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Abstract Sediment and water from the Meiliang Bay of

Lake Taihu were analyzed to examine the historical relation

between the accumulation of biogenic silica (BSi) and total

phosphorus (TP). The results indicate that BSi accumulation

in the northern part of Lake Taihu had been controlled by

diatom production and phosphorus loading since the 1950s.

BSi accumulation increased with the growing agricultural

activity since the 1950s, up to a maximum level in the 1960s.

After that, BSi accumulation decreased due to the diatom

dissolution till the 1980s, and then the diatom biomass

decreased with BSi accumulation increased. Lake Taihu

came into an accelerated eutrophication periods since the

1990s, while BSi accumulation began to increase but the

proportion of diatom decreased. Although the onset of silica

depletion cannot be confirmed in the present work, it is clear

that BSi accumulation was restrained by the input of TP.

Keywords Lake Taihu � Eutrophicaton �
BSi accumulation � TP loading � Total organic carbon �
Total nitrogen

Introduction

Eutrophication is the process of enhanced trophic status

due to increased nutrient inputs (Moss et al. 1997). This

process can induce abnormal phytoplankton increase, rapid

decrease in water transparency, gradual decline in the

macrophyte, quick deterioration of water quality, and even

final forfeiture of water function. Although nitrogen (N)

and phosphorus (P) have been assumed to be primarily

responsible, phosphorus is the vital factor for freshwater

systems (Aminot and Andrieux 1996). Silica (Si) is an

important nutrient for certain biota; especially for the

diatoms that require silica for cell division (Brzezinski

1992). Therefore, the composition of phytoplankton pop-

ulation is controlled largely by the availability of P and Si.

Surplus anthropogenic P loading into the lake causes

increase in diatom production. Such a factor promoted the

uptake and the subsequent sedimentation of Si, which led

ultimately to long-term reduction of Si stored in the lake

water column. Many previous studies have accepted that

increased biogenic silica (BSi) accumulations in Lauren-

tian Great Lake sediments were associated with increased P

inputs from human activities in the surrounding watershed

(Schelske and Stoermer 1971; Conley and Schelske 1993;

Schelske et al. 2006).

Lake Taihu, located in the lower Yangtze River delta

(Fig. 1), is a large (2,338 km2), shallow (average depth

1.9 m) freshwater lake in eastern China (Qin et al. 2007).

The lake provides water supply, irrigation water and cul-

ture fisheries to the surrounding areas. In the recent

decades, water consumption increased with the rapid

industrial and agricultural development, population growth

and urbanization. As a result, Lake Taihu has suffered from

eutrophication since the 1950s, due to increasing amounts

of nutrient sources (Chang 1996; Guo et al. 2004), and has

been influenced by intensive blooms of blue-green algae

during the summer (Wu et al. 2006; Qin et al. 2007). It is

known that P limits phytoplankton productivity in Lake

Taihu; however, there are few reports on the relationship
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among the total phosphorus (TP) inputs, diatom production

and BSi accumulation. Atomic ratios of dissolved nutrients

in the water column of Taihu Lake show that for phyto-

plankton, the nutrient that is limited is P during the winter

and Si during the summer (Li et al. 2005).

Geochemical records preserved in sediments can serve

as archives of detailed information on anthropogenic

influence and environmental changes, which occurred at

the time of their deposition (Ratnayake et al. 2005).

Therefore, two short sediment cores collected from Lake

Taihu were investigated to determine the historical relation

among accumulation of BSi, TP, biologically available

phosphorus (AVP), total organic carbon (TOC) and total

nitrogen (TN) in the sediments.

In this paper, data on TP loading and BSi accumulation

are used to show the (1) responses of Lake Taihu to

increased TP loading since the 1950s, (2) changes in the

biogeochemistry of Si and P, and (3) evolutions in the

community structure of phytoplankton since the 1950s.

Materials and methods

Study area and sampling

Based on the hydrological characteristics and the eutro-

phication extent of different locations, sediment cores were

collected at station TC from Meiliang Bay in the northern

part of Lake Taihu, in 2002, using a gravity corer (Fig. 1).

