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a b s t r a c t

To explore the factors regulating seasonal variation of total suspended solids (TSS) and its two fractions
in a giant dendritic reservoir (the Three-Gorges Reservoir of China, TGR) in the subtropical monsoon
region, suspended solids, chlorophyll a (a surrogate for lake internal processes) and water residence time
(an index of hydrologic flushing) were examined monthly from August 2005 to July 2006. TSS ranged
from 0.6 to 200.3 mg/L and from 0.6 to 78 mg/L respectively in the mainstream and in a typical reservoir-
bay (the Xiangxi Bay) of the TGR,. TSS exhibited a typical seasonal pattern in the mainstream rather than
in the Xiangxi Bay of the TGR. The fraction of non-volatile suspended solids (NVSS) was often more
dominant in the mainstream than in the Xiangxi Bay, especially during the flood season. Regressions
analysis showed that 87.6% and 89.8 % of seasonal variation in TSS and NVSS of the mainstream,
respectively, are explained by water residence time . In contrast, suspended solids (particularly volatile
suspended solids, VSS) of the Xiangxi Bay displayed significant correlation with algal biomass, and no
correlation with hydrological parameters. It implies that the Xiangxi Bay was a more autochthonous
system than the mainstream of the TGR where exogenous influences were the more determinant factors.

� 2009 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Most large rivers in East Asia, North America and Europe are
regulated by channelization or hydroelectric dams (Thornton et al.,
1990). River regulation and damming will alter the local environ-
ment, affecting not only the hydrology but also the physical,
chemical, and biological characteristics (Friedl and Wüest, 2002).
The impacts of damming on aquatic ecosystem have been exten-
sively studied (e.g., Baxter, 1977; Rosenberg et al., 1997). One of the
major concerns of these studies is the disruption on the system’s
biogeochemical behavior (Friedl and Wüest, 2002). Total sus-
pended solids (TSS) and its two components, volatile (VSS) and
non-volatile fractions (NVSS), are generally regarded as important
environmental parameters because they can reflect the biogeo-
chemical process of aquatic ecosystems (Wehyenmeyer et al., 1997).
As an important component of reservoir seston, NVSS are largely
determined by exogenous influences as modified by morphology
and hydrology, and can be a valid proxy of allochthonous sus-
pended solid of fluvial origin (An and Jones, 2000). VSS as organic
seston can reflect the characteristics of autochthonous production,
nd INQUA. All rights reserved.
which is regulated by nutrient input and water residence time
(Jones and Knowlton, 2005). Thus, both fractions of reservoir sus-
pended solids can be useful to judge the property (allochthonous or
autochthonous dominated) of a reservoir system.

Residence time is determined by the average length of time that
water remains within the boundaries of an aquatic system, and is
a key parameter controlling the biogeochemical behavior of aquatic
ecosystems (Rueda et al., 2006). This parameter has been proposed
in the published literature to explain the extent to which these
systems are self-organized or dominated by exogenous influences
(Søballe and Kimmel, 1987). Generally, the increase of residence
time evokes increases in autochthonous primary production and
decreases in particles and turbidity when changing a stretch of
a river into a reservoir (Friedl and Wüest, 2002). Thus, impound-
ments have the potential to induce the change of a water body from
an allochthonous-dominated system to a more lacustrine system,
where autochthonous production of organic matter dominates.
However, it is difficult to give precise predictions of the impacts of
damming on river ecosystem in subtropical regions, that have
unique hydrological characteristics influenced by the summer Asian
monsoon that differs from many other regions. For example,
monsoons produces short hydraulic residence times and high
inorganic suspended in some Korean reservoirs (An and Park,
2002). In particular, some reservoirs are characterized by the
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Fig. 1. Location of the sampling sites in the mainstream of the Three-Gorges Reservoir
and the Xiangxi Bay.
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dendritic form that usually includes many long and narrow reser-
voir-bays, which were the former downstream stretches of inflow
tributaries prior to the impoundments of the reservoirs. In dendritic
rivers, the mainstream damming impacts on both the mainstream
itself and its inflow tributaries, which would make further research
to estimate the impacts of this kind of large-scale dams on the
biogeochemical process of aquatic ecosystems necessary.

