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a b s t r a c t

Rebun Island is a key research area for the Baikal-Hokkaido Archaeology Project to better understand the
dynamics of the Neolithic hunter–gatherers in the NW Pacific region. Hence, the ca. 19.5 m sediment core
RK12 spanning the last ca. 16.6 cal. kyr BP was obtained from Lake Kushu. Our aim is to test its potential
as a high-resolution multi-proxy archive. Here, we used diatoms to investigate the modern ecosystem of
Lake Kushu and its surrounding area on Rebun Island and of Hime-numa Pond on Rishiri Island and
selected core samples for comparison. Modern diatom and stable isotope analyses show well-mixed
freshwater bodies with eutrophic, alkaline conditions. The fossil diatom and geochemical sediment anal-
yses display three phases that represent major changes in the lake development: (i) a marshy phase (ca.
16.6–10 cal. kyr BP); (ii) a brackish water lagoon phase (ca. 10–6.6 cal. kyr BP); and (iii) a freshwater lake
phase (since ca. 6.6 cal. kyr BP). This shows the major role of the post-glacial climate amelioration, global
sea-level rise and marine transgression in the development of this landscape. Further analyses will
provide a palaeolimnological record at (sub-)decadal resolution that will facilitate the interpretation of
the hunter–gatherer dynamics.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

An increasing number of archaeological sites of the hunter–
gatherer cultures in the Hokkaido Region are being investigated
(Weber et al., 2013 and references therein). Main research foci
are to outline the differences between the Japanese and Okhotsk
civilizations and the origin and geographical distribution of the
Okhotsk people (Ohyi, 1975) that led to cultural heterogeneity
(Moiseyev, 2008), which is also reported in characteristic pottery
types (Deryugin, 2008).

The Baikal-Hokkaido Archaeology Project (BHAP) enlarged its
study area from the Baikal Region (Siberia) towards the Hokkaido
Region to improve the understanding of Holocene hunter–gather-
ers, their cultural dynamism, variability and lifestyle (Weber
et al., 2013). In fact, the driving factors for cultural changes, e.g.
environmental and climate changes or epidemic diseases, are not
fully understood. Because numerous remains of the Middle Jomon
(5–4 cal. kyr BP), Late to Final Jomon (4–2.3 cal. kyr BP), Epi Jomon
(2.3–1.3 cal. kyr BP), Okhotsk (1.5–0.8 cal. kyr BP), and Historic
Ainu (0.7–0.1 cal. kyr BP; Müller et al., 2016) cultures that were
recently found on Rebun Island, this area is of special interest for
the BHAP research. So far there are 43 sites on Rebun Island, with
the oldest residential sites dated to ca. 4.9–4.4 cal. kyr BP (see
Müller et al., 2016 and references therein).

The need for a nearby high-resolution archive for reconstructing
local and regional climate as well as environmental changes
resulted in the Lake Kushu coring campaign in February 2012.
Two parallel, overlapping sediment cores (RK12-01 and RK12-02)
were taken in the central part of the ice-covered lake. The obtained
ca. 19.5 m composite sediment core is a potentially high-resolution
environmental archive, which will be investigated using a multi-
proxy approach that includes a 14C-inferred chronology, pollen,
tephra, and geochemical analyses.

Various proxies have been used to reconstruct the Holocene cli-
mate and vegetation of Hokkaido and central Japan. Pollen-based
reconstructions are among the most numerous during the last
few decades, resulting in a number of articles concerning past
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vegetation or biome dynamics and its climatic and human-impact
implications (e.g. Nakagawa et al., 2002, 2005; Gotanda et al., 2002,
2008; Igarashi et al., 2011; Tarasov et al., 2011; Hase et al., 2012;
Igarashi, 2013; Leipe et al., 2013; Kigoshi et al., 2014).

Like terrestrial pollen, diatoms have been successfully used as a
palaeoenvironmental proxy in Europe, North America and Africa
(e.g. Gasse, 1986; Round et al., 1990; Smol and Stoermer, 2010).
A considerable amount of studies has been published in local jour-
nals and in the Japanese language. Nevertheless, an increasing
number of internationally accessible studies describing taxonomy,
geographical distribution, and ecology of lacustrine, riverine, and
coastal marine diatom taxa appeared during the last two decades.
In Hokkaido, several water bodies have been analysed including
Lake Akan (Tuji et al., 2003), Hii River (Ohtsuka, 2002), and Lake
Tokotan (Sawai, 2002). Diatom-inferred environmental reconstruc-
tions for the Holocene were obtained from coastal plains including
the Tokoro Region (Hamano et al., 1985), Akkeshi Estuary (Kumano
et al., 1990a), Kushiro Moor (Ihira et al., 1985; Kumano et al.,
1990b), and Kutcharo Lake (Kumano et al., 1984).

On Rebun Island, Kumano et al. (1990a) and Sato et al. (1998)
analysed a 16.25 m sediment core spanning the last ca. 9000 years
as suggested by the four 14C dates given in their studies. Their core
was obtained from the peat moor on the southern margin of Lake
Kushu. These papers provide a relatively coarse-resolution diatom
record with repeated occurrences of brackish-water environments,
suggesting multiple phases of marine influence on Lake Kushu dur-
ing the Holocene. Sato et al. (1998) mention taxonomic problems,
which could be addressed by a high-resolution diatom analysis and
would improve the understanding of the environmental history of
Lake Kushu and its catchment. Until now, no study has focused on
the modern diatom assemblages of Rebun Island and neighbouring
Rishiri Island. Our paper is a pilot study and presents the first
results on modern diatom assemblages from the Rebun and Rishiri
islands in order to discuss the potential of fossil diatom assem-
blages as regional palaeoenvironmental indicators in a new sedi-
ment core from Lake Kushu representing the last 16,600 years.
2. Study area

2.1. Environments

Rebun and Rishiri islands are located 45 km and 19 km, respec-
tively, northwest off the coast of Hokkaido in the northeastern part
of the Sea of Japan (Fig. 1a and b). The islands are – as with the
entire Japanese Archipelago – located in a tectonically active zone
with volcanism, earthquake and tsunami activities (e.g. Hashimoto,
1991; Kimura, 1997; Mandal et al., 2011). The formation of Rebun
Island started with the subaqueous volcanic dome growth in the
Cretaceous (Kimura, 1997; Goto and McPhie, 1998). Accordingly,
the main units on Rebun Island exhibit Cretaceous volcanic rocks
of the Rebun Group overlain by Late Miocene sedimentary forma-
tions with several basaltic to dacitic intrusions (Goto and McPhie,
1998). The highest point of the island is named Mount Rebun
and reaches 490 m a.s.l. (Geospatial Information Authority of
Japan, 2012). Rebun Island has an elongated shape and extends
for ca. 20 km along the north–south axis and ca. 6 km along the
east–west axis, spanning an area of ca. 82 km2 (Fig. 1d).

Rishiri Island, situated ca. 9 km southeast of Rebun Island
(Fig. 1c), is composed of the main strato-volcano called Mount
Rishiri, reaching 1721 m a.s.l. (Kuritani and Nakamura, 2006),
and several small surrounding volcanoes attached to the main vol-
cano (Mandal et al., 2011). Volcanic activity started ca. 200 kyr BP
and deformed the Tertiary basement rocks (Mandal et al., 2011).
The island has a more or less circular shape, measures ca.
14–18 km in diameter and spans an area of ca. 183 km2. Distance
and area calculations for Rebun and Rishiri islands were performed
based on ASTER GDEM 2 data (METI and NASA, 2011) applying a
projected coordinate system (EPSG projection 2623) using ArcGIS
v10.2 (ESRI, 2014).

