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Abstract
In shallow polymictic lakes where the resuspension of sediments frequently occurs, tripton (non-living particulate mate-
rials) can affect physical, chemical and biological processes. Over the last four decades, substantial changes in tripton 
concentrations and therefore limnological parameters have been observed in Lake Kasumigaura, a shallow eutrophic lake. 
To build a conceptual model of the various relationships between these, we analyzed data on monthly water and yearly 
sediment quality at several stations together with meteorological information. Large short-term and decadal variations 
were characteristics for tripton. Annual averages in tripton concentration changed substantially (e.g., from 3 to 25 mg l−1 
at the lake center), peaking in the early 2000s, when phosphorus and silicon in water were high, and we observed a large 
proportion of diatoms in phytoplankton and low light penetration. Tripton concentration showed a positive correlation 
with sediment water content (WC) and a negative one with sediment ignition loss (IL) with a few years’ delay, confirming 
the results of previous hydraulic experiments. Using these parameters, multiple regression models for estimating tripton 
concentrations were constructed and showed good performances (e.g., adjusted r2 = 0.61 at the center). Furthermore, 
changes in inorganic ions in water, probably resulting from meteorological variations, were inferred to bring about 
changes in sediment WC. On the other hand, the amount of Microcystis sp. in water was suspected to govern the sedi-
ment IL. We reveal many processes (physical, chemical, biological and meteorological phenomena) related to tripton, 
and thus, their relationships could be considered a conceptual model for a shallow lake.

Keywords Tripton · Shallow lake · Sediments · Decadal change

1 Introduction

Non-living particulate materials in water are called trip-
ton [1, 2], abioseston [1] or NPSS (non-phytoplankton 
suspended solids) [3]. Gons et al. [4] proposed a method 
for estimating the amount of tripton as the difference 
between suspended solids (SS) and estimated phyto-
planktonic SS concentrations using chlorophyll a (Chl-a) 
concentration assuming the dominance of phytoplankton 
in bioseston. In addition, the optical properties of tripton 
have been analyzed on filter paper after extraction with 

absolute methanol [5]. The light-scattering characteristics 
of individual tripton particles were measured by scanning 
electron microscopy (SEM) interfaced with automated 
X-ray microanalysis and image analysis (SAX) [6]. However, 
the latter two methods are rather laborious to quantify the 
amount of tripton in lake water on a regular basis.

Tripton affects physical, chemical and biological pro-
cesses in lakes. These include light attenuation in the water 
column and thereby primary production, phytoplankton 
species [7], supply or elimination of chemicals stimulating 
or suppressing biological activities through adsorption, 
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desorption, and/or decomposition [6], water amenity, etc. 
The importance of tripton in these functions could some-
times be larger than those of other components in water, 
such as phytoplankton, nekton and dissolved matter.

In general, tripton is supplied to a lake through terrig-
enous input through influent rivers [8], resuspension of 
sediments [9, 10], dust storms in the dry interiors of nearby 
continents [2], autochthonous production of oversatu-
rated mineral phase [11], etc.; meanwhile, it is lost mainly 
by outflow and/or deposition. Nevertheless, there have 
not been many studies on long-term change in tripton 
concentration and its cause(s)/consequence(s) on lake 
ecosystems.

Over the last several decades, phenomena related to 
tripton have been reported in Lake Kasumigaura, a shallow 
eutrophic lake in Japan. In the early 2000s, high turbidity 
was observed [12]. Changes in sediment resuspension rate 
[13], formation of calcite [14] and so on were suspected 
reasons for high turbidity [15]. Furthermore, this high tur-
bidity probably affected silicon and phosphorus concen-
trations in lake water [16, 17], and phytoplankton species 
composition [18, 19], thus bringing about a regime shift in 
the ecosystem [20]. However, the changes in tripton dur-
ing the last several decades have not been quantitatively 
assessed, and the reason(s) for variation in sediment resus-
pension have not been clarified.

