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Abstract

The impact of flood diversion channels on river sediment transport has been rarely reported.
This study uses the Yuanshantze flood diversion tunnel (YFDT), which was commissioned
in July 2005 in Taiwan, as an example. This study calculates the sediment transport in the
Keelung River from 1997 to 2018 by using seasonal rating curves, in the form of aQ”.
Changes in rating curve coefficients are also analyzed to understand the impact of YFDT on
sediment transport regime. The results show that after the construction of YFDT, the annual
sediment transport dropped from 0.59 + 0.47 [Mt y '] t0 0.17 + 0.09 [Mt y'], leading to damp-
ened inter- and intra-annual variation. Before flood diversion, the Keelung River requires
~1% cumulative time to export 50% cumulated sediment loads, but it takes ~4.5% cumula-
tive time after flood diversion. Exponent b decreased from 1.23+0.18 to 1.15+0.13, and log a
decreased from 0.71+0.15 to 0.51+0.11, suggesting that the Keelung River is akin to a dif-
ferent river in terms of sediment transport regime. While the design of the diversion tunnel
mainly considered its impact on flow, its impact on sediment transport is far greater than its
impact on flow and should not be overlooked. Whether this new normality will affect the
downstream river continuum requires continuous attention.

Introduction

The amount of sediment from land to the ocean has always been a focal point of interest [1, 2].
Fluvial sediment export is tightly related to the evolution of geomorphology [3, 4], changes in
coastlines [5, 6], oft-shore aquatic ecosystems [7, 8], physical and chemical weathering [9, 10].
Considering the carbon cycle, rivers connect the atmosphere to the ocean, carrying organic
carbon in soil from the contemporary carbon fixed in plants to be buried deep in the ocean,
functioning as a global warming counteracting mechanism [11-13]. Anthropogenic influences
and changing climate have affected the supply and flux of sediment along hydrological
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pathways [14]. Infrastructures, e.g., water diversion schemes and dams, decelerate the sedi-
ment flux to the coastal zone [15-17]. However, previous studies on the influence of hydraulic
structures in rivers on sediment transport have mostly focused on the impact of dams or reser-
voirs [18, 19], with limited research on the impact of flood diversion channels on fluvial sedi-
ment transport.

Various flood control measures are employed in rivers to reduce flood risks, such as flood
bypasses, reconnected floodplains, compound channels, backwaters, distributaries, and inter-
basin transfers [20]. However, distributaries or distributary channels, which are streams that
branch off and flow away from a main stream channel to another basin or directly to the sea,
are uncommon. Currently, there are few engineered distributaries that discharge into the sea
worldwide, such as the Mississippi River in the United States, the Sarawak River in Malaysia,
and the Turia River in Spain. These three diversion channels are all located within deltas. To
reduce the risk of flooding in the Taipei metropolitan area, Taiwan, the Yuanshantze flood
diversion tunnel (YFDT) was constructed in the upstream of the Keelung River, one of the
three main tributaries feeding into the Taipei metropolitan area. This has effectively increased
the safety of downstream residents [21]. However, the YEDT in Taiwan is unique in that it was
excavated closed to the headwater, diverting some of the floodwaters directly into the East
China Sea. The Keelung River, where the YFDT is located, stretches about 93 kilometers from
its origin to the sea outlet, with the diversion tunnel about 70 kilometers from the sea outlet.
The length of the river section affected by the diversion, as a percentage of the total river
length, is likely the largest among all similar diversion projects.

Taiwan is a subtropical mountainous island with a maximum elevation of approximately
4,000 meters above sea level and about 70% of its area located above 100 meters above sea
level. The island-wide annual rainfall is around 2,400 mm, which is over three times the global
average [22]. Due to its steep slopes and small watersheds, about 70% of the annual rainfall in
Taiwan turns into runoff. From May to October, Taiwan is affected by 3-5 typhoons, which
bring torrential rainfall with high intensity, resulting in episodic floods. Additionally, intense
rainfall, combined with high tectonic rates, leads to rapid mass wasting and fluvial sediment
transfer, resulting in Taiwan having the most turbid rivers and the highest sediment yields
among the world’s rivers [4, 23-26]. Previous studies have shown that rainfall extremes in Tai-
wan have increased by approximately 90% [27], leading to an increase of over 100% in runoff
extremes [28] and even more significant increases in sediment transport [13]. The design of
the YFDT only considers its impact on flow, and its effect on sediment transport may also be
worth investigating.

The rating curve method is one of the most appropriate load estimation methods and has
been widely applied to rivers in Taiwan, particularly suitable for the sediment load estimation
[13,29-31]. Kao et al. (2005) has applied seasonal rating curves in the form of power function,
ie.y= ax”, with bias correction factors to the 16 Taiwan rivers [29]. Kao and Milliman (2008)
has utilized the estimates of the daily sediment load to explain the role of lithology, episodic
events, and human activities on sediment load from Taiwan rivers [31]. Lee et al. (2015) has
demonstrated good capability of this procedure for Taiwan rivers, further revealing the mean
daily sediment export from Taiwan Island in the recent stage (1990-2010) significantly
increased by >80% (compared to values in 1970-1990) with subtle increase in daily runoff
[13]. However, the data from the Keelung River were not included in their analysis.