TC station abuts Wuxi City, which is not only an indus-

trialized city, but also an impacted area. A large amount of

industrial and urban pollutants from Wuxi City are dis-

charged into Wuli Bay, where water currents can take such

pollutants into the Taihu Lake via the Wuli Bay during the

winter and spring (Zou et al. 1996). The cores were

immediately sliced into 1-cm sized sections using a plastic

slicer in situ. The sections were kept in the polythene

centrifuging tubes, which had been washed with diluted

acid and deionized water successively. The samples were

stored at 4�C for further solid-phase analysis.

In addition, water samples for phytoplankton and

nutrients analysis were also collected from 0.5 m below the

water surface at the monitored sites (T1–T8, including TC)

from the northern part of Lake Taihu in 2004 (Fig. 1). Two

samples were collected at each sampling site, one sample

for phytoplankton analysis was preserved immediately with

Lugol’s iodine solution, and the other sample was stored at

4�C in darkness for TN and TP analysis.

Analytical methods

Samples for BSi were freeze-dried and crushed, and then

homogenized for 24 h. Approximately, 50 mg of sediment

was weighed into polycarbonate containers and digested

with 5 ml H2O2 (10%) for 30 min to remove organic

material, then 5 ml HCl (1 M) was added and the sample

was subjected to ultrasonic bath for 30 min to remove

carbonates. Quantification of BSi was carried out with a

slightly modified Na2CO3 extraction method following

Mortlock and Froelich (1989). After drying at 60�C, 40 ml

of 2 M Na2CO3 solution was added into the residual bio-

genic and terrigenous Si and oscillated for 5 h to extract

BSi. BSi was analyzed using the spectrophotometric

techniques. Duplicate analysis of the same sample suggests

that the precision of this extraction procedure is better

than ± 5%.

Sediment samples were freeze-dried using the freeze-

dryer and then ground as fine as to be \ 125 lm in the

agate mortar. A modified extraction procedure based on the

methods of Aspila et al. (1976) and Kenney et al. (2001)

was used to separate different forms of P in the sediments.

In this procedure, the original sample was divided into

three subsamples. One was oven-ashed at 550�C for 2 h

Fig. 1 Map of the sampling

sites in Lake Taihu
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and then extracted with 1 M HCl for 16 h to determine TP.

Another subsample, designated to determine AVP, was

extracted with 0.1 M NaOH for 17 h. In the same way as

BSi, P forms were analyzed, and the precision of analysis

was within ±5%.

The third subsample was used in determining TOC and

TN concentrations by combustion using the elemental

analyzer (PE2400-II). First, the sample was acidified with

1 M HCl for 24 h, to remove inorganic carbon, and then

washed with deionized water to remove excess acid,

followed by freeze-drying.

TN and TP concentrations of water samples followed

Chinese standard methods for lake eutrophication surveys

(Jin and Tu 1990). TN of water samples was determined

as NO3
- after oxidation with NaOH and K2SO4, and TP

of water samples was converted into PO4
3- with H2SO4

and K2SO4. The phytoplankton samples were concen-

trated to 30 ml after sedimentation for 2 days. After

mixing, 0.1 ml concentrated sample was counted directly

using the microscope at 8 9 40 magnification. Phyto-

plankton species were identified according to Hu et al.

(1979).

The concentration of nutrient is a potent parameter,

which can be used to define the trophic levels (Vollenwe-

ider 1969). Based on it, the trophic classification standard

that suited the Chinese lake was proposed by the research

group of the lake and reservoir eutrophication in China (Jin

and Tu 1990). To reflect the status of lake eutrophication,

the concentrations of TN and TP were selected as the

evaluating parameters (Table 1).

In addition, sediment age was estimated from available

dates determined by 210Pb (Zhou 2006). 210Pb activity was

measured by direct gamma spectrometry using S-100

Series 16384 Multi-Channel Energy Spectrometer manu-

factured by U.S. Canberra Co. (Wan et al. 1987).