Therefore, the purposes of the present study are (1) to 
describe the decadal changes in tripton in a quantitative 
manner; (2) to consider the influences of the changes on 
other water quality and ecosystem dynamics; and (3) to 
elucidate the mechanisms for the changes, i.e., to build 
a conceptual model of Lake Kasumigaura. The findings 
would be quite helpful for understanding the dynamics 
and management of water quality/ecosystem in this and 
other shallow lakes.

2  Data and methods

2.1  Study site

Lake Kasumigaura is the second largest lake in Japan after 
Lake Biwa, with a surface area of 171 km2 (Fig. 1). The lake 
is characterized by high turbidity and eutrophic conditions 
(total phosphorus [TP]: 0.084 mg l−1, total nitrogen [TN]: 
1.01 mg l−1 from 1979 to 2016 at St. 1) due to its shallow-
ness (mean depth of 3.4 m; maximum depth of 7.3 m) and 
intensive human activity in the watersheds [20]. Its 1426-
km2 catchment area (excluding the lake area) is about 30% 
forests, 25% paddy fields, 25% plowed field, 10% residen-
tial and 10% other.

The apparent water residence time of the lake is about 
0.55 years. This lake is so shallow that vertical stratification 

is easily destroyed by moderately strong winds [21]. It has 
two large bays: Takahama-iri and Tsuchiura-iri. Water tends 
to flow through the lake from northwest to southeast, to 
the effluent Hitachitone River. Due to its shallowness, 
processes related to water-sediment interactions, such 
as sediment resuspension, release of dissolved matter 
from sediments, etc., play a large role in material dynam-
ics [13, 22, 23]. In addition, relatively rapid penetration of 
radiocesium into deeper sediment layers (around 20 cm) 
was observed at the lake center a few years after the 2011 
Fukushima nuclear accident [24].

2.2  Database

The data on monthly water quality (measured by the 
Kasumigaura River Office [KRO] of the Ministry of Land, 
Infrastructure and Transport [MLIT], National Institute 
for Environmental Studies [NIES] and Ibaraki Kasumi-
gaura Environmental Science Center [IKESC]) and yearly 
sediment quality (measured by KRO) collected at several 
stations (Fig. 1) for the period 1979–2016 (2014–2019 by 
IKESC) were used for the analysis. KRO and IKESC took 
water samples 0.5 m below the water surface and NIES 
used a water column sampler (0–2 m). The annual aver-
age and sum were calculated for the data from January 
to December.

Of the 50 water quality parameters recorded in the KRO 
database, we focused on the following items: SS, Chl-a, 
major cations and anions (sodium  [Na+], potassium  [K+], 
magnesium  [Mg2+], calcium  [Ca2+], chloride  [Cl−], sulfate 
 [SO4

2−]), total silicon (TSi), TP, TN, Secchi disk transpar-
ency (SD) and COD (chemical oxygen demand). These 

Fig. 1  Lake Kasumigaura and sampling stations. Solids circles: 
water quality measurement. Open squares: meteorological meas-
urement
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were analyzed based on the JIS K 0102-2016. The data of 
the same items collected by NIES [25] were used to check 
whether or not similar tendencies could be observed. 
Furthermore, the data on SS, inorganic SS (ISS) and Chl-a 
taken at St. 1, 3, 4 and 5 by IKESC were used to verify the 
method of estimating tripton concentration. The concen-
tration of ISS was determined by burning the SS filter at 
around 450 °C in a muffle furnace for a few hours.

More than or equal to three sediment subsamples up to 
10-cm deep were taken by bottom grab samplers (Ekman-
Birge type) and mixed to create one composite sample 
at each location and time. Sediment samplings were con-
ducted in August (1979–2016) and February (2004–2016) 
and the data obtained in August were used in the follow-
ing analysis. WC and IL of sediment samples were used 
for analysis, together with chemical concentrations, (e.g., 
total organic carbon [TOC] and TP). These were measured 
based on the procedures outlined in the sediment sur-
vey methods [26]. The averages (± standard deviation) of 
sediment WC and IL were (79.7 ± 4.4% and 17.6 ± 1.6% at 
St. 1; 75.4 ± 5.5% and 18.0 ± 1.7% at St. 2; 77.5 ± 5.3% and 
16.7 ± 1.9% at St. 3; 73.6 ± 6.3% and 14.2 ± 2.7% at St. 4; 
29.4 ± 10.4% and 2.4 ± 2.5% at St. 5) for the period investi-
gated (1979–2016).