The Tsushima Warm Current (TWC) flowing along the west
coast of Hokkaido also influences Rebun and Rishiri islands. Its
one branch, called the Soya Warm Current, flows through the Soya
(or La Perouse) Strait and into the Sea of Okhotsk (Fig. 1a and b).
The TWC affects the regional climate significantly (Igarashi,
2013), particularly during the cold season (November to May;
see Leipe et al., 2013 for details and references therein) when the
region is strongly influenced by the East Asian Winter Monsoon.
Cold and dry air masses from Siberia passing over the relatively
warm Sea of Japan collect its ascending moisture and heat result-
ing in heavy snowfalls in the western Hokkaido Region from
November to April with highest amounts recorded in December
(Igarashi, 2013; Leipe et al., 2013 and references therein). The
Okhotsk High over the Sea of Okhotsk and the Ogasawara High
in the northwestern subtropical Pacific control climatic conditions
of the warm season. In years with a strong Okhotsk High, linked to
the positive mode of the Winter North Atlantic Oscillation, sum-
mers are cool; by contrast, the Ogasawara High is connected to
La Niña and results in relatively warm summers (Ogi et al., 2004;
Igarashi et al., 2011; Igarashi, 2013). The following climatic data
for Rebun and Rishiri islands were derived from a global high-
resolution interpolated (30 arc seconds or 1-km spatial resolution)
climate surface dataset for land areas (Hijmans et al., 2005) aver-
aged over a fifty-year (1950–2000) period and based on meteoro-
logical station data (Fig 2a). The mean monthly air temperature
on Rebun Island varies from �6.4 �C in January to 19.4 �C in August
with a mean annual precipitation of 1102 mm, with highest
amounts falling from September (131 mm) to December
(106 mm).

Nakagawa et al. (2002) and Leipe et al. (2013) described the
predominant natural vegetation type (biome) of Rebun and Rishiri
islands (as well as most of Hokkaido) as cool mixed forest. The veg-
etation on Rebun Island was severely impacted by human activities
during the last century. The modern landscape is considerably
deforested and Sasa spp. (bamboo grass from the Poaceae family)
became widespread on the entire island (Müller et al., 2016). Pat-
chy forests and shrubs occupy the river and spring valleys. The veg-
etation on Rishiri Island consists of a mixture of boreal conifers and
cool-temperate broad-leaved trees (Igarashi, 2013). In the volcanic
deposition area below 400 m a.s.l., Sasa spp. are very frequent as
well, but their distribution decreases with higher altitude and
under the forest cover.

2.2. Hydrology

Lake Kushu (45�2505800 N, 141�0200500 E, 4 m a.s.l.) is a relatively
shallow coastal freshwater lake in the northern part of Rebun
Island. The distance to Funadomari Bay is about 200 m (Fig. 1e).
The lake is separated from the sea by sand barriers with dune
ridges reaching up to 15 m a.s.l. that were formed by strong winter
winds (Sato et al., 1998). The lake catchment spans an area of
ca. 10 km2. The lake surface area covers about 0.53 km2 with a total
shoreline length of 3.4 km. The maximum water depth of 5.8 m
occurs in the northern part of the lake and the average water depth
is ca. 3.5 m (bathymetry data provided by T. Haraguchi, Osaka City
University). Lake Kushu has two inflows and one outflow that con-
nects with the sea. The major inflow, called Oshonnai River, enters
the lake from the south. The second inflow is a small stream that
reaches Lake Kushu from the southeast. The outflow in the north
is canalised and flows through Funadomari town and into Funado-
mari Bay. The lake is surrounded by a ring of dense aquatic vege-
tation (mainly Phragmites and Typha) followed by a ring of trees



Fig. 1. Chart compilation showing (a) Japan and the location of Terney Climate Station; (b) Hokkaido, including the Tsushima, Tsugaru and Soya sea surface warm currents
(red) and Oyashio cold current (blue); (c) outline of Rebun and Rishiri islands; (d) Rebun Island, including main rivers and location of Lake Kushu; (e) Lake Kushu. Isolines
represent water depth in 0.5 m steps. Yellow triangle marks the archaeological Hamanaka 2 site, orange rhombuses indicate the sampling sites on Rebun and Rishiri islands
(see Table 1 for details), white cross marks the location of the Kushu core RK12. Topographic maps are based on elevation Shuttle Radar Topography Mission (SRTM) V4.1 data
(Reuter et al., 2007; Jarvis et al., 2008). Isolines for terrestrial area are drawn from a topographic map (Geospatial Information Authority of Japan, 2012). Bathymetry of Lake
Kushu is based on survey data provided by T. Haraguchi (Osaka City University). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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and shrubs, and extensive grasslands and meadows. The absence of
large-scale agricultural activity and the dense vegetation cover
substantially reduce soil erosion so that the accumulation in the
lake reflects mainly lake bioproductivity and aeolian influx, with
a minor impact from the inflowing rivers. The lake freezes from
December to April (Sato et al., 1998). The Ōsawa River flows west
of the Lake Kushu catchment. It originates at Mt. Rebun and enters
Funadomari Bay ca. 1.45 km west of the Lake Kushu outflow.

Hime-numa Pond (45�1303600 N, 141�1404300 E, 129 m a.s.l.) is a
shallow circular artificial pond located in the northern part of



Fig. 2. Diagrams illustrating meteorological background information including (a) mean monthly precipitation (blue) and temperature (orange) data derived from
interpolated climate surface dataset for global land areas from Hijmans et al. (2005); (b) plotted annual variability of d18O and d excess in precipitation, based on the data
from the GNIP Station in Terney; and (c) d18O–dD diagram for Lake Kushu setting, Hime-numa Pond, and Terney precipitation. The Local Meteoric Water Line (LMWL) given by
the monthly mean isotopic composition in precipitation from the Terney dataset (blank black rectangles) and the Global Meteoric Water Line (GMWL) are included. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Rishiri Island. The pond was created in 1917, when small swamps
and springs were combined to form one larger waterbody. The
freshwater pond has a shoreline of ca. 0.7 km (estimated during
fieldwork) which corresponds to a surface area of 0.03 km2. The
pond is fed by atmospheric precipitation (i.e. rain and snow) falling
within its catchment area on the northern flanks of Mt. Rishiri. It
has no major permanent surface inflow or outflow. The shore
and lake bottom are partly stabilised with cement to control the
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shore, since the pond functions as a tourist site with a wooden trail
constructed around it. The surrounding area is vegetated with trees
and shrubs protecting the soil from erosion.

Unless otherwise stated, all given distances and areas in this
chapter were calculated based on ASTER GDEM 2 data (METI and
NASA, 2011) and a digitised and georeferenced topographic map
(Geospatial Information Authority of Japan, 2012) applying a pro-
jected coordinate system (EPSG projection 2623) using ArcGIS
v10.2 (ESRI, 2014).
3. Material and methods

3.1. Modern diatom samples

In August 2014, 15 modern diatom samples were collected.
Most samples originate from Lake Kushu on Rebun Island
(Fig. 1e, Table 1) and one sample represents Hime-numa Pond on
Rishiri Island (Fig. 1c).

