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Presently, the fluvial fluxes of Dissolved silicate (DSi) by many famous rivers in the world have been
reported significantly decreased in the past several decades. DSi retention by river damming hence becomes
a great concern. In this study, the impact on DSi retention and transport by cascade reservoirs in the Karst
area were investigated. Based on the monitoring data for four seasons, budget of DSi in these reservoirs were
calculated. Results showed that, only the downstream eutrophic Wujiangdu reservoir (WJD) was the sink for
DSi, with a value of ca. 3.5 kT DSi trapped annually. The new Hongjiadu reservoir (HJD) in the headwater
area revealed to be an important source for DSi. Both Dongfeng (DF) and Suofengyin (SFY) reservoirs also
released more DSi to the downstream than entering them. The great discrepancy of DSi source and sink
effects among these reservoirs indicates that, (i) DSi was obviously taken up in summer and spring, and the
concentration of DSi could be dropped down to below 30 μΜ; (ii) during the period of thermal stratification,
the concentration stratification of DSi is also developed along the water column. Possibly DSi releasing from
inundation soil and bottom sediment was the important compensation for the silicon depletion in the
epilimnion. In the newly constructed reservoirs (e.g. HJD and SFY), the releasing flux of DSi can significantly
exceed the assimilating flux by diatom; and (iii) due to the hypolimnion introducing for hydropower
operation, water leaving the dam generally had high DSi content, and then masked the DSi taking up in the
epilimnion. This process also decreased the ratio of DIN to DSi, mitigating the silicon limiting situation in the
downstream.
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1. Introduction

Dissolved silicate (DSi) in natural water is mainly originated from
the weathering of silicate-containing minerals in soil and rocks. As a
macronutrients required by certain groups of plants, e.g. diatom, DSi
plays an important role in sustaining river, coastal and oceanic
ecosystems (Jossette et al., 1999; Neal et al. 2005; Koszelnik and
Tomaszek 2007). Diatoms, contributing 25% of the world's entire net
primary production (Willén, 1991), are the most important group of
planktonic algae in marine ecosystem (Humborg et al., 2000). Beside
N and P, DSi is also an essential nutrient to diatoms. In diatoms, DSi is
taken up and incorporated into an amorphous form known as
biogenic silica (BSi) to construct their cell walls (frustules). The
decrease in the supply of DSi has a result in the changes in the ratios of
nutrient elements (e.g. Si:N:P), which may cause the shifts in
phytoplankton populations in water bodies, allowing the nonsiliceous
phytoplankton species to bloom (Conley et al., 2000; Ittekkot et al.,
2000). Obviously, due to its indispensability for diatom growth, silicon
cycling in hydrosphere is of global significance.

For the reason that almost 80% of the seaward flux of DSi is
transported by river (Tréguer et al., 1995), to monitor the variation of
global fluvial flux of DSi then becomes an important scientific task in
global change research. However, in the last few decades, human
activities have caused enormous changes both in the nature and
quantity of nutrient fluxes to oceans (Ittekkot et al., 2000), of which
the rapid increases of phosphate and nitrate inputs was well
documented (Meybeck 1998; Yan et al., 1999; Liu et al., 2003; Yan
et al., 2003; Biggs et al., 2004; Gächter et al., 2004; Duan et al., 2007),
but the fluvial flux of DSi was found continuously decreasing in rivers
worldwide (Justić et al., 1995; Conley et al., 2000; Humborg et al.,
2000; Vörösmarty and Sahagian, 2000; Paul, 2003; Vörösmarty et al.,
2003; Neal et al., 2005; Humborg et al., 2006; Duan et al., 2007; Li
et al., 2007; Koszelnik and Tomaszek 2007; Roubeix et al., 2007).

