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Hydrological processes regulating sediment transport from land to sea have been widely studied.
However, anthropogenic factors controlling the river flow-sediment regime and subsequent response
of the estuary are still poorly understood. Here we conducted a multi-timescale analysis on flow and sed-
iment discharges during the period 1967–2014 for the two tributaries of the Jiulong River in Southeast
China. The long-term flow-sediment relationship remained linear in the North River throughout the per-
iod, while the linearity showed a remarkable change after 1995 in theWest River, largely due to construc-
tion of dams and reservoirs in the upland watershed. Over short timescales, rainstorm events caused the
changes of suspended sediment concentration (SSC) in the rivers. Regression analysis using synchronous
SSC data in a wet season (2009) revealed a delayed response (average 5 days) of the estuary to river input,
and a box-model analysis established a quantitative relationship to further describe the response of the
estuary to the river sediment input over multiple timescales. The short-term response is determined by
both the vertical SSC-salinity changes and the sediment trapping rate in the estuary. However, over the
long term, the reduction of riverine sediment yield increased marine sediments trapped into the estuary.
The results of this study indicate that human activities (e.g., dams) have substantially altered sediment
delivery patterns and river-estuary interactions at multiple timescales.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Rivers convey a large amount of land-derived sediments to
estuaries, adjacent continental shelves and sometimes the deep
sea through complicated processes over various timescales (Liu
et al., 2008; Milliman et al., 2007; Meade, 1996; Milliman and
Syvitski, 1992; Milliman and Meade, 1983). Although there is little
doubt about the importance of river sediment delivery to estuaries
and coasts, understanding the nature and magnitude of river
changes which influence estuaries and the subsequent response,
including particularly timescale effects, remain a challenge (Lane
et al., 2007; Dearing and Jones, 2003; Walling, 1983).

It is well understood that sediment delivery to the sea by small
mountainous rivers differs from large rivers. Mountainous rivers
play important roles in the transfer of terrigenous sediment to
the global ocean (Milliman and Syvitski, 1992), shaping the
short-term and long-term characters of the coast and seafloor
(Milliman et al., 2007; Syvitski and Saito, 2007). During a pooling
data study on sediment discharges by global rivers to the sea,
Milliman and Syvitski (1992) pointed out that the small mountain-
ous rivers in South Asia (including southeast China as classified by
these authors) and Oceania stood out as an exception in compar-
ison to other regions: they generally have very high sediment
yields and are sensitive to human disturbance and climate changes.
The delivery of suspended sediment to the sea from many of the
world’s rivers has drastically decreased as a result of human activ-
ities over the last decades, particularly the construction of dams
and reservoirs, resulting in sediment retention (e.g., Li et al.,
2012; Milliman and Farnsworth, 2011; Meade and Moody, 2010;
Dai et al., 2009). Due to their small size and generally steep gradi-
ent, small rivers in the South Asia are also more sensitive to human
activities and episodic events (e.g., rainstorms and typhoons)
(Huang et al., 2013; Milliman et al., 2007; Kao et al., 2005;
Milliman and Kao, 2005; Syvitski et al., 2005; Lin et al., 2002).

River sediment flux to the sea has been estimated by a variety of
studies, mainly based on gauging stations data (Dai et al., 2008;
Walling and Fang, 2003; Milliman and Syvitski, 1992; Meybeck,
1988). In order to improve the precision of estimates, the linkage
between the river input at gauging stations and the estuary output
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should be established. Some models have been used to estimate
the suspended sediment transported from tributaries passing dams
over a short time period (Wall et al., 2008; David et al., 2006), but
further improvements are required to include the effects of tidal
transport at the estuary at multiple timescales. A small mountain-
ous river and its estuary form a simple system for such a concep-
tual model to be established.

The main purposes of our study are: (1) to identify primary fac-
tors influencing the flow and sediment discharges of a small moun-
tainous river under intense human impacts; and (2) to establish
the relationship between the river input and estuary output over
multiple timescales, based on river-estuarine synchronous data
and box model analysis.

As the second largest river in Fujian Province of China, the Jiu-
long River’s annual sediment yield averages about 2.5 Mt. This is
a typical mountainous river in Southeast China, with a catchment
basin greatly affected by various human activities, such as hydro-
power station construction and land use changes. In addition, the
estuary of the Jiulong River is dominated by macro-tides. There-
fore, the significant river inputs encounter a strong tidal force
within the estuary, resulting in a complex process of mass (water
and sediments) exchange. The riverine inputs under intensive
human impacts, together with the significant tidal force into the
estuary, provides an ideal case to study the linkage between river-
ine input and estuary response.

