generally follow traditional hydraulic geometry 

relations but also reflect the local influence of longitudinal patterns of bedrock erosivity and disturbance 

history. Ehlen and Wohl (2002) suggest that joint distribution does affect canyon evolution and that the 

type of reach is at least partly dependent on joint spacing. This difference may be due to increased 

weathering, plucking, abrasion, and rock fall where joint spacing is closer. Unlike alluvial channels, 
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bedrock channels have resistant boundaries so that the valley width is not easy to change. Lithology 

and the history of landscape evolution should determine the variation of valley width; valley width then 

controls the patterns of sediment storage. The lithology map of Liwu basin can explain 

catchment-scale changes of valley width. For example, the narrow and deep gorge mostly exists in the 

zone of marble. However, it cannot explain the local variation of valley width within the same 

lithological zone. More detailed geology data are needed to answer this question. 

Better understanding of sediment storage in bedrock river systems provides useful information to 

interpret spatial variation of bedrock incision because alluvial cover and transport sediment play a 

fundamental role in fluvial bedrock erosion (Turowski et al., 2008b). Abrasion driven by the impact of 

moving sediment particles on the bedrock river bed is the dominant mechanism of fluvial bedrock 

erosion in this system. Narrow bedrock channels are likely to gradually accumulate sediment between 

large floods. These materials may then induce erosion during large floods (Wohl, 2010). Analysis of 

changing patterns of sediment storage over time, and their link to disturbance runoff events, is required 

to unravel these relationships. 

 

2.6 CONCLUSION 

Confined valley settings dominate the Liwu basin. As a result, this is a highly connected system in 

lateral and longitudinal terms. The downstream pattern of River Styles reflects the variation of valley 

width and channel slope.  However, channel slope is not closely correlated to patterns of sediment 

storage in this basin. Rather, patterns of sediment storage are controlled primarily by valley width and 

landscape configuration. Confined valleys, especially the gorge section, play a key role in fashioning 

patterns of sediment transport. Interestingly, deposition at confluence zones is not determined by the 

catchment area of tributaries or their associated landslide areas, but it is determined by the sequence 

of River Styles along the trunk stream. Patterns of sediment storage influence the frequency of 

sediment reworking and associated erosion rates on valley floors, thereby influencing longer-term 

landscape evolution. 
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ABSTRACT  

  Catchment-scale analyses of spatial and temporal variability in landscape connectivity are critical 

considerations in appraisals of landscape evolution and disaster mitigation in tectonically active 

mountain belts such as Taiwan. This study uses historical aerial photographs, flow discharge and 

seismic data to analyse landslide changes and channel adjustments over a 30 year period in the Liwu 

Basin. Recurrent earthquakes and typhoon events trigger frequent landslide activity, channel 

adjustment and sediment reworking in this system. Spatial variability in magnitude-frequency relations 

of hillslope-valley floor (lateral) and upstream-downstream (longitudinal) connectivity during the study 

period are shown to reflect annual reworking in source and accumulation zones, while partly-confined 

valleys in the mid-catchment area trap sediment behind landslide-induced dams that are formed and 

breached on an approximately decadal basis. This promotes partial longitudinal connectivity in these 

areas. Landscape responses to disturbance events were especially pronounced following 

combinations of seismic and typhoon events prior to the 1998 and 2005 images. Although single high 

magnitude events and series of moderate events affect patterns of landscape connectivity in the Liwu 

Basin, residence times for sediment storage are very short in this highly-connected river system, where 

confined valley settings extend virtually to the coast. 

 

KEYWORDS: landscape connectivity; magnitude-frequency relationships; landslide; channel 

adjustment; sensitivity 



52 

 

3.1 INTRODUCTION 

    Landslides play an important role in landscape evolution and are a major source of sediment in 

tectonically active mountain belts (Dadson et al., 2004). High local relief and limited accommodation 

space on alpine valley floors promote recurrent geomorphic coupling and delivery of landslide debris to 

river channels and on the valley floors, creating obstacles to flow which may alter channel geometry 

and modulate fluvial sediment flux (Korup, 2013). Landslide-damming raises the local base-level and 

reduces reach-scale gradient, stream power and fluvial transport capacity. This induces backwater 

alluviation and traps sediments behind the landslide dam. Geomorphic effects of landslides reflect their 

characteristics and materials, and the settings in which they occur (Keefer, 1999). In extreme instances, 

hillslope failures may obliterate the pre-existing drainage system (Dong et al., 2014, Yang et al., 2013). 

Over time, large landslides may enlarge valley width, altering accommodation space for sediment 

storage (May et al., 2013). Differences in sediment retention are related to valley geomorphometry, 

catchment size and valley-floor buffer zones (Korup, 2005a). Removal of landslide debris is a function 

of the transport capacity of the stream at the site of entry (Hovius et al., 2000). In steep, confined valley 

settings landslide-derived sediment pulses pose significant hazards to downstream settlements where 

they cause massive aggradation, increase flooding frequency, and may induce large-scale channel 

avulsion (Korup, 2004). In light of these considerations, understanding of catchment-scale sediment 

transport process requires a detailed knowledge of the spatial and temporal patterns of hillslope mass 

wasting, valley geomorphometry and hillslope-valley floor coupling. 

    Analysis of landscape connectivity is a critical determinant of sediment transfer between 

landscape compartments. Approaches to analysis of landscape connectivity include field observation 

and survey (e.g. Harvey, 2001, Fuller & Marden, 2010, Wenske et al., 2012), digital photogrammetry 

(e.g. Betts et al., 2003, Schwab et al., 2008) and numerical modeling (e.g. Cavalli et al., 2013, 

Heckmann & Schwanghart, 2013, Borselli et al., 2008). These studies demonstrated how hillslope 

characteristics and rainfall and flood events of different magnitude and frequency influence 

connectivity relationships. To date, most studies have focused on small-scale applications, with limited 
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consideration of the cumulative operation of arrays of process responses to disturbance events at the 

catchment scale (Jain et al., 2012).  

     Brierley et al. (2006) proposed a nested hierarchical framework that appraises differing forms of 

(dis)connectivity in catchments. Connectivity between landscape compartments examines hillslope–

valley floor, floodplain–channel, upstream–downstream and tributary–trunk stream linkages in different 

valley segments. Catchment disconnectivity can be expressed as the degree to which any limiting 

factor constrains the efficiency of sediment transfer relationships. Compartments may be connected 

(coupled) or disconnected (decoupled) over differing timescales (Harvey, 2002, Fryirs et al., 2007a). 

Various barriers (e.g. valley constrictions, dams), buffers (e.g. alluvial fans and floodplains) or blankets 

(e.g. floodplain sediment sheets) can disrupt longitudinal, lateral and vertical linkages respectively (see 

Fryirs et al., 2007a, Fryirs, 2013). For example, valley constrictions and confluences of disparate 

channels can induce backwater effects, promote sediment deposition and disconnect sediment 

transfer from upstream to downstream or from tributaries to the trunk stream (see Carson, 2006, 

Thompson et al., 2011). Similarly, over-widened channels may not have the competence to carry 

sediments made available to them, acting as barriers to downstream sediment conveyance (e.g. Wohl 

& Beckman, 2011). Alternatively, some reaches (e.g. gorges) may enhance propagation, acting as 

boosters to sediment conveyance (Kuo & Brierley, 2013). Artificial barriers such as dams may trap all 

but suspended load materials from moving through the system (e.g. Graf, 1999). 

    Local scale coupling can change in response to sustained changes in water and sediment supply 

over decadal timescales or even in extreme cases to individual floods (Harvey, 2002). Barriers such as 

sediment stores are frequently reworked or breached, while barriers such as valley constrictions or 

dams are more permanent features that are typically breached by infrequent (extreme) events (Fryirs, 

2013). Breaching of blockages increases the effective catchment area that contributes sediment to 

downstream areas (Fryirs et al., 2007a, Harvey, 2002). The operation of landscape impediments to 

sediment flux can be conceptualized as a series of ‘switches’ that are closed (turned off) or opened 
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(turned on) over differing time periods or in response to events of differing magnitude, frequency and 

duration (Fryirs et al., 2007a, Fryirs et al., 2007b).  

    To date, analysis of magnitude-frequency relationships that influence spatial and temporal 

variability in landscape connectivity relationships has received limited attention. Although Wolman and 

Miller (1960) proposed that sediment flux is fashioned primarily by mean annual flow conditions, 

geomorphic effectiveness (i.e. the periodicity of landscape forming events) may vary markedly in 

different landscape and environmental settings (Wolman & Gerson, 1978, Baker, 1977). In some 

instances landscapes are attuned to recurrent moderate magnitude events, while extreme events may 

be the primary (or only) agent of significant landscape change in other settings. Variability in process 

response is often related to the coefficient of variability of flow events. Geomorphic effectiveness of 

floods is influenced by the magnitude, frequency, duration and sequence (recurrence) of events, 

especially the availability of sediments at the time of a given event (i.e. preconditioning factors; see 

Anderson & Calver, 1982, Baker, 1977, Newson, 1980, Costa & O'Connor, 1995). 

    Tectonically active mountain belts such as Eastern Taiwan are well-connected landscapes with 

highly sensitive channel systems (Kuo & Brierley, 2013). These systems respond rapidly to sediment 

supply because they permit the free transfer of energy and matter between landscape components, 

reducing structural resistance to change (Brunsden, 2001, Fuller & Marden, 2011). As noted above, 

many studies have investigated how flood and/or seismic events trigger landslides and alter sediment 

flux, while other studies have examined channel responses to altered hillslope sediment inputs to the 

valley floor in a single event or over a short time period. This study extends these localized, short-term 

analyses through an assessment of hillslope and channel responses to disturbance events of various 

magnitude and frequency in four source zones, one mid-catchment zone and a downstream part of the 

Liwu Basin in eastern Taiwan over a 30-year time period (1980–2009). 
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3.2 REGIONAL SETTING 

Taiwan is located at the convergent plate boundary between the Philippine Sea oceanic plate and 

the Eurasian continental plate. High uplift rates average 5 - 7 mm a−1 (Liew et al., 1990). Simultaneous 

combinations of seismic events, uplift and high intensity storms (especially during typhoons) result in 

significant landslide activity and high sediment discharge (Lin et al., 2006, Chuang et al., 2009, Lin et 

al., 2012). As a consequence, these landscapes have a high mean modern erosion rate of 5.2 mm a−1 

(Dadson et al., 2003). Efficient sediment transport through steep and short rivers creates an estimated 

1.9% of the global suspended-sediment discharge from only 0.024% of the earth’s solid surface 

(Dadson et al., 2003). 

The Liwu River drains from the Central Range of Taiwan (~ 3500 m asl) into the Pacific Ocean over a 

short distance of around 60 km with a very steep channel slope (~ 0.05 m/m) (Figure 3.1). Over 90% of 

the catchment area of 616 km2 lies at elevations above 1000 m asl (Chang, et al., 2000). According to 

records from the Helieu Seismic Station (located on Figure 1), earthquake activity with an intensity ≥ 2 

in this region occurs more than 40 times per year on average. The direction of stratum alignment is 

north-northeast, roughly perpendicular to the compressive stress. In this complex tectonic setting, 

Palaeozoic and Mesozoic schist, marble, and gneiss underwent considerable deformation during the 

Cretaceous and Tertiary (Petley, 1998). Fragile slate and phyllite form the steep source zones where 

50% of the total landslide area in the Liwu Basin occurs. Schist that makes up the middle part of the 

catchment has 35% of the landslide area. High strength metamorphosed limestone (Permian marble) 

and gneiss that form the lower part of the catchment have only 15% of the landslide area, but 

considerable faulting and jointing induces many small rockfalls in this area (Kuo & Brierley, 2013, see 

Figure 3.1). High uplift and incision rates have created the spectacular Taroko Gorge, a 600 m deep 

ravine carved into the marble (Petley, 1998).  
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Figure 3.1: River Styles, geology and landslide distribution in the Liwu Basin. Red boundaries denote the 

areas for aerial photograph analysis including four source zones (i.e. Taosai (TS), Siaowaheier (SWHR), 

Waheier (WHR), and Tuobokuo (TBK)), one mid-catchment (Taosai mid-catchment zone, TSm) and one 

downstream location (Liwu downstream part, LWd). Additional information on River Styles is presented in 

Kuo and Brierley (2013).  
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Various approaches have been used to assess rates of uplift and incision/erosion over differing 

temporal and spatial scales in this region. The average rate of uplift in the Central Range based on 

fission track measurement has been approximately 5.5 mm a−1 over the last 500 ka (Brunsden & Lin, 

1991). Short-term geodetic survey data showed the rate of contemporary uplift is faster in the marble 

area (15.2 mm a−1) than in the schistose area (3.2 mm a−1) (Liou & Chang, 2009). On the other hand, 

the average rate of erosion based on fission track estimates showed an erosion rate of 3 to 5 mm a−1 

over the last 2 Ma (Liu et al., 2001, Willett et al., 2003). The contemporary erosion rate derived from 

decadal sediment load gauge data is 12.5 mm a−1 (Dadson et al., 2003). The Holocene incision rate 

(26 mm a−1) derived from cosmogenic nuclide calculation was considerably faster than the Quaternary 

average (Schaller et al., 2005) due to climate controls on incision and aggradation (see also Bull, 

1991). Annual measurements of fluvial bedrock wear at selected sites showed an average wear rate of 

3.4 mm a−1 in schists (Hartshorn et al., 2002). These various estimates attest to the dynamic nature of 

landscape adjustments in the Liwu Basin. 

Mean annual precipitation in the area is ~ 2200 mm. Precipitation rates as high as 600 mm d−1 have 

been reached during typhoon passage (Schaller et al., 2005). Flow discharge of the Liwu River has 

been recorded at only one long-term gauge station (Lushui) since 1956 (Figure 3.1, the upstream 

drainage area is 435 km2). At Lushui the average daily discharge is 32.1 m3 s−1, ranging from 44 m3 s−1 

in the wet season (between 25 and 65 m3 s−1 from May to October) to 20 m3 s−1 in the dry season 

(between 15 and 25 m3 s−1 from November to April) (Kuo and Brierley, 2013). Discharge during 

typhoons can exceed the long-term daily average by an order of magnitude or more. For example, 

Typhoon Billis in 2000 had a peak daily discharge of 2240 m3 s−1. Estimated data indicated that 

approximately 90% of the total sediment discharge and 15% of the total water discharge of that year 

occurred over 5 days during this flood event (Hartshorn et al., 2002). Sipan Dam was constructed for 

hydroelectric power generation at the end of the gorge section in 1965 (Figure 3.1). This regulates flow 

discharge and intercepts most sediments (Chang et al., 2000). 

    Kuo and Brierley (2013) classified the Liwu drainage network into eight River Styles (Brierley & 
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Fryirs, 2005, Figure 3.1). Confined valley settings (steep headwater, gorge and confined valley with 

occasional floodplain pockets) occupy 82% of the channel network. Partly confined valley settings 

(bedrock-controlled and planform-controlled discontinuous floodplain) are restricted to relatively short 

reaches of two tributary systems. Valley fills are found within laterally unconfined valley settings in the 

source zones, while low sinuosity gravel bed and sand bed rivers are situated in the alluvial section 

close to the river mouth. Sediment storage along valley floors is limited across most of the basin, with 

over 95% occurring in lower alluvial reaches (Kuo & Brierley, 2013).  

    Taroko National Park was established in 1986 to protect the unique landscapes of this region and 

its ecological environment. Most of the steep mountainous terrain is covered by forest. A few logging 

fields operated since the 1940s, but they were terminated and reforestation projects were implemented 

after the establishment of Taroko National Park. 

 

3.3 MATERIALS AND METHODS 

    Historical aerial photographs, combined with flow discharge and seismic data, were used to 

interpret the spatial patterns and temporal variation of landslide activity, channel adjustments and 

landscape connectivity across source, mid-catchment and downstream areas of Liwu Basin. Decadal 

changes in landslide activity and valley floor responses were analysed in four source zones that are 

characterized by steep channels and large landslides: Taosai (TS), Siaowaheier (SWHR), Waheier 

(WHR) and Tuobokuo (TBK) (see Table 3.1 and Figure 3.1). One mid-catchment and one downstream 

location within Liwu Basin were also selected for aerial photograph analysis. The Taosai 

mid-catchment zone (TSm) is a partly confined valley with numerous large landslides. The Liwu 

downstream zone (LWd) is a laterally unconfined valley with abundant sediment storage units such as 

boulder and gravel bars and floodplains (Kuo & Brierley, 2013). 
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 3.3.1 Magnitude and frequency of disturbance events  

    Daily flow discharge from Lushui and seismic data from Hualien and Heliou station from 1980 to 

2009 were used to assess the magnitude of disturbance events. In addition, sediment load data 

derived from sediment concentration sampling at Lushui station were used to provide an indication of 

the effectiveness of events. These data records are listed in Table 3.2 and are selectively plotted 

(based on a magnitude cut-off) as a time sequence on Figure 3.2.  

  

Table 3.1: Terrain relief, catchment area and landslide area of subcatchments in four source zones 

Subcatchment 
Elevation (m) 

(highest - lowest) 

Relief 

(m) 

Catchment 

area, A (km2) 

landslide 

area, Al (km2) 
Al /A 

TS1 3447 - 2364 1083 2.37 0.24 10% 

TS2 3696 - 2291 1405 6.16 1.30 21% 

TS3 3366 - 1759 1607 4.26 0.45 11% 

SWHR1 3518 - 1768 1750 3.49 1.23 35% 

SWHR2 3692 - 1772 1920 3.19 0.77 24% 

SWHR3 3581 - 1586 1995 6.34 0.61 10% 

WHR1 3263 - 2193 1070 2.82 0.38 13% 

WHR2 3449 - 1752 1697 6.65 1.29 19% 

TBK 3585 - 1738 1847 11.63 1.97 17% 

Table 3.2: Data period of flow discharge, sediment load and intensity of earthquakes and their 

selection criteria for plotting in Figure 3.2 

Data Record years Selection criteria Station Source 

Flow discharge 

(daily) 

1980-2009 

 
≧100  m3 s−1 Lushui 

Taiwan Power 

Company 

Sediment load 

(weekly) 

1986-1999, 

2003-2005 
- Lushui 

Taiwan Power 

Company 

Intensity of 

earthquake 

1980-1994, 

1995-2009 
≧4 

Hualien, 

Heliou 

Central Weather 

Bureau, Taiwan 



6
0

 

 

 
 

Figure 3.2: Flood and earthquake events from 1980 to 2009. Available sediment load data (1986-1999 and 2003-2005) are denoted by 

charts. Grey vertical lines denote the dates of aerial photographs and separate the analytical periods. The horizontal dashed lines marked 

by Q1, Q2, and Q5 represent the magnitude of the flood of return period of 1, 2, and 5 years respectively.).  
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Frequency analysis of annual maximum series of long term flow discharge data from 1956 to 2009 

were determined using the Weibull plotting position (the correlation coefficient between discharge and 

return period is 0.985) indicating that the return periods of 1, 2 and 5 year flood events are 100, 500 

and 1000 m3 s−1 approximately (only discharge events > 100 m3 s−1 are shown on Figure 3.2). For 

convenience, discharge events of 100–500, 500–1000, and > 1000 m3 s−1 are referred to in this study 

as low, moderate and high magnitude events respectively. Equipment failure resulted in incomplete 

flow discharge data for several months since 2000. To ensure that high discharge events were not 

overlooked, rainfall data since 2000 (provided by Taiwan Power Company) were used to estimate the 

missing discharge data by simple linear regression of the rainfall and flow discharge data (R2 = 0.64). 

Flow discharges of two typhoon events of high magnitude (Xangsane on 31st Oct 2000 and Longwang 

on 2nd Oct 2005) were reconstructed in this way (see Figure 3.2). Although flow discharge data from 

the single gauge station at Lushui cannot provide comprehensive guidance into rainfall distribution and 

their impacts across the whole Liwu Basin, they still provide a useful reference to analyse the 

magnitude and frequency of flood events over a decadal time scale.  

