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Abstract Dissolved silica (DSi) and its associated

biological and physicochemical factors were mea-

sured in Lake Biwa, Japan and its watershed from

2002 to 2003 in order to clarify seasonal variations in

the magnitude of the sink of silica and the factors that

influence it within the limnetic system. Consequently,

it is concluded that Lake Biwa is a noticeable body of

water where a massive sink of silica is caused.

Calculated silica sedimentation in Lake Biwa was

2.0 · 107 kg Si year�1 (7.1 · 108 mol Si year�1)

which is equivalent to about 80% of the annual inflow

discharge of DSi to Lake Biwa. The magnitude of the

sink varies seasonally by increasing in the winter

holomictic stirring period, since it is greatly affected

by the species composition of phytoplankton, the load

of phosphorus and the condition of stratification. It

seems reasonable to suppose that the DSi in Lake

Biwa is removed mainly by biological processes, i.e.,

the assimilation of DSi by large centric diatoms and

its accumulation in their frustules. Such silica sinks

occur naturally in deeper stagnant waters, providing

extended water residence time and supplying a

certain amount of nutrients. These findings indicate

that an increase in nutrient loads and abundance of

stagnant water due to the construction of large dams

lead to an expansion in the magnitude of the silica

sink in a limnetic system.

Keywords Biogenic silica � Diatom � Dissolved

silica � Silica deficiency hypothesis � Sink of silica �
Stagnant waters

Introduction

An increase in nutrient loading [dissolved inorganic

nitrogen (DIN) and dissolved inorganic phosphate

(DIP)] and stagnant water from dam construction in a

limnetic system causes a corresponding increase in

the freshwater phytoplankton biomass. Diatoms are a

class of phytoplankton species that assimilates dis-

solved silica (DSi: Si(OH)4) in order to build rigid

diatom frustules. Diatom frustules accumulate rapidly

in bottom sediments with the decrease in DSi

concentration in a freshwater system, because their

specific gravity is far greater than that of non-

siliceous algae (Reynolds 1984). Consequently, the

supply of DSi from the land to coastal seas decreases,
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and DSi : DIN and DSi : DIP ratios in coastal seas

diminish (relative deficiency of silicon). Such bio-

geochemical changes may lead to a population shift

from diatoms to non-siliceous algae, and thus greatly

alter the marine ecosystem. This sequence of phe-

nomena is known as the silica deficiency hypothesis

(Schelske and Stoermer 1971, 1972) and has been

recently regarded as a critical factor in any aquatic

marine ecosystem (Billen et al. 1991; Conley et al.

1993; Humborg et al. 1997, 2000, 2006; Ittekkot et al.

2000; Turner et al. 2003).

Such silica deficiency constitutes a new environ-

mental impact factor whereby the terrestrial supply of

an essential material for a healthy marine ecosystem

is reduced by artificial pollution and manipulation.

Humborg et al. (1997) reported that the DSi discharge

from the Danube River to the Black Sea decreased to

about two-thirds after dam construction projects were

undertaken in the early 1970s, and that phytoplankton

species composition shifted dramatically from dia-

toms to non-siliceous algae in the Black Sea. Similar

silica deficiency phenomena have been observed in

various parts of the world, for example, the Great

Lakes, USA (Schelske and Stoermer 1971, 1972),

Funka Bay, Japan (Tsunogai and Watanabe 1983),

and Rhine River-Netherlands coastal waters (Admi-

raal et al. 1990). In addition, Vörösmarty et al. (1997,

1998) pointed out that part of the decrease in DSi

concentration in various waters is attributed to the

increase in dams, with more than 36,000 large dams

(more than 15 m high) in operation worldwide

(Goudie 2000), representing a 700% increase in the

standing stock of natural river water from 1950s to

1980s.