Results and discussion

The sediment accumulation rates and sedimentation rates

were calculated from 210Pb profiles and physical properties.

Mean accumulation rate of the core was 3 9 104 lg

cm-2 a-1, and average sedimentation rate was 0.32 cm a-1.

The ages for the core are shown in Figs. 2 and 4. Based on

the results of 210Pb dating, the nutrient accumulation rates

were estimated according to

AR ¼ SR� BD� CN ð1Þ

where AR is the accumulation rate of nutrient inlg cm-2 a-1,

SR is sedimentation rate in cm a-1, BD is bulk dry density in

lg cm-3 and CN is the concentration of nutrient in lg g-1.

The nutrient accumulation rates of the TC core are shown in

Table 2 and Fig. 2.

Nutrient accumulation rates

The nutrient accumulation rates present significant varia-

tion with depth in the TC core (Table 3, Fig. 2), which

could be related with the changes of nutrients loading. In

general, most of TOC, TP, AVP and TN show positive

significant correlations in the TC core (Table 4). TOC

show an obviously positive correlation with TP, AVP and

TN, suggesting that the accumulation of P and N could be

regulated by organic sources. Moreover, the excellent

correlations between TP and AVP indicated that the con-

centrations of AVP in the sediments were controlled by the

concentrations of TP. On the other hand, the distinct

Table 1 Evaluating criteria of the trophic status indexes (Jin and Tu

1990)

Oligotrophic Mesotrophic Eutrophic

TP (mg l-1) 0.003–0.019 0.019–0.065 0.065–1.415

TN (mg l-1) 0.04–0.24 0.24–0.77 0.77–14.64

Fig. 2 Profiles of nutrient

accumulation rates versus depth

in the TC core
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correlations between TP and TN suggested that these

nutrients probably had similar sources.

TP accumulation is relatively constant (5 lg cm-2 a-1)

at the bottom of the core, from 20 to 17 cm in 1950, and

then increases rapidly to 11 lg cm-2 a-1 at 16 cm of the

core (Fig. 2). Subsequently, TP shows a trend of gradual

increase above 16 cm, and at the top 3 cm has a maximal

accumulation of approximately 16 lg cm-2 a-1. The AVP

pattern is similar to that of TP, except in the top 3 cm,

which may be related to the increase in biological assim-

ilation with the increase in phytoplankton biomass. TOC

shows a pattern similar to that of TP toward the top of the

core, which suggests that P is a controlling factor for the

primary productivity in the lake. The pattern in TN accu-

mulation is similar to that of TOC from 20 to 13 cm, but

displays almost a mirror image increase as that of TOC in

the rest of the core.

BSi accumulation is about 16 lg cm-2 a-1 at the bottom

of the core, and then increases sharply to the highest accu-

mulation of 51 lg cm-2 a-1 at 14 cm in 1960 of the core

(Fig. 2). After the peak period, BSi accumulation in the core

decreases to one-third of the peak period at 6 cm in 1985, and

then increases to a secondary peak at the top 4 cm in 1990. An

increase in TP and AVP accumulation accompanied with a

decreased accumulation of BSi between 14 and 4 cm is quite

obvious, which may indicate that diatom production is lim-

ited by Si (Schelske et al. 2006).

Atomic nutrient ratios

Table 2 and Fig. 4 show the vertical changes in atomic ratios

of nutrients. BSi/TP ratios can be used as proxy for quality of

nutrient enrichment or silica depletion. BSi/TP ratios

Table 2 Nutrient accumulation

rates and atomic nutrient

ratios in TC core

Depth

(cm)

