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Abstract 

Diatoms are phytoplankton distributed globally in aquatic environments from 

terrestrial to marine. Diatoms form biogenic opal frustules composed of two valves. 

Fossil diatom assemblages preserved in sediments have been used to reconstruct past 

environmental changes. However, fossil diatom assemblages are usually exposed to 

taphonomic processes, such as dissolution, fragmentation, and transportation. The 

taphonomic processes mix autochthonous and allochthonous diatom valves. Therefore, 

we must distinguish between autochthonous and allochthonous diatom valves when 

reconstructing paleoenvironmental changes based on fossil diatom assemblages. 

Although allochthonous diatom valves are often found in terrestrial and coastal sediment 

samples, our knowledge of the depositional processes of diatom assemblages is limited. 

In this study, we investigate allochthonous diatom valves in shallow lake sediments from 

Lake Kitaura, Japan, to understand the transportation of diatom valves in terrestrial water. 

The fragmentation (Fr) and co-existence ratios (Cv) of diatom valves were used to 

distinguish between autochthonous and allochthonous diatom valves. To evaluate the 

transportation processes of diatom valves, we conducted X-ray fluorescence (XRF) and 

grain size distribution (GSD) analyses. 

Surface sediment samples at 22 sites in Lake Kitaura were collected by gravity 

sampler during August and September 2014. Three hundred diatom valves were identified 

and counted in each slide using a light microscope with magnification ×1000. Then, 50 

valves of the genus Cocconeis, a representative benthic taxon, were counted separately to 

estimate the Cv. To clarify the relationships between the Fr and Cv and environmental 

variables, we conducted correlation and univariate analyses for the Fr, Cv, water depth, 

distance to nearshore, and distance to vegetation. Sediment samples for XRF and GSD 

were treated to remove calcium carbonate, organic matter, and biogenic opal. The treated 

samples were analyzed using the loose powder method using XRF (Rigaku, ZSX Primus) 

and a laser-diffraction particle-size analyzer (SHIMADZU, SALD-2300). The polymodal 

GSDs were separated into 5 or 6 normal distributions based on the expectation-

maximization algorithm. The XRF and GSD results were employed for logarithmic ratio 

analysis to evaluate the influence of inflow rivers on the study sites. 

In Lake Kitaura, Aulacoseira spp., a planktonic diatom taxa, were dominant in 

the central part of the lake, whereas benthic diatom taxa increased near the inflow-river 
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mouths and the southern littoral area. Benthic diatom taxa such as Planothidium 

lanceolata and Cocconeis placentula distributions in Lake Kitaura indicated that the 

benthic autochthonous valves deposited mostly near river mouths and the littoral sites. 

The Cv values of P. lanceolatum and C. placentula showed different patterns in Lake 

Kitaura. Planothidium lanceolatum, a fluvial benthic species, was abundant at the 

northern sites near the Tomoe River mouth with high Cv values, suggesting the 

transportation from the inflow river. Cocconeis placentula, an epiphytic species, was 

widely distributed in Lake Kitaura, and its fragmentation ratios increased with distance 

from the lakeshore. The Cv of C. placentula decreased with distance from the lakeshore 

and from macrophytic vegetation. The transportation of the clastic sediment corresponded 

to the spatial variations of Fr and Cv of the benthic diatoms. The GSD results indicated 

that coarse clastic particles (3.7-5.0 phi) were supplied from inflow rivers and littoral 

areas, consistent with the high Cv values of P. lanceolatum and C. placentula at the sites 

near the river mouths and littoral areas. The silty clastic particles (5.3-6.0 phi) indicated 

the transportation from the lakeshore and the difference in transportation by wave 

disturbance between the north and south basins. The Fr of C. placentula was negatively 

correlated to the log-ratio of silty clastic particles. The XRF results indicated the high log 

ratio of Fe2O3 to Al2O3 at the northern sites near the Tomoe River mouth. The geology 

around Lake Kitaura is late Pleistocene to Holocene sediments. Granite and metamorphic 

rocks distribute upstream of the Tomoe River. The Tomoe River transported Fe-rich 

sediments to the northern part of Lake Kitaura. The geochemical property suggested that 

the inflowing river transported P. lanceolatum valves from the Tomoe River to offshore. 

This study demonstrates that the benthic diatoms’ valve fragmentation and 

frustule separation occur by diatom valve transportation from inflowing rivers and 

macrophytic vegetation on the lakeshore. The Fr and Cv are useful for estimating the 

provenances of the benthic diatoms to discriminate the autochthonous and allochthonous 

valves in shallow lakes. Discriminating allochthonous valves help to reconstruct 

paleoenvironmental changes based on diatom assemblages in sediments. 
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CHAPTER 1 

INTRODUCTION 

1. Diatoms 

 Diatoms (Bacillariophyceae), unicellular orgasm, are common and widespread 

algae in aquatic environments from terrestrial to marine settings (Smol and Stoermer 

2010; Watanabe 2005). Diatoms are diverse and primary producers in water environments, 

living as plankton, tychoplankton, or benthos attached to the substrate. The lifeform of 

benthic diatoms are mainly classified into three types: the slide type, which slides along 

the surface of the substrata; the upright type, which attaches to the substrata with a 

mucilage stalk; and the prostrate type, which attaches to the substrata directly. The 

substrata to which diatoms attach are variable, such as stones, sand, mud, and 

macrophytes. The diatoms also indicate the present aquatic environments they prefer to 

live in. Diatoms have different tolerances to salinity, pH, and pollution in different species. 

Thus, the diatom communities reflect their habitat, light, turbulence, and water quality 

(Bennion et al. 2010) and are used for monitoring water environments worldwide (Flower 

1991). Diatoms form a silica cell wall (SiO2nH2O) called a frustule. The frustule is 

composed of two valves and girdle components. The frustule and valve structure varies 

among species, and diatom species are classified by their morphology (Round et al. 1990). 

The biogenic opal frustules often remain and are identified as fossil diatom assemblages. 

Fossil diatom assemblages in sediments have been employed to reconstruct past 

water environments such as pH, salinity, nutrient status, and lake-level changes (Battarbee 

and Flower 2003; Chiba et al. 2016; Kashima 1990; Sato et al. 2016; Vos and Wolf 1993) 

The fossil diatom assemblages were classified into ecological groups based on the diatom 

community in the modern environment in which they live (Chiba and Sawai 2014; Kosugi 

1988b; Sherrod 1999; Vos and Wolf 1988; Vos and Wolf 1993). The ecological groups 

mean the diatom assemblages is unique to a particular environment, such as open sea, 

inner bay, and tidal flat with marine or brackish water (Chiba and Sawai 2014). Naya et 

al. (2007a) is one study that reported recent environmental changes inferred from the 

fossil diatom assemblages in Lake Kitaura. The fossil diatom assemblage in Lake Kitaura 

mainly reflected salinity changes during the last 300 years with the regression. In addition, 

quantitative reconstructions using diatoms and statistical techniques were also performed 

(e.g., ter Braak and Juggins 1993). The statistical models were constructed based on 

modern diatom assemblages and their ecology to quantify the changes in past water 

qualities. The diatom-based model studies contributed to estimating changes in water 

environments, such as the nutrient state in lakes (Birks 2010). 
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2. Diatom taphonomy 

 Fossil diatom assemblages have been used to reconstruct past water 

environments, but there is a fundamental problem on the differences between modern and 

fossil diatom assemblages (Chiba 2014). The modern diatom assemblages change during 

the taphonomic processes; some species disappear on the surface sediments by 

dissolution, fragmentation, or transportation, and others are incorporated from other water 

environments or fossil origins. Sediment trap studies in Omura Bay demonstrated that the 

diatom composition changed between the diatom flora in the water column and the fossil 

diatom assemblages (Kato et al. 2000; Kato et al. 2003). After the deposition, the modern 

diatoms can be partially preserved, and the preservation ratio differs in diatom species 

(Kato et al. 2000; 2003). For example, the coastal benthic taxa Entomoneis and 

Tryblionella taxa, which have fragile valves, are dissolved immediately after death and 

are not likely to remain in the sediment (Sawai 2001). Hirose and Gotoh (2009) also found 

that Skeletonema costanum and Chaetoceros taxa, which were commonly observed in the 

water column, were rarely preserved in the surface sediment, except for the resting spore 

of Chaetoceros taxa (Suto 2006). On the other hand, Cyclotella litoralis was reported to 

be abundant in the sediments, although the species was infrequent in the water column 

(Hirose and Gotoh 2009). Palaria sulcata, marine tychoplanktonic or benthic diatom 

species, forms a chain-linking structure with thickly silicified valves (Hemphill-Haley 

1995; Sawai 2001; Sherrod et al. 1989). Thus, Hemphill-Haley (1995) excluded P. sulcata 

from paleoenvironmental reconstructions because they are easily transported by tidal 

currents and distributed widely in tidal flats. In short, diatom assemblages in modern 

sediments are exposed to taphonomic processes, such as chemical dissolution, physical 

breakage, and incorporation of allochthonous diatoms or reworked fossil diatom taxa. The 

autochthonous diatoms that live in places of sediments provide information about the in-

situ environments. On the other hand, the allochthonous diatoms, transported from their 

habitats to other environments, bias the compositions of autochthonous diatoms. Mixing 

autochthonous and allochthonous diatoms complicates the interpretation of the fossil 

diatom assemblages. Therefore, the allochthonous diatoms may mislead 

paleoenvironmental reconstructions. 

It is necessary to discriminate between autochthonous and allochthonous 

diatoms in order to interpret fossil diatom assemblages. Vos and Wolf (1993) summarized 

the criteria of autochthonous and allochthonous diatoms. For example, the different 

ecological groups, such as freshwater or marine, did not overlap in the habitats, and thus, 

at least one of the two groups must be allochthonous. However, the criteria by Vos and 

Wolf (1993) could be more practical because the different ecological groups can be 
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observed at intertidal zones. In practice, the autochthonous or allochthonous diatom is 

clarified by discriminating between the living and dead diatom in surface sediments 

(Gotoh 1978; Gotoh 1988a; Gotoh 1988b; Kosugi 1985; Kosugi 1986a; Kosugi 1986b; 

Kosugi 1989; Sawai 2001). The discrimination of living or dead diatom was developed 

using hematoxylin and eosin stains, dying the nucleus and chromatophore, respectively 

(Gotoh 1978). The comparison of the distribution of living diatom cells and dead diatom 

valves in each species allows us to estimate whether the species are allochthonous diatoms 

(Kosugi 1985). Kosugi (1986a; 1986b) applied the staining method for the sediments of 

the coastal setting in the mouth of the Obitsu River, Chiba Prefecture, Japan, and 

estimated diatom preservation based on the ratio between complete and fragmented 

diatom valves to discuss diatom transportation and sedimentation. In the tidal flat, intact 

and fragmented diatom valves experimented with different transportation processes 

(Kosugi 1986a; 1989). These studies found that the relative abundance of intact valves of 

autochthonous diatoms decreased with increasing of allochthonous diatoms deposition. 

Incorporating of allochthonous diatoms increased in the river mouth and tidal flats of the 

Obitsu River, where water movements by river and tidal currents were active. Based on 

the autochthonous diatoms in the river mouth of Obitsu River, Kosugi (1988a; 1988b) 

suggested that the diatom assemblages indicated salinity and substratum. Sawai (2001) 

classified the diatom assemblages based on vegetation, substratum, and tide level by 

recognizing the autochthonous diatom in tidal marshes of eastern Hokkaido, northern 

Japan. The ecological group in the salt marsh showed that the ratio of autochthonous and 

allochthonous diatom differed depending on the local environments. Chiba et al. (2021) 

reported the allochthonous diatoms in the coastal lowland of the Toberi River area, 

Hokkaido using hematoxylin-eosin stains. The allochthonous diatom and Neogene extinct 

diatom in the Toberi River area were excluded from the paleoenvironmental 

reconstruction (Chiba et al. 2021). Recognizing autochthonous and allochthonous diatom 

valves is essential issue to reconstruct paleoenvironments using diatom valves. 

The modern and fossil diatoms are altered in taphonomic processes, such as 

chemical dissolution (Flower 1993; Ryves et al. 2003; Shimada et al. 2003) and physical 

breakage (Beyens and Denys 1981; Kosugi 1986a; Scherer et al. 2004). The dissolution 

of diatom valves is strongly dependent on the valve surface area and volume ratio in saline 

lakes (Flower and Ryves 2009; Reed 1998; Ryves et al. 2009). Fragile diatoms such as 

fine Nitzschia and Rhizosolenia taxa readily dissolve and rarely remain in sediments, 

significantly affecting fossil diatom assemblages and their ecological interpretation 

(Flower 1993; Ryves et al. 2009; Ryves et al. 2013). The laboratory experiments on 

diatom dissolution indicated that saline and alkali water promoted diatom dissolution 
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(Flower 1993; Kamatani et al. 1980). The physical breakage of diatom valves results from 

sample preparation, bioturbation (Austin et al. 2005), compaction, and long-distance 

transport (Beyens and Denys 1981; Kosugi 1986a). Macrofauna, such as amphipods and 

gastropods, and zooplanktons, such as benthic foraminifera, can be considered to be 

grazers of diatoms (Austin et al. 2005; Haberyan 2003; Hagerthey et al. 2002; Jewson et 

al. 1981).  

The diatom transportation can play a large part in the diatom valve fragmentation. 

The allochthonous diatoms widely distribute beyond their habitats because of water 

movement in rivers and tides (Kosugi 1986a; Sherrod et al. 1989). On the other hand, 

tsunami also transport diatom assemblages to form tsunami sediments (Sawai 2014). 

Dawson (2007) demonstrated that the diatom assemblages in the tsunami sediments were 

composed of marine and freshwater diatoms with highly fragmented greater than 75%. 

However, the degree of diatom valve fragmentation varied among the tsunami sediments 

(Dura et al. 2016). Some tsunami sediments have relatively well-preserved diatom valves 

rather than intertidal areas (Dura et al. 2016). 

Diatom transportation is also important for diatom taphonomy (Chiba et al. 2011; 

Tilstone et al. 2000). For example, Sagayama (2006) reported that freshwater diatoms 

were found in the marine sediments. The relative abundances of the freshwater diatoms 

decreased with the distance from river mouths, indicating the riverine transporation. In 

addition, the transportation by waves and tidal currents causes the separation of diatom 

frustule (Sawai 2001). Cocconeis scutellum, living on seagrass, was allochthonous diatom 

valves in the tidal flat (Sawai 2001). Cocconeis scutellum strongly attaches on seagrass 

by the raphid valve, and their rapheless valves are readily separated from the raphid valve 

and widely spread in the tidal flat. Therefore, the raphid valves of C. scutellum are found 

in the seagrass vegetation zones, whereas the rapheless valves are widely spread in 

intertidal areas (Sawai, 2001). There are few previous studies evaluating diatom frustule 

separation because it is necessary to distinguish between the upper and lower valves, and 

only some taxa can be applied. The transportation of diatom valves caused changes from 

modern to fossil diatom assemblages and distorted the interpretation of fossil diatom 

assemblages based on modern diatom ecology. 

 Allochthonous diatoms occurrences in studies on sea-level change, 

geomorphological development, and tectonics in coastal areas employing diatom 

assemblages (Chiba 2014; Hassan et al. 2006). As described above, allochthonous 

diatoms in sediment is a noise to obscure paleoenvironmental reconstructions. However, 

there is a considerable room for diatom taphonomy particularly in freshwater areas. In 

terrestrial settings, a diatom-salinity transfer function model incorporating the diatom 
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dissolution was developed (Ryves et al. 2009). The taphonomic signatures related to the 

dissolution highlight that the understanding the taphonomic process along the pathway 

from the living diatom assemblages to the fossil assemblages preserved in sediment is 

necessary to utilize diatom taphonomy. The taphonomic processes result in not only 

dissolution and also fragmentation and frustule separation, and our knowledge about this 

complex process should be improved to clarify the diatom taphonomy in terrestrial 

settings. 