Meteorological information, such as precipitation and 
wind velocity at Tsuchiura and Tateno (Fig. 1), was used 
for the analysis [27]. Data on the volumes of phytoplank-
ton [28] at St. 1 were also used to analyze the relationship 
between volumes of specific phytoplankton species and 
sediment quality.

2.3  Calculation of tripton using Chl‑a

Tripton concentrations were estimated based on the 
method described in Oyama et al. [3]. Briefly, SS (concen-
tration expressed by CSS) was first assumed as the sum of 
tripton (Ctripton) and phytoplanktonic SS (PSS: CPSS) [4]. Phy-
toplanktonic SS was assumed to be proportional to Chl-a 
(CChl-a). Then, Ctripton could be calculated as:

where α is the proportional coefficient. Assuming that 
both this coefficient and the detritus concentration 
(= SS − phytoplanktonic SS − inorganic SS) were constant 
over the whole lake, the value of α could be determined 
as the slope of the regression line (independent vari-
able: CChl-a; dependent variable: organic SS concentration 
[COSS]). Coss was obtained by subtracting the inorganic SS 
(ISS:CISS) from Css, i.e., Coss = Css − CISS.

Oyama et al. [3] found that α was 120 using the cou-
pled data of CChl-a and COSS (r2 = 0.70) in February 18, 2006, 
at 25 points in Lake Kasumigaura. We used this value in 

(1)Ctripton = CSS− CPSS = CSS−�CChl-a

the following calculations as the standard. In September 
1, 2009, a different value of α (69) was obtained using the 
same coupled data in this lake, but the correlation was 
rather low (n = 26, r2 = 0.29). Thus, we compare and discuss 
the results with different values of α.

We note that the monitoring results used in this study 
were obtained under moderately weak wind conditions. 
Under strong winds (> 10 m s−1), SS concentrations usu-
ally exceeded 100 mg l−1 [13]; however, SS concentrations 
rapidly declined when wind ceased. Therefore, the tripton 
concentrations estimated in this study seldom include the 
extremely high ones during strong wind periods.

2.4  Statistical methods

Statistical analyses were used to determine the correla-
tion, differences between means (t test) and the multiple 
regression analysis for significance at the level of p = 0.05 
(*) or p = 0.01 (**) (Excel Statistics for 2016: BellCurve 
Social Survey Research Information Co., Tokyo and Orig-
inPro 2017J: OriginLab. Corp., Northampton, USA). The 
values of adjusted r2 were used to select the independent 
parameters in multiple regression analysis. In the correla-
tion analysis between two time series (A (i), B (i)), the sim-
ple correlation with time difference (j) (i.e., A[i] vs B[i − j]) 
and the time-averaged correlation (i.e., A[i] vs average of 
B[i − k]: k = 0 − j) were tested.

3  Results

3.1  Changes in tripton concentration

Changes in estimated tripton concentrations with Chl-a at 
St. 1 are shown in Fig. 2 (1) with different parameter val-
ues of α. Their correlations were significant (0.97** for the 
original time series, 0.98** for 12-mos. moving averaged 
time series). Therefore, hereafter we show only the results 
for α = 120. Large short-term and decadal variations were 
characteristics for tripton (Fig. 2 (1) and Table 1), while sea-
sonal components dominated in the variations of Chl-a, 
TN and TP.