As the source, transport and sink characteristics of silicate are
distinct from those of nitrogen and phosphorus (Ittekkot et al., 2000),
scientists gradually relate the “silicate retention” with the extensive
river impounding (Humborg et al., 1997; Conley et al., 2000; Humborg
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et al., 2000; Kelly 2001; Humborg et al., 2002; Teodoru and Wehrli
2005; Teodoru et al., 2006a, b; Koszelnik and Tomaszek 2007). In the
study of Jossette et al. (1999), 50% of incoming silica flux was
observed lost in the reservoirs (Jossette et al., 1999). Humborg et al.
(2002) also found that reservoir with larger live storage has lower DSi
concentration, showing higher silica retention efficiency. Increased
diatom production and its subsequent sedimentation are undoubtedly
the key reasons responsible for the downstream DSi decline in
dammed rivers. However, controversy still exists concerning the
“silicon trapping capacity” of reservoirs, specifically from the research
reports on Iron Gate I Reservoir on the Danube River (Humborg et al.,
1997; Humborg et al., 2000; Friedl et al., 2004; Teodoru et al., 2006a;
Teodoru et al., 2006b; Teodoru and Wehrli 2005). McGinnis et al
(2006) also ascribed the side bays, not the reservoirs itself, as the
important silicon trap (McGinnis et al., 2006). Beside, in some
reservoirs in the Karst area, the phenomenon of strong silicon
assimilating had been observed in the epilimnion, but the DSi
concentrations in releasing water of reservoir were still obviously
higher than that in the epilimnion, possibly compensated from
sediment (Wang, personal communication).

Biogenic silica (BSi, mainly consisting of diatoms frustules)
trapping generally is efficient in natural lakes, especially in eutrophic
lakes. Dams convert a river into an artificial lake, increasing water
residence times and often improving light conditions in the water
column giving the preconditions for algal growth, including diatoms
(Humborg et al., 2008). Thus, diatom blooms behind dams and
subsequent sequestration of BSi in the reservoirs sedimentswould be
responsible for the DSi decrease in the downstream. Although
dissolved silicon retention in reservoirs and lakes has been affirmed
by scientists, more attention is still needed when evaluating the
“damming effect” on DSi of a specific dammed river, due to the large
discrepancies among reservoirs, (i.e. geological settings, running
Fig. 1. Map showing the
style, hydrological retention time, and nutrient stratus), as men-
tioned above.

For instance, in the Karst area, southwest China, bedrocks
universally consisted of carbonates, not the silicate rocks. Thus, DSi
in river water should have the source mainly from the weathering of
silicate-containing minerals in soil, and accordingly have lower
concentrations compared with that in rivers flowing across silicate
rocks. Furthermore, owing to the strong chemical weathering and the
large river slope in this area, the relief had been incised into many
deep canyons, which are also extremely advantaged for hydropower
exploitation. As a result, reservoirs in this area, generally have the
characteristics of high energy density, deep water column and short
hydrological retention time. Consequently, the main objectives of the
present study are to investigate the transport and retention of DSi in a
serial of cascaded reservoirs on Wujiang river in the Karst area,
southwest China. Firstly, the cumulative effect on DSi cycling in
cascaded reservoirs was discussed; secondly, how the special
releasing style of the deep reservoirs (bottom water releasing) affects
the DSi trapping was also the concern; and finally, the impact of dam
construction on the silicon export of river in this area was evaluated.

2. Study area and methods

2.1. Study area

WujiangRiver, originated from theWumengRanges on theYunnan–
GuizhouPlateau, is the largest tributary of Changjiang River in the upper
reaches andends at FulingCitywhere it joins theChangjiangRiver. It has
a total lengthof 1,037 kmand adrainage areaof 88,267 km2. It is also the
largest river in Guizhou Province with a total length of 874 km, an area
of 66,849 km2 and a mean water discharge of 1690 m3/s (Han and Liu
2004;Yu et al., 2008) (Fig. 1).
sampling locations.
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The Wujiang River drainage is located in Karst areas of Guizhou
Province. The altitudes of theWujiang river catchments are about 1500 m
in its upper reach and about 500 m in its lower reach. The annual
precipitation in this area ranges from 1100 to 1300 mm, and the
precipitation from May to October accounts for about 75% of the total
annual precipitation. Average annual temperature there is 12.3 °C, with
the extreme temperatures of 35.4 °C in summer and 10.1 belowzero °C in
winter. The coldest month appears in January with an average of 3.5 °C,
and in July, thehottestmonth, the average temperature is 26 °C.Along the
upper reaches of the Wujiang River catchment are developed Permian
and Triassic carbonate rocks and coal-bearing formations, with minor
basaltic igneous rocks. In the middle reaches of the Wujiang River are
widely distributed Permian and Triassic limestone, dolomitic limestone
and dolomites, while in the lower reaches are mainly distributed
carbonate rocks, shale, sands shale and siltstones (Han and Liu 2004).