  

3. Significance of shallow lakes in diatom taphonomic study 

 Hassan et al. (2018) applied diatom taphonomic analysis based on valve 

fragmentation and dissolution to paleoenvironmental reconstruction in Lake Nahuel Rucá, 

Argentina. They showed the usefulness of taphonomic indices for paleoenvironmental 

reconstruction in the heterogenous shallow lake. In shallow lakes, vertical mixing, wave 

action, and inflow rivers provide a chance to estimate how diatom valves are transported 

in different sedimentary environments. Hassan et al. (2018) implied the importance of 

investigating diatom taphonomy in shallow lakes. The heterogenous environment, such 

as water quality and vegetation and sedimentological parameters were variable locally 

within shallow lakes. The diatom diversity and preservation also have variability within 

the local scale, such as differences in the aquatic vegetation (Rojas and Hassan 2017). In 

littoral areas in shallow lakes, the abundance of epiphytic or benthic diatoms promote 

benthos productivity. The productivity of planktonic diatoms develops by vertical mixing 

of lake water. Although the diatoms with high species diversity in shallow lakes are useful 

for ecological and paleoenvironmental studies, the diatom taphonomy in shallow lakes 

has been overlooked. 

 Interpretation of fossil diatom assemblages in shallow lakes is complex due to 

the heterogeneous water movement, such as vertical mixing within lakes. Lake Kitaura 

exhibits the typical physical characteristics of shallow lakes, constituting a good model 

for investigating of diatom transportation. The distribution of sediments is controlled by 

erosion, transportation, and resuspension (Naya et al. 2004a). The bottom sediments in 

the lake basin consist of silty clay, whereas sandy sediments occur in the littoral parts. 

The sedimentary distribution is predominantly affected by wind-induced waves, wind 

direction, and wind velocity due to the lake’s shallowness (Naya et al. 2004a). The 

northeast wind prevailing drives surface water and waves, and thus, vertical mixing of 

the lake water occurs. The waves transport silty-clayey sediment particles to the lake 

basin, and the fine sediments deposit during calm conditions. The sandy sediment 

particles tend to deposit in the littoral areas selectively. The northern part of Lake Kitaura 
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contains a shallow basin (water depth 2.5 m) with clay to silt deposits. In addition, the 

indented shoreline in the northern part results in a short fetch, leading to the deposition 

of fine silty clay. Except for the Tomoe River, the distribution of sandy sediment near 

inflowing rivers is limited, indicating that most inflow rivers transport a small amount of 

sediment (Naya et al. 2004a). The heterogeneous sediment distribution resulting from 

water movement can relate to the transport of diatoms in the lake. Moreover, the 

availability of previous works on the modern diatom assemblages in Lake Kitaura 

demonstrates its heterogeneity and variability in diatom composition (Naya et al. 2007b), 

implying its usefulness for studying of within-lake diatom taphonomy. 

 

4. The goal of this study 

This study aims to understand the diatom transportation process in a shallow lake 

using diatom valve fragmentation and frustule separation. Chapter 2 discussed the diatom 

transportation estimated by valve fragmentation and frustule separation in Lake Kitaura. 

In Chapter 3, the diatom transportation of benthic diatom valves was confirmed by the 

transport and provenance of other sedimentary particles in the lake-surface sediments. 
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CHAPTER 2 

Fragmentation and separation of diatom valves in modern shallow lake sediments: 

A case study in Lake Kitaura, Japan 

 

Abstract 

We investigated diatom-valve fragmentation and frustule separation in bottom 

surface sediments in Lake Kitaura, a shallow lake in Japan, to clarify how sedimentation 

processes affect diatom assemblages. Twenty-two surface-sediment samples were 

collected from Lake Kitaura in 2014. Aulacoseira spp. were characteristic planktonic taxa, 

and Cocconeis placentula and Planothidium lanceolatum were characteristic benthic taxa, 

both with monoraphid valves. The fragmentation ratios of Aulacoseira spp., the most 

abundant taxon, were higher nearshore than in the central part of the lake. Cocconeis 

placentula, an epiphytic species, was widely distributed in Lake Kitaura, and its 

fragmentation ratios increased with distance from the lakeshore. The coexistence ratios 

of the two valve types of this species decreased with distance from the lakeshore and from 

macrophytic vegetation. Planothidium lanceolatum, a fluvial benthic species, was 

abundant at the three northernmost sites near a river mouth, and the frustules of this 

species were seldom separated. These results suggest that long-distance transport 

promotes fragmentation and separation of benthic diatom valves in shallow lakes. 

 

2.1. Introduction 

Diatoms are common and widespread algae in aquatic environments from 

terrestrial to marine settings (Smol and Stoermer 2010). They form a silica frustule 

composed of two valves, which is preserved in sediments. The diatom communities 

indicate their habitat, ecology, and water environment in lakes (Bennion et al. 2010). 

Fossil diatom assemblages in lake sediments have been employed to reconstruct past 

water environments such as pH, salinity, and lake-level changes (Chiba et al. 2016; Sato 

et al. 2016; Vos and Wolf 1993). 

Diatom assemblages in lake sediments are also altered by taphonomic factors 

such as chemical dissolution and the physical breakage of diatom valves (Flower 1993; 

Hassan et al. 2018). Dissolution of diatom valves is primarily controlled by salinity and 

pH in lake waters (Ryves et al. 2001, 2009, 2013). Bioturbation (Austin et al. 2005), 

compaction, and long-distance transport (Kosugi 1986) play a large part in the physical 

breakage and fragmentation of diatom valves. Although the breakage process has been 

estimated from the ratio of complete to fragmented valves (Beyens and Denys 1981), our 

knowledge of the physical breakage and fragmentation of diatom valves during transport 
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still needs improvement. 

The robustness of diatom frustules varies between species, and thus also 

influences fragmentation, complicating the physical breakage process. For monoraphid 

diatom species, in which one valve differs from the other morphologically (i.e., they 

possess araphid and raphid valves), the different valves may experience different 

taphonomic processes (Hassan et al. 2018). The raphid and araphid valves show different 

distributions, as reported by Sawai (2001) for Cocconeis scutellum. After separation of 

the valves, waves, currents, and bioturbation disperse araphid valves, whereas raphid 

valves become concentrated near the substrata. Thus, the ratio of araphid to raphid valves 

is a promising indicator for assessing the transport process. 

The aim of this study was to examine how diatom fragmentation and frustule 

separation proceed in a shallow lake. In shallow lakes, riverine inflows and waves 

generally affect the bottom sediment, and may also influence fragmentation and 

separation during the transport of diatom frustules. The diatom assemblages in Lake 

Kitaura sediments provide an excellent chance to assess how transportation processes 

alter the diatom fragmentation and separation in the shallow lake sediments through 

transport from riverine and lakeshore inputs and via wind-driven sediment resuspension. 

 

2.2. Study area 

Lake Kitaura is a freshwater lagoon lake located in the southeastern part of 

Honshu Island, Japan (Fig 2-1. Appendix A 1A). The lake has an area of 35.2 km2, a 

perimeter of 64 km, a maximum water depth of 7 m, and an average water depth of 4.5 

m with the northern part relatively shallow. Among the twenty-two river inflows, the 

Rivers Tomoe and Hokota at the northernmost part of the lake have the highest and 

second-highest flow rates, with catchment areas of 131.8 km2 and 52.7 km2, respectively 

(Fujita et al. 2006). The River Wani is the sole outflow from Lake Kitaura to the south, 

and connects to Lake Sotonasakaura. Reed vegetation occurs around part of the lakeshore, 

particularly near the mouths of the Rivers Tomoe, Hokota, and Yamada. 

The Pleistocene plain around Lake Kitaura formed mainly during the last 

interglacial. The incision of the River Tomoe formed the basin of Lake Kitaura during the 

last glacial period (Kashima 1990; Saito et al. 1990). Lake Kitaura was a bay during the 

mid-Holocene transgression at 10,000–5500 yr BP, and burial of the bay mouth by a tidal 

flood delta began at 4500–2500 yr BP. In the 17th century, redirection of the River Tone 

to its present-day path buried the bay mouth completely. As a result, the lake water 

changed from brackish to fresh–brackish. In the 1970s, the River Hitachi tide gate was 

constructed (Fig. 2-1A) and the lake water became fresh, with a present-day salinity of 
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0.06 ‰ and pH of 8.8 (Ibaraki Prefectural Government 2021; Naya et al. 2007a). 

Lake Kitaura is a good model area to study shallow lake environments because 

of the extensive knowledge available about its sediments and diatoms. The distribution 

of Lake Kitaura sediments is determined by erosion, transportation, and resuspension 

(Naya et al. 2004a). The bottom sediments in the lake basin consist of silty clay. Sandy 

sediments occur in the littoral parts at 0.5–3.5 m water depth. The sediment distribution 

is predominantly affected by wind-induced waves, wind direction, and wind velocity 

because of the lake’s shallowness (Naya et al. 2004a). The northeast wind prevailing 

around Lake Kitaura drives surface waves and thus vertical mixing of the lake water. The 

waves transport silty-clayey sediment particles to the lake basin, whereas sandy sediment 

particles are left in the littoral areas. The northern part of Lake Kitaura contains a shallow 

basin (water depth 2.5 m) with clay to silt deposits. The short fetch by the indented 

shoreline leads to deposition of fine silty clay. Except for the Tomoe River, the distribution 

of sandy sediment near inflowing rivers is limited, indicating a small riverine influence 

on the grain-size distribution (Naya et al. 2004a). The heterogeneous sediment 

distribution resulting from water movement can be relevant for the transport of diatoms 

in the lake. 

Naya et al. (2007b) reported the taxonomy and spatial distribution of diatoms in 

the bottom surface sediments of Lake Kitaura and suggested that the diatom assemblages 

comprised a mixture of taxa that originated from different habitats (water column, 

shoreline macrophyte zone, and inflowing rivers). The diatom assemblages imply the 

existence of autochthonous and allochthonous diatoms. Autochthonous diatoms are 

deposited in their habitat. In contrast, allochthonous diatoms are affected by 

transportation. Some benthic diatoms attached to substrata in littoral areas are carried to 

offshore locations, and then they can be regarded as allochthonous valves. The 22 rivers 

that flow into Lake Kitaura carry suspended particles, including allochthonous diatom 

valves. A sediment-trap study demonstrated that sediments and diatom valves are 

resuspended and laterally transported by the wind-driven lake circulation (Naya et al. 

2004b). These reworked diatoms may also represent allochthonous valves. 

 

2.3. Materials and methods 

2.3.1. Sample collection 

Surface-sediment samples were collected at 22 sites (called “kt01–kt22” from 

north to south) in Lake Kitaura during August and September 2014 using a gravity short 

corer with a diameter of 7 cm (Fig. 2-1B, C, Appendix A). Water depths at the sampling 

sites were measured with a sounding lead and ranged from 1.6 to 7.3 m (Appendix A). 
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Distance of sampling sites from the nearest lakeshore (called “distance to nearshore”) 

ranged from 100 to 930 m, and from the nearest aquatic vegetation zone (called “distance 

to vegetation”) ranged from 114 to 1623 m (Geospatial Information Authority of Japan, 

2018). The top 5 cm of the sediment samples were placed in plastic bags, and each sample 

was stored in a laboratory refrigerator. Subsequently, wet samples were freeze-dried with 

a freeze dryer (FDU-1200, EYELA, Tokyo, Japan). 

 

2.3.2. Diatom analysis 

Approximately 0.05 g of freeze-dried sample was put into a 50-mL plastic tube 

and treated with 2 mL of 15% hydrogen peroxide in a water bath at 80 °C for 1 h to 

decompose organic matter. The suspended sample was diluted with distilled water to 20 

mL to stop the reaction. For each suspended sample, 1 mL was dropped onto a coverslip 

and dried at room temperature. The dried samples were mounted on glass slides with 

Pleurax (Mount media, Fujifilm Wako Chemicals Corp., Osaka, Japan). Three hundred 

diatom valves were identified on each slide using a light microscope equipped with a 

100× magnification oil immersion objective lens (BX53, Evident Co, Tokyo, Japan). 

Diatom taxa were identified following Round et al. (1990), Idei (2000), Watanabe (2005), 

Kobayasi et al. (2006), and Naya et al. (2007b). The diatom lifeform and habitat were 

based on Naya et al. (2007b) and Vos and Wolf (1993). Each diatom valve was classified 

as complete or fragmented. A fragmented valve was defined as a partially broken valve if 

at least 60% of the valve was present. Araphid and raphid valves of monoraphid taxa (i.e., 

Cocconeis and Planothidium) were counted separately. Additional counting of fifty 

valves of Cocconeis placentula was performed for each site to exclude the effect of 

differences in relative abundance. 

 We performed scanning electron microscopy (SEM) observation of the fine 

structures of diatom valves. The pretreated suspensions were filtered through a membrane 

filter (Advantech Co. Ltd., 0.45 µm pore size, 25 mm diameter) and dried at room 

temperature. The filtered samples were cut into 5-mm squares, taped onto an aluminum 

stub, and coated with OsO4 using an osmium coater (Neoc-ST, Meiwafosis Co. Ltd., 

Tokyo, Japan). SEM observations were performed using a field-emission SEM (Regulus 

8230, Hitachi High-Tec Co, Tokyo, Japan) with a 1 kV acceleration voltage, 10 µA 

emission current, and a working distance of 1.3 mm. 

The diatom-valve-fragmentation ratio (Fr), the ratio of fragmented valves to 

total counted valves, was calculated for each diatom taxon (Supplementary data) as: 

𝐹𝑟 =  
𝐷

𝑁𝑣
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where D is the number of fragmented valves and Nv is the total number of valves for each 

diatom taxon. Fr values range from zero to one: zero means that no fragmented valves 

are present, whereas one means that all valves are fragmented. Fr values were calculated 

for species with an abundance of more than five valves in at least one sample. We selected 

Aulacoseira spp., Cyclostephanos dubius, Cyclotella meneghiniana, Actinocyclus 

normanii f. subsalsa, Stephanodiscus hantzschii f. tenuis, Staurosira venter, Navicula 

spp., Achnanthidium spp., Planothidium spp., Psammothidium spp, and Cocconeis 

placentula for Fr analysis in this study. 

 For monoraphid taxa, the raphid and araphid valves were counted separately. The 

coexistence ratio of raphid and araphid valves (Cv) was calculated for each taxon as: 

𝐶𝑣 = 1 −  
|𝐴 − 𝑅|

𝑁𝑐
 

where A and R are the counts of araphid and raphid valves, respectively, and Nc is the 

total population of each taxon (Shimoyama 1989), i.e., the greater number of araphid and 

raphid valves in each sample. The Cv index ranges from zero to one. If the counts of 

araphid and raphid valves are the same, the Cv index is one. If all valves in a sediment 

sample are araphid (or raphid), the Cv index is zero. Sawai (2001) demonstrated that the 

distribution patterns of raphid and araphid valves of Cocconeis scutellum differed in a 

tidal marsh: raphid valves were attached to the substrata and were more abundant near 

habitats, whereas araphid valves were moved easily by water movements (e.g., tidal 

action) and were widely dispersed. The Cv index increases when more autochthonous 

diatoms accumulate near their habitat. We selected two benthic monoraphid taxa, 

Cocconeis placentula and Planothidium lanceolatum, for the Cv analysis of Lake Kitaura 

samples.  

We conducted the following data analyses using R software (version 4.0.4) with 

the ‘stats’ and ‘vegan’ packages. Hierarchical cluster analysis was conducted for the 

relative abundances of encountered diatom taxa at the species or genus level to identify 

the major environmental gradient underlying variation of diatom assemblages in the lake. 

The Bray–Curtis dissimilarity matrix and unweighted pair group method with arithmetic 

mean were used for the cluster analysis. Spearman’s correlation analysis was applied to 

examine the relationship between Fr and Cv for each diatom taxon and the distance 

tonearshore, water depth, and distance from macrophytic vegetation. In addition, 

univariate regression analysis was conducted with Fr or Cv as the independent variable 

and distance to nearshoreas the dependent variable to show the relationships between 

taphonomic signatures of planktonic and benthic diatoms and environmental variables. 
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2.4. Results 

2.4.1. Diatom assemblages in Lake Kitaura 

Fifty diatom taxa were identified in the surface sediments at 22 sites in Lake 

Kitaura (Fig. 2-2, Appendix B). Planktonic taxa dominated the surface sediments of Lake 

Kitaura, exceeding 70% of the assemblages except at the northern sites kt01–kt03 (Fig. 

2-3A). The abundances of tychoplanktonic taxa increased near the River Tomoe (Fig. 2-

3B). Similarly, the relative abundances of benthic taxa were greater than 15% in the 

northern part of the lake (kt01–kt03; Fig. 2-3C). At these three sites near the mouth of the 

River Tomoe, 19–57% of the diatom assemblages consisted of benthic taxa. Relatively 

abundant benthic taxa were found at southern sites kt20–kt22.  