Moreover, sediment transport regime can be discussed via the time-variant coefficients of
the rating curves, i.e. a and b in the power function [32]. If the coefficients of the rating curves
(regardless of whether the curves are established at monthly or annual time scales) are plotted
with log a on the x-axis and exponent b on the y-axis, all points will fall on a negatively corre-
lated straight line [33]. This straight line is considered a good indication of the sediment

PLOS ONE | https://doi.org/10.1371/journal.pone.0311551 December 26, 2024 2/21


https://doi.org/10.1371/journal.pone.0311551

PLOS ONE

Change in sediment transport regime induced by flood diversion tunnel

transport regime for a river, with all gauges that plot on the same line characterized by a similar
sediment transport regime [33]. The sediment transport regime is typically consistent even if
at different positions along the same river [34, 35]. However, Sun et al. (2020) used the b-log a
pairs and found the changes of sediment transport regime after the large-scale soil and water
conservation measures (called ecological restoration) in the Middle Yellow River Basin [36].
However, whether it is soil and water conservation or reservoir construction, sediment is
retained within the watershed, unlike the YFDT, which directly diverts sediment away from
the watershed. How this affects the sediment transport regime of the Keelung River also war-
rants investigation.

To understand the impact of the construction of YFDT on sediment load in the Keelung
River, this study focuses on the Wudu discharge gauge located downstream of YFDT. Using
sediment concentration and water discharge data observed at the gauge station, the rating
curve method is employed to estimate the daily sediment load through the Wudu gauge station
and to quantify the differences before and after the construction of the YFDT. Additionally, by
analyzing the changes in rating curve coefficients over time, this study investigates whether the
sediment transport regime has changed before and after the construction of the YEDT. The
specific steps carried out in this study are as follows: (1) Collect continuous discharge data and
discrete suspended sediment concentration data monitored by the Water Resources Agency
(WRA) at the Wudu gauge station from 1997 to 2018. (2) Using the discharge and sediment
concentration data, establish seasonal rating curves and calculate the bias correction factors.
(3) Input the continuous discharge data into the rating curves with bias correction factors
derived in the previous step to calculate the daily sediment load passing through the Wudu
gauge station. (4) Use the start of the YFDT operation in July 2005 as a boundary to divide the
data into pre-flood diversion (Pre-FD) and post-flood diversion (Post-FD) periods, and ana-
lyze the changes in sediment load and sediment transport regime. The findings of this study
will serve as a reference for the overall sustainable management of the watershed.

Material and methods
Yuanshantze flood diversion tunnel (YFDT)

The Keelung River is one of the three major tributaries flowing through the Taipei metropolitan
area, with a watershed area of 491 km? and a tributary length of 86 km. The terrain along both
sides of the river is characterized by a river valley, and the river meanders with a gentle slope.
Due to its proximity to the Taipei metropolitan area, extensive development has taken place on
both banks, leading to severe conflicts between waterway path and human activities. Addition-
ally, influenced by its geographical location and topography, the mountainous areas in the
watershed serve as a center for rainfall, making the region prone to heavy rain during typhoons,
resulting in flash floods and mountain torrents. Consequently, low-lying areas often suffer from
flood disasters. In the highly developed areas along both banks, where the river channel is con-
strained, flooding occurs frequently, particularly in the middle and lower reaches. In particular,
the damage caused by Typhoon Nari in 2001 was the most severe, resulting in a total of 6,640
ha of flooding in the Taipei metropolitan area. The flooded area in the Keelung River basin
alone was approximately 2,281 ha, as indicated by the shaded area in Fig 1.

In response to this, the WRA implemented the YFDT project, which commenced in 2002
and was completed in early 2005. This project involved the construction of an 8-meter-high,
30-meter-long check dam in the upper reaches of the Keelung River. A side weir was also
installed on the upstream right side of the check dam. When the water level reaches 63 meters,
the flood is naturally diverted through an overflow weir into a 2,483-meter-long flood diver-
sion tunnel with a diameter of 12 meters, directing the floodwater directly into the East China
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Fig 1. The map of land use and location of Yuanshantze flood diversion tunnel in the Keelung River watershed. The land use data, published in
2005, are sourced from the Ministry of Interior. The location of Wudu discharge gauge and Huo-Shao-Liao rain gauge are marked. Jieshuo and Liuho
are water quality stations, and Jieshuo(Hodon) and Shuiweiwan are two ecological survey reaches. The shaded area represents the flooded area caused
by Typhoon Nari in 2001.

https://doi.org/10.1371/journal.pone.0311551.g001

Sea. After the completion of this project, during the arrival of a 200-year frequency flood with
a water discharge of 1,620 [m>sec’!] in the upper reaches, 1,310 [m>sec™] can be diverted
through the tunnel into the East China Sea. The remaining flow of 310 [m’sec”'] enters the
middle and lower reaches, serving ecological and water quality purification purposes. The
flood diversion result can effectively reduce the flood level by an average of 1.5 meters in the
middle and lower reaches, demonstrating significant flood mitigation effects. Furthermore, it
helps avoid the acquisition of a large amount of private land and the improvement of bridges
in the middle and lower reaches, reducing the overall cost of the Keelung River management
project, and promoting local prosperity and ensuring the safety of people’s lives and properties
[21, 37].

