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Analysis of typhoon- and earthquake-triggered landsliding and fluvial response in the Tachia River, central
Taiwan, documents highly episodic sediment supply over decade to century timescales. Landslide data
from the Chi-Chi earthquake (1999) and subsequent typhoons (2001, 2004, and 2005) quantify the sediment
supply from these events. Fluvial response was investigated by decadal-scale and century-scale longitudinal
river profile data spanning 1904 to 2008 and by sediment delivery recorded in suspended sediment load and
reservoir sedimentation data. Our results show that the different time periods of satellite images and aerial

f:f-,/(‘;vs(;irgz photographs used in previous studies make it difficult to unambiguously identify the causes of landslides pre-
Earthquake viously attributed by some studies to the effects of the Chi-Chi earthquake rather than subsequent high inten-
Typhoon sity precipitation. In response to significant variability in sediment delivery from hillslopes, century-scale
Erosion profile variation data indicate substantial bed surface elevation change of 2.6+ 6.7 m, and decade-scale

Channel response bed surface elevation change of 1.143.3 m. Since 1993, the downstream reaches incised in response to

bedload sediment trapping by reservoirs while headwater reaches aggraded in response to increased sedi-
ment delivery from uplands. A tremendous increase in reservoir sedimentation after 2000 likely reflects
the effects of the highest decade-average daily rainfall since 1900. Suspended sediment load data indicate
a post Chi-Chi earthquake increase in sediment concentration in low-flow events but do not exhibit the
clear influence on sediment yields at higher flows as (e.g., typhoons) reported by others for fluvial response

in the epicentral region.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Rivers receive episodic inputs of sediment, and sediment delivery to
downstream channels reflects the variable input from and transport
during discrete storm events and earthquakes. Although long-term ero-
sion rates are controlled by the broad interplay of tectonics, climate, and
erosion, episodic storm events and earthquakes greatly affect the
delivery of sediment to and its transport through river systems over
shorter timescales. Understanding how such perturbations integrate
into long-term patterns remains a central linkage between process geo-
morphology and landscape evolution over geologic time.

Most of the sediment delivered from unglaciated mountainous terrain
originates in upstream landslides (Korup et al., 2004; Schuerch et al,
2006; Koi et al., 2008) and the linkage between upstream sediment sup-
ply and downstream channel morphology can vary over decadal to centu-
ry timescales (Montgomery and Buffington, 1998). While tectonic uplift,
landscape erosion, and climate change will impact channels over geolog-
ical timescales, sediment supply and discharge variations resulting from
extreme events (floods and droughts) or land use produce channel
change over historical timescales. Over such timescales, sediment budgets
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are useful for linking spatial and temporal variations in sediment supply
and channel response (Schuerch et al.,, 2006; Foster, 2010). In particular,
the magnitude of century-scale channel response to variable decade-
scale sediment delivery is not well constrained.

Rivers of western Taiwan are subject to episodic sediment delivery
during earthquakes and frequent typhoons. In all of Taiwan, 66 large
earthquakes (M, >6) occurred between 1901 and 2000, and 491 ty-
phoons occurred between 1897 and 2010 (CWB (Central Weather
Bureau) (2010)). On 21 September 1999, the Chi-Chi earthquake,
the largest event in Taiwan in 60 years, happened on the Chelungpu
fault (M =7.6). It was the largest event on the Chelungpu fault in
300-620 years (Shin and Teng, 2001; Dadson et al., 2004; Hovious
et al., 2011). Previous researchers have discussed how the Chi-Chi
earthquake and the subsequent sequence of typhoons influenced
landslide abundance, suspended sediment loads, and bedrock river
incision in the epicentral region (Dadson et al, 2003; Lin et al.,
2006; Cheng et al.,, 2007; Lin et al., 2008; Chen and Hawkins, 2009;
Lee and Tsai, 2010; Yanites et al., 2010; Hovious et al., 2011). These
previous studies showed that in the Choshui river catchment
(river D in Fig. 1) post-earthquake suspended sediment concentrations
increased for the period from 2000 to 2007 relative to the period from
1987 to 1999 (Hovious et al, 2011). Numerous investigators have
found that most of the seismically produced sediment remained on
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Fig. 1. The area affected by the Chi-Chi earthquake includes the basins of the Daan River
(A), Tachia River (B), Wu River (C), and Choshui River (D); the epicenter of the Chi-Chi
earthquake is located on the black star symbol. The Tachia River flows past Taichung
city, central Taiwan (24° 8’ 35” N, 120° 40’ 53" E). The dark-gray area is the location of
the Tachia catchment, and the cross symbol is the location of the longest running nearby
rainfall station (Taichung), which provided rainfall data for Figs. 5B, 11C, 11D and 12. The
study areas for previous investigations of seismically induced landslides in central Taiwan
are shown by areas enclosed by dashed lines for Khazai and Sitar (2003), Wang et al.
(2003), and Lin and Tung (2003), shown in areas I, II, and III, respectively.

hillslopes, and was delivered to downstream channels in subsequent ty-
phoon events (Dadson et al., 2004, 2005; Lin et al., 2006; Chiou et al.,
2007; Lin et al., 2008; Chuang et al., 2009; Hovious et al., 2011).
However, long-term suspended sediment records (period 1970-1998),
indicate that nine other rivers in Taiwan approached or exceeded
hyperpycnal sediment concentrations before the Chi-Chi earthquake
event (Dadson et al., 2005; Goldsmith et al., 2008).

Here we use landslide data, reservoir deposit data, suspended
sediment data, and river profile data to examine the relative effects
and impacts of climate and tectonic processes in the Tachia catch-
ment over decadal to century timescales. We also reassess studies of
the landslide response of the Tachia River to the 1999 Chi-Chi earth-
quake and subsequent typhoons in relation to river response to vari-
ations in sediment supply.

2. Study area

The Tachia River is located in central Taiwan (Fig. 1) at the north
end of the surface rupture during the Chi-Chi earthquake and flows
124 km westward from its source in the Central Mountain Range,
dropping over 3700 m to the river mouth. Within the 1244-km?
catchment, the local climate varies from temperate to subtropical
with annual average rainfall of 2725 mm (Basianshan rainfall station,
1420P081), as determined from the Water Resources Bureau (WRB)
Hydrological Yearbooks for the period 1989-2010. The annual aver-
age temperature varies between 14.6 and 22.6 °C, and the river's dis-
charge averages 32 m® s~! in the dry season (April to September)

and 98 m> s~ ! in flood season (October to March) (station I in Fig. 2B)
(WRAP, 2005). Bedrock varies in age from Eocene to Quaternary
(Fig. 2A). Eocene strata consist of argillite, sandy shale sandstone, slate
and phyllite. Oligocene rocks include sandstone, shale, quartzite, slate
and coaly shale. The upstream Miocene strata consist of argillite, sandy
shale sandstone. The downstream Miocene strata consist of sandstone,
mudstone and shale. Pliocene strata consist of poorly consolidated sand-
stone and siltstone/mudstone. Quaternary strata include fluvial ter-
race deposits and recent alluvium. The Tamaopu-Shungtung fault
separates Miocene and Quaternary-age strata, and five active faults
(Chelungpu, Sanyi, Tuntzuchiao, Tienchanshan and Tachia faults)
cut strata of Quaternary-age.