Correlations among yearly averaged tripton con-
centrations at five stations were significant (Fig. 2 (2); 
r = 0.44–0.88: p < 0.01 except r = 0.39: p < 0.05 between 
St. 2 and 5). The differences between the maximum 
and minimum of yearly averaged tripton concentra-
tions during the investigated period were larger than 
the means (7.2 ± 3.2 mg l−1 [min: 3.1–max: 16.5] at St. 1; 
9.7 ± 2.6 mg l−1 [5.8–17.3] at St. 2; 7.2 ± 2.6 mg l−1 [3.2–13.6] 
at St. 3; 13.5 ± 3.4 mg l−1 [6.1–24.3] at St. 4; 11.0 ± 3.8 mg l−1 
[4.9–24.0] at St. 5), showing clear peaks in the early 2000s. 
Because the averaged phytoplanktonic SS concentrations 
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were 6.9 ± 1.7  mg  l−1 at St. 1; 12.7 ± 3.2  mg  l−1 at St. 
2; 9.6 ± 2.1 mg  l−1 at St. 3; 7.3 ± 1.8 mg  l−1 at St. 4; and 
6.8 ± 1.5 mg l−1 at St. 5, the percentages of tripton in SS 
ranged from 44 to 65%, suggesting the importance of trip-
ton in suspended particles.

3.2  Tripton’s influences on shallow lake ecosystem

The peaks of TP and TSi were also observed in the early 
2000s (Fig. 3), and their correlations with tripton were sig-
nificant (original time series: 0.54** for TP; 0.41** for TSi; 
yearly average: 0.68** for TP; 0.74** for TSi). Similarly, trip-
ton had positive correlations with SS (0.85**), dissolved TP 
(0.52**), and the proportion of diatoms volume in phyto-
plankton (0.64**: Supplementary Fig. 1 (1)), and negative 
correlations with Chl-a (− 0.52**: Fig. 3) and SD (− 0.37*: 
Supplementary Fig. 1 (2)) on a yearly basis. TN (Supple-
mentary Fig. 1 (3)) and COD were not insignificantly cor-
related with tripton.

3.3  Factors affecting tripton concentration 
and modeling

As indicated by Seki et al. [13], tripton concentrations are 
governed by sediment resuspension rates. Thus, it is possi-
ble that sediment quality affected sediment resuspension 
rate as discussed below and subsequently tripton concen-
tration; high WC and low IL in sediments were observed 
in the early 2000s (Fig. 4), indicating that tripton was posi-
tively correlated with WC and negatively correlated with 
IL. Considering the delay in their influence on tripton, we 
investigated the simple and time-averaged correlations. 

Fig. 2  Decadal changes in estimated tripton concentration with 
Chl-a. (1) Monthly changes and 12-month averaged changes at St. 
1. Two values of α were compared (see text). (2) 12-month averaged 
changes at 5 stations

Table 1  Proportions (%) of water quality (estimated tripton with 
α = 120, Chl-a, TN and TP) variances according to different time-
scales at St. 1 (total variation: 100%). Short-term: variance of (orig-
inal–3-month moving average), seasonal: variance of (3-month 
moving average–13-month moving average), a few years: variance 
of (13-month moving average–61-month moving average), dec-
adal: variance of 61-month moving average, others: 100%—vari-
ances of above timescales

Time-scale Tripton Chl-a TN TP

Short-term 44.0 23.9 23.1 22.7
Seasonal 24.6 38.8 33.7 33.2
A few years 5.2 10.4 17.2 5.9
Decadal 21.7 14.2 10.7 29.6
Others 4.5 12.6 15.4 8.6

Fig. 3  Decadal changes in tripton (estimated with Chl-a and 
α = 120), total phosphorus (TP), total silicon (TSi) and chlorophyll a 
(Chl-a) concentrations at St. 1
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In the case of WC, the simple correlations were 0.26 for 
no delay (the same year), 0.33* for 1-year delay of tripton 
(Ctripton [i] vs WC[i − 1]), 0.47** for 2-year delay; 0.38* for 
3-year delay; 0.44* for 4-year delay; and   − 0.41* for 5-year 
delay. The time-averaged correlations were 0.50** for 
3-year previous average (Ctripton [i] vs average of WC[i − j]: 
j = 0, 2) and 0.57** for 4-year previous average. In the case 
of IL, the simple correlations were − 0.43** for 0-year delay; 
− 0.51** for 1-year delay of tripton; − 0.64** for 2-year 
delay; − 0.52** for 3-year delay; − 0.47* for 4-year delay; 
and 0.41* for 5-year delay. The time-averaged correlations 
were − 0.74** for 3-year previous average and − 0.74** for 
4-year previous average. The highest correlations were 
obtained for 4-year previous averaged WC and IL of sedi-
ments, respectively, at St. 1 (Supplementary Fig. 2 (1) and 
(2)).