However, the studies mentioned above do not

describe in detail seasonal fluctuations in the magni-

tude of silica sinks and the environmental factors,

which influence them within a limnetic system. It is

important for the future to accumulate detailed data

on silica sinks in limnetic systems to intelligently

address the silica deficiency problem including its

impact on the land-ocean system. Accordingly, in this

study, the dynamics of DSi in Lake Biwa and its

watershed have been estimated from the viewpoint of

biogeochemical cycles, and given that it is the largest

monomictic lake in Japan, from its status as a major

silica reservoir. Furthermore, we have evaluated the

biological and physicochemical factors affecting the

increase and/or decrease in DSi, and have determined

the magnitude of its silica sink in stagnant waters.

Lake Biwa has one natural outflow-river, the Seta

River, which is the main supply route of DSi to the

coastal sea (Seto Inland Sea) via the Yodo River.

Methods

Sampling

Water and sediment samples for measurements of

biogenic silica (BSi) were taken on 24 and 25

October 2002 from the littoral zone to offshore of

Lake Biwa (surface area: 670 km2, mean water depth:

43 m, maximum depth 104 m, mean water residence

time: 5.8 years) (Fig. 1). This sampling period

corresponds approximately to the intervening time

of the winter when large heavily silicified diatoms

predominate most and the summer when diatoms are

rarely observed. Water level of Lake Biwa has been

Fig. 1 General map of Lake Biwa and its catchment basin

system. Sampling stations: d-Lake Biwa (stas. 1–8), Inukami

River (stas. 9–11), 4-small lagoons (24 stations), and s-rivers

(nine stations)
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regulated from 1905 by the weir in the Seta River,

which is the exclusive natural outflow-river of the

Lake, therefore Lake Biwa has some characteristics

such as a reservoir. Samplings of the lake water (0–

85 m) and surface layer sediments (0–10 cm) were

carried out at eight transect points (stas. 1–8). In

addition, samplings of riverbed stone and river water

were conducted on the Inukami River in the Lake

Biwa watershed (three stations: 9–11) on 31 October

2002 (Fig. 1). Attached materials on the surface of

riverbed stones for measurement of BSi was removed

using a brush, after collecting all riverbed stones

within 0.5 · 0.5 m2 quadrat. At that same time,

samples for measurements of DSi and chlorophyll a

(Chl a) concentration were also collected at the above

stations.

Water samples for measurements of DSi concen-

trations and other nutrients [dissolved inorganic

nitrogen (DIN: sum of ammonia, nitrite and nitrate),

phosphate phosphorus (DIP)] in vertical distributions

(0–85 m) were taken at the north basin of Lake Biwa

(sta. 1) monthly from January 2002 to May 2003

(Fig. 1), and water temperature was simultaneously

measured using a CTD sensor. In addition, DSi

concentrations in horizontal distribution (0.5 m

depth) were investigated at all areas of the Lake on

6 and 7 June 2002. The 56 sampling stations for that

investigation were located at points that divided the

latitude and longitude into 2-min segments.

Dissolved silica and its associated substances

(DIN, DIP, major ionic elements) in the main

inflowing rivers of Lake Biwa were measured

monthly or bimonthly each in 2002 and 2003

(Fig. 1). For the above investigations, we selected

nine rivers with diverse geological conditions (rock

types) (Table 1).

The concentrations of DSi, DIN and DIP in 24

small lagoons connected with Lake Biwa were

measured monthly from January to November 2002

(Fig. 1).

Analytical methods

Water samples (in triplicate) collected for the mea-

surement of BSi were immediately filtered through

polycarbonate Nuclepore filters (0.6 mm pore size).

The filters were dried at 608C for 12 h and stored in a

desiccator at room temperature until analysis. BSi

concentration was analyzed by the method of Müller

and Schneider (1993) with slight modifications. In

this method, BSi concentration was determined based

on the difference in dissolution rates between BSi and

lithogenic silica using an alkaline solution (0.2 M

NaOH, 808C).