The drainage basin of the Tachia River is an area rich in water and
natural resources. Six reservoirs (Fig. 2B) and seven hydropower plants
generate 25 hundred million kilowatt hours annually (Bureau of Energy,
Ministry of Economic Affairs, 2009). In the upper reaches of the river,
where the population density is just 10 people per square kilometer,
land use includes the Formosan Landlocked Salmon Refuge, national
parks, watershed protection areas, orchards, and farms (WRAP, 2010).
In the middle reaches, population density is as high as 500 people per
square kilometer; and population density reaches 4000 people per
square kilometer in the downstream region (WRAP, 2010). A series of
bridges, levee embankments, and roads intersect and locally constrain
the lower and middle reaches of the river.

Located at the collision of the Eurasian and Philippine Sea plates,
Taiwan experiences frequent earthquakes (Wu et al,, 1997). Since re-
cording of earthquake activity began in 1898, seven earthquake events
have occurred with magnitudes >5 in central Taiwan (WRAP, 2010).
After a 6.1-magnitude earthquake in 1909, four additional earthquakes
with magnitudes from 5.5 to 6.8 occurred from Aug. 1916 to Jan. 1917.
In 1935, several thousand people were killed in the magnitude 7.1
Hsinchu-Taichung earthquake when the Tuntzuchiao fault shifted 2 m
right and 0.6 m vertically (WRAP, 2010). According to CWB records,
the Chi-Chi earthquake (1999, Mw =7.6) was the largest earthquake
to strike the Tachia catchment from 1901 to 2010. The 7.6-magnitude
Chi-Chi earthquake struck central Taiwan when offset along the
Chelungpu fault caused 9 m maximum horizontal displacement and
15-16 m maximum vertical displacement (Lee et al., 2005). In the Tachia
catchment, the fault rupture raised Shih-Kang reservoir and Bei-Fung
bridge 9.8 and 8 m, respectively (Chen and Hawkins, 2009). According
to the Soil and Water Conservation Bureau Chi-Chi earthquake landslide
database (SWCB, 2000), this earthquake caused 14,000 ha of landslides
near the Chelungpu fault (Wang et al., 2003).

Typically, three to four tropical cyclones (typhoons) strike Taiwan
each year during July to September, from the north Pacific and South
China Sea (CWB, 2010). Heavy rainfall during numerous typhoons
occurred in the Tachia catchment between the start of discharge records
in 1897 and the 1999 Chi-Chi earthquake. According to WRAP (2010),
major flooding occurred along the Tachia River in 1959, 1963 (typhoon
Gloria), and 1981 (typhoon Maury). After the Chi-Chi earthquake,
typhoon events caused widespread landsliding and serious damage
during typhoons Toraji, Mindulle, Aere, and Haitang (Chiou et al,
2007). The maximum daily rainfall and three-day cumulative rainfall
recorded in the Shinbogong rainfall station records (point G in Fig. 2B)
are presented in Table 1. The occurrence of frequent storm events and
strong earthquakes in the same catchment provides an opportunity to
investigate catchment-scale response to climate-driven impacts and
tectonic activity over decadal to century timescales.

3. Landslides
3.1. Previous studies in the Tachia catchment
3.1.1. Sources of landslide data

Previous studies used four landslide data sources for the Chi-Chi
earthquake and subsequent typhoon events. Different studies have
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Fig. 2. Characteristics of the Tachia River basin. (A) Generalized geological map showing age of rock units. It also shows six active fault lines (black lines): I = Tachia fault, Il = Tienchanshan
fault, [l = Tuntzuchiao fault, IV = Sanyi fault, V = Chelungpu fault, and VI = Tamaopu-Shuangtung fault. (B) Locations of six dams and associated reservoirs and three meteorological sta-
tions along the river, and the extent of the regions investigated for landslides by river subcatchment and for historical river profile data. (C) Locations of landslides in the SWCB (Soil and Water
Conservation Bureau) Chi-Chi earthquake (blue) and Toraji typhoon (red) landslide database within the drainage basin of the Tachia River; black lines show the lithological boundaries from

panel A.

relied upon different data sets. Lin et al. (2000) and Khazai and Sitar
(2003) used CEDAMS (Chi-Chi earthquake Database Analysis and Man-
agement System) from the National Center for Research on Earthquake
Engineering (NCREE). The SWCB database for the Chi-Chi earthquake
was used by Lin and Tung (2003), Wang et al. (2003), and Chen (2009);
and Wang et al. (2003) and Chen (2009) used the SWCB Toraji typhoon
database (SWCB, 2002). In addition to these sources, Chen (2009) also
used the Central Geology Survey (CGS) Mindulle typhoon database.
Other studies have used various SPOT satellite images and 1:5000 aerial
photographs to map landslides in the Tachia catchment (Cheng et al.,
2006; Chiou et al.,, 2007; Chen and Hawkins, 2009; Chuang et al., 2009).

The CEDAMS and SWCB databases were produced by government
agencies and verified with field investigations (Khazai and Sitar,

2003; Lin and Tung, 2003; Wang et al., 2003). Both databases were
developed from analysis of Spot satellite images and 1:15,000 aerial
photographs, taken on 24 July 1999 and 27 September 1999, to iden-
tify 10,000 seismically induced landslides in the Chi-Chi earthquake
event. The effective mapping resolution of the SWCB database is
6.25 m (Chen, 2009). The CGS Mindulle database used Formosat-2
remote sensing images acquired in 2004, with an effective mapping
resolution of 2 m (Chen, 2009).

3.1.2. Previous detection

Khazai and Sitar (2003), Lin and Tung (2003), and Wang et al.
(2003) used CEDAMS and SWCB databases to map landslides in three
different study areas (Fig. 1, areas I, II, IIl, respectively). All three studies
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Table 1

Daily and accumulated 3-day rainfall intensity for major typhoon events in the Tachia
River and recorded since the Chi-Chi earthquake at the Shinbogong rainfall station.*
Data from Water Resources Bureau Hydrological Yearbooks.