The Wujiangdu reservoir, Dongfeng reservoir, Hongjiadu reservoir
and Suofengying reservoir are all situated on the middle and upper
reaches of the Wujiang River, and were impounded in 1979, 1994,
2004 and 2006, respectively. By the year 2006, the reservoirs had been
operated for 28 years, 13 years, 3 years and 0 years, respectively. The
main features of these reservoirs are described in Table 1.
2.2. Sampling and methods

2.2.1. Sampling
Water sampling was conducted in April, July and October 2006 and

January 2007, which stand for seasons of spring, summer, autumn and
winter, respectively. The sampling stations are indicated in Fig. 1. For
sampling sites on the tributaries, water was taken 0.5 m under water
surface. Sampling on the mainstream was more complicated because
water levels in the reservoirs varied seasonally. In each reservoir, samples
of the inflow water and its outflow were collected 0.5 m under water
surface, while water sampling along the water profile were carried out in
the central part of the reservoir using a Niskin bottle. For inflow water
sampling, we traced to the sampling sites where the basic riverine
characteristics are, e.g. rapid velocity of flow, shallow water depth, and
turbulent flow. For downstream reservoir, we directly took the releasing
water from upper reservoir as the incoming water. In Suofengying
reservoir,wedidn't collect samples along thewater columnexcept surface
water samples. This is because that during our sampling season, this
reservoirwas still under construction, andwas starting to impoundwater.
2.2.2. Methods
The pH, and temperature were measured at the sampling sites

with a portable pH and salt conductivity meter. HCO3
− was titrated

with HCl in situ.
Water samples were filtered through a 0.45 μm polycarbonate

membrane immediately after sampling and stored in 50 ml plastic bottles
in a cool box. Anion NO3

− was measured by ion chromatography. The
concentrations of dissolved siliconweremeasured by ICP-OES. Analytical
errors were less than 5% for NO3

− and dissolved silicon determination.
Table 1
The main characteristics of the reservoirs in the studied area.

Item Hongjiadu Dongfeng Suofengying Wujiangdu

Running age (till 2006) (a) 3 13 0 28
Normal water level (m) 1140 970 837 760
Total storage capacity
(106 m3)

4917 1025 201 2140

Average annual discharge
(m3/s)

155 345 395 502

Reservoir area (km2) 80.5 19.7 5.7 47.5
Height of dam (m) 179.5 168 115.8 165
Hydrological retention time
(a)

1 0.1 0.016 0.14
Hydrological data (water discharges) were provided by Guizhou
Bureau of Hydrology, and partly by the administrative offices of local
reservoirs. Based on this data, DSi mass load is estimated by means of
the following procedure: DSi concentrations of the sampling month
were multiplied with the sum of the water discharges of the sampling
month, and one month before and after it. Contribution from the
precipitation is not included in this estimate. This is because that, the
direct precipitation on the water area of HJD reservoirs was less than
3% of its total incoming water, and just 0.3%, 0.1% and 0.7% in DF, SFY
and WJD reservoirs, respectively. Furthermore, DSi concentration in
precipitation is generally very low (Yu, 2008). Also, no flood discharge
occurred by these reservoirs during our sampling year. As a result,
dissolved silicon loads calculation is reasonable, just based on the
discharge of incoming and releasing water.

Average concentration of DSi is calculated by the following Eq. (1).