Hydrometric data

The hydrometric data of were provided by the WRA of Taiwan. At Wudu discharge gauge,
water discharge (Q) was measured daily (or hourly for the typhoon / rainstorm events) and
the suspended sediment concentration (Cs) was measured biweekly by using USDH-48
depth-integrated suspended sediment sampler recommended by the Federal Interagency
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Fig 2. (a) The rainfall data measured at the Huo-Shao-Liao rain gauge and (b) the discharge and sediment concentration data measured at the Wudu
gauge station. The hourly rainfall are in grey. The daily discharge are in blue and the biweekly sediment concentration are in brown. The YEDT was
officially commissioned in July 2005. Prior to its official operation, it had been utilized three times for emergency flood diversion. All periods during
which the YFDT was functional are marked with red triangular symbols.

https://doi.org/10.1371/journal.pone.0311551.g002

Sedimentation Project of the USA [4]. The drainage area of the Wudu gauge station is 204
[km?], located approximately 21 [km] downstream from the YFDT (Fig 1). It is the closest
gauge station to the YFDT, and its records of discharge and sediment concentration have
been documented since 1997, encompassing data before and after the YFDT construction.
This comprehensive dataset can be utilized to assess the impact of YEDT on river discharge
and sediment transport. The discharge and sediment concentration data measured at the
Wudu gauge station are shown in Fig 2. The YFDT was officially commissioned in July 2005.
Prior to its official operation, it had been utilized three times for emergency flood diversion.
For the subsequent analysis, July 2005 will be used as a reference point to understand the
influence of YFDT on both river discharge and sediment transport. Until 2018, the YFDT
has executed a total of 24 flood diversion missions. Among these, there were 2 occurrences
in June and July each, 5 occurrences in August, 7 occurrences in both September and Octo-
ber, and 1 occurrence in December. Out of the 24 missions, only 7 were triggered by rain-
storm, while the rest were a result of typhoon invasions. Besides, the hourly rainfall data
from the Huo-Shao-Liao rain gauge, maintained by Central Weather Administration, are
used to reveal the possible effects of rainfall pattern changes on the changes of water dis-
charge and sediment.
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Sediment load estimation

Calculating sediment discharge of a river is straightforward if Q [m’s']and Cs [mg L™'] are
measured continuously at closely spaced intervals. However, in most cases continuous records
of Cs are usually not available, so indirect methods such as sediment rating curves, as in this
study, must be utilized. Kao et al. (2005) developed stratified time-frame rating curves in the
form of power function (i.e. Qs = QXCsX0.086 = aQ® where Qs indicates sediment load [t d"'])
[29]. To develop meaningful rating curves for each time frame, they determined an optimal
procedure to separate yearly data into low-flow (November-May) and high-flow (June-Octo-
ber) months and used a FORTRAN program that incorporates limited-range extrapolation in
water discharge, representative data points, and meaningful regressions. The coefficient a and
exponent b in the power function for each seasonal rating curve can be derived from the
observed sediment loads and the river discharge by the log-linear least-square method, i.e. log
Qs =log a + b log Q. The separate rating curves in a year were then applied to daily (or hourly
for the events) discharges to calculate daily suspended sediment load. However, sediment
loads obtained by log-linear regression following a back log-transformation are well known to
have underestimated predictions. To overcome the bias, several statistical techniques have
been developed such as the maximum likelihood estimate [38, 39], minimum variance unbi-
ased estimate [40, 41], non-parametric smearing estimator [39, 42], and stratified rating curves
[43, 44]. Overall, these statistical techniques are devised to overcome underestimation by con-
ventional rating curve method. However, in practical applications, the aforementioned correc-
tion method presents two issues: it either still underestimates the total observed sediment load
or further overestimates the already overestimated estimates. In contrast to the previous bias-
corrections, which are based on residuals in log-transformed units and back-transformed
again before using them. Kao et al. (2005) define residuals in non-log transformed units (g; =
Qs;-aQ/?, where ¢ is the residual error between observation and estimation and i is every indi-
vidual sediment sample) in their bias-factor calculation [29]. The bias-correction factor, f3, for
each rating curve, is defined as the sum of residuals divided by the sum of total estimations.
The equation for the corrected estimation is given by: (1+8) KaQ®. Since Qs in Taiwan expands
over 6 orders of magnitude, the larger Qs dominates the total sediment load more during the
studied period [13]. Much larger residual errors always appear at high-flow estimations, which
have heavier weighting in determining § value while being compared to those residuals for
low-flow estimations. Accordingly, this f factor can efficiently modify the rating curve toward
the largest Qs, which means the largest sediment load in a respective dataset could be estimated
better. Meanwhile, positive and negative residuals in the corrected equation will be balanced
out and the sum of total estimations will approximate the sum of total observations. When
combined with hourly discharge data, the method successfully estimated Qs in response to epi-
sodic events, particularly for the measurements at the higher-end which are most important in
sediment export estimation. Estimation error is thus significantly reduced. For a detailed
explanation of the methods, please refer to Kao et al. (2005) [29].

Results
Effects of YFDT on variation of discharge and sediment concentration

The impact of the YFDT on the discharge and sediment transport measured at the Wudu
gauge station is illustrated in Fig 3. The terms 'Pre-FD’ and "Post-FD’ represent data before
and after the official operation of YFDT, i.e. July 2005. Fig 3a and 3b respectively depict the
daily and hourly discharge distributions before and after flood diversion. Regardless of daily or
hourly discharge, the distribution ranges of the first quartile and third quartile show relatively
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Fig 3. The box and whisker plot of (a) daily discharge, (b) hourly discharge, (c) water discharge at the occasion when sediment samples were taken

(sampled Q), (d) sampled sediment concentrations (sampled Cs), (e) sampled sediment loads (sampled Qs) which is the product of (c) and (d), and (f)

the scatter plots of sampled sediment loads against sampled Q for both before flood diversion (Pre-FD in blue) and after diversion (Post-FD in red)

periods.