The Three-Gorges Reservoir (TGR), located in the mainstream of
the Yangtze River, is a typical representative of giant dendritic
subtropical reservoirs. There were already academic concerns
about the aquatic ecosystem and its biogeochemical behavior of the
Yangtze River and the TGR after the damming. The impacts of the
Three-Gorges Dam (TGD) on sediment transport in the Yangtze
River have been widely researched (Chen et al., 2008). Studies
showed that the TGD construction had remarkably reduced the
sediment loads into the mid-lower Yangtze River (Dai et al., 2008).
Previous studies have attributed the impoundments as the main
cause for the increase of autochthonous production in the reser-
voir-bays of the TGR (Ye et al., 2006, 2007), but it is still difficult to
accurately assess whether or not the TGR impoundment changes
the water body from a river-like system to a lake-like system.

During a one-year period after the first impoundment, sus-
pended solids and algal biomass (expressed as chlorophyll a) were
investigated in the mainstream of the TGR and the Xiangxi Bay
(located approximately 32 km upstream from the TGD), which is
one of the largest reservoir-bays of the TGR (Cai and Hu, 2006;
Huang et al., 2006). The main objectives of this study are: (i) to
determine the key factor regulating the seasonal dynamics of TSS
and its compositions; (ii) to estimate the relative importance of
allochthonous vs. autochthonous sources after the impoundment;
(iii) to develop empirical models for predicting the seasonal
dynamics of suspended solids after the last impoundment.

2. Investigation area, data and methods

With a length of over 6300 km, the Yangtze River is one of the
largest rivers in the world (Chen et al., 2008), where a subtropical
monsoon climate prevails (Jiang et al., 2006). The summer
monsoon starts to influence the TGR in May and generally retreats
in October (Jiang et al., 2006). Consequently, the inflow discharges
of the TGR is mostly concentrated from June to September (the
flood season), accounting for 61% of the annual total (Huang et al.,
2006). Upon its planned completion in 2009, the TGR will be one of
the largest man-made lakes in the world, with a capacity
of 3.93�1010 m3, a water level of 175 m and a surface area of
1080 km2 (Wang et al., 1997; Huang et al., 2006). In addition, forty
reservoir-bays (watershed area of individual bay >100 km2) will
eventually be formed by the flooding of the reservoir, and water
area of these bays will account for 1/3 of the total water area of the
TGR (Cai and Hu, 2006; Huang et al., 2006). After the first
impoundment of the TGR in June 2003, the reservoir capacity and
the water level had reached ca. 1.42�1010 m3 and 139 m a.s.l.,
respectively (Huang et al., 2006), and the lower stretches of many
inflow tributaries were inundated by the reservoir and formed
reservoir-bays (Cai and Hu, 2006; Huang et al., 2006). Among them,
the Xiangxi River is one of the largest tributaries of the TGR. After
impoundment, the lower 25-km stretch of this river became the
Xiangxi Bay, with a watershed area of 3095 km2. Seasonal changes
in suspended particles and its seasonal flooding account for the
operational pattern of the TGR, i.e., storing clear water after the
flood season and releasing muddy water by lowering the water
level of the reservoir during the flood season (Shao et al., 2008). For
example, after the first impoundment, the water level fluctuated
between 135 m a.s.l. (flood season) and 139 m a.s.l. (the rest of
a year); after the planned last impoundment in 2009, the water
level will fluctuate between 145 m a.s.l (flood season) and
175 m a.s.l. (the remaining months of a year).