This paper is arranged as follows: (1) analyses of flow discharge
and sediment discharge data of Jiulong River between 1967 and
2014, in order to understand the short-term (episodic), medium-
term (seasonal), and long-term (�50 years) river input changes,
and their controlling factors; (2) understand the linkages between
river input and estuary response over a wet season; (3) Supple-
mentary cruise survey data to provide the basis for model analysis;
and (4) box model analysis to establish the relationship between
river input and estuary output over multiple timescales.
2. Materials and methods

2.1. Description of study area

The area under investigation is the Jiulong River and its estuary,
located on the western side of the Taiwan Strait, Southeast China
(Fig. 1). The watershed includes two major river reaches, namely
the North River and West River. The North River covers a water-
shed area of 9640 km2, with a total length of 297 km and an aver-
age elevation of 613 m. The West River watershed area covers
3940 km2, with a total length of 172 km and an average elevation
of 402 m (Zhang et al., 2015). Annual precipitation averages 1400–
1800 mm, of which 70% occurs between April and September. This
region is also affected by intense typhoon occurrence (1.35 per
year), mainly between July and September (Xu and Hong, 2000).
The soil erosion modulus of the catchment in 2002 was estimated
to be 2730 tons km�2 yr�1 (Huang et al., 2004), and total soil ero-
sion decreased 5% from 1989 to 2003 due to land use changes
(Jiang et al., 2007).

The Jiulong River is an important source of hydroelectricity for
the watershed. More than 100 hydropower stations on the river
were constructed, mostly after 1995, although this number
increases remarkably if small hydropower stations in remote tribu-
taries are also included (Wang et al., 2010; Zhu, 2008). There are
six major dam reservoirs (primarily for hydropower generation
and flood control) in the main stem of the North River, while in
the West River, most dams (which are relatively small) are located
in tributaries rather than in the main stem. It has been noted that
the dam density of the West River is 1.35 times that of the North
River, with a large number of small dams constructed after 1995
(Zhang et al., 2015). Human activities, especially cascade hydro-
power development (Fig. 1), contributed more to the streamflow
regime in the Jiulong River watershed than climate changes
(Zhang et al., 2015). In addition, the management of large reser-
voirs differs from that of small dams in terms of flushing opera-
tions. Large reservoirs serve as flood controls during the wet
season and the sediments trapped within those reservoirs are
flushed out during flooding events. In contrast, the operation of
small reservoirs in the West River is hardly conducted for eco-
nomic reasons (personal communication with Jiulong River Reser-
voir Management Office).

The Jiulong River Estuary (Fig. 1) has a number of islands
located on its seaward side, which provide shelter from oceanic
wave activity. The water depth within the estuary is generally
<15 m (at lowest low water datum), with extensive intertidal mud-
flats within the main channel and along the coastline. The winds
are mainly from the NE and NNE and contribute to the generation
of local waves with a maximum significant wave height of 1.8 m
(Lin et al., 2009). The mean tidal range is 3.9 m with a maximum
range of 6.4 m (Ji, 2006; Jiang and Wai, 2005). From the upper
reach to Haimen, water circulation is mainly dominated by river
inflow whilst the outside of Jiyu Island is controlled by tides
(Wang, 2013). Suspended sediment in the lower estuary shows a
main pathway to the south side of the main channel whilst the
tidal water enters from the north side. Two high turbidity zones
have been observed this estuary: one is located to the west of Hai-
men Island and the other to the west of Jiyu Island (Wang et al.,
2005; Cai et al., 1999).

2.2. Data collection and data processing

This study employs three types of data: long-term daily river
flow discharge and sediment discharge data obtained from two
gauging stations from 1967 to 2014, medium-term suspended sed-
iment concentration data from a buoy turbidity sensor covering
the wet season in 2009, and short-term cruise survey data between
2008 and 2010.

Long-term data include daily flow discharge (m3 s�1) and daily
suspended sediment discharge (or sediment flux, kg s�1) over a 47-
year period (1967–2014) from two gauging stations, named Punan
Hydrological Station and Zhengdian Hydrological Station. Punan
Hydrological Station is located in the downstream of the North
River where the drainage area is 8490 km2, and Zhengdian Hydro-
logical Station is situated in the downstream of the West River
where the drainage area is 3419 km2; these two stations therefore
account for more than 80% of the total watershed area of the Jiu-
long River.

Flow discharge and suspended sediment discharge were mea-
sured according to the Chinese national standard criteria. All dis-
charge data were estimated at the same gauging cross-section,
within the errors of ±2.5% (flow discharge) and ±3.0% (suspended
sediment discharge). The flow discharge was estimated by a com-
bination of flow profile data and water level data. Water samples
were taken from a consistent gauging section across the full water
column. Suspended sediment concentration was determined gravi-
metrically as the difference between the pre-weighed and filtered
after oven-drying to constant weight.

The sediment discharge is calculated by the mass passing a cer-
tain gauging section over a unit time, as the following equation:

Qs ¼
Xi¼1

n

QwðiÞ � CðiÞ ð1Þ

where Qs (kg s�1) is sediment discharge, Qw(i) is flow discharge (m3

s�1) and C(i) is the suspended sediment concentration (mg L�1) at a
depth interval (i). The monthly, seasonal and annual data of sus-



Fig. 1. The map of the site under investigation: the left upper panel illustrates the location of the Jiulong River along Southeast coasts of China; the right upper panel covers
the overall Jiulong River watershed and the lower panel provide the details of Jiulong River Estuary. The locations of hydropower stations are based on Zhang et al. (2015).
Cruise stations are marked by black dots; the green square indicates the location of the buoy close to Jiyu Island; the red star indicates the location of Tripod which was
mounted by Wang et al. (2013) to observe flows and suspended sediments, is also shown in the lower panel.
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pended sediment discharge and flow discharge were averaged from
these daily data, and the uncertainty was measured by standard
deviation of the monthly, seasonal and annual data over the mea-
surement period. Wet season is defined as the period between April
and September with the remaining months counted as dry season.
The monthly data for flow discharge and sediment discharge are
summed throughout the two periods to estimate the proportion
of wet and dry seasons. Flow discharge and sediment discharge of
the two gauging stations over a wet season in 2009 were converted
into SSC (sediment discharge divided by flow discharge) to allow for
a comparison with buoy data.

