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Abstract A preliminary assessment of the Wujiangdu

Reservoir examined nutrient distribution and transport.

Water samples were collected in the summer (July) of

2004, during the high-flow season. Inorganic nutrients (N,

P, Si) and chlorophyll a (chl a) concentrations of the

Wujiangdu Reservoir and its inflow rivers were analyzed.

Other water parameters (dissolved oxygen, pH, tempera-

ture, and electrical conductivity) were measured as well.

The results show gradually decreasing concentrations of

NO3
--N and dissolved silicate in the surface water moving

downstream to the dam of the Wujiangdu Reservoir.

Additionally, soluble reactive phosphorus concentrations

measured very low, with most falling below the sensitivity

threshold of the method used in surface waters. Particulate

phosphorus and NO3
--N were the predominant species of

phosphorus and nitrogen in the reservoir, respectively. The

concentration of nutrients in the Yeji River was the largest

of all inflow rivers. The maximum concentration of chl a

was found near the dam. These results reflect upstream

conditions similar to that of a river, and reservoir condi-

tions near the dam similar to that of a natural lake system.

Keywords Wujiangdu Reservoir � Nutrients distribution

characteristics � Dam

1 Introduction

Increasing impacts of human activity, especially dams,

have changed the properties and processes of rivers

(Meybeck 1982; Degens et al. 1991; Hooper et al. 2001). A

dam converts a river into an artificial lake, increasing water

residence times and often improving light conditions in the

water column, both preconditions for algal growth. There

have been numerous studies on changes to the hydrological

status of rivers caused by dams (Milliaman 1997; Humborg

et al. 2002; Hungspreugs et al. 2002; Vörösmarty et al.

2003): nutrients blocked by dams (Friedl et al. 2004;

Humborg et al. 2006, 2008; Matzinger et al. 2007; Teodoru

et al. 2006), the biogeochemical cycle of elements in

reservoirs (Jossette et al. 1999; Bellanger et al. 2004; Zhu

et al. 2006), and other related subjects. In comparison,

relatively little work has been done on the properties and

processes of rivers in China that occur after dam con-

struction (Yu et al. 2008; Wei et al. 2009; Wang et al.

2010). Although many studies have focused on damming,

few have concentrated on reservoirs in karst areas. The

Wujiangdu Reservoir was the first major dam completed in

the middle and upper reaches of the Wujiang River, and

plays an important role in determining the water quality of

the Three Gorges Reservoir. As the largest reservoir in this

karst area, the Wujiangdu is an ideal site to investigate the

effects of damming on nutrients in waters of a karst area.

In the present study, the aim was to investigate the

spatial distribution of inorganic nutrients in Wujiangdu

Reservoir, SW China, in order to better understand the

properties and processes of the Wujiang River affected by

damming. Moreover, it is important to compare the fea-

tures of the man-made reservoir to those of natural lakes.
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2 Materials and methods

2.1 Site description

The Wujiang River is the largest tributary on the right bank

of the upper Changjiang River, and has a total length of

1037 km and a drainage area of 88,267 km2. The Wujiang

winds its way through central and north-eastern Guizhou

Province and meets the Changjiang at Fuling City. It is the

largest river in Guizhou Province, with a mean discharge of

1690 m3/s (Han and Liu 2004).

The study area is located in the subtropical monsoon

climate zone. The average annual temperature is 12.3 �C,

with extreme temperatures of 35.4 �C in summer and

- 10.1 �C in winter. Annual precipitation in this area

ranges from 1100 to 1300 mm, with the rainy season from

May to October accounting for approximately 75% of total

precipitation. In the study area, karstification is well

developed and the riverine water chemistry is dominated

by carbonate weathering.

The Wujiangdu Reservoir was constructed for electricity

generation in 1979 and had been operating for 26 years as

of 2004. To develop the ‘‘West-to-East power transfer’’

project, 13 cascade hydroelectric power stations were

planned in the Wujiang River basin. The Wujiangdu

Reservoir was the first of this series of reservoirs, and plays

an important role in the water quality of Three-Gorges

Reservoir.

The Wujiangdu Reservoir has a surface area of

47.5 km2, a volume of 21.4 9 108 m3, a normal water level

of 760 m above sea level, a working water head of 113 m,

an average discharge of 502 m3/s, a backwater length of

82.94 km, a river slope gradient of 1.893% and a dam

height of 165 m. Its average water residence time (ratio of

volume to flow rate) is 0.14 years (Su 2002). It is located in

a narrow, V-shaped valley. In addition to the Wujiang

River, several smaller streams, such as the Xifeng, Pian-

yan, and Yeji Rivers, supply water to the impoundment

(Fig. 1).