Using the variables showing the highest correlations, 
the multiple regression model (n = 34, r2 = 0.63, adjusted 
r2 = 0.61**; Fig. 5) was constructed at St. 1 as follows:

where SWC 4yav and SIL 4yav are sediment WC and IL averaged 
for the previous 4 years, respectively. The decadal change 
pattern was successively described using this empirical 
model (Fig. 6). This model does not indicate the direct 
relationship between tripton concentration and sediment 
quality, but implies the indirect relationship between them 
through the medium of sediment resuspension rate.

In a similar manner using the variables showing the 
highest correlations, multiple regression analyses were 
applied to the data at other stations. Similar, but worse 
prediction models were obtained (adjusted r2 = 0.23**, 

(2)Ctripton = 0.294SWC4yav−1.88SIL4yav + 17.10

0.41**, 0.26** and 0.24** at St. 2, 3, 4 and 5, respectively. 
The variables showing the highest correlations were SWC 5y 
and SIL 5y at St. 2, SWC 5y and SIL 4y at St. 3, SWC 4yav and SIL 1y at 
St. 4, and SWC 1y and SIL 4yav at St. 5, respectively (SWC iy and 
SIL iy are sediment WC and IL at i y before, and SWC iyav and 
SIL iyav are sediment WC and IL averaged for the previous i 
y). In addition, slightly better prediction models compared 
with the above were obtained with sediment WC and IL at 

Fig. 4  Decadal changes in tripton concentration (estimated with 
Chl-a and α = 120), water content in sediments (average of previous 
4 years) and ignition loss of sediments (average of previous 4 years) 
at St. 1

Fig. 5  Estimated with Chl-a and α = 120 versus predicted tripton 
concentrations at St. 1. Black line indicates 1:1 relationship; red line 
indicates the regression line

Fig. 6  Decadal changes in estimated (with Chl-a and α = 120) and 
predicted tripton concentrations using Eq. (2) at St. 1
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St. 1 (SWC 4yav and SIL 4yav, respectively) (adjusted r2 = 0.51**, 
0.37** and 0.42** at St. 3, 4, and 5, respectively).

Incidentally, we did not observe significant correla-
tions between tripton and major ion concentrations (e.g., 
p > 0.05 except r = 0.40* with  SO4

2− at St. 1). Thus, the direct 
influence of changes in major ions on the tripton trend 
was not considered to be of major importance in Lake 
Kasumigaura [29].

4  Discussion

4.1  Estimation of tripton concentration

In this study, we used α = 120 as a standard case for esti-
mating tripton concentration. Seki et al. [13], using the 
method described above, reported α = 128.7 based on the 
samples from September–December in 2004 during which 
time high tripton concentrations were observed. The value 
of α = 69 was used for comparison, but this value was prob-
ably an underestimation because the correlation was not 
strong. The low correlation was possibly due to incorrect 
assumptions as to the constancy of α and/or detritus 
concentration in the whole lake. Anyhow, the difference 
in the value of α was not that important in the correla-
tions between tripton and other water quality parameters, 
indicating that the characteristics related to tripton were 
elucidated to a considerable extent in this study.

Philps et al. [7] and Effler et al. [30] used α = 100 based on 
Reynolds [31]. In addition, Kasprazak et al. [32] reported that 
the ratio of Chl-a to wet weight of phytoplankton decreased 
as phytoplankton increased across a broad trophic gradient 
and that the ratio was around 0.0025–0.0030 (g m−3/g m−3) 
for eutrophic lakes. Using the ratio of carbon to wet weight 
of phytoplankton [33] and the ratio of carbon to particulate 
organic matter (considered as dry weight) [34], the ratios of 
Chl-a to dry weight of phytoplankton, i.e., the values of α, 
were estimated to range between 81–110 for diatoms and 
98–132 for other autotrophs. These values were close to our 
assumed value. In future, it would be desirable to measure 
the tripton concentration in lake water directly and/or to 
confirm the assumption on constancy of α and detritus con-
centration throughout the lake.