A buoy equipped with a turbidity sensor was released close to
Jiyu Island by Xiamen Oceans and Fisheries Bureau and operated
between 17th April and 26th September 2009 (Fig. 1). SSC data
at hourly intervals were provided by the Oceans and Fisheries
Bureau, after calibrating the turbidity data using surface water
samples (SSC = 9.4857 * turbidity, R2 = 0.95). A low-pass filter was
created by a Matlab software package to remove the tidal cycle
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signal at Jiyu Island, and the time series data were subsequently
averaged into daily values as the tidal-filtered SSC of the estuary.

Five cruise surveys were conducted to cover a series of stations
from the river above Longhai, downstream along a river-estuary
transect (Fig. 1) in August and November 2008, May and late June
2009 and early July 2010. On-board water samples were collected
using 5 L Niskin bottles (model QCCC-5, National Ocean Technol-
ogy Center, China) at each station from the surface (�0.1 H, H =
water depth) and the bottom (�0.9 H) for SSC measurement. SSC
was measured by passing a known sample volume through a
pre-weighed 0.45 lm glass fiber filter, followed by drying and
weighing (Tucker, 1988). During the cruise in July 2010, water
samples were immediately transported back to the laboratory to
analyze the grain size using a laser Malvern Mastersizer 2000 gran-
ulometer (range 0.02–2000 mm) following a standard procedure
(Tucker, 1988). Due to the hot weather and the subsequent rapid
algae bloom in the water samples, most of the samples were found
not suitable for grain size analysis, thus only part of the grain size
data were obtained and used in this study.

A SPSS software package was used for (1) regression analyses of
the relationship between annual flow discharge and annual sedi-
Fig. 2. The monthly data of the flow and the sediment discharges duri
ment discharge of the North River and the West River between
1967 and 2014; and (2) nonlinear and linear multiple regression
analyses to examine the relationship between the river input and
estuary output over a wet season in 2009, using the daily SSC data
from the North River, West River and Jiyu buoy (after filtering for
tides). Null-hypothesis test was adopted and P-value was used to
determine the significant level for all tests.
3. Results

3.1. Monthly river flow and sediment discharge

The monthly flow discharge and sediment discharge data are
presented in Fig. 2. Overall, both the North River and West River
show the characteristics of mountainous rivers, with remarkable
periodic changes. Between 1967 and 2014, the average value of
monthly flow discharge of the North River (262.9 ± 212.8 m3 s�1)
was more than twice that of the West River (122.2 ± 94.7 m3 s�1).
In contrast, the average values of monthly sediment
discharges between 1967 and 2014 were 70.9 ± 119.0 kg s�1 and
ng the period of 1967–2014: (a) North River; and (b) West River.
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73.3 ± 83.8 kg s�1 for the North River and West River, respectively,
so the two rivers contributed almost equally to the sediment dis-
charge from river catchment to coastal water.

There were notable changes in sediment discharge after
1995 both for the North River and West River, as the sediment
discharge shifted from a continuous increase to a discontinu-
ous status (Fig. 2). Altogether, the variation in the sediment
discharge of the North River shows a total reduction of 11%
after 1995, in comparison with the previous average value,
but the West River shows a remarkable sediment reduction
of 82% on average after this date, despite similar flow dis-
charges from both rivers. These patterns indicate that the
behavior of sediment delivery by the two rivers has changed
considerably since 1995.

The accumulative curves between flow discharge and sedi-
ment discharge is usually used to indicate the turning points of
a river system in delivering water and sediment. Fig. 3 illustrates
the changes of the two rivers over a period of 47 years based on
monthly data. The turning point for the West River can be readily
identified to have taken place between 1994 and 1995, and this
period is consistent with the pattern of the monthly time series
(Fig. 3b). However, the accumulative curve of the North River
does not show a clear turning point. After 1995 the curve changes
into several segments, and the general trend is only slightly
altered.
Fig. 3. The accumulative curves of the monthly flow and sediment discharges
during 1967–2014: (a) North River; and (b) West River. Turning points are marked
with arrows.
3.2. Annual flow and sediment discharge

The annually-averaged flow discharge and sediment discharge
data during the study period are displayed in Fig. 4. A remarkable
reduction in sediment discharge from the West River can be seen
after 1995, whilst the North River demonstrates a greater inter-
annual variation after 1995. Before 1995, the North River con-
tributed 8.37 � 109 tons of water and 2.34 � 106 tons of sediment
per year whilst the West River delivered 3.83 � 109 tons of water
and 3.58 � 106 tons of sediment per year to the estuary. However,
after 1995, although the flow discharge of both rivers remained
similar, the annual sediment mass delivered by the North River
slightly decreased to 2.09 � 106 tons, but there was a much more
pronounced reduction in the West River sediment to 6.60 � 105

tons per year. The North River was the primary contributor of fresh
water to the estuary throughout the period of observation, whilst
the primary contributor of sediment to the estuary changed after
1995 from the West River to the North River.