For a comprehensive overview of the diatom species living in
Lake Kushu (including the inflow and outflow) we aimed at sam-
pling different habitats. Therefore, surface lake sediments, surface
waters and aquatic plants were collected. The surface lake sedi-
ments (1–2.4 m water depths) were collected in the near-shore
area using a plastic cup fixed on a scaled telescope bar. Approxi-
mately, 30 ml of material was taken from each location. The plank-
tonic diatoms were sampled using a 65-lmmesh size plankton net
with a 100 ml plastic tube mounted (Kalbe, 1980; Göke, 1993). The
plankton net was hauled several times through the uppermost 10–
20 cm of the water column. In total, ca. 250 ml of each surface
water sample were preserved in wide mouthed sterile plastic tubes
with a screw top. To collect the epiphytic diatoms, the uppermost
aquatic plant parts were removed and stored in a 500 ml sterile
wide mouthed plastic tube with a screw top. Following Battarbee
et al. (2001), all samples were preserved with a few drops of
Lugol’s Iodine and stored in a cool and dark place.

3.2. Water chemistry analysis

Water variables such as surface water temperature, pH, oxygen
saturation, and electrical conductivity were measured with a WTW
340i portable meter. The samples for stable water isotope analysis
– 11 surface water samples and one precipitation sample – were
stored in 30 ml narrowmouthed sterile plastic tubes, closed tightly
with a screw top and stored in a cool and dark place. The stable
oxygen and hydrogen isotope compositions were measured with
a Finnigan MAT Delta-S mass spectrometer at the stable isotope
laboratory of the Alfred Wegener Institute Helmholtz Centre for
Polar and Marine Research, Research Unit Potsdam, Germany
(see Meyer et al., 2000 for detailed explanation). The values are
given as d-values in per mil difference to V-SMOW (Vienna Stan-
dard Mean Ocean Water). The standard deviation (1 r) is better
than ± 0.8‰ and ± 0.1‰ for dD and d18O, respectively.

3.3. Fossil samples from Lake Kushu sediment: Choice and chronology

Lake Kushu coring was performed on the ice-cover, in the cen-
tral part of the lake at a water depth of ca. 4.5 m (the location is
indicated with a white cross in Fig. 1e). Two parallel sediment
cores RK12-01 and RK12-02 were drilled within a couple of metres
distance using a hydro-pressure thin-walled piston corer. The
overlap of the parallel cores allows for the sampling of a continu-
ous ca. 19.5 m long composite sequence. The cores were trans-
ported to the Graduate School of Environmental Science at
Hokkaido University in Sapporo and opened in April 2012 by split-
ting the core into two identical halves. Both cores were described
and photographed in the laboratory and subsampled using the
double L-channel (written as LL-channel) method (Nakagawa,
2007). The complete set of the plastic wrap-packed 1 m long LL-
channel segments was sent to the Institute of Geological Sciences
at the Freie Universität Berlin.

A set of 57 bulk samples (each representing 1 cm of the sedi-
ment core) was sent to the Poznan Radiocarbon Dating Laboratory
for AMS dating. The obtained results of the 14C dating allow the
construction of an accurate age model, suggesting continuous sed-
imentation through the last ca. 16.6 kyr (calibrated calendar ages
before present, cal. yr BP are consistently used throughout the
manuscript, unless specified otherwise, Fig. 3). A detailed descrip-
tion of the 14C data and discussion of the calibration issues and
age-depth model for the RK12 core will be presented in a separate
paper (Müller et al., 2016).

On the material of the RK12 composite core from Lake Kushu a
continuous diatom analysis at 1 cm intervals is planned. Before
starting this time and labour consuming analysis the potential of
the core’s diatom assemblages for addressing different research
questions such as marine impact and climate changes should be
tested. Therefore, we selected and analysed ten fossil samples from
throughout the core. Sample details such as corresponding ages
and selected research foci that could be potentially addressed are
presented in Fig. 4. To support interpretations made from the dia-
tom record, sediment samples from selected depths were also geo-
chemically analysed.

3.4. Diatom analysis

To remove the organic matter from the samples, 100 ml of 10%
hydrogen peroxide (H2O2) were added and the beakers were
placed on a hot plate at 80 �C to accelerate the chemical reaction.
After reaction had ceased, the chemical was washed out four times
with 800 ml distilled water.

The fossil sediment samples were treated using the standard
techniques for diatom preparation according to Battarbee et al.
(2001). First, 37% hydrochloric acid (HCl) was added to the dried,
weighted samples to remove the carbonates. Afterwards, 10%
H2O2 was added to remove the organic residual. After each step,
the chemicals were washed out with distilled water. After treat-
ment, one drop of the solution (both for modern and fossil sam-
ples) was placed onto a cover slip, air-dried at room temperature
and embedded into NaphraxTM (refractive index = 1.67). The valves
were counted using a Meiji Techno 4000 microscope, at 1000�
magnification with immersion oil. When possible, 500 valves were
counted in each sample. To avoid double counting, only fragments
exceeding 50% of the total valve area were counted. To help with
the identification of difficult taxa, photographs were taken with a
Zeiss Supra 40VP scanning electron microscope (SEM).

Diatom identification was performed using the floras of
Krammer and Lange-Bertalot (1997, 1999, 2000, 2004), Ohtsuka
(2002), Kobayasi et al. (2006), Levkov (2009), Houk et al. (2010),
Lee (2011, 2012) and Tanaka (2014). The taxonomical names fol-
low the system on the website AlgaeBase (Guiry and Guiry,
2015). Bar diagrams of diatom percentages were plotted using
Tilia� software (Grimm, 1991–2011).

For each sample, the individual taxon percentages were calcu-
lated based upon the total sum of counted valves taken as 100%.
Both, modern and fossil assemblage diagrams show taxa exceeding
5% individually. They are classified to pennate (mostly benthic) and
centric (mostly planktonic) forms and further subdivided into fresh-
water and brackish/marine taxa. Species not exceeding 5% of the
assemblages are summed up in the following groups: other benthic
freshwater taxa, other benthic brackish/marine taxa, other plank-
tonic freshwater taxa, and other planktonic brackish/marine taxa.
The stack diagrams for B/P (relationship of benthic to planktonic



Table 1
Summary of the sample locations including sample date and geographical position together with the on-site measured water parameters pH, surface oxygen saturation, water temperature, and electrical conductivity. The last five
columns contain the results of the stable oxygen and hydrogen isotope analyses.

ID RI-14- Samples Location name Date [2014] Longitude [N] Latitude [E] Altitude
[m a.s.l.]