https://doi.org/10.1371/journal.pone.0311551.9003

similar values before and after flood diversion. However, it does affect the maximum and mini-
mum discharge values for each month. In terms of daily discharge (Fig 3a), the maximum dis-
charge for the months of April, July, September, October, November, and December all
experienced a decrease by 80 [m>sec™] (from 172 to 92 [m’sec’]) in April to 758 [m3sec™!]
(from 1210 to 452 [m>sec!]) in November. In terms of the minimum daily discharge, except
for December, which decreased by 1.47 [m>sec!] (from 2.47 to 1 [m®sec™']), the minimum
daily discharge for the other months increased, with the increment ranging from 0.08 to 1.17
[m’sec™']. As for the hourly discharge (Fig 3b), the changes observed align with those in daily
discharge. For the months of April, July, August, September, October, November, and Decem-
ber, the maximum flow all experienced a decrease by 135 [m>sec™] (from 323 to 188 [m3sec!])
in April to 1047 [m>sec™] (from 2040 to 993 [m>sec’!]) in September. In terms of the mini-
mum hourly discharge, except for December, which decreased, the minimum hourly discharge
for the other months increased, with the increment ranging from 0.01to 0.88 m’sec™’. The
reduction in the highest discharge directly demonstrates the effectiveness of the YFDT, which
is the primary purpose of YFDT. This is evident from the daily discharge time series chart in
Fig 2, where the daily discharge after flood diversion seems to be truncated and rarely exceeds
450 [m’sec”']. However, the general increase in the lowest discharge lacks a straightforward
explanation. Nevertheless, sediment transport during high flow periods has a decisive impact
[13,29].
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Fig 3c-3e respectively illustrate the water discharge at the occasion when sediment was
sampled (sampled Q), the sampled sediment concentration (sampled Cs), and the sampled sed-
iment transport loads (which is the product of the former two terms, converted to [t d™']) for
both Pre-FD and Post-FD periods. Fig 3f presents a scatter plot of the sampled sediment trans-
port loads against water discharges. Looking at the median discharge for the sampled Q (Fig
3¢), the discharge after flood diversion are generally higher for each month (except for June,
July, September, and October) than before flood diversion. The highest sampled Q after flood
diversion are also generally higher for each month (except for April and October to Decem-
ber). This information indicates that, after flood diversion, the WRA tends to collect sediment
concentration samples under conditions of higher discharge than before flood diversion.

However, under relatively higher sampled Q after flood diversion, the sampled Cs for each
month is significantly lower after flood diversion. Looking at the median values for each
month, in January, it decreased from 55.5 to 38 [mg L');in February, from 47.5 to 31 [mg LY
in March, from 84 to 44 [mg L']; in April, from 70.5 to 41 [mg L™']; in May, from 90 to 52 [mg
L'; in June, from 68.5 to 40 [mg L';in July, from 102.5 to 49.5 [mg L in August, from
137.5t0 60.5 [mg L' in September, from 87 to 67 [mg L!]; in October, from 80 to 46.5 [mg
L!; in November, from 79 to 39 [mg L!]; and in December, from 86 to 35 [mg LY. Despite
the increase in sampled Q after flood diversion, the decrease in sampled Cs results in little dif-
ference in sampled Qs before and after flood diversion. While the median of sampled Qs indi-
cates a decrease for most months (except January, February, and November), the reduction
ranges from 2.08 to 31.89 [t d']. The sampled results also suggest that, at a given water dis-
charge, the sediment transport loads in the river are lower after flood diversion compared to
before (Fig 3f). This phenomenon is observed across all the spectrum of discharge, with a more
pronounced difference when the discharge exceeds 100 [m’sec™'].

Results of sediment load estimation. The logarithmic values of the coefficient a (hereaf-
ter log a), exponent b, and the R” of the seasonal rating curves used for sediment load estima-
tion are shown in Fig 4a. Assuming November as the starting month of the hydrological year,
each hydrological year corresponds to two rating curves representing sediment transport
behaviors with discharge during the low-flow season (November to May) and high-flow season
(June to October). Before flood diversion, exponent b ranged from 0.91 to 1.57, with an aver-
age of 1.23£0.18. After flood diversion, exponent b ranged from 0.89 to 1.36, with an average
of 1.15+0.13. Before flood diversion, log a ranged from 0.27 to 1.06, with an average of 0.71
+0.15. After flood diversion, log a ranged from 0.28 to 0.73, with an average of 0.51+0.11. Only
3 rating curves had R” values close to 0.5; the rest were above 0.75, indicating the applicability
of using the rating curves for sediment load estimation. Fig 4b illustrates the results of applying
the rating curves with and without bias correction to estimate observed sediment loads. After
correction, the estimates, especially for the crucial high values in sediment load estimation,
generally fall along the 1:1 line. The bias-correction method sacrifices the accuracy of sediment
load estimation at lower flow rates to achieve accurate estimation of sediment load at higher
flow rates and hence total sediment load during the studies period. When there is a significant
underestimation at high values, the overall sediment load will be significantly underestimated.
For the upper quantile data, the corrected estimates overestimate the total observed sediment
loads by approximately 3%. However, without the correction, the total observed values would
be underestimated by 98%. For all the observed data, the corrected estimates overestimate by
about 4%, while the uncorrected estimates underestimate by 98%. This also suggests that the
estimation for the low-flow data has a lesser impact on the total amount estimation of sedi-
ment load.

The seasonal rating curves with bias correction factors were then applied to daily (or hourly
for the events) discharge to calculate daily sediment loads as shown in Fig 5a. Before flood
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diversion, the patterns of annual cycles are apparent for sediment loads, peaking in the middle
of each year which is mostly associated with episodic events, i.e. typhoons. After flood diver-
sion, the patterns of annual cycles still maintained but the magnitudes of the fluctuations
caused by the episodic events significantly dropped. After flood diversion, daily sediment
loads hardly reached 30,000 [t d"'] which were exceeded almost every year before flood diver-
sion. Before flood diversion, daily sediment loads can exceed 400,000 [t d™'] which was >10x
higher than the values after flood diversion. Pre-FD and Post-FD daily sediment loads reveal a
statistically significant difference according to the Students’ t-test (p-value << 0.01).