½DSi�average = ∑ð½DSi�i × Qi = QÞ: ð1Þ

where, [DSi]i is the concentration of DSi in each season (μM); Qi is the
water discharge of each season at each site (106 m3); and Q is the total
water discharge of the sampling year at each site (106 m3).
Fig. 2. Seasonal variations ofDSi in surfacewater along theWujiang. Legends (fromA to P)
represent the sampling sites on themainstream, see Fig. 1. 2,3,4, stand for the locations of
the dams of Hongjiadu, Dongfeng, Suofengyin, and Wujiangdu reservoirs, respectively.
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3. Results

3.1. Variations of water quality along the cascade reservoirs–river
system of Wujiang

3.1.1. DSi concentrations
DSi concentrations had significant variations in different seasons

(Fig. 2). In January (winter season), DSi had less fluctuation along the
mainstream of Wujiang, ranging from 52 to 67 μM, with an average of
62 μM. The presence of dams had no obvious influence on the DSi
concentrations entering and leaving reservoirs. However, from April
(spring season) to October (autumn season), great discrepancies of
DSi concentrations were observed in the outflow of reservoirs (sites D,
H, J and P), summer season in particular. Generally, in these seasons,
DSi concentrations of the releasingwater from the damwould have an
abrupt increase, compared with that of the epilimnion of the
reservoirs, even that of the inflow water. In fact, in this studied area,
due to the cascade exploitation for hydropower, the outflow of upper
reservoir has almost become the direct inflow water for the
downstream reservoir. Therefore, from Fig. 2, it is clear that DSi was
largely absorbed in the epilimnion and re-increased in the releasing
water. The exceptional differences between the DSi concentration of
epilimnion and that of outflow occurred in summer season, and no
obvious difference could be observed in winter. Horizontally, this
difference reached its maximal values in Hongjiadu, followed by
Dongfeng, Suofengyin and Wujiangdu. For instance, in July, the DSi in
epilimnion of Hongjiadu was 20.0 μM, but in its outflow, concentra-
tion of DSi was 91.5 μM. The difference is 71.5 μM. At the same time,
these differences in Dongfeng, Suofengyin and Wujiangdu, were 54,
30 and 32 μM, respectively (Fig. 2). By means of discharge weighted,
the annual average of DSi in the incoming and releasing water had a
range of 27.5 μM to 73.1 μM, with an average of 57.6 μM (Table 2).

3.1.2. Water temperature, pH, HCO3
− and NO3

− concentrations
Basically, temperature and pH in the surface water in our sampling

seasons kept a similar trend along the mainstream of the Wujiang
(Fig. 3). In winter, river water was well mixed, and water temperature
had less variation in the river course, but pH had small decreases
above and below the dams of Dongfeng and Wujiangdu reservoirs.
From spring to autumn, the phenomenon of “cold water releasing”
from the dams was obvious. Such as, the maximal temperature
difference between epilimnion and outflow could reach to 8 °C in
Wujiangdu reservoir, in July. pH in the releasing water of reservoirs
generally had lower values than that in their epilimnion (Fig. 3).
Besides, both pH and temperature in the water released from the
Table 2
Budget of dissolved silicate load in the studied area.

Reservoirs Sites Input/output DSi average
concentration μMa

Si flux. ton/a Total Si input flu

HJD W-1 Input 27.5 – –

A Input 30.8 –

D Output 70.3 3985
DF D Input 70.3 3985 11,212

S-1 Input 59.9 7227
H Output 73.0 11,825

SFY H Input 73.0 11,825 12,819
M-1 Input 29.0 995
J Output 70.0 13,753

WJD J Input 70.0 13,753 15,182
Y-1 Input 72.5 702
X-1 Input 73.1 522
P-1 Input 31.0 205
P Output 55.7 11,724

–: not estimated.
a Average concentration of DSi was the sum of seasonal discharge weighted DSi concent
upper reservoir would gradually increase during its transport down
along the river course of the downstream reservoir.