Events Time period Max. daily 3-day rainfall
rainfall [mm] accumulation [mm]

Toraji 7/28-31/2001 234 239

Mindulle 6/28-7/3/2004 618 1000

Aere 8/23-26/2004 314 411

Haitang 7/16-20/2005 312 335

2 The location of this station is shown as point G in Fig. 2B.

found that seismically induced landslides (Keefer, 1984) were closely
related to areas of high peak ground acceleration (PGA), with areas of
greatest damage close to the epicenter or main fault offset (Khazai
and Sitar, 2003; Lin and Tung, 2003; Wang et al., 2003; Meunier et al.,
2007). Most of the seismically induced landslides were shallow land-
slides and their spatial distribution was not associated with particular
geological units (Lin et al., 2000; Khazai and Sitar, 2003). According to
these two earthquake databases, the coseismic landslides in the Tachia
catchment were located downstream of the main range-bounding fault
(see Fig. 2C, blue areas). Meunier et al. (2007) analyzed the seismically
induced landslides in the Choshui catchment in the epicentral region
and found that the density of Chi-Chi earthquake landslides was linearly
and highly correlated with vertical and horizontal components of PGA.
Chen (2009) analyzed landslide response to the Chi-Chi earthquake
(1999) and Toraji typhoon (2001) using the SWCB database and the
Mindulle typhoon (2004) using the CGS database. He reported a high
density of seismically induced landslides in argillite, slate, and phyllite
strata between Tehchi reservoir and Mar-An dam, well upstream of
the areas of seismically triggered landsliding reported in the CEDAMS
database.

Cheng et al. (2006) and Chiou et al. (2007) used 6.25 m resolution
SPOT satellite images, 1:5000 aerial photographs, and NDVI (Normalized
Difference Vegetation Index) to produce high resolution Chi-Chi earth-
quake (1999), Toraji typhoon (2001), Mindulle typhoon (2004), and
Haitang typhoon (2005) landslide maps for the Tachia catchment, with
a minimum distinct landslide area of 1000 m2 They also digitized
aerial-photograph-based topographic maps to generate multitemporal
DEMs and used local differences in elevation between these DEMs to
evaluate landslide volumes for different events. They then used these
data in the program HEC-6 to estimate sediment transport through the
Tachia River and concluded that the river channel elevation will rise up
20 m at Chinshan dam after 2005 with as much as 40% of the
landslide-delivered sediment remaining in this area. Cheng et al.
(2006) and Chiou et al. (2007) also linked high suspended sediment con-
centrations with a post-earthquake effect. Notably, however, according
to their reported image acquisition times (listed in Table 2), their map-
ping of seismically induced landslides includes periods of high intensity
rainfall (Fig. 3). Specifically, their image acquisition period for mapping
landslides associated with the Chi-Chi earthquake event (from April
1999 to December 2000, as shown in Fig. 3, time period II), included
13 days with rainfall exceeding 100 mm, according to the Basianshan
rainfall station (point H in Fig. 2B). Consequently, these studies may
have considered landslides triggered by high intensity typhoon rainfall
as seismically induced, and thus the number of landslides attributed to
the Chi-Chi earthquake is a maximum value that we will refer to as
‘post-earthquake period’ landslides (PEL).

Chen and Hawkins (2009) and Chuang et al. (2009) used 10- and
20-m-resolution SPOT satellite images, and 1:5000 aerial photo-
graphs to generate for the Tachia catchment 20-m-resolution land-
slide maps for Herb typhoon (1996), Chi-Chi earthquake (1999),
Toraji typhoon (2001), and Mindulle typhoon (2004). They found
that earthquake-attributed landslides occurred where PGA exceeded
200 cm s~ 2 and most of the seismic landslides were located between

Table 2
Time intervals covered in of the source images used to derive of landslide databases.

SPOT image time  Aerial photographs time

Before Chi-Chi earthquake 4/1/1999 12/21/1997-9/10/1999

Chi-Chi earthquake 10/31/1999 10/31/1999-12/9/2000
(9/21/1999)

Toraji typhoon 11/18/2001 8/14/2001-2/21/2003
(7/28-31/2001)

Mindulle typhoon 7/21/2004 7/7/2004-7/31/2004
(6/28-7/3/2004)

Haitang typhoon 10/12/2004 1/21/2005, 8/1/2005-1/21/2006

(7/16-20/2005)

Tehchi reservoir and Mar-An dam. Chuang et al. (2009) also surveyed
sediment discharge of the Tachia River from 1979 to 2003. They con-
cluded that although flow discharge during typhoon Toraji (2001)
was less than that of typhoon Herb (1996) the sediment discharge
of typhoon Toraji (2001) was doubled than that of typhoon Herb
(1996), an effect they attributed to the influence of the Chi-Chi earth-
quake. However, neither study (Chen and Hawkins, 2009; Chuang et
al., 2009) reported the time period covered by the images used to
map landslides.

The mapping of earthquake-attributed landslides in different re-
gions of the Tachia catchment depended on images covering different
time periods to map landslides and came to differing conclusions. As
illustrated in Table 3, Khazai and Sitar (2003), Lin and Tung (2003),
and Wang et al. (2003) all used images spanning a short time period
around the Chi-Chi earthquake (period I in Fig. 3) and concluded that
most seismically induced landslides occurred near the Chelungpu
fault. The different conclusions of Cheng et al. (2006) and Chiou et
al. (2007) were based on analysis of images obtained over a longer
time period before and after the Chi-Chi earthquake (period II in
Fig. 3). In contrast to earlier studies, they proposed that numerous
seismically-induced landslides were clustered between Tehchi reser-
voir and Mar-An dam. We thus suspect that the latter studies included
landslides that were triggered by periods of intense precipitation fol-
lowing the earthquake.

3.2. Data

Because of high resolution landslide maps and the clear image ac-
quisition period, we analyzed in more detail the landslide database
published by Cheng et al. (2006) and Chiou et al. (2007), which in-
cludes landslides from the Chi-Chi earthquake (1999) and landslides
between Tehchi reservoir and Mar-An dam that occurred during ty-
phoons Toraji (2001), Mindulle (2004), and Haitang (2005). Unfortu-
nately, these maps do not distinguish source areas from deposition
areas for individual landslides. The study area and image acquisition
periods are illustrated in Fig. 2B and Table 2. Within this 396-km?
area there are 44 subcatchments located between Tehchi reservoir
and Mar-An dam (Fig. 2B) and over 5000 landslides larger than
1000 m? are included in the multievent data set for the region be-
tween Tehchi reservoir and Mar-An dam. Data in the serial landslide
database include the total landslide area and volume and the average
pre- and post-failure elevation difference for the landslides in each
subcatchment. The volume and average elevation difference were
evaluated from multitemporal DEMs generated from stereo aerial
photographs (Cheng et al., 2006; Chiou et al., 2007).