The daily sediment loads were then aggregated to obtain annual (Fig 5b) and monthly sedi-
ment loads (Fig 5¢). Before flood diversion, the total annual sediment loads ranged from 0.12
to 1.44 [Mt y’l], with an average of 0.59 + 0.47 [Mt y’l] (Fig 5b). After flood diversion, the total
annual sediment loads for each year ranged from 0.074 to 0.32 [Mt y''], with an average of
0.17 £ 0.09 [Mt y"']. There was significant inter-annual variability in sediment loads before
flood diversion, while after flood diversion, the yearly sediment loads tended to less fluctuate.
Pre-FD and Post-FD yearly sediment loads reveal a statistically significant difference according
to the Students’ t-test (p-value < 0.05).

Looking at the monthly averages (Fig 5c), the sediment loads for each month after flood
diversion were consistently lower than before flood diversion. Taking the peak period of sedi-
ment transport during typhoon season, i.e. August to December, as an example, before flood
diversion, the monthly outputs were 880, 6,295, 4,561, 3,079, and 1,482 [t dh, respectively.
After flood diversion, the average output for August to December decreased to 338, 723, 935,
576, and 445 [t d'], respectively, with a reduction ranging from 541 to 5,573 [t d"']. In addition
to the mentioned months, the average sediment loads for the remaining months also decreased
by 46 [td™'] (from 233 to 187 [t d™']) in April to 645 [t d'] (from 1291 to 646 [t d"']) in June.
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Fig 5. (a) Daily sediment loads, (b) annual sediment loads, (c) monthly averages of sediment loads, (d) probability distribution of hourly rainfall, and
(e) relationship between annual sediment loads and maximum annual peak flow before (Pre-FD in blue) and after (Post-FD in red) the operation of the

YFDT.

https://doi.org/10.1371/journal.pone.0311551.9005

These results indicate a significant reduction in seasonal variation and overall river sediment
transport after the operation of YFDT. For most months (except April and November), the
daily sediment load within the month for Pre-FD and Post-FD periods shows a statistically sig-
nificant difference (Student’s t-test, p-value < 0.05). However, the Pre-FD and Post-FD proba-
bility distribution of hourly rainfall remained similar (Fig 5d).

PLOS ONE | https://doi.org/10.1371/journal.pone.0311551

December 26, 2024

10/21


https://doi.org/10.1371/journal.pone.0311551.g005
https://doi.org/10.1371/journal.pone.0311551

PLOS ONE

Change in sediment transport regime induced by flood diversion tunnel

=" T £ T
™ a
€ 16 — ;6—
=, ©
o 14 — )
()] = 5 —
=12 — ‘q&;
< 10 — Post-FD £ 4—
@ 5
2 8 — 83_
-
S 4 5
§ 27 _Pre-FD e’
re-
0 T T 1 ©0 T T 1
1997 2001 2006 2010 2015 2019 1997 2001 2006 2010 2015 2019

N

(c)

o
I

N W A O

-_—

Cumulative sediment load [Mt]

o

I I I I I I
0 2 4 6 8 10 12 14 16

Cumulative discharge [km3]

Fig 6. Plots of (a) cumulative curve for daily discharge [km?], (b) cumulative curve for daily sediment load [Mt], and (c) double mass curve for
cumulative sediment load against cumulative discharge. Curves for before (Pre-FD) and after (Post-FD) the operation of the YFDT are indicated in blue
and red, respectively.
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Discussion
Effects of YFDT on fluvial sediment export

The cumulative curves provide insights into the impact of flood diversion on discharge and
sediment load. Fig 6a and 6b depict the cumulative curves for daily discharge and sediment
load, respectively. The slope of the cumulative discharge curve before flood diversion is
approximately 0.0023 [km3d™}] (Fig 6a), while after flood diversion, the slope is about 0.0022
[km’d™']. YEDT’s diversion of peak flows during storm events has a minimal impact on the
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long-term average discharge. However, it significantly affects sediment load. Before flood
diversion, the slope of the cumulative sediment load curve is about 1,538 [t d"'] (Fig 6b), and
after flood diversion, the slope is approximately 416 [t d']. Additionally, the Post-FD sediment
load cumulative curve is smooth, in contrast to the Pre-FD curve, which shows a stepwise
change influenced by the episodic events, i.e. mostly typhoons. Intense typhoons, generally
lasting for 3-5 days (~1% of the time in a year), are often responsible for most of the annual
sediment loads, which are major features of Taiwanese rivers [13, 31]. The slope of double
mass curve further illustrates changes in sediment transport efficiency, i.e., the amount of sedi-
ment transported per unit discharge (Fig 6¢). Before flood diversion, the sediment transport
efficiency is approximately 0.84 [Mt km™], while after flood diversion, it decreases to about
0.19 [Mt km]. Furthermore, the sediment transport efficiency after flood diversion tends to
stabilize, differing from the Pre-FD period where it was prone to sudden increases influenced
by flood events.