Due to the widespread carbonate rocks in the studied area, the pH
of river water ranges from 7.1 to 8.95, with an average value of 8.06.
As a result, the dissolved inorganic carbon (DIC) in water should be
dominated by HCO3

−, which accounts for about 90% of the total DIC
(Yu et al., 2008). As the major anion, HCO3

− generally accounts for
more than 70% of total anions in river water in this area. Different
from DSi, HCO3

− concentrations in the mainstream had less variation
in January and April. In July, HCO3

− concentrations had obvious
increase during the transport of river water downward, and the
difference reached to 0.74 mM between that of incoming water of
Hongjiadu and the outflow ofWujiangdu (Fig. 4). Compared with that
in epilimnion of reservoirs, DIC concentrations in water discharged
from reservoirs generally were higher, particularly in July and
October. Concentrations of NO3

− had a range from 0.05 to 0.34 mM,
with an average value of 0.19 mM. In July and October, NO3

− generally
had higher concentrations than that in April and January.

3.1.3. NO3
−:DSi ratios

DIN (dissolved inorganic nitrogen) is the sum of ammonia, nitrite,
and nitrate. InWujiang river, nitrate generally is more than 90% of the
DIN (Zhu, 2005). Consequently, here NO3

−:DSi ratios were used to
evaluate the constraints of ecological stoichiometry, due to the
possible change of essential nutrients in cascade reservoirs. From
October to January, NO3

−:DSi ratios have less variation along the
mainstream (Fig. 5), though in October, it almost has a half decrease in
the discharged water of Hongjiadu reservoir. In general, a decrease in
NO3

−:DSi ratios can be always observed in the outflow of the studied
reservoirs from April to July. In April, the ratios showed a trend to
increase from the incoming river to central part of the Hongjiadu
reservoir, and gradually to decrease till Suofengying reservoir, from
where to Wujiangdu reservoir, NO3

−:DSi ratios had an obvious
increase, but with a sharp fall in its outflow (Fig. 5). In July, NO3

−:
DSi ratios had the highest value in head water, and then approxi-
mately kept a decline trend downwards the river course.

3.2. Seasonal variations of DSi, HCO3
−, pH and water temperature inner

the reservoirs

In the water column, DSi, HCO3
−, pH and water temperature also

had seasonal and vertical variations. In Fig. 6, DSi concentrations
generally were higher in deep water. The lowest concentration of DSi
occurred in epilimnion in July, while in January it reached to its
highest value. Generally, as shown in Fig. 6, for each season DSi in
x. ton/a Total Si output flux. ton/a Net flux. ton/a Trapping or releasing rate %

3985 – –

11,825 612 5.46

13,753 933 7.3

11,724 –3458 –22.8

rations.



Fig. 3. Seasonal variations of water temperature and pH in surface water along the Wujiang. Legends are the same as in Fig. 2.

1671F. Wang et al. / Science of the Total Environment 408 (2010) 1667–1675
water below 20 m in depth had obviously higher concentrations than
that in epilimnion, except in winter DSi concentration had less
variations along the water column, with an average ca. 60 μM for HJD,
DF and WJD reservoirs, indicating a well mixing condition. However,
in WJD reservoir, the lowest values of DSi in April were observed to
have appeared in the water zone below 10 to 20 m in depth, and in
other seasons it was in the epilimnion.

Similar to that ofDSi, thedistributionofHCO3
− concentration along the

water column showed the trend to decrease from the epilimnion to
hypolimnion (Fig. 7). InApril, HCO3

− concentrationhad the highest values
and also had no variation along the water column. From July to October,
concentrations of HCO3

− were systematically lower than that in January
and April. Both in HJD and in DF reservoirs, large differences of HCO3

−

concentration between epilimnion and hypolimnion can be observed
from July to January. However, in theWJD reservoir, HCO3

− concentration
kept the stable values in each season along the water column (Fig. 7).

Water temperature is an important index of the mixing status of
water. In Fig. 8, it is clear that from April, temperature gradient started
to form in these three reservoirs and the stratification of water
temperature could persist from July to October. In winter (January),
thewater waswell exchanged vertically in reservoirs, indicated by the
consistent water temperature along the water columns (Fig. 8).
The distribution of pH was something like that of water
temperature (Fig. 9). From January to April, pH showed less variation
in the vertical profiles of HJD, DF and WJD reservoirs. In the warmer
seasons (from April to October), a low pH zone can be formed and
kept in the deep water layer in each reservoirs. The lowest value of pH
along the water column could be under 7.2, 7.6, 7.6 in HJD, DF and
WJD reservoirs, respectively.