Water Depth [m] pH Oxygen
[%]

Temp.
[�C]

Cond.
[S/m]

d18O
[‰ vs. SMOW]

1r dD
[‰ vs. SMOW]

1r d excess

01a Surface water Ōsawa River Aug-16 45.4330 141.0175 1 0.1 8.2 80 16.0 0.02 �9.9 0.05 �62.5 0.3 16.9
01b Water plant Ōsawa River Aug-16 45.4330 141.0175 1
02a Surface water Kushu Lake Aug-19 45.4322 141.0343 4 0.1 10.7 180 23.6 0.023 �8.2 0.02 �55.4 0.2 10.3
03a Surface water Kushu Lake Aug-19 45.4287 141.0378 4 0.1 �8.4 0.05 �55.9 0.3 11.5
03b Water plant Kushu Lake Aug-19 45.4287 141.0378 4
04a Surface water Kushu Lake Aug-19 45.4277 141.0395 4 0.1 10.4 104 23.6 0.021 �8.3 0.03 �55.9 0.4 10.3
05a Sediments Kushu Lake Aug-19 45.4302 141.0362 4 1.7
06a Sediments Kushu Lake Aug-19 45.4351 141.0318 4 0.1
07a Surface water Kushu Lake Aug-21 45.4303 141.0325 4 0.1 9.2 78 22.6 0.02 �8.3 0.03 �56.1 0.3 10.3
07b Sediments Kushu Lake Aug-21 45.4303 141.0325 4 2.0
07c Water plant Kushu Lake Aug-21 45.4303 141.0325 4
08a Sediments Kushu Lake Aug-21 45.4289 141.0378 4 2.4
09a Surface water Kushu Lake Aug-21 45.4335 141.0389 4 0.1 10.7 160 23.7 0.021 �8.3 0.03 �56.1 0.3 10.3
09b Sediments Kushu Lake Aug-21 45.4335 141.0389 4 2.0
10a Surface water Kushu Lake Aug-21 45.4350 141.0335 4 0.1 �8.4 0.02 �55.7 0.3 11.2
11a Surface water Oshonnai River Aug-21 45.4261 141.0398 4 0.1 8.0 106 17.7 0.024 �10.0 0.02 �63.2 0.3 17.2
12a Surface water Funadomari Bay Aug-22 45.4364 141.0271 0 0.1 8.6 90 24.3 4.93 �0.5 0.02 �2.4 0.3 2.0
12b Sediments Funadomari Bay Aug-22 45.4364 141.0271 0 0.4
12c Water plant Funadomari Bay Aug-22 45.4364 141.0271 0
13a Surface water Kushu Outflow Aug-22 45.4392 141.0357 3 0.1 9.6 63 24.4 0.02 �8.4 0.04 �56.1 0.4 11.4
13b Water plant Kushu Outflow Aug-22 45.4392 141.0357 3
14a Water Rain water Aug-24 45.4354 141.0280 8 �12.8 0.03 �92.8 0.3 9.9
15a Surface water Hime-numa Pond Aug-25 45.2269 141.2472 129 0.1 9.3 76 16.1 0.007 �11.0 0.03 �72.6 0.4 15.6
15b Sediments Hime-numa Pond Aug-25 45.2269 141.2472 129 1.0
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Did the global sea level rise in the 
early to middle Holocene affect Lake 
Kushu between 7.6-6 kyr BP as 
mentioned by Sato et al. (1998)? 

Fig. 4. Listing of the ten samples analysed for diatoms with their composite depth, cal. age BP and placement in the geological and archaeological time period. Asterisks mark
cultures of which remains were found on Rebun Island. Archaeological dates from Müller et al. (2016).
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species, defined as B/P = Rbenthic taxa/Rbenthic+planktonic taxa), salinity,
trophy and pH illustrate the sums of the ecological optima for each
taxon based on data from the literature. The specific optima were
coded with letters from A to E for the pH, from A to F for the trophy,
from A to D for the salinity, and with B or P for the B/P, and added to
the taxa information column in the Tilia� spreadsheet for
calculation.
3.5. Geochemical analyses of core sediments

3.5.1. X-Ray fluorescence analysis (XRF)
For elemental analyses of the bulk sediment a portable energy-

dispersive X-Ray fluorescence spectrometer (P-EDXRF) Analyticon
NITON XL3t equipped with a CCD-camera and a semi-conductor
detector was used. The samples were grinded and homogenised
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with a vibrating cup mill. The resulting powder was dried for 2 h at
105�C and kept in a desiccator at room temperature. Ca. 4 g of the
powdered samples were placed in plastic cups and sealed with
Mylar foil (0.4 lm). The prepared sample cups were placed on
the P-EDXRF and measured for 120 sec with different filters for
the detection of specific elements with specifications (X-Ray
source and Ag-anode) of Umax � Imax = 2 W, Umax = 40 kV and
Imax = 100 lA. Four filters were used with the following adjust-
ments: (i) main measuring 30 s at 50 kV with 40 lA, (ii) low mea-
suring 30 s at 20 kV with 100 lA, (iii) light measuring 30 s at 8 kV
with 250 lA, and (iv) high measuring 30 s at 50 kV with 40 lA.

Before analysing the prepared samples the P-EDXRF was cali-
brated using two lacustrine sediments (Lynch, 1990) as certified
reference material (CRM) LKSD-2 (lake sediment; Lot. Nr. 688)
and LKSD-4 (lake sediment; Lot. Nr. 897). Only elements that show
mean values larger than four times the 2 r error of the measure-
ments, i.e. aluminium (Al), calcium (Ca), iron (Fe), potassium (K),
rubidium (Rb), sulphur (S), silicon (Si), strontium (Sr), titanium
(Ti), and zinc (Zn) were taken into account for the analyses (for fur-
ther information see: Jenkins, 1999; De Vries and Vrebos, 2002).
The calibration with the CRM was checked after every fifth sample
measurement.
3.5.2. ICP-OES analysis
Sediment samples were analysed for major elements (Ca, Fe, K,

magnesium (Mg), manganese (Mn), sodium (Na), phosphorus (P),
S, and Sr) using an inductively coupled plasma optical emission
spectrometer (ICP-OES Perkin Elmer Optima 2100DV) on the base
of DIN EN 1346 (Anonymous, 2001). Dilutions of 0.5 up to 3.0 g
of dry sediment were produced with aqua regia (1.2 ml of 65%
nitric acid, 3.6 ml of 3% HCl and 0.5 ml of water) in a microwave
furnace (microwave digestion unit MLS-MEGA 90).

The solution was filtered into volumetric flasks (50 ml) using
glass funnels, fluted filters (particle retention 5–8 lm, size
150 mm), and bi-distilled water. The solution was kept in poly-
ethylene (PE) flasks of 50 ml. For data quality control, blank
reagents, duplicate dilutions and certified reference materials such
as soils (NCS DC 73387, NCS 73325; with grain sizes of
<0.074 mm), harbour sediment (LGC6156; with grain size
<200 lm), or lake sediments (LKSD-2; LKSD-4; with grain size
<80 lm; Lynch, 1990) were used. Relative standard deviations
are as following: Ca = 7%, Fe = 6%, K = 7%, Mg = 5%, Mn = 6%,
Na = 5%, P = 6%, S = 7%, Sr = 6%.
4. Results

4.1. Modern diatom assemblages

The results for the set of modern diatom samples are shown in
Fig. 5. The analysed samples were rich in diatom valves. In total, 94
taxa could be identified of which eight species are planktonic and
86 are benthic. The species richness varies between 6 and 44 spe-
cies per sample. The surface sediment samples from Lake Kushu
being most diverse and the surface water samples from the inflow
and Hime-numa Pond the least diverse. The most abundant taxa
are illustrated with SEM photographs in Figs. 6 and 7.