The relationships between flow discharge and sediment dis-
charge indicate the system behavior features of water and sedi-
ment delivery (Fig. 5). A good linear relationship (R2 = 0.53, P <
0.001) between flow discharge and sediment discharge can be
identified in the North River throughout the period 1967–2014,
implying a stable system delivering sediments by river flows in a
linear way (Fig. 5a). In contrast, the West River shows a swift in
flow-sediment relationship as revealed by the two clustered
groups in Fig. 5b. The clustered data between 1967 and 1995 illus-
trate a much higher ratio between sediment discharge and flow
discharge than those of the clustered data between 1995 and
2014. The linear regression of the data 1967–1994 (R2 = 0.23, P =
0.013) gives a much lower significance level than the regression
after 1995 (R2 = 0.80, P < 0.001, Fig. 5b). Considering the signifi-
cance level of the North River, a significant level of 0.01 is adopt
for the null hypothesis test, to differ the linearity of the system.
Fig. 4. The annual flow discharge and sediment discharge data over a time span of
1967–2014: (a) the North River; and (b) the West River.



Fig. 5. The relationships between annual flow discharge and sediment discharge:
(a) North River; and (b) the West River. The red dots represent the data during
1995–2014 whilst the black dots mark the data during 1967–1994. The regression
of the North River data includes all data throughout 1967–2014, whilst the
regression of the West River data excludes the data between 1967 and 1994.
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Therefore, before 1995, the West River was more like a natural sys-
tem and the relationship between the flow and sediment transport
was more scattered, as in a nonlinear system. Since 1995, however,
this river has been altered into a linear system similar to the North
River.

3.3. Seasonal patterns in flow and sediment discharges

The seasonal patterns of the North River and West River are dis-
played in Fig. 6, using mean values and standard deviations from
January to December over a period of 47 years. Overall, a wet per-
iod with relatively high flow discharge and sediment discharge is
observed from both rivers between April and September. Approxi-
mately 80% of sediment transport and 73% of flow discharge occurs
in the wet season, as calculated by the total wet season amount
divided by the total amount of the year. Two peaks, occurring in
June and August, correspond to the plum rain season in the early
summer and peak typhoon season in the late summer, and this pat-
tern is consistent with previous studies (Huang, 2008).

A comparison of the data for 1967–1994 and 1995–2014 also
indicates considerable differences (Fig. 6). Both the flow discharge
and sediment discharge of the two rivers during the period 1967–
1994 showed a high peak in June, together with a much smoother
peak in August. This pattern has changed since 1995, as the flow
and sediment discharges now form two nearly equal peaks in June
and August.
3.4. The long-transect SSC variation revealed by cruise surveys

There is a considerable variation in SSC and salinity from the
upper to lower estuary (Fig. 7). These variations confine the turbid-
ity maximum zone between A6 and A9 (see Fig. 1 for location
information). The turbidity maximum zone can be identified by
high suspended sediment concentration as pointed out by previous
studies (Dyer et al., 2004; Uncles and Stephens, 1993). Although
the movement of this zone is associated with various conditions,
the range of turbidity maximum zone revealed by this study is con-
sistent with other studies (Wang et al., 2005; Cai et al., 1999).
Therefore, it can be inferred that Jiyu Island can be regarded as a
transition zone from river-dominance to tidal-dominance (i.e.
marking the seaward boundary of the estuary).

Secondly, the cruise SSC data also reveal the changes between
top and bottom layers (Fig. 7). Overall, the SSC in the bottom layer
is higher than that of the top layer, but with a limited mean range
of 20%. The bottom layer SSC of A8 in June 2009 shows an extraor-
dinary high value, and this is probably caused by the occasional
presence of fluid muds near the bottom.

The grain size data are also present in Table 1. The suspended
sediment particles are mainly clays and silts, as the medium grain
size is very low, and the sediments are relatively uniform in terms
of constituents between A3 and A9. The particles become slightly
coarser due to the increased influence of tides outside of Jiyu
Island. A4 and A8 are the only stations to provide a comparison
between top and bottom layers, but show a relatively uniform dis-
tribution. Overall, the suspended sediments transported from the
rivers to the estuary remain relatively stable in terms of con-
stituents and vertical distribution, unless they encounter tidal
flows outside Jiyu Island.
3.5. Synchronous SSC data of the gauging stations and estuary over a
wet season

The daily data of the Punan, Zhengdian and Jiyu stations are
shown in Fig. 8, covering a wet season in 2009. The North River
shows an overall high SSC level, with episodic peaks. The signifi-
cant peaks mainly appeared in June and July, and coincide well
with recorded rainstorm events (Fig. 8a). The West River shows a
similar pattern to the North River in response to rainstorm events,
but with much less magnitude (Fig. 8b). The SSC increase at the
hydrological stations generally shows a delay of 1–2 days for both
rivers after the rainstorm occurs. Three typhoons occurred during
this period, but did not have significant influence on the flow
and sediment concentration data of these river sites.