Nutrient accumulation rates (lg cm-2 a-1) Atomic nutrient ratios

TP AVP BSi TOC TN BSi/TP AVP/TP TOC/TN TOC/TP TOC/BSi

0–1 15.32 2.77 30.32 359.90 69.44 0.96 0.18 6.05 60.68 63.31

1–2 16.30 2.71 34.56 379.46 49.55 1.03 0.16 8.93 60.14 58.57

2–3 14.34 3.00 23.47 399.35 44.99 0.79 0.21 10.36 71.92 90.74

3–4 15.00 2.87 15.32 339.04 36.51 0.49 0.19 10.83 58.41 118.01

4–5 13.69 2.58 17.60 350.45 48.90 0.62 0.19 8.36 66.12 106.17

5–6 14.34 2.51 11.74 314.92 56.40 0.40 0.17 6.51 56.72 143.11

6–7 13.69 2.38 13.69 276.12 56.40 0.48 0.17 5.71 52.10 107.56

7–8 12.39 2.18 14.67 263.73 52.16 0.57 0.17 5.90 55.00 95.88

8–9 11.41 1.73 20.21 317.20 40.10 0.86 0.15 9.23 71.82 83.70

9–10 10.76 1.83 23.15 251.35 44.34 1.04 0.17 6.61 60.36 57.92

10–11 10.11 1.73 21.84 226.24 37.82 1.05 0.17 6.98 57.83 55.24

11–12 10.43 1.86 28.69 222.98 46.94 1.33 0.18 5.54 55.22 41.45

12–13 11.74 1.99 39.77 251.67 31.62 1.64 0.17 9.29 55.40 33.75

13–14 10.43 1.89 51.51 259.82 40.75 2.39 0.18 7.44 64.34 26.90

14–15 11.08 1.66 41.08 262.43 54.12 1.80 0.15 5.66 61.16 34.07

15–16 10.76 1.86 41.40 225.92 37.49 1.86 0.17 7.03 54.25 29.10

16–17 5.41 1.10 20.60 118.73 16.94 1.84 0.20 8.18 56.67 30.73

17–18 4.88 0.93 20.30 109.68 21.56 2.02 0.19 5.94 58.08 28.82

18–19 4.57 0.90 16.34 105.92 17.31 1.73 0.19 7.14 59.89 34.58

19–20 5.19 1.02 17.69 129.66 23.04 1.65 0.19 6.56 64.50 39.09

Table 3 The mean, range and

standard deviation (SD) of

nutrient concentrations (mg l-1)

and nutrient accumulation rates

(lg cm-2 a-1)

Water samples (n = 9) Sediment samples (n = 20)

Mean Minimum Maximum SD Mean Minimum Maximum SD

TP 0.19 0.05 0.79 0.24 11.09 4.57 16.30 3.61

AVP 1.98 0.90 3.00 0.65

BSi 25.20 11.74 51.51 11.12

TOC 258.23 105.92 399.35 89.35

TN 5.79 2.12 21.13 6.21 41.32 16.94 69.44 14.04
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increase slightly from the bottom of the core to 14 cm and

then decrease gradually. The major peak occurs at 13–15 cm,

which corresponds to the maximum accumulation of BSi. In

sediments deposited after the major peak, ratios of BSi/TP

decrease, and then increase to a secondary peak at the top

4 cm of the core. AVP/TP ratios can reflect not only the AVP

proportion of TP, but also the AVP contribution from

anthropogenic sources. AVP/TP ratios decrease from the

base of the core to 9 cm in 1975, and then increase to the peak

value of 0.2 at 3 cm, which may suggest that there was

increased loading of nutrients derived from urban sewage

and industrial waste since the 1975s (Fan 1996). The

decrease in AVP/TP at the top 3 cm is consistent with the

decrease in AVP accumulation at the top 3 cm.

TOC/TN ratios are often used to trace the source of

organic matter and the extent of organic matter degradation

in the sediments (Meyers 1997). TOC/TN ratios are low

(5.5–10.8) in the entire core (Fig. 4), suggesting that the

organic matter was mainly derived from lacustrine authi-

genesis. Moreover, TOC/TN ratios with slight variation do

not show specific variation trends, which could be related

to the selective degradation of organic matter during early

diagenesis, so TOC/BSi ratios can be used to reflect fac-

tually the changes of phytoplankton assemblage and

primary production of the lake. TOC/BSi ratios increase

from the bottom of the core to 6 cm, and then decrease at

the top of the core (Fig. 4). To sum up, TOC/BSi ratios are

greater in the surface sediments (in the upper 10 cm) than

at the depth. This result may indicate that increased

deposition of organic matter in surface sediments could be

resulted from increased production of non-siliceous phy-

toplankton, provided the bulk of organic matter was

derived from phytoplankton.