For seismic data, the intensity scale, rather than the Richter scale, was used to describe the 

magnitude of earthquakes. Some earthquakes with high Richter magnitude were recorded with low 

intensity magnitude in the Liwu Basin because of long distances to epicenters. The only seismic station 

within the Liwu Basin, Heliou, has been established since 1995. To extend the data length before 1995, 

data recorded at the nearest (25 km) long-term seismic station, Hualien, were adopted here. T-test 

results shows that there was no significant difference in earthquake intensity at these two stations 

during the period from 1995 to 2010 (α = 0.01). The description of disastrous earthquakes recorded by 

the Central Weather Bureau showed that landslides and rock falls which caused road damage could 

be triggered by earthquakes with intensity ≥ 4. Thus, only these major earthquakes are selected 

(shown on Figure 3.2). Major earthquakes with intensity ≥ 6 occurred on 22nd May 1986 and 1st May 

2004. Chi-chi earthquake, which occurred on 21st Sep 1999 with the greatest recorded Richter scale 

within Taiwan Island (7.3), had an intensity scale of 5 at Heliou. 
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Sediment load data provide a reference for the magnitude of disturbance by typhoon and 

earthquake events. The sampling period of sediment load at Lushui station was typically recorded over 

a period of weeks, but the periodicity increased to every 2–3 days during high flow events. 

Unfortunately, the collected sediment load data are only available during the periods from 1986-1999 

and 2003-2005. The total number of sediment sampling records (236) demonstrates a great range 

from 158 to 8,570,705 t d-1. Half of these records are below 104 t d-1. For this study, sediment load data 

were classified into three categories, 102-104, 104-106, and > 106 t d-1. 

In summary, this study relates landslide activity and fluvial reworking of sediments over the variable 

time spans determined by air photograph availability over the 30 year study period to three sets of 

categorized data (daily flow discharge in flood events, seismic intensity, and sediment load data) to 

examine magnitude-frequency responses to disturbance events. 

 

3.3.2 Orthorectification of aerial photographs 

    Aerial photographs over long time spans provide a basic but useful tool to assess landslide and 

channel changes (e.g. Schwab et al., 2008, Dvigalo & Melekestsev, 2009, Prokešová et al., 2010). 

Overlapping aerial photographs (stereo-pairs) from 1980, 1986, 1998, 2000, 2003 and 2005 and 

recent orthoimages after 2007 (listed in Table 3.3) produced by the Aerial Survey Office, Forest Bureau, 

Taiwan were used to interpret changes to landslide areas and channel patterns. More frequent aerial 

surveys after 1998 create a better time resolution in the latter half of this period. Unfortunately, no 

photographs capture all study sites at the same time. Photographs of closest dates in the same year 

were chosen to minimize differences of geomorphic change among study areas. However, most aerial 

surveys were carried out in summer, the typhoon season. In some instances, typhoon events occurred 

between the dates of photographs of different study areas in the same year. 

    Aerial photographs were orthorectified using ERDAS IMAGINE, LPS (Leica Photogrammetry 

Suite) software based on orthoimages compiled by the Aerial Survey Office after 2007. Camera 

information was input before control point selections. Three or four ground control points (GCPs) were 
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selected from features that appear on both the sequential aerial photographs and the orthoimages at 

each site. For the Taosai mid-catchment and the Liwu downstream zone, the GCPs included corners of 

roads/trails and buildings. For upstream source zones, the selection of GCPs is more difficult because 

of the lack of artificial features. In these instances, bedrock outcrops or huge boulders within the 

channels that did not move over a decadal time scale were used as consistent GCPs. More than one 

hundred tie points were generated automatically from each pair of photographs using the LPS software. 

These were checked manually. Overall, the root mean square errors of produced orthoimages were 

less than 1 m horizontally. In addition, aerial photographs taken by the US Air Force in the 1940s 

(provided by Academia Sinica, Taiwan) were used to provide an indication of conditions before 1980. 

Given the lack of camera information and low quality of images, these photographs could not be 

orthorectified. 

 

 

3.3.3 Identification and analysis of landslide area  and channel changes 

    Hillslope and valley floor changes were digitized using ArcGIS 10.1 software. Identification of 

landslide areas is straightforward because of the clear contrast between the land covered by 

vegetation and bare landslides. Water courses (including the water body and dry channel) and 

sediment storage units were digitized in the Taosai mid-catchment zone and the Liwu downstream 

Table 3.3: The dates (dd/mm/yy) and ground resolution of aerial photographs 

Year 
Type of aerial 

photograph 

Ground 

resolution 
TS SWHR WHR TBK TSm LWd 

1980-81 Panchromatic 0.4 m 18/05/81 - 21/08/80 29/06/80 07/09/80 30/06/80 

1986 Panchromatic 0.4 m 13/08/86 15/07/86 15/07/86 15/07/86 30/06/86 07/09/86 

1998 Panchromatic 0.4 m 18/07/98 29/06/98 29/06/98 29/06/98 30/06/98 17/07/98 

2000 Panchromatic 0.4 m - 21/06/00 08/06/00 25/07/00 09/06/00 22/07/00 

2003 Color 0.3 m 31/10/03 02/08/03 29/05/03 02/08/03 23/10/03 26/08/03 

2005-06 Color 0.3 m 17/09/05 13/08/06 17/09/05 17/09/05 28/10/05 - 

2007-10 Orthoimage 0.25 m 27/10/07 03/05/10 27/10/07 21/09/08 07/06/09 06/06/09 
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sites. Sediment storage units were categorized into fine grained bed, well-sorted gravel bed, and 

gravel bed with boulders based on the surface texture and colour. In addition, the units covered by 

vegetation and bedrock exposures within the channel or on the bank sides were identified. In contrast 

to the diverse units on the valley floors in the Taosai mid-catchment zone and the Liwu downstream 

sites, the pattern of geomorphic units in the source zones is simple. Small-scale (100–101 m), relatively 

stable geomorphic units, such as cascades and falls, occupy these confined valleys. Thus, only the 

reaches with valley fills and channel expansions were identified in these areas. 

    Digitized landslides in each time period are classified into three categories: old, new and 

recovered landslides. Old landslides are defined as landslides that existed in both the former and 

current images, while new landslides are only observed on the current images. Landslides which 

existed in the former images but were revegetated by forest or grass in the current images were 

classified as “recovered”. These three types of landslides were used to describe the trends of hillslope 

dynamics. The magnitude-frequency distribution of landslide is commonly described by a power-law 

function (Hovius et al., 2000, Hovius et al., 1997). This distribution may be written in a cumulative form, 

log� = 	 − � log�       (1) 

where N (A ≥ Ac) is the number of landslides per year of magnitude greater than or equal to Ac, α is the 

rate of landsliding per unit area, and β is a dimensionless scaling exponent. These scaling law 

relationships were examined for differing time periods in the various study areas. 

  The lack of precise ground controlling points in this area limits the application of photogrammetry 

and volume estimation of landslides. As a result, and given the retrospective (30 year timeframe) of 

analyses performed in this study, reliable scaling relationships of landslide area-volume cannot be 

generated. However, numerical analysis of the magnitude frequency distribution of landslide and 

sediment load data provides sufficient detail to analyse the trends reported in this study. 

    Numerical analysis of channel changes is undertaken by measuring lateral shift distances of the 

main channel across the valley floor in the Taosai mid-catchment and Liwu downstream zones. A 100 

m interval was selected to examine the distance of adjustment for differing years. 
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3.4 RESULTS 

3.4.1 Magnitude and frequency of disturbance events  

    Ninety-nine flood events with a discharge greater than 100 m3 s−1 occurred during the 30 year 

study period (an average of 3.3 times per year). Among these events, seventy events were caused by 

typhoon rainfall. The magnitudes of non-typhoon flood events were mostly < 300 m3 s−1. Flood events 

with discharge > 500 m3 s−1 were all induced by typhoons. The greatest typhoon event during the study 

period, Andy in 1982, resulted in flow discharge > 2500 m3 s−1, 80 times the daily average. During this 

same period, 148 earthquakes with intensity ≥ 4 occurred (an average of 4.9 times per year).  

 

    The magnitude and frequency of disturbance events for each time period are listed in Table 3.4. 

Over the study period, the average frequency of low, moderate, and high magnitude flood events 

(100-500, 500-1000 and > 1000 m3 s−1) was 2.5, 0.6 and 0.3 events per year, respectively. The 

frequency of low magnitude events from 1980 to 1986 was higher than in other periods, but no 

moderate events occurred at this time. The highest frequency of moderate events occurred between 

2003 and 2005. The frequency of high magnitude events from 1998 to 2005 was above average. On 

the other hand, the frequency of earthquakes with intensity 4 and 5 during the period from 1986 to 

Table 3.4: Frequency of flood and seismic events and sediment load data of differing magnitudes in each time period  

    Time Period (Actual time span in year)  

Category Magnitude 
1980-1986 

(5.8) 

1986-1998 

(12.0) 

1998-2000 

(1.9) 

2000-2003 

(3.4) 

2003-2005 

(2.0) 

2005-2009 

(3.6) 
Average 

Peak daily discharge 

of flood event (m3 s-1) 

100 - 500 (low) 4.1 2.0 2.6 1.2 2.5 2.5 2.5 

500 - 1000 (moderate) 0 0.7 0.5 0.6 2.0 0.6 0.6 

> 1000 (high) 0.3 0.2 0.5 0.6 0.5 0 0.3 

Earthquake intensity 

4 2.9 4.7 9.8 3.3 1.5 2.2 4.0 

5 0.5 1.5 1.0 0.6 0.0 0.3 0.9 

6 0.2 0 0 0 0.5 0 0.1 

Sediment load  

(T d-1) 

102-104 - 7.1 6.2 - 4.0 - - 

104-106 - 7.9 5.1 - 2.5 - - 

106-108 - 0.4 0 - 0 - - 
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2000 was notably higher than during other periods. Sediment load data with high values were also 

recorded during this period. Only two earthquakes with intensity 6 occurred, in 1986 and 2004.  

 

  

Figure 3.3: Changes of landslide area and valley fill in four source zones. 

(A) TS 

(C) WHR 

(D) TBK 

(B) SWHR 

TS1 

TS2 

TS3 

SWHR1 
SWHR2 

SWHR3 

WHR1 

WHR2 
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3.4.2 Landslide changes and valley fill expansions in source zones 

    The distribution of landslides in source zones in each time period is shown in Figure 3.3. Over 

70% of these landslides existed before 1980 and persisted throughout the study period in all four 

source zones (over 90% in TS and SWHR, see Table 3.5). These persistent landslides typically occur 

on hillslopes adjacent to the catchment divides and connect (or enclose) the first order stream. These 

features dominate the landslide distribution in source zones. Although vertical uplift and erosion may 

occur in this area, the distribution and boundaries of these landslides remain relatively stable. 

Observation of aerial photographs from the 1940s does not indicate expansion or contraction of these 

‘older’ landslides. Their pattern has remained stable over decadal time scales despite the recurrence 

of seismic and rainfall events.  

 

 

 

 

 

  

Figure 3.4: New and recovered landslide area in four source zones by 

time periods. *Aerial photographs from SWHR were taken in 2006. 
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Compared to the ‘older’ landslides, the areas of newly generated and recovered landslides are 

less than 20 ha for all periods in all source zones (Figure 3.4). Most of these landslides occur on 

hillslopes of second (or higher) order streams. The trends of area changes of these riparian landslides 

are not the same for the four source zones. TS has the smallest area of newly generated landslides but 

the largest area of recovered landslides. TS is the only source zone in which the recovered area is 

larger than the newly generated area, indicating a land cover recovery trend over the past few decades. 

A trend plot of newly generated landslide area shows the suppressed response to disturbance events 

in TS relative to the other three source zones. 

  

Table 3.5: Landslide analysis in four source zones  

Source 

zone 

Landslide  Power-law function 
Total area of persisted landslide (ha) 

and percentage to total landslide area 
Total 

area (ha) 

Total 

number 

Average 

area (ha) 

 
R2 α β 

TS 206 84 2.4  0.955 0.050 0.86 192 93% 

SWHR 261 67 3.9  0.990 0.060 0.77 241 92% 

WHR 187 62 3.0  0.979 0.054 0.83 137 73% 

TBK 177 63 2.8  0.924 0.085 0.73 158 89% 

Figure 3.5: Size distribution of landslides mapped in the four source zones in the latest orthoimages (A) and the 

Taosai mid-catchment zone from 1980 to 2009 (B). Clear power-law trends are observable above a cutoff of 

about 3×10-3 km2 in (A) and 1×10-3 km2 in (B). The straight coloured lines indicate the best-fit power-law model, 

where the gradient is equal to exponent β in equation (1). See Table V (A) and VII (B) for β and R-square 

values for each line. 
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 A similar response between the change of landslide area and the history of disturbance events over 

different time periods is evident in Siaowaheier, Waheier and Tuobokuo source zones. The most 

obvious increase in landslide area in Waheier and Tuobokuo source zones happened after 2005. This 

can be attributed to the high magnitude flood event induced by Typhoon Longwang which came after 

three typhoons of moderate magnitude in the same year. In contrast to Waheier and Tuobokuo, most 

new landslides emerged in Siaowaheier source zone on the 2006 image (Figure 3.4). However, it 

should be noticed that the aerial photographs in 2006 in Siaowaheier were taken one year later than in 

the other source zones (Table 3.3), so this image shows the impact of three moderate events and 

Typhoon Longwang in 2005. Thus, landslide changes in Siaowaheier can be considered to have 

occurred at the same intensity/rate as occurred in Waheier and Tuobokuo source zones. The 

magnitude frequency distributions of landslides are compared spatially rather than temporally due to 

the small changes between images of differing years. Based on the analysis on orthoimages after 

2007, a power law relation exists above an area of 3×10-3 km2 with an average R-square of 0.962 and 

scaling exponent β ranging from 0.73 to 0.86 (Figure 3.5A and Table 3.5). This indicates that a small 

number of large landslides dominate the magnitude-frequency distribution in these source areas. 

  Materials derived from hillslopes result in temporary sediment storage as valley fills after disturbance 

events. Although valley fills are evident in all four source zones, the impacts of landslides upon valley 

floors varied for each source zone. Valley fill expansions were only found in TS 3 (from 40 to 70 m), 

SWHR 1 (from 50 to 75 m) and SWHR 2 (from 30 to 60 m) after flood events in 2005. Thus, the 

influence of sequential typhoon events is indicated not only by increasing landslides, but also by 

expansion of valley fills, with major valley expansions reflecting sediment accumulation. However, the 

locations of these valley fills were not necessarily associated with landslide activity (cf.,Al Farraj & 

Harvey, 2010). For example, one reach of valley fill in subcatchment SWHR 1 has no landslides 

nearby (Figure 3.3B). In contrast, several landslides occurred along a narrow gorge in Subcatchment 

SWHR 3 but did not result in valley fill. River responses to landslide activity, and impacts upon patterns 
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of valley fill sedimentation, reflect the valley setting and associated river type at any given locality (Kuo 

& Brierley, 2013). 

 

3.4.3 Landslide changes and channel adjustments in the Taosai mid-catchment zone 

    Aerial photograph interpretation in the Taosai mid-catchment zone on seven dates from 1980 to 

2009 (Table 3.3) was used to analyse landslide enlargement/recovery, channel flow path changes, and 

interactions between hillslopes and valley floors including landslide dam effects, valley expansion, 

channel shift, and changes to the surface texture of sediment storage units (fine/coarse grained or 

vegetation cover) (see Figure 3.6 and Table 3.6). In general, total landslide area and number increased 

over the 30 year period (Figure 3.7 and Table 3.7). The greatest increase of new landslide area (56 ha) 

occurred in the 1998 image. The total landslide area is similar from 1998 to 2003, then increased by 

generation of new landslides with 29 ha in 2005 and 46 ha in 2009. The greatest increase in new 

landslide number occurred in 2005 but with the smallest average area (1.8 ha) in the same year (see 

Table 3.6). Numerous small landslides and gullies on hillslopes along tributaries were recorded after 

the sequential typhoon events in 2005. The recovered area remained ~ 10 ha for all time periods other 

than year 2005 which is less than 2 ha. The average area of recovery ranges from 0.9 ha to 4.7 ha 

which is less than the area of new generated landslide ranging from 2.3 ha to 14.6 ha. 

The magnitude frequency distribution for all time period shows a power law relation above an area of 

1×10-3 km2 (Figure 3.5B) with an average R-square value of 0.984. The scaling exponent β, ranging 

from 0.59 to 0.67 (Table 3.6), was similar over the differing time spans. However, the lines of best-fit 

shift upwards since 1980, with α value increasing from 0.038 in 1980 to 0.067 in 2005. This indicates 

an increase in landslide number. The fact that the β value is lower than in the source zones reflects the 

greater dominance of few large landslides. These large landslides (> 10 ha in 2009 image, marked by 

A–E in Figure 3.6) exerted a significant impact upon channel dynamics. 

    Accumulated channel shift distances along the Taosai main stream are shown in Figure 3.8A. The 

most evident shift occurred after 2005. Although changes are most pronounced in areas with wide 
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valley floors, channel shift was not evident in the widest reach (3 to 3.5 km) where massive sediment 

input from three large landslides (A, B and C on Figure 3.6) constrained channel shift to the right bank. 

 

 

 

 

Figure 3.6: Changes to patterns of landslides and channels in the Tsosai mid-catchment zone. Five huge 

landslides > 10 ha in the 2009 image are marked as “A-E”. “T” denotes the tributary which connects 

landslides A, B and the trunk stream. Red circles denote the pinch points. Valley expansions are denoted by 

“w”. The quality of aerial photographs in 1980 is not good enough to distinguish the surface composition 

(fine or coarse) of sediment storage units but vegetation cover can be characterized. 
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Figure 3.6: (Continued) Figure 3.7: Landslide area and frequency in the 

Taosai mid-catchment zone. 
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Table 3.7: Landslide analysis in Taosai mid-catchment 

Year 

landslide  Power -law function 

Total area 

(ha) 

Total 

number 

Average 

area (ha) 

 
R2 α β 

1980 70 26 2.7  0.991 0.038 0.59 

1986 78 34 2.3  0.987 0.035 0.62 

1998 123 46 2.7  0.982 0.046 0.63 

2000 118 50 2.4  0.973 0.037 0.67 

2003 125 56 2.2  0.984 0.045 0.63 

2005 151 85 1.8  0.984 0.067 0.59 

2009 194 87 2.2  0.988 0.054 0.66 

Figure 3.8: Valley width variation and accumulated channel shifting distances along the Taosai mid-catchment 

(A) and the Liwu downstream zone (B) from 1980 to 2009. The coupling sites between five huge landslides A-E 

and valley floor in the Taosai mid-catchment zone are marked. Black squares and red open circles denote the 

sites of landslide dams and valley constriction. Landslide M and Shakadang Stream (S) in the Liwu downstream 

zone are marked. 
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3.4.4 Landslide changes and channel adjustments in the downstream part of Liwu Basin 

    Overall, temporal changes in the reach downstream of the dam were less marked than those 

shown for the Taosai mid-catchment location, both on hillslopes and the valley floor. Only two 

landslides that were evident on the 1940s’ images, marked by L and M in Figure 3.9, have persisted to 

today. The largest landslide L (ca. 23 ha), located in a reach with high channel gradient (ca. 0.15 m/m) 

close to a tributary confluence that is confined by steep cliffs on both sides, showed no evident change.  

Another smaller landslide M (ca. 2.5 ha) situated in the downstream reach experienced a slight change 

in boundary due to the pattern of vegetation recovery and a new slump. Other landslides in the 

tributaries and the main stream had totally recovered by 2009. Magnitude- frequency analysis of 

landslides was not completed for this area because of the limited number of events. 

    On the valley floor system, adjustments to channel pattern can be differentiated upstream and 

downstream of Ningan Bridge (marked by N in Figure 3.9). In the upper reach, the Sipan Dam 

intercepts more than half of flow discharge throughout the year, the exception being flow release 

during flood events. Low flow discharge results in a discontinuous channel and abundant sediment 

storage from the dam to the meander bend below landslide L. This meander bend has a bedrock 

terrace on its outer bend and many huge boulders which disperse flow energy (Figure 3.10A). The 

1940s’ images indicate that the discontinuous channel and large boulders pre-date dam construction. 