The drop in the magnitudes of the fluctuations caused by the episodic events indicates a
change in the temporal distribution of sediment export, resulting in a more even distribution
of sediment export over time. Fig 7b shows the curves of percent cumulative daily sediment
loads against percent cumulative time for both the Pre-FD and Post-FD periods, revealing a
statistically significant difference (Kolmogorov-Smirnov test, p-value << 0.01). Before flood
diversion, the Keelung River requires ~1% cumulative time to export 50% cumulated sediment
loads, which is not uncommon in Taiwan. The previous study on 16 major rivers in Taiwan
showed that most sediment erosion and delivery occur in response to typhoon-generated
floods, as evidenced by the fact that >50% of the long-term sediment export occurs in <1% of
time [31]. However, after flood diversion, it takes ~4.5% cumulative time to export 50% cumu-
lated sediment loads. In other words, ~1% cumulative time can merely represent ~25% cumu-
lated sediment loads, indicating sediment load is relatively evenly-exported across time
although episodic events still dominate the percent cumulative sediment load. However, the
Post-FD sediment delivery efficiency is much lower compared to the Pre-FD condition.
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Nevertheless, relatively slight changes were found between the Pre-FD and Post-FD curves of
precent cumulative daily discharge against percent cumulative time (Fig 7a, showing statisti-
cally significant difference after Kolmogorov-Smirnov test with p-value << 0.01), echoing the
similar curves of the Pre-FD and Post-FD cumulative discharge in Fig 6a. It takes 1% cumula-
tive time to drain ~20% and ~15% cumulated discharge, respectively, for the Pre-FD and Post-
FD periods.

It is evident that the Post-FD annual sediment transport is significantly lower than the Pre-
FD one (Fig 5b). Moreover, it is noticeable that the Post-FD sediment transport is closer to the
levels observed in 1997, 1999, and 2002. These three years experienced only mild to moderate
typhoon invasion on Taiwan, reflecting the downstream Keelung River after flood diversion,
where it seems as if there were no severe typhoon invasions. A reduction in peak flow directly
impacts sediment load. As shown in the Fig 5e, there is a strong positive correlation between
annual sediment load and the maximum annual peak flow, indicating the significant contribu-
tion of peak flow to the total annual sediment load. After the flood diversion, the maximum
peak flow significantly decreased, leading to a corresponding reduction in annual sediment
load. This finding is entirely consistent with previous studies conducted in Taiwan [13]. The
Post-FD inter-annual variation in sediment transport tends to be small, with a standard devia-
tion of only 0.09 [Mt] for annual sediment transport, much lower than the Pre-FD value of
0.47 [Mt]. It is important to note that there were indeed typhoon invasions after flood diver-
sion. Moreover, at the condition of Post-FD rainfall patterns remaining the same (Fig 5d), the
significant decrease in sediment transport (Fig 5) might be attributed to construction of YEDT
rather than climatic factors.

However, the changes in land use in the watershed between YFDT and Wudu gauge station
might also affect the reduction in sediment transport at the Wudu gauge station. During the
study period, the Ministry of the Interior announced two phases of land use in 1995 (not
shown) and 2005 (as Fig 1 shows). The land use distribution in the upstream watershed of
YEDT and the watershed between YFDT and Wudu gauge is shown in the Table 1 below. The
percentage of various land uses in the upstream watershed of YFDT changed little between the
two periods. As for the watershed between YFDT and Wudu gauge, the decrease in grass area
in 2005, compared to 1995, is the only change that could potentially lead to a reduction in soil
erosion. However, we have some concerns regarding the classification of land use in this area.
Based on satellite imagery observations, most of the land classified as grass is actually forest.
Even if 3.6% out of the 5.8% classified as grass in 1995 is reclassified as forest (or even if this is
not done), we believe that the changes in land use between 1995 and 2005 would not signifi-
cantly impact the overall sediment load. Since there has been no significant change in rainfall

Table 1. The percentage distribution of land use in the upstream watershed of YFDT and the watershed between
YFDT and Wudu gauge station for the years 1995 and 2005.

Watershed YFDT-Wudu Upstream YEDT
Year 1995 2005 1995 2005
Land use percentage [%)]

Forest 71.4 75.6 91.8 92.6
Agriculture 2.9 3.5 2.5 1.6
Building 15.3 15.9 2.1 3.2
Water 3.7 2.7 1.1 1.5
Grass 5.8 2.2 1.6 1.0
Bare land 0.1 0 0.1 0.1
Other 0.9 0.2 0.9 0

https://doi.org/10.1371/journal.pone.0311551.t001
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patterns after the flood diversion, we still maintain that the current reduction in sediment load
at the Wudu gauge station is mainly due to the flood diversion by the YFDT rather than cli-
matic factors or land use changes. However, this study cannot entirely attribute the reduction
in downstream sediment load to the construction of the YFDT alone. Changes in climatic con-
ditions and land use in the downstream and upstream areas over time, although appearing rel-
atively minor, also need to be considered. Better experimental designs and modeling assistance
are required to more accurately quantify the contributions of climate, land use, and flood
diversion to sediment load changes.