The epiphytic diatom sample, taken from the Ōsawa River, con-
sists of 84% monoraphid Cocconeis pediculus Ehrenberg. Lake Kushu
samples are mainly composed of benthic species. The two plank-
tonic species are Aulacoseira granulata (Ehrenberg) Simonsen
reaching 31% of the assemblage in a surface sediment sample
and Belonastrum berolinensis (Lemmermann) Bukhtiyarova with
up to 19% in surface water and sediment samples from Lake Kushu.
Dominant benthic species are Staurosirella pinnata (Ehrenberg)
Williams & Round reaching 79% in a surface sediment sample from
Lake Kushu and Nitzschia palea (Kützing) Smith with a maximum
frequency of 46% in surface water samples. Amphora cf. indistincta
Levkov reaches 25% in one surface sediment sample, whereas
Epithemia adnata (Kützing) Brébisson reaches 25% in one plant
sample. Pseudostaurosira brevistriata (Grunow) Williams & Round
is abundant in a surface sediment sample with 22% and in one
plant sample with 15%.

The Lake Kushu inflow surface water sample contains the fol-
lowing seven species: Melosira varians Agardh (41%), Navicula
lanceolata Ehrenberg (19%), Cocconeis neothumensis Krammer
(13%), Surirella brebissonii Krammer & Lange-Bertalot (9.4%),Merid-
ion circulare var. constrictum (Ralfs) Van Heurck (9.4%), Frustulia
vulgaris (Thwaites) De Toni (3.1%), and B. berolinensis (6.3%). How-
ever, this sample shows a low valve concentration (32 valves) and
must be excluded from the interpretation.

In the Lake Kushu outflow, the plant sample is dominated by
Cocconeis placentula Ehrenberg attaining 46%. The surface water
sample is predominated by B. berolinensis (16%), S. pinnata (20%),
and Fragilaria capucina var. vaucheriae (Kützing) Lange-Bertalot
(14%).

Regarding Hime-numa Pond, the surface water sample consists
of 97% planktonic Aulacoseira ambigua (Grunow) Simonsen. The
most frequent taxa in the surface sediment sample are A. ambigua
(24%), Stephanodiscus hantzschii Grunow (21%) and A. cf. indistincta
(23%).

The valve concentration in the sediment, plant, and surface
water samples from Funadomari Bay is too low (<50 valve per sam-
ple) to obtain statistically reliable data. A few valves of Navicula
directa (Smith) Ralfs, Proschkinia cf. bulnheimii (Grunow) Karayeva,
Cocconeis sp., Amphora sp., and Psammodictyon sp. were observed.
Therefore, the marine samples must be excluded from the
discussion.

4.2. Water analysis

The results of the hydrochemical and stable oxygen and hydro-
gen isotope analyses are summarised in Table 1. In total, nine sam-
ples recording the pH, surface oxygen saturation, temperature and
electrical conductivity of the water were measured at different
locations within Lake Kushu and once in the Ōsawa River, Oshon-
nai River, Lake Kushu outflow, Funadomari Bay, and Hime-numa
Pond. Hydrogen and oxygen isotope analyses were performed on
water samples from each water body and one precipitation sample.
The water temperatures varied between 16.1 and 24.4 �C showing
lowest values in the Ōsawa River and Hime-numa Pond and high-
est values in the Kushu outflow. The pH varies between 8.0 in the
Oshonnai River and 10.7 in Lake Kushu. All measured water bodies
(excluding Funadomari Bay with 4.93 S/m) show freshwater condi-
tions with a low to moderate conductivity (70–240 lS/cm). The
lowest oxygen saturation of 63% was measured in the Lake Kushu
outflow; highest values of 180% in the Lake Kushu surface water.

Fig. 2c presents a d18O–dD plot of all samples, related to the Glo-
bal Meteoric Water Line (GMWL) which is defined as dD = 8 � d18O
+ 10, valid on a global scale for surface fresh water of non-closed
basins without significant evaporation (Craig, 1961), as well as for
precipitation (Rozanski et al., 1997). The analysed rivers and lakes
arewell separated in the co-isotope diagram, but close to theGMWL
(Fig. 2c). The samples from Lake Kushu and its outflow show
isotopically similar waters with d18Olake = �8.2‰ to �8.4‰,
dDlake = �55.4‰ to �56.1‰ and d excesslake = +10.3‰ to +11.5‰.
The Ōsawa and Oshonnai rivers both display a similar isotope
composition with d18Oriver = �9.9‰ to �10.0‰, dDriver =
�62.5‰ to �63.2‰ and d excessriver = +16.9‰ to +17.2‰, whereas
the stable isotope composition of Hime-numa Pond displays a
slightly lighter isotopic composition (d18Opond = �11.0‰, dDpond =
�72.6‰ and d excesspond = +15.6‰) compared to those of Lake
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Fig. 5. Diagram illustrating the percentage abundances of identified diatoms for the analysed set of 16 modern diatom samples from Lake Kushu and its surrounding area, and
from Hime-numa Pond (see Fig. 1c and d for locations). The diatom taxa are grouped into pennate and centric forms. Samples from top to bottom are from the Ōsawa River,
Lake Kushu, Kushu Outflow, and Hime-numa Pond. Taxa not exceeding 5% of the assemblage are combined to benthic freshwater taxa <5%, benthic brackish/marine taxa <5%,
planktonic freshwater taxa <5%, and planktonic brackish/marine taxa <5%. Percentage stack diagrams based on the autecology of each taxon illustrate B/P, salinity, trophy, pH,
and No. of taxa.
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Kushu. During rainfall on 24th August 2014 one precipitation sam-
ple was collected yielding d18Orain = �12.8‰, dDrain = �92.8‰ and d
excessrain = +9.9‰. For comparison, monthly oxygen and hydrogen
isotope composition of precipitation from the global network for
isotopes in precipitation (GNIP) database (IAEA, 2015) of the nearby
Russian meteorological station Terney (WMO code: 3190900,
45�000 N 136�360 E, 68 m a.s.l., Fig. 1a) is shown in Fig. 2b. The mean
annual isotopic precipitation composition in Terney with d18O
= �9.8‰ is slightly lower than d18Olake water of �8.3‰. The GNIP
data are included in the d18O-dD diagram as well and were used to
calculate the Terney Local Meteoric Water Line (LMWL) with
dD = 6.15 � d18O – 6.95 on the base of the mean annual climate data
over a five-year period (January 1996 to December 2000). As a con-
sequence of the maritime location of Terney, the isotopic composi-
tion in precipitation (Fig. 2b) does not correlate with the measured
air temperature (Fig. 2a).

4.3. Fossil diatom assemblages

The ten analysed fossil samples contain well-preserved diatom
valves and in eight samples at least 500 valves were counted. In
total, 102 taxa were identified of which 20 are planktonic and 82
benthic. However, most species are represented by low valve con-
centrations. The fossil assemblages reveal distinct changes along
the RK12 core (Fig. 8).