2.2 Sampling and analytical methods

The sampling campaign was carried out in July 2004,

which was during the high flow period. Sampling stations

are indicated in Fig. 1. Stations 1, 2, 5, and 6 were within

the reservoir, whereas stations 3, 4, and 7 were located on

tributaries (inflowing rivers) of the reservoir. Water sam-

ples in the reservoir were collected at different depths.

Samples near the dam (station 1) were taken from depths of

0, 5, 10, 20, 30, 40, 50, 60, and 75 m. At stations 2 and 5,

water samples were collected near the surface, near the

bottom, and at mid-depth. Water samples from the tribu-

taries were taken only at the surface. Temperature, pH,

electrical conductivity (EC), and dissolved oxygen (DO)

were measured in situ by a portable multi-parameter

instrument (pIONneer 65). A 1000-mL water aliquot was

immediately filtered through a 0.45-lm polycarbonate

membrane filter in the field. The remaining volume of

water samples, the filtered water, and filters with chloro-

phyll a (chl a) were kept in an ice-box in the dark and taken

to the labs on the same day. Samples of total nitrogen (TN),

total phosphorus (TP), total dissolved phosphorus (TDP),

and filters with chl a were preserved frozen (- 20 �C) in

the laboratory until analyses were conducted, and soluble

forms of N, P and Si were analyzed within 12 h.

All analyses were carried out according to standard

methods (State Environmental Protection Bureau, Com-

piling Committee for Monitoring and Analytical Methods

of Water and Waste Water 2002). The concentration of

nitrate nitrogen (NO3
--N) was determined by the ultravi-

olet spectroscope method, with a detection limit of

0.08 mg/L. Nitrite nitrogen (NO2
--N) was measured by the

N-(1-naphthyl)-ethylenediamine method. Ammonia nitro-

gen (NH4
?-N) was determined by the Nesslerize method.

PO4
3--P was assayed by the molybdenum blue method.

Concentrations of TN and TP were determined by perox-

ysulphate digestion followed by nitrate and soluble reactive

phosphorus (SRP) determination. TDP was determined

using the same method as TP after filtration. Dissolved

silicate was measured by the ammonium molybdate/

ascorbic method. In the laboratory, the filters were ground

with a tissue homogenizer in 90% ethanol, stored in the

dark below 4 �C for at least 12 h and centrifuged to remove

turbidity. Concentrations of chl a were determined by the

spectrophotometric method (Pápista et al. 2002).

Fig. 1 Sketch map showing the sampling sites
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3 Results and discussion

3.1 Distribution along the Wujiang River flow

direction

Nutrient concentrations in the water are important eco-

logically, as phytoplankton may bloom if sufficient nutri-

ents are present. Nitrogen, phosphorus, and silicate in the

Wujiangdu Reservoir and its inflowing rivers were mea-

sured in this study. Results are presented in Tables 1 and 2.

In the Wujiangdu Reservoir, nitrogen is far more plen-

tiful than phosphorus, a finding similar to that in the rivers.

Moreover, SRP and TDP concentrations were always

below the sensitivity threshold of the method used in the

surface water, which we ascribe to scant phosphorus

sources. NO3
--N was the predominant species of dissolved

inorganic nitrogen (DIN) in the Wujiangdu Reservoir,

representing more than 90% of DIN. Its concentration in

the epilimnion ranged from 2.53 to 3.40 mg/L, which was

lower than in Baihua and Hongfeng Lakes in Guizhou

Province (Liang et al. 1998), but higher than in ErHai Lake

(Hongxi et al. 1999) in Yunnan Province. NO3
--N con-

centrations decreased along the river flow direction. The

same pattern was observed for both TN and dissolved sil-

icate. This may be due to dilution and to biological activity

in the reservoir. Biological uptake may be more important

for dissolved silicate, which had a concentration gradient of

2.7 mg/L and a minimum of 0.9 mg/L near the dam. Total

phosphorus exhibited a more complex distribution in the

Wujiangdu Reservoir, where particulate phosphorus was

the dominant type of phosphorus. Peak TP concentration at

station 6 (in the upstream section of the reservoir) was

probably associated with the high TP concentration in the

Yeji River (Table 2). We can see from the results that

inorganic nutrients in the Wujiangdu Reservoir were

mainly from the Yeji River. Total phosphorus and nitrate

concentrations were both very high in the Yeji River during

the study period. This may have been due to non-point

source pollution, because the study occurred during a high

flow period when the river water was very turbid. The

TN:TP molar ratio ranged from 35 to 464 in the surface

layer of the Wujiangdu Reservoir, which is much higher

than in most Korean reservoirs (20–100) (Hwang 1998),

indicating that phosphorus is a major factor affecting algal

growth.