Water sample analysis

The concentrations of TN and TP were very high at all of

the sampling sites during the study period (Table 3) and

very close to the nutrient indexes of the eutrophic level

(Table 1). From the nearshore to the offshore sites, the

spatial distributions of TN and TP concentrations tended to

decrease (Li et al. 2006), which indicated that anthropo-

logic activities and lake characteristics had a strong impact

on the water quality of Lake Taihu. TN concentrations

varied between 2.12 and 21.13 mg l-1, and with an aver-

age value of 5.79 mg l-1. Compared to the other sites, the

sampling sites TC and T1 had a significantly higher TN

concentration. TP concentrations ranged from 0.05 to

0.79 mg l-1, and with an average value of 0.19 mg l-1.

The concentration gradient of TP was similar to that of TN.

Although the concentration of nutrients is significantly

different, the trophic status of lake water is mostly at the

eutrophic level, according to Chinese trophic classification

standard (Jin and Tu 1990), and the different areas do not

show any significant difference (Fig. 3).

The density of phytoplankton was also very high at all of

the sampling sites, ranging from 2.54 9 107 individuals l-1

to 8.53 9 108 individuals l-1, and with an average value of

2.87 9 108 individuals l-1 (Li et al. 2006). There were six

main phytoplankton assemblages including Cyanophyta,

Cryptophyta, Bacillariophyta, Chlorophyta, Euglenophyta

and Pyrrophyta, among which the predominant species was

Microcystis spp., accounting for 90% of total phytoplank-

ton biomass. Bacillariophyta merely accounted for 4% of

the total phytoplankton biomass. Although the diatom is

still one of the dominant algae with high nutrient inputs, its

proportion in phytoplankton species composition is grad-

ually decreasing (Fig. 5).

The quantities of phytoplankton and the concentration of

nutrients have increased since the 1950s (Fan 1996). TP

concentrations have been increased 10-fold since the

1980s, and TN concentrations have been augmented to 8-

fold as well (Fig. 5). In addition, the density of phyto-

plankton has increased from tens of thousands per liter to

tens of millions per liter since the 1960s (Li et al. 2006).

Historical eutrophication in Lake Taihu

TOC accumulation is directly related to the primary pro-

duction (Qiu et al. 1993), and the BSi accumulation can be

Table 4 Pearson correlation of nutrients in TC core

Nutrients TP AVP BSi TOC TN

TP – 0.97* 0.08 0.96* 0.83*

AVP – 0.00 0.94* 0.75*

BSi – 0.09 0.10

TOC – 0.77*

TN –

* Significant at the 0.001 probability level

Fig. 3 Spatial distributions of TN and TP (mg l-1) in the water

column of Lake Taihu
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used to reflect diatom production as well (Peinerud et al.

2001). Although enough data are not available for histor-

ical rates of phytoplankton and diatom production, we can

assume that the rates of phytoplankton degradation and

diatom dissolution did not change prior to permanent

burial. We can, therefore, realize how overall primary

productivity impacted on the accumulation of BSi through

a comparison of TOC and BSi accumulation records.

The higher accumulation of nutrients (Fig. 2) since the

1950s reflects the beginning of an increase in the intensity

of agricultural activity associated with soil erosion and land

use in Lake Taihu basin (Chen and wang 1999). During this

period, terrestrial organic matter was washed into the lake

via surface runoff, as evidenced by the rapid decrease of

AVP/TP values (Fig. 4). At the top 4 cm of the core, i.e.,

since the 1990s (Fig. 2), the highest accumulation of

nutrients are the result of enhanced primary productivity

from the lake itself related to increased nutrient loadings

from urban sewage and industrial waste.