Four tributaries with 10-15 m wide valley fill which enter the upper reach were almost unchanged 

during the whole study period. Downstream from Ningan Bridge, the flow path becomes continuous 

due to discharge inputs from a tributary to the north and spring water inputs from the valley walls. 

Analysis of channel shift distance downstream from Ningan Bridge shows similar patterns between 

valley width and shift distance (Figure 3.8B). However, an elongate boulder bar which is 700 m long 

and 100 m wide occupies the left bank downstream of Ningan Bridge (Figure 3.9 and 3.10B), forcing 

flow against the right bank, thereby limiting channel changes. Downstream of this boulder bar, the 

primary composition of sediment storage units is transitional from boulders into gravels. Along with the 

decrease of sediment size, the capacity for channel adjustment increases, although it is still confined 
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by bedrock margins. The most prominent channel adjustments occurred in the most downstream 

section which is made up of well-sorted gravel beds within a valley that is up to 200 m wide (Figure 3.9 

and 3.10C). Changes to sediment storage units are evident on the 1998 image. Vegetation was totally 

removed from the lateral bars along the main stream and the confluence bar of Shakadang Stream. In 

addition, many boulder bars were transformed into gravel bars. This may be attributed to the large 

flood caused by dam release in the extreme event, Typhoon Amber in 1997. 
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Figure 3.9: Landslide changes and channel adjustments in the Liwu downstream location. Two persistent 

landslides are marked by L and M. Ningan Bridge, denoted by N, separates the upper and lower reach. 
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Figure 3.10: (A) Discontinuous channel (red dashed line) caused by boulder deposition at the bend close to 

the landslide L in the Liwu downstream part. (B) A stable boulder bar downstream of the Ningan Bridge 

occupies the left bank and forces the flow against the right bank. (C) The most downstream reach has a wide 

valley (up to 200 m) which provides space for channel adjustment. (D) A large confluence bar traps sediment 

from Shakadang Stream to the Liwu River. (E) Weathering materials in the upstream valley fill are small and 

fragmentary. (F) Gorge sections have bedrock boundaries with large boulders on the channel bed.  
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3.5 DISCUSSION 

3.5.1 Spatial differences and controls upon landsli de area change 

    Differing extents and trends of landslide change are evident in the source zones, Taosai 

mid-catchment zone and the Liwu downstream zone over the 30-year study period. The proportion of 

landslide area to total area in each zone is 17.6% for source zones, 13.3% for Taosai mid-catchment, 

and 1.8% for downstream area (2007-2010 orthoimages). Landslide area greatly increased in the 

Taosai mid-catchment zone while the landslides in the downstream zone have largely recovered. In 

the source zones, the area of newly generated landslide is greater than areas of vegetation recovery. 

The nature and pattern of landslides in Liwu Basin is partially explained by lithology, with recurrent 

activity in the slate and schist of the source zones and Taosai mid-catchment respectively, but 

recovery in the more resistant marble and gneiss of the downstream zone. Weathering materials on 

hillslope and talus areas are small and fragmentary in the source zones and the Taosai mid-catchment 

zone relative to the downstream area (Figure 3.10E). The number and area of landslides is notably 

lower in the latter area, despite its steeper terrain. 

    Older, large landslides are persistent features of the four source zones, where vegetation recovery 

is difficult on very steep hillslope (slope > 30°, derived from a 5×5 m DEM) such that bare land surfaces 

are prominent. In contrast, areas of bare land in dissected terrains of the mid-catchment, including 

various scars and gullies, have greater opportunity to recover over a short time period due to their 

small area and elongate shape. For example, many gullies in Taosai mid-catchment zone that 

emerged in 2005 had disappeared by 2009 (Figure 3.6F and 3.6G). However, mass movement in the 

Taosai mid-catchment zone is dominated by large riparian landslides (e.g. Landslides B, D, and E) and 

“fluvio-mass movement gully complexes” (e.g. Landslides A and C; cf., Fuller & Marden, 2010, Fuller & 

Marden, 2011). These landslides with loose surficial materials are very active during frequent 

disturbance events. The area of these large landslides increased gradually during the study period and 

extended upslope, eventually reaching the catchment divide. The coupling of these landslides with the 

valley floor exerted a significant influence upon subsequent channel adjustments. 
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    Alongside intrinsic controls such as lithology, extrinsic controls such as patterns of rainfall 

distribution also influence landslide activity. Huang et al. (2012) showed that different typhoon tracks 

induce variable precipitation traits with the mountainous landscapes of Taiwan. Most typhoons that 

invaded eastern areas brought more rainfall in the lower and middle catchment than in the source 

zones of the Liwu Basin. This effect was especially pronounced in mid-catchment areas. Only some 

ordinary rainstorms and a few typhoon events induced greater rainfall in the western source zones. 

Hence, prominent landslide activity in Taosai mid-catchment area can be attributed to the fragile 

geology, sensitive landslide types and abundant rainfall. 

 

3.5.2 Channel adjustment and landscape connectivity  in each part of the catchment 

    Landscape (dis)connectivity influences how changes in landslide activity impact upon channel 

morphology during events of different magnitude and frequency. These relationships vary in different 

parts of the catchment. 

3.5.2.1 The source zones 

    In the source zones, landslides occur on extreme steep slopes (> 30°) and are connected directly 

to the confined valley floor with a steep channel gradient (> 0.2 m/m) and narrow width (< 10 m). This 

results in high lateral connectivity in debris movement. Although local-scale longitudinal disconnectivity 

may be created by logjams (Wohl and Beckman, 2011), these barriers are broken recurrently and all 

materials are transported downstream during frequent flood events. Even though most valley floors are 

confined and no expansion is evident on the aerial photographs, the redistribution of logs and boulders 

within the valley floor is evident between images. This implies that there is no long-term sediment 

deposition in these areas. Frequent flood events and steep channel gradients promote conditions that 

efficiently transport materials derived from hillslopes, inducing high longitudinal connectivity. Only a 

few reaches of valley fill were found in wider sections (> 20 m), forming temporary storage zones.  
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3.5.2.2 The Taosai mid-catchment zone 

    The evolution of five large landslides and their (de)coupling with the valley floor exerted a 

significant influence upon channel adjustments in Taosai mid-catchment zone. Landslides A and C are 

fluvio-mass movement gully complexes with steep slope (> 35°; Figure 3.6). Both are directly 

connected to the channel and fan downstream. Materials generated from these two landslides are fine 

grained and are exported by first order streams and then deposited on wider valleys and 

gentle-gradient tributary fans downstream. These two large fans form sediment storage zones which 

retard sediment transport to the Taosai trunk stream. Aerial photographs show that the channel below 

Landslide A was very narrow compared to the wide valley. Indeed, below Landslide C the channel was 

dry in most years. Limited transport capacity between events lowers the connectivity between the 

landslide materials and the trunk stream. However, the distribution of deposits on tributary and fan 

surfaces changed from image to image, indicating that rising flows were able to rework the sediment 

and connect the landslide sources to the trunk stream, while a new fan formed as water level fell. 

Changes to the fan below Landslide A not only influence sediment transport in the tributary, but also 

greatly alter the channel pattern in Taosai trunk stream. For example, the 2000 and 2003 images show 

that this fan propagated from the tributary to the trunk stream and formed a dam, forcing flow along the 

left bank in a small channel. This created a sediment storage zone in the Taosai trunk stream and 

reduced upstream–downstream connectivity. However, flood events in 2005 broke this dam and 

reworked sediment to downstream areas (Figure 3.6E and 3.6F). The new channel cut through the 

lower part of the fan and steepened the fan slope, enhancing the capacity for transport sediment in the 

tributary itself (as noted by Fuller & Marden, 2010). Therefore, the 2005 flood events increased both 

upstream–downstream and tributary–trunk stream connectivity. 

    Large riparian landslides such as D and E with a steep slope of 30° were coupled with the valley 

floor with evident area increases since 1998 and 2003 respectively (Figure 3.6C and 3.6E). Enhanced 

sediment supply from these two landslides has greatly influenced the channel behaviour of Taosai 

trunk stream in this section. Although lateral connectivity increased due to hillslope–valley floor 
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coupling, sedimentation-induced valley expansion and damming evident on the 2009 image reduced 

longitudinal connectivity in sediment transport. Lateral bars or floodplains also buffered most of these 

materials from the active channels, reducing floodplain–channel connectivity. Only high magnitude 

events are able to break this disconnectivity between floodplains and channels. For example, channel 

shift evident on the 2005 image indicates that flows during Typhoon Longwang were able to rework 

floodplain sediments. 

    Patterns of valley setting also influence the distribution of sediment stores and sediment 

connectivity. In the Taosai mid-catchment zone, the channel wandered through partly-confined valleys 

that have gentle valley slopes (0.037 m/m) with sections > 200 m wide separated from steep and 

narrow gorges that are less than 20 m wide. These short gorges form “pinch points” which constrict 

flow and change its direction (red circles in Figure 3.6). Backwater effects upstream of these pinch 

points promote the deposition of a large amount of sediment behind the “bottle neck”, reducing 

longitudinal connectivity (Carson, 2006, Thompson et al., 2011).  

3.5.2.3 The Liwu downstream Zone 

    The Sipan Dam intercepts more than half of flow discharge and most sediment, forming a barrier 

to upstream–downstream connectivity. Sediment reworking is limited to phases of dam release during 

high magnitude flood events. As a result, the channel is unable to adjust most of the time. Lateral 

sediment inputs to the downstream section of the Liwu River include local rock falls, two large 

landslides (L and M on Figure 3.9), four tributaries with valley fills and Shakadang tributary. Frequent 

rock falls occur from nearly vertical valley walls made by marble and gneiss. Landslides L and M with 

slopes exceed 45° persist within this reach. Effective transport of colluvial materials from hillslopes to 

valley floors denotes high lateral connectivity. However, lateral bars up to 50 m wide are evident at the 

confluences of all four tributaries of valley fills. These lateral bars and floodplains along the valley 

margins locally act as “buffers” that retard sediment transfer to the channel. Sediment reworking 

occurs when these lateral bars are inundated during high magnitude events. Nevertheless, the Sipan 

Dam modulates the high water discharge, limiting prospects for channel adjustments. A 1.3 ha 
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confluence bar at Shakadang Stream also acts as a barrier to sediment transport into the Liwu River 

(Figure 3.9). At low flow stage the channel is about 10 m wide, one tenth the width of the confluence 

bar itself (Figure 3.10D). Sediment reworking on this bar is more frequent than that experienced by the 

lateral bars upstream because flows along Shakadang Stream are unregulated. 

 

3.5.3 Landscape connectivity between landscape comp artments 

       Lateral and longitudinal connectivity vary between the source zones, Taosai mid-catchment 

zone, Liwu downstream zone, and gorge sections. Given the steep terrain, around 90% of landslides 

directly connect to the valley floors across the Liwu basin as a whole (Kuo & Brierley, 2013). This 

creates a high hillslope-valley floor connectivity overall. In the source zone and Taosai mid-catchment 

area, large and persistent landslides induce abundant sediment supply, while rock falls are the primary 

agent of mass movement in downstream areas. In the source zones and gorge sections, materials 

from hillslopes enter the channels directly due to the narrow valley and lack of floodplains. In contrast, 

floodplains and large laterals bars in the Taosai mid-catchment zone and along the lower course of the 

river form buffer zones that reduce lateral connectivity. In addition, flow regulation by Sipan Dam 

reduces the frequency of sediment exchange between floodplains and channels in the downstream 

area. High tributary–trunk stream connectivity in the source zones and gorge sections reflects steep 

channel slopes and confined valleys of tributaries and the trunk stream. No large depositional features 

are able to form at tributary confluences. In contrast, lower tributary–trunk stream connectivity is 

evident in the Taosai mid-catchment zone and in downstream areas due to the gentle channel gradient 

of tributaries and large sediment storage units such as tributary fans and bars.  

    Upstream–downstream connectivity is determined by the sediment transport capacity and the 

influence of barriers. In analyzing these relationships, it is recognized explicitly that downstream 

sediment loads may not reflect the scaling behaviour of landslide inputs because of the spatial and 

temporal variation of hillslope failure and the discontinuity of transport mechanics at the interface of the 

hillslope and valley floor systems (Hovius et al., 2000). In general, sediment transport capacity 
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increases as stream power increases and sediment size decreases. A “unit stream power index”, 

defined by drainage area (A) × channel slope (S) / valley width (W), is used here to evaluate the 

upstream–downstream connectivity along the main stream. Drainage area is used as a surrogate for 

flow discharge in deriving estimates of stream power (see Fryirs et al., 2007b). Figure 3.11 shows the 

downstream change of unit stream power index from source zone TS to the Liwu downstream zone. 

The source zone (0 – 2 km) has a steep channel gradient (~ 0.2 m/m) but small catchment areas so 

stream power is relatively low. Effective downstream movement of sediment only occurs during rainfall 

events. Unit stream power is highest in the lower gorge (20 – 40 km) and upper gorge (2 - 14 km). 

Given high unit stream power conditions, the gorge acts as a booster for sediment transport, inducing 

high upstream–downstream connectivity (Figure 3.10F). In contrast, wide valleys (50 – 120 m) in the 

Taosai mid-catchment zone (14 – 20 km) results in a much lower unit stream power index. Low unit 

stream power plus the effect of pinch points result in the Taosai mid-catchment zone acting as a 

sediment storage zone that temporarily disconnects longitudinal flux (i.e. landslide damming and 

subsequent sediment release result in pulsed sediment flux in the mid-catchment zone; cf. Hovius et 

al., 2000, Korup, 2005a, Yang et al., 2013). 

 

 

 

Figure 3.11: Downstream change of unit stream power index from Taosai source zone to 

Liwu downstream zone. 
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Figure 3.12: Conceptual representation of the configuration and operation of sediment sources, sediment 

stores and features that reduce or enhance connectivity during flood events of differing magnitude and 

frequency in Liwu Basin. During annual flood events, sediment reworking occurs in source zones, while 

blockages such as tributary fans, landslide dams and artificial dams inhibit sediment transfer along the 

valley floor in the mid-catchment and downstream zones. Breaching of these barriers can be viewed as 

analogous to turning on a switch (Fryirs et al., 2007a). Phases of sediment accumulation and flux over 

roughly a decadal time period stimulate pulsed longitudinal connectivity. 
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  The size of sediment deposited on valley floors also reflects sediment transport capacity and 

longitudinal connectivity. Miller, et al. (2012) investigated the process zones in dry upland watersheds, 

central Nevada and suggested that sediment accumulation and storage dominated zones are 

associated with less resistant rocks that weather into abundant but relatively small particles, while 

sediment transport dominated zones are associated with resistant, sparsely fractured rocks that 

produce limited but larger clasts. Analysis in the Liwu Basin, a humid mountainous basin, has similar 

findings. In the Taosai mid-catchment zone, landslide debris generated from small-sized weathered 

slates and schists is transferred to the valley floor. This creates sediment stores and reflects a low 

upstream–downstream connectivity. In contrast, large boulders derived from resistant marble walls by 

rock falls occupy the channel beds in the gorges (Figure 3.10F). Gravels and sands are only able to 

accumulate as temporary stores behind boulders and bedrock spurs. The transport capacity and 

longitudinal connectivity are high in these reaches. Finally, local sedimentation zones may reduce 

longitudinal connectivity along the channel (Hooke, 2003). Along the lower course of the Liwu River, 

boulders tend to stabilise channel beds and form sediment storage units which are filled with fine 

grained sediment. 

Landscape connectivity relationships and sediment flux vary over time. Figure 3.12 presents a 

conceptual summary of magnitude-frequency relations that fashion catchment-scale sediment flux in 

Liwu Basin. The operation of the sediment cascade is viewed in terms of connectivity relationships that 

fashion the recurrence of sediment inputs from landslides and gullies, generation of sediment stores 

(e.g. floodplains, fans), and events that breach buffers and barriers (i.e. the opening of ‘switches’ 

sensu Fryirs et al., 2007a). These relationships are influenced by landscape configuration on the one 

hand (e.g. patterns of valley width and associated factors that affect patterns and connectivity of 

sediment stores, such as pinch points, gorges as boosters, or Sipan Dam) and sequences of 

disturbance events that fashion patterns and rates of geomorphic response. 

The relatively low connectivity of the Taosai mid-catchment zone may be transformed during high 

magnitude flood events. High flows are able to rework sediments stored on valley fills, tributary fans, 
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lateral bars and floodplains, which were blockages of sediment movement before flood events. 

Breaching of these blockages dramatically increases the effective catchment area (Fryirs et al., 2007a). 

Two phases of change are evident in terms of new landslide generation and channel adjustment in the 

30 year period considered here (Figure 3.13). The 1998 image indicates newly generated landslides in 

all source zones as well as the Taosai mid-catchment zone. On the valley floors, the vegetation covers 

on tributary bars and lateral bars were all removed both in the latter area and further downstream. High 

magnitude flooding associated with Typhoon Amber in 1997 (return period = 20 years) is likely to have 

caused these changes. Another evident change was on the 2005 image. New landslides were 

generated and the valley fill expanded in the source zones. Geomorphic changes in the Taosai 

mid-catchment zone included increases in landslide area, emergence of gullies, disappearance of a 

landslide lake and shifts in channel position. These significant geomorphic changes can be attributed 

to Typhoon Longwang (return period = 8 years). Although not as big as Typhoon Amber, the 

occurrence of three antecedent typhoon events caused an unstable environment which enhanced the 

effect of Typhoon Longwang. This demonstrates the importance of preconditioning and sequencing of 

flood events. Notable changes on the 1998 and 2005 images indicate that both a single high 

magnitude event and a series of moderate magnitude events can bring about significant landscape 

change and can alter connectivity relationships. Variability in the sequence of events and patterns of 

sediment availability induce a non-linear relationship between flood magnitude and geomorphic 

effectiveness. 

 

3.5.4 Landscape sensitivity, system response to dis turbance events, and the variable role of 

magnitude-frequency relationships upon landscape co nnectivity 

    Landscape sensitivity can be appraised by the resistance to disturbing forces, the ability of the 

system to recover after disturbance, and the mean recurrence time between effective events 

(Brunsden & Thornes, 1979, Downs & Gregory, 1993). In Liwu Basin, these relationships are 

fashioned by the recurrence time of disturbance events (earthquakes and typhoons) relative to the 
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recovery time of landslides (as shown by vegetative stabilization of hillslopes). These relationships 

vary in source, mid-catchment and downstream zones. Landscape configuration, in turn, affects the 

connectivity between landscape compartments and the longitudinal reworking and transfer of 

sediments at the catchment scale. 

     

 

Given the frequency of disturbance events and the high coupling between landscape compartments, 

the Liwu Basin can be considered as a geomorphically sensitive system (sensu  Downs & Gregory, 

1993, Harvey, 2001). However, the confined valley gorges have a high resistance and are subjected to 

limited geomorphic changes over a decadal time scale. In contrast, the Taosai mid-catchment zone is 

much more sensitive in geomorphic terms. This reflects the recurrence and severity of disturbance 

events in this setting, where destabilised slopes generated by coseismic landsliding are prone to 

subsequent erosion by typhoon events. Given the relatively fragile lithology, and partly-confined valley 

settings, frequent landslides induce significant yet variable geomorphic responses. Other than small 

gullies which revegetated quickly (less than two years), almost all landslides larger than 1 ha enlarged 

gradually, indicating that the rate of vegetation recovery is slower than the recurrence of trigger events 

in this area. Contrasting results were found by Harvey (2001) in a study in England, while Wenske et al. 

(2012) made similar conclusions in an area of central Taiwan. Downstream areas are less sensitive 

Figure 3.13: Changes of new landslide area and average channel shifting distance for each 

period. Note marked variability in process relationships 1986-1998 and 2005-2009. 
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than the Taosai mid-catchment zone because of the capacity of the system to rework available 

sediments recurrently, with only minor alterations to connectivity induced by lateral bars, boulders that 

stabilise the channel bed, and the interception of water and sediment by the Sipan Dam. 