The SSC at Jiyu is in general lower than at the two river sites as
shown by Fig. 7. There are no direct links between recorded peaks
and rainstorm events, but typhoon events appeared to slightly
increase the SSC at the estuary, which might be associated with
wave-induced resuspension (Fig. 8c). This pattern implies a more
complicated process of sediment transport through the estuary,
particularly the turbidity maximum zone. In order to understand
the link between the SSC at the river reach and the SSC in the estu-
ary, nonlinear regression analysis on multiple variables was under-
taken to statistically test the response of the SSC at Jiyu to the river
input. A nonlinear multiple regression model was established (Eq.
(2)) at a confidence level of 95%, using the daily SSC data of Jiyu
(SSCj), North River (SSCn) and West River (SSCw).

SSCj ¼ 0:42SSCw � 0:002SSC2
w þ 0:00007SSC2

n � 0:12SSCn þ 54:08

ð2Þ
A scale analysis on the sensitivity of each term was further

conducted for Eq. (2), using the data during the wet season of
2009. Overall, the mean SSC was 38 mg L�1 for the Jiyu station,



Fig. 6. A comparison in averaged monthly flow discharge and sediment discharge between 1967 and 1994 and 1995–2014: (a) North River, flow discharge; (b) North River,
sediment discharge; (c) West River, flow discharge; (b) West River, sediment discharge.
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111 mg L�1 for the North River and 53 mg L�1 for the West River.
Therefore, the scale analysis of these terms is shown as Eqs. (3)
and (30).

Oð101Þ ¼ Oð10�1 � 101Þ � Oð10�3 � 102Þ þ Oð10�5 � 104Þ
� Oð10�1 � 102Þ þ Oð101Þ ð3Þ

Oð101Þ ¼ Oð100Þ � Oð10�1Þ þ Oð10�1Þ � Oð101Þ þ Oð101Þ ð30Þ
As such, the second and third terms on the right of the equation

(the squared terms) can be neglected during this specific period.
Only linear terms and the constant remain in the simplified regres-
sion model. Therefore, a linear multiple regression model can be
used to evaluate the response of the estuary to the river input dur-
ing the wet season in 2009.

Due to the distance between the hydrological stations and Jiyu
Island, a lag in response should be considered in the regression
tests, but the time length is unknown. For simplicity, a maximum
lag of 10 days was considered for the regression tests and the low-
est P-value with relatively high R-value was taken as the criteria
for best fit over the 10-day delay (Fig. 9, red circles mark the best
fit results).

Both the North River and West River show good linear relation-
ships (P-value < 0.05) with the Jiyu data when the lag is taken into
account (Fig. 9a and b). However, a notable difference exists
between the suspended sediments from the North and West Riv-
ers: the lag between the North River and Jiyu was found to be 2
days (P-value = 0.035), whilst the lag between the West River
and Jiyu was 7 days (P-value = 0.022). It appears that the
suspended sediment input from the North River affects the estuary
(Jiyu) in a more rapid way (low P-values of the first several days of
lag) and then disappears afterwards. In contrast, the estuary
responds to the West River input with a longer lag, but with a
stronger signal (P-value = 0.022, Fig. 9b).

In order to quantify the individual contribution of the North
River and the West River, a multiple regression model was also
tested and the results are plotted in Fig. 9c. Given the samples,
the multiple regression test rejects the null hypothesis test with
a P-value = 0.025 when the lag was 5 days. Therefore, the response
of the estuary to the inflow of the North River and West River has
an average lag of 5 days. The change of suspended sediment in the
river reach required such a time span for the signal to pass the
upper reach of the estuary and the turbidity maximum zone, and
eventually reached the boundary of the estuary.
4. Discussion

4.1. Primary factors affecting sediment delivery from river to estuary

Numerous factors, including climate, soil erosion and human
activities, can affect the river flow and sediment discharge
(Woods, 2003; Milliman and Syvitski, 1992). For a small mountain-
ous river, the precipitation and rainstorms associated with climate
change, catchment dynamics relevant to sediment yield, and sedi-
ment retention due to dams and reservoirs, stand out as sensitive
factors, particularly for those controlled by the dry-wet seasonal
monsoon climate and episodic weather events. Thus, precipitation,



Fig. 7. The spatial variation of SSC and salinity along the river-estuary transect: (a)
SSC, top layer; (b) SSC, bottom layer; and (c) salinity. The turbidity maximum
usually appears between station A6 and A9 (Fig. 1 for locations), depending on river
discharge and tidal conditions during survey periods. The orange box marks the
stations with relatively high SSC of the estuary, in coincidence with salinity
gradient.
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rainstorms, soil erosion and construction of dams and reservoirs
are discussed here to extract the most important factors affecting
sediment discharge and delivery from Jiulong River, including the
82% reduction in the West River and 11% reduction in the North
River after 1995.

Huang et al. (2013) collected precipitation data from the Jiulong
River watershed between 1954 and 2010 and discovered a fairly
Table 1
The grain size data of water samples collected during the cruise in 2010.