3.3. Mass balance calculation of DSi in the cascade reservoirs

For cascade reservoirs, the head water reservoir (such as HJD in
this study) generally has over year storage, while the downstream
reservoirs have smaller storage capacities, (e.g. both DF and WJD are
seasonal storage reservoirs, and SFY is just a daily storage one). So, for
HJD reservoir, the volume of releasing water from the dam might
reach a balance to its incomingwater only in the scale of several years,
and in our sampling year, the ratio between output and input water
was 79.3%. The ratios were 91.4%, 100% and 95.6% for DF, SFY andWJD
reservoirs, respectively. Here, we use the actual DSi flux to evaluate
the DSi budget for our sampling year, in these cascade reservoirs, and
the results were listed in Table 2.We didn't calculate the DSi budget of
HJD reservoir, due to the reasons that: (1) the imbalance of water



Fig. 4. Seasonal variations of HCO3
− concentrations in surface water along the Wujiang.

Legends are the same as in Fig. 2.

Fig. 5. Seasonal variations of NO3
−:DSi ratios in surface water along the Wujiang.

Legends are the same as in Fig. 2.
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brought an uncertainty for evaluation; and (2) the increase in water
level at site A (input end-member) in high flow season might have an
undetermined impact on the homogeneity of water quality there,
which possibly influences the estimate of DSi budget, because we
used the surface water sampling strategy at site A. However, the
output flux of DSi from HJD reservoir can be easily determined, and
the value is 3985 ton/a (Table 2). In DF reservoir, there was 5.46%
increase (612 ton/a) in the DSi output flux. In SFY reservoir, DSi
output flux was 933 ton/a more than its total DSi input flux, with an
increase of 7.3%. According to this estimate, only in WJD reservoir,
silicon retention was observed (Table 2). Annually, about 15,180 ton
DSi was introduced into WJD reservoir, and the output flux was about
11,724 ton/a, that is, about more than 3,400 ton DSi was trapped in
this reservoir, and the trapping rate was 22.8%.

4. Discussion

The concentrations of dissolved silicate in world rivers range from
5 to 350 μM, and in the oceans it has an average of 70 μM (Tréguer
et al., 1995; Gaillardet et al., 1999; Chen et al., 2002; Duan et al., 2007).
As in our studied area, due to its Karst geological background, DSi in
the Wujiang has a range of 7–90 μM, which was significantly lower
than the average value of global rivers (216.8 μM), as well as the DSi
gauged at Datong hydrological station in the downstream of
Changjiang (185.7 μM). Based on the concentration of DSi in the
water entering and leaving each reservoir, as well as discharge data,
Table 2 gives the brief mass balance for dissolved silicate (DSi) for the
studied cascade reservoirs, of which HJD, DF and SFY all showed to be
the source of DSi. WJD reservoir was the only sink trapping for ca.
3.5 kT Si year−1. Presently, it has been accepted that the “artificial
lake effect” caused by the dam construction, should be responsible for
the silicon retention, which has been observed in impounded rivers
worldwide, such as Danube (Humborg et al., 2000), Changjiang (Li
et al., 2007; Wang et al., 2007), Seine (Jossette et al., 1999), San River
(Koszelnik and Tomaszek 2007), Columbia River in Canada (Matzin-
ger et al., 2007), as well as some smaller rivers (Humborg et al., 2002)
(Conley et al., 2000). However, reservoirs in this study showed the
reverse effects on DSi, that is, only WJD is the sink for Si, and other
three are sources. So, what are the main processes governing the
silicon cycle in these reservoirs are still not fully understood.

The main source of DSi to rivers is from the chemical weathering of
silicate-containing minerals in soil and rocks. During this process, DSi
concentrations can be affected by some factors such as lithology, relief,



Fig. 6. Seasonal variations of DSi in water columns of Hongjiadu (HJD, site C), Dongfeng (DF, site G) and Wujiangdu (WJD, site O) reservoirs.