Fifteen diatom taxa each formed more than 5% of the assemblage in at least one 

sample of Lake Kitaura’s surface sediments. Of these taxa, Aulacoseira ambigua, 

Aulacoseira granulata, Aulacoseira pusilla, Actinocyclus normanii f. subsalsa, 

Cyclostephanos dubius, Cyclotella meneghiniana, and Stephanodiscus hantzschii f. 

tenuis are planktonic; Staurosira venter, Pseudostaurosira spp., and Staurosirella spp. are 

tychoplanktonic; and Nitzschia spp., Gomphonema spp., Navicula spp., Cocconeis 

placentula, Achnanthidium spp., Planothidium spp., and Psammothidium spp., are 

benthic (Fig. 2-4). Aulacoseira ambigua and A. granulata were the representative 

planktonic taxa in Lake Kitaura’s surface sediments, but not at the four northern sites 

(kt01–kt04; Fig. 2-4A, B). The relative abundances of A. pusilla were lower than those of 

A. ambigua and A. granulata (Fig. 2-4 C). The relative abundances of Cyclostephanos 

dubius was higher in the southern part of the lake (Fig. 2-4E). Cyclotella meneghiniana 

was distributed mainly in the center of the lake, and was much less abundant at sites near 

river mouths (kt01, kt04, kt07, kt12, and kt16) and southern sites kt20–kt22 (Fig. 2-4F). 

Staurosira venter was the major tychoplanktonic taxon (Fig. 2-4H–J). Navicula spp., 

Achnanthidium spp., Planothidium spp., and Psammothidium spp. were the major benthic 

taxa (Fig. 2-4M, O). Planothidium lanceolatum was the most abundant taxon at the three 

northernmost sites. Cocconeis placentula showed a maximum abundance at the mouth of 

the River Tomoe (kt02; Fig. 2-4N). Navicula spp. was abundant at site kt01 at the mouth 

of the River Tomoe (Fig. 2-4M).  

 The 22 sites were divided into two clusters: cluster Ⅰ and cluster Ⅱ, with a 

dissimilarity of 0.5 (Fig. 2-5, Appendix A). The results of the hierarchical cluster analysis 

reflected that diatom assemblages at sites kt01–kt03 were abundant benthic and 

tychoplanktonic taxa (Fig. 2-4, Appendix C). Cluster Ⅰ consists of samples from water 

shallower than 4 m depth. Cluster Ⅱ contains sites deeper than 4 m water depth on a flat 

plain: kt06–k22. 
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2.4.2. Valve fragmentation and frustule separation 

The range of Fr in Lake Kitaura sediments differed among diatom species and 

sampling sites (Fig. 2-6). Aulacoseira species and Stephanodiscus hantzschii f. tenuis 

showed low Fr values compared to the other planktonic taxa, i.e., Cyclostephanos dubius, 

Cyclotella meneghiniana, and Actinocyclus normanii f. subsalsa (Fig. 2-6). Staurosira 

venter had a low Fr value (<0.1) at almost all sites. Navicula spp. and Cocconeis 

placentula were highly fragmented. The spatial patterns of the Fr values of Aulacoseira 

ambigua and A. granulata showed that they tended to increase at relatively shallow sites 

(Fig. 2-7). The Fr values of Aulacoseira ambigua and A. granulata showed peaks at the 

Rivers Tomoe (kt02) and Gantsu (kt16), and at the southern littoral site (kt20). Fr of A. 

ambigua was also high at site kt10. 

The Cv variations in C. placentula and P. lanceolatum showed different patterns 

(Fig. 2-7C and D). The Cv values of C. placentula were highest at the northern site kt03 

and the southernmost site kt22. In contrast, Planothidium lanceolatum showed 

sporadically high Cv values at sites kt01, kt07, kt17, and kt20. 

We focused on the valve fragmentation and frustule separation of Cocconeis placentula, 

which occurred ubiquitously in the sediments of Lake Kitaura. Fr and Cv values were 

calculated from data on 50 C. placentula valves for each sample (Fig. 2-8). The Fr values 

increased from north to south, and the lowest values were found at sites kt02 and kt07, 

which are close to river mouths. The Fr values of araphid valves exhibited a trend similar 

to that of Fr of whole valves, but Fr of raphid valves was different. The Cv values were 

higher at river mouths (kt02 and kt07) and the southernmost site (kt22). The spatial 

pattern of Fr values was a mirror image of that of the Cv values (R = −0.64).  

 

2.4.3. The relationships of valve fragmentation, frustule separation, and environmental 

variables 

The Fr values of A. ambigua and A. granulata showed a weak negative 

correlation with distance to nearshore (R = −0.25 and −0.44, respectively; Fig. 2-9A and 

B, Table 2-1). The highest correlation with Fr of A. granulata was distance to nearshore 

(Fig. 2-9B). In addition, Fr and Cv of C. placentula were correlated with water depth (R 

= 0.42 and −0.30, respectively), distance to nearshore (R = 0.80 and −0.47, respectively), 

and distance from neighboring aquatic macrophytic vegetation (distance to vegetation, R 

= 0.57 and −0.52, respectively). Thus, the highest correlation with Fr of C. placentula 

was distance to nearshore (Fig. 2-9C).  
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2.5. Discussion 

2.5.1. Diatom distribution in Lake Kitaura 

Diatom assemblages in the surface sediments of Lake Kitaura were composed of 

autochthonous and allochthonous specimens. Abundant Aulacoseira at most sites indicate 

a high contribution of autochthonous planktonic taxa in the diatom assemblages. Naya et 

al. (2007b) also reported that Aulacoseira taxa were the dominant diatoms in the surface 

sediments of Lake Kitaura, suggesting that this group is the major primary producer. A 

sediment-trap study observed flux peaks of both vegetative cells and empty valves of 

Aulacoseira taxa during spring and fall (Naya et al. 2004b). Aulacoseira taxa (A. ambigua, 

A. granulata, and A. pusilla) form resting spores after the spring bloom, which sink to the 

lake bottom in the oligotrophic summer (Kilham and Kilham 1975; Tsukada et al. 2006). 

The restarting of lake-water circulation in the fall brings the Aulacoseira resting spores 

to the surface water, where they revert to vegetative cells. Therefore, Aulacoseira taxa in 

Lake Kitaura’s sediments are a mixture of autochthonous specimens that have sunk 

directly from the surface water and reworked valves that were transported by lake-

sediment resuspension. 

Benthic diatom taxa, such as Navicula, Cocconeis, Achnanthidium spp., 

Planothidium spp., and Psammothidium spp., in Lake Kitaura’s sediments were 

transported from inflowing rivers and littoral areas. In particular, notable contributions of 

autochthonous benthic taxa were found at the northern sites (cluster Ⅰ) near the mouth of 

the River Tomoe (Figs. 2-4 and 2-5). In contrast, the allochthonous valves are transported 

offshore (Naya et al. 2007b). Planothidium lanceolata and Cocconeis placentula dwell 

on substrata of inflowing rivers or on macrophytes. Thus, the presence of these benthic 

taxa can indicate transport of material from rivers and littoral areas. The presence of 

autochthonous diatoms (Planothidium and Cocconeis) in an assemblage can be explained 

by transport by inflowing water and valve fragmentation and frustule separation. 

 

2.25.2. Fragmentation of planktonic diatoms 

We discuss the sedimentation of Aulacoseira taxa as representative of planktonic 

diatoms in Lake Kitaura. The Fr values of Aulacoseira taxa were lower than those of 

other planktonic taxa—Cyclostephanos dubius, Cyclotella meneghiniana, and 

Actinocyclus normanii f. subsalsa (Fig. 2-6)—because of differences in valve shape and 

silicification. Aulacoseira taxa have heavily silicified cylindrical valves, whereas the 

other planktonic taxa have less silicified discoid valves, leading to selective valve 

fragmentation and dissolution (Ryves et al. 2001). Remains of Aulacoseira pusilla, which 

is a small species with valves measuring less than 10 µm in both diameter and height, 
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were less fragmented than remains of A. ambigua and A. granulata. The Fr values of the 

discoid valves of Stephanodiscus hantzschii f. tenuis are lower than those of the discoid 

valves of other planktonic taxa such as Cyclostephanos dubius, Cyclotella meneghiniana, 

and Actinocyclus normanii f. subsalsa. Naya et al. (2007b) reported that the relative 

abundances of A. pusilla and Stephanodiscus species were positively correlated with sand 

content, and were high in littoral areas despite disturbance by wave erosion. Aulacoseira 

pusilla and Stephanodiscus spp. may be less influenced by wave action than other taxa 

(Naya et al. 2007b), and so the Fr values of these taxa were lower. Among the Aulacoseira 

taxa, the Fr values of A. ambigua and A. granulata were weakly correlated with distance 

to nearshore (Fig. 2-9A and B, Table 2-1). Naya et al. (2004a) suggested that lake currents 

and waves resuspend sediments in the lake basin; however, the Fr values of Aulacoseira 

taxa were lower in the center of the lake (sites kt13–kt15, kt17, and kt19) regardless of 

the influence of resuspension. The ecological features of requirement of turbulence 

(Hassan et al. 2018) and formation of resting spores (Anderson 2010; Hassan 2013; 

Schelske et al. 1995) suggest that vertical mixing is unimportant for valve fragmentation 

of Aulacoseira taxa. Aulacoseira valve fragmentation is likely to take place in river 

mouths and littoral areas where littoral erosion and wave-related transport occur (Fig. 2-

7). However, the correlation between Fr and distance to nearshore was not strong (Fig. 2-

9A and 2-9B). Aulacoseira taxa can also be found as tychoplanktonic species (Kobayasi 

et al. 2006), which may have caused the weak correlation between Aulacoseira Fr and 

distance to nearshore. 

 

2.5.3. Transportation of benthic diatoms 

 Monoraphid diatom species provide clues for estimating the transport of 

allochthonous diatoms because of the differing in the attachment to the substrata between 

the raphid and araphid valves (Sawai 2001). The high abundances and Cv values of P. 

lanceolatum at sites near river mouths suggest transport of this species from the inflowing 

rivers, such as the rivers Tomoe and Hokota (kt01; Fig. 2-7). Planothidium lanceolatum 

may be attached to the substrata by the raphid valve in streams (Chen et al. 2017). The 

decrease in both Cv and abundance from kt01 to kt02 suggests frustule separation (Fig. 

2-7). The high Cv values of P. lanceolatum in the offshore sites (kt17 and kt20; Fig. 2-7) 

indicate transport of valves as frustules. In contrast, the wide distribution of C. placentula 

suggests that remains of this species are transported from the inflowing rivers and littoral 

areas. The southernmost site (kt22) showed a high Cv value that is comparable to those 

of the northern sites (kt02 and kt07; Fig. 2-8). Cocconeis placentula lives attached to 

macrophytes by its raphid valve (Rojas and Hassan 2017), and has been demonstrated to 



21 
 

dominate emergent, submersed, and rooted floating macrophytes in a shallow eutrophic 

lake (Hassan et al. 2018). The reed vegetation of Lake Kitaura is a potential habitat for C. 

placentula and source of autochthonous valves. Overall, the Cv trends reflect the origin 

and transport of P. lanceolatum and C. placentula in the lake sediments. 

The negative correlation between Fr and Cv of C. placentula in Lake Kitaura 

indicates that transport affects the valve fragmentation and frustule separation. The 

difference between the Fr values of raphid and araphid C. placentula valves suggests that 

valve fragmentation mainly occurs during transport. Diatom-valve fragmentation is 

controlled by long-distance transportation (Dawson 2007; Kosugi 1989), bioturbation 

(Austin et al. 2005), and chemical dissolution (Ryves et al. 2006). Hassan et al. (2018) 

showed that the preservation of C. placentula was better in the macrophyte zone than in 

open-water environments. Bioturbation should not affect the araphid and raphid valves 

selectively, and chemical dissolution is unlikely in freshwater lakes with a near-neutral 

pH. Considering the correlation between Fr of the araphid valve and distance to nearshore, 

we suggest that valve fragmentation of C. placentula in Lake Kitaura is mainly caused by 

long-distance transport, demonstrating the importance of Fr and Cv as autochthonous 

indicators. 

 

2.5.4. Diatom taphonomic process and implications for shallow lakes 

The Fr and Cv values of benthic diatom taxa in surface sediments, particularly 

for monoraphid taxa such as Planothidium and Cocconeis species, are feasible indicators 

of the provenance and transport of diatom valves. The monoraphid Cocconeis and 

Planothidium taxa are often found in sediment samples from shallow lakes (Dong et al. 

2007; Rojas and Hassan 2017; Ryves et al. 2009). These diatoms are attached to substrata, 

especially macrophytes, so they are a means of detecting the localities where those 

diatoms live. The high Cv values of C. placentula based on counting 50 valves per sample 

showed that autochthonous valves accumulated at sites near river mouths (Figs. 2-7 and 

2-8A). The Fr index is helpful for indicating the transport distance: higher values suggest 

a greater transport distance. However, the Fr values of the raphid valves were weakly 

correlated with distance to nearshore because these valves, being attached to macrophytes, 

are difficult to transport. The positive correlation between the araphid valve Fr values and 

distance to nearshore suggests that these valves become fragmented during transport.  

 The Fr values of Aulacoseira taxa indicate the sedimentation process in the 

shallow lake regardless of the complex ecology. Aulacoseira taxa commonly live in 

shallow freshwater lakes (Anderson and Odgaard 1994; Dong et al. 2007; Flower 1991; 

Ryves et al. 2013). They dominate in the lake center but also dwell in littoral areas 
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(Kobayasi et al. 2006). Aulacoseira ambigua, A. granulata, and A. pusilla form thick, 

robust resting spores (Kilham and Kilham 1975; Tsukada et al. 2006). In shallow lakes, 

resuspension causes reworking of diatom assemblages (Hassan et al. 2018; Naya et al. 

2004b). The consistently low Aulacoseira Fr values suggest that most Aulacoseira 

specimens in Lake Kitaura are autochthonous. A slight increase in the Fr values of 

Aulacoseira in the littoral area reflects lateral movement of valves by resuspension. 

Aulacoseira taxa grow in the water column and are deposited in central areas of the lake 

as autochthonous valves. The reworked valves of Aulacoseira were transported to a 

littoral area with fragmentation. However, Aulacoseira taxa can live in the littoral area as 

tychoplankton, and thus, the Aulacoseira Fr patterns can sometimes be equivocal 

compared to those of benthic taxa (kt01; Fig. 2-7). 

 Benthic diatom taxa can help to understand diatom taphonomy in shallow lakes 

because of their specific habitats and behaviors related to riverine inflow and aquatic 

vegetation. Benthic diatoms living in shore regions or rivers are transported into the lake 

and spread to the lake center. Autochthonous valves of benthic diatoms are mainly 

deposited near areas of reed vegetation (Flower 1993) and are well preserved (Hassan et 

al. 2018). Without vegetation in littoral areas, fine-grained benthic diatom valves are 

readily washed out by waves. Monoraphid benthic diatom taxa demonstrate how transport 

of benthic diatoms from the lakeshore to offshore regions results in selective removal of 

the araphid valves, causing the coexistence ratio of the paired valves to decrease (Sawai 

2001). The Cv and Fr taphonomic indices can help to interpret diatom-assemblage data, 

and thus improve paleoenvironmental reconstructions based on diatom assemblages from 

sediments of shallow lakes. 

 

2.6. Conclusions 

We studied diatom assemblages in surface sediments from Lake Kitaura, and 

found that valve fragmentation and frustule separation differed by species, habitat, and 

ecology. Valve fragmentation of Aulacoseira taxa likely occurs in river mouths and 

lakeshore areas, not the lake center. Vertical mixing and resuspension in the water column 

are unlikely to promote fragmentation of Aulacoseira valves. Benthic diatom taxa for 

which both valves coexist in river mouths and lakeshore areas are autochthonous. The 

raphid valves of Cocconeis placentula were restricted to areas near the shore with reed 

vegetation, whereas the araphid valves were spread from the shore to offshore. The 

species’ ecology and habitat caused both valves to behave differently and become 

separated. The Fr of C. placentula was more sensitive to the distance from the nearest 

shore and can be a good indicator of diatom transport from littoral areas. The Cv values 
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also indicated transport of diatoms from their life habitat. However, the relationships 

between diatom-transport processes and sediments need to be clarified. In the future, 

sedimentological and chemical analyses should be conducted to confirm diatom-transport 

processes. 
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Table 2-1 Spearman’s correlation coefficients between taphonomic signatures (Fr and 

Cv) of Cocconeis placentula and Aulacoseira taxa and water depth, distance to 

nearshore, and distance to vegetation 

 Fr of 

Cocconeis 

placentula 

Water depth 

(m) 

Distance to 

nearshore (m) 

Distance to 

vegetation 

Fr of Cocconeis 

placentula 
- 0.42 0.80 0.57 

Cv of Cocconeis 

placentula 
-0.62 -0.30 -0.47 -0.52 

Fr (Araphid valve) 0.83 0.34 0.74 0.57 

Fr (Raphid valve) 0.65 0.33 0.43 0.24 

Fr of Aulacoseira 

ambigua 
- -0.04 -0.25 - 

Fr of Aulacoseira 

granulata 
- -0.22 -0.44 - 
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Fig. 2-1. Field setting. (A) Location of Lake Kitaura, Japan. (B) Map of the sampling sites 

(numbered) of lakebed-surface sediments in Lake Kitaura in 2014. Black solid and dashed 

lines denote inflowing rivers with watershed areas greater than and less than 8 km2, 

respectively. The River Wani (dotted line) is the only outflowing river. (C) Lake 

bathymetry. Points denote the sampling sites shown in (B).  
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Fig. 2-2. Light microscopic and SEM images of diatoms from lakebed-surface sediments. 