Five transverse transects (CJ01–CJ05) were set up along the
mainstream of the TGR, over a distance of approximately 40 km
(Fig. 1). CJ01 was just upstream from the dam, and CJ05 was
upstream from the mouth of the Xiangxi Bay. Three sites (left,
middle and right) were set up in each transect, except for the CJ03
site due to the narrow channel. Simultaneously, eight sampling
sites (XX01–XX08) were surveyed along a lengthways direction of
the Xiangxi Bay in the opposite direction of inflow, over a distance
of approximately 25 km. XX01 was located close to the mouth of
the bay, and XX08 was located near the end of the Bay. We were
unable to sample the site XX08 during the flood season, because
low water levels in the mainstream prevented our sampling boat
from reaching the site. The site XX08 was excluded from our
analysis, because no integrated annual samples were collected.
Among the eight sampling sites, XX01 and XX05 were also sampled
along their transverse transects, including the left, middle and right
sites (Fig. 1). During each survey, the sampling sites were relocated
using a geographical positioning system (GPS).

Twelve surveys were performed monthly from August 2005 to
July 2006. Suspended solids were concentrated by filtering
a known volume of water through a weighed pre-ignited glass fiber
filter (Whatman type GF/F). An additional known volume of water
was filtered through a microfilter (0.8 mm) for chlorophyll a (chl. a)
determination. All the filters were immediately placed in a dark
cooler and packed in ice until the laboratory analysis. TSS and its
two fractions were measured according to a Standard Operating
Procedure for Total Suspended Solids Analysis (U.S. EPA, 1997). The
chl. a concentrations were determined on a spectrophotometer
(Shimadzu UV-1601, Japan) following the procedure of lake
observation (Huang et al., 2000).

The data for the inflow discharge and the water level of the TGR
were downloaded from the website of China Three Gorges Project
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Corporation. In addition, discharge data of the Xiangxi River after
the impoundment was provided by the Xingshan Hydrological
Station, which is a station upstream from XX08. The reservoir
capacity of the TGR and the Xianxi Bay in the given water level were
mainly obtained from Huang et al. (2006). The estimated value of
water residence time is generally calculated by relating the annual
amount of water passing through the reservoir with the volume of
the whole reservoir. Here, the residence time for each month of
a year was calculated as (modified from George and Hurley, 2003):

s ¼ VT

QT
;

Where s is water residence time (days) for each month; VT is the
monthly volume (m3) of the reservoir for T¼ 1.12; QT is the
monthly average inflow discharge (m3 d�1).

To describe the temporal-spatial pattern of TSS and %NVSS, we
drew a time-distance diagram using the Inverse Distance Weighted
(IDW) in Golden Software Surfer 8.0. The differences in chlorophyll
a and water residence time between the mainstream and the
Xiangxi Bay were examined using nonparametric test and paired
samples T-test, respectively. We explored the contribution of chl.
a on suspended solids using an association analysis. We also per-
formed association tests to examine the relationships between
suspended solid variables and water residence time. After explor-
atory examination, we further modeled the relationships between
residence time and suspended solid variables with power regres-
sion, linear regression and inverse regression. All of the association
tests performed were 2-tailed Pearson correlation tests. Significant
tests (paired samples T-test and nonparametric test), association
analysis and regression model were all performed in the software
SPSS 13.0.

3. Results and discussion

3.1. Suspended solids and algal biomass

In the mainstream of the TGR, TSS ranged from 0.6 to 200.3 mg/L,
with a mean of 21.3 mg/L (n¼ 153). Mean monthly concentrations of
TSS and NVSS ranged from 1.5 to 71.8 mg/L and 0.7 to 66.5 mg/L,
respectively, and both displayed a clear seasonal trend, with a peak
Fig. 2. Temporal–spatial distributions of TSS a
during the flood season. From November to April, the concentrations
of TSS were < 4 mg/L, whereas the concentrations were > 25 mg/L
from July to October (Fig. 2). NVSS was a dominant fraction of TSS
from May to September (>80%), while VSS appreciably dominated
from January to March (z60%) (Fig. 2). As mentioned above, the
seasonal pattern of flooding in the Yangtze River was derived from
monsoon precipitation. Therefore, large amounts of silt-laden water
were brought by floods. In the Xiangxi Bay, there were no seasonal
patterns of suspended solids (Fig. 3). The mean concentrations of
TSS were 8.0 mg/L (n¼ 118), ranging from 0.6 to 78 mg/L. In winter,
TSS concentrations were also< 4 mg/L. The concentrations ranged
from 13 to 25 mg/L in March, July and September, and ranged
between 4 and 9 mg/L in the other months. The visible difference
between Figs. 2 and 3 clearly showed that the fraction of NVSS in TSS
was always larger in the mainstream than in the Xiangxi Bay.