Preliminary survey of the effects of YFDT on the river continuum

Fluvial sediment export is tightly related to the evolution of river morphology [45-47], the
health of downstream habitats and organisms [48], and near-shore aquatic environment [49].
However, most of the previous studies assessing the effects of artificial structures on fluvial sed-
iment export are associated with dams or reservoirs [15]; none of them are associated with
flood diversion tunnel. Syvitski et al. (2005) reported differences in sediment load before and
after the construction of reservoirs for 217 rivers worldwide [18]. When rivers are classified by
landmass, the sediment retained in reservoirs ranged from 0-31%, indicating that downstream
sediment load is 69-100% of the pre-reservoir levels. When classified by ocean basin, down-
stream sediment load was 70-95% of pre-reservoir levels, which is significantly higher than the
29% observed for the YFDT. This suggests that the impact of flood diversion tunnel on down-
stream sediment load may be greater than that of reservoirs. For another example of the Zeng-
wen Reservoir in southern Taiwan [31], sediment load in the outlet of Zengwen River before
reservoir construction was approximately 13 Mt yr™'. During the initial 10 years of reservoir
impoundment, sediment load decreased to 4 Mt yr'' (about 30% of the original amount), but
then slightly recovered to 7 Mt yr'' (about 54% of the original amount). It is also worth noting
that sediment trapped by reservoirs is at least retained within the watershed and can be rein-
troduced downstream through sediment release mechanisms. Whereas the sediment carried
away by the flood diversion tunnel will permanently exit the watershed, making its impact irre-
versible. The long-term impact on sediment budget in the watershed and morphological evo-
lution in the channel may vary significantly. Besides, fluvial sediment load is a good surrogate
to infer erosion of mountain belts controlling their topographic and structural evolution [4].
The impact assessment of changes in the sediment load to the coastal zone has become difficult
because of the conflicting impacts of humans, e.g. accelerated soil erosion versus reduced sedi-
ment load due to water diversion [15]. The observed sediment loads in the downstream of
flood diversion tunnels would definitely bias erosion of the watershed. While the YEDT has
significantly reduced the risk of downstream flooding in the Keelung River, the chain reaction
resulting from the drastic reduction in sediment transport is still worthy of ongoing attention.
To gain a preliminary understanding of the potential impact of the YFDT on water quality,
monthly BOD data have been collected from two water quality monitoring stations located
upstream (Jieshou station) and downstream (Liuho station) of the YFDT, provided by the
Environmental Protection Administration (EPA) from 1994 to 2019. These data were used to
assess the impact of YFDT on the export of organic matter in the river. The BOD concentra-
tion at the Jieshou station during the Pre-FD period was 1.91+1.22 ppm, while during the
Post-FD period, it was 1.80+1.46 ppm, showing no significant difference according to the Stu-
dents’ t-test. However, there was a significant difference in the Liuho station before and after
the flood diversion. The BOD concentration at the Liuho station of YFDT during the Pre-FD
period was 4.62+5.76 ppm, and during the Post-FD period, it was 3.24+2.56 ppm (significantly
lower by t-test with p-value <<0.05). Despite this, the BOD concentration at the downstream
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station was consistently higher than that at the upstream station, both before and after the
flood diversion. Previous studies analyzing water quality data of the Keelung River from 2002
to 2013 have shown that the dissolved inorganic nitrogen concentration from upstream to
downstream in the Keelung River is highly positively correlated with the degree of urbaniza-
tion, indicating that human activities within urban areas control the variation in downstream
water quality [50, 51]. This is also reflected in the significantly higher BOD concentrations
downstream compared to upstream. Additionally, due to improvements in sewage treatment
facilities, the water quality of the Keelung River has gradually improved even before the opera-
tion of the YEDT [51], making it even more challenging to ascertain the impact of the flood
diversion on water quality. Besides, the main impacts of the flood diversion occur during
typhoon events, which are not covered by the EPA’s water quality data. Therefore, more tar-
geted research designs are still needed in the future.

Regarding the potential ecological impacts, the WRA conducted surveys on fish species and
their abundance in the Keelung River in 2005 and 2017 [52]. To assess the ecological impact of
the YFDT, we selected one survey section each from upstream (Jieshou (Hodon) station) and
downstream (Shuiwenwan station) of YFDT. The survey recorded 33 species of fish from 16
families. Due to the different survey months between the two periods, the comparison is based
on the results from the same months. In the upstream survey section of YFDT, there were 7
fish species with a total of 28 individuals recorded in August 2005, and 10 fish species with a
total of 91 individuals recorded in August 2017. In the downstream survey section of YFDT,
there were 4 fish species with a total of 75 individuals recorded in August and October 2005,
and 18 fish species with a total of 196 individuals recorded in August and October 2017. The
variability of discharge data, including magnitude, duration, amplitude, frequency, and timing,
are linked with their influence on aquatic species across different life stages [53]. The construc-
tion and operation of water conservancy projects attenuate such fluctuations and can even dis-
rupt flow, leading to a reduction in the diversity and richness of aquatic organisms [54, 55].
During Post-FD period, less fish species and abundance were not revealed even if the signifi-
cant decrease in high flow rates (Fig 2) and marked change in the flow distribution (Fig 7a).
Therefore, the increase in fish species and abundance in the downstream river section may be
more closely related to the improvement in river water quality (mentioned above). Besides,
there is also evidence of ecological improvement in the upstream river section where flow
regime has not been affected by the YFDT.

Shifts of sediment transport regime

In this study, the relationship between exponent b and log a representing the sediment trans-
port regime, for both Pre-FD and Post-FD periods, is characterized by different straight lines,
irrespective of whether the rating curves are developed at seasonal (Fig 8a), annual (Fig 8b), or
three-year scales (Fig 8c). This indicates a change in sediment transport regime before and
after the diversion, suggesting that the Post-FD sediment transport regime is akin to that of a
different river. Higher position of b-log a pairs on the plot correspond to a larger portion of
the annual sediment load being transported during high discharge [32]. Both Post-FD log a
and exponent b are smaller than the Pre-FD (Fig 4a), and the straight line representing the
Post-FD sediment transport regime is positioned lower in the b-log a pairs plot, indicating a
smaller portion of the annual sediment load being transported during high discharge. This
aligns with the findings presented in Fig 7b.