Chl a concentrations ranged from 0.84 to 4.46 mg/m3

(Table 1) in the surface water of the Wujiangdu Reservoir.

This was probably due to the high turbidity and short

retention time of the water, preventing the development of

phytoplankton communities in the upstream section of the

reservoir. Moreover, at the upstream site, low levels of

suspended matter allowed the greatest light attenuation

there, with phytoplankton increasing closer to the dam.

Horizontally, pH increased towards the dam, in contrast to

chl a. When biological activity is more intense, pH

increases (along the river flow direction) because photo-

synthesis consumes carbon dioxide in the reservoir. Also

along the river flow direction, increasing chl a concentra-

tions and the accompanying decrease in dissolved nutrients

(nitrate and dissolved silicate) indicated active phyto-

plankton production in general, and diatom growth in

particular, near the dam in the reservoir.

3.2 Vertical distribution

Like most other deep subtropical lakes, the Wujiangdu

Reservoir displays thermal stratification in the summer.

Temperature, DO, and pH values decreased gradually with

water depth. The water temperature showed a large dif-

ference between surface and bottom waters near the dam,

with a range of 24.7–13.7 �C (Fig. 2). The concentrations

of DO ranged from 9.05 to 1.71 mg/L, with the minimum

(1.71 mg/L) near the bottom, highlighting the anoxic state

of the bottom of the reservoir during the study period. The

Table 1 Concentrations of nutrients, Chl a and other parameters in the main stem of the Wujiangdu Reservoir

Sampling stations Depth NO3
--N NH4

?-N NO2
-

-N TN TP TN/TP DSi Chl-a DO pH

6 Surface 3.24 – 0.036 3.51 0.07 110 3.6 1.67 8.60 7.9

5 Surface 3.24 0.05 0.036 3.67 0.04 202 4.2 0.84 7.86 8.0

5 Middle 3.29 0.05 – 3.62 0.05 72.4 4.4 0.84 8.54 8.1

5 Bottom 3.33 0.03 – 3.70 0.25 14.8 4.3 – 7.92 8.0

2 Surface 3.05 0.16 0.046 3.65 0.02 403 2.5 2.51 7.30 8.1

2 Middle 2.92 0.03 – 3.12 0.01 312 3.39 0.84 7.30 7.6

2 Bottom 1.60 0.41 – 2.17 0.28 7.75 4.53 0.28 1.46 7.2

1 (near the dam) Surface 2.75 0.12 0.034 3.17 0.07 100 0.9 4.46 8.77 8.2

Solute concentrations are mg/L except for chl a mg/m3 (all in units of mg/L)
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pH ranged from 8.2 to 7.2, with a mean of 7.7. EC in the

water column showed a narrow range (341–374, mean ca.

356 lS/cm).

The vertical distribution of the inorganic nutrients and

chl a in summer are presented in Fig. 3. NO3
--N was the

dominant form of all of the nitronium, reactive soluble

phosphorus, TP, and dissolved silicate in the water column.

No vertical variation of its concentration was apparent, in

contrast to TN. However, nitrite and ammonia concentra-

tions increased with water depth. This may be explained by

the higher degree of turbulence of the bottom waters,

inducing sediment re-suspension. There was a striking

variation of SRP, TDP, and TP. Their concentrations

increased rapidly below 40 m, while SRP and TDP con-

centrations were below the detection limit in the first 40 m.

This variation probably resulted from a preceding phyto-

plankton bloom in the surface water, while phosphorus

concentrations below 40 m were likely due to the diffusion

of much higher concentrations of SRP and TP in the

interstitial waters of the sediment.