(A) Planktonic taxa: (1a, 1b, 8) Aulacoseira ambigua, sites kt02 and kt03; (2, 9) A. 

granulata, kt02; (3) A. pusilla, kt08; (4) Actinocyclus normanii f. subsalsa, kt20; (5, 10) 

Cyclostephanos dubius, kt02; (6) Cyclotella meneghiniana, kt02; (7, 11) Stephanodiscus 

hantzschii f. tenuis, kt11 and kt02. (B) Tychoplanktonic and benthic taxa: (1a) Staurosira 

venter, site kt03; (1b) Pseudostaurosira spp., kt17; (2) Staurosirella berolinensis, kt21; 

(3) Staurosira leptostauron var. dubia, kt03; (4) Gomphonema truncatum, kt02; (5) 

Navicula lanceolata, kt02; (6) Navicula amphiceropsis, kt02; (7) Cocconeis placentula, 

kt02 (a, araphid valve; b, raphid valve); (8) Planothidium lanceolatum, kt01 (a, araphid 

valve; b, raphid valve); (9) Nitzschia amphibia, kt03; (10) Nitzschia perminuta, kt01; (11) 

Nitzschia subacicularis, kt02. 
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Fig. 2-3. Distributions of the relative abundances of (A) planktonic taxa, (B) 

tychoplanktonic taxa, and (C) benthic taxa in Lake Kitaura. 
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Fig. 2-4. Relative abundances of diatom taxa in surface sediments for taxa that constituted 

more than 5% of the assemblage at at least one site. Planktonic taxa: (A) Aulacoseira 

ambigua, (B) Aulacoseira granulata, (C) Aulacoseira pusilla, (D) Actinocyclus normanii 

f. subsalsa, (E) Cyclostephanos dubius, (F) Cyclotella meneghiniana, and (G) 

Stephanodiscus hantzschii f. tenuis. Tychoplanktonic taxa: (H) Staurosira venter, (I) 

Pseudostaurosira spp., and (J) Staurosirella spp. Benthic taxa: (K) Nitzschia spp., (L) 

Gomphonema spp., (M) Navicula spp., (N) Cocconeis placentula, and (O) Achnanthidium 

spp., Planothidium spp., and Psammothidium spp.  
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Fig. 2-5. Dendrogram of diatom assemblages in Lake Kitaura calculated by hierarchical 

cluster analysis. Sample dissimilarities of each sample calculated by the Bray–Curtis 

distance for diatom abundance. 
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Fig. 2-6. Boxplots of Fr values in dominant diatom species. Boxes denote 25–75 percent 

quartiles. Vertical lines show the median. Error bars indicate maximum and minimum 

values. The n values denote sample sizes in clusters Ⅰ and Ⅱ. 
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Fig. 2-7. Fr values of (A) Aulacoseira ambigua and (B) A. granulata, and Cv values of 

(C) Cocconeis placentula and (D) Planothidium lanceolatum at each sample site. Gray 

circles show the Fr and Cv values.  
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Fig. 2-8. Cv and Fr values for Cocconeis placentula. (A) Cv values obtained by counting 

50 valves in each sample. (B) Fr values obtained by counting 50 valves in each sample. 

(C) Fr values of the araphid valves. (D) Fr values of the raphid valves. 
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Fig. 2-9. Univariate regression of distance to nearshore and Fr values of (A) Aulacoseira 

ambigua, (B) Aulacoseira granulata, and (C) Cocconeis placentula. (D) Univariate 

regression of distance to vegetation and Cv values of Cocconeis placentula. The solid 

lines show the regression lines, and the dotted lines denote 95% confidence intervals. 



CHAPTER 3 
Transportation process of diatom valves revealed by geochemical, mineralogical, 
and grain size analysis in modern shallow lake sediments from Lake Kitaura, Japan 

Abstract 
The diatom transportation discussed in the previous chapter has yet to 

demonstrate its relationship with other sedimentary particles. In this chapter, the 
relationships between diatom-taphonomic signatures and transportation processes of 
clastic sediments were investigated using geochemical, mineralogical, and grain-size 
analysis of the lake sediments. Twenty-two surface-sediment samples in Lake Kitaura 
were prepared sequentially to remove carbonate, organic matter, and biogenic opal, 
and then, X-ray fluorescence, X-ray diffraction, and grain size distribution were 
analyzed. The chemical and mineral composition implied the supplies of clastic 
sediments from the inflow rivers and the difference in sources of the sediments. The 
grain size distributions contained five or six distinct log-normal grain-size 
distributions and were separated to discuss the sedimentary process in each 
component. The log-ratio transformation of the components demonstrated two coarser 
components were varied, reflecting the sources and sedimentary transport of clastic 
sediments. The agreement of clastic sediment behavior and diatom valve 
fragmentation or frustule separation demonstrated that benthic diatom valves had been 
transported offshore from their habitat by hydraulic transportation and were highly 
fragmented by wave disturbance. This study can contribute to the discrimination 
of allochthonous diatoms and provenance studies of benthic diatoms in shallow lakes. 

3.1. Introduction 
Diatoms are unicellular algae with biogenic silica frustules preservable in 

sediments. Fossil diatom assemblages have been used for paleoenvironmental 
reconstructions based on the knowledge of modern diatom assemblages and their habitats 
(Chiba et al. 2016; Sawai et al. 2016; Vos and Wolf 1993). Taphonomic processes must 
be assessed when reconstructing the paleoenvironmental changes based on fossil diatom 
assemblages (Chiba et al. 2021; Hassan et al. 2018; Vos and Wolf 1993). The diatom 
valves alter due to chemical dissolutions, bioturbation, and physical breakage (Beyens 
and Denys 1981; Flower 1993; Ryves et al. 2003; Shimada et al. 2003). The physical 
breakage makes diatom valves fragmented during transportation (Beyens and Denys 
1981; Kosugi 1986). Most diatom frustules would separate into valves during 
transportation in a tidal flat (Sawai 2001) and a shallow lake. The diatom fragmentation 
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and frustule separation can indicate the incorporation of allochthonous diatom valves or 
provenance from their habitats. Kumisaka et al. (2024) discussed the transportation 
process of diatoms in Lake Kitaura, a shallow lake in Japan, based on the spatial variation 
of the diatom valve fragmentation ratio (Fr) and frustule separation ratio (Cv) of benthic 
diatoms. The Fr and Cv varied by long-distance transportation and the incorporation of 
autochthonous diatom in Lake Kitaura. However, the transportation of diatom valves in 
Lake Kitaura has not yet to be demonstrated their relationship with other sedimentary 
particles, such as clastic sediments. Sedimentological studies investigating sediment 
properties and processes are necessary to confirm the transport and provenance of diatom 
valves. Geochemical, mineralogical, and grain-size analyses of lake sediments can reveal 
the provenance and transportation processes of sediments. The grain size distribution of 
lake sediments provides the depositional environments, hydrodynamics, and provenances 
(Dietze et al. 2012; Dietze et al. 2014; Kumon et al. 1993), suggesting the hydraulic 
transportation of sediments. The transportation of sediments improves the interpretation 
of the incorporation and long-distance transportation of diatom valves that involved valve 
fragmentation and frustule separation. 
 This study aims to clarify the relationships between diatom-taphonomic 
signatures and transportation processes of clastic sediments. We compare clastic particles 
with the diatom Fr and Cv to assess the transportation of diatom valves in Lake Kitaura. 
In shallow lakes, inflow rivers and waves often affect sediment compositions and 
sedimentary processes. The diatom assemblages in Lake Kitaura sediments provide an 
opportunity to assess the diatom transportation in shallow lake sediments because of the 
heterogeneity of sediment transport. This study can contribute to the diatom 
transportation and provenance in the diatom taphonomic study in shallow lakes. 
 
3.2. Material and methods 
3.2.1. Study area 
 Lake Kitaura is a freshwater lagoon lake in the southeastern part of Honshu 
Island, Japan, with a 35.2 km2 surface area, a 7 m maximum water depth, and a 4.5 m 
average depth. The twenty-two river inflows, and one river, the Wani River, outflows. The 
Tomoe River at the northernmost part of the lake has the highest flow rates, with 
catchment areas of 131.8 km2  (Fujita et al. 2006). Most of the catchment area of Lake 
Kitaura mainly consists of Late Pleistocene sediments and Holocene deposits (Fig. 3-1A). 
Sedimentary rocks around Mt. Tsukuba are distributed upstream of the Tomoe River. The 
other inflow rivers flow into Lake Kitaura from Pleistocene sediments. 
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 The sedimentary process in Lake Kitaura is controlled by erosion, transportation, 
and resuspension derived from prevailing winds (Naya et al. 2004a). The wind direction 
and wind velocity affect the wave and vertical mixings of the lake water because of the 
lake’s shallowness. (Naya et al. 2004a). The water movements transport silty-clayey 
sediment offshore, leaving sandy sediment in the littoral areas. A sediment-trap study 
demonstrated that sediments and diatom valves are resuspended and laterally transported 
by the wind-driven lake circulation (Naya et al. 2004b). On the other hand, the shallow 
basin in the northern part of Lake Kitaura has clay-to-silt sediments because the wave 
disturbances become weaker in the short fetch areas. The inflowing rivers, especially the 
Tomoe River, also supply coarser sediments (Naya et al. 2004a).  
 
3.2.2. Sample collection and preparation 

Surface sediment samples were collected at 22 sites (called “kt01–kt22” from 
north to south; Fig. 3-1B) in Lake Kitaura  (details in Kumisaka et al. (2024)). The wet 
sediment samples were dried at 40ºC overnight with a natural convection oven. 

The surface sediments were sequentially subjected to carbonate removal, organic 
matter decomposition, and biogenic opal removal to extract clastic sediments. Each 
sediment was weighted about 0.5 g for grain-size analysis and 0.1 g for X-ray 
fluorescence analysis (XRF) and X-ray diffraction analysis (XRD). Firstly, 40 mL of 20% 
acetic acid was added to the sediment to remove carbonates. The carbonate removal was 
carried out for 8 hours at room temperature and stirred with a glass rod every 2 hours. 
The suspension was centrifuged at 3000 rpm for 30 minutes, and the supernatant was 
decanted to remove reagent residuals. The sample was washed with 40 mL of distilled 
water and centrifuged twice at the same condition. Secondly, 40 mL of 30% hydrogen 
peroxide was added to the washed sediment to remove organic matter. The organic matter 
decomposition was carried out for 2 hours at 80 ºC in a water bath. Then, the suspension 
was washed as in the previous procedure. Finally, 40 mL of 2 mol/L sodium carbonate 
solution was added to the washed sample to remove biogenic opals. The opal removal 
was carried out for 9 hours at 80 ºC in a water bath and stirred with a glass rod every 2 
hours. As in the previous procedure, the prepared sample was washed with distilled water. 
Before air drying, the prepared samples for XRF and XRD analyses were replaced with 
water and ethanol. The dried prepared samples were powdered with an agate mortar and 
pestle. A part of the kt14 sample after organic matter, carbonate, and biogenic opal 
removal was observed using a light microscope with 400x magnification to observe the 
prepared sample. The smear slide observations of the prepared and unprepared samples 
of kt14 were conducted to check whether the clastic particles were extracted. 
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3.2.3. Elemental analysis 

The quantitative analyses of major elements were performed using a wavelength-
dispersive X-ray fluorescence spectrometer (ZSX Primus, Rigaku Corp., Tokyo, Japan). 
The powder sample was measured using a loose powder method with 10 mm aperture 
(Takahashi 2015). Analytical errors were estimated on external reference material of JSd-
2 (Geological Survey of Japan, AIST, Tsukuba, Japan). 
 
3.2.4. XRD 
 The prepared samples were measured using an X-ray diffractometer (SmartLab, 
Rigaku Corp., Tokyo, Japan) equipped with a Cu tube (Kα, λ = 1.541, 45 kV, 200 mA), a 
48-sample changer, and a semiconductor detector. Samples were mounted into the 
depression of a glass sample holder for XRD. The measurements were performed from 
3.2° to 70° 2-theta with a step size of 0.02° and a step speed of 10°/minute. Mineral 
identification was carried out using the software PDXL2 (Rigaku Corp., Tokyo, Japan) 
and the pdf2 database (ICDD 2020, Newton Square, PA, USA). 
 
3.2.5. Grain size distribution 

The prepared sample was dispersed with 40 ml of 5.5 g/L sodium 
hexametaphosphate solution. The grain size was measured using a laser diffraction 
particle size analyzer (SALD-2300, Shimadzu Corp., Kyoto, Japan) with a refractive 
index 1.65. During the measurement, ultrasonic waves were applied to the suspension. 
The grain size was converted to the phi scale as: 

 𝐷𝐷𝜑𝜑 =  −𝑙𝑙𝑙𝑙𝑙𝑙2
𝐷𝐷
𝐷𝐷0

 

where D is the grain size in millimeter scales and D0 is a 1 mm. 
 
3.2.6. Data analysis 

The grain size distribution often exhibits a polymodal distribution and is 
represented by medians, mean grain size, skewness, and kurtosis. However, the 
representative parameters can be appropriate because the polymodal grain size 
distribution reflect multiple sediment provenance and sedimentary processes. The 
polymodal distribution of sediments is regarded as a mixture of several lognormal 
distributions (Ashley 1978). Several statistical analyses were conducted to separate and 
interpret the grain size components individually (Gammon et al. 2017; Yamaguchi et al. 
2024). 
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 The expectation-maximization (EM) algorithm was performed to separate mixed 
lognormal distributions in the previous study (Yamaguchi 2023; Yamaguchi et al. 2024). 
The EM algorithm is an iterative method to find the maximum likelihood estimation of 
unknown parameters in statistic models (Dempster et al. 1977). This algorithm estimates 
the mixing proportions, means, and standard deviation of the lognormal distributions 
composed of the grain size distribution. The analysis was performed in R version 4.3.2 
(R Core Team (2023)) using the package “mixR” (Yu 2022). Two criteria were calculated 
to determine the number of components: the Bayesian information criteria (BIC) and the 
Akaike information criteria (AIC). For estimating the number of components of grain size 
distributions, the highest-ranked AIC included higher ranked BIC models can be 
appropriate and valid to avoid the possibility of overestimating the number of components 

(Yamaguchi 2023). This study adopted the number of components with highest-ranked 
AIC within the top three BIC. 
 The chemical composition and mixing proportion obtained by the EM algorithm 
were compositional data, sum to 100%. Due to the compositional data having a problem 
with subject statistical analysis (Aitchison 1986), log-ratio analysis was conducted to 
avoid the constant sum constraint. The present study transformed the compositional data 
to additive log-ratio (ALR) as follows: 
𝐴𝐴𝐴𝐴𝐴𝐴(𝑖𝑖|𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) = ln (𝑋𝑋𝑖𝑖 𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)⁄  for i = 1,…, n; i ≠ reference 
where Xi means the variables of compositional data, and n means the number of variables. 
It is important to select one reference component to calculate the ALR. Ohta et al. (2011) 
suggested the appropriate estimation of the unchanging component based on the 
coefficients of variation of each variable combination. In the present study, the reference 
component of the chemical composition and mixing proportion were regarded as 
unchanging components according to the statistical estimation (Ohta et al. 2011). We 
conducted Spearman’s correlation analysis to examine the relationship between the log-
ratio values of separated grain-size components, water depth, distance to nearshore, and 
Fr and Cv shown in Kumisaka et al. (2024).  
 