Next, we investigated the relationship among SS, Chl-a, 
OSS and ISS using the IKESC database. First, the correlation 
coefficients between SS and ISS (r = 0.89**, 0.94**. 0.94** 
and 0.91** at St. 1, 3, 4 and 5, respectively) were higher 
than those between SS and OSS (r = 0.52**, 0.73**, 0.54** 
and 0.60** at St. 1, 3, 4 and 5, respectively), indicating the 
dominance of the variation of inorganic component in that 
of particulate matter in Lake Kasumigaura. With regard 
to the relationship between Chl-a and OSS, significant 
but low correlations were obtained at the four stations 

(Fig. 7), and thus, the slopes of the linear regression lines 
(COSS = 78 CChl-a + 2.7, n = 124, r2 adjusted = 0.26**, St. 1, 
etc.) were smaller than α = 120. In addition, higher slopes 
similar to α = 120 were obtained when the intercepts of 
the regression lines were set zero (136, 119, 130 and 142 
at St. 1, 3, 4 and 5, respectively). Subsequently, we exam-
ined the relationships between tripton and ISS. A highly 
significant relationship between them was obtained at 
St. 1 using α = 120 for estimating tripton concentrations 
(Fig. 8; St. 1, r = 0.89**), as well as at St. 3, 4 and 5 (r = 0.93**, 

Fig. 7  Relationship between Chl-a and OSS (= SS − ISS) based on 
the data by IKESC. The line with the slope of α = 120 is shown

Fig. 8  Relationship between ISS and estimated tripton based on 
the data by IKESC (α = 120). The linear regression line was created 
using all data at four stations
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0.91**. and 0.87** at St. 3, 4 and 5, respectively). The good 
correlation and regression line slope fairly close to unity 
(Ctripton = 0.98 CISS + 1.4, n = 372, r2 adjusted = 0.83**; data 
combined from the four stations) indicate that the trip-
ton estimation method in this study (α = 120) is reliable 
for Lake Kasumigaura and that the concentration of detri-
tus can be estimated at around 1.4 mg l−1 based on the 
intercept of this linear regression line. In the case of α = 69, 
a higher slope was obtained (Ctripton = 1.04 CISS + 3.1, r2 
adjusted = 0.87**; Supplementary Fig. 3 (1)), compared to 
the lower slope in the case of α = 200 (Ctripton = 0.87 CISS—
1.0, r2 adjusted = 0.67**; Supplementary Fig. 3 (2)). 

4.2  Difference in prediction model fitness 
among the stations

The best prediction was obtained at St. 1. Less good results 
were obtained at other stations, probably suggesting that 
sediment resuspension occurred to lesser extent at these 
stations. This was probably due to lower sediment WC and 
smaller wind waves compared with those at St. 1. Wind 
fetches are relatively long for the winds in various direc-
tions (Fig. 1), and thus, higher wind waves are expected 
at St. 1.

In addition, slightly better prediction models at St. 3, 4 
and 5 were obtained using sediment WC and IL averaged 
for the previous 4 years at St. 1 as input variables. This was 
probably because a considerable portion of the tripton at 
these stations was carried from the water regions in the 
vicinity of St. 1.

4.3  Causes of decadal change in tripton 
concentration in Lake Kasumigaura

Utagawa and Takamura [14] suspected that the white 
turbid water and high turbidity observed in Lake Kasumi-
gaura resulted from calcite formation. As shown in Sup-
plementary Fig. 4, calcium concentration in lake water 
increased in the latter half of 1990s and they showed that 
the saturation index of calcite was high during this period. 
There exists a discrepancy between the periods of high 
saturation index of calcite and high tripton concentrations. 
In addition, the percentage of calcite in suspended solids 
was at most 15% based on chemical analysis of its elemen-
tal composition. Therefore, the high tripton concentration 
was not due to the formation of calcite.