    Findings from this study indicate that the magnitude-frequency spectra of formative processes on 

hillslopes, relative to the magnitude-frequency spectra of formative processes on valley floors, vary at 

differing positions within this catchment. Headwater (source) areas are subject to recurrent (annual) 

landslide activity, with near-immediate reworking of materials on confined valley floors. Lateral and 

longitudinal connectivity are very high. In mid-catchment areas the magnitude-frequency spectra of 

hillslope and valley-floor processes are slightly out of phase. Hillslope activity and sediment 

conveyance to valley floors is recurrent. However, because of the partly-confined valley setting, 

blockages induced by landslides inhibit sediment transfer along the valley floor. Breaching of landslide 

dams (or barriers) in these areas with space (capacity) for sediment storage can be viewed as 

analogous to turning on a switch (Fryirs et al., 2007a). Phases of sediment accumulation and flux over 

roughly a decadal time period stimulate pulsed longitudinal connectivity. The confined nature of 

downstream valleys promotes efficient sediment transfer through to the Sipan Dam. The latter 

sediment stores, however, are flushed through to the lower course of the river (and thence offshore) by 

recurrent high magnitude events induced by typhoons. Although valley marginal buffers inhibit lateral 

connectivity and sediment reworking along the lower course of the system, annual events are 

geomorphically effective in this area, such that the river is able to cope with pulsed sediment inputs 

from upstream. Along the lower course of the river, hillslope processes (largely via rockfalls along the 

gorge that generate relatively small amounts of large boulders that are infrequently worked) are ‘out of 

phase’ with channel adjustments, as recurrent flow events are able to rework the majority of materials 

that are supplied to this reach. 

    In summary, lateral and longitudinal connectivity are high throughout the Liwu Basin, other than 

temporary interruptions created by landslide dams that generate mid-catchment sediment storage 

features. Rapid uplift and incision, along with the resistant nature of the bedrock and recurrent (annual) 
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reworking of materials by typhoons, have fashioned these relationships. Although particular sequences 

or concatenations of events may drive dramatic geomorphic responses in some landscapes, the 

ongoing nature of dynamic year by year adjustments in the Liwu Basin seemingly ‘drown out’ individual 

events or phases of events. In such highly connected landscapes, progressive adjustments are likely 

to mask the impacts of high magnitude events. This highly connected, dynamic landscape is sensitive 

to relatively small-scale disturbance events.  

    Analyses of catchment-scale variability in landscape connectivity and sediment flux are key 

considerations in the study of landscape evolution and disaster mitigation. These analyses are 

especially pertinent in highly connected and sensitive landscapes, where impacts in one area are 

rapidly conveyed through the system. As future climate changes may increase the magnitude and 

frequency of peak flows and the number of effective sediment generation events (e.g. Reid et al., 2007, 

Lane et al., 2008), long-term monitoring on hillslope and channel system and further understanding of 

the spatial and temporal operation of connectivity in tectonically active mountain belts such as Taiwan 

are required to interpret landscape change and support disaster mitigation programmes. 

 

3.6 CONCLUSION 

    A 30-year analysis of landslide changes and channel adjustments in the Liwu basin shows that 

spatial and temporal patterns of landscape connectivity influence geomorphic responses to 

disturbance events at the catchment scale. These relationships reflect spatial variability in intrinsic 

controls such as lithology and landslide dimension alongside extrinsic controls such as rainfall 

distribution. Disturbance events are so recurrent in this system that observed local variability in space 

and time is dwarfed by progressive ongoing geomorphic adjustments. The high connectivity of the 

system as a whole exerts a primary influence upon these process response relationships. 

    In source zones landslides have extremely steep slopes which are connected directly to the 

confined valley floor, resulting in high lateral connectivity. Frequent flood events and steep channel 

gradient induce high longitudinal connectivity. In mid-catchment areas, local features play an important 
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role in shaping channel patterns. Large tributary fans may induce sedimentation zones that influence 

sediment transport relationships between tributaries and the trunk stream. Subsequent flood events 

(approximately 10 year recurrence interval) rework sediments and increase upstream–downstream 

and tributary–trunk stream connectivity. In addition, valley constrictions form “pinch points” and result 

in backwater effect during flood events, reducing longitudinal connectivity. In downstream areas, the 

Sipan Dam forms a barrier to upstream–downstream connectivity, while lateral and tributary 

confluence bars locally trap sediments transferred to the trunk stream. Given the frequency and 

severity of disturbance events, and the high coupling between landscape compartments, the Liwu 

Basin can be considered as a geomorphically sensitive system. 
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Abstract 

    Changes to channel morphology reflect geomorphic work by flood events of differing magnitude 

and frequency. Advances in remote sensing and digital terrain processing now allow for sophisticated 

analysis of spatial and temporal changes in erosion and deposition. Although the morphological 

budgeting approach using digital elevation models of difference has been widely applied to track 

volume estimation of changes to erosion and deposition over time, appraisals of geomorphic 

effectiveness in high-energy confined and partly confined channels are still lacking. This study applied 

terrestrial laser scanning to monitor three reaches of the Liwu River, a bedrock-dominated river in 

eastern Taiwan, from 2009 to 2012, to investigate channel responses to flood events of low to 

moderate magnitude and appraise their geomorphic effectiveness. Variability in geomorphic 

effectiveness reflected valley confinement and the composition/configuration of geomorphic units on 

the channel bed. Annual low magnitude flood events reworked gravel and sand deposits, creating local 

scour and fill (< 0.5 m in depth) in the confined and in the unconfined reaches. Lower unit stream 

power in the wider, less-confined reach resulted in longer intervals between phases of boulder 

reworking relative to the confined reach. Bedrock exposure and stable sediment storage units in the 

confined reach restricted changes to channel pattern. Successive moderate and low magnitude events 

in 2012 created an evident erosion of 7556 m3 (~ 1 m in depth) and were able to modify channel 
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configuration in partly confined and unconfined reaches. Frequent changes of patterns of scour and fill  

on the channel bed indicate that the Liwu River is highly sensitive to flood events of low to moderate 

magnitude. This reflects an active orogenic river system that is characterized by a steep channel and 

narrow valley floors with limited accommodation space but abundant sediment. 

Keywords: Channel morphology, Magnitude-frequency, Geomorphic effectiveness, Terrestrial laser 

scanning, Valley confinement. 

 

4.1 INTRODUCTION 

    Changes to channel morphology reflect geomorphic work by flood events of differing magnitude 

and frequency. The original conceptualization proposed by Wolman and Miller (1960) suggested that 

channel morphology is determined predominantly by frequent discharge events (mean annual or 

bankfull stage, 2.33-year recurrence interval) rather than infrequent large events. Subsequent 

reappraisals indicated that the geomorphic effectiveness of flood events of a given magnitude varies 

markedly in differing environmental settings (Wolman and Gerson, 1978). Indeed, rivers in certain 

localities preferentially adapt their form to infrequent, high magnitude events: e.g. bedrock-dominated 

rivers (Baker, 1977) and some gravel-bed rivers (Heritage and Milan, 2004). Elsewhere, variability in 

flood magnitude (expressed using measures such as the coefficient of variability) is a critical 

determinant of geomorphic effectiveness as infrequent high magnitude events are able to rework large 

amounts of sediment bringing about dramatic changes to channel and floodplain features in some 

instances (Finlayson and McMahon, 1988; Nanson and Erskine, 1988). Materials transported and 

deposited during any given event are made available for entrainment and transport by subsequent 

floods. Hence, sequences of floods and the duration of the relaxation period between events may be 

critical determinants of geomorphic effectiveness (e.g. Nanson, 1986; Kochel, 1988). In supply-limited 

channels, the amount of work undertaken by a rare large flood and subsequent smaller floods during 

the relaxation phase may exceed the cumulative work undertaken by bankfull-stage floods (Milan, 

2012). 
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    The impact of floods on channel morphology is highly variable. While some major floods produce 

catastrophic change (e.g. Baker, 1977; Miller, 1995; Milan, 2012), other events of a similar magnitude 

have little geomorphic impact (e.g. Costa and O'Connor, 1995; Magilligan et al., 1998). In part this 

reflects preconditioning factors, such as the preceding history of flood events that may have scoured 

away or deposited large volumes of sediment in a given reach (e.g. Johnson and Warburton, 2002; 

Gray et al., 2014). Alternatively, changes to channel boundary conditions such as removal of riparian 

vegetation or wood may exert critical (threshold-induced) changes in the geomorphic effectiveness of 

flood events of a given magnitude (e.g. Brooks and Brierley, 1997; Brooks et al., 2003). Floods of 

similar magnitude and frequency may produce dissimilar morphological response, even within the 

same catchment (Nanson, 1986; Magilligan, 1992; Fuller, 2008; Thompson and Croke, 2013). 

Downstream patterns of river types and their connectivity influence sediment availability during any 

given event (see Hooke, 2003; Fryirs et al., 2009). Fuller (2008) concluded that the spatial discontinuity 

of channel transformation relates to valley floor and channel configurations. Similarly, Thompson and 

Croke (2013) found dramatic differences in geomorphic responses between two adjacent reaches of 

contrasting valley configuration. The confined reach was net erosional, while the unconfined reach was 

net depositional. Higher stream power in confined channels may produce greater geomorphic work 

than wider channels (see Fuller, 2007). In summary, geomorphic impacts of flood events are spatially 

discontinuous and reach specific. 

     Morphological budgeting using information gained from monitoring three-dimensional channel 

change provides an increasingly valuable tool in process-based evaluation of sediment flux (Ashmore 

and Church, 1998; Ham and Church, 2000). Advances in remote sensing and digital terrain processing 

and increased analytical capacity now allow for sophisticated appraisals of spatial and temporal 

changes in erosion and deposition. Digital elevation models (DEMs) of Difference (DoD) now support 

analyses of net landscape change for morphological budgeting across a range of spatial scales 

(Heritage and Hetherington, 2007; Croke et al., 2013). Reach-scale DEMs can be derived using 

various approaches, including photogrammetry (Lane et al., 1996; Heritage et al., 1998; Westaway et 
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al., 2003), total station (Eaton and Lapointe, 2001; Fuller et al., 2003b), RTK-dGPS (Brasington et al., 

2000; Milan, 2012; Fuller and Basher, 2013), airborne Lidar (Croke et al., 2013; Thompson and Croke, 

2013), and terrestrial laser scanning (Heritage and Hetherington, 2007; Brasington et al., 2012; 

Rychkov et al., 2012; Williams et al., 2013). Advantages of terrestrial laser scanning (TLS) include its 

accuracy (subcentimetre- to centimetre-scale elevation error) and efficiency in terms of field data 

collection and post-processing (Heritage and Hetherington, 2007). The TLS has been applied to 

survey the Earth surface in a range of geomorphological settings such as sand dunes (Nagihara et al., 

2004), karst landforms (Siart et al., 2013), cliff erosion rates (Gulyaev and Buckeridge, 2004), stream 

bank retreat (Resop and Hession, 2010), hydraulic biotope mapping (Milan et al., 2010), bedrock 

bedforms (Wilson et al., 2013), gravel bed roughness (Heritage and Milan, 2009), and braided river 

evolution (Wheaton et al., 2010; Williams et al., 2013). 

    Although the morphological budgeting approach using DoD has been widely applied to estimate 

volumes of erosion and deposition, the appraisal of geomorphic work in highly dynamic channels is still 

lacking. It is required to assess dynamics of high-energy, confined and partly confined channels. 

Rivers in Taiwan are subject to typhoon-induced flooding events that occur 3–4 times every year on 

average (Wu and Kuo, 1999). Recurrent typhoon and seismic events in these high relief terrains result 

in frequent landslides and extremely high sediment yield, extending beyond 10,000 t km2 a-1 for river 

systems in eastern Taiwan (Milliman and Syvitski, 1992). High flow discharge and high sediment load 

during typhoon passage result in significant variability in channel bed morphology. Hence, in this 

setting, frequent annual flood events of low to moderate magnitude may play an important role in 

shaping the channel morphology. This study applied TLS to monitor three reaches in the Liwu River, a 

bedrock-dominated river in eastern Taiwan, from 2009 to 2012, to investigate channel responses in 

confined/unconfined reaches to flood events of low to moderate magnitude and appraise their 

geomorphic work and effectiveness. 
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4.2 STUDY SITES 

    The Liwu basin drains from the Central Range of Taiwan (~ 3500 m asl) into the Pacific Ocean 

over a short distance of around 60 km with a very steep channel slope (~ 0.05 m m-1) (Figure 4.1). 

Over 90% of the catchment area of 616 km2 lies at elevations above 1000 m asl (Chang et al., 2000). 

The regional lithology is comprised of Palaeozoic and Mesozoic schist, marble, and gneiss that 

underwent considerable deformation during the Cretaceous and Tertiary (Petley, 1998). Considerable 

faulting and jointing induces many small rockfalls. Permian marble forms most of the extremely high 

cliffs along the gorge. High uplift and incision rates have created the spectacular Taroko Gorge, a 

600-m-deep ravine carved into the high strength marble (Petley, 1998) (Figure 4.1). Taroko National 

Park was established in 1986 to protect the unique landscape and its ecological environment. This 

steep mountainous terrain is primarily covered by forest. 

Mean annual precipitation in the area is ~ 2200 mm. Precipitation rates as high as 600 mm d−1 have 

been reached during typhoon passage (Schaller et al., 2005). Flow discharge of the Liwu River has 

been recorded at only one long-term gauge station (Lushui) since 1956 (Figure 4.1, the upstream 

drainage area is 435 km2). At Lushui the average daily discharge is 32.1 m3 s−1, ranging from 44 m3 s−1 

in the wet season (between 25 and 65 m3 s−1 from May to October) to 20 m3 s−1 in the dry season 

(between 15 and 25 m3 s−1 from November to April) (Kuo and Brierley, 2013). Discharge during 

typhoons can exceed the long-term daily average by an order of magnitude or more. For example, 

Typhoon Billis in 2000 had a peak daily discharge of 2240 m3 s−1. Estimated data indicated that ~ 90% 

of the total sediment discharge and 15% of the total water discharge of that year occurred over 5 days 

during this flood event (Hartshorn et al., 2002). The index of variability of peak annual discharges (the 

standard deviation of the logarithms of flows) is 0.40, which is much higher than the world average of 

0.15 (Finlayson and McMahon, 1988). This indicates a great variability in flood magnitude. Over the 

past 30 years, the frequency of flood events of low (100–500 m3 s-1), moderate (500–1000 m3 s-1), and 

high magnitude (> 1000 m3 s-1) is 2.5, 0.6, and 0.3 times per year, respectively (Kuo and Brierley, 

2014). Compared to the long-term average, the study period (2009–2013) had a lower frequency of 
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floods (1.75, 0.25, and 0 times per year for low, moderate and, high magnitude events, respectively). 

 

 

 

Most flood events in this area are induced by typhoons with a return period of 1–2 year(s). Figure 4.2 

shows the daily discharge and available sediment load data derived from the sediment concentration 

sampling record at Lushui station during the study period, with typhoon events labelled. The largest 

event during this period was Typhoon Saola, which had a return period of 3.5 years and a peak daily 

discharge of 853 m3 s-1. This event had a high sediment load of 0.16 MT d-1 (0.89 percentile based on 

Figure 4.1: Location of the Liwu Basin and three study reaches with aerial photographs with the 

same scale (dates shown at the bottom). Flow directions are shown by black arrows. 
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a 16-year sampling record). Sediment load of similar magnitude was recorded in typhoon Fanapi in 

2010, an event with a recurrence interval of 1.8 years. 

  Sipan Dam with a height of 15 m was constructed for hydroelectric power generation at the end of 

the gorge section in 1965 (Figure 4.1). This regulates downstream flow discharge and forms a 

sediment trap (Chang et al., 2000). 

 

 

   Confined valley settings occupy over 80% of the whole channel network and dominate this steep, 

deeply dissected, uplifting mountainous basin. Over 95% of sediment storage in the Liwu River is 

found within the short alluvial section of laterally unconfined valley close to the river mouth (Kuo and 

Brierley, 2013). Thin, patchy mantles of alluvium persist along bedrock reaches despite active incision 

through rock (Whipple, 2004). Landslides are a major source of sediment in tectonically active 

mountain belts (Dadson et al., 2004). In the Liwu basin, steep terrain and fragile geology, along with 

frequent flood and seismic events, create significant landslide activity in the upper catchment. High 

hillslope–valley floor and longitudinal connectivity prompt efficient sediment transport to downstream 

reaches (Kuo and Brierley, 2014). 

Figure 4.2: Flow discharge and sediment load data recorded at Lushui Station (shown on Figure 4.1) from 2009 

to 2012. Qn denotes return period of n year flood based on the frequency analysis of annual maximum series of 

long-term flow discharge data from 1956 to 2012 using the Weibull plotting position method. 
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    Channel change monitoring was undertaken in confined, partly confined, and laterally unconfined 

reaches of the Liwu River to investigate the relation between valley confinement, sediment 

composition, and channel responses to floods (study reaches are located on Figure 4.1). Pudu Bridge 

(PDB) reach is located within a confined gorge immediately downstream of the confluence with a main 

tributary, Dasha River. This reach includes a lateral bar and a point bar. Channel morphology is 

controlled by bedrock (Figures. 4.3A–C). Pudu Bridge, an arch bridge crossing this reach, has no piers 

on the river bed. Changchun Shrine (CCS) reach is located in an unconfined valley and is 

characterized by low sinuosity gravel beds (see Kuo and Brierley, 2013). River flows from north to 

south then a bedrock wall forces the flow east into a narrower gorge. Road and recreation facilities are 

along the upper left (east) bank, while the right (west) bank has a large accumulation of landslide 

debris. Huge boulders (~ 10 m in diameter) have been deposited at the base of the landslide, forming a 

boundary between the channel bed and the hillslope (Figures 4.3D–F). Finally, Jinwen Bridge (JWB) 

reach is partly confined and is located at the last valley constriction along the Liwu River prior to the 

Pacific Ocean. In this area the valley starts to widen and a delta fan has formed downstream. 

Sediments are composed of gravels and sands (Figure 4.3H). Two bridge piers have been installed on 

the river bed. The right bank has concrete walls, while the left bank has a bedrock wall and a floodplain 

pocket.. 

 

4.3. METHODS AND MATERIALS 

4.3.1 Field survey and data processing 

    Terrestrial laser scanning (TLS) instruments are active laser ranging systems that facilitate 

three-dimensional measurements by positioning the laser beam on a precise rotating head. Reflection 

of the laser pulse is recorded by the sensor, enabling three-dimensional coordinates to be calculated 

from simultaneous estimates of range and angle (Heritage and Large, 2009; Williams et al., 2013). 

Scan data cloud merging is achieved with a high degree of precision (subcentimetre) and positional 

data are shown to be very accurate for exposed surfaces. However, vegetation and water decrease the 
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accuracy, as the laser pulse is often prevented from reaching the ground surface or the signal is not 

returned (Heritage and Hetherington, 2007). 

 

 

 

 

 

 

 

  

Figure 4.3: Image records for survey reaches. Reach name and date of photographs are shown in the bottom 

right corners. Black arrows denote flow directions. (A) Lateral bar behind bedrock outcrops. The red dashed line 

indicates the surface of sediment deposit, showing the flood height of typhoons in 2012. (B)-(C) The red dashed 

circle shows large boulders (~ 2 m) that were moved out of the point bar after typhoons in 2012. The yellow circle 

marks a new rockfall deposits, with boulders up to ~ 5 m. (D) The main channel is adjacent to the outer bend with 

a chute channel in the centre. (E) The whole channel bed was inundated during typhoon Nanmadol. (F) The 

channel bed was artificially flattened for a concert in Nov 2012. (G) Channel bed inundation during Typhoon 

Nanmadol. (H) Dredging of sand and gravel disrupts the smooth channel bed. (I) Bedrock exposure induced by 

channel bed erosion after typhoons in 2012. Red circles mark the top of bedrock, which is also shown on (H). 
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  The three study reaches were surveyed using a Riegl LMS Z360i terrestrial laser scanner that is 

able to measure distances from 2 to ~ 150 m with high precision (< 5 mm). Survey control was 

facilitated using the RiScan-Pro survey software package, which is able to visualize point cloud data in 

the field. Surveys were carried out four times in 2011 (Jan, Jul, Sep, and Dec) and one time in Jan 

2013 (Table 4.1; Figure 4.2). In addition, two survey data (CCS in Mar 2009 and JWB in Apr 2010) 

undertaken by Dong Hwa University are incorporated into the change analysis. Unfortunately, the 

channel bed in CCS was flattened artificially for a concert in Nov 2012, restricting use of the survey 

data from Jan 2013 in this instance. 