The DEMs were created by digitizing contours from 1:5000
(0.25-m resolution) photo base maps published by the Aerial Survey
Office (Forestry Bureau, Taiwan Council of Agriculture) with contour in-
tervals of 5 and 10 m, respectively, for lowlands (elevations<1000 m)
and higher mountain regions (elevations>1000 m). After digitizing
the elevation of these photos and converting to a raster-based map,
ArcGIS Spatial Analyst Cut/Fill tool was used to evaluate volume and
elevation differences between the two maps (Cheng et al, 2006;



130

M.Y.-F. Huang, D.R. Montgomery / Geomorphology 175-176 (2012) 126-138

300 ————————r—————p—r——+— "
s
- 5 | it >
250 F i .
ley
200 :9:
£ 1
E I
= 1<
= 150 | 18 i
£ HE
= :g
& 100 s 1
5
=
50 | :Ll) 8
1=
1~
0 W .
Apr. Jun. Aug. Oct. Det. Feb. Apr. Jun. Aug. Oct. Dec.
1999 2000
Time

Fig. 3. Daily rainfall records of mountain region Basianshan rainfall station (TWD67, location shown in Fig. 2B) for the period of 1 Apr. 1999-31 Dec. 2000, time period II of Table 3,
covered by images used in mapping for the Chi-Chi earthquake landslide database. Gray band shows the time period covered by images used to prepare the SWCB and CEDAMS

Chi-Chi earthquake landslide databases (period I of Table 3).

Chiou et al,, 2007). The elevation error of these multitemporal DEMs
was estimated to be 0.5 m (Cheng et al., 2006).

3.3. Results

3.3.1. Landslide density ratio

We used the landslide density ratio (LD) to evaluate the extent of
landsliding within individual subcatchments. The LD is calculated as
the ratio of subcatchment landslide area to the drainage area of the
subcatchment. It thus quantifies the relative extent of landsliding in
the different subcatchments. Typhoon Mindulle (2004) triggered
the largest area of landslides during the highest intensity rainfall
recorded in this area. The highest LD, LD.x = 38%, occurred during
Mindulle typhoon (2004) and the average LD for all 44 tributaries
was also the highest in this event, LD,yerage = 7.8%. The minimum LD
value in this event also was the highest of those in the four events.
The second highest LD value is for PEL associated with the Chi-Chi
earthquake, LDpmax=35% and LD,verage=7.5%. The smallest LDpyax
value (32% with LD,yerage =6.1%) was produced in Toraji typhoon
(2001), which had the lowest rainfall intensity. Smaller subcatchments
(<10 km?) exhibited substantial variability in LD, whereas LD values
for larger subcatchments were less variable over the four events
(Fig. 4A).

Table 3
Different Chi-Chi earthquake landslide data sources were from different satellite images
and the time period of aerial photographs of previous studies.

Densest landslide region Image Database Reference
period name

Downstream Upstream
N I CEDAMS Khazai and Sitar (2003)
N I SWCB Lin and Tung (2003)
N I SWCB Wang et al. (2003)

N 11 Cheng et al. (2006)

N 11 Chiou et al. (2007)

N I SWCB Chen (2009)

The downstream landslide area means near the Chelungpu fault region, and the
upstream area means the region between Tehchi reservoir and Mar-An dam. Image
acquisition periods I and II are shown in Fig. 3.

~ means region is covered by images used.

3.3.2. Equivalent landslide erosion

We estimated cumulative landslide volumes from catchment-wide
landslide areas using the global data compiled by Larsen et al. (2010).
All catchments plot close to the 1-m average depth line for soil land-
slides in the global data compilation (Fig. 5A), indicating a dominance
of shallow-regolith landsliding over deep-seated bedrock landslides.
According to the 44 subcatchment elevation differences from multi-
temporal DEMs, the total average elevation difference of our data,
0.75 m, is close to Larsen et al.'s (2010) global average for soil landslides.
We therefore conclude that the landslide volume data is reasonable even
though the erosion rates implied by the total volumes of these landslides
are quite high. As another check, we evaluated the total landslide vol-
umes, and thus the implied subcatchment erosion rates, by the product
of total landslide area and average elevation difference and found the
reported total volumes to be a little lower and therefore more conserva-
tive. We therefore used these values (total subcatchment landslide
volume divided by subcatchment area) to evaluate subcatchment-scale
landslide erosion (LE) in different events.

O Chi-Chi earthquake (1999)
(O Toraji typhoon (2001) 4
+ Mindulle typhoon (2004)
X Haitang typhoon (2005)
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Fig. 4. (A) The relationship between landslide density ratio (LD) and subcatchment area
within 44 tributaries, with four landslide events shown in different symbols. (B) The rela-
tionship between the equivalent landslide erosion (LE) and catchment area.
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Fig. 5. (A) Comparison of landslide volume evaluated from multitemporal DEMs for
earthquake- and typhoon-triggered landslides (circle and triangle symbols, respectively)
overlain on data from Larsen et al. (2010). (B) Variation of landslide erosion rate of 44
subcatchments in relation to maximum daily rainfall records from Shinbogong rainfall sta-
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We used total subcatchment landslide volumes to evaluate sub-
catchment landslide erosion rates, LE, for each event. As for sub-
catchment LD values, the LE values for smaller subcatchments
(<10 km?) varied greatly, with LE values for larger catchments being
similar for all four events (Fig. 4B). Notably, the average LE of PEL asso-
ciated with the Chi-Chi earthquake was the highest among the four
events, with LE pg; =101.8 mm. Although the LE values in different
subcatchments and events that show most of the high LE regions are
close to the main river channel, no clear pattern linked variations in LE
with the spatial distribution of these subcatchments. Rock strength
properties in this area (reviewed by Chuang et al., 2009) show no corre-
spondence between rock strength and the LE of earthquake or typhoon
events, although differences in weathering and near-surface fractures
may help explain patterns of earthquake and typhoon-induced landslid-
ing (as we discuss further later).