Water samples (duplicates) collected for chem-

ical analysis of nutrients and Chl a were immedi-

ately filtered through glass fiber filters (Whatman

GF/F) preignited at 4508C. Filtrates for the deter-

mination of DSi and other inorganic nutrients were

stored at 4 and �308C, respectively, while filters

for the determination of Chl a were stored at

�808C until chemical analysis in the laboratory.

DSi concentrations were analyzed spectrophotomet-

rically using the molybdenum blue or yellow

method of Mullin and Riley (1955). Ammonia

was determined by the method of Sagi (1966),

nitrite after Bendschneider and Robinson (1952),

and phosphate after Murphy and Riley (1962).

Nitrate was analyzed by an ion chromatographic

analyzer (Dionex DX-120). Chl a concentration

was analyzed fluorometrically using a Turner

Design Fluorometer (Model 10-AU) after extraction

Table 1 Concentrations of

dissolved silica in the nine

inflowing rivers with

diverse geological

conditions

Rivers Geologica conditions DSi (mM: mean ± SD) n

Shiozu granite 233 ± 10 26

Yasu granite, tuff and volcanic ash area 215 ± 29 26

Uso tuff 206 ± 15 26

Hino granite, tuff and volcanic ash area 189 ± 37 12

Ane granite, limestone and clay stone 161 ± 10 26

Echi granite and tuff 154 ± 10 12

Inukami limestone, tuff, chart and volcanic rock 147 ± 14 26

Ado sandstone and chart 142 ± 5 12

Seri limestone 98 ± 14 26
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in 90% acetone, and then ultrasonicated for 30 s

(Holm-Hansen et al. 1965).

Lake sediments and attached matter on the surface

of riverbed stone samples (in triplicate) collected for

measurement of BSi contents were dried at 608C for

24 h and stored in a desiccator at room temperature

until analysis. Samples measured for benthic Chl a

contents were immediately stored at �808C. BSi

contents in sediments and attached matter were

analyzed by the method of Müller and Schneider

(1993). Benthic Chl a contents were determined by

the method of Holm-Hansen et al. (1965) after

extraction in 90% acetone under refrigeration

(�108C) for 24 h.

The core samples (triplicates) for measurements of

DSi in the interstitial water of lake sediments were

taken using a core sampler. Concentrations of DSi

were analyzed spectrophotometrically using the

molybdenum yellow method of Mullin and Riley

(1955) after extracting the interstitial water from

sediment cores by centrifugation.

Results

Vertical cross-section of biogenic and DSi along

Lake Biwa–Inukami River transect

Concentrations of DSi ranged from 10.9 to 98.6 mM

(23.5 ± 21.4 mM, mean ± SD) in the water column of

Lake Biwa (Fig. 2). The vertical distribution of DSi

offshore (stas. 1–3) increased gradually with increas-

ing water depth, reaching their maximum value on

the lake bottom. On the other hand, DSi concentra-

tions on the shore (stas. 4–8) were approximately

distributed uniformly in all layers. BSi concentrations

in the water column varied from 2.21 to 3.93 mM

(2.71 ± 0.49 mM, mean ± SD) (Fig. 2). The vertical

distribution of BSi offshore was higher in the surface

layer (0–20 m) and on the lake bottom. In contrast,

BSi concentrations on the shore were approximately

distributed uniformly in all layers and were only

slightly lower than those offshore. The concentration

of Chl a in the water column was higher in the

surface layers (0–20 m) but dropped abruptly around

the thermocline, ranging from 3.1 to 4.5 mg Chl a

m�3 in the surface layers and 0.1–1.1 mg Chl a m�3

in the deeper layers (20–86 m) (Fig. 2). The

maximum value of Chl a concentration was observed

in the overlying water above the sediment at station 5

(depth 13 m).

Concentrations of DSi in the interstitial water of

lake sediments ranged from 114 to 1,400 mM

(704 ± 382 mM, mean ± SD) (Fig. 3), with those in

the horizontal distribution decreasing gradually from

offshore to shore, and those in the vertical distribu-

tion being nearly vertically uniform at all stations.