Fig. 7. Seasonal variations of HCO3
− in water columns of Hongjiadu (HJD, site C), Dongfeng (DF, site G) and Wujiangdu (WJD, site O) reservoirs.
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vegetation, climatevariation (Garrels andMackenzie 1967; Conley et al.,
2000; Humborg et al., 2000). However, rocks widely distributing in
studied area aremainly composed of carbonate rocks, such as limestone
and dolomites. Consequently, DSi from soil should be the main
contribution for river Si load, which generally has a consistent input in
a short time scale. Also, groundwater and soil water are generally rich
in DSi (Hendershot et al. 1992; Lawlor et al. 1998). After
inundation, silicate in soil will be released out, in this way to increase
Fig. 8. Contours of seasonal variations of temperature in water columns of Hongjiad
the concentration of DSi in overlying water, during the first several
years. This phenomenon is similar to the clear-cutting of forests, after
which the export of DSi leached from soil can increase by a factor of 2–3
for the first few years (Likens et al. 1970). Furthermore, at an alkaline
pH, as in the studied reservoirs, DSi is also favored to be displaced from
sorption sites in bottom sediment in the presence of hydroxides
(Koszelnik and Tomaszek 2007). This conforms to the observations in
this study, i.e. the younger reservoirs (e.g. HJD and SFY) have higher
u (HJD, site C), Dongfeng (DF, site G) and Wujiangdu (WJD, site O) reservoirs.



Fig. 9. Contours of seasonal variations of pH in water columns of Hongjiadu (HJD, site C), Dongfeng (DF, site G) and Wujiangdu (WJD, site O) reservoirs.
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releasing rate of DSi, and the old one (WJD) has become a sink to DSi
(Table 2). The consecutive retaining of suspended solids in the cascade
reservoirs may also restricts the DSi flux from sediments in the
downstream reservoirs.

Damming converts river into “artificial lake”, and generally leads
to a decrease in suspended solids and turbidity, an increase in
hydrological residence time, thermal stratification and light condi-
tions in the water column. Subsequently, this provides the conditions
for autochthonous primary production, including diatoms. In fresh-
water lakes, phytoplankton preferentially uptakes dissolved CO2

during photosynthesis, which can alter the carbonate equilibrium
system in water and remove nutrients (e.g. Si, P, and N) from
downstreamwaters.With the continuing photosynthesis process, CO2

concentrations in the euphotic zones can become limited, resulting in
the increase of pH and the decrease in HCO3

−. The newly formed
organic matters may be decomposed during their sinking process in
the water column and on the surface sediments, accompanied by the
nutrients re-mineralization and the release of CO2. Water in
hypolimnion hence has higher nutrient concentrations and HCO3

−,
but generally with a lower pH, specifically during the period of
thermal stratification. From Fig. 8, it is clear that the studied reservoirs
had the similar seasonal thermal stratification, in accordance with
which were the distributions of DSi, HCO3

−, and pH along the water
column (Figs. 6,7,9). Algal production has obvious DSi assimilation in
epilimnion of each reservoir, from April to October (Fig. 6). This has
been confirmed by the negative correlation between pH and DSi
(N=153, r=−0.63, p<0.01) (Fig. 10), i.e. the higher enhanced pH, a
result of enhanced primary production, corresponding to the lower
Fig. 10. Dissolved silicate (DSi) concentrations versus pH variations in the cascade
reservoirs of Wujiang basin. For the correlation coefficient calculation, data of winter
was not included, because that winter is not the growing season in this area.
concentration of DSi. Generally, the retention of DSi in lentic waters is
greater in eutrophic lakes, due to the increased diatom production
(Conley et al., 1993). Presently, both HJD and DF reservoirs are still in
the oligo-trophic condition, and SFY has the meso-trophic status.
However, the WJD has become a eutrophic reservoir. As also can be
seen in Table 2, about 22% of incoming DSi was retained inWJD yearly,
but the other three reservoirs were the source of DSi. Obviously, large
amount DSi releasing from bottom sediment in new reservoirs and
the significant taking up by diatom in the downstream eutrophic
reservoir made this discrepancy of Si sink/source effects.