Algal biomass significantly differed between the mainstream
and the Xiangxi Bay (nonparametric test, p<0.001). The average
chl. a concentrations of the mainstream and the Xiangxi Bay were
2.54 mg/L (n¼ 153, ranging from 0.03 to 116.67 mg/L) and 15.70 mg/L
(n¼ 118, ranging from 0.38 to 120.46 mg/L), respectively (Fig. 4). In
the mainstream, there was no significant correlation between algal
biomass and suspended solid variables, whereas the chl.
a concentrations of the Xianxi Bay did correlate to TSS, VSS and
%VSS, as shown by Pearson’s correlation test (Table 1). VSS was
usually positively correlated with chl. a in natural lakes or lake-like
systems, i.e., autochthonous systems (Wehyenmeyer et al., 1997).
Jones and Hoyer (1982) point out that the correlation between VSS
and chl. a (r¼ 0.97) indicated that they are fundamentally inter-
changeable as indices of algal biomass in autochthonous systems.
In Missouri reservoirs, the strongest influence of watershed
features on TSS was also mediated through the control of algal
growth (Jones and Knowlton, 2005). The present study showed
that, compared with the mainstream, the Xiangxi Bay was a more
lacustrine system due to the significant relationships between chl.
a and VSS.
3.2. Residence time and reservoir classification

Residence time was significantly shorter in the mainstream of
the TGR (5–35 days) than in the Xiangxi Bay (22–219 days; Fig. 5;
nd %NVSS in the mainstream of the TGR.



Fig. 3. Temporal–spatial distributions of TSS and %NVSS in the Xiangxi Bay.
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paired samples T-test, p<0.001). Following the classification of
Straškraba and Tundisi (1999), a reservoir with a residence time
less than 20 days can be grouped into Class A, i.e., a fully mixed
system with river characteristics, and a reservoir with a residence
time ranging between 20 and 300 days should be grouped into
Class B, i.e., an intermediate system between rivers and natural
lakes has both river-like and lake-like characteristics. If the
residence time is longer than 300 days, the reservoir should be
identified as Class C, i.e., a steady system with natural lake char-
acteristics that may be characterized by well developed stratifica-
tion. According to this criterion, the mainstream of the TGR
belonged to Class A during summer and autumn (May–November)
and belonged to Class B during the other months. The Xiangxi Bay
belonged to Class B throughout the year (Fig. 5), which suggests
that the Xiangxi Bay was similar to natural lake more than the
mainstream, where the riverine dominance still existed.

Further, both in the mainstream and in the Xiangxi Bay of the
TGR, the concentrations of total nitrogen and total phosphorus had
already exceeded the threshold values of eutrophic state (Cai and
Hu, 2006). Therefore, algal blooms had the potential to occur both
in the mainstream and in the Xiangxi Bay. However, no algal
blooms were reported in the mainstream until now, whereas the
Xiangxi Bay was one of the most representative of eutrophied
reservoir-bays of the TGR, and algal blooms often occurred in the
bay, as well as the other bays (Cai and Hu, 2006). It is reasonable to
Fig. 4. Boxplot for chl. a concentration in the mainstream and the Xiangxi Bay of the
TGR.
believe that water residence time played a key role for the differ-
ence between the mainstream and the Xiangxi Bay as noted by
Søballe and Kimmel (1987), who demonstrated that water resi-
dence time was a useful system-level index, having ecological
implications for rivers and natural lakes. Their study showed that
algal biomass per unit of phosphorus significantly rose as water
residence time increased from river to natural lakes. Thus, the
mainstream of the TGR to some extent was still an allochthonous
dominated system, whereas the Xianxi Bay was changing from an
allochthonous dominated system to a more autochthonous system.
3.3. Relationships between residence time and suspended solids