The sample RK12-02-19_82-83 (1932.5 cm composite depth; in
the following given as cm; 444 counted valves) from the lower part
of the core reveals the dominance of benthic Diploneis subovalis
Cleve (78%) and Pinnularia viridis (Nitzsch) Ehrenberg (15%). No
diatoms were found in the few samples of the core checked
between 19 and 16.5 m. The overlying sample (RK12-02-16_16-
17; 1566.5 cm) is dominated by the benthic freshwater species P.
brevistriata (31%) and Pseudostaurosira elliptica (Schumann)
Edlund, Morales & Spaulding (30%). Marine Chaetoceros species
are present with less than 5%. Benthic brackish/marine taxa are
represented by Pinnunavis yarrensis (Grunow) Okuno (3.8%),
Rhopalodia acuminata Krammer (3.3%) and Mastogloia elliptica
(Agardh) Cleve (0.3%). The sample RK12-02-14_7-8 (1357.5 cm)
contains the highest observed proportion of marine taxa (37.2%),
including Chaetoceros seiracanthus Gran (23%), Chaetoceros radicans
Schütt (7.3%), Chaetoceros diadema (Ehrenberg) Gran (0.7%) and
Cyclotella choctawhatcheeana Prasad (6.2%). Freshwater diatoms
are represented by benthic Epithemia sorex Kützing and C. placen-
tula (each 12%). RK12-02-12_19-20 (1169.5 cm) shows minor per-
centages of marine taxa (<5%). Chaetoceros spp. are absent in this
sample, C. choctawhatcheeana reaches 5.2%. Brackish M. elliptica
comprises 6.5% of the assemblage. Benthic freshwater species re-
occur with P. brevistriata (27%), Rhopalodia gibba (Ehrenberg)
Müller (14%), E. sorex (6%), Diatoma tenuis Agardh (5.2%), and sev-
eral benthic taxa each not exceeding 5% (grouped to other benthic
freshwater and brackish/marine taxa <5%) composing in total 22%.
The sample of the middle part of the core (RK12-02-10_40-41;
990.5 cm) exhibits a minor amount (<10%) of benthic freshwater
diatoms, and a high proportion of planktonic S. hantzschii (53%),
A. ambigua (15%), A. granulata (11%), and Asterionella formosa Has-
sall (8.6%). The sample RK12-02-07_9-10 (659.5 cm) is mainly
composed of planktonic diatoms (68%) including A. ambigua
(16%), A. granulata (16%), Aulacoseira islandica (Müller) Simonsen
(18%), and S. hantzschii (18%). P. elliptica reaches 7.6% in this
sample. RK12-02-06_21-22 (571.5 cm) shows almost twice as high
abundances of the dominant taxa A. ambigua (33%) and A. granulata
(31%) when compared to RK12-02-07_9-10. A. islandica still
comprises 18%. Marine C. choctawhatcheeana occurs with 5.4%.
Benthic freshwater diatoms play a minor role in both samples.



Fig. 6. SEM images of the modern diatoms exceeding 5% of the assemblage.
1 – Epithemia turgida, 2 – E. adnata, 3 – Rhopalodia gibba, 4 – Amphora cf. indistincta,
5 – Gomphonema gracile, 6 – G. acuminata var. brebissonii, 7 and 8 – Nitzschia palea, 9
– Navicula lanceolata, 10 – Stephanodiscus hantzschii. Scale bar: 1 = 20 lm,
2–10 = 10 lm.

Fig. 7. SEM images continued. 11–13 – Fragilaria grunowii, 14–16 – Fragilaria
capucina var. vaucheriae, 17 and 18 – Pseudostaurosira brevistriata, 19 – Meridion
circulare var. constrictum, 20 – Belonastrum berolinensis, 21 – Staurosirella pinnata, 22
– Tabellaria fenestrata, 23 – Cocconeis pediculus, 24 – C. placentula, 25 – C.
neothumensis, 26 – Achnanthidium minutissimum, 27 – Planothidium lanceolatum,
28 – Aulacoseira ambigua, 29 – A. granulata. Scale bar: 11 = 20 lm, 12–29 = 10 lm.
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RK12-02-03_73-74 (323.5 cm) is dominated by A. granulata (65%),
A. ambigua (19%), and A. islandica (9.7%). In sample RK12-02-02_7-8
(157.5 cm) only 331 valves were counted. A. islandica is the domi-
nant taxon reaching 56% of the assemblage. The benthic compo-
nent (18%) is composed of many species occurring at less than
5% of the assemblage which are grouped in the category other ben-
thic freshwater taxa <5%. Gomphonema grovei var. lingulatum
(Hustedt) Lange-Bertalot and P. elliptica occur with 6.9% and 9.3%,
respectively. RK12-02-01_1-2 (51.5 cm) is also mainly composed
of planktonic freshwater diatoms (86.8%). A. ambigua reaches
64%, A. granulata 15%, and A. islandica 7.8%, respectively. P. elliptica
is the only abundant benthic species in this sample composing
9.3%. Qualitative estimates for water parameters (B/P, salinity, tro-
phy, and pH) based on the autecology of identified diatoms are
illustrated in Fig. 9a. The salinity stack diagram shows significant
abundances of brackish/marine diatoms in sample RK12-02-
14_7-8 (1357.5 cm). The B/P diagram displays the shift from a
benthos-dominated to a plankton-dominated assemblage in the
RK12-02-10_40-41 (990.5 cm) sample. After this, the B/P remains
low towards the top.

The trophy diagram shows several changes. The samples from
the lower part of the core mainly consist of eutraphentic and
trophy-tolerant species. In the sample RK12-02-10_40-41 the pro-
portion of hypereutraphentic taxa increases (50%). Oligotraphentic
and mesotraphentic species reach 15% and 5%, respectively. In the
samples RK12-02-07_9-10 and RK12-02-06_21-22 mesotraphentic
species occur (16% and 35%, respectively) and the proportion of
hypereutraphentic species decreases. RK12-02-02_7-8 is charac-
terised by the highest abundance of tolerant diatoms. The upper-
most sample (RK12-02-01_1-2) contains 60% mesotraphentic
diatoms.

The reconstructed pH indicates alkaline conditions throughout
the section. However, the abundance of diatoms preferring lower
pH (around 7) represents 25–60% in the samples RK12-02-07_9-
10, RK12-02-06_21-22 and RK12-02-02_7-8. Two samples (RK12-
02-10_40-41 and RK12-02-03_73-74) contain highest proportions
(12–15%) of diatoms which prefer a pH below 7.

4.4. Geochemical (P-EDXRF and ICP-OES) analysis of the core sediment

20 sediment samples were geochemically analysed from the
RK12 core between 1933.5 and 52.5 cm. For all samples the main
components are Si, Fe and Al as the organic fraction has not been
determined yet. Si values vary between 14.0% and 29.3% with a
mean of 20.7%. Fe values range between 2.3% and 5.3% (mean
3.7%) whereas Al exhibits values between 1.8% and 4.5% (mean
3.4%). However, we focus here on elements and elemental ratios
that may reflect marine influences such as K, Na, P, S, Si, Ti,
Sr/Ca, and Mg/Ca (Fig. 9b).

The basal three samples (1933.5–1701.5 cm) show strong vari-
ations in all above listed elements. For example Si (14.3–23.5%),
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Fig. 8. Diatom assemblage diagram representing the percentage abundances of identified diatoms for the ten analysed RK12 core samples (location is indicated by a white
cross in Fig. 1e). The diatom taxa are grouped in pennate and centric forms. Freshwater taxa are coloured in dark green, brackish/marine taxa in orange. Taxa not exceeding 5%
of the assemblages are grouped into benthic freshwater taxa <5%, benthic brackish/marine taxa <5%, planktonic freshwater taxa <5%, and planktonic brackish/marine taxa
<5%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. (a) percentage stack diagrams illustrating B/P, salinity, trophy, pH, and No. of taxa according to the autecology of the diatoms shown in Fig. 8; (b) shows the results of
the XRF and ICP – OES analyses.
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Ti (0.25–0.46%), S (<0.1–2.16%), Na (0.37–0.7%), and P (0.35–1.30%)
show heterogenic patterns within this section.