Concentrations of BSi in sediments varied widely

from 0.01 to 10 wt.% Si (3.0 ± 2.9 wt.% Si,

mean ± SD) (Fig. 3). The vertical cross-section of

BSi concentration was distributed very similarly to

that of DSi in sediments, decreasing from offshore to

the littoral zone. However, the BSi concentration

offshore (stas. 1 and 2) was particularly high in the

top layer of sediments. The amount of Chl a in

sediments was found more abundantly in the upper

layer of sediments at the littoral zone, ranging from

0.1 to 3.0 mg Chl a cm�3 (Fig. 3).

Concentrations of BSi on the surface of riverbed

stones and in water of the Inukami River ranged from

34.9 to 135.5 mmol m�2 and from 0.83 to 3.44 mM,

respectively. At that same time, Chl a concentrations

on the stones and in the water ranged from 38.9 to

46.7 mg Chl a m�2 and from 0.3 to 2.2 mg Chl

a m�3, respectively.

Seasonal and spatial distribution of DSi in Lake

Biwa

The concentration of DSi in the deepest part (sta. 1)

of the north basin varied from 8.1 to 95.8 mM

(38.6 ± 13.5 mM, mean ± SD) from January 2002 to

May 2003 (Fig. 4). In the surface layer (0–20 m), the

lowest and highest DSi concentration was observed in

October 2002 (8.1 mM) and in March 2003

(40.5 mM), respectively. The seasonal patterns of

the vertical profiles were almost identical in water

temperature (Fig. 4), i.e., in the stratification period

(April to December), the DSi concentration in the

surface layer was at a lower level, and below the

thermocline it increased gradually with increasing

water depth. In particular, the DSi concentration near

the lake bottom increased gradually from early in the

stratification period (April to May) and rose to more

than 60 mM during its final phase (November–

December). On the other hand, the DSi concentration

in the circulation period (February) was distributed

rather uniformly in all layers. The standing stock of
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DSi in the water column (mol m�2) reached its

maximum value at the end of the stratification period

(December) and its minimum value during the

circulation period (January–March), ranging from

3.1 to 4.0 mol m�2 during the entire observation

period. The concentrations of DIN and DIP at the sta.

1 ranged from 2.3 to 20.4 mM [all layers:

14.3 ± 3.5 mM, surface layer (0–20 m):

12.0 ± 3.4 mM] and from 0.01 to 0.49 mM [all layer:

0.08 ± 0.11 mM, surface layer (0–20 m):

0.03 ± 0.02 mM] during the observation period,

respectively.

Horizontal concentrations of DSi in the surface

water ranged from 15.2 to 24.1 mM (20.4 ± 5.4 mM,

mean ± SD) in all areas of Lake Biwa on 7 and 8 June

2002. Higher DSi concentrations were observed in

the northern area of the north basin, while lower DSi

levels were found in the central area of the north

basin.

Distribution of DSi in inflowing rivers of Lake

Biwa

Mean concentrations of DSi in the nine inflowing

rivers of Lake Biwa were in the range of 98 to

233 mM (172 ± 43 mM, mean ± SD) during the

observed period (Table 1). This mean DSi concen-

tration (172 mM) is approximately the same as the

mean discharge-weighted DSi concentrations

[174 mM from 1978 to 1980 (Kunimatsu 1981) and

178 mM from 2002 to 2003 (Okubo 2006)] in the

inflowing rivers of Lake Biwa. The concentrations of

DSi at each river were greatly unchanged in com-

parison with the concentrations of other nutrients

(DIN concentration: 47.2 ± 17.3 mM, DIP concentra-

tion: 1.11 ± 0.85 mM). The DSi concentration in the

Shiozu River, which flows through a granite area, was

the highest, followed by the Yasu, Uso, and Hino

Rivers, which run through granite–tuff–volcanic ash

Fig. 2 Concentrations of dissolved silica, biogenic silica and chlorophyll a in the water column at 8 transect points (sta. 1–8) of Lake