 

Table 4.1: Survey dates, sites, and flow discharge at the 

time of survey (Water Resources Agency, Taiwan) 

Survey date Survey reach 
Daily flow discharge 

(m3 s-1) 

20-Mar-2009 CCS only 14.01 

21-Apr-2010 JWC only 16.08 

6-Jan-2011 all 14.24 

7-Jul-2011 all 14.85 

8-Sep-2011 all 39.65 

15-Dec-2011 all 22.24 

24-Jan-2013 PDB and JWC 19.60 

 

Point cloud data were generated from two scan positions in each site (shown on Figure 4.1). The 

number of scan positions was limited by steep terrain. The scanner could only be set on one side of the 

bank (the road side) because of steep valley walls and nonwadable channels. Efforts to survey the 

three sites in the same day restricted the capacity to conduct more scanning works. Point cloud data 

were transformed into the same local coordinate systems using auto corresponding tie points based on 

reflective flatness and cylinders settled in the field. Total scanning area of study reaches and average 

point density on exposed surfaces are listed in Table 4.2. As scan positions in reaches PDB and CCS 

are on the bar surfaces, point densities are much higher than site JWB, where scan positions are on a 
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bridge and roadside. Longer measuring distances caused a lower point density at the latter site. Point 

cloud data on the channel bed were selected and imported into ArcGIS 10.0 to create TINs. Delaunay 

triangulation (or TIN) is considered the best interpolator of landscape surface data in fluvial 

geomorphology applications and returns lower elevation errors in comparison to other interpolation 

schemes (Heritage et al., 2009). These TINs were converted to DEMs of 0.1 m × 0.1 m resolution by 

linear interpolation (Schwendel et al., 2012). 

 

4.3.2 Uncertainty of DoDs and volume calculation  

  The most commonly adopted procedure for managing DEM uncertainties involves specifying a 

minimum level of detection threshold (min LoD) to distinguish actual surface changes from the inherent 

noise (Fuller et al., 2003a). The significance of the uncertainty manifested in the DoD can be 

approximated using probabilistic thresholding using a user-defined threshold (Brasington et al., 2003; 

Lane et al., 2003; Milan et al., 2007; Croke et al., 2013). The analysis of differences between two 

DEMs must account for errors in both. Standard deviation of the error was used as a measure of 

uncertainty. The propagated error from both surfaces can be derived from 

���� = ����� + ���                                                       (1) 

where Ucrit is the critical threshold error based on a critical student's t value at a given significance level 

(in this study, t = 1.96 at a 95% confidence interval), and σ1 and σ2 are the DEM uncertainty in each 

surface, which can be estimated by a uniform error (e.g. Croke et al., 2013) or a spatial pattern error 

(e.g. Wheaton et al., 2010). A key limitation of using a uniform error across the entire DEM is the 

resultant over- or underestimation of elevation changes in some parts of the DEM (Milan et al., 2011). 

Essentially, areas that are steep and/or have low survey point density have very high elevation 

uncertainty; whereas areas that are flat and/or have relatively high survey point density have low 

elevation uncertainty (Wheaton et al., 2010). Considering the high variation of topography and the high 

roughness of channel beds in the Liwu River, a spatial pattern error filter was adopted in this study. In 

addition, a fuzzy inference system (FIS) including two variables (slope and point density) has been 
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introduced to account for the spatial variability of elevation uncertainty in individual DEMs (see 

Wheaton et al., 2010). The values of input raster (slope or point density) were scaled from 0 to 1 

(Figure 4.4). The fuzzy membership was calculated based on the linear transformation of the input 

raster. Slope and point density of each cell in each DEM were classified into three categories (slope: 

gentle, median, and steep; point density: high, median, and low) by two boundaries (mean and mean 

plus one standard deviation) because of a positive skew of value distribution. To acquire a spatially 

variable estimate of error, the above process was applied on a cell-by-cell basis to the entire raster 

DEM. Thus, the elevation uncertainty for each cell in each DEM (σ1 or σ2) = (the error from TLS survey) 

* [(the scale of slope + the scale of point density)]. Therefore, a cell with a gentle slope and a high point 

density has an elevation uncertainty of zero, whereas a cell with a steep slope and a low point density 

has an elevation uncertainty of double error from TLS survey. Figure 4.5 presents an example of 

spatial distribution of point density, slope, and elevation uncertainty (DEM error) in site CCS on 8 Sep 

2011. The original error from TLS in this survey is 0.045 m. The area with low DEM error is around the 

two survey points, whereas the area with high DEM error is distributed on channel beds with steep 

slope. The elevation uncertainty of DoDs between two surveys is calculated by Eq. (1); and the 

average elevation uncertainty is 0.183, 0.083, and 0.122 for site PDB, CCS, and JWB, respectively 

(Table 4.2). The rough surface at PDB created a higher elevation uncertainty than the two other sites. 

The low point density at JWB also resulted in an elevation uncertainty of more than 0.1 m. 

The DEMs of Differences (DoDs) produced a net volumetric budget for each study reach. Because 

of the low accuracy in water bodies as a result of nonreturned laser pulses (Heritage and Hetherington, 

2007; Milan et al., 2007), a water surface mask was applied to eliminate changes in wet zones in 

subsequent budget estimates. As such, this value represents a conservative estimate of likely changes 

(Croke et al., 2013). Estimates of net volumetric change were approximated using a simple integration 

scheme, multiplying the calculated elevation change by the surface area of each cell (0.01 m2). 
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Table 4.2: Information of slope, point density, and error estimation in study reaches 

Site 

Survey area 

including wet 

channel (m2) 

Slope 

(degree) 

 Point density 

(pt./0.01m2) 
Mean error of 

individual DEM 

(m) 

Mean elevation 

uncertainty of DoD 

(m) Mean 
Standard 

deviation 

 
Mean 

Standard 

deviation 

PDB  5856.2 13.9 12.2  42.5 321.3 0.060 0.183 

CCS  9474.6 10.3 10.6  56.1 350.6 0.030 0.083 

JWC 14017.3  6.3  7.6   4.3  15.3 0.048 0.122 

Figure 4.4: Fuzzy membership of DEM uncertainty is scaled from 0 to 1. 

Three levels (slope: gentle, median, steep; point density: high, median, 

low) are classified by mean and mean plus 1 standard deviation. 

Figure 4.5: Spatial distribution of (A) point density, (B) slope, and (C) DEM error in CCS on 8 Sep 2011. 
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4.4 RESULTS 

4.4.1 Patterns of geomorphic changes 

4.4.1.1 Pudu Bridge (PDB) 

    As this reach is within a confined gorge, bedrock 

outcrops control the channel geometry and alignment. The 

single channel and two sediment storage units were stable 

throughout the study period (Figure 4.6). Boulders (> 1 m in 

diameter) were distributed unevenly on the point bar, creating 

a rougher surface than upon the lateral bar (Figs. 4B and C). 

Variation of surface area of the lateral bar and point bar 

reflects the flow discharge at the time of survey (Table 4.1). 

The DoDs shown on Figure 4.7 indicate that the overall 

variation of elevation does not exceed ±1 m. Spatial patterns 

of erosion and deposition showed no evident change from 

Jan to Jul (Figure 4.7A), while erosion occurred across much 

of the area from Jul to Sep 2011 (Figure 4.7B). The area of 

deposition is slightly larger than the eroded area during the 

last two periods (Figures. 4.7C and D). Scour and fill occurred 

at differing locations within a sediment storage unit, with 

deposition at the downstream end of the lateral bar and 

erosion at the upstream part. This pattern was reversed 

during the next survey period. For the point bar, sediment 

was eroded along the channel edge from Dec 2011 to Jan 

2013, while huge boulders (~ 2 m in diameter) were deposited 

onto the bank side (Figure 4.4C).  

Figure 4.6 DEMs for the Pudu Bridge 

(PDB) site 



105 

 

 

 

 

 

 

4.4.1.2 Changchun Shrine 

    Left bank deposits on the inside bend form an ~ 2 m high, stable sediment store (Figure 4.8). 

Other than this feature, channel bed morphology and channel courses changed in all periods. Channel 

courses flowed over the centre or along the outer bank or both. The DoDs shown on Figure 4.9 

indicate that overall erosion was more prominent than deposition from 2009 to 2011. The most evident 

degradation occurred throughout the reach from Mar 2009 to Jan 2011. The centre bar was eroded 

totally, creating an elevation decrease of up to 3 m (Figure 4.9A). During the next two phases in 2011, 

erosion and deposition occurred in differing parts of the reach (Figures 4.9B and C). Accretion is 

evident between the outer bend channel and the central chute. Erosion dominated the reach again in 

the last phase in 2011 (Figure 4.9D). Although the comparable area decreased because of the greater 

submerged zone in Dec 2011, field observation attested that erosion occurred in the whole reach. 

 

 

(A) (B) 

(C) (D) 

Figure 4.7: DoDs for the Pudu Bridge (PDB) site. Former and later channel boundaries are shown by dotted 

and solid lines, respectively. 
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Figure 4.8: DEMs for the Changchun Shrine (CCS) site 
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Figure 4.9: DoDs for the Changchun Shrine (CCS) site. Former and later channel 

boundaries are shown by dotted and solid lines, respectively. 

06/Jan/2011 - 07/Jul/2011 20/Mar/20 - 06/Jan/2011 

07/Jul/2011 - 08/Sep/2011 08/Sep/2011 - 15/Dec/2011 

(A) 

(D) (C) 

(B) 
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4.4.1.3 Jinwen Bridge 

  The main channel flowed through the central area with mid-channel bars in Apr 2010 (Figure 4.10A). 

It then shifted to the left bank and remained in that location throughout 2011 (Figures 4.10B–E). The 

channel pattern had changed significantly by Jan 2013. The main channel had shifted back to the 

centre with multiple channels separated by mid-channel bars and exposed bedrock (Figures 4.10F and 

4.3I). Protruding dikes shown on DEMs reflect artificial channel bed dredging (Figure 4.4H). The 

artificial feature in Apr 2010 was removed totally in Jan 2011 (Figures 4.10A and B). Another dike in 

Sep 2011 was eroded by two-thirds in Dec then disappeared in Jan 2013 (Figures 4.10D–F). The 

DoDs shown on Figure 11 indicate that erosion dominated in this reach throughout the study period 

other than the spreading of a thin deposit across the channel bed in the first half of 2011. Dramatic 

erosion up to 3 m deep occurred in Jan 2013, exposing bedrock in this previously alluvial reach (see 

Figure 4.3I). 

Figure 4.10: DEMs for the of Jinwen Bridge (JWB) site 
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4.4.2 Volume changes of deposition/erosion and rela ted flood events 

  Total volumes of erosion/deposition as well as average depth (Dm) of scour/fill for the three study 

reaches are listed in Table 4.3. We should note that volumes derived from morphological budgeting 

represent lower-bound estimates of sediment transfer because sediment may move through or within a 

reach without evident surface morphological expression (Eaton and Lapointe, 2001; Lindsay and 

Ashmore, 2002; Fuller et al., 2003a). Although negligible changes to channel pattern occurred in 

confined reach PDB throughout the study period, the two sediment storage units still experienced 

06/Jan/2011 - 07/Jul/2011 21/Apr/2010 - 06/Jan/2011 07/Jul/2011 - 08/Sep/2011 

15/Dec/2011 - 24/Jan/2013 

(A) (B) 

(E) 

(C) 

08/Sep/2011 - 15/Dec/2011 (D) 

Figure 4.11: DoDs for the Jinwen Bridge (JWB) site. Former and later channel 

boundaries are shown by dotted and solid lines, respectively. 
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significant volume changes after Typhoon Nanmadol, which induced erosion of 604 m3 in the lateral 

bar and 772 m3 in the point bar as well as an average scour depth of ~ 0.7 m. The greatest volume 

changes in the partly confined and unconfined reaches were erosion of 7556 m3 in JWB (Dec 2011–

Jan 2013) and 5948 m3 in CCS (Mar 2009–Jan 2011), which caused depth of scour > 1 m along with 

changes to channel planform. Over the whole monitoring period, the total volume of erosion is greater 

than deposition for all reaches. Net erosion occurred for nearly all measurement periods for reaches 

CCS and JWB, indicating a recent degradational trend for these reaches. In contrast, erosion was 

more temporally variable in reach PDB, with the volume of deposition comparable to or even larger 

than erosion in some periods. 

The magnitude of volume changes can be related to the temporal sequence of flood events. The 

greatest erosion volume of 5948 m3 in reach CCS occurred during the period with three flood events 

induced by Typhoons Morakot, Parma, and Fanapi in 2009 and 2010. Survey data in reach JWB only 

reflected the channel impact by Typhoon Fanapi, showing a large amount of erosion (2804 m3). In 

contrast, limited volume changes for all reaches in the first half year of 2011 reflected a quiet phase 

with no flood events (discharge did not exceed 50 m3 s-1). Typhoon Nanmanol in Sep 2011 resulted in 

greater erosion than deposition in all reaches. A storm one month later that had a similar magnitude of 

flow to that associated with Typhoon Nanmadol induced more erosion in CCS and JWB (the large 

submerged zone in CCS resulted in an underestimation of erosion volume). However, the volume 

changes in PDB were much smaller in this storm compared to Typhoon Nanmadol. The largest event, 

Typhoon Saola (return period = 3.5 years) occurred in Aug 2012. Responses to this event, combined 

with the effect of a successional event (Typhoon Tembin), created the greatest erosion volume of 7556 

m3 in reach JWB, significantly altering the channel morphology. However, for reach PDB, typhoons in 

2012 did not induce larger erosion than in Typhoon Nanmadol, with some deposition occurring. 
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Table 4.3: Volume estimation of erosion and deposition in lateral and point bar of Pudu Bridge (PDB-lb and -pb), Changchun Shrine (CCS), Jinwen 

Bridge (JWB) by time periods and related flood events; numbers in parentheses indicate average depth of scour/fill 

Table 4.4: Unit stream power index; drainage area is used as a surrogate for flow 

discharge in deriving estimates of stream power (see Fryirs et al., 2007b; Kuo 

and Brierley, 2014) 
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4.5. DISCUSSION 

4.5.1 Geomorphic responses to flood events of confi ned and unconfined reaches 

The DoDs show that confined and unconfined reaches did not always have the same level of response 

to flood events in terms of average depth of scour/fill (Table 4.3). Typhoons in 2012 had a larger 

magnitude than Typhoon Nanmadol in 2011. They induced greater depth of scour (1.03 m) in the partly 

confined reach JWB, while much less erosion (0.10 m on lateral bar and 0.23 m on point bar) and even 

deposition (0.35 m lateral bar and 0.32 m on point bar) occurred in reach PDB. Volume changes in this 

confined reach were not proportional to flood magnitude (cf. Fuller and Basher, 2013; Toone et al., 

2014). Previous studies suggested that localized confinement of flood flows may enhance stream 

powers and thus reinforce the propensity toward major morphological adjustment (Fuller, 2008; 

Thompson and Croke, 2013). In this study, steeper channel gradient and narrower valley width indeed 

resulted in a greater unit stream power in PDB than in the other two reaches (Table 4.4). Huge 

boulders (~ 2 m in diameter) on the point bar in PDB were removed from this reach after typhoons in 

2012 (Figure 4.4C). However, high stream power did not induce great degradation in PDB. This is 

attributed to the configuration of geomorphic units. The lateral bar behind the bedrock outcrop and the 

point bar on the inner bend are both stable sediment storage units. Although significant surface 

sediment reworking may have occurred during high discharge events, new sediments were deposited 

in situ during the flood recession phase. Surface sediment cover on the two sediment storage units 

changed after every flood event. Local fill and scour may have redistributed materials within the 

depositional units, but the overall morphological changes were constrained by consistent boundaries 

formed by bedrock and huge boulders (> 5 m) in this confined reach. This shows a resilient response 

to flood events. In contrast, the partly confined and unconfined reaches with wider valley settings and 

abundant sediment responded more sensitively to flood events. Temporary sediment storage units 

such as mid-channel bars and lateral bars composed of gravel and sand are vulnerable to erosion and 

reworking during flood events. This highlights the influence of valley confinement and the composition 

and configuration of geomorphic units as key determinants of channel sensitivity to adjustment.
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  Other than reach-scale characteristics, channel network attributes such as the distribution and 

nature of tributary confluences and associated influences upon flow/sediment inputs, influence local 

(reach or ‘sediment-link’ scale) responses to flood events (e.g. Ferguson et al., 2006; Ferguson and 

Hoey, 2008). These relationships are also influenced by longitudinal connectivity between reaches 

(Hooke, 2003). Although survey data in Jan 2013 in CCS were excluded from DoD analysis because of 

artificial change in Nov 2012, an aerial photograph in Oct 2012 indicated aggradation throughout the 

reach after the flood events (Figure 4.12). The high sediment load of 0.16 MT d-1 induced by Typhoon 

Saola (Figure 4.2) may have influenced the deposition during the flood recession phase in reach CCS 

Figure 4.12: Aerial photographs of study sites before (10 Feb 2012) and after 

(17 Oct 2012) Typhoons Saola and Tembin. Images were retrieved from 

Google Earth. Circle A indicates a huge rockfall ~ 5 m deposited on the point 

bar in PDB after the typhoons. Circles B and C denote bedrock exposure, 

indicating aggradation in CCS and degradation in JWB after flood events 
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and in PDB. Interestingly, the downstream reach JWB experienced significant erosion at the same time. 

Tributary factors may have reduced the impact of increasing sediment input for reach JWB (Figure 4.1; 

see Ferguson and Hoey, 2008). Water flow with high suspended load is able to be transferred through 

Sipan Dam to the downstream reach when the dam is releasing. A large tributary, Shakadeng Stream, 

joins the Liwu River 1 km upstream of reach JWB. This tributary is located in a zone underlain by high 

resistant rocks of gneiss and marble. Water quality monitoring shows that the concentration of 

suspended solids in Shakadeng Stream is much lower than the Liwu River (1 to 100 mg/L in low flow 

discharge and 10 to > 1000 mg/L during flood events) (Hsu, 2004). Thus, water flow from Shakadeng 

Stream may dilute the concentration of suspended load for the Liwu downstream reach and thus 

increase the propensity for erosion during flood events. This indicates that patterns of tributary 

confluences and flow/sediment attributes of any given subcatchment may influence reach-scale 

channel responses to flood events. 

 

4.5.2 Geomorphic effectiveness of low to moderate m agnitude flood events 

  The geomorphic effectiveness of a flood can be defined as the amount of sediment transported and 

also the amount of channel morphological change caused by the flood (Wolman and Miller, 1960; 

Wolman and Gerson, 1978). This depends on flood power, channel morphology, sediment composition, 

and reach connectivity (see Hooke, 2003). These relationships are shown schematically for the three 

study reaches along Liwu River in Figure 4.13. Valley morphology and periodicity of sediment 

reworking/availability of differing size fractions vary notably in the three study reaches, influencing 

channel response to any given flood event (or sequence of events). Sediment composition within a 

reach reflects sediment input and transport capacity. The point bar in reach PDB consists of sediment 

ranging from huge boulders (> 4 m) to fine sands, with poor sediment sorting. Sediment storage units 

in reach CCS are primary composed of gravels and sands, with scattered boulders of ~ 2 m. Nearly no 

boulders are in the downstream reach JWB, where gravels and fine-grained sediment are dominant. 

Frequent flood events in steep and confined channels efficiently convey abundant volumes of readily 
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reworked landslide materials from source zones to downstream area in the Liwu Basin (Kuo and 

Brierley, 2014). High longitudinal connectivity along channels results in recurrent availability of 

sediment < 0.5 m in diameter for these reaches. On the other hand, limited and variable inputs of huge 

boulders (> 2 m) to the channel bed primarily come from local rockfalls and landslides. These coarsest 

fractions, which are commonly distributed in reach PDB and in part of reach CCS, exert a significant 

influence upon channel morphology (Leopold, 1992), fashioning patterns of finer-grained 

sedimentation on the channel bed.  