Between 1567.5 and 1170.5 cm seven sediment samples were
analysed. All elements exhibit values within a narrow range. This
is most obvious for Na, P and S. Whereas S shows elevated values
between 1.7 to 4.2%, lowest and uniform P values (0.25–0.37%;
mean 0.32%) represent this section. Also Na exhibits slightly ele-
vated values within a narrow range (0.44–0.55%; mean 0.49%).
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When the lowermost sample at 1567.5 cm is not considered, the
same feature is observed for Si (20.6–23.6%; mean 20.7%) and Ti
(0.31–0.37%; mean 0.34%) as well as for the elemental ratios Sr/
Ca (0.0063–0.007; mean 0.0066), and Mg/Ca (4.39–5.13; mean
4.67).

Three samples were analysed from the interval between 1127.5
and 990.5 cm. These samples show slightly different element con-
centrations, which is most obvious for S, Sr/Ca, Mg/Ca, Si, and Ti.
For S (0.84–2.95%), Sr/Ca (0.0048–0.0061) and Mg/Ca (3.33–3.88)
the values are lower, whereas Ti (0.33–0.50%) and Si (24.4–
29.3%) show higher concentrations.

The interval between 634.5 and 52.5 cm is represented by seven
samples that show similar values as the previously described sec-
tion for the elemental ratios Sr/Ca and Mg/Ca as well as for the ele-
mental concentrations of K, Si, and Ti. However, for this part of the
core the S values are low (0.26–0.43%; mean 0.37%) and Na
decreases towards the core top (from 0.44% to 0.11%). P also
decreases towards the top but shows much higher values (0.45–
1.32%) when compared to samples between 1567.5 and 990.5 cm.
5. Interpretation and discussion

5.1. Modern lake basin

Geographically, Lake Kushu is situated in the temperate climate
zone. It is dimictic with a freezing period from December to April
(Sato et al., 1998), spring and autumn circulation and summer
stagnation (Schönborn and Risse-Buhl, 2013). The shallow basin
morphology represents a mature lake stage defined by a high ratio
of za/zm (i.e. 0.6; za = 3.5m/zm = 5.8 m), where za indicates the aver-
age depth of the lake and zm represents its maximal depth. The low
water depth results in the absence of a tropholytic zone that leads
to photosynthetic activity in all parts of the lake causing eutroph-
ication (Schönborn and Risse-Buhl, 2013) and massive algal
blooms in summer, which we could observe during fieldwork in
August 2014. The present influence of human activities on the lake
seems minor since there are very limited agricultural activities and
cattle breeding on Rebun Island. We observed sewage disposal into
the outflow but no drainage directly into Lake Kushu. However, we
cannot exclude sewage disposal into the lake. Locals reported that
the lake is not being used for any leisure activities like fishing,
swimming or other water sports as a result of the eutrophic to
hypereutrophic conditions.

Its flat basin topography suggests that Lake Kushu has reached a
mature stage. The high bioproductivity in the warm season leads to
high accumulation rates of organic-rich sediments. However, the
reported deforestation in the first half of the 20th century (see
Müller et al., 2016) might have led to soil destabilizations and an
increase of the nutrient inflow from the catchment area.

The pH measured near the water surface varied between 9.2
and 10.7 (Table 1). The high pH can be explained by the high pho-
tosynthetic activity of the algal bloom which consumes the near
surface CO2 causing higher surface water pH during summer stag-
nation (Schönborn and Risse-Buhl, 2013). Coherently to the
photosynthesis-induced decrease of CO2, the oxygen saturation
experiences a significant increase resulting in values between
78% and 180%. The measured stable oxygen and hydrogen isotope
composition in the surface water samples plot close to the GMWL
and LMWL (Fig. 2c) indicating the absence of major evaporation
processes. The lake samples show very similar stable isotope
values and represent a well-mixed water body with an average
composition of d18Olake = �8.3‰, dDlake = �55.8‰ and d
excesslake = +10.9‰. These results correlate with the typhoon sea-
son that lasts seven months from May to November. Typhoons
bring high amounts of precipitation and storms affecting the
studied area regularly (Terry and Feng, 2010). Two weeks prior
to our sampling campaign, the typhoon named ‘Halong’ (formed
on 27th July 2014, dissipated on 15th August 2014) crossed the
Hokkaido Region from south to north, affecting Rebun and Rishiri
islands. The isotope composition of Lake Kushu is similar to that
of the summer precipitation of the nearby meteorological station
Terney (Fig. 2b and c) indicating that the shallow lake is com-
pletely recharged in summer. However, due to the maritime loca-
tion of Terney the isotopic composition in precipitation shows
minor variations and the absence of annual trends.

During the observation period, the eutrophic, or at time hyper-
eutrophic, lake showed a massive green algal bloom, giving the
lake a green colour and a low water transparency (<10 cm). The
flourishing green algae replace the planktonic diatom species as
shown by a very low valve concentration in surface water samples
(ca. 500 valves per slide, Ø 18 mm).

Within the Lake Kushu samples, Nitzschia palea is mainly pre-
sent in the planktonic samples representing 17–46%. N. palea is a
widely distributed taxon known from lotic and lentic freshwater
habitats, tolerant of heavy organic pollution (Trobajo et al.,
2009). Krammer and Lange-Bertalot (1999) described N. palea as
a common taxon, which occurs frequently within the plankton.
Planktonic Aulacoseira granulata, which is frequent as well, is
described from eutrophic habitats (Van Dam et al., 1994; Gómez
et al., 1995; Krammer and Lange-Bertalot, 2000). The presence of
A. granulata, which needs turbulence of the water (Gómez et al.,
1995), can be associated with the typhoon season in summer. Stau-
rosirella pinnata and B. berolinensis occur in the surface water sam-
ples as well as in the surface sediment and plant samples (Fig. 8).
Van Dam et al. (1994) reported S. pinnata as an oligo- to eutraphen-
tic taxon. Krammer and Lange-Bertalot (2000) mentioned the diffi-
culty of the named-by-synonym Fragilaria pinnata-taxon (see also
Morales et al., 2013) and suggest S. pinnata to be a very tolerant
species concerning pH (<7 up to 9.3) and trophic level (oligo- to
eutrophic; Van Dam et al., 1994). B. berolinensis is a planktonic
colonial form associated with alkaline, eutrophic (Van Dam et al.,
1994) unless hypereutrophic conditions (Bradshaw et al., 2002)
which fits very well with the measured water parameters.

Interestingly, the assemblages of the plant, surface water, and
sediment samples are much more similar to each other than
expected. The B/P values (Fig. 9a) display a high similarity between
the samples, supporting the assumption of a well-mixed water
body.