Biwa on 24 and 25 October 2002
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Fig. 3 Concentrations of

dissolved silica, biogenic

silica and chlorophyll a in

the sediments at eight

transect points (stas. 1–8) of

Lake Biwa on 24 and 25

October 2002

Fig. 4 Vertical distribution

of dissolved silica and water

temperature at station 1 of

Lake Biwa from January

2002 to December 2003
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areas, were high. The lowest DSi concentration was

observed in the Seri River, which flows through a

limestone area. At that time, the concentration of

calcium ion (Ca2+) in the Seri was higher than that in

the other rivers.

Annual mean concentrations of DSi in 24 small

lagoons connected with Lake Biwa ranged from 118

to 351 mM (190 ± 61 mM, mean ± SD), with the

concentration in each lagoon remaining largely

unchanged throughout the year. The concentrations

of DIN and DIP ranged from 0.4 to 260 mM

(56.8 ± 48.6 mM) and from 0.09 to 6.61 mM

(0.89 ± 0.87 mM) during the observation period,

respectively.

Discussion

Distributions of DSi in Lake Biwa and its

inflowing rivers

The vertical concentration of DSi at station 1 in Lake

Biwa was lower than that of nine inflowing rivers

throughout the sampling period, except for the

deepest layer at the end of the stratification period

(October–December) (Table 1 and Fig. 4). This

station, located in the northern area of the north

basin, has a relatively high concentration of DSi

abundantly supplied by rivers, which flow through the

granite area. This clearly indicates that DSi concen-

trations in most areas of Lake Biwa are lower than

those of inflowing rivers throughout the year, thus

enabling the lake to function as a sink of DSi.

Humborg et al. (1997, 2000) reported that,

following construction of a dam in the early 1970s,

DSi concentrations in the Danube River were reduced

to less than half of that in the predam era. Moreover,

DSi concentrations in Black Sea into which the

Danube flows similarly decreased. Schelske (1988)

indicated that epilimnetic DSi concentrations in Lake

Michigan were greatly diminished from the 1950s to

the 1970s, thus increasing the load of dissolved

inorganic phosphate. In common with the waters

mentioned above, Lake Biwa is a globally renowned

silica trap water area, moreover, the DSi concentra-

tion in the Seta River, which is the exclusive natural

outflow-river of Lake Biwa, was about 30–40 mM

(Harashima 2003), which is about a quarter that of the

inflowing rivers. However, in the small lagoons of

stagnant water in our study, the annual mean

concentration of DSi was about 190 mM, which is

almost the same as that of the inflowing rivers (about

170 mM) (Table 1). These results can be attributed to

the difference between the water depth and hydraulic

residence time in small lagoons (mean water depth:

several meters, mean residence time: several days to

months) and in Lake Biwa (mean water depth: 43 m,

mean residence time: 5.8 years). These findings

indicate that the sink of silica occurs naturally in

stagnant waters of some depth, with sufficient water

residence time, and an adequate supply of certain

nutrients.

Biogeochemical silica mass balance in Lake Biwa

was calculated based on this finding using the input/

output model of Schelske (1985) (Fig. 5). The sink

calculation shows that 2.0 · 107 kg Si year�1

(7.1 · 108 mol Si year�1) was retained in Lake Biwa

sediments. This estimate for Si sedimentation is

equivalent to about 80% of the annual inflow

discharge of DSi in Lake Biwa. Schelske (1985)

and Schelske et al. (2006) calculated silica mass

balances for Lake Michigan during the post-1970 and

Lake Erie in the 1970s of the Great Lakes and

estimated that Si sedimentation in Lake Michigan and

Lake Erie was 8.1 · 107 kg Si year�1

(29 · 108 mol Si year�1, equivalent to 80% of

annual inflow discharge) and 7.5 · 107 kg Si year�1

(26 · 108 mol Si year�1, equivalent to 80% of annual

inflow discharge), respectively. Although the volume

of Lake Biwa (2.75 · 1010 m3) is very small

compared to that of Lake Michigan (487 · 1010 m3)

and Lake Erie (45.8 · 1010 m3), the magnitude of the

silica sink in Lake Biwa reaches approximately a

quarter of that in the two Lakes. This fact suggests

that Si sedimentation occurs very promptly in Lake

Biwa.