Residence time of the mainstream was negatively correlated
with the suspended solid variables, whereas there was no corre-
lation between residence time and TSS and its two fractions in the
Xiangxi Bay (Table 2), suggesting that water residence time can
explain the seasonal variation in TSS, especially NVSS in the
mainstream. It is well known that water residence time can be an
index of hydrological flushing. In the mainstream, hydrological
flushing was a main factor regulating suspended solid concentra-
tions, suggesting that suspended solids in the mainstream were
mainly from the drainage basin. It indicated that the direct influ-
ence of allochthonous input on the mainstream still dominated.
However, the situation in the Xiangxi Bay was obviously different
from that in the mainstream. In the Xiangxi Bay, both TSS and VSS
were significantly correlated with chl. a, instead of water residence
time. This observations suggest that the prolonged water residence
time of the Xiangxi Bay evoked particle settling, turbidity decreases
and an increase of light transmissivity, as well as enhancing in-situ
primary production. Therefore, the water storage of the reservoir
mediated the direct impacts of allochthonous inputs on TSS in the
Xiangxi Bay.
Table 1
Pearson’s correlations between algal biomass (chl. a) and suspended solid variables.

Variable Correlation coefficient

Mainstream Xiangxi Bay

TSS 0.054 0.333a

NVSS 0.043 0.152
VSS 0.024 0.662a

%VSS �0.058 0.392a

a Correlation is significant at the 0.01 level (2-tailed).



Fig. 5. Temporal changes of water residence time (s) in the mainstream and the
Xiangxi Bay of the TGR after the first impoundment of the reservoir. The dashed line
indicates the threshold value (s¼ 20 days) for the classification of Class A and Class B.

Table 2
Pearson’s correlations between residence time and suspended solid variables.

Variable Correlation coefficient

Mainstream Xiangxi Bay

TSS �0.810** �0.397
NVSS �0.803** �0.347
VSS �0.678** �0.450

*Correlation is significant at the 0.05 level (2-tailed), ** at the 0.01 level (2-tailed).

Table 3
Relationships between TSS, NVSS, %NVSS and residence time (s) in the mainstream
and the Xiangxi Bay.

Models N r2 p

Mainstream TSS¼ 3342.529s�2.175 12 0.876 <0.001
Mainstream NCSS¼ 7581.2869s�2.619 12 0.898 <0.001
Mainstream %NVSS¼ 104.63� 1.98s 12 0.859 <0.001
Xiangxi Bay %NVSS ¼ 42:728þ 863

s 12 0.655 <0.001
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In the mainstream, the relationships between TSS, NVSS and
residence time could be modeled by power regression (Table 3).
Furthermore, linear regression between %NVSS and residence time
showed that an equivalent NVSS and VSS could be found at s¼ 27
days in the mainstream of the TGR (Table 3, Fig. 6). In the Xiangxi
Bay, the equivalent NVSS and VSS could be found at s¼ 119 days, as
shown by inverse model (Table 3, Fig. 6). Accordingly, VSS of the
mainstream and the Xiangxi Bay will be dominant when s> 27
days and s> 119 days, respectively.
3.4. Predictions for suspended solids