3.3. Results 
3.3.1. Smear slides observation 
 Smear slides observation of the prepared sample indicated that sediment particles 
after organic matter, carbonate, and biogenic opal removal were almost clastic particles 
rather than the unprepared sediment (Fig. 3-2). The smear slides contained clastic 
particles, diatom valves, and other debris (Fig. 3-2A). In contrast, the prepared sample 
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rarely contained diatom valves (Fig. 3-2B). From now on, the prepared samples will be 
discussed as clastic fractions. 
 
3.3.2. Chemical and mineral composition 

The spatial distributions of major elements of the prepared samples in Lake 
Kitaura differed between the northern and southern areas (Appendix H). The Al2O3 was 
determined as the most unchanging component of major elements by the coefficient of 
variation method (Ohta et al. 2011). Based on this estimation, the ALR for each major 
element was calculated. ALR(Na2O) was spatially homogenized (Fig. 3-3A). ALR(MgO), 
ALR(SiO2), ALR(K2O), and ALR(CaO) increased from the north to south (Fig. 3-3B, C, 
D, and E). ALR(CaO) also increased at the mouth of Yamada River and Gantsu 
River(kt07 and kt16). ALR(Fe2O3) show high values at the mouth of the Tomoe River 
(Fig. 3-3F and G). 
 The mineral compositions of the lake surface samples were similar. The peaks 
of quartz and plagioclase were observed in all samples (Fig. 3-4A). Clay minerals with 
peaks at 14–12 Å, 10 Å, and 7.1 Å were detected; they were smectite group or chlorite, 
mica, and kaolinite, respectively. The kt01 had only individual peaks at the 14-12 Å 
without the broad peak. The diffraction peaks of feldspar were identified as a mixture of 
albite (3.21 Å) and anorthite (3.19 Å). The peak area of albite was high at kt01–kt02 and 
that of anorthite was low at kt01–kt05 (Fig. 3-4B).  
 
3.3.3. Grain size distribution 

The prepared samples of surface sediments in Lake Kitaura consisted mainly of 
silt to clay particles, with a median grain size ranging from 6.5 to 7.6 phi (Fig. 3-5). Sand 
size fractions (coarser than 4 phi) were higher at the mouths of inflow rivers (kt01, kt07, 
and kt16) and the southern littoral site (kt22). The median and mean grain size at the 
inflow rivers and the southern littoral site was coarser than the other offshore sites (Fig. 
3-6). The mode grain size was homogeneous, ranging from 7.4 to 7.8 phi, while kt01 was 
a coarse value of 5.7 phi. The grain size distributions were poorly sorted at the inflow 
rivers and the southern littoral site. The shapes of the grain size distributions exhibited 
polymodal distributions. They had common peaks at around 5.6 and 7.4 phi and common 
inflection points at around 4.2, 8.6, and 9.3 phis (Fig. 3-5). The peaks and inflection points 
of finer fractions of more than 7 phi were low varied in the position, whereas those of 
coarser fractions varied in the positions. 
 
3.3.4. Separation of grain size components 
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The grain size distributions of the clastic fractions have polymodal distributions 
and were regarded as a mixture of several unimodal distributions. The separation of grain 
size distributions using the EM algorithm was conducted to decompose each component 
and discuss sedimentary processes in each component. The number of components 
separated from grain size distribution in the clastic fractions from Lake Kitaura was 
estimated to be 6 at kt01, kt07, kt16, and kt22 and 5 at the other sites (Fig. 3-7; Appendix 
G). The separated components in the present study were called Comp6–1, starting from 
the finest mean grain size (Fig. 3-7; 3-8A; Table 3-1). The coarse component with a mean 
grain size of 3.4–3.6 phi (Comp1) occurred in the river mouths of Tomoe River (kt01), 
Yamada River (kt07), and Gantsu River (kt16), and the southern littoral site (kt22). The 
Comp2 has a mean grain size ranging from 3.7–5.0 phi and is highly varied in the 
proportions among the samples. The mean grain size and the proportions of Comp3 were 
varied. Comp4, with a mean grain size of 7.3–7.5 phi, was the most abundant proportion 
except for kt01. The mean grain sizes of Comp5 and Comp6 were 8.5–8.7 phi and 9.3–
9.4 phi, respectively. The variations in the mean grain size of fine components (Comp4–
6) were minor, with less than 1%. The inflection points around 3.4–3.6 phi in kt01, kt07, 
kt16, and kt22 were indistinct compared to the inflection points around 4 phi, 8.6 phi, and 
9.3 phi. Therefore, the Comp1 and Comp2 were re-synthesized into a single component 
(called Comp1&2) with a median grain size of 3.7–5.0 phi. The mean grain size and 
proportion of Comp1&2 were highly varied, as were Comp2 (Fig. 3-7B). 

The spatial variations of the proportion of Comp1–6 were differentiated between 
the sample sites (Fig. 3-8). The Comp1 and Comp2 characterized the mouths of the inflow 
rivers and the southern littoral site. The Comp3 showed high proportions in the northern 
areas and low proportions in the southern offshore areas. In contrast, the proportions of 
Comp4–6 were relatively high in the southern offshore areas and low in the northern and 
southern littoral areas.  
 The Comp6 was determined as the most unchanging component by the 
coefficient of variation method. The additive log-ratio of the proportions of Comp1&2–5 
to that of Comp6 were calculated (ALR(Comp1&2), ALR(Comp3), ALR(Comp4), and 
ALR(Comp5)). The ALR(Comp4) and ALR(Comp5) values were low variability, 
whereas the ALR(Comp1&2) and ALR(Comp3) were highly variable (Fig. 3-7C). The 
ALR(Comp1&2) values were increased at the river mouths (kt01, kt07, and kt16) and 
southernmost site (kt22; Fig. 3-9A). The mean grain size of Comp1&2 was coarse in the 
northern area (kt01–kt09) and the southern littoral area (kt16-kt22). The ALR(Comp3) 
values were also increased at the river mouths and the southern littoral site and were 
higher  the northern area (kt01–05) than in the southern area (Fig. 3-9B). The mean grain 
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size of Comp3 was coarse at the river mouth of the Tomoe River and became finer 
downstream (kt02–kt05). In the central to southern areas, the mean grain size of Comp3 
was low variation around 5.6 phi, and relatively coarse Comp3 was distributed in the 
Gantsu River (kt16) and southern littoral area (kt17–kt22). 
 The ALR(Comp3) and ALR(Comp1&2) exhibited different correlation to water 
depth, distance to nearshore, and diatom taphonomic signatures (Figs. 3-10 and 3-11). 
The ALR(Comp3) has significant correlations with water depth, distance to nearshore, 
and Fr of Cocconeis placentula (R = –0.80, –0.66, and –0.70, respectively; Fig. 3-10C 
and D and Fig. 3-11C). In contrast, ALR(Comp1&2) was not correlated with water depth, 
distance to nearshore, Fr, and Cv of C. placentula (R = –0.23, –0.26, 0.00, and 0.14, 
respectively; Fig. 3-10A, B, and D, Fig. 3-11A, and B). 
 
3.4. Discussion 
 We discuss the sediment distribution in Lake Kitaura based on geochemical 
properties, mineral compositions, and gran-size distributions: (1) the effectiveness of the 
separated components of the clastic sediments by comparing the conventional grain-size 
distribution parameters; and (2) diatom taphonomy in shallow lakes based on the 
transportation of benthic diatom valves and clastic particles. 
 
3.4.1. Characteristics of sediment distribution in Lake Kitaura 
 The inflow rivers and littoral areas are potential source regions of the clastic 
particles in Lake Kitaura. The high values of ALR(Fe) and ALR(Ca) at the sites near the 
inflowing rivers suggest the riverine transportation of clastic particles. In particular, the 
northern sites kt01–kt03 near the Tomoe River mouth had high Fe (Fig. 3-3G), consistent 
with the high Fe contents in the suspended materials in Tomoe River water (Tagiri et al. 
(2009) from the granite distributed in the upstream (Fig. 3-1; Fig. 3-2B–E). The 
Pleistocene sediments surrounding Lake Kitaura can be transported from the Yamada and 
Gantsu Rivers and littoral areas. The mineral compositions at 22 sites in Lake Kitaura 
surface sediments were almost similar except for mica and albite. Mica intensities at sites 
k02–kt04 were lower than at other sites. Albite intensities at kt01–kt06 were higher than 
the south of kt07. In the south, the Yamada River and the Gantsu River, which have their 
upstream Pleistocene sediments, flow into Lake Kitaura. The difference in watershed and 
geological background between the northern and southern areas of Lake Kitaura may 
result in the chemical properties (log-ratio of Fe and Ca) and mineral composition (mica 
and albite) of sediments from inflow rivers and littoral areas. 
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The fine and well-sorted sediments were distributed in the offshore area, whereas 
the coarse and poorly sorted were limited to the inflowing rivers and the southern littoral 
site (Fig. 3-6). The grain size distributions also suggested the coarse clastic sediment 
supply from the inflow rivers to Lake Kitaura, the Tomoe River (kt01–kt03), the Yamada 
River (kt07), and the Gantsu River (kt16). At the southern littoral site (kt22), coarse 
particles are likely to be supplied from the nearshore by wave disturbance because there 
is no inflow river. Naya et al. (2004a) reported that the coarse sediments distributed at the 
Tomoe River and the littoral areas. On the other hand, the wave disturbance was the 
primary factor of the sedimentation processes in Lake Kitaura (Naya et al. 2004a). The 
waves driven by prevailing wind have washed the sediments in littoral areas: The coarser 
particles can deposit rapidly, and the finer grains move easily (Naya et al. 2004a). The 
fetch, driven by the wave disturbance, wind direction, and lake topography, controls the 
silty clay and clay sediment transportation in Lake Kitaura (Naya et al. 2004a). The mean 
and median grain sizes showed low variation in the central and southern sub-lacustrine 
plains despite the difference in distances to nearshore (kt06–kt12 and kt13–18; Fig. 3-6). 
The central sub-lacustrine plain has a shorter fetch than the southern. Thus, the mean and 
median grain sizes in the central part should be coarser than in the southern part.  

The conventional parameters of grain-size distributions did not different between 
the central and the southern sub-lacustrine plains (Fig. 3-6) and would not reflect the 
difference in the sedimentary process within the lake. The shapes of grain-size 
distributions showed polymodal distributions (Figs. 3-5 and 3-6), suggesting the mixing 
of several log-normal distributions. The polymodal distributions can result from multiple 
sources of supply and the sedimentary process (Ashley 1978). The polymodal grain-size 
distributions should be separated into single log-normal distributions to discuss the 
sedimentary process in each component. 

The separated grain-size components indicated the sedimentary processes in 
Lake Kitaura. Comp1&2 and Comp3, which increased mainly in the river mouths and 
littoral areas, were interpreted as components transported from the inflow rivers and 
southern littoral area. The increasing trends of Comp3 in the northern areas (kt01–kt05) 
showed the transportation of clastic particles from the Tomoe River (Fig. 3-10). The 
correlation between ALR(Comp3) and water depth and distance nearshore showed that 
the clastic particles with 5.3–6.0 phi had been transported from littoral to offshore areas 
(Fig. 3-11C and D). In addition, log-ratio of Comp1&2 demonstrated the supply of coarse 
grains from inflow rivers (kt01, kt07, and kt16) and the southern littoral site (kt22; Figs. 
3-9 and 3-10A).  Although Naya et al. (2004a) found sandy sediments in Lake Kitaura 
were few supplied from the inflow rivers, Yamaguchi et al. (2024) implied coarse 
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sediments were to be transported from the inflow river. The distribution of Comp1&2 and 
Comp3 suggested transportation of clastic particles from the inflow rivers and littoral 
areas.  

On the other hand, the separation of grain-size distributions showed the 
difference in the sedimentary processes between the northern and southern sub-lacustrine 
plains. The mean grain size of Comp3 was finer from kt01 to kt05 in the fluvial fans of 
the Tomoe River, whereas that of Comp3 was coarser in the south of kt05, especially the 
southern littoral site (kt22; Fig. 3-8). The northern part, shallower than 2.5 m, had fine 
sediments resulting from short fetch and weak or infrequent wave disturbance (Naya et 
al. 2004a). The finer mean grain size of Comp3 in the northern area may reflect the weak 
hydraulic regime by wave disturbance in the northern part of the lake. The mean grain 
sizes of Comp1&2 were relatively coarse in the northern area (kt01-kt09) and the southern 
littoral area (kt16-kt22), whereas they were relatively fine at the offshore sites (kt11, kt13-
kt15; Fig. 3-10A), suggesting the Comp1&2 may be transported and get finer to offshore 
in the southern area. Yamaguchi et al. (2024) indicated the effectiveness of separation of 
grain-size distribution and the spatial characteristics of separated components in the 
southern sub-lacustrine plain of Lake Kitaura. The grain size components of 5.8–6.0 phi, 
corresponding to Comp3 in this study, were spatially homogenous. The medium silty 
component was considered to be resuspended in the southern sub-lacustrine basin 
(Yamaguchi et al. 2024). The grain size components of 4.0 to 4.4 phi in Yamaguchi et al. 
(2024), which corresponds to Comp1&2, were correlated with distance nearshore, 
suggesting transportation distance from their source. The correlation between the 
separated components and the water depth and distance nearshore differed between the 
previous and present studies, implying that the sedimentation processes in the southern 
and northern areas differ.  

Our separated components of the grain size distributions were consistent with a 
previous study in Lake Kitaura. Yamaguchi (2023) simulated the appropriate number of 
components in the EM algorithm and applied it to two surface sediments at the lake basin 
in Lake Kitaura. The number of components of the lake sediments in Yamaguchi (2023) 
was 5. The proportions and mean grain sizes of the Comp2–6 in the present study 
corresponded to those in Yamaguchi (2023). However, Comp1, which had a mean grain 
size of 3.4–3.6 phi, was not separated in the previous study. The difference in the coarsest 
component between the present results and the previous study may be due to different 
sampling areas, as discussed above. The separation of grain size components in this study 
demonstrated that Comp1&2 and Comp3 were exposed to different sedimentary transport 
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from inflow rivers and littoral areas and the difference in wave disturbance between the 
northern and southern areas.  
 
3.4.2. Relationship between diatom transportation and grain size components 

The diatom valve fragmentation and frustule separation of the benthic diatom 
were comparable to the coarse clastic components in Lake Kitaura. The benthic diatom, 
Cocconeis placentula, has valves of 20 to 80 µm length (3.6 to 5.6 phi) and 8 to 40 µm 
width (4.6 to 7.0 phi; Kobayashi et al., 2006). The valve size is finer than Comp1&2 and 
is considered to be transported offshore easily. The grain size of Comp3 is relatively 
similar to the valve size of C. placentula, and thus, the transportation of clastic particles 
with 5.3 to 6.0 phi and the diatom valves can be compared. 

The diatom valve fragmentation and the grain-size distribution of surface 
sediments from Lake Kitaura show the transportation of sediments from the inflow rivers 
and littoral areas. Comp3 in the river mouths and littoral area reflected the sediment 
transport from their sources, whereas Comp3 in the southern sub-lacustrine plain 
indicated the resuspended components. The correlation between Fr and ALR(Comp3) (R 
= -0.70) suggested the transportation from inflow rivers and wave disturbance caused the 
diatom valve fragmentation. The decrease of Fr values in the inflow rivers and the 
southern littoral site indicated the incorporation of autochthonous benthic diatom valves 
(Fig. 3-13A). The log-ratio of Fe and Ca also supported the sediment supply from the 
inflow rivers, and the diatom valves can be transported with the sediments. In addition, 
Comp3 relates to the difference in transportation processes between the northern and 
southern areas. The Fr has higher values in the southern part of the lake, which is 
dominated by wave disturbance. Thus, the diatom valve can also be fragmented by the 
transportation by the waves. The coarser Comp1&2 in the north of kt09 suggested that 
the wave disturbance weakly affected the transportation of clastic particles due to the 
shorter fetch (Fig. 3-10A). The low frequency of wave disturbance and large supply from 
inflow rivers showed the transportation of autochthonous benthic diatoms and the 
preservation of the diatom valves. Overall, this study demonstrated that the diatom valve 
fragmentation in Lake Kitaura was controlled by transportation by wave disturbance and 
incorporation from the inflow rivers. 