 

 

 

 

 

 

 

 

Figure 4.13: Schematic diagram showing how valley morphology, hillslope inputs, and 

connectivity affect sediment composition and periodicity of reworking in the three study reaches 

of the Liwu Basin. Given the steep, highly dissected terrain, lateral and vertical connectivity are 

high. As a result, reworking of gravels and sands is recurrent during low–moderate flood events 

(< mean annual flood), while input of huge boulders from hillslopes occurs on an irregular basis 

(see Kuo and Brierley, 2014). Movement of coarse materials ~ 2 m during low magnitude (annual) 

events is possible in the confined reach PDB but not in the unconfined reach CCS. 
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    The results of channel morphology monitoring indicate that even though no flood events of large 

magnitude (return period > 5 years) occurred during the study period, low magnitude flood events (1–2 

years) were sufficient to submerge all channel bars (Figures. 4.4E and G) and rework gravel and sand 

deposits, creating local scour and fill in the confined and in the unconfined reaches. Low magnitude 

events were even able to move boulders ~ 2 m on the point bar in reach PDB, yet they were unable to 

move boulders of the same size in the unconfined reach CCS. Lower unit stream power in CCS 

caused by its wider valley setting results in a longer interval between periods of boulder reworking 

relative to the confined reach PDB. A moderate event (Typhoon Saola, 3.5 years) in 2012 followed by a 

smaller event that came three weeks later before the recession phase ended (typhoon Tembin) not 

only reworked sediment but also modified channel configuration in unconfined reach CCS and partly 

confined reach JWB. The fact that the main channel in reach JWB flowed against the left bank 

throughout 2011 indicates that the two flood events of low magnitude had low impact upon channel 

adjustments. In contrast, typhoons in 2012 induced significant erosion and bedrock exposure in reach 

JWB by flushing of finer-grained sediments (gravels and finer), prompting the development of multiple 

channels. Moderate floods can move bed sediment and drive vertical incision into bedrock in this 

instance. This supports findings from previous studies, which demonstrated that the very high incision 

rates in bedrock rivers in Taiwan reflect the high frequency of moderate floods rather than the 

exceptional magnitude of extreme discharges (Hartshorn et al., 2002; Barbour et al., 2009). 

    Geomorphic effectiveness of a flood is also related to pre-flood channel morphology (Fuller, 2008). 

However, findings from this case study have shown that in a highly connected, transport-limited system 

such as the Liwu River, preconditioning does not necessarily exert a significant influence upon the 

geomorphic effectiveness of individual events because of recurrent sediment supply/availability. The 

frequency of flood events of low (100–500 m3 s-1), moderate (500–1000 m3 s-1), and high magnitude (> 

1000 m3 s-1) is 2.5, 0.6, 0.3 times per year, respectively, based on a 30-year average (Kuo and Brierley, 

2014). Most of these floods are induced by typhoons. These typhoons may occur successively, such 

as Typhoons Saola and Tembin in 2012. Among a total number of 105 flood events from 1980 to 2012, 
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35 events came within one month after the last event and 13 of them included at least one moderate or 

large magnitude event. As recurrent disturbances by flood events change channel morphology rapidly, 

changes made by a single event are unlikely to be sustained for a long period of time. 

    Flow regulation by Sipan Dam may have weakened the impact of low magnitude events on 

downstream reaches, potentially accentuating the difference between geomorphic work done by low 

and moderate magnitude events. Around 400 ~ 600 million m3 of flow discharge was intercepted by 

Sipan Dam per year for hydropower generation from 2009 to 2012 (Table 4.5; Water Resources 

Agency, 2012). The moderate event in 2012 resulted in a high inflow discharge of 1583 million m3, 

twice as high as in 2011. The Sipan Dam intercepted discharge of ~ 600 million m3 in both years. This 

amount of water only occupied 38% of inflow discharge in 2012, while it occupied 72% in 2011 by 

comparison. The more than fourfold outflow discharge in 2012 relative to 2011 resulted in a much 

higher flood impact upon downstream channel adjustments. 

 

Table 4.5: Annual discharge regulated by Sipan Dam from 

2009 to 2012. (Unit: 106 m3) 

Year 
Inflow 

discharge 

Discharge for 

hydropower 

Outflow 

discharge 

2009 1339 523 816 

2010 743 415 328 

2011 823 590 233 

2012 1583 603 980 

 

4.6 CONCLUSION 

    The TLS-monitored channel responses to flood events of the Liwu River from 2009 to 2012 

demonstrated that reach variability reflected valley confinement and the composition/configuration of 

geomorphic units. Frequent flood events in this highly connected landscape result in recurrent 

availability of sediment < 0.5 m in diameter for the study reaches, while limited and variable inputs of 

huge boulders (> 2 m) to the channel bed primarily come from local rockfalls and landslides. Annual 



118 

 

low magnitude flood events were sufficient to rework gravel and sand deposits, creating local scour 

and fill in the confined and in the unconfined reaches. Lower unit stream power caused by the wider 

valley in the unconfined reach results in a longer period between events that are able to rework 

boulders relative to the confined reach. Bedrock exposure and stable sediment storage units in the 

confined reach restricted changes to channel pattern. Successive moderate and low magnitude events 

in 2012 were able to modify channel configuration in partly confined and unconfined reaches. 

Movement of bed sediment by moderate floods prompts vertical incision into bedrock. 

    In a highly connected transport-limited system such as the Liwu River, preconditioning does not 

exert a significant influence upon the geomorphic effectiveness of individual events because of 

recurrent sediment supply/availability. In addition, flow regulation by Sipan Dam may have enlarged 

the difference of geomorphic work done by low and moderate magnitude events. Frequent changes of 

location of scour/fill on the channel bed attest to the geomorphic effectiveness of low to moderate flood 

events in this setting. This reflects an active orogenic river system characterized by a steep channel 

and narrow valley floors with limited accommodation space but abundant sediment. Ongoing 

monitoring of changes to channel morphology will aid understandings of the geomorphic effectiveness 

of large events (> 10 or even > 100 years), supporting efforts to further unravel magnitude–frequency 

relationship in such a dynamic setting. 
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5. DISCUSSION 

5.1 CONTEXTUAL CONSIDERATIONS 

    Landscape processes, forms and patterns are contextual. They reflect the environmental and 

climatic setting in which they are found. Findings from the three papers enhance our understanding of 

process relationships in the Liwu Basin. Firstly, catchment-scale analysis of patterns of river types and 

sediment storage (Chapter 2) indicated that downstream patterns of sediment storage are controlled 

primarily by valley confinement (i.e., valley width) and landscape configuration. Secondly, analysis of 

geomorphic changes over 30 years in differing parts of catchment (Chapter 3) showed that recurrent 

earthquakes and typhoon events trigger frequent landslide activity, channel adjustment and sediment 

reworking in this system. Spatial variability in magnitude-frequency relations of hillslope-valley floor 

(lateral) and upstream-downstream (longitudinal) connectivity during the study period are shown to 

reflect annual reworking in source and accumulation zones, while partly-confined valleys in the 

mid-catchment area trap sediment behind landslide-induced dams that are formed and breached on an 

approximately decadal basis. Thirdly, reach-scale monitoring (Chapter 4) suggested that variability in 

geomorphic effectiveness reflected valley confinement and the composition/configuration of 

geomorphic units on the channel bed. Frequent changes of patterns of scour and fill on the channel 

bed indicate that the Liwu River is highly sensitive to flood events of low to moderate magnitude. This 

discussion chapter incorporates the major findings from Chapter 2-4 and demonstrates the primary 

contribution of this thesis in relation to the primary geomorphic literature. 

    This chapter starts with an introduction of distinctive nature of the Taiwanese landscape and the 

nature/timing of disturbance events that drive process regimes and landscape evolution. This 

background knowledge emphasizes the distinctiveness of landscape in the Liwu Basin. Following the 

contextual considerations, the geomorphic contributions of this thesis are presented by, firstly, 

illustrating the types and patterns of rivers and, secondly, explaining the process relationships that 

fashion river adjustments in the Liwu Basin. Several topics including the role of valley confinement 

upon patterns of sediment storage, associated connectivity relationships, magnitude-frequency 
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relationships of hillslope and valley floor processes (landslides and flood events), landscape sensitivity, 

and geomorphic effectiveness of events in this river system, are discussed with related literatures. 

Afterwards, this chapter proposes some management implications of this thesis and limitations and 

implications for future research then make a concluding statement. 

 

5.1.1 Distinctive nature of the Taiwanese landscape   

  Taiwan is an island located on the eastern margin of continental Asia. The island formed as the result 

of highly complex interaction between the Philippine Sea oceanic plate and the Eurasian continental 

plate over the past 5 Ma BP (Petley & Reid, 1999). To the east of the island the collision zone is 

oriented approximately east-west. This is represented by the Ryuku Arc subduction system, in which 

the Philippine Sea plate is being underthrust northwards beneath the Eurasian plate. Collision to the 

south of Taiwan is represented by the Luzon Arc, which is oriented approximately north-south. Here the 

plate interaction is rather unusual as the Manila Trench represents the location of subduction of thin 

crust attached to the Eurasian plate beneath the thicker crust of the Luzon Arc (Ho, 1987). The current 

rate of convergence between the Philippine Sea plate and Asia is 80 mm a−1 (Yu et al., 1997). Rock 

uplift rates of 5–7 mm a−1 have been calculated from Holocene coastal platforms (Liew et al., 1990). As 

a consequence, the majority of the island is comprised of mountains (~ 70%). This small island of 

36,000 km2 has more than two hundred mountain peaks over 3,000 m absl - the highest density of any 

small island in the world. These mountain areas are characterized by steep terrain and fragile geology. 

Across central Taiwan, metamorphic grade increases from poorly consolidated, Late Tertiary 

sediments in the Western Foothills thrust belt, through slates in the western Central Ranges, to 

greenschist-grade pre-Tertiary metasediments in the eastern Central Range (Schaller et al., 2005). 

The continuing collision also generates a high frequency of seismic activity, impacting upon landscape 

evolution of Taiwan. Alluvial plains (less than 30% of total area) are primarily distributed in western 

Taiwan. These areas have high population density (over 700 p/km2). In contrast, the eastern part of the 

island has a very short (thin) coastal plain, with abrupt transition from the ocean to relatively sparsely 
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populated steep terrain. 

  Overall, the climate of Taiwan Island is humid, sub-tropical with high annual rainfall (~ 2,500 mm) 

and temperatures. However, relief up to 4 km high induces marked vertical zonation of climate, 

including tropical, subtropical and temperate zones. The wide range of landscapes, climates and 

ecosystems support high diversity of habitats and species. Vegetation cover changes from tropical and 

deciduous forest on the lowlands to coniferous forest and alpine grass in the high mountain. Overall, 

Taiwan is home to 150,000 species - the highest density per unit area in the world (Lin, 1999). The 

average precipitation in mountain area is higher than in lowlands due to topographical effects. The 

north-south aligned Central Range also causes higher rainfall in Eastern Taiwan (adjacent to prevailing 

movement of climate systems from the Pacific Ocean), relative to the western part. Summer monsoon 

conditions coupled with tropical cyclones (typhoons) mainly occur from June to October, inducing 

marked seasonal variation in precipitation. An average of 3–4 typhoons pass Taiwan per year (Wu & 

Kuo, 1999). This brings abundant rainfall that feeds reservoirs, providing an important water resource 

for irrigation, industrial and livelihood usage. However, large typhoons can bring rainfall exceeding 

1,000 mm, causing severe natural hazards. The steep, incised and highly dissected relief, along with 

the flashy discharge regime that readily generates high magnitude floods, present significant capacity 

to generate and mobilize sediments. 

  The palaeoclimate record in central Taiwan indicates that the climate during the Last Glacial 

Maximum (~ 18 ka BP) was substantially colder and drier (Kuo & Liew, 2000). Subsequent warmer and 

wetter climatic conditions in the early Holocene caused increasing precipitation and river discharge, 

inducing a higher incision rate (Chyi, 1995, Schaller et al., 2005, Petley & Reid, 1999). In contrast to 

other parts of the world, palaeoclimatic conditions and ‘accommodation space’ in landscapes did not 

create conditions where large bodies of paraglacial sediments are available to be reworked by 

contemporary river systems (cf. Brierley, 2010b, Church & Slaymaker, 1989). 

  Under such a highly dynamic environment characterised by high uplift rate, fragile geology, and 

frequent disturbances by earthquakes and typhoons, the Taiwanese landscape is subjected to rapid 
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and very effective geomorphic processes. Landslides triggered by intense rainfall are the dominant 

sediment supply mechanism in the Central Range (Hovius et al., 2000). Estimated erosion rates within 

the actively deforming mountains are high (3–6 mm a-1)(Dadson et al., 2003). Steep hillslopes and 

confined valley settings coupled with high channel gradient can transport sediment efficiently during 

high discharge events. Kao and Milliman (2008) reported that the mean annual sediment yield of 9500 

t km2 a-1 for the 16 rivers in Taiwan is 60-fold greater than the average global yield of 150 t km2 a-1. 

However, most sediment erosion and delivery occur in response to typhoon-generated floods, as 

evidenced by the fact that > 75% of the long-term flux occurs in < 1% of the time. Valley floors in 

mountain area have been etched into bedrock, such that they are now mantled by discontinuous, 

coarse-grained lag deposits (Schaller et al., 2005, Turowski et al., 2008b).These bedrock-dominated 

rivers have incised river meanders of high sinuosity, suggesting strong influences of frequent typhoon 

events and weak geology (Stark et al., 2010). 

 

5.1.2 Nature/timing of disturbance events that driv e process regimes and landscape evolution 

  Landscape forms and processes are influenced by geologic, climatic and anthropogenic disturbance 

events. While neotectonics and sea level changes can be viewed as long-term and gradual processes 

in geologic time, earthquakes may exert virtually instantaneous influences upon landscape evolution. 

Earthquake monitoring data from 1991 to 2006 in Taiwan (Central Weather Bureau, 2008) indicated 

that approximately 18,500 earthquakes occurred per year, of which around 1,000 are referred to as ‘felt 

earthquake’. Nearly 100 catastrophic earthquakes have been recorded since 1901, indicating that 

earthquake hazards over the last century have been near-annual events. The severest damage in 

history (2,456 deaths and 53,661 building destroyed) was induced by Chi-Chi Earthquake in 1999. 

This event had a Richter scale of 7.6 – its destructive force reflected the resulted in very shallow focal 

depth of the epicentre only 8 km beneath the centre of Taiwan. Surface rupture of Chelungpu fault was 

around 100 km long, with up to 7 m lateral and 4 m vertical displacement. The highest number of 

recorded earthquakes occurred in 1999 (49,919). Of these, 3,228 were sensible. Post-1999 rainstorms 
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delivered large amounts of colluvial sediment into the river channel, leading to a 2-fold increase in 

post-seismic sediment discharge while the precipitation was only half that of the pre-earthquake rate 

(Chuang et al., 2009). 

  Typhoons are the primary form of climatic disturbances for Taiwanese landscapes. The translation 

speed and tracks of typhoon are both key determinants of temporal and spatial rainfall distribution. 

Longer detention time and the effect of topography exacerbate the climatic influences on the 

landscape. For example, orographic enhancement of precipitation during Typhoon Morakot in 2009 

resulted in dumping of extreme rainfall as much as a typical year (2,500 mm) within three days in the 

mountainous area in Southern Taiwan (Yu & Cheng, 2013). This caused a catastrophic deep-seated 

landslide which buried Xiaolin Village, resulting in the death of nearly 500 people (Wu et al., 2011). 

Landslide erosion caused by Typhoon Morakot is of comparable magnitude to landslide erosion 

caused by the Chi-Chi Earthquake; these individual events induced erosion equivalent to 22–24 years 

of basin-averaged erosion (Chen et al., 2013). Unfortunately, both the average daily rainfall intensity 

during typhoons and the maximum typhoon size (total cumulative rainfall) have increased over recent 

decades (Montgomery et al., 2014). In addition, the number of large typhoons (delivering more than 65 

mm of daily precipitation) striking Taiwan each year increased in the 1990s and 2000s. Early in the 20th 

century, 2 to 3 large typhoons landed each year; over recent several decades this has increased to 3 to 

5 events per year. 

  Anthropogenic impacts upon the Taiwanese landscape became evident during the twentieth century, 

when population increased from 3 million in the early 20th century to 23 million to date. Rapid 

population growth exerted a significant pressure on this tiny mountainous island. Land use changes 

accelerated natural erosion processes. Intensive forestry and sugar cane plantations in southern 

Taiwan increased erosion rates from 1 to 46 mm a−1 during the Japanese colonial era (1930s and 

1940s), far greater than in central and northern Taiwan (Montgomery et al., 2014). Extensive 

post-World War II upland development in central (1950s) and northern (1960s) Taiwan is reflected by 

the sequential rise in regional erosion rates. Island-wide timber harvest volumes rose dramatically in 



124 

 

the late 1950s. They peaked in the 1960s, and then subsequently declined through the 1990s. Strong 

seasonal variation of rainfall and increasing water demand prompt a high density of dams in Taiwan 

(102 in total number). However, the high erosion rate caused by natural characteristics and 

anthropogenic disturbances produce significant sediment delivery to reservoirs associated with dams. 

The average available capacity is only 66.7%, showing the severity of reservoir sedimentation problem 

(Water Resources Agency, 2012b). In addition, road construction in mountain area poses serious slope 

stability problems and accelerates surface erosion, gully erosion, and soil mass movement (Lu et al., 

2001). Sediment exports can increased more than tenfold following massive road construction projects 

in Taiwan (Kao & Liu, 2002). In summary, longer-term geologic and climatic imprints upon this dynamic 

landscape have been accentuated further by human perturbation over the past century. 

 

5.1.3 Liwu Basin 

  The Liwu Basin is located in the eastern Central Range of Taiwan. This area has the highest 

exhumation rate (3–6 mm a-1) in the country (Dadson et al., 2003). More than 90% of the catchment 

area is higher than 1,000 m and only 4% is lower than 500 m. In this mountainous area, confined valley 

settings extend virtually to the coast. In contrast to the western rivers which drain into the Taiwan Strait 

located on continental shelf and other eastern rivers which flow through the East Rift Valley Plain, the 

Liwu River directly drains into the steep Pacific Ocean. As a consequence, the river mouth is 

characterized by a relatively small fan delta and estuary, and there are no large floodplains in the 

downstream part. Hence, the Liwu Basin has the highest average elevation (1748 m) and steepest 

average channel gradient (35.5°) in all rivers in Taiwan (Chang et al., 2000). Liwu River is famous for 

the Taroko Gorge, a deep incised marble gorge of 600 m deep and only 40 m wide. High uplift and 

incision rates ensure that this basin provides an excellent site for studying landscape evolution. 

Considering the uniqueness of Taroko Marble Gorge and the variety of high mountain landscape and 

ecology, Taroko National Park was established in 1986. Taroko Gorge is located in the lower part of 

catchment, in an area which is mainly composed of strong marble and gneiss. By contrast, fragile slate 
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and schist comprise the upper catchment. Lithology differences within Liwu Basin influence the 

characteristics of tributary rivers. For example, the lowest subcatchment Shakadeng Stream is 

underlain by gneiss and has only a few hillslope failures. This subcatchment has the most suitable 

habitats with clear water for aquatic species in the Liwu Basin. Upstream areas are characterized by 

higher sediment loads, with streams that are either bedrock-based or have a thin veneer of very coarse 

boulders (other than instances when sediments are trapped behind temporary blockages, and a few 

valley in some headwater systems).  

  Most of the steep mountainous terrain is covered by forest. A few logging fields operated since the 

1940s, but they were terminated and reforestation projects were implemented after the establishment 

of Taroko National Park. The Central Cross Highway was constructed along the Liwu River since 1960 

has provided an important transportation link between east and west parts of the country. It has 

received high tourist pressure in recent decades. The Sipan Dam was constructed in the lower gorge 

in 1965 for hydropower generation. Overall, human disturbances are restricted along the roads due to 

steep terrain and environmental protection policy. Natural disturbances (i.e. typhoons, earthquakes 

and landslides) exert great influences on geomorphic changes at catchment scale. 