The estimated residence time of the mainstream will range from
5 to 85 days (with an annual mean of 40 days) when the maximal
reservoir capacity and water level will reach 3.93�1010 m3 and
Fig. 6. Linear regression in the mainstream of the TGR (a), and inverse regression in the X
probability of NVSS dominance.
175 m a.s.l., respectively after the last impoundment of the TGR in
2009, which is significantly longer than the present residence time
(paired samples T-test, p< 0.001). A similar pattern was also found
in the Xiangxi Bay and the estimated residence time ranged from 27
to 564 days, with an annual mean of 264 days (Fig. 7). According to
the estimated value, the mainstream of the TGR will be a fully
mixed system (Class A) from June to September. During the rest of
the year, the mainstream will change to be an intermediate system
(Class B). Compared with the present status, the limnological types
of the mainstream will not change dramatically (Fig. 7a vs. Fig. 5). In
the Xianxi Bay, however, there will be a significant shift in limno-
logical types (Fig. 7b vs. Fig. 5). From October to March, the Xiangxi
Bay will be a system like a natural lake, whereas the bay will be an
intermediate system (Class B) during the other months of the year.
However, thermal stratification of a natural lake always has
seasonal transitions in relation to many factors, such as weather
conditions. Therefore, further research will be necessary to explore
the duration of stratification in the TGR, although the Xiangxi Bay
may be stratified from October to March, as indicated by the
reservoir classification.

We predicted the TSS and NVSS concentrations of the main-
stream after the last impoundment by the empirical models in
Table 3. However, the concentrations of TSS and NVSS will not
significantly decrease compared with the present concentrations
(paired samples T-test, p>0.05 in two cases; Fig. 8). Presumably, it
was strongly related to the operational pattern of the TGR. It is well
known that the seasonal patterns of sediment loadings of the
Yangtze River are closely related to the summer monsoon, which
initiates the coming of the flood season (Jiang et al., 2007 ;Dai et al.,
2008). During this period, the water level of the TGR will lower to
145 m a.s.l. as planned. Consequently, residence time in the main-
stream will still be short during the flood season after the last
impoundment (Fig. 7a). In addition, residence time during the flood
season will be lower than the threshold value of 50% NVSS domi-
nance (s¼ 27 days, Fig. 7a). It implied that allochthonous inputs
may still be the main control for TSS and its composition in the
mainstream.
iangxi Bay (b) between residence time (s) and %NVSS. The dashed line indicates a 50%



Fig. 7. The estimated value of residence time (s) in the mainstream (a) and the Xiangxi Bay (b) of the TGR after the last impoundment of the reservoir in 2009. The dash-dot lines
indicate a 50% NVSS dominance in the mainstream (s¼ 27 days) and the Xiangxi Bay (s¼ 119 days), respectively. The dotted line indicates the threshold value (s¼ 20 days) for the
classification of Class A and Class B, or the threshold value (s¼ 300 days) for the classification of Class B and Class C.

Fig. 8. Boxplot for the present observed value and the predicted future value of mean TSS (a) and NVSS (b) in the mainstream of the TGR. Dots represent extreme values, and lines
represent 25%, 50% and 75%.
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In most reservoir-bays, the prolonged residence time may
further induce increases in algal biomass. In terms of residence
time, the Xiangxi Bay will be a more lacustrine system (Class C)
during the half of the year, and the residence time will be longer
than the threshold value of 50% NVSS dominance (s¼ 119 days,
Fig. 7b) during the whole spring, suggesting that reservoirs-bays of
the TGR will be more autochthonous systems. The spring is often
favorable for algal blooms in most reservoir-bays of the TGR after
the first impoundment (Cai and Hu, 2006; Ye et al., 2007). There-
fore, algal blooms may become more frequent, and phytoplankton
growth may exert more important influences on VSS and TSS in
reservoir-bays.

4. Conclusion

TSS in the mainstream generally includes large non-volatile
fractions derived from allochthonous inputs. The seasonal patterns
of suspended solids are still regulated by hydrological features in
the mainstream. However, suspended solids of the Xiangxi Bay
(especially VSS) are strongly correlated to a surrogate for lake
internal processes, instead of hydrological features. Although the
empirical models can predict concentrations of suspended solids
and their composition, the predicted results will require additional
monitoring.
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