High log a indicate intensively weathered materials, which can easily be transported in the
riverbed. The log a controls sediment load during low-flow conditions. The exponent b repre-
sents the erosive power of the river, gradually taking place to control sediment load with
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increase in discharge. Large b value is indicative for rivers where a small increase in discharge
results in a strong increase in erosive power of the river. Others state that the exponent b indi-
cates the extent to which new sediment sources become available when discharge increases
[32]. The lower Post-FD log a values indicate a reduction in the sediment that is more easily
flushed off in the riverbed, resulting in lower sediment concentration measurements (Fig 3d).
A reasonable inference is that this reduction is a consequence of the diversion significantly
decreasing the sediment amount transported from the upstream to the downstream. Conse-
quently, there is a decrease in the overall sediment deposition in the riverbed, leading to a sig-
nificant reduction in sediment transports during low-flow condition when YFDT is not
executed (i.e. January to May in Fig 5c). The decrease in exponent b suggests a reduction in
erosive power, likely associated with the inability to provide additional sediment from the
upstream for transport with increase in discharge after diversion.

The variation in coefficients is also linked to the morphology of the river channel. V-shaped
valleys, characterized by a smaller contact area between river water and the riverbed during
low flow, i.e. smaller wetted perimeter, typically correspond to smaller log a values. In contrast,
U-shaped valleys, with a larger wetted perimeter, correspond to larger log a values. Yang et al.
(2007) demonstrated this trend using data from ten gauges along the Yangtze River from 1950
to 1988, showing an increasing trend in log a and a transition from V-shaped to U-shaped val-
leys from upstream to downstream [34]. In this study, the decrease in Post-FD log a raises the
question of whether it reflects a reduction in sediment supply from the upstream, leading to
river incision and a gradual transition toward a more V-shaped morphology [45]. Verification
of this hypothesis awaits further on-site investigations. However, in Yang et al.’s (2007) study
on the Yangtze River, where the upstream and downstream gauges exhibited the same sedi-
ment transport regime, a decrease in log a corresponds to an increase in exponent b [34]. Con-
sidering the river channel morphology, the increase in wetted perimeter during the process of
increasing discharge in V-shaped valleys is larger than that in U-shaped valleys. This suggests a
higher erosive power in V-shaped valleys, resulting in a larger b compared to U-shaped valleys.
However, in our study, both Post-FD log a and exponent b decrease, and Pre-FD and Post-FD
sediment transport regimes are not the same. Sun et al. (2020) found the reduced soil erosion
led to decrease in log a and increase in exponent b but different sediment transport regime
after the large-scale soil and water conservation measures (called ecological restoration) in the
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Middle Yellow River Basin [36]. However, they found sediment transport may be higher
under extreme discharge despite the ecological restoration, which would never happen in our
case.

Shifts of people’s disaster perception

Although understanding the impact of the YFDT on downstream people’s disaster perception
is beyond the scope of this study, we attempted to broaden the impact of our research by
addressing this issue. We collected results from related studies from the government-funded
project report to understand changes in public disaster perception. Wu (2016) used in-depth
interviews and surveys to find that the public has a high level of trust and reliance on the
YFDT, with 48% of surveyed communities and households believing that the project can fully
mitigate climate change impacts [56]. This contrasts with pre-YFDT survey results [57, 58],
where more than half of the respondents held a pessimistic view regarding future flooding con-
ditions. The change in public disaster perception is also reflected in property prices in the
Xizhi area (downstream area adjacent to the YFDT), which increased from approximately US
$750 per m” before the YFDT construction to approximately NT$2,907 per m? in 2016. This
suggests that the construction of YFDT has influenced the disaster perception of downstream
communities and households, providing residents with a sense of safety and trust. Wu (2016)
further stated that this result echoes the concept of the levee effect described in the literature
[56, 59-63], indicating that such engineering projects can lead to a false sense of risk percep-
tion among stakeholders. Future research should consider how to mitigate and avoid such
phenomena.

Conclusions

In an effort to mitigate flood discharges within the Keelung River, the Yuanshantze Flood
Diversion Tunnel Project was initiated in its upper reaches. This strategic intervention
diverted peak flows resulting from typhoon-induced rainfall towards the East China Sea, effec-
tively alleviating downstream flooding issues. However, the diversion’s impact on sediment
transport within the river is notably more substantial than its influence on flow, to the extent
that it induces a transformation in the sediment transport regime. In other words, the Keelung
River is no longer the Keelung River it used to be. The sediment supply originating from the
upstream exerts a profound influence on the morphology, riverbed substrate, and coastal alter-
ations downstream. This dynamic significantly impacts the aquatic habitat, while the organic
content within the sediment further shapes the nutrient and energy dynamics in the down-
stream river. The diversion project disrupts the longstanding equilibrium of the river, entering
into a novel state of normality. The downstream river’s responses to this new normality neces-
sitate further investigation, including aspects such as the exposure of bridge pier foundations,
the fluctuations in mangroves at the estuary, and even the shift of people’s disaster perception.
Previous research has predominantly concentrated on the effects of artificial structures on
flow magnitude, with a predominant focus on dams. To our knowledge, none of studies
regarding the impacts of flood diversion on sediment transport have been documented. More-
over, the diversion tunnel, by carrying sediment away from the watershed, reveals its differen-
tial influence on watershed sediment budget compared to dams. Furthermore, this study
emphasizes that, for rivers with high sediment yields, the impact of artificial structures on sedi-
ment transport should not be overlooked. The impact generated could be more substantial
than those related to flow, and their subsequent consequences may extend more widely than
the extent of flow alone. In conclusion, while the diversion tunnel addresses immediate human
concerns, whether it triggers a series of cascading effects on topography and ecology remains
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ongoing attention, including the unprecedented influx of a substantial volume of sediment
into the East China Sea.
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hourly water discharge [m’sec’].
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