To investigate the relationship between rainfall intensity and
landslide erosion rate (Fig. 5B), we used erosion rate data from 44
subcatchments and maximum daily rainfall data of Shinbogong rain-
fall station (Table 1) of three typhoon events (Toraji (2001), Mindulle
(2004), and Haitang (2005)) to fit a simple linear regression for each
subcatchment. The data from individual basins showed strong corre-
lation between LE and maximum daily rainfall, as 42 out of 44
subcatchments displayed a significant positive linear relationship;
and the regressions for over half of the catchments had correlation
coefficients (R? values)>0.8. In all but two subcatchments (both of
which had low LE values), higher rainfall systematically translated
into more landslides. The wide range of regression slopes apparent
in Fig. 5B indicates that different subcatchments have differing pro-
pensity to produce landslides in response to precipitation and thus
that some areas are more sensitive to the impact of rainfall intensity.

4. River response
4.1. Previous studies of the Tachia River

The Tachia River is located at the north end of the Chelungpu fault,
which passes through the downstream region of the river at Shih-Kang
reservoir (see Fig. 2B, location F). After the 1999 Chi-Chi earthquake, re-
searchers investigated fault zone activity using historical data (Sung et
al., 2000; Chen et al., 2006), fluvial terrace development (Chen et al.,
2003), and structural geology (Lee et al., 2005; Yue et al., 2005; Lee and
Chan, 2007) along the Tachia River. Chen et al. (2003) used aerial photo-
graphs, 1:5000 topographic maps, and GPS measurements to evaluate
river terrace elevation differences between various faults of the Tachia
River. They found that, in the fold-thrust belt of the frontal western foot-
hills, the Tachia River flowed above a tectonic ramp structure, as also
proposed by Lee et al. (2005). Sung et al. (2000) and Chen et al. (2006)
used the 1904 version of Taiwan Bautu (1:20,000 scale) and the 1985
topographic map (1:25,000 scale) to study the Hack (1973) stream-
gradient index (SL index). According to their investigations, high local
SL indices on the 1904 map reflect fault activity of the Chelungpu,
Tuntzuchiao, and Shungtung faults (see Fig. 2A), and the 1985 SL index
curve is much smoother than in 1904, except for the Tuntzuchiao fault
where offset occurred during the magnitude 7.1 Hsinchu-Taichung
earthquake in 1935 (fault Ill in Fig. 2A) (Sung et al., 2000).

4.2. Data

Published reports of the Taiwan Water Resources Agency include
monitoring data from 134 channel cross sections surveyed at inter-
vals of about 0.5 km along the channel (Figs. 2B and 6A) following
Taiwan government standards (Shen, 1994). Of the cross sections,
99 were surveyed repeatedly between 1993 and 2008; 35 additional
cross sections were measured in upstream districts between 2003
and 2008. Cross section locations are marked by steel or concrete
piles at both ends of the cross section and the locations of these piles
are determined by benchmark and GPS. Historical longitudinal profile
data from the year 1904 (WRAH, 2010) was based on a historical map,
known as Taiwan Baotu, published by Japanese authorities in 1904. This
map was digitized by ASCC GIS lab (Academia Sinica Computing Center)
in 2003 and readjusted spatially to a recent DEM (year 2000, published
by the Department of Interior, ROC) (Sung et al, 2000; Chen et al,
2006). The river bed profile elevation data was obtained by normalizing
the lowest elevation data across each cross section, following Taiwan
government standards (Shen, 1994). In addition, channel grain size data
was collected in 16 cross sections in 1983 and 22 cross sections in 2008,
and channel width data was measured from 1:5000 aerial photographs
for 87 cross sections in four years (1998, 2000, 2005, and 2008).

Sediment volume data were also published for six reservoirs in WRAP
series reports. The six reservoirs in the Tachia River, from upstream to
downstream (Fig. 2B), include Tehchi reservoir (drainage area 592 km?,
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built in 1973), Chinshan dam (drainage area 596 km?, built in 1970),
Ku-Kuan reservoir (drainage area 686 km?, built in 1961), Tien-Loon
dam (drainage area 827 km?, built in 1963), Mar-An dam (drainage
area 916 km?, built in 1997), and Shih-Kang reservoir (drainage area
1061 km?, built in 1977). Reservoir sediment data have been monitored
since they were constructed. Sediment data for these reservoirs are esti-
mated by the water storage loss between the date of construction and
subsequent capacity estimates based on bathymetric resurvey.

To evaluate the volume of fluvially transported sediment, we also
collected the available hydrometric station data along the Tachia
River (Pai-Lu bridge station, 1420H037) from the Water Resources
Bureau (WRB) Hydrological Yearbooks for the period 1978-2003. In
these data, water discharges were measured daily and suspended
sediment concentrations were measured for 30 samples per year.
These samples used a depth-integrating, suspended-sediment sam-
pler (DH-48) and were calibrated annually by WRB (Kuo and Liu,
2001). We collected aerial photographs from three years to investi-
gate channel migration within three segments of the monitored chan-
nel in 1975, 1988, and 2005 (locations of these segments are shown
in Fig. 6D). The aerial photographs, published by the Aerial Survey
Office of the Taiwan Forestry Bureau, have a resolution of 0.25 m.

4.3. Results

4.3.1. Longitudinal profile of the main river channel

The low degree of concavity and relatively straight longitudinal pro-
file constructed from 134 cross sections of the Tachia River locations con-
trasts with the typical concave form of river longitudinal profiles (Fig. 6A
and B). The slopes for each surveyed section of the river are all close to
1%, except for near Shih-Kang reservoir where offset during the Chi-Chi
earthquake created a pronounced knickpoint (Figs. 6C and 7). The strik-
ingly uniform slope of this river suggests a high sediment load and im-
plies a transport-limited state (Snow and Slingerland, 1987; Radoane
et al., 2003; Chen et al., 2006; Lee and Tsai, 2010).

4.3.2. Seismic-knickpoint of the Tachia River

During the Chi-Chi earthquake, major surface offset produced a
knickpoint at the Shih-Kang reservoir (see Figs. 6B and 7) resulting
in vertical displacement of up to 11 m. Another surface rupture
zone is located along the Tingpu fault (location C in Fig. 7). As of
2008, the Shih-Kang reservoir section still exhibits an abrupt change
in gradient, and a new (post-2000) delta is forming because of the
backwater effect upstream of the Shih-Kang reservoir. Based on
surveyed bed elevation profiles, the incision rate at this knickpoint
was 1 my~! for the period from 2000 to 2008. An additional
knickpoint in the longitudinal profile surveyed in 1904 at the location
of Sanyi fault (point A in Fig. 7) had been eroded by the 1993 survey,
indicating a century-scale local incision rate of about 0.2 my~'
According to an interpretive geological cross section (Yue et al,, 2005),
researchers have proposed that a bedding-parallel Chelungpu-Sanyi
thrust system merges at depth with the Chelungpu fault along the
Tachia River (Lee et al., 2005; Yue et al, 2005). Interpreting the
knickpoint at location A on the 1904 profile as reflecting nineteenth
century offset on the Sanyi fault is consistent with other independent
evidence for offset along the Chelungpu fault in the nineteenth century
reported by Chen et al. (2001).
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Fig. 7. Tachia River channel profile near the 1999 earthquake-generated knickpoint at
Shih-Kang reservoir section (location B). The surface rupture zone of Chi-Chi earth-
quake involved the Chelungpu fault (location B) and two strands of the Tingpu fault
(locations C). The Sanyi fault is located at the inflection on the 1904 profile (location A).