The uncorrelation between Cv values and log-ratio of Comp1&2 and Comp3 
implied that the transportation of clastic particles differed in behavior from the frustule 
separation of the Cocconeis placentula valves.  The coarse components (Comp1&2 and 
Comp3) indicated the transportation from inflow rivers and wave disturbance, whereas 
the Cv can be mainly influenced by the habitat of C. placentula (Chapter2; Kumisaka et 
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al., 2024). The high Cv values matched with the increase of ALR(Comp1&2) and 
ALR(Comp3) in the inflow rivers (kt01–03, kt07 and kt16) and southern littoral site 
(kt22; Fig. 3-12B, D). In the mouth of the Tomoe River (kt02–04), the Cv values and 
ALR(Comp3) were similar trends (Fig. 3-13D) and suggested the transportation from the 
Tomoe River. In the mouth of the Tomoe River (kt01), Planothidium lanceolatum showed 
high relative abundance and the Cv value (Kumisaka et al. 2024). The incorporation of P. 
lanceolatum, which was fluvial diatom valves, agreed with the inputs of Comp1&2 at 
kt01. The coarsest clastic component occurred near the river mouths and littoral areas, 
and matched with local diatom transportation. In addition, the Cv value of the kt22 
samples from a shallow water area near the southern littoral area was higher when 
compared with the other samples around the southern sub-lacustrine plain (kt13–kt15 and 
kt17–kt21; Fig. 3-13B, D). These areas can supply the autochthonous C. placentula from 
littoral vegetation and the coarse clastic particles from the southern littoral areas. The 
agreement on the transportation of clastic particles and the Cv values at the adjacent sites 
of inflow rivers and littoral area indicated Cocconeis placentula was specific to their 
habitat. The correlation between the Cv and log-ratio of Comp1&2 and Comp3 would 
have become unclear because the raphe valves of C. placentula were difficult to be 
transported to offshore areas (Sawai, 2011; Kumisaka et al., 2024).  

The agreement of sediment behavior and diatom valve fragmentation or frustule 
separation demonstrated that benthic diatom valves had been transported offshore from 
their habitat by hydraulic transportation and were highly fragmented by wave disturbance. 
We attributed the autochthonous diatom in the mouths of inflow rivers and the southern 
littoral site to transportation that also caused significant inflows of sediments. 
 
3.4.3. Implication for diatom taphonomy in shallow lakes 

Diatom taphonomic study is an essential consideration for sources of diatom 
valves in sediments (Chiba et al. 2021; Hassan et al. 2018). The autochthonous diatom 
valves of Cocconeis placentula in Lake Kitaura were transported in the mouths of inflow 
rivers, and both raphe and rapheless valves were found with a high fragmentation ratio in 
the southern littoral site (Fig. 3-13). The distribution of C. placentula was mainly in the 
mouth of the Tomoe River and southern littoral areas (Naya et al. 2007b). The multiple 
sources of C. placentula should indicate individual productivity, suggesting that the 
abundance of diatom valves supplied from the Tomoe River and the southern vegetation 
zone differed. This study highlighted how differences in the source of valves change the 
valve fragmentation and frustule separation ratio of lake surface sediments. Further 



investigations are required to assess the relationship between the diatom taphonomic 
signatures and diatom valve abundance in lake surface sediments. 

The combination of Fr and Cv can contribute to the transport and provenance 
study of the benthic diatoms in shallow lakes. The diatom taphonomic signatures would 
provide insights into interpreting fossil diatom assemblages in modern and core sediments. 
The Fr and Cv may help determine whether the diatom valves are to be autochthonous or 
not. The Cv values demonstrated inflows of autochthonous diatoms. The allochthonous 
diatom may also be helpful for sedimentological analysis for the incorporation of 
sediments. In addition, the discrimination of autochthonous diatom valves allows for a 
less noisy paleoenvironmental reconstruction. Naya et al. (2007a) have reconstructed the 
water environment in Lake Kitaura based on the fossil diatom assemblages. The diatom 
assemblages of Lake Kitaura contained benthic diatoms such as Cocconeis taxa. The 
benthic diatoms were not assessed for their taphonomy, which may help reconstruct 
sedimentary environments or the benthic diatom provenance. The diatom taphonomy can 
be applied in sedimentology and provenance studies because diatom valve fragmentation 
and frustule separation help identify and differentiate source areas and transportation in 
shallow lakes. The diatom valve fragmentation and separation show the transportation of 
autochthonous diatom valves and their provenance in shallow lakes.  

3.5. Conclusion 
We studied the chemical properties, mineral compositions, and grain size 

distribution in surface sediments from Lake Kitaura and discussed the relationship 
between the distribution of clastic sediments and transportation of benthic diatoms in the 
shallow lake. The grain size distributions demonstrated the different sedimentary 
processes, such as transport from inflow rivers and transport by wave disturbances. The 
component separation of grain size distributions effectively clarified the sedimentary 
processes in the lake. The coarsest component with a mean grain size of 3.7–5.0 phi was 
considered to result mainly in transporting clastic particles from inflowing rivers and 
littoral areas. The coarse silty components with a mean grain size of 5.3–6.0 phi showed 
the transportation of clastic particles and the difference in the wave disturbance between 
the north and south area. The difference in the transportation of these grain-size 
components was obscure in the conventional grain-size parameters: mean, median, mode, 
coefficient of variations, skewness, and kurtosis of grain size distributions.  

The diatom valve fragmentation of Cocconeis placentula is related to the 
sedimentary processes of silty clastic particles, and thus, the fragmentation can occur by 
transportation from inflow rivers and wave disturbance. Although the frustule separation 
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of Cocconeis placentula was uncorrelated with the spatial variations of clastic 
components, the increasing trends of frustule separation were consistent with the 
transportation of fine sand to coarse silt components at river mouths and littoral areas. 
They indicated the incorporation of autochthonous valves from their habitat. The frustule 
separation of Cocconeis placentula indicate the incorporation of autochthonous valves 
from their habitat. The present study demonstrated that the diatom transportation revealed 
by valve fragmentation and frustule separation can be confirmed by grain size 
distributions. 
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Table 3-1 Separated components from the grain-size distributions from Lake Kitaura. 
Component Mean grain size (φ) Proportion (%) 
Comp1 3.4–3.6 2.2–5.0 
Comp2 3.7–5.0 0.7–12.1 
Comp1&2 3.7–5.0 0.7–16.3 
Comp3 5.3–6.0 16.0–43.1 
Comp4 7.3–7.5 33.7–58.9 
Comp5 8.5–8.7 8.6–16.9 
Comp6 9.3–9.4 3.3–7.5 
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Fig. 3-1 Field setting. (A) Geological map around Lake Kitaura. (B) Map of the sampling 
sites (numbered) of lakebed-surface sediments in Lake Kitaura. Black solid and dashed 
lines denote inflow rivers with watershed areas greater than and less than 8 km2, 
respectively. The Wani River (dotted line) is the only outflowing river. 
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Fig. 3-2 Microscopic observations from lake center (kt14). (A) the smear slide of an 
unprepared sample. (B) preparation of organic matter, carbonate, and biogenic opal. 
White allows were point out clastic particles, and black arrows indicated diatom valves. 
Black bars in A and B are 50 µm. 
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Fig. 3-3. Spatial variation of log-ratio of the mass percentage of (A) Na2O, (B) MgO, (C) 
SiO2, (D) K2O, (E) CaO, (F) TiO2, and (G) Fe2O3 to Al2O3. 
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Fig. 3-4 (A) X-ray diffraction patterns of clastic fraction in lake surface sediments. Q: 
quartz, Pl: plagioclase, S: smectite group, Ch: chlorite, M: mica, H: hornblende, K: 
kaoline group. (B) Scatter plot of the peak area of albite (3.21 Å) and anorthite (3.19 Å). 
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Fig. 3-5. Grain-size distributions of surface sediments in Lake Kitaura. The grain size 
distributions of surface sediments from kt01, kt07, kt16, and kt22 were the magenta, 
orange, green, and blue lines, respectively. 
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Fig.3-6. Spatial variation of median, mean, mode, coefficient of variation, skewness, and 
kurtosis of grain size distribution of surface sediments in Lake Kitaura 
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Fig. 3-7. The examples of separated components. (A) kt01 with six components, and (B) 
kt14 with five components. Gray density plots show individual components. 
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Fig. 3-8. Proportions and mean grain size of separated components by expectation-
maximization algorithm. (A) Original proportions and mean grain size of each component. 
(B) Re-synthesized proportions and mean grain size of Comp1&2. (C) Log-ratio of 
proportions of Comp1&2–5 relative to Comp6. 
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Fig. 3-9. Spatial variation of separated components of surface sediments in Lake Kitaura 
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Fig. 3-10. Spatial variation of ALR(Comp1&2), ALR(Comp3), and median grain size of 
Comp1&2 and Comp3 in Lake Kitaura. Size of the circles show the mean grain size of 
Comp1&2 and Comp3. 
  



64 
 

 

Fig. 3-11. Correlation of environmental settings (water depth and distance to nearshore) 
and log-ratio values of Comp1&2 and Comp3 
  



65 
 

 
Fig. 3-12. Correlation of Fr and Cv of Cocconeis placentula and log-ratio values of 
Comp1&2 and Comp3. 
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Fig.3-13. Spatial distribution of Fr and Cv values of Cocconeis placentula and grain-size 
components of Comp1&2 and Comp3: (A) Fr values and log-ratio of Comp1&2, (B) Cv 
values and log-ratio of Comp1&2, (C) Fr values and log-ratio of Comp3, and (D) Cv 
values and log-ratio of Comp3. Size of the circles show the Fr and Cv values. 
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CHAPTER 4 
Conclusions 
 
 The diatom valve fragmentation and frustule separation in lake surface sediments 
in Lake Kitaura were studied to understand the transportation and deposition process in a 
shallow lake. The diatom valve fragmentation (Fr) and frustule separation (Cv) of the 
benthic diatom, Cocconeis placentula, reflected transportation effects such as waves and 
turbidity flows from inflow rivers. The Fr of C. placentula was correlated to the distance 
to the nearshore and could indicate diatom transport from littoral areas. Benthic diatom 
taxa for which both valves coexist in river mouths and lakeshore areas are autochthonous. 
The raphid valves of C. placentula were restricted to nearshore with aquatic vegetation. 
In contrast, the araphid valves of C. placentula were spread offshore. The lifeform and 
habitat of the benthic diatoms caused both valves to behave differently and separate. The 
Cv values can indicate the transport of diatoms from their life habitat. The diatom 
fragmentation and frustule separation reflect the transportation of benthic diatom valves, 
indicating the autochthonous diatoms from inflowing rivers and their habitat. 

The sedimentological study demonstrates that the transportation of clastic 
sediments was mainly controlled by sediment supply and wave disturbance in Lake 
Kitaura. The separation of grain size distribution suggested different sedimentary 
processes, such as transport from inflow rivers and transport by wave disturbances. The 
clastic components with coarse and medium silty sizes (Comp1&2 and Comp3, 
respectively) corresponded to the valve size of C. placentula, and thus these components 
can be compared. The correlation with Fr and log-ratio of Comp3, which reflects the 
difference between the northern and southern sedimentary processes, suggests that the 
diatom fragmentation of benthic diatoms results from the sediment supply from inflowing 
rivers and littoral areas and high frequency of sediment resuspension in shallow lakes. In 
contrast, Cv was not correlated with Comp1&2 and Com3 despite the increasing trend at 
adjacent sites to inflow rivers and littoral areas. The inflows of sediment from the river 
and the shore coincided with the increase in Cv, implying that the inflow from the habitat 
directly affected the results. The wave disturbance may not affect the frustule separation, 
unlike the valve fragmentation.  
 Diatom taphonomy in freshwater has been overlooked in previous studies. The 
diatom taphonomic studies were mainly conducted in coastal or marine settings, 
controlled by tidal action, dissolution, and biological activity; however, this study 
demonstrated that diatom transportation in the shallow lake also occurred with diatom 
valve fragmentation and frustule separation in a relatively calm environment with littler 
water movement. This study contributes to the diatom valve transportation and the 
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discrimination of autochthonous or allochthonous diatoms in shallow lakes. The diatom 
valve fragmentation and frustule separation provide insight into the multiple sources of 
benthic diatoms. These results also contributed to interpreting fossil diatom assemblages 
in sediment cores. Paleoenvironmental reconstructions can be precise in excluding 
allochthonous diatoms from fossil diatom assemblages. In addition, incorporating 
allochthonous diatoms may help interpret the transportation and sedimentary processes 
of sedimentary particles. 
 The diatom valve fragmentation and frustule separation explain the diatom 
transportation and provenance. The multiple sources of benthic diatoms can have 
individual productivity, suggesting that the valve abundance supplied from each source 
varies. Further investigations are required to assess the relationship between the diatom 
taphonomic signatures and diatom valve abundance in lake surface sediments. Moreover, 
this study demonstrates the diatom taphonomic signatures were consistent with the 
sedimentary processes of clastic sediments. This study suggested that the other properties, 
such as grain size distributions, should be considered for the diatom taphonomy. The 
multi-proxy approach will emphasize the reliability of diatom taphonomy. The 
established diatom taphonomy can be applied to multidisciplinary studies, such as 
forensic science. 



Latitude Longitude
 (°N) (°E)

kt01 36.1361 140.521 1.6 100 114 Cluster Ⅰ
kt02 36.1224 140.525 2.4 380 384 Cluster Ⅰ
kt03 36.1084 140.528 3.4 300 298 Cluster Ⅰ
kt04 36.096 140.529 4.8 450 533 Cluster Ⅱ
kt05 36.0903 140.537 4.9 300 1375 Cluster Ⅱ
kt06 36.0759 140.542 6.3 350 665 Cluster Ⅱ
kt07 36.0689 140.535 5.8 250 256 Cluster Ⅱ
kt08 36.0672 140.543 6.1 480 963 Cluster Ⅱ
kt09 36.0613 140.553 7.3 470 456 Cluster Ⅱ
kt10 36.0541 140.555 7.2 580 640 Cluster Ⅱ
kt11 36.0468 140.562 7.3 520 790 Cluster Ⅱ
kt12 36.0359 140.556 7.2 420 681 Cluster Ⅱ
kt13 36.0243 140.566 6.8 690 1081 Cluster Ⅱ
kt14 36.0186 140.563 6.6 650 1500 Cluster Ⅱ
kt15 36.0109 140.573 6.1 640 688 Cluster Ⅱ
kt16 36.0088 140.548 5.2 350 705 Cluster Ⅱ
kt17 36.0071 140.563 6.5 680 1623 Cluster Ⅱ
kt18 36.0037 140.579 5.9 720 719 Cluster Ⅱ
kt19 35.9961 140.575 6.4 460 975 Cluster Ⅱ
kt20 35.9959 140.589 5.5 630 1207 Cluster Ⅱ
kt21 35.9907 140.588 5.4 910 988 Cluster Ⅱ
kt22 35.9825 140.595 4.3 600 686 Cluster Ⅱ

APPENDIX A. Sampling locations and settings. "Distance" means the distance from the nearest lakeshore.
Each site was assigned to cluster I, cluster II.