Medium grain size (mm) A3 A4 A6

Top – 9.0 –
Bottom 9.7 9.4 10.1
slight increase of precipitation over this period. The annual fre-
quency of rainstorms was found to be correlated with precipitation
over a long timescale in their study. A study of stalagmite records
reconstructed the precipitation curves and also showed an increase
after 1990–1995, together with a considerable change over century
scales (Jiang et al., 2012). A more detailed analysis of the rainstorm
frequency records between 1971 and 2004 in this region also con-
firmed a relatively stable pattern of rainstorm frequency (Chen,
2007). Therefore, precipitation and rainstorm frequency related
to climate change are less likely to be the main factor for the sed-
iment discharge changes in the Jiulong River over the studied per-
iod, but they might be more important over the longer term
(centuries). It should also be noted that the precipitation data dis-
cussed above include the entire catchment area and there is a pos-
sible difference between the North River and West River.

Secondly, land use changes also affect the long-term flow-
sediment relationship of rivers (Khoi and Suetsugi, 2012). The
Household Contract Responsibility System was formulated in
Fujian province in the late 1970s and spread widely during the
early 1980s, and this policy greatly stimulated local agricultural
production (Ye and Huang, 2009). However, the total area used
for agriculture has been shrinking since 1996 because the eco-
nomic benefits from food crops has decreased (Huang et al.,
2012; Ye and Huang, 2009). In addition, the prevention of land ero-
sion by planting grasses or trees commenced by local governments
in 1990s, particularly in the catchment of the West River, could
also have contributed to the decline of sediment yield (Jiang
et al., 2007). Land use change and its influence on sediment yields
can be evaluated using soil erosion modulus. Huang et al. (2004)
estimated soil erosion to be 2503 tons km2 yr�1, based on GIS
and USLE analyses. A similar method was also adopted in a longer
term study from 1989 to 2003, and a decrease of 5% in soil erosion
modulus was found during this period (Jiang et al., 2007). It
appears that the catchment dynamics related to soil erosion and
land use changes only account for a small proportion of sediment
discharge reduction over the long term. However, our study shows
that over the short-term (within the wet season of 2009), the SSC
peaks in the estuary (Jiyu) following the peak at river sites (Punan
and Zhengdian). Episodic climate events (rainstorm), particularly
continuous rainstorms, show a considerable influence on the sedi-
ment transport of this mountainous river. This is because the sur-
face sediment erosion within river catchments is usually caused by
overland flow or seepage associated with heavy rainfalls
(Garcíaruiz, 2010).

Dams and reservoirs can not only alter the natural streamflow
regime by the reduction of peak flow and flood frequency, but also
trap the sediments to fill reservoirs (Huang et al., 2013; Takahashi
and Nakamura, 2011). The retention in upstream dams can sub-
stantially alter the water and suspended sediment transport pat-
terns (Dai et al., 2008; Finger et al., 2006). However, with
operation of flushing, most of the fine suspended particles can be
flushed out to reach lower streams (Finger et al., 2006). More than
100 hydropower stations have been constructed along the North
River and the West River (Wang et al., 2010). In 1994, a series of
national government policies were released to encourage the con-
struction of privately-owned small hydropower stations, and a
large number of small hydropower dams were constructed
along the Jiulong River thereafter; more than 90% of the small
A8 A9 JY0 JY1

8.5 – 14.3 –
10.9 10.7 – 16.1



Fig. 8. The time series of SSC data throughout 16th April to 25th September 2009 of the (a) North River (Punan), (b) the West River (Zhengdian), and (c) the tidal-filtered SSC
obtained from the buoy at Jiyu Island. An extreme value of 1260 mg L�1 of the North River was excluded from the top panel. The records of rain storms (the meteorological
definition of a rain storm is the daily rainfall greater than 50 mm) and typhoons were sourced from the 2009 Climate Bulletin of Fujian Province.
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hydropower stations currently in use are privately-owned (per-
sonal communication with the local Hydraulic Bureau). In theWest
River, those small hydropower stations in the upper stream area do
not flush out sediment trapped in their reservoirs for economical
reasons, resulting in considerable sediment retention and conse-
quent decrease (82%) in sediment delivery to the estuary. In con-
trast, the North River, where most of the major hydropower
stations are located, has been maintained regular operations of
hydraulic flushes during flood seasons. As a consequent, there is
only a slight decrease (11%) in sediment discharge after 1995.

In a study on the long term river sediment transport pattern in
the Red River watershed (Vietnam), Dang et al. (2010) also identi-
fied a similar change of sediment – flow discharge linearity to our
results. In their study, the linearity between the annual sediment
discharge and the annual flow discharge decreased after dam-
reservoir disturbance. The accumulative curve of the Jiulong River