Meiliang Bay has undergone two major events during

past decades in primary productivity and BSi accumulation

and those resulted from anthropogenic activities: (1) The

intensity of agricultural activity since the 1950s: The ear-

liest event, the intensity of agricultural activity, occurred in

1950 due to population explosion, which caused an

increase in soil erosion. Due to the high input of terrestrial

organic matter, the accumulation of nutrients shows a trend

towards rapid increase, but aquatic productivity also plays

a larger role in this shift, because the TOC/TN values (6.9–

10.8) are within the acceptable range for modern aquatic

vegetation from Lake Taihu (Wu et al. 2007). The BSi

accumulation had been up to a maximal value, with the

TOC increase at this stage mainly resulting from diatom

bloom due to an increased input of TP. In 1960, there were

91 species of phytoplankton in Lake Taihu, and the dom-

inant species belonged to Cyanophyta with the density of

the algae individuals being tens of thousands per liter (Fan

1996). The nutrient concentrations of TN and TP increased

rapidly in the 1975s, and Taihu Lake came into the

mesotrophic level. Natural water plant had disappeared in

Wuli Bay. In 1980, there were 79 species of phytoplankton

in Lake Taihu, of which the dominant species belonged to

Bacillariophyta and Cyanophyta, with the density of alga

individuals being hundreds of thousands per liter (Fan

1996). Subsequently, the nutrient concentration continued

to increase, the nutrient level was enhanced and the water

quality continued to deteriorate. Although the BSi accu-

mulation continued to decrease from the 1960s to the 1985s

with the increase of TP accumulation (Fig. 2), we consider

that Si was not the limiting factor for diatom production,

based on the evolutions of phytoplankton species compo-

sition (Fig. 5). Therefore, the response relation between

BSi and TP (AVP) could be attributed to the Cyanophyta

bloom and the diatom dissolution (Peinerud 2000). (2) The

accelerated eutrophication since the 1990s: At the begin-

ning of the 1985s, the water quality continued to

deteriorate. The dominant species of phytoplankton

belonged to Cyanophyta and Bacillariophyta. Compared

with the 1980s, the diatom proportion of phytoplankton

Fig. 4 Profiles of atomic nutrient rates versus depth in the TC core

Fig. 5 Summary variations of phytoplankton species composition

with TN and TP increase in the water column of Lake Taihu since the

1980s (Fan 1996; Li et al. 2006)
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composition decreased, but the BSi accumulation began to

increase (Figs. 2, 5). At the beginning of the 1990s, Lake

Taihu roundly entered into the eutrophic level, and the

aquatic vegetation degenerated seriously. There were only

17 species of residual hydrophytes, and submerged mac-

rophytes almost vanished. The species of phytoplankton

increased to 86, and the density of alga individuals was

tens of millions per liter with the dominant species

belonging to Cyanophyta and Bacillariophyta in 1993 (Fan

1996). Subsequently, the deterioration of water quality was

still in progress, Lake Taihu gradually came into the

hypertrophic level. The proportion of diatom in phyto-

plankton species composition rapidly decreased, and the

Cyanophyta almost became the exclusively dominant

phytoplankton species in 2004 (Li et al. 2006). The BSi

accumulation increased with the decrease of diatom pro-

portion at this stage and may be related to the longer

regeneration cycle of silica in the sediments (Lewin 1961).

This result also indicates that the sediments are an impor-

tant sink for BSi, even though under disadvantageous

environmental and biotic condition.

Conclusions

BSi accumulation in the northern part of Lake Taihu since

the 1950s has been controlled by primary productivity and

anthropogenic activity. The record of BSi accumulation

provides a general index that can be used to assess the

historical impacts of P enrichment. Although Si is not a

limiting factor for phytoplankton production, so far, this

trend is very obvious since the 1990s, especially at the

beginning of the 2000s. The sharp decrease in diatom

production is accompanied by the decrease of BSi accu-

mulation. Simultaneously, a rapid increase of Microcystis

biomass has occurred. The Microcystis bloom is a serious

environmental and ecological problem and will be a

remarkable and watchful event.
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