Environmental
setting

Sample site
Location

Water
depth (m)

Distance to
nearshore

(m)

Distance to
vegetation

(m)
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APPENDIX B. Diatom taxa identified in lake surface sediments in Lake Kitaura and their ecolgy

Diatom taxa Lifeform
Achnanthidium  minutissimum (Kützing) Czarnecki Benthic
Achnanthidium pusillum  (Grunow) Czarnecki Benthic
Actinocyclus  normanii  f. subsalsa (Juhl. -Dannf) Hustedt Planktonic
Amphora  spp. Benthic
Aulacoseira ambigua (Grunow) Simonsen Planktonic
Aulacoseira granulata (Ehrenberg) Simonsen Planktonic
Aulacoseira pusilla (Meister) Tuji & Houki Planktonic
Aulacoseira spp. Planktonic
Bacillaria  spp. Benthic
Cocconeis diminuta Pantocsek Benthic
Cocconeis placentula Ehrenberg Benthic
Cyclostephanos dubius (Fricke) Round Planktonic
Cyclostephanos spp. Planktonic
Cyclotella atomus Hustedt Planktonic
Cyclotella meneghiniana Kützing Planktonic
Cyclotella ocellata Pantocsek Planktonic
Cyclotella spp. Planktonic
Cymbella spp. Benthic
Diploneis spp. Benthic
Discostella asterocostata  (Lin, Xie &. Cai) Houk & Klee Planktonic
Encyonema spp. Benthic
Epithemia spp. Benthic
Eunotia spp. Benthic
Fragilaria spp. Tychoplanktonic
Fragilariforma spp. Tychoplanktonic
Gomphoneis spp. Benthic
Gomphonema spp. Benthic
Gyrosigma spp. Benthic
Hantzschia spp. Benthic
Melosira spp. Benthic
Meridion spp. Benthic
Navicula spp. Benthic
Nitzschia amphibia Grunow Benthic
Nitzschia spp. Benthic
Pinnularia  spp. Benthic
Planothidium lanceolatum (Brébisson ex Kützing) Lange-Bertalot Benthic
Planothidium rostratum (Østrup) Lange-Bertalot Benthic
Psammothidium subatomoides (Hustedt) Bukhtiyarova & Round Benthic
Pseudostaurosira spp. Tychoplanktonic
Rhoicosphenia spp. Benthic
Rhopalodia spp. Benthic
Sellaphora laevissima (Kützing) Mann Benthic
Staurosira construens Ehrenberg Tychoplanktonic
Staurosira construens var. exigua  (Smith) Krammer & Lange- Tychoplanktonic
Staurosira venter (Ehrenberg) Cleve & Möller Tychoplanktonic
Staurosirella spp. Tychoplanktonic
Stephanodiscus hantzschii f. tenuis (Hustedt) Håkansson & Planktonic
Stephanodiscus minutulus (Kützing) Round Planktonic
Stephanodiscus vestibulis Håkansson, Theriot & Stoermer Planktonic
Surirella spp. Benthic
Synedra spp. Tychoplanktonic
Tabellaria flocculosa (Roth) Kützing Benthic
Thalassiosira lacustris (Grunow) Hasle Planktonic
Tryblionella spp. Benthic
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APPENDIX C. Relative abundance of diatom taxa and lifeform in lake surface sediments in Lake Kitaura

Diatom taxa kt01 kt02 kt03 kt04 kt05 kt06 kt07 kt08 kt09 kt10 kt11
Planktonic 12.3 32.0 50.2 72.0 83.3 88.7 81.3 91.3 90.3 91.7 84.7
Tychoplanktonic 30.0 24.7 30.4 17.3 11.7 5.0 7.0 5.3 6.0 4.7 10.7
Benthic 57.7 43.3 19.4 10.7 5.0 6.3 11.7 3.3 3.7 3.7 4.7

Actinocyclus normanii 1.0 1.0 0.3 2.0 2.0 3.0 3.0 2.7 1.7 6.0 4.0

Amphora spp. 1.3 0.7 0.3 0.3 1.0 0.7 0.0 0.3 0.0 0.0 0.0

Aulacoseira ambigua 5.0 5.7 12.0 21.7 19.7 27.0 25.0 23.7 18.3 19.7 21.0

Aulacoseira granulata 0.0 5.3 10.7 12.3 25.0 23.3 19.0 28.0 32.0 32.3 15.3

Aulacoseira pusilla 2.0 0.7 4.3 4.7 6.7 5.3 2.7 8.7 6.0 4.0 4.0

Aulacoseira  spp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0

Bacilaria spp. 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Cocconeis placentula 2.7 7.3 1.3 1.3 0.0 0.0 1.7 0.3 0.0 1.0 0.7

Cyclostephanos dublis 0.3 4.0 6.4 11.3 10.3 16.0 13.0 11.7 15.0 13.3 19.7

Cyclotella atomus 0.0 1.3 2.7 0.3 1.3 0.3 2.3 0.0 0.3 0.0 0.3

Cyclotella meneginiana 2.0 4.7 8.4 2.7 4.3 4.0 1.3 6.3 6.7 6.0 5.0

Cyclotella ocellata 0.0 0.0 0.0 1.3 0.0 1.0 4.3 2.0 2.3 2.0 2.7

Cyclotella spp. 0.0 1.3 0.7 1.7 0.7 0.0 1.3 0.0 0.0 2.0 0.0

Cymbella spp. 0.0 1.0 0.0 0.3 0.0 0.0 0.0 0.0 0.3 0.0 0.0

Diploneis spp. 0.7 1.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0

Discostella asterocostata 0.0 0.3 0.3 0.0 1.7 1.7 1.3 2.7 1.7 1.3 2.7

Encyonema  spp. 1.0 2.3 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0

Epithemia spp. 0.7 2.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0

Eunotia  spp. 0.3 0.7 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Fragilaria spp. 3.0 1.7 4.0 0.3 1.0 1.7 0.3 1.0 1.3 0.7 2.3

Fragilariforma spp. 0.3 1.0 2.0 0.0 1.7 0.0 0.7 0.0 0.0 0.0 0.0

Gomphoneis  spp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Gomphonema spp. 1.3 6.0 2.3 0.0 1.3 0.0 0.3 0.0 0.0 0.7 0.7

Gyrosigma  spp. 0.3 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0

Hantzschia spp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Melosira spp. 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Meridion  spp. 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3

Navicula  spp. 15.0 6.0 3.3 4.3 0.7 1.7 3.7 1.0 2.0 0.0 1.0

Nitzschia amphibia 3.3 1.0 0.3 0.0 0.0 0.7 0.3 0.7 0.3 0.7 0.0

Nitzshia spp. 5.7 0.3 1.0 1.3 3.0 1.7 2.0 1.3 0.7 1.0 5.0

Pinnularia spp. 2.3 2.0 0.3 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Planothidium lanceolatum/rostratum,
Achnanthidium minutissimum/pusillum.,
 and Psammothidium subatomoides

25.0 4.3 3.3 1.0 0.7 1.7 2.0 0.0 0.0 0.3 1.0

Pseudostaurosira spp. 2.0 7.0 4.3 1.3 1.0 0.7 2.7 0.7 0.7 0.0 1.0
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APPENDIX C. Continued

Diatom taxa kt12 kt13 kt14 kt15 kt16 kt17 kt18 kt19 kt20 kt21 kt22
Planktonic 90.7 89.3 88.3 89.3 72.0 88.3 85.4 82.3 85.0 72.9 84.7
Tychoplanktonic 6.0 5.7 9.7 6.0 19.0 8.0 11.0 9.3 8.3 19.1 8.7
Benthic 3.3 5.0 2.0 4.7 9.0 3.7 3.7 8.3 6.7 8.0 6.7

Actinocyclus normanii 4.3 2.7 4.0 6.0 2.3 2.0 3.3 4.0 5.3 2.3 2.0

Amphora spp. 0.0 0.0 0.0 0.3 0.3 0.0 0.0 0.0 0.0 0.0 0.3

Aulacoseira ambigua 20.3 22.7 27.0 18.0 19.7 23.7 21.9 23.7 16.7 19.4 22.0

Aulacoseira granulata 26.7 27.3 21.3 28.0 21.0 20.0 22.3 19.7 22.7 19.1 30.7

Aulacoseira pusilla 9.3 4.7 2.0 4.0 5.3 6.0 7.0 3.0 7.3 4.0 4.0

Aulacoseira  spp. 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7

Bacilaria spp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Cocconeis placentula 0.7 0.3 0.3 0.0 1.7 0.7 1.3 1.3 0.3 0.7 2.0

Cyclostephanos dublis 14.0 17.0 19.3 11.3 11.3 14.3 13.0 15.7 18.3 13.0 9.7

Cyclotella atomus 0.0 0.7 0.3 1.7 0.3 1.3 1.3 0.7 1.7 1.3 1.3

Cyclotella meneginiana 3.3 5.0 5.7 9.3 3.0 8.3 6.3 4.0 5.3 4.3 5.0

Cyclotella ocellata 2.7 2.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Cyclotella spp. 0.3 1.0 0.0 0.7 0.7 0.7 2.0 0.0 0.7 0.0 0.0

Cymbella spp. 0.0 0.0 0.3 0.0 0.3 0.0 0.0 0.0 0.0 0.3 0.0

Diploneis spp. 0.0 0.7 0.0 0.0 1.0 0.3 0.0 0.7 0.0 0.3 0.7

Discostella asterocostata 2.0 2.7 1.0 3.7 3.0 1.7 1.3 4.0 1.3 2.3 2.0

Encyonema  spp. 0.0 0.0 0.0 0.0 0.3 0.0 0.3 0.0 0.0 0.3 0.0

Epithemia spp. 0.0 0.3 0.0 0.0 0.0 0.0 1.0 0.0 0.3 0.0 0.7

Eunotia  spp. 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Fragilaria spp. 1.0 1.0 1.0 0.7 1.0 1.7 1.0 1.0 1.0 1.7 0.7

Fragilariforma spp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Gomphoneis  spp. 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Gomphonema spp. 0.0 0.3 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.3 0.0

Gyrosigma  spp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.3 0.0

Hantzschia spp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0

Melosira spp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Meridion  spp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Navicula  spp. 0.3 0.7 0.7 0.7 0.7 1.0 0.0 0.7 0.3 0.3 1.7

Nitzschia amphibia 0.0 0.0 0.3 0.7 0.3 0.3 0.0 0.0 0.0 1.3 0.0

Nitzshia spp. 1.7 0.7 2.0 1.7 1.7 1.3 1.0 2.3 1.7 2.7 1.0

Pinnularia spp. 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.3 0.0 0.0

Planothidium lanceolatum/rostratum,
Achnanthidium minutissimum/pusillum.,
 and Psammothidium subatomoides

0.0 0.7 0.3 0.3 2.0 0.7 0.7 2.3 2.7 1.7 0.0

Pseudostaurosira spp. 1.7 1.7 0.0 1.7 1.7 0.3 0.3 3.0 2.7 2.0 1.3
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APPENDIX C. Continued

Diatom taxa kt01 kt02 kt03 kt04 kt05 kt06 kt07 kt08 kt09 kt10 kt11

Roicosphenia spp. 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Ropalodia  spp. 0.0 0.3 0.3 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0

Sellaphora laevissima 0.3 0.7 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Staurosira construence var. exigua 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.3 0.0 0.0

Staurosira construens  var. construens 2.7 3.7 3.0 2.0 0.7 0.0 0.0 0.0 0.0 1.3 0.3

Staurosira venter 16.0 17.3 19.4 12.7 4.3 1.3 3.3 2.7 3.7 1.7 2.3

Staurosirella spp. 2.0 0.3 1.0 0.3 0.0 0.3 0.7 0.3 0.0 0.0 0.7

Stephanodiscus hantzschii 1.0 6.0 2.7 11.7 9.3 3.7 3.0 2.3 2.0 1.3 3.7

Stephanodiscus minutulau 0.0 0.3 0.7 0.0 1.3 1.7 0.0 0.3 0.3 0.0 0.7

Stephanodiscus vestibulis 1.0 1.0 0.3 2.3 0.7 1.3 3.7 3.0 3.0 2.3 4.0

Surirella  spp. 0.0 0.3 0.3 0.0 0.0 0.3 0.0 0.0 0.0 0.3 0.0

Synedra spp. 0.3 0.3 0.0 0.3 1.0 0.0 0.0 0.0 0.0 0.0 0.0

Tabellaria flocculosa 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Thalassiosira lacustris 0.0 0.3 0.7 0.0 0.3 0.3 1.3 0.0 0.0 1.3 1.7

Tryblionella spp. 0.0 0.7 0.3 0.7 0.0 0.0 0.3 0.0 0.3 0.3 0.0

APPENDIX C. Continued

Diatom taxa kt12 kt13 kt14 kt15 kt16 kt17 kt18 kt19 kt20 kt21 kt22

Roicosphenia spp. 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Ropalodia  spp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Sellaphora laevissima 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Staurosira construence var. exigua 0.3 0.3 0.0 0.0 1.0 0.0 0.3 0.7 0.0 0.0 0.0

Staurosira construens  var. construens 1.0 0.0 0.3 0.0 2.3 0.0 2.7 0.3 0.7 1.3 0.0

Staurosira venter 2.0 1.3 5.0 2.3 11.3 3.7 5.6 3.7 3.0 8.0 5.3

Staurosirella spp. 0.0 2.0 1.3 1.0 1.3 1.3 0.0 1.3 1.7 5.4 1.7

Stephanodiscus hantzschii 3.3 2.3 4.0 2.0 2.0 6.0 2.3 4.3 3.3 3.7 3.3

Stephanodiscus minutulau 1.0 0.0 0.0 1.0 0.0 0.3 0.0 0.3 0.3 0.3 0.0

Stephanodiscus vestibulis 2.3 1.0 2.3 1.7 1.7 3.7 2.7 2.3 1.7 2.7 3.0

Surirella  spp. 0.3 0.0 0.0 0.3 0.7 0.0 0.0 0.0 0.0 0.0 0.0

Synedra spp. 0.0 0.3 0.0 0.3 0.3 0.0 0.3 0.0 0.3 0.0 0.0

Tabellaria flocculosa 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Thalassiosira lacustris 1.0 0.0 0.3 2.0 1.7 0.3 2.0 0.7 0.3 0.3 1.0

Tryblionella spp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Diatom taxa kt01 kt02 kt03 kt04 kt05 kt06 kt07 kt08 kt09 kt10 kt11 kt12 kt13

Aulacoseira ambigua 0.07 0.18 0.17 0.11 0.03 0.11 0.08 0.10 0.09 0.20 0.16 0.11 0.04

Aulacoseira granulata N/A 0.19 0.06 0.22 0.09 0.10 0.12 0.06 0.06 0.08 0.07 0.04 0.05

Cocconeis placentula 0.50 0.58 1.00 0.50 N/A N/A 0.00 N/A N/A 0.00 N/A 0.00 N/A

Planothidium lanceolatum 0.85 0.00 0.00 0.00 N/A 0.00 0.50 N/A N/A N/A 0.00 N/A N/A

APPENDIX D. Continued

Diatom taxa kt14 kt15 kt16 kt17 kt18 kt19 kt20 kt21 kt22

Aulacoseira ambigua 0.07 0.04 0.15 0.06 0.03 0.04 0.14 0.10 0.09

Aulacoseira granulata 0.05 0.00 0.13 0.03 0.01 0.03 0.10 0.02 0.07

Cocconeis placentula 0.00 N/A 0.00 N/A 0.00 0.00 N/A 0.00 0.50

Planothidium lanceolatum N/A N/A 0.00 1.00 N/A 0.00 0.50 N/A N/A

APPENDIX D. Fr of Aulacoseira ambigua  and Aulacoseira granulata,  and Cv  values of Cocconeis placentula and
Planothidium lanceolatum
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APPENDIX E. Fr and Cv  values for Cocconeis placentula  obtained by counting 50 valves in each sample

kt01 kt02 kt03 kt04 kt05 kt06 kt07 kt08 kt09 kt10 kt11 kt12 kt13 kt14

Fr of Cocconeis placentula 0.24 0.12 0.20 0.24 0.18 0.28 0.14 0.20 0.32 0.26 0.32 0.30 0.36 0.34

Cv of Cocconeis placentula 0.47 0.92 0.85 0.72 0.56 0.79 0.92 0.56 0.32 0.67 0.61 0.67 0.56 0.56

Fr of araphid valve 0.12 0.15 0.19 0.14 0.19 0.25 0.08 0.22 0.21 0.33 0.32 0.27 0.44 0.31

Fr of raphid valve 0.31 0.08 0.22 0.38 0.17 0.32 0.21 0.17 0.67 0.15 0.32 0.35 0.22 0.39

APPENDIX E. Continued

kt15 kt16 kt17 kt18 kt19 kt20 kt21 kt22

Fr of Cocconeis placentula 0.36 0.30 0.32 0.44 0.34 0.42 0.40 0.30

Cv of Cocconeis placentula 0.32 0.67 0.47 0.61 0.56 0.25 0.43 0.85

Fr of araphid valve 0.39 0.37 0.24 0.39 0.41 0.38 0.43 0.37

Fr of raphid valve 0.25 0.20 0.50 0.53 0.22 0.60 0.33 0.22
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APPENDIX I. Count data of diatom taxa in lake surface sediments in Lake Kitaura
Diatom taxa valve condition kt01 kt02 kt03 kt04 kt05 kt06 kt07 kt08 kt09 kt10 kt11