4.3.3. Decadal-scale and century-scale bed elevation variations

Despite the overall uniform slope, the cross-sectional data reveal
substantial decadal-scale and century-scale local variance in bed
surface elevation normalized relative to the 1993 and 1904 profiles
(Fig. 6D and E). Upstream of the extent of the 1904 survey (53 km),
elevations are normalized to riverbed elevation data from 2003. Like-
wise, upstream of the extent of the 1993 survey (51 km), elevations
are normalized to riverbed elevation data from 2003.

Decadal-scale (1993 to 2008) variability of the river elevations
shows a normal distribution with a mean of 1.1 m aggradation and a
standard deviation of 4-3.28 m (Fig. 8A). Century-scale (1904 to 2008)
bed elevation exhibits a mean of 2.6 m aggradation and a standard devi-
ation of 4+ 6.67 m (Fig. 8B). According to these normalized distributions,
over the past two decades channel elevation response to perturbations
in sediment supply is about half the amplitude of century-scale varia-
tions. This high degree of recent variability suggests that the Tachia
River is highly responsive to a recent increase in sediment supply.

Riverbed elevations in the upper and lower river differ in their
decadal-scale variability (Fig. 6D), with several distinct zones of re-
sponse. The lowermost reaches of the river, from the river mouth to
Shih-Kang reservoir (0 to 23 km), exhibit consistent incision. In the
vicinity of the Shih-Kang reservoir (location F in Figs. 2B and 6D),
the surface offset from the Chi-Chi earthquake is apparent in the dra-
matic bed elevation variability. In the middle reaches (28 to 47 km),
the channel bed exhibited little variability, reflecting a dominantly
transporting zone. The channel bed systematically aggraded in the
basin headwaters (47 to 66 km).

In the vicinity of Shih-Kang dam, the combined influence of the
knickpoint and dam leads to aggradation upstream of the reservoir,
accompanied by fining and narrowing of the channel (Fig. 6F and
G). Within the incising zone downstream of the reservoir, the channel
also widened; grain sizes at most downstream locations coarsened.

In the aggrading zone (upstream of 50 km), the areas both up-
stream and downstream of the Mar-An dam (built in 1997 at location
E in Figs. 2B and 6D) exhibit substantial aggradation. In the most up-
stream area, high sediment supply from landslides after 2003 led to
local profile aggradation>20 m. Although, channel widths did not

Fig. 6. (A) Locations of 134 cross section locations (red lines with every 10th cross section number identified) surveyed by WRA from 1993 to 2008). Red channel boundary lines are WRA
river basin management plan boundaries, and black lines represent locations of constructed levees. Yellow outline and slash areas are the locations of villages. (B) Longitudinal river profiles
illustrated by different symbols from the year 1904 to 2008, showing locations of Shih-Kang reservoir (location F), Mar-An dam (location E), and Tien-Loon dam. (C) River channel slope,
1904 to 2008. Notice the knickpoint at Shih-Kang reservoir at the Chelungpu fault, located at about 23 km. (D) Normalized elevation variations for decadal-scale data normalized by the year
1993 data for region downstream of the dashed line (51 km) and normalized by the year 2003 data for upstream locations. Point E is Mar-An dam position. Segments A, B, and C are the
range of aerial photos in Fig. 9A, B, and C, respectively. (E) Century-scale data normalized by the year 1904 data for elevations downstream of dashed line (53 km) and by the year 2003 data
for upstream elevations. The red error bars show the variations; cross symbol means the average value and the upper and lower error bar limits in the maximum and minimum values. Point
Fis the position of the Shih-Kang reservoir. (F) River channel width differences in the year 2000, 2005, and 2008; all of these channel width values have been normalized by the year 1998
channel width data. (G) Mean grain size data from the year 1983 and 2008; the dashed line indicates the location of Shih-Kang reservoir (F).
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Fig. 8. Histograms of channel bed elevation variation and fitted normal distribution
(black curve) in decadal-scale and century-scale comparisons. (A) Decadal-scale bed
elevation data fit by a normal distribution with a mean value of 1.10 m and standard
deviation of 3.28 m. (B) Century-scale bed elevation data fit by a normal distribution
with a mean value of 2.60 m and standard deviation of 6.67 m.

change very much, a pronounced coarsening is apparent in data im-
mediately downstream of Mar-An dam (Fig. 6F and G).

The century-scale profile analysis revealed basin-wide aggradation,
with the exception of locations immediately upstream and downstream
of Shih-Kang reservoir (Fig. 6B). As a result of the Chi-Chi earthquake
the river profile was uplifted over a roughly 5 km reach upstream of
Shih-Kang reservoir. Since 1904, incision occurred immediately down-
stream of Shih-Kang reservoir, and the channel bed has significantly
aggraded upstream of Shih-Kang reservoir (30 km). Localized zones of
substantial (>10 m) century-scale aggradation (4.5-10 km) and inci-
sion (11-15 km) are also apparent in the downstream reaches. This
pattern may reflect extensive human modifications in these reaches
where, according to WRAP (2010), railway bridges, levees, and farm-
land were built and developed in the early twentieth century.

Aerial photographs of reaches A, B, and C in 1975, 1988, and 2005
show channel response to sediment delivery and human impacts

(see Fig. 6D). In reach C (Fig. 9C), the channel widened significantly
after 1988 and upstream of the Shih-Kang reservoir the channel
widened substantially from 2000 to 2008. Immediately downstream
of Shih-Kang reservoir, in reach B (Fig. 9B), the channel narrowed
significantly from 1975 to 1988 and then widened dramatically by
2005, presumably from breaching of the reservoir during the
Chi-Chi earthquake. Reach A exhibited substantial channel widening
from 1975 to 2005, despite overall bed incision after 2003.