The minimum concentration of dissolved silicate

(0.9 mg/L) was observed in the epilimnion. This may

reflect high phytoplankton primary production in the sur-

face water, as chl a values are consistent with this

hypothesis (Fig. 3). From Fig. 3, we see that the highest

value of chl a was also in the epilimnion (maximum chl a

concentration of 5.58 mg/m3). The average chl a concen-

tration was 3.85 mg/m3 above 30 m depth.

The vertical distribution of inorganic nutrients at station

2 was similar to that near the dam (station 1). However, the

variation gradients at station 2 were less than those near the

dam. For example, at station 2, the dissolved silicate con-

centration was 2.5 and 4.53 mg/L in the surface water and

Table 2 Concentrations of nutrients, Chl a and other parameters in tributaries of the Wujiangdu Reservoir. Solute concentrations are mg/L

except for chl a mg/m3

Tributaries NO3
--N NH4

?-N NO2
--N TN TP TN/TP DSi Chl-a DO pH

Xifeng River 2.53 0.08 0.032 3.01 0.03 221 1.12 8.65 8.51 8.4

Pianyan River 3.07 0.18 0.043 3.81 0.02 421 2.13 5.58 7.24 8.1

Yeji River 3.40 0.15 0.053 3.89 0.24 36 3.79 1.40 8.87 8.0

Fig. 2 The physiochemical parameters vertical distribution near the

dam of Wujiangdu Reservoir

Fig. 3 The vertical

concentration profile of

nutrients and chl a near the dam

of Wujiangdu Reservoir
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near the bottom water, respectively. At station 1, the dis-

solved silicate concentration was 0.9 and 4.44 mg/L,

respectively. The concentration of nitrogen decreased with

water depth, particularly for the NO3
--N form. The con-

centration of chl a at station 2 was lower than that at station

1. On the other hand, inorganic nutrient concentrations

were higher at station 2 than at station 1. This probably

resulted from floating net cage aquaculture. The degrada-

tion of organic matter and excreta of fish consumed oxy-

gen, which led to a low concentration of DO (7.30 mg/L).

At the same time, the food and excreta of fish decomposed

and produced inorganic nutrients, which led to higher

concentrations of inorganic nutrients. At station 5, the

concentrations of inorganic nutrients varied narrowly

throughout the water column except for TP, which had a

much higher concentration near the bottom. This suggests

that station 5 was negatively influenced by the tributary of

the Yeji River. Accordingly, it is clear that the upstream in

this reservoir shared characteristics of a river.

4 Conclusion

The upstream section of the Wujiangdu Reservoir is more

like a free-river system because it is intensively running

and mixing, while the section near the dam is more like a

natural lake system. Compared to natural lakes, thermal

stratification is not significant in the Wujiangdu Reservoir.

This is probably due to the hydrodynamic effect being very

intense, and the water residence time being very short in

summer. The inorganic nutrient characteristics of the river

water changed after damming, and the reeservoir tended to

develop like a lake. To gather more evidence on the river’s

nutrient characteristics after damming, we should focus our

attention in the future on the phytoplanktonic and zoo-

planktonic species.
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Teodoru C, Mcginnis DF, Wüest A et al (2006) Nutrient retention in

the Danube’s Iron Gate reservoir. EOS Trans Am Geophys

Union 87(38):385–400

Vörösmarty CJ, Meybeck M, Fekete B et al (2003) Anthropogenic

sediment retention: major global impact from registered river

impoundments. Global Planet Change 39:169–190

Wang FS, Yu YX, Liu CQ et al (2010) Dissolved silicate retention

and transport in cascade reservoirs in Karst area, Southwest

China. Sci Total Environ 408:1667–1675

Acta Geochim (2017) 36(4):605–610 609

123



Wei GL, Yang ZF, Cui BS et al (2009) Impact of dam construction on

water quality and water self-purification capacity of the Lancang

river, China. Water Resour Manag 23(9):1763–1780

Yu YX, Liu CQ, Wang FS et al (2008) Dissolved inorganic carbon

and its isotopic differentiation in cascade reservoirs in the

Wujiang drainage basin. Chin Sci Bull 53(21):3371–3378

Zhu J, Liu CQ, Wang YC et al (2006) Spatiotemporal variation of

dissolved silicon in Wujiangdu reservoir. Adv Water Sci

17(3):330–333 (in Chinese)

610 Acta Geochim (2017) 36(4):605–610

123



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2250
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2017-11-13T07:05:42+0530
	Preflight Ticket Signature