Fig. 9. The results of linear regression tests for the SSC data between the river
stations (PN, ZD) and the estuary station (JY) throughout a wet season: (a) linear
regression between the North River SSC and the Jiyu SSC; (b) linear regression
between the West River SSC and the Jiyu SSC; and (c) multiple linear regression
between the North River SSC, West River SSC and the Jiyu SSC. R is the correlation
coefficient and P is the probability for the null-hypothesis test.
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(Fig. 3) also shows a similar decrease in the slope as the Yangtze
River, which has been attributed to the construction of large dam
reservoirs (Wang et al., 2008). However, unlike previous studies,
this anthropogenic effect on the sediment transport of the Jiulong
River is more pronounced with high density but small dam
reservoirs.
Fig. 10. The schematic graph of estuarine mixing model of Jiulong Jiang Estuary, includin
concentration of river input), the riverine output (Q0 = flow discharge to the sea, S0 = salin
(Qi = flow discharge of tidal input, Si = salinity of tidal input, Ci = sediment concentration o
between fresh water and salt water, which varies with mixing conditions. The A3 is wher
of the box model.
Based on the discussion above, we conclude that the long-
term variation of sediment yield in the West River (82% reduc-
tion) and the North River (11% reduction) is most likely to be
caused by dams and reservoirs, and is consistent with the global
trend (Wang et al., 2015; Vörösmarty et al., 2003; Walling and
Fang, 2003).

4.2. Sediment transport across maximum turbidity zone: Response of
the estuary to river input

The primary factor affecting the sediment discharge from the
river to the estuary has been identified in this study, but how the
sediment discharge causes changes in the estuary over multiple
timescales remains unsolved. Mass balance concepts and
continuity equations have long been adopted for coastal studies,
and in particular, box model studies (Knudsen, 1900). In our study,
water mass conservation is considered as well as sediment mass
conservation. Thus, the momentum balance can be ignored.
Assuming a steady balance, a simplified box model was set up
between the river reach and the estuary (Fig. 10), to consider the
response of the estuary to the river sediment input at different
timescales. It should be noted that the processes (e.g. flocculation)
occurring within an estuarine maximum turbidity zone can be
highly complex (Brenon and Hir, 1999; Uncles and Stephens,
1993), and so the box model represents a highly simplified sce-
nario. The west boundary of the box model is located at site A3
(Fig. 1), where the North River meets the West River, and the east
boundary of the box is at Jiyu Island.

The river input from the North River and West River, and the
seawater pumped in by tides are considered to be the main factors
controlling the model. Evaporation, water mass loss along the
transport pathway and the addition from the other small tributary
– the South River – are neglected for simplicity. Qr , Sr , and Cr are
defined as the flow discharge, salinity and suspended sediment
concentration of the river input. Qi, Si, and Cr are the same vari-
ables for the sea input by tides. Q0, S0, and C0 are the net output
variables of the estuary. Fc is the sediment trapped in this system,
which can be roughly estimated by the total area of the estuary
seabed A and the sedimentation rate R.

The water mass balance gives:

Qr þ Qi ¼ Q0 ð4Þ
The salinity balance gives:

QrSr þ QiSi ¼ Q0S0 ð5Þ
As the salinity of the river flows, Sr , is zero, then

Q0 ¼ Si
Si � S0

Qr ð6Þ

Qi ¼
S0

Si � S0
Qr ð7Þ
g the riverine input (Qr = river flow discharge, Sr = river flow salinity, Cr = sediment
ity of flow to the sea, C0 = sediment concentration of flow to the sea), the tidal input
f tidal input) and the sedimentation of the seabed (Fc). The gray line marks the front
e the North River meets the West River, which is used as the upper stream boundary



170 Y. Chen et al. / Journal of Hydrology 560 (2018) 160–172
The mass balance of sediments gives:

QrCr þ QiCi ¼ Q0C0 þ Fc ð8Þ
Replace the items of Eq. (8) with Eqs. (6) and (7) to get:

Cr ¼ SiC0 � S0Ci

Si � S0
þ Fc

Qr
ð9Þ

Eq. (9) can be further written as:

Cr

Ci
¼ SiCo � S0Ci

CiðSi � SoÞ þ Fc

QrCi
ð10Þ

Eq. (10) can be reorganized as:

Cr

Ci
¼ 1�

Ci�C0
Ci

Si�S0
Si

þ Fc

QrCr

Cr

Ci
ð100Þ

Cr

Ci
¼

1�
Ci�C0

Ci
Si�S0
Si

1� Fc
QrCr

ð1000Þ

Cr

Ci
¼

1� SSC stratification
Salininty stratification

1� Sediment trapping by estuary
River sediment input

ð10000Þ

Similarly, we get:

Cr

C0
¼ 1�

Ci�C0
C0

Si�S0
S0

þ Fc

QrC0
ð11Þ

Cr

C0
¼ 1� SSC vertical change

Salininty vertical change

1� Sediment trapping by estuary
River sediment input

ð110Þ

Eqs. (11) and (110) describes the response of the estuary to the
river input over multiple timescales. The suspended sediment
response behavior is determined by the sediment trapping/passing
rate within the estuary and the vertical structure of suspended
sediments salinity at the seaward boundary of the estuary. Sec-
ondly, the suspended sediment concentration at the estuary varies
with river sediment input in a linear way when the sediment trap-
ping rate keeps the same varying pace with the sediment-salinity
vertical structure of the estuary. Therefore, the estuary responds
to the river input sometimes in a linear way with a response lag
as observed by Fig. 9.