We then considered the influence of sediment resus-
pension on decadal change in tripton concentration. In 
Lake Kasumigaura, sediment resuspension is principally 
caused by wind wave [13]. The magnitude of wind wave 
is determined by wind fetch and velocity. Considering the 
fixed station, wind velocity is the dominant factor in wind 
wave. Because there were not clear decadal changes in 

wind velocity (Supplementary Fig. 5(1) and (2)), it was sug-
gested that the change in sediment properties could result 
in the decadal change in sediment resuspension.

Otsubo [35] reported that the limit of sediment parti-
cle movement in a hydraulic experiment using sediment 
samples obtained in Lake Kasumigaura decreased with 
sediment WC, indicating that water acted as a lubricant. 
The experiment was conducted in a pipe conduit with a 
rectangular cross section; an alluvial bed portion was filled 
with the sediment samples, and the flow speed could be 
varied. Based on a similar experiment, Otsubo also indi-
cated that this limit was decreased by removing organic 
matter from the sediment and increased by adding agar. 
He considered that organic matter contributed the resist-
ance to transport force. Righetti and Lucarelli [36] reported 
that the cohesive effect on critical shear stress decreased 
as sediment WC increased based on a laboratory experi-
ment carried out on natural benthic sediments from three 
alpine lakes.

These findings support our results that estimated trip-
ton concentration in lake water increased with sediment 
WC and decreased with sediment IL. The few years delay 
of their correlations probably resulted from the time dif-
ference between water and sediment surveys and/or the 
time required for tripton accumulation in lake water.

Subsequently, the question arises as to why the sedi-
ment properties changed. In the latter half of the 1990s, 
high inorganic ions were detected in the water, particu-
larly  Na+ and  Cl− (Supplementary Fig. 4). Fukushima et al. 
[29] reported that in a laboratory experiment NaCl raised 
water content in sediment, probably due to the swelling 
of clay particles. They suggested that high NaCl conditions 
were induced by saline water intrusion through the down-
stream gate and that this intrusion was brought about by 
low precipitation during the period.

With regard to sediment IL, we have analyzed how it is 
influenced by water quality and phytoplankton. A signifi-
cant relationship was observed only between sediment 
IL and Microcyctis sp. volume in water (0.36* for 0-year 
delay, 0.51** for 2-year previous average (IL[i] vs average 
of Microcystis amount [i − 1] and [i − 2]), 0.49* for 3-year 
previous average, 0.50** for 4-year previous average) 
(Supplementary Fig. 6). Other phytoplanktonic amounts 
(e.g., cyanobacteria volume) did not show a significant 
relationship with sediment IL. For example, chemical oxy-
gen demand (COD) showed a positive correlation with IL, 
but it did not reach significance (0.31 for 3-year previous 
average).

Fallon and Brock [37] reported that decomposition 
appeared to be of primary importance for Aphanizome-
non and Anabaena, whereas sedimentation accounted for 
more of the decline of Microcystis based on the field sur-
veys in Lake Mendota. Takamura and Yasuno [38] showed 
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in a sediment trap experiment in Lake Kasumigaura that 
the sinking rates of Microcystis sp. increased after Sep-
tember (0.0045, 0.020 and 0.24 m day−1 in June–August, 
September and October, respectively) and that Microcystis 
sp. sank as detritus after being decomposed in the water 
column. To confirm the influence of Microcystis dominance 
on sediment IL, it will be necessary to compare the buried 
proportions of organic matter in sediments among various 
phytoplankton species.

5  Conclusions and outlook

Based on the decadal changes in estimated tripton con-
centrations and related parameters, the significance of 
concentration changes of tripton in a eutrophic polymic-
tic lake was investigated from a limnological perspective. 
We showed that many processes (physical, chemical, bio-
logical and meteorological phenomena) are related to trip-
ton, and thus, their relationships could be considered as 
a conceptual model in shallow lakes where resuspension 
of sediment frequently occurs similarly as in Lake Kasu-
migaura. Climate variability and change could alter the 
model, inducing a vulnerable water quality system. Future 
studies should include direct measurement of tripton con-
centration, verification of the processes by experiments, 
comparison of tripton related phenomena with other shal-
low lakes, etc.
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