The annual accumulation of BSi to the bottom

sediments of Lake Biwa was approximated from the

contents of BSi in the bottom sediments (Fig. 3) and

the mean sedimentation rate of Lake Biwa

(0.033 g cm�2 year�1, Nakamura et al. 1987). As a

result, the basin-wide BSi accumulation in Lake Biwa

b e c o m e s 1 . 2 · 1 0 7 k g S i y e a r �1

(4.3 · 108 mol Si year�1), and this estimate is

equivalent to 60% of the Si sedimentation in Lake

Biwa (Fig. 5). It is assumed that the remaining

fractions were removed from the water by the outflow

of BSi from Lake Biwa to Seta River and/or
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physicochemical processes. In following section we

describe on the silica dynamics in Lake Biwa.

Biotic and abiotic effects on a silica sink

It seems reasonable to suppose that most of the DSi in

Lake Biwa is removed from the water column by

biological rather than physicochemical processes. In

fact, the adsorption of DSi by sediment particles and/

or the formation of colloidal silica by polymerization

of DSi almost never develop over the DSi concen-

tration range in Lake Biwa (Hori et al. 1969).

Therefore, planktonic and benthic diatoms are

thought to play a major role in the sink of silica in

Lake Biwa. We found an inverse relationship

between BSi and DSi concentrations in the water

column of Lake Biwa (Fig. 2). In addition, we

confirmed that large quantities of diatom frustules

(dead shells) had accumulated in the bottom sedi-

ments of the lake (Fig. 3). It thus may be supposed

that, while one part of BSi recurs to DSi within a

period of its sedimentation, the other part of BSi is

accumulated on the lake bottom.

In this study, the amount of diatom frustules (BSi)

in sediments was particularly high in the offshore

sediments (Fig. 3). This distribution is thought to

result from diatoms being transported by waves and/

or lake currents from the littoral zone to offshore and

from the fact that diatom frustules in those offshore

sediments are less susceptible to dissolution since the

water temperature in the hypolimnion offshore is low

(7–88C) throughout the year (Fig. 4). The dissolution

of diatom frustules that accumulate in bottom sedi-

ments is controlled by both biological factors (bio-

turbation by zoobenthos, bacterial attacks of

hydrolytic enzymes) and physicochemical ones

(water temperature, pH, salinity, oxidation-reduction

potential) (Beucher et al. 2004; Bidle and Azam

1999; Bidle et al. 2003; Brzezinski et al. 1997;

Kamatani 1982; Kato 1969; Nriagu 1978). In this

study, BSi and DSi concentrations in bottom sedi-

ments offshore were nearly vertically uniform

(Fig. 3), suggesting that the dissolution of diatom

frustules dose not proceed much in offshore sedi-

ments, except for the upper few millimeters, and that

the regeneration of DSi into interstitial or overlying

water on bottom sediments is limited by several

factors.

More than 97% of diatom frustules (cell numbers)

that accumulate in the surface layer sediments (0–

6 m) of the north basin of Lake Biwa is comprised of

two species of centric diatoms, Aulacoseira solida

and Stephanodiscus carconensis (Negoro 1960,

1967). Similarly, we observed large quantities of A.

solida and S. carconensis frustules in the lake bottom

sediments. Since these large diatoms have a heavy,

thick siliceous cell wall, they are not ingested by

most zooplankton (Horne and Goldman 1994). These

findings indicate that since these large and heavy

diatoms, A. solida and S. carconensis, sink so rapidly,

they soon settle to the hypolimnion where the water

temperature is lower (7–88C) before suffering bio-

logical and physicochemical degradation in the

epilimnion (Reynolds 1984; Ryves et al. 2003). On

the other hand, other diatoms are thought to be

decomposed by biological and physicochemical fac-

tors in the water column where their frustules are

recurred to DSi through colloidal silica in the water.