Cmplete araphid 3 3 0 0 0 0 0 0 0 0 0

Fragmented araphid 0 0 0 0 0 0 0 0 0 0 0
Complete raphid 5 3 2 0 0 0 0 0 0 0 0
Fragmentad raphid 0 0 0 0 0 0 0 0 0 0 0
Cmplete araphid 13 1 1 0 0 1 0 0 0 0 1
Fragmented araphid 0 0 0 0 1 0 0 0 0 0 0
Complete raphid 13 1 4 0 1 0 0 0 0 0 1
Fragmentad raphid 1 0 0 0 0 0 0 0 0 0 0
Complete 2 3 1 4 5 6 4 4 3 8 5
Fragment 1 0 0 2 1 3 5 4 2 10 7
Complete 4 2 1 1 3 2 0 1 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 14 14 30 58 57 72 69 64 50 47 53
Fragment 1 3 6 7 2 9 6 7 5 12 10
Complete 0 13 30 29 68 63 50 79 90 89 43
Fragment 0 3 2 8 7 7 7 5 6 8 3
Complete 5 2 11 14 19 16 8 25 17 12 12
Fragment 1 0 2 0 1 0 0 1 1 0 0
Complete 0 0 0 0 0 0 0 0 3 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 0 0 0 0 0 0 0 0 0 0 0
Fragment 1 0 0 0 0 0 0 0 0 0 0
Cmplete araphid 3 11 2 3 0 0 3 0 0 1 2
Fragmented araphid 0 4 0 0 0 0 0 2 0 2 0
Complete raphid 5 4 2 0 0 0 1 0 0 0 0
Fragmentad raphid 0 3 0 1 0 0 1 0 0 0 0
Complete 1 10 14 26 24 38 29 25 38 32 47
Fragment 0 2 5 8 7 10 10 10 7 8 12
Complete 0 4 7 1 4 0 7 0 1 0 1
Fragment 0 0 1 0 0 1 0 0 0 0 0
Complete 6 10 17 7 10 10 4 15 15 17 11
Fragment 0 4 8 1 3 2 0 4 5 1 4
Complete 0 0 0 4 0 3 8 4 6 6 7
Fragment 0 0 0 0 0 0 5 2 1 0 1
Complete 0 4 1 5 2 0 4 0 0 6 0
Fragment 0 0 1 0 0 0 0 0 0 0 0

Complete 0 2 0 0 0 0 0 0 1 0 0

Fragment 0 1 0 1 0 0 0 0 0 0 0

Complete 1 3 0 0 0 0 0 0 0 0 0
Fragment 1 0 0 0 1 0 0 0 0 0 0
Complete 0 0 1 0 4 2 2 5 4 1 7
Fragment 0 1 0 0 1 3 2 3 1 3 1
Complete 3 6 4 0 0 0 0 0 0 0 0
Fragment 0 1 0 0 0 0 0 0 0 1 0
Complete 2 5 0 0 0 0 2 0 0 0 0

Fragment 0 1 0 0 0 0 0 0 0 0 0

Encyonema  spp.

Epithemia spp.

Cyclotella meneginiana

Cyclotella ocellata

Cyclotella spp.

Cymbella spp.

Diploneis spp.

Discostella asterocostata

Aulacoseira granulata

Aulacoseira pusilla

Aulacoseira  spp.

Bacilaria spp.

Cyclostephanos dublis

Cyclotella atomus

Actinocyclus normanii

Cocconeis placentula

Achnanthidium
minutissimum

Achnanthidium pusillum

Amphora spp.

Aulacoseira ambigua 
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APPENDIX I. Continued
Diatom taxa valve condition kt12 kt13 kt14 kt15 kt16 kt17 kt18 kt19 kt20 kt21 kt22

Cmplete araphid 0 0 1 0 1 0 0 0 0 1 0

Fragmented araphid 0 0 0 0 0 0 0 1 0 0 0
Complete raphid 0 1 0 1 1 0 0 1 1 1 0
Fragmentad raphid 0 0 0 0 0 0 0 0 0 0 0
Cmplete araphid 0 0 0 0 0 0 0 0 0 0 0
Fragmented araphid 0 0 0 0 0 0 0 0 0 0 0
Complete raphid 0 0 0 0 0 0 0 1 0 0 0
Fragmentad raphid 0 0 0 0 0 0 0 0 0 0 0
Complete 11 5 10 9 3 3 6 5 10 4 5
Fragment 2 3 2 9 4 3 4 7 6 3 1
Complete 0 0 0 1 0 0 0 0 0 0 1
Fragment 0 0 0 0 1 0 0 0 0 0 0
Complete 54 65 75 52 50 67 64 68 43 52 60
Fragment 7 3 6 2 9 4 2 3 7 6 6
Complete 77 78 61 84 55 58 66 57 61 56 86
Fragment 3 4 3 0 8 2 1 2 7 1 6
Complete 28 14 6 10 16 17 20 8 22 12 12
Fragment 0 0 0 2 0 1 1 1 0 0 0
Complete 0 0 3 0 0 0 0 0 0 0 2
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 0 0 0 0 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Cmplete araphid 1 1 0 0 3 0 2 4 0 1 2
Fragmented araphid 1 0 1 0 2 1 2 0 1 1 2
Complete raphid 0 0 0 0 0 0 0 0 0 0 1
Fragmentad raphid 0 0 0 0 0 1 0 0 0 0 1
Complete 30 35 46 26 22 34 30 36 47 24 25
Fragment 12 16 12 8 12 9 9 11 8 15 4
Complete 0 2 1 5 1 4 4 2 5 4 4
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 9 8 11 18 7 21 14 8 10 10 11
Fragment 1 7 6 10 2 4 5 4 6 3 4
Complete 7 6 0 0 0 0 0 0 0 0 0
Fragment 1 1 0 0 0 0 0 0 0 0 0
Complete 1 3 0 2 2 2 6 0 1 0 0
Fragment 0 0 0 0 0 0 0 0 1 0 0

Complete 0 0 1 0 1 0 0 0 0 0 0

Fragment 0 0 0 0 0 0 0 0 0 1 0

Complete 0 1 0 0 3 0 0 0 0 0 2
Fragment 0 1 0 0 0 1 0 2 0 1 0
Complete 4 2 3 4 6 2 3 8 2 3 5
Fragment 2 6 0 7 3 3 1 4 2 4 1
Complete 0 0 0 0 0 0 1 0 0 1 0
Fragment 0 0 0 0 1 0 0 0 0 0 0
Complete 0 1 0 0 0 0 2 0 1 0 2

Fragment 0 0 0 0 0 0 1 0 0 0 0

Encyonema  spp.

Epithemia spp.

Cyclotella meneginiana

Cyclotella ocellata

Cyclotella spp.

Cymbella spp.

Diploneis spp.

Discostella asterocostata

Aulacoseira pusilla

Aulacoseira  spp.

Bacilaria spp.

Cocconeis placentula

Cyclostephanos dublis

Cyclotella atomus

Achnanthidium
minutissimum

Achnanthidium pusillum

Actinocyclus normanii

Amphora spp.

Aulacoseira ambigua 

Aulacoseira granulata
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APPENDIX I. Continued
Diatom taxa valve condition kt01 kt02 kt03 kt04 kt05 kt06 kt07 kt08 kt09 kt10 kt11

Complete 1 0 0 1 0 0 0 0 0 0 0
Fragment 0 2 0 0 0 0 0 0 0 0 0
Complete 8 4 9 1 2 3 0 2 2 2 3
Fragment 1 1 3 0 1 2 1 1 2 0 4
Complete 1 3 6 0 5 0 2 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 0 0 0 0 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 4 17 4 0 2 0 0 0 0 2 2
Fragment 0 1 3 0 2 0 1 0 0 0 0
Complete 1 0 0 0 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 2 0 0 0 0 0
Complete 0 0 0 0 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 1 0 0 0 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 0 0 0 0 0 0 0 0 0 0 1
Fragment 1 0 0 0 0 0 0 0 0 0 0
Complete 41 13 6 5 1 3 7 2 4 0 3
Fragment 4 5 4 8 1 0 4 1 2 0 0
Complete 9 2 0 0 0 2 0 2 1 2 0
Fragment 1 1 1 0 0 0 1 0 0 0 0
Complete 14 0 2 4 8 4 5 3 2 3 13
Fragment 3 1 1 0 1 1 1 1 0 0 2
Complete 6 4 0 1 0 0 0 0 0 0 0
Fragment 1 2 1 0 0 0 0 0 0 0 0
Cmplete araphid 13 0 0 2 0 1 1 0 0 0 1
Fragmented araphid 0 0 0 0 0 1 1 0 0 0 0
Complete raphid 11 1 1 0 0 0 1 0 0 0 0
Fragmentad raphid 0 0 0 0 0 0 0 0 0 0 0
Cmplete araphid 6 1 2 1 0 2 1 0 0 0 0
Fragmented araphid 0 0 0 0 0 0 0 0 0 0 0
Complete raphid 6 0 1 0 0 0 0 0 0 1 0
Fragmentad raphid 0 0 0 0 0 0 0 0 0 0 0

Cmplete araphid 5 0 0 0 0 0 0 0 0 0 0

Fragmented araphid 0 0 0 0 0 0 0 0 0 0 0
Complete raphid 2 3 0 0 0 0 1 0 0 0 0
Fragmentad raphid 0 0 0 0 0 0 0 0 0 0 0
Complete 6 18 11 3 3 2 7 2 2 0 3
Fragment 0 3 2 1 0 0 1 0 0 0 0
Complete 0 0 0 2 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 0 1 0 0 0 0 0 0 0 0 0
Fragment 0 0 1 0 0 0 0 1 0 0 0
Complete 1 1 2 0 0 1 0 0 0 0 0

Fragment 0 1 2 0 0 1 0 0 0 0 0
Sellaphora laevissima

Nitzschia amphibia

Nitzshia spp.

Pinnularia spp.

Pseudostaurosira spp.

Roicosphenia spp.

Ropalodia  spp.

Gomphonema spp.

Gyrosigma  spp.

Hantzschia spp.

Melosira spp.

Meridion  spp.

Navicula  spp.

Eunotia  spp.

Fragilaria spp.

Fragilariforma spp.

Gomphoneis  spp.

Planothidium lanceolatum

Planothidium rostratum

Psammothidium
subatomoides
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APPENDIX I. Continued
Diatom taxa valve condition kt12 kt13 kt14 kt15 kt16 kt17 kt18 kt19 kt20 kt21 kt22

Complete 0 0 0 1 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 1 2 1 1 1 3 2 3 1 1 0
Fragment 2 1 2 1 2 2 1 0 2 4 2
Complete 0 0 0 0 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 1 0 0 0 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 0 1 0 0 0 0 0 0 0 1 0
Fragment 0 0 0 0 0 1 0 0 0 0 0
Complete 0 0 0 0 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 1 0 1 0
Complete 0 0 0 0 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 1 0
Complete 0 0 0 0 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 0 0 0 0 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 1 1 0 1 2 2 0 0 1 0 3
Fragment 0 1 2 1 0 1 0 2 0 1 2
Complete 0 0 1 2 0 1 0 0 0 3 0
Fragment 0 0 0 0 1 0 0 0 0 1 0
Complete 4 1 3 3 3 3 3 6 4 5 3
Fragment 1 1 3 2 2 1 0 1 1 3 0
Complete 0 0 0 1 0 0 0 0 1 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Cmplete araphid 0 0 0 0 0 1 0 0 2 0 0
Fragmented araphid 0 0 0 0 0 0 0 0 0 0 0
Complete raphid 0 0 0 0 1 1 0 1 1 0 0
Fragmentad raphid 0 0 0 0 0 0 0 0 0 0 0
Cmplete araphid 0 0 0 0 1 0 0 1 0 0 0
Fragmented araphid 0 0 0 0 0 0 0 0 2 0 0
Complete raphid 0 0 0 0 0 0 0 1 0 1 0
Fragmentad raphid 0 0 0 0 0 0 0 0 0 0 0

Cmplete araphid 0 0 0 0 1 0 0 0 0 1 0

Fragmented araphid 0 0 0 0 0 0 0 0 0 0 0
Complete raphid 0 1 0 0 1 0 1 1 2 1 0
Fragmentad raphid 0 0 0 0 0 0 0 0 0 0 0
Complete 4 5 0 5 5 1 1 9 5 5 4
Fragment 1 0 0 0 0 0 0 0 3 1 0
Complete 0 1 0 0 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 0 0 0 0 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 0 0 0 0 0 0 0 0 0 0 0

Fragment 0 0 0 0 0 0 0 0 0 0 0

Pseudostaurosira spp.

Roicosphenia spp.

Ropalodia  spp.

Sellaphora laevissima

Nitzschia amphibia

Nitzshia spp.

Pinnularia spp.

Planothidium lanceolatum

Planothidium rostratum

Psammothidium
subatomoides

Gomphonema spp.

Gyrosigma  spp.

Hantzschia spp.

Melosira spp.

Meridion  spp.

Navicula  spp.

Eunotia  spp.

Fragilaria spp.

Fragilariforma spp.

Gomphoneis  spp.
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APPENDIX I. Continued
Diatom taxa valve condition kt01 kt02 kt03 kt04 kt05 kt06 kt07 kt08 kt09 kt10 kt11

Complete 0 0 0 1 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 1 0 0

Complete 6 6 7 4 0 0 0 0 0 4 0

Fragment 2 5 2 2 2 0 0 0 0 0 1
Complete 48 49 56 35 11 1 10 8 11 5 7
Fragment 0 3 2 3 2 3 0 0 0 0 0
Complete 6 1 3 0 0 1 1 1 0 0 2
Fragment 0 0 0 1 0 0 1 0 0 0 0
Complete 3 18 7 31 27 9 9 7 6 4 11
Fragment 0 0 1 4 1 2 0 0 0 0 0
Complete 0 1 2 0 4 5 0 1 1 0 1
Fragment 0 0 0 0 0 0 0 0 0 0 1
Complete 3 3 1 7 2 3 9 8 9 7 12
Fragment 0 0 0 0 0 1 2 1 0 0 0
Complete 0 0 1 0 0 1 0 0 0 1 0
Fragment 0 1 0 0 0 0 0 0 0 0 0
Complete 0 0 0 0 1 0 0 0 0 0 0
Fragment 1 1 0 1 2 0 0 0 0 0 0
Complete 0 0 0 0 0 0 0 0 0 0 0
Fragment 1 0 0 0 0 0 0 0 0 0 0
Complete 0 1 2 0 1 1 3 0 0 1 2
Fragment 0 0 0 0 0 0 1 0 0 3 3
Complete 0 2 0 2 0 0 1 0 1 1 0

Fragment 0 0 1 0 0 0 0 0 0 0 0

Stephanodiscus vestibulis

Surirella  spp.

Synedra spp.

Tabellaria flocculosa

Thalassiosira lacustris

Tryblionella spp.

Staurosira construens
 var. construens

Staurosira venter

Staurosirella spp.

Stephanodiscus hantzschii

Stephanodiscus minutulau

Staurosira construence
 var. exigua
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APPENDIX I. Continued
Diatom taxa valve condition kt12 kt13 kt14 kt15 kt16 kt17 kt18 kt19 kt20 kt21 kt22

Complete 1 1 0 0 3 0 1 2 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0

Complete 3 0 1 0 6 0 8 1 2 3 0

Fragment 0 0 0 0 1 0 0 0 0 1 0
Complete 4 4 14 6 32 11 16 9 9 23 16
Fragment 2 0 1 1 2 0 1 2 0 1 0
Complete 0 5 3 3 3 3 0 4 5 16 5
Fragment 0 1 1 0 1 1 0 0 0 0 0
Complete 10 7 12 6 5 15 6 12 7 10 10
Fragment 0 0 0 0 1 3 1 1 3 1 0
Complete 3 0 0 3 0 1 0 1 1 1 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 7 3 7 5 5 9 8 6 5 5 8
Fragment 0 0 0 0 0 2 0 1 0 3 1
Complete 1 0 0 1 1 0 0 0 0 0 0
Fragment 0 0 0 0 1 0 0 0 0 0 0
Complete 0 0 0 0 0 0 1 0 1 0 0
Fragment 0 1 0 1 1 0 0 0 0 0 0
Complete 0 0 0 0 0 0 0 0 0 0 0
Fragment 0 0 0 0 0 0 0 0 0 0 0
Complete 2 0 1 4 3 0 5 2 1 1 3
Fragment 1 0 0 2 2 1 1 0 0 0 0
Complete 0 0 0 0 0 0 0 0 0 0 0

Fragment 0 0 0 0 0 0 0 0 0 0 0

Synedra spp.

Tabellaria flocculosa

Thalassiosira lacustris

Tryblionella spp.

Staurosira venter

Staurosirella spp.

Stephanodiscus hantzschii

Stephanodiscus minutulau

Stephanodiscus vestibulis

Surirella  spp.

Staurosira construence
 var. exigua

Staurosira construens
 var. construens
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