While channel widening from 1975 to 2005 implies increased up-
stream sediment delivery to the river channel (Fig. 9), average chan-
nel width increased after 2000 (Table 4), implying a substantial
increase in sediment supply. The average channel width increased by
just 2 m from 1998 to 2000, after the Chi-Chi earthquake. However,
channel width increased up to 68 m after the Haitang typhoon in
2005. The high intensity precipitation during typhoons provides the
energy to deliver the sediment to the Tachia River channel. In addition,
the average bed-surface grain size increased 12 mm from 1983 to 2008
(Fig. 6G). The increase in grain size from 1983 to 2008 downstream of
Mar-An dam and Shih-Kang reservoir likely reflects the impact of dam
construction.

4.3.4. Suspended sediment load variations

Evaluating the relative roles of typhoon precipitation and the impact
of the Chi-Chi earthquake on sediment delivery and transport is difficult
because suspended load data is available for a single hydrometric station
along the Tachia River, Pai-Lu bridge station (1420H037). Since the
suspended sediment data span the period from 1978 to 2003, we sorted
these data into three periods: 1978 to 1989, 1990 to 1999, and 2000 to
2003 (post-Chi-Chi earthquake). Data from the period 2000-2003 ex-
hibit a higher suspended sediment load than data from1990 to 1999,
suggesting a post-earthquake effect, as argued by others for catchments
in the epicentral region (Dadson et al., 2004, 2005; Chuang et al., 2009;
Hovious et al,, 2011). However, data from the period 1978-1989 like-
wise exhibit a systematically higher suspended sediment record than
for the period from 1990 to 1999. Moreover, the highest sediment con-
centrations occurred during this period, not after the Chi-Chi earth-
quake. The higher post-earthquake suspended sediment loads at low
discharges (<20 m® s~ ') suggest increased post-earthquake sediment
availability in rivers in the Tachia catchment (e.g., Goldsmith et al.,
2008). Given the overlap in the suspended sediment rating curves for
the 1978 to 1989 and the post-earthquake periods for high flows
(>100 m> s~ '), the hypothesized post-earthquake enhancement of
sediment delivery is most conspicuous at low flows between typhoon
events (Fig. 10).

4.3.5. Reservoir sedimentation records

Changes in reservoir sediment volumes over time can be used to
track catchment sediment delivery (Rowan et al.,, 1995; White et al.,
1997; Foster et al., 2007; Foster, 2010). Reservoir data are available
at six widely distributed locations along the Tachia River. Reported
sediment grain size for reservoir sediment deposits (Table 5) indicate
coarse (bedload) deposition in downstream reservoirs (Mar-An) and
fine (suspended load) sediment in the upstream most dam (Tehchi).
The earliest dam was constructed in 1961, providing up to a half cen-
tury of data (Fig. 11A). We divided the sediment volumes reported for
each reservoir by the incremental drainage area between each reservoir
and the next one upstream to evaluate the erosion rate in each reservoir
over annual and decade timescales (Fig. 11A and B). We also analyzed
the average erosion rate over the total upstream drainage area for
each reservoir (Table 5). Incremental drainage areas were adjusted to
account for different construction times of each reservoir.

The fastest rate of sediment accumulation in Ku-Kuan reservoir oc-
curred in 1961-1963 and 1970-1973, before construction of the up-
stream Tehchi reservoir. After the Chi-Chi earthquake, high erosion
rates according to reservoir sedimentation records (Fig. 11A) were
reported for the Shih-Kang and Teschi reservoirs, the upstream most
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Fig. 9. Aerial photographs from 1975, 1988, and 2005 for three reaches of the Tachia River (locations shown in Fig. 6D). (A) Reach A extending from Chungshan highway bridge
(bridge 6) to river mouth; six bridges are contained in this region. (B) Reach B, the region between Shih-Kang reservoir and Chungshan highway bridge (bridge 6); five bridges

are contained in this area. (C) Reach C, the area from Tungshin bridge to Lungan bridge.

Table 4

The variation of average river channel width in Fig. 6F for the period from 1998 to 2008.
Year 1998 2000 2005 2008
Channel width [m] 443 441 511 508

and downstream most reaches, respectively. After Toraji typhoon
(2001) the upstream Chinshan dam's erosion rate increased, and
after typhoons Mindulle (2004) and Haitang (2005), sediment
volume increased tremendously at the upstream most reservoir, Tehchi
reservoir (to the right of dashed line in Fig. 11A). A significant increase
in reservoir sedimentation rate after 2005 is apparent in the annual data
from Tehchi, Mar-An, and Shin-Kang reservoirs.

The decade-averaged (decadal scale) erosion rates in each reservoir
did not uniformly increase before and after the Chi-Chi earthquake
(Fig. 11B). For example, the highest erosion rate at the Ku-Kuan reser-
voir occurred before 1980, but occurred in the 1980s and 1990s at the
Tien-Loon dam.
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Fig. 10. Suspended sediment data from the hydrometric station, Pai-Lu bridge station
(1420H037, location shown in Fig. 2D) showing data for the years 1978-1989, 1990-1999,
and 2000-2003 (post-Chi-Chi earthquake).

We further examined the average decadal erosion rates by a weighted
average of all six reservoir's drainage area based on both incremental and
total drainage areas (Fig. 11C; Table 5). These two measures reflect
differing constraints on sediment transport and reservoir trap efficiency;
bedload sediment is unlikely to pass through a reservoir, whereas at
least some suspended sediment is likely to do so. Before the
Chi-Chi earthquake, reservoir sediment erosion rate was consis-
tently under 1 mm y~! when calculated using the total upstream
drainage area, and under 2 mm y~ ! when calculated using the in-
cremental drainage area between one dam and the next (Fig. 11C).
Reservoir sedimentation increased three-fold after the earthquake, from
04 mmy~! for 1990-2000 to 1.4 mm y~ ! after year 2000 for total
drainage area, and from 1.8 mmy~! to 62 mmy~' for incremental
drainage area. Most of the highest erosion rate records were contributed
after Mindulle typhoon (2004) (Fig. 11A and C).

Long-term rainfall records from Taichung rainfall station (for the
period 1897-2010), show that the decade-averaged maximum daily
rainfall after 2000 was greater than in the period from 1960 to 2000.
Decade-averaged erosion rates track decadal maximum daily rainfall
(Fig. 12). The greater frequency of high intensity rainstorms in the
post-earthquake period helps to explain the high erosion rates in the
post-earthquake period.

5. Discussion and conclusions

Episodic processes triggered by earthquakes and typhoons deliver tre-
mendous amounts of sediment from landslide-induced mass wasting in
the drainage basin of the Tachia River. However, the different acquisition

Table 5
Drainage areas and deposited sediment particle sizes for the six reservoirs shown in
Fig. 2B.