Bidle and Azam (1999) reported that the dissolution

rates of diatom silica markedly differed depending on

the species, perhaps reflecting differences in the

degree of cell wall silicification. The above findings

confirm that only certain species of large centric

diatoms contribute to the sink of silica in Lake Biwa.

Fig. 5 Si mass balance in Lake Biwa. Inflow discharge of Si

was calculated with the following date: inflow discharge

5 2 · 1 0 8 m 3 y e a r�1 ( a ) , D S i c o n c e n t r a t i o n

4.8 · 10�3 kg Si m�3 (b). Outlet flow of Si was calculated

with the following date: 49 · 108 m3 year�1 (c), DSi

concentration 1.0 kg · 10�3 kg Si m�3 (b). (a) Kawabata

(1981), (b) this study, (c) Kunimatsu (2000)
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The DSi and other nutrients are supplied from the

hypolimnion to the epilimnion of the lake during the

winter holomictic stirring period (from January to

March) (Fig. 4). In this period of low water temper-

ature, large diatoms such as Aulacoseira, Fragilaria,

and Stephanodiscus become dominant in Lake Biwa

(Kawabata 1987). Those diatoms settle rapidly to the

bottom sediments because of the disruption of the

thermocline in the circulation period. Our recent

observations have confirmed that the sinking flux of

those diatom species at 30- and 70-m depths was at

its highest in February (unpublished). It has been

shown in many lakes that the genus Aulacoseira is

the winter species most abundant among the phyto-

plankton (Lund 1971). On the other hand, during the

period of thermal stratification in Lake Biwa, large

diatoms are rarely observed, while green algae and

cyanobacteria dominate. At this time, although small

diatom species are occasionally found, it is assumed

that their frustules undergo almost total dissolution

before reaching the bottom sediments. Thus, we

conclude that the magnitude of a silica sink in lakes

depends on seasonality, which reaches its height in

the winter holomictic stirring period. This finding is

supported by the fact that the standing stock of DSi

per square meter in Lake Biwa was at its lowest

during February of the circulation period in the

present study. The sequence of events described

above may apply to other lakes, i.e., mixing patterns

of a lake greatly influence the silica trapping

efficiency. Schelske et al. (1986) described based

on nutrient enrichment experiments at low light and

low temperature that significant Si uptake by diatoms

in the Great lakes occurred during the period of

winter-spring convective mixing.

A typical N : P : Si molar ratio in diatom cells is

16:1:[16–50], and any significant deviation from such

ratios threatens to be growth limiting for diatoms

(Brzezinski 1985; Levine et al. 1997; Schelske et al.

1983, 1986; Sommer 1986; Teubner and Dokulil

2002). We determined the means of DSi : DIP and

DIN : DIP molar ratios at the surface layer (0–20 m)

in Lake Biwa to be 1,646 (range: 457–2,700) and 446

(range: 214–802), respectively, during our observa-

tion period. These results indicate that the growth of

diatoms in the lake was severely limited by phos-

phorus throughout the year. Tsunogai (1979) pro-

posed that, among all phytoplankton species, diatoms

are predominant when all physical and chemical

conditions are adequate for phytoplankton growth.