  Despite the well-known landscape and biodiversity values in the Liwu Basin, no systematic appraisal 

of catchment-wide geomorphic relationships has been completed prior to this thesis. Analysis of 

hillslope-valley floor, tributary-trunk stream and upstream-downstream process relationships (i.e. 

landscape connectivity) is a critical part of these analyses. This thesis set out to address some of these 

shortcomings by investigating the following questions: How does valley confinement determine the 

spatial distribution and connectivity of sediment storage, thereby affecting the nature and rate of 

channel adjustment? How does sediment supply from landslides impact upon local-scale channel 

adjustments? What are the frequency and magnitude of typhoon events which cause geomorphically 

effective floods in this highly dynamic system?  

 

 



126 

 

5.2 Geomorphic contribution of this thesis 

5.2.1 Types and patterns of rivers and associated c onnectivity relationships 

    Analysing the types and patterns of rivers at catchment scale is critical to understand the nature 

and rate of channel adjustment. Eight River Styles were identified in the Liwu basin from results of 

(Chapter 2). There are three confined (i.e., steep headwater, gorge, and occasional floodplain pockets), 

two partly confined (i.e., bedrock-controlled and planform-controlled discontinuous floodplain), and 

three laterally unconfined River Styles (i.e., low sinuosity gravel bed, low sinuosity sand bed, and 

valley fill). Confined, partly confined, and laterally unconfined valley settings occupy 82%, 5%, and 

13% of the studied channel network, respectively. High percentages of confined valley settings reflect 

the distinctiveness of this mountainous catchment. Continuous narrow gorges (valley width < 40 m) 

that characterize most of the trunk stream Liwu and some tributaries in mid-catchment imply high rates 

of uplift and incision. Limited accommodation spaces for sediment storage and large boulder-sized 

deposits on the channel bed reflect high energy for sediment transport along the gorges. In contrast, 

unconfined alluvial reaches are only evident in the most downstream 12 km section. Over 95% of 

sediment storage in the Liwu River is found within this short alluvial section. The downstream pattern 

of River Styles in the basin reflects downstream changes in valley width and channel slope. However, 

channel slope is not the primary control upon sediment storage in this basin. Rather, patterns of 

sediment storage are controlled primarily by valley width and landscape configuration. In addition, 

locations of contemporary landslides are not a key determinant of sediment storage patterns. Similar 

findings have been made in relatively low relief landscape settings (e.g. Macnab et al., 2006, Taylor & 

Kite, 2006). Changes in valley confinement are accompanied by transitions in geomorphic process 

zones and associated capacities for geomorphic adjustment, sediment storage and reworking 

(McDowell, 2001, Brierley, 2010b). 

    Strong tectonic activity, which created the steep terrain and limited capacity for lateral adjustment 

of rivers, relative to incisional processes, can be considered as the primary determinant upon valley 

confinement and associated river types in the Liwu Basin. However, geology and long-term history of 
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hillslope stability also influence the distribution of wide valleys within the mountain area. Anomalously 

wide valleys tend to occur upstream of, and adjacent to, large landslides (May et al., 2013). For 

example, a 6-km reach with bedrock-controlled discontinuous floodplain occurs between confined 

valleys in the Taosai mid-catchment where large landslides affected the enlargement of valley width up 

to 160 m over past decades. Geologically induced accommodation space presents an opportunity for 

sediment storage units to be generated. This creates the prospect for subsequent reworking of 

sediments in response to climatic or human-induced impacts (Brierley et al., 2006). 

    Analysis of the geomorphic role and spatial distribution of various natural and anthropogenic 

processes between differing landscape compartments is fundamental to understand river behaviour in 

a system. Channel characters and landscape connectivity from Taosai upstream to Liwu downstream 

are summarized as a conceptual diagram in Figure 5.1. Typhoons and earthquakes are two major 

driving forces in shaping landscape in the Liwu Basin. Frequent natural disturbances accompanied by 

fragile geology generate large amounts of sediment which are input directly into the channel system. 

Steep hillslopes and channel gradients create high landscape connectivity (both lateral and 

longitudinal). In addition, confined valleys that occupy over 80% of the channel networks provide 

limited accommodation space for sediment storage. Therefore, sediment transport is highly efficient 

and flushing is dominant in the system. 

    Although the overall landscape connectivity in the Liwu Basin is quite high, changes to valley 

confinement and hillslope character still create local/temporary disconnectivity and differing process 

zones. Variations in channel width and gradient controlled by geology determine longitudinal trends in 

mean shear stress and flood power, thereby influencing patterns of sediment transport and deposition 

(Jansen, 2006, Magilligan, 1992). The downstream pattern of River Styles from Taosai upstream to 

Liwu downstream can be generalized into four parts (Figure 5.1). Firstly, confined valley settings in 

source zones have the most steep channel gradient (> 0.1 m m-1) and narrowest valley width (< 20 m). 

The small catchment area results in a relatively low unit stream power. Large and persistent landslides 

close to drainage divides supply large amounts of sediment to the channel networks during 
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disturbance events. Secondly, partly-confined valley settings in the Taosai mid-catchment, influenced 

by geologic controls and the distribution of landslides, have a high variation of valley width from 20 to 

over 100 m. Reaches with wide valley floors not only provide significant accommodation space, they 

also lower unit stream power significantly (Magilligan, 1992, Fuller, 2007), resulting in ~ 11% of 

sediment volume stored within this mountain area. Deposits on tributary fans reduce tributary–trunk 

stream connectivity (Ferguson & Hoey, 2008). Valley constrictions which initiate backfilling and 

sediment storage in floodplains constrain upstream–downstream connectivity (Tooth et al., 2002, 

Thompson et al., 2011). Materials from widespread hillslope failures induced by typhoons and 

earthquakes increase sediment supply to valley floors. The impact of hillslope processes upon 

channels is determined by the volume/character of sediment inputs and the coupling with channels 

(Korup, 2005b). Small landslides and gullies may be buffered by floodplains, while large landslides are 

able to change channels rapidly by expanding valley widths, shifting flow paths, and even forming 

dams to trap sediment. Large landslides appear to have dual roles of supplying and retaining sediment 

(Korup, 2005b). Thirdly, confined gorges along the Liwu trunk stream have a gentle channel gradient 

(0.03 m m-1) relative to upstream. However, narrow valley width (~ 40 m) and increasing catchment 

area/discharge create a high unit stream power, boosting sediment conveyance (Fryirs et al., 2007a). 

Thin and patchy mantles of alluvium are spread over bedrock channel beds. Rockfalls from adjacent 

steep hillslopes frequently occurred during rainfall and seismic events. Large boulders (> 5 m) and 

hard marble walls have stabilized the channel courses. Finally, channels downstream flow gently 

(channel gradient ~ 0.01 m m-1) upon valley floors that have expanded to hundreds of metres wide in 

the unconfined alluvial reaches. Channel characteristics coupled with flow interception by the dam 

significantly reduce landscape connectivity and unit stream power. As a consequence, approximately 

85% of sediment storage occurs in this area. Ability for channel adjustments is determined by artificial 

dam flow regulation during flood events and configuration of sediment storage units.  
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Figure 5.1: Downstream patterns of process and connectivity relationships from Taosai upstream to Liwu downstream.  
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Primary anthropogenic disturbances in the Liwu Basin are road and dam constructions (Figure 5.1). 

The only major road, Central Cross-Island Highway, was constructed along the Liwu River since 1960. 

Although it increased potential risks of hillslope stability, analysis of orthoimages indicates that 

magnitudes of hillslope failures induced by road construction are much smaller than by natural events. 

In addition, roads in the upper catchment are away from valley floors, reducing their impacts upon 

channel adjustment. 

Sipan Dam which was constructed for hydropower since 1965 is the only dam along the Liwu trunk 

stream. This dam was built at the boundary between a narrow gorge and the low sinuosity gravel bed 

with wider valley width. Comparing aerial photographs from the 1940s and in the 2000s, the pattern of 

river types and sediment storage zones has no evident changes. Thus, construction of Sipan Dam has 

had little impact upon the downstream pattern of sediment storage. However, this dam intercepted half 

of annual discharge on average, altering the water and sediment supply to downstream areas (Chang 

et al., 2000). 

The Sipan Dam is composed of seven spillways, one scouring sluice, and one intake for hydropower 

generation (Figure 5.2A and Table 5.1). Water flows into this intake then goes through 5.5 km 

underground water pipe to the Liwu Hydropower Plant downstream (Figure 5.2B). In a daily operation, 

the dam impounds the water to full level during the night time and delivers water through the pipe for 

power generation in the daytime. In general, the amount of water for power generation is equal to the 

inflow to the dam. The difference between the inflow during wet seasons (May to October) and dry 

seasons (November to April) is quite large. The inflow during wet seasons is 10-30 m3 s-1 on average 

but can be over 1000 m3 s-1 during typhoon events. The gates of the spillways are typically closed and 

only open when the water storage overloads. The time for water storage to full level is 8 hours on 

average, while it is only 15 minutes during typhoon events. During flood events, the gates of spillways 

open and the gate of intake is closed, thereby ensuring that the water with high concentration of 

sediment does not enter the water pipes. Sediment releasing can flush out materials stored upstream 

of the dam, enhancing delivery of sediment to the channel bars downstream. This work is more 
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effective when the discharge is over 60 m3 s-1. The Sipan Dam acts as a temporary barrier for sediment 

connectivity, as addressed in Chapter 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.2 Process relationships that fashion river adju stments in the Liwu Basin 

    Findings from Chapter 3 showed that river adjustments in the Liwu Basin were controlled by 

landslide dynamics and landscape connectivity, which themselves varied with sequences of 

disturbance events of differing magnitude and frequency. Magnitudes of landslide activities (denoted 

by new landslide area) and channel adjustment (denoted by channel shift distance) over the past 30 

years are summarized in relation to disturbance events (typhoons and earthquakes) in Figure 5.2. The 

dynamics of the hillslope system show that the new landslide area in source zones increased after 

2000, both in terms of the total amount and the annual average. Total new landslide area (16.51 ha) 

was also high during the period 1986-1998, while the annual average (1.38 ha a-1) was low over the 12 

year period. New landslide area in Taosai mid-catchment showed an increasing pattern, similar to the 

Table 5.1 Structure of Sipan Dam 

Facility Number(s) Dimension of gates (m) Height a.b.s. (m) 

Spillways 7 8.5 W, 10.7 H 157.5 

Intake 1 4.1 W, 4.1 H 155.2 

Scouring sluice 1 6.0 W, 4.0 H 152.7 

Figure 5.2 (A) Downstream face of the Sipan Dam (picture source: Water Resources Agency). (B) 

The route of the underground water pipe from the Sipan Dam to the Liwu Hydropower Plant. 

(A) (B) 

Spillways 

Scouring sluice 

Intake 
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source zones. The total amount of channel adjustment was especially high in Taosai mid-catchment 

from 1986-1998 and during the last two periods (2003-2005 and 2005-2009). However, channels 

experienced the highest annual change during the period 2003-2005. Channel shift distance in the 

downstream area was highest from 1986-1998 in term of total value, while annual change from 

1998-2000 was significantly higher than in other phases. It is difficult to interpret these changes 

objectively in terms of total value between periods, as various time lengths reflect dates of available 

aerial photographs. Even annual average values are not a good indicator with which to precisely 

describe the magnitude of geomorphic changes between time periods, because typhoons and 

earthquakes occurred episodically during each period. In the eastern Central Range, slope failure is 

predominantly associated with high-intensity precipitation, although on longer time scales the role of 

seismic triggers cannot be disregarded. The timing of sediment supply is strongly controlled by the 

temporal distribution of triggering events (Hovius et al., 2000). Catchment responses to a major event 

captured by aerial photographs might be one month or a few years later. Therefore, interpretation of 

geomorphic changes should consider time distribution and sequence of disturbance events. For 

example, the largest flood event in record and a large earthquake with seismic intensity of 6 both 

occurred in the period 1980-1986 (Figure 5.2). However, relatively minor geomorphic changes were 

recorded on the 1986 aerial photographs. Sequencing of floods was an important control upon their 

geomorphic effectiveness. Only a few flood events of low magnitude occurred in the four years 

following the largest flood on record. This resulted in a long recovery time for hillslopes and channels 

after the major disturbance. Aerial photographs in 1986 also captured a large earthquake and dense 

aftershocks in the same year. However, no effective typhoon events occurred after this large 

earthquake, minimizing the geomorphic impact. Similarly, the second largest flood event occurred in 

2000, but relatively minor geomorphic changes were observed from the 2003 aerial photographs. This 

might be attributed to inactive flood and earthquake events since 2002. In contrast, most active 

landslides and channel adjustments occurred in the last two phases (2003-2005 and 2005-2009). Four  

 



1
3

3
 

 

 

  

Figure 5.3: Records of flood and earthquake events from 1980 to 2009 and associated geomorphic changes (new landslides area and average channel shift 

distance) in differing time periods. Numbers in brackets denote the annual average values. 
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consecutive typhoon events in 2005 could be the primary cause. Long duration rainfall has higher  

potential to trigger large deep-seated landslides than short-duration rainfall (Chen et al., 2013). Mass 

movement processes show a less clear response to individual events and are instead more likely to 

reflect rainfall received over a longer period, perhaps weeks or even months because it takes time for 

rainwater to enter the groundwater system and raise groundwater pressures sufficiently for mass 

movement to accelerate (Betts et al., 2003). This could explain accentuated rates of geomorphic 

response to the four closely-spaced typhoons. 

  Changes to new landslide area and channel shift distance in Taosai mid-catchment reflect 

non-synchronous responses of hillslope and valley floor systems to rainfall events (Figure 2). For 

example, new landslide area during the period 2000-2003 was higher than during the previous period 

1998-2000, while channel shift distance was lower. These two values both increased more than 

two-fold in the next phase 2003-2005. Consecutive typhoons in 2005 brought about accentuated 

geomorphic changes in both hillslope and channel systems. However, there is no evidence to suggest 

that the magnitudes of changes to hillslopes and channels were not determined by the magnitude of 

individual rainfall event. The impact of floods may not be proportional to flood magnitude (Toone et al., 

2014) as processes that generate and transfer materials on hillslopes operate with different 

magnitude-frequency spectra from channel processes, such that phased disconnectivity is evident 

over differing temporal scales (Brierley et al., 2006). In Taosai mid-catchment zone, the 

magnitude-frequency spectra of hillslope and valley-floor processes are slightly out of phase. Hillslope 

activity and sediment conveyance to valley floors is recurrent. However, because of the partly-confined 

valley setting, blockages induced by landslides inhibit sediment transfer along the valley floor. Rainfall 

events with high magnitude are able to change connectivity relationships between landscape 

compartments by breaching blockages (or switches), thus enhancing sediment transfer (Fryirs et al., 

2007a). The scaling behaviour of landslides is not preserved in the downstream sediment loads 

because of the spatial and temporal variation of hillslope failure and the discontinuity of transport 

mechanics at the interface of the hillslope and valley floor systems (Hovius et al., 2000). In summary, 



135 

 

lateral and longitudinal connectivity are high throughout the Liwu Basin, other than temporary 

interruptions created by landslide dams that generate mid-catchment sediment storage features. In 

contrast to other settings with poorly coupled landscapes and infrequent geologic and climatic 

disturbance events, rapid uplift and incision along with the resistant nature of the bedrock and recurrent 

(annual) reworking of materials by typhoons, have fashioned high connectivity relationships in the Liwu 

Basin. In this well-coupled system, there is likely to be near synchroneity and spatial uniformity in 

geomorphic responses to environmental change (Harvey, 2002). 

  It has long been contended that alluvial river channels adjust readily to formative discharges of 

moderate magnitude and frequency (Wolman & Miller, 1960). However, studies over the past two 

decades demonstrated that bedrock river channels (or channels with resistant boundaries) present 

various thresholds to effective channel adjustment, such that only relatively rare, high-magnitude flood 

discharges shape their morphologies (Baker & Kale, 1998, Lamb & Fonstad, 2010, Gupta, 2000). 

These channels are characterized by high seasonal and interannual flow variability, high ratios 

between discharge of infrequent floods and average annual flow, abundant coarse bedload, and high 

channel gradient (Wohl, 2007). Streams draining basins where tracks of tropical cyclones cross 

tectonically active terrains tend to be strongly controlled by extreme events (Gupta, 2000). In the Liwu 

Basin, however, large amounts of sediment supply from hillslopes to channel networks sometimes 

tend to overwhelm river transport capacity over short intervals (a few years). In these instances, thin 

veneers of alluvial material that act as temporary sediment stores on the channel bed may be 

reworked by moderate magnitude events (i.e. these events also play a key role in shaping channel 

morphology). Turowski et al. (2008a) demonstrated that in the Liwu River, the interplay of sediment 

supply and discharge variability sets the cross-sectional channel geometry. Barbour (2009) concluded 

that a significant fraction of the moderate floods in bedrock rivers in Taiwan can move bed sediment 

and drive vertical incision into bedrock, but these events rarely induce wear on the bedrock walls. 

Other authors have shown that extreme flood events carry large sediment loads which protect the 

thalweg and enhance erosion on the channel walls (Turowski et al., 2008a, Hartshorn et al., 2002). 
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These studies implied that the very high incision rates in bedrock rivers in Taiwan originate more in the 

very high frequency of moderate floods than in the exceptional magnitude of the extreme discharges. 

Analysis of downstream patterns of sediment storage in this study indicated that the depth of sediment 

covers along gorge sections is very thin (< 0.5m) relative to other reaches. Channel monitoring showed 

that moderate magnitude flood events were able to rework these covering sediments. Frequent but 

capable moderate events, thin covers of sediments, and abundant sediment supply from upstream as 

erosion tools, result in strong incision over long time periods. 

  Findings from Chapter 4 support these assertions, showing that successive moderate and low 

magnitude events in 2012 were able to modify channel configuration in unconfined reaches, while 

bedrock exposure and stable sediment storage units in the confined reach restricted changes to 

channel pattern. Position within a drainage basin and valley settings exert a critical influence upon the 

geomorphic role of floods in resistant-boundary channels (Wohl, 2007, Fuller, 2007). Variability in 

geomorphic effectiveness reflected valley confinement and the composition/configuration of 

geomorphic units on the channel bed. The surveying and monitoring programme applied in this study 

showed that annual low magnitude flood events are able to rework gravel and sand deposits, creating 

local scour and fill in both the confined and unconfined reaches. Thus, geomorphic impacts may not be 

dominated by floods with decadal return periods but by annual floods. Lower unit stream power in the 

wider, less-confined reach resulted in longer intervals between phases of boulder reworking relative to 

the confined reach. Geomorphic effectiveness of a flood is also related to pre-flood channel 

morphology (Fuller, 2008). However, findings from this case study have shown that in a highly 

connected transport-limited system such as the Liwu River, preconditioning does not necessarily exert 

a significant influence upon the geomorphic effectiveness of individual low-moderate magnitude events 

because of recurrent sediment supply/availability. As shown in Chapter 4, it is only when hillslope 

processes and valley floor responses are ‘out of synch’ that preconditioning exerts a significant 

influence upon sediment movement and geomorphic adjustments to the channel. 
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  Highly connected landscapes have high sensitivity to change and responsiveness because they 

permit the free transfer of energy and matter between landscape components (Brunsden, 2001). The 

cumulative effects of disturbance in upper parts of a catchment may be manifest relatively quickly with 

a short lag time (Benda et al., 2004, Fryirs, 2013). Sensitivity in the Liwu Basin was interpreted by 

three distinct usages identified by Werritty and Leys (2001). Firstly, sensitivity was defined as the ratio 

of the disturbing to the resisting forces (Brunsden & Thornes, 1979). Frequent and powerful 

disturbance events accompanied by fragile geology mark the Liwu Basin as a highly sensitive system. 