Increaseddiatomproduction and its sedimentation are thought to be
themajor processes for DSi loss in dammed river. After blooms, diatoms
sink faster than other algae. Slow dissolution limits the diffusion of Si
back to the water column resulting in a net accumulation of silica in
sediments (Teodoru et al., 2006a, b). However, the recycling rates of
nitrogen (N) and phosphorus (P) are more rapid (Friedl et al., 2004).
Furthermore, compounds of nitrogen and phosphorus eliminated may
be compensated anthropogenically, but this is not the case for silica
(Justić et al., 1995; Jossette et al., 1999; Koszelnik and Tomaszek 2007).
Therefore, changes in nutrient ratios and even in the ecosystem in the
downstream could be assumed.

The atomic ratio of DIN (this study used NO3
−, as discussed above)

to DSi is an important factor regulating diatom blooms (Turner et al.,
1998; Friedl et al., 2004). The proportion of nonsilicious plankton will
be increasing when the value of DIN:DSi is above 1:1. Data in Fig. 5
showed the seasonal variations of DIN:DSi in surface water (0.5 m
below water surface), along the Wujiang. The ratios were generally
higher than the threshold value (i.e. 1:1), suggesting that silicon was
the limiting factor for diatom production. In algal bloom seasons
(spring and summer), large fluctuations of this ratio could be
observed, but in colder seasons (from October to January in this
study), it had less variations along the river course (Fig. 5). Besides the
DSi assimilation by diatom, large amounts of anthropogenic N input
(e.g. fertilizer application) during the farming season should also be
responsible to the high ratio of DIN:DSi. Owing to the supply of DSi
from hypolimnion, the ratio of DIN:DSi in water leaving the dam
becomes lower. This process could mitigate the situation of silicon
limiting in the downstream water to a certain extent.

Another important factor affecting the DSi flux entering and
leaving the studied reservoirs is the deep water operation for
hydropower from the dam. Unlike other shallow reservoirs (e.g.
reservoirs on the Danube River, San river, and Seine river), in which
significant Si retention were reported (Jossette et al., 1999; Humborg
et al., 2000; Friedl et al., 2004; Koszelnik and Tomaszek 2007), the
studied gorge type reservoirs have the dams over 100 m in
height (Table 1). During the period of thermal stratification, a large
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discrepancy of DSi contents between epilimnion and hypolimnion
could be observed (Fig. 6). Undoubtedly, the depletion of Si in the
epilimnion can be significantlymasked by the deepwater discharging.

5. Conclusions

In the cascade reservoirs on theWujiang, different source and sink
effects of DSi were observed. The newly constructed reservoirs (such
as, HJD and SFY) showed to release more DSi than entering them to
downstream. However, the older eutrophic downstream reservoir (i.e.
WJD) was the only sink for DSi, and ca.22.8% of incoming DSi was
retained in this reservoir. All reservoirs showed a low concentration of
DSi in the epilimnion, but a high DSi content could be determined in
deep water resulting from the release from bottom sediment. As for
the new headwater reservoir (HJD), the early releasing of DSi from
inundation soil can remarkably exceed the part of diatom assimila-
tion, leading to net releasing of DSi from the dam. Trophic status of
water has obvious impact on DSi retention, such as, in theWJD, which
is a eutrophic reservoir, about 3.5 kT DSi was trapped annually.

Due to the deep incision by river on the Karst background,
reservoirs on the Wujiang then are quite deep. As a result, the
stratification of both water temperature and nutrients are easy to
develop. Owing to the hypolimnion operation for hydropower, water
leaving the dams hence has higher concentration of DSi, when
comparedwith that in epilimnion, in particular in spring and summer.
This process compensates the DSi assimilation in the surface water of
reservoir, to a certain extent, and also decreases the ratio of DIN to DSi,
which is favorable to diatom production in the downstream.
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