Over a long period, the response of the estuary to river inputs
from the North River and West River can be compared, because
the estuarine end condition and the average sediment trapping
rate can be considered to be the same. Under those conditions,
greater river sediment input will increase the suspended sediment
in the estuary. Before 1995, the West River contributed more sed-
iment input to the Jiulong River and thus the estuary condition was
mainly a response to the West River input. After 1995, the North
River input became more important in affecting the suspended
sediment concentration in the estuary.

In order to test the long-term response of the estuary to the
river input, the river input before and after 1995 was regarded
as the main variable for the box model to test. The data of the
salinity and the SSC under the partially mixed condition of the
estuary (Si ¼ 25, S0 ¼ 15, Ci ¼ 100 mg L�1, C0 ¼ 10 mg L�1)
(Wang et al., 2013) were used to estimate the change of Fc

before and after 1995. The calculation based on Eq. (6) showed
that before 1995, the total amount of sediment trapped annually
within the area between the two hydrological stations and the
outer boundary of the estuary (Jiyu) was 7.4 � 106 tons including
5.9 � 106 tons of sediments from river input. However, after
1995, the total amount of sediment trapped by the estuary
decreased to 5.1 � 106 tons, including 3.6 � 106 tons from the
river. Thus, the percentage of marine sediments increased from
20% to 30% after 1995.

At the seasonal scale, Eq. (11) should be considered under
separate dry season and wet season scenarios. During the dry
season the estuary is well mixed and the vertical change of
salinity is very limited, whilst the vertical change of SSC could
be considerable due to the resuspension of sediments near the
sea bed. Therefore, the vertical structure term could be much
greater than the sediment trapping rate term, resulting in a
minor response of the estuary. During wet seasons, the response
of the estuary to the river input is determined by both the sed-
iment trapping term and the vertical structure term, and the
paces between those two terms can cause a delayed response
of the estuary. Under this scenario, the river sediment input
quantity is less important, but the pace-match is regulating the
response of the estuary. As such, a delayed response is expected,
as revealed by the regression analysis on the synchronous data
in the wet season of 2009 (Section 3.5).

At short timescales, rainstorm events are the primary factor
affecting sediment transport from the river to the estuary (Sec-
tion 3.5), and cause the estuary to become stratified. Guo and
Jiang (2010) used a ROMS model to simulate suspended sediment
transport during a rainstorm (river input flow discharge = 1600 m3

s�1) and found the suspended sediment concentration showed a
reduction from the surface to the seabed (Si ¼ 28, S0 ¼ 8,
Ci ¼ 120 mg L�1, C0 ¼ 100 mg L�1, Cr ¼ 460 mg L�1). The esti-
mated sedimentation rate was 17.1 cm yr�1, which is significantly
higher than the long-term sedimentation rate observed (2.6 cm
yr�1) (Liu et al., 2012). During rainstorm periods the estuary
mainly serves as a trap to the river input. Due to the large input
of fresh water, the total exchange flow is inhibited and pushed sea-
ward. Thus, a large amount of sediment has to settle down before
reaching the estuary and this might cause the delayed suspended
sediment response in the estuary (Fig. 9).

Previous studies on other river-estuary systems with dam con-
struction have revealed that the primary influences of river input
on the estuary can be classified into two types: (1) salt wedge
dynamic changes in the estuary, for example, hydropower stations
on the Ebro River in Spain have been found to increase the salt
wedge frequency during middle flow discharge conditions
(Ibàñez et al., 2015); and (2) channel scours in the lower estuary,
such as the Trinity River in the USA (Phillips et al., 2005). These
two folders of influences have been both included into our model
(Eq. (110)) in a simple way using the SSC as a tracer, and these con-
sequences are eventually the responses of the estuary to the river
suspended sediment input.
5. Conclusions

We combined long-term flow discharge and sediment discharge
from the Jiulong River with measured SSC data at its estuary during
a wet season to investigate the flow-sediment relationship and
response of the estuary to the river input at multiple timescales.
Based on time series analyses and box model estimates, the pri-
mary findings are summarized as follows:

(1) A remarkable change in 1995 was revealed by the long-term
data, in terms of the flow and sediment transport by those
two rivers. Before 1995, the North River was the primary
convey for flow discharge whilst the West River delivered
more sediment. After 1995, however, the sediment dis-
charge by the West River decreased considerably and the
North River became the main path for flow and sediment
delivery.
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(2) The annual flow discharge and sediment discharge data
showed a linear relationship for the North River through-
out 1967–2014, whilst the flow-sediment relationship of
the West River switched from non-linear to linear after
1995. The most likely reason for this change was the con-
struction of small dams and reservoirs in the West River
after 1995.

(3) The synchronous SSC data of the river SSC input and the
estuary SSC data were analyzed by a regression model,
which revealed a delayed response of 5 days in the estuary
to the river input. In addition, rainstorm events have a pro-
nounced influence on rivers.

(4) A box model was established to quantitatively describe the
response of the estuary to the river input over multiple time-
scales. The model revealed that over a long time period, the
magnitude of river input determines the output of the estu-
ary. Overall, the reduction of riverine sediment yield
increased marine sediments trapped into the estuary. Over
shorter time scales, the relative changes of vertical SSC and
salinity, together with the sediment trapping rate, control
the sediment response of the estuary.
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