Secondly, propensity for change implies that the river system is sufficiently near a threshold that 

change can occur if the disturbing force is sufficiently large (Schumm, 1979). Although the threshold 

for bedrock erosion is high, there is sufficient sediment coverage on channel beds along the Liwu River 

such that alterations can be induced by low magnitude events. Thirdly, sensitivity was defined as the 

relaxation time divided by the relevant recurrence interval (McEwen & Werritty, 1988). Measured 

recovery times described in the literature vary from less than a decade for some tropical regions to 

decades or more in temperate regions. Recurrence intervals of high magnitude storms which trigger 

mass wasting range from 1 to 2 years in some tropical areas and to 100 or more years in some 

temperate regions (Gupta, 2000). Analysis of catchments in Western Central Range in Taiwan showed 

that the rate of vegetation recovery does not exceed the headwall erosion rates (Wenske et al., 2012). 

Findings from Chapter 3 also showed an increasing trend of landslide area and frequent shifting 

channels in the Liwu Basin, reflecting the instability in this setting. All three definitions indicate that the 

Liwu Basin has very high landscape sensitivity overall. However, positions of differing types of rivers 

reveal a spatial difference in sensitivity. For example, Taosai mid-catchment zone is an event sensitive 

compartment which has large sediment stores that are primed for change. These landscape 

compartments may be considered sediment transport-limited (Fryirs et al., 2007a). This suggests a 

highly sensitive channel system which responds rapidly to sediment supply variability from landslides. 

Strong coupling and larger volumes of sediment supply during floods may delay recovery and involve a 

considerable period of instability while at least some sediments are flushed down the system (Harvey, 
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2007). In contrast, gorge along the Liwu trunk stream is an event resilient compartment which has 

limited sediment stores which experience no significant geomorphic change. These landscape 

compartments may be considered sediment supply-limited. Local rockfalls derived from high strength 

marble walls rather than large landslides dominate this reach. Ultimately, sediment flux relationships at 

the catchment scale are determined by landscape configuration (i.e., how these compartments fit 

together). In this instance, sediment stores in partly-confined valleys are limited, and high connectivity 

is maintained from source to sink in this system over decadal timescales. 

 

5.3 IMPLICATIONS FOR THEORY AND MANAGEMENT  

This thesis explored patterns of sediment storage, magnitude and frequency relationships and 

landscape connectivity in a bedrock-dominated river system. Results from the thesis emphasize that 

valley confinement, landscape configuration and spatial links between reaches may play an important 

role in controlling patterns of sediment storage. This study also demonstrated that low to moderate 

events are geomorphically effective for bedrock rivers in orogenic belts with frequent climate 

disturbance events. These findings provide implications for theory and management, adding to our 

understandings of the behaviour of bedrock river systems. Here the broader implications of this study 

are explored, highlighting relationships to other landscape and environmental settings. 

Firstly, findings from Chapter 2 extend analyses of channel slope as a key determinant in controlling 

sediment storage. In this instance, patterns of sediment storage are controlled primarily by valley width 

and landscape configuration. Channel slope of rivers in orogenic belts is steep throughout this 

landscape setting. In these instances, accommodation space plays a key role for sediment storage. 

Reaches with wide valley floors not only provide significant accommodation space, they also lower unit 

stream power significantly (Magilligan, 1992; Fuller, 2007). Secondly, locations of contemporary 

landslides are not always a key determinant of sediment storage patterns. Rather, these relationships 

also reflect geological controls upon valley confinement and associated transport capacity. For 

partly-confined valley settings, the impact of hillslope processes upon channels is determined by the 
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volume/character of sediment inputs and the coupling with channels (see also Korup, 2005b). Small 

landslides and gullies may be buffered by floodplains, while large landslides are able to change 

channels rapidly by expanding valley widths, shifting flow paths, and even forming dams to trap 

sediment. Hence, long-term controls upon valley evolution are key determinants of accommodation 

space. For confined valley settings, sediment transport is efficient if climate disturbance events occur 

frequently. Therefore, the residence time of sediment is very short especially in a landscape with 

tropical cyclones passing every year. This is contrasting to the landscape with low relief and less 

disturbance events where the residence time of sediment may extend to hundreds of years (cf., Fryirs, 

et. al., 2007a). 

The key complication here is that ‘whatever controls the valley controls the rivers’. In high energy 

orogenic settings (e.g. New Zealand, Himalayas and Andes) create high landscape connectivity (both 

lateral and longitudinal; see Fryirs et al., 2007a). The steep, incised and highly dissected relief, along 

with the flashy discharge regime that readily generates high magnitude floods, present significant 

capacity to generate and mobilize sediments. High energy conditions on valley-floors also enhance 

rates of sediment reworking along the channel network. While disconnectivity does occur in the 

landscape settings of the Liwu Basin, it is typically short lived (see Chapter 3). Hence, effective 

catchment areas are high and a large proportion of the catchment area is connected to the sediment 

cascade (Fryirs et al., 2007a). High rates of process activity and sediment reworking promote short 

residence times. Dynamic landscape settings such as rivers in Taiwan and New Zealand have 

extremely high sediment yields of ~ 3,000 t km-2 a-1 in average (Milliman & Syvitski, 1992). These 

high-standing islands between Australia and Asia may account for 20% of the global sediment flux to 

the oceans (Milliman & Meade, 1983). In Waipaoa River Basin, New Zealand, the sediment yield is up 

to 6,750 t km-2 a-1 (Hicks et al., 2000). The mean annual sediment yield of 9,500 t km-2 a-1 for the 

Taiwanese rivers is 60-fold greater than the global yield of 150 t km-2 a-1 (Kao & Milliman, 2008). Given 

the high erosion rate and efficient sediment transport in the Liwu Basin, a sediment yield of 24,000 t 

km-2 a-1 was estimated (Dadson et al., 2003). 
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It is interesting to contrast these understandings of process relationships with bedrock rivers in 

differing settings. For example, bedrock rivers are prominent in the low relief and low slope landmass 

of Australia, where disturbance events are much less marked (both tectonic and climatic). The 

landscape histories and valley evolution are quite different. Roughly 70% of the continent lies at 

elevations lower than 500 m above sea level. This tectonically stable, passive margin setting has 

exceedingly low rates of uplift. Australian rivers are also noted for their high flow variability and extreme 

flood behaviour (McMahon et al., 1991). Sediment movement is episodic, with long periods of relative 

inactivity punctuated by short phases of localised, event-driven activity. This results in inefficient and 

pulsed sediment conveyance through systems (Fryirs, et. al., 2007b). In these low energy settings, 

sediment conveyance is restricted to episodic, infrequent, large magnitude events. Residence times of 

sediment stores may extend over tens or hundreds of thousands of years. Reworking of alluvial 

sediment stores via incision of valley fills and bank erosion is the dominant contemporary sediment 

source in this supply-limited or sediment-starved landscape. Rates of sediment generation are quite 

low, and low volumes of available materials are readily conveyed from source, but deposited in broad 

valleys downstream. Hence, bedrock rivers may reflect high sediment generation if erosion and 

landscape connectivity is high (like this study), alongside instances where rivers of sediment 

generation are quite low. 

This study investigated the magnitude and frequency relationship of flood events in a 

bedrock-dominated river system. The original theory proposed by Wolman and Miller (1960) suggested 

that channel morphology is determined predominantly by frequent discharge events (mean annual or 

bankfull stage) rather than infrequent large events. Subsequent reappraisals indicated that rivers in 

certain localities preferentially adapt their form to infrequent, high magnitude events: e.g. 

bedrock-dominated rivers (Baker, 1977) and some gravel-bed rivers (Heritage and Milan, 2004). 

However, this study demonstrated that low to moderate events are geomorphically effective for 

bedrock rivers in orogenic belts with frequent climate disturbance events. Abundant sediment 

generated from scattered landslides creates thin covers upon bedrock channels. These sediment 
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covers could be reworked during flood events of moderate magnitude and be conveyed downstream 

efficiently. They create variable patterns of scour and fill in channel morphology and also play an 

important role as a tool for erosion. In addition, reach-scale monitoring (Chapter 4) suggested that 

variability in geomorphic effectiveness reflected valley confinement and the composition/configuration 

of geomorphic units on the channel bed. Relative to high energy landscapes, bedrock rivers in low 

relief landmass are supply-limited because of less contributing area and sediment availability. Only 

extreme events have sufficient power to modify channel morphology because of limited sediment cover. 

The role of available materials as tools to modify bedrock boundaries in differing settings warrants 

further attention. 

  Analyses of sediment sources, frequency of reworking and connectivity relationships have major 

importance for channel management, aiding interpretation of what is achievable in biophysical terms, 

and associated implications for habitat maintenance (Hooke, 2003). Effective description and 

explanation of the (dis)connectivity of sediment movement throughout a catchment provides a basis to 

identify sensitive parts of the landscape (Brierley et al., 2006). Understanding interactions between 

inherent channel complexity and prevailing flow and sediment conditions, and how this shapes channel 

response to floods, is essential when interpreting future trajectories of channel change and likely 

response to management intervention (Toone et al., 2014). Given the frequency of disturbance events 

and the high coupling between landscape compartments, the Liwu Basin can be considered as a 

geomorphically sensitive system (sensu Downs & Gregory, 1993, Harvey, 2001). However, the 

confined valley gorges have a high resistance and are subjected to limited geomorphic changes over a 

decadal time scale. In contrast, the Taosai mid-catchment zone is much more sensitive in geomorphic 

terms. This reflects the recurrence and severity of disturbance events in this setting, where 

destabilised hillslopes generated by coseismic landsliding are prone to subsequent erosion by typhoon 

events. Analyses of catchment-scale variability in landscape connectivity and sediment flux are key 

considerations in the study of landscape evolution and disaster mitigation. These analyses are 

especially pertinent in highly connected and sensitive landscapes, where impacts in one area are 
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rapidly conveyed to other parts of the system. 

    Given such high landscape connectivity and high frequency of disturbance events in the Liwu 

Basin, natural-induced hillslope failures, abundant sediment supply to the channel network, and 

frequent channel adjustments are inevitable. However, some measures should be considered by 

authorities for catchment management. Firstly, new road construction/broadening should be avoided 

because this would increase potential of hillslope failure in this landscape with steep terrain and fragile 

geology. The intervention of roads should be minimized to reduce the instability of hillslopes. Secondly, 

findings from this study suggested an increasing trend of landslide area over time. Density of 

agriculture activities should be reduced for soil conservation and human safety, especially in the Taosai 

mid-catchment zone. Thirdly, reasonable control on tourist number can lower the pressure upon the 

sensitive natural environment. Inhibiting entry to National Park of tourists prior to typhoon events is 

necessary for human safety. Fourthly, tributary Shakadeng Stream, which has the lowest sediment 

concentration and more diverse aquatic habitat function, should be considered as a high priority 

conservation zone. Finally, endeavouring to live with dynamic, adjusting systems is a key consideration 

in such mountainous catchments with widespread landsides. In these locations the critical aspect of 

channel changes is sediment supply, rather than simply flood magnitude (Harvey, 2007). 

 

5.4 LIMITATIONS AND IMPLICATIONS FOR FUTURE RESEARC H 

Process measurement of channel and hillslope systems in this study was constrained by time 

resolution of aerial photographs. The recurrence intervals of disturbance events were often shorter 

than the time intervals between the available historical aerial photographs. Aerial photographs with 

time span longer than three years could include several typhoon and earthquake events of various 

magnitude, resulting in uncertainty about measurement and reducing precise interpretation of 

landscape dynamics. It is not easy to attribute specific geomorphic changes to a single event or 

cumulative effects of several events. In addition, the available history aerial photographs constrained 

the time interval for analysis to 30 years. Poor image quality of aerial photographs in 1940s made us 
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unable to undertake quantitative analysis of landscape change. Thus, it was not possible to detect the 

impacts upon channel and hillslope systems caused by two major human disturbances, namely road 

and dam construction in the 1960s. More detailed analysis of anthropogenic impacts could increase 

the understanding of sediment flux in the Liwu basin. Increasing sediment sampling frequency in the 

future coupled with landscape monitoring could improve the analysis of geomorphic effect cause by 

disturbance events of various magnitudes. Furthermore, advanced remote sensing techniques aids us 

to estimate volumetric data of sediment source (e.g. landslide material) accurately (e.g. Schwab et al., 

2008, Marzolff & Poesen, 2009), moving beyond simply analysing aerial relationships. 

   Channel adjustments in the Liwu River were strongly influenced by the spatial variation of valley 

width and sediment input from landslides. In general, valley width increases as a power law function of 

drainage area, while deep-seated landslides could influence valley width and alter valley width–

drainage area function (May et al., 2013). Continue monitoring on temporal changes to landslide area 

and valley width is critical to understand their relationships. Furthermore, these relationships are 

critical for realizing links between aquatic ecology and geomorphology because the most productive 

riverine habitats often occur in low-gradient streams with broad floodplains. Broad valley segments 

associated with deep-seated landsliding resulted in a greater proportion of the channel network hosting 

productive habitat. (May et al., 2013). In addition, logjams observed from the aerial photographs in 

steep headwaters in the Liwu Basin also bring up the issue of interactions between sediment 

connectivity and ecosystem. Reach-scale longitudinal disconnectivity in the form of channel-spanning 

logjams creates backwaters along headwater streams that reduce velocity and transport capacity, 

create at least temporary storage sites for finer sediment and organic matter, and enhance biological 

processing and uptake of nutrients (Wohl & Beckman, 2011). Geomorphic analysis should be 

incorporated with ecological survey in the Liwu Basin to provide authorities of the Taroko National Park 

a holistic management strategy. 

Historical aerial photographs and geomorphic data (i.e. DEM) were used to interpret characteristics 

of landscape connectivity and variation of hillslope-valley floor coupling, making a better understanding 



144 

 

to sediment transfer at a catchment scale in the Liwu Basin. The relevance for sediment budgets and 

the sensitivity of geomorphic systems, geomorphic coupling and (sediment) connectivity represent 

important topics in geomorphology. Recently, researchers attempted to quantify connectivity through 

developing connectivity indices (e.g. Borselli et al., 2008; Cavalli et al., 2013) or graph models of 

sediment sources, pathways and sinks (e.g. Heckmann and Schwanghart, 2013). As noted by Wohl 

(2014), greater attention to quantifying connectivity relationships within and between river networks will 

aid efforts to predict likely trajectories of river adjustment. Numerical simulation models for rockfall, 

debris flows, and (hillslope and channel) fluvial processes would provide useful tools to aid predictive 

assessment of landscape evolution and sediment transfer in dynamic river systems like the Liwu 

Basin. 

Combination of descriptive models of (dis)connectivity and quantitative models of sediment 

pathways may get better explanation and prediction for temporal and spatial changes of connectivity. 

For example, numerical analysis of channel slope and valley width can be used to assess how barriers 

(e.g. sediment storage zone which is formed by low channel gradient and wide valley floor) operate 

within a catchment. Landslide dams can be seen as nodes which disconnect sediment transport 

temporarily and the time span of barriers is a key index for connectivity analysis. Several indices are 

worth to involve in the connectivity assessment such as landslide area, the distance between sediment 

sources and river channels, downstream variation of the valley width, and the angles of pinch points. 

This thesis investigated landscape connectivity and channel adjustment in a river system in Eastern 

Taiwan. It would be interesting to compare channel behavior with rivers in Western Taiwan. Western 

rivers generate from the same Central range. Their upper catchments have similar environmental 

settings with the Eastern rivers with steep terrain and channel gradient, and abundant sediment from 

frequent landslides. However, less annual precipitation, larger seasonal rainfall variation, and much 

wider downstream floodplains necessarily create a differing suite of relationships in terms of landscape 

connectivity and channel responses to typhoon events. It is worthy to analyse the operation of 

landscape connectivity and sediment transfer in the more populated Western plains. 
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  New technology in remote sensing provides useful tools to interpret landscapes at various spatial 

scales more efficiently and accurately. At regional and catchment scales, satellite images and aerial 

photographs are useful to identify the distribution of sediment source and storage and associated 

landscape connectivity, and to monitor channel and hillslope dynamics over times. At reach and 

hydraulic unit scale, DEM of difference derived from RTK-dGPS (e.g. Milan, 2012), airborne LiDAR 

(e.g. Thompson & Croke, 2013) and terrestrial laser scanner (TLS) (e.g. Williams et al., 2013, 

Brasington et al., 2012) had been widely applied in river environment to investigate fluvial processes 

and appraise geomorphic work. Even habitat and biotope areas can be defined by TLS through 

defining water surface roughness (Milan et al., 2010). Terrestrial laser scanner is a useful tool in 

channel monitoring especially when the reach is inaccessible to channel bed due to steep river banks 

like the Liwu River. The problem of obstruction by huge boulders might be resolved by image captured 

from above. Progressing unmanned aerial vehicle (UAV) such as quad-copters had been applied to 

characterize the channel morphology and hydraulic habitat. Advantages of UAV-based imagery include 

low cost, high efficiency, operational flexibility, high vertical accuracy, and centimetre-scale resolution 

of DEM (Tamminga et al., 2014). Future climate changes may increase the magnitude and frequency 

of peak flows and the number of effective sediment generation events (Lane et al., 2008). Precipitation 

intensity induced by typhoons and monsoon systems has both increased over the last 60 years in 

Taiwan (Chu et al., 2014). Therefore, long-term monitoring on hillslope and channel system and further 

understanding of the spatial and temporal operation of connectivity in tectonically active mountain belts 

such as Taiwan are required to interpret landscape change and support disaster mitigation 

programmes. 

 

5.5 CONCLUDING STATEMENT 

  High-standing islands in orogenic belts such as Taiwan which has experienced high uplifting rate 

cause by plates collision and high erosion rate caused by frequent climate and seismic disturbance 

events are highly dynamic settings and contribute significant amount of sediment yield to oceans. 
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Understanding of patterns and rates of landscape changes to hillslope and channel systems and 

magnitude–frequency relationships of disturbance events in this setting is vital for investigating 

landscape evolution, natural resource management, and disaster mitigation. This study applied remote 

sensing data including orthorectified aerial photographs and DEMs derived terrestrial laser scanning to 

the Liwu Basin, Eastern Taiwan at differing spatial and temporal scales to investigate three topics: 

“how landscape configuration influences patterns of sediment storage in this highly connected river 

system?“, “how landscape connectivity and landslide dynamics influence channel adjustments and 

sediment flux?”, and “How channels respond to flood events of low to moderate magnitudes in this 

bedrock-dominated river?”  

  Firstly, catchment-scale analysis of patterns of river types and sediment storage indicated that 

downstream patterns of sediment storage are controlled primarily by valley confinement (i.e., valley 

width) and landscape configuration. Channel slope and locations of contemporary landslides are not 

key determinants of sediment storage patterns. Sediment accumulation at confluence zones is not 

determined by the catchment area of tributaries or by landslide area; rather, it is determined by valley 

confinement of the trunk stream at the confluence and the associated downstream sequence of river 

types. Secondly, analysis of geomorphic changes over 30 years in differing parts of catchment showed 

that recurrent earthquakes and typhoon events trigger frequent landslide activity, channel adjustment 

and sediment reworking in this system. Spatial variability in magnitude-frequency relations of 

hillslope-valley floor (lateral) and upstream-downstream (longitudinal) connectivity during the study 

period are shown to reflect annual reworking in source and accumulation zones, while partly-confined 

valleys in the mid-catchment area trap sediment behind landslide-induced dams that are formed and 

breached on an approximately decadal basis. This promotes partial longitudinal connectivity in these 

areas. Thirdly, reach-scale monitoring suggested that variability in geomorphic effectiveness reflected 

valley confinement and the composition/configuration of geomorphic units on the channel bed. Annual 

low magnitude flood events reworked gravel and sand deposits, creating local scour and fill in both the 

confined and unconfined reaches. The geomorphic impacts may not be dominated by floods with 
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return period of decades but annual floods. Lower unit stream power in the wider, less-confined reach 

resulted in longer intervals between phases of boulder reworking relative to the confined reach. 

Bedrock exposure and stable sediment storage units in the confined reach restricted changes to 

channel pattern. Frequent changes of scour/fill position on the channel bed indicate that the Liwu River 

is highly sensitive to flood events of low to moderate magnitude. This reflects an active orogenic river 

system that is characterized by a steep channel and narrow valley floors with limited accommodation 

space but abundant sediment. 
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