Reservoirs Drainage area [km?] Date Built Dso [mm] Dgo [mm]
Total Incremental

A. Tehchi 592.0 592.0 1973 0.0083° -

B. Chinshan 595.8 3.8 1970 - -

C. Ku-Kuan 686.0 90.2 1961 - -

D. Tien-Loon 827.0 1410 1963 - -

E. Mar-An 916.4 89.4 1997 12.5% 75

F. Shih-Kang 1061.0 1446 1977 0.2¢ 0.33°

‘-’ means no data.
2 Particle size data from WRA (2010).
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Fig. 11. Sediment data from six reservoirs along the Tachia River. (A) The annual erosion rates based on reservoir sediment for 1960 to 2010. The legend shows the symbols and the
dam construction times. The red line shows the timing of the Haitang typhoon (2005). (B) A bar graph displays the average decadal erosion rate in each reservoir ordered from
upstream (left) to downstream (right) for each decade. (C) Bar graph of the average erosion rate in the drainage basin of the Tachia River; dark black bar is calculated using accu-
mulated drainage area, and gray bar data is calculated using the incremental drainage area. (D) Century-scale average maximum daily rainfall records from Taichung rainfall station
(location shown in Fig. 1).

7 T T T times of the satellite images and aerial photographs used to identify land-
® I[ncremental drainage area slides triggered by the Chi-Chi earthquake in some previous studies make
% it difficult to unambiguously distinguish co-seismic and post-seismic fail-
ures because both the earthquake and significant storms happened dur-
ing this time period, a problem highlighted by Wasowski et al. (2011)
in a recent review of research on earthquake-induced landslides. For ex-
ample, according to the SWCB Chi-Chi earthquake landslide database,
most of the seismically induced landslides occurred along the Chelungpu
fault and were not related to specific rock formations. While the studies of
Khazai and Sitar (2003), Lin and Tung (2003), and Wang et al. (2003)
supported this result, those of Chen (2009) and Chuang et al. (2009)
came to a different conclusion based on their use of different landslide
image time periods that overlapped significant storm events. However,
based on our re-analysis we infer that the post-earthquake landslides
(PEL) identified in the latter studies included a preponderance of
storm-induced landslides between Tehchi reservoir and Mar-An dam.
Typhoon-induced landslide erosion rates exhibit a high degree of var-
iability between catchments, but rock type appears to be a major control.
Typhoon-induced landslides are strongly related to the spatial extent of
Oligocene-age rock in the Tachia River basin. The observation of few
Fig. 12. The relationship between decadal-scale average maximum daily rainfall records earthquake-induced landslides in the Oligocene-age rock in the SWCB
(DR) and decadal-average erosion rata (ER) of all reservoirs from 1960 to 2010. Solid Chi-Chi earthquake landslide database likely reflects the influence of its
black circles are data evaluated by incremental drainage areas and the hollow circle data greater rock strength than other geological units in the drainage basin.

were based on the accumulated drainage areas. The solid black line is the linear fitting re- In addition. local weathering and development of near-surface fractures
sult of all incremental drainage areas data (regression equation: ER=0.068 - DR—9.81, ’ s P

R>=0.93). The accumulated drainage area data is also fit by linear regression as shown may promote failure of the Oligocene-age rock during pore-pressure
by the black dashed line (regression equation: ER=0.014 - DR— 1.80, R>=0.87). elevating typhoon events.
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Hillslope erosion rates by landsliding far exceed the downstream sed-
iment delivery measured by reservoir sedimentation, indicating substan-
tial storage of landslide-produced material on hillslopes (e.g., partial
mobilization) and along headwater channels. The high fluvial sediment
loading of the Tachia River is reflected in the nearly straight longitudinal
profile and high-amplitude elevation fluctuations. Channel bed elevation
and width have exhibited significant local changes to increased sediment
delivery. The wider average river width and high reservoir sediment
deposit volume after typhoon Mindulle in 2004 confirm that storm-
triggered sediment delivery contributed most of the aggradation within
the river channel. Over a decadal timescale, the river bed incised in the
downstream reaches and aggregated in upstream reaches, a pattern
consistent with the century-scale sediment transport and residence
times predicted by Yanites et al. (2010) in rivers south of the Tachia
basin. River engineering and flood control planning should expect
substantial (>3 m) century-scale and (>1 m) decadal-scale variations
in river bed elevations, a finding that has major implications for flood
control strategies.

The relationship between channel morphology and sediment grain
size proposed by Dade and Friend (1998), predicts that the downstream
reaches of the Tachia River are bedload dominated. While high flows
carry most of an increased suspended sediment load farther down-
stream, an increase in bedload would trigger aggradation in the river
channel. The coarse grain sizes from 1983 to 2008 apparent in many
reaches support the interpretation that bedload sediment accounted
for the channel elevation fluctuations apparent in the century-scale
and decadal-scale data. The grain-size coarsening immediately down-
stream of the Shih-Kang reservoir implies that the reservoir reduced
downstream transmission of bedload. The high suspended sediment
loads apparent in the early (i.e., 1978-1989) decadal scale suspended
sediment records show that the high sediment yield potential of the
Tachia catchment does not depend on earthquake-induced landsliding.
Moreover, the reservoir sediment data show a greater increase in sedi-
ment delivery in the second half of the decade after the Chi-Chi earth-
quake, rather than a decay in sediment delivery during subsequent
typhoons. Thus, it appears that in the Tachia River basin the proximal
mechanism responsible for sediment delivery to the headwater channel
system is high intensity precipitation.

According to century-long maximum daily rainfall records
(Taichung rainfall station, Fig. 11D), the decade-averaged maximum
daily rainfall after 2000 was the highest recorded since 1900, a factor
consistent with secular climate change characteristics in Taiwan since
1900 (Hsu and Chen, 2002). That high intensity, short-duration rain-
storms controlled sediment delivery is supported by the reservoir sedi-
ment deposition data.

Although researchers studying the epicentral region of the 1999
Chi-Chi earthquake report that earthquake effects influenced landsliding
and sediment delivery during subsequent typhoons (Koi et al., 2008; Lin
et al., 2008), triggering factors reported in previous studies (earthquake
versus typhoon) are difficult to separate for the Tachia River basin. None-
theless, the substantial quantities of river sediment produced by up-
stream landslides link river response to the sequence of earthquakes
and typhoon events, producing significant bed profile fluctuations over
decadal and century timescales. While different portions of the river
are responding to fundamentally different forcing at present, the far
greater hillslope erosion rates than the erosion rates inferred from ob-
served reservoir sedimentation indicate that abundant sediment mobi-
lized since the Chi-Chi earthquake remains in the catchment system,
and documents the potential for sustained variability in fluvial response
to the combination of strong tectonic activity and high intensity rainfall
events that characterize western Taiwan.
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