Tsunogai and Watanabe (1983) later verified that

hypothesis in Funka Bay, Japan. Egge and Aksnes

(1992) indicated that diatoms dominate as long as the

silicate concentration exceeds 2 mM. On the basis of

the aforementioned studies, it is highly probable that

in Lake Biwa an increase in the load of phosphorus

first causes the growth of diatoms, as a result of

which silica sink expands. A contrary opinion holds

that the magnitude of a silica sink is most likely

reduced when the load of phosphorus decreases. In

fact, the concentration of DSi in the outflowing Seta

River of Lake Biwa was around 40 mM in the 1950s

but had fallen to around 30 mM by the 1970s, possibly

because of the enhancement of the silica trap due to

an increased inflow of phosphorus during the period

of rapid economic growth from the 1960s to the 70s

(Harashima 2003). Conversely, after the regulation of

phosphorus discharges into Lake Biwa in the 1990s,

DSi concentrations showed a tendency to increase

(Harashima 2003). A similar phenomenon was

observed in the Great Lakes, USA (Conley et al.

1993; Schelske and Stoermer 1971, 1972). Schelske

et al. (1986) demonstrated in laboratory experiments

that Si uptake by diatoms increased to several times

by relatively small P enrichments and explained that

biogeochemical silica depletion in the Great Lakes

was induced by increased phosphorus loading. Judg-

ing from the above, it seems reasonable to suppose

that imbalances between P and Si supplies have a

profound effect on Si dynamics in Lake Biwa.

It is concluded that Lake Biwa is a body of

water known worldwide for its massive sink of

silica. This sink can be attributed mainly to

biological activity, i.e., the assimilation of DSi by

large centric diatoms and the descent of their

frustules to the bottom sediments. The magnitude of

the silica sink is affected by seasonality, becoming

highest in the winter holomictic stirring period, and

is also significantly influenced by the load of

phosphorus from the watershed of Lake Biwa. It

follows, then, that the sink of silica occurs naturally

in stagnant waters of some depth, with sufficient

water residence time, and an adequate supply of

certain nutrients. These findings indicate that an

increase in nutrient loads into stagnant waters from

the construction of dams leads to an expansion in

the silica sink with a subsequent alteration of the

aquatic ecosystem.
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Beucher C, Tŕeguer P, Corvaisier R, Hapette AM, Elskens M

(2004) Production and dissolution of biosilica, and

changing microphytoplankton dominance in the Bay of

Brest (France). Mar Ecol Progr Ser 267:57–69

Conley DJ, Schelske CL, Stoermer EF (1993) Modification of

the biogeochemical cycle of silica with eutrophication.

Mar Ecol Progr Ser 101:179–192

Egge JK, Aksnes DL (1992) Silicate as regulating nutrient in

phytoplankton competition. Mar Ecol Prog Ser 83:281–

289

Goudie A (2000) The human impact on the natural environ-

ment, 5th edn. Blackwell Publishers, Oxford

Harashima A (2003) Silica deficiency in the aquatic continuum

and its effect to the marine ecological change. J Jpn Soc

Water Environ 26:621–625

Holm-Hansen O, Lorenzen CJ, Holmes RW, Strickland JDH

(1965) Fluorometric determination of chlorophyll. J Cons

Cons Int Explor Mer 30:3–15

Hori T, Itasaka O, Mitamura O (1969) The removal of

dissolved silica from freshwater in the Lake Biwa-ko.

Mem Fac Liberal Arts Educ Shiga Univ 19:45–51 (in

Japanese with English summary)

Horne AJ, Goldman CR (1994) Phytoplankton and periphyton.

In: Horne AJ, Goldman CR (eds) Limnology 2nd edn.

McGraw-Hill, New York, pp 226–264

Humborg C, Conley DJ, Rahm L, Wulff F, Cociasu A, Ittekkot

V (2000) Silicon retention in river basins: far-reaching

effects on biogeochemistry and aquatic food webs in

coastal marine environments. Ambio 29:45–50

Humborg C, Ittekkot V, Cociasu A, Bodungen B (1997) Effect

of Danube River dam on Black Sea biogeochemistry and

ecosystem structure. Nature 386:385–388

Humborg C, Pastuszak M, Aigars J, Siegmund H, Mörth CM,

Ittekkot V (2006) Decreased silica land-sea fluxes through

damming in the Baltic sea catchment–significance of

particle trapping and hydrological alterations. Biogeo-

chemistry 77:265–281
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