The analysed water parameters from Hime-numa Pond show
deviating results (compared to Lake Kushu) regarding the lower
electrical conductivity (70 lS/cm), temperature (16.1 �C), and oxy-
gen saturation (76%). With 9.3, the pH is as high as in Lake Kushu.
The isotopic composition of d18Opond = �11‰, dDpond = �72.6‰

and d excesspond = +15.6‰ plots above the GMWL which indicates
that evaporation is negligible. The isotope composition of Hime-
numa Pond is rather low as compared to the Terney mean monthly
precipitation and Lake Kushu water (Fig. 2c) and therefore indi-
cates that recharge takes place mainly during the cold season.
However, an isotope ‘‘amount effect” that indicates any depen-
dency of oxygen isotopes from the precipitation amount is not vis-
ible in the Terney data. In general, Hime-numa Pond was
characterised by a green algal bloom and a water transparency as
low as in Lake Kushu (<10 cm). The lower temperature and oxygen
saturation in comparison to Lake Kushu can be explained by the
permanent cloud cover around Mt. Rishiri (1721 m) as noticed dur-
ing fieldwork, reducing insolation and photosynthesis-induced
bioproductivity. Due to the green algal bloom, the diatom diversity
is low (6 taxa in surface water, 32 in surface sediment sample). The
assemblage of the surface water sample consists of A. ambigua,
reaching 97%. A. ambigua represents the observed water parame-
ters (pH = 9.32, eutrophic) very well. Further, other occurring taxa
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(e.g. C. neothumensis and N. lanceolata) in this assemblage are
either trophy-tolerant or prefer eutrophic habitats (Van Dam
et al., 1994; Krammer and Lange-Bertalot, 1997, 1999, 2000,
2004). In particular, S. hantzschii is associated with highly
eutrophic conditions (Bennion et al., 1996). The presence of S.
hantzschii in the surface sediment sample suggests higher nutrient
concentration than in the past. Nevertheless, to provide a more
detailed picture about the degree of past human influence further
research is needed.

5.2. Comparison to Kushu core diatom assemblages

In comparison to the modern record, the fossil diatom assem-
blage of Lake Kushu is generally different. Only four species
(R. gibba, P. brevistriata, S. pinnata, A. granulata) exceeding 5% of
the assemblage occur both in the modern and fossil assemblages.
Most significant changes are traceable in the diagram showing
the reconstructed salinity (Fig. 9a). Here, the core assemblages
between 1566.5 and 1169.5 cm (ca. 9–6.7 cal. kyr BP) indicate
higher water salinity suggested by the appearance of brackish
M. elliptica with a highest range in sample RK12-02-12_19-20,
P. yarrensis and R. acuminata in sample RK12-02-16_16-17 andmarine
C. choctawhatcheeana, C. seiracanthus and C. radicans in sample
RK12-02-14_7-8 (8.4 cal. kyr BP). S. pinnata reaches its maximum
abundance (12%) in sample RK12-02-14_7-8 (1357.5 cm), while
P. brevistriata is most abundant in samples RK12-02-16_16-17
(1566.5 cm) and RK12-02-12_19-20 (1169.5 cm). P. brevistriata
prefers weakly brackish conditions (Denys, 1990) and therefore
indicates a transition from freshwater to brackish conditions in
sample RK12-02 16_16-17 and from brackish to freshwater condi-
tions in sample RK12-02 12_19-20. In contrast, S. pinnata is associ-
ated with brackish conditions (Denys, 1990) and shows highest
abundance in sample RK12-02 14_7-8 together with the marine
taxa. The shift towards freshwater, plankton-dominated assem-
blages (B/P = 0.1–0.45) starts with sample RK12-02-10_40-41
(990.5 cm) at ca. 5.8 cal. kyr BP. This could indicate a higher water
level. However, the B/P does not only reflect the water level, but
also the water transparency and nutrient concentrations and needs
to be handled with care. Another main change is indicated in the
diagram for trophic conditions (Fig. 9a). In comparison to the mod-
ern Lake Kushu samples, mesotraphentic A. ambigua (Reynolds,
1998; Poister et al., 2012) is replaced by highly eutraphentic N.
palea and B. berolinensis (Bradshaw et al., 2002; Trobajo et al.,
2009) indicating an increase in nutrient concentrations within
the last 300 yr BP.

The surface water sample from Hime-numa Pond shows highest
similarity (high abundance of A. ambigua) compared to the sample
RK12-02 01_1-2 from the Kushu core. Both samples represent a
meso- to eutrophic freshwater lake. This leads to the assumption
that the deforestation, sewage or remnants of formerly used fertil-
izers since the settlement on Rebun Island increased the nutrient
inflow to Lake Kushu, resulting in hypereutrophic conditions. On
the other hand, the well preserved natural forest belt on Rishiri
Island (Müller et al., 2016) and the location of Hime-numa Pond
above the coastal settlement belt have prevented a high level of
pollution (as indicated for Lake Kushu) in the pond’s catchment.
It seems that settlement activities on Rebun Island played an
important role in the eutrophication of Lake Kushu. These findings
require further high-resolution analyses.

5.3. Correlation to past climate and sea level changes

A representative selection of fossil samples has been analysed
to test the potential of using diatom analysis on the RK12 sediment
core as a high-resolution archive of the post-glacial climate and
environments as well as for the reconstruction of possible impact
of sea water (long- and short-term events) on the Lake Kushu
ecosystem with a special focus on the interval between the onset
of the Jomon culture of northern Japan (ca. 14 kyr BP; Weber
et al., 2013) and the present. The results of the pilot analysis pre-
sented here indicate significant changes throughout the RK12 core
diatom assemblages, which should be correlated in detail with the
regional and global-scale environmental changes.

Not only the diatom assemblage was used, but also selected
sediment samples were geochemically analysed to detect potential
environmental changes such as a varying impact of seawater
throughout the RK12 core. Higher contents of K, Na, and S as well
as elevated Sr/Ca and Mg/Ca are regarded as marine markers (Goff
et al., 2004; Chagué-Goff, 2010; Chagué-Goff et al., 2012) and rep-
resent in the bulk sediment a potential marine influence. Sr/Ca and
Mg/Ca ratios are known as salinity indicators from lake sediments
(Gasse et al., 1987; Hoelzmann et al., 2010) and increasing salinity
is here bound to an increasing marine influence. P is interpreted as
an indicator of productivity where higher P values indicate more
productive conditions under lacustrine conditions and diminished
seawater influx. Si and Ti in the sediments may result from detrital
input originating from suspended matter with higher values sug-
gesting an increasing fluvial (riverine) influence.

5.4. Marshy phase 16.6–10 cal. kyr BP

The sample RK12-02-19_82-83 (1932.5 cm) from the lower-
most part of the analysed RK12 core (16.6 cal. kyr BP) represents
the final phase of the Last Glacial Maximum (LGM). Studies of
diatom-inferred climate reconstructions of the LGM are scarce in
the Hokkaido region. However, pollen-based reconstructions dated
the end of the LGM and the onset of deglaciation processes to
17 cal. kyr BP for this region (Igarashi et al., 2011). The lowermost
sample is dominated by benthic freshwater D. subovalis (78%)
known as a common species in running waters (Krammer and
Lange-Bertalot, 1997). P. viridis (15%) is described as frequently
occurring in a stream-fed pond at 50 mm water depth (Harper,
2010). Both, D. subovalis and P. viridis, might indicate a fluvial habi-
tat which is characterised by ephemeral conditions.

The core sediments change from dark brown, organic-rich,
partly laminated clay (1930–1900 cm) to brownish-olive to grey
silty clay with intermediate pumiceous sand layers (1900–
1650 cm) suggesting a fluvial depositional environment (Einsele,
1992). The sediments show relatively high Si and Ti values that
correspond to an increased detrital input under fluvial/deltaic
environments. Such unstable environmental conditions for this
phase are also reflected by varying values of the other parameters
such as Na, P, and K concentrations as well as changing Sr/Ca and
Mg/Ca ratios.

Diatom diversity and valve concentration are both relatively
low in the lower core part, thus preclude a more detailed interpre-
tation at this stage based on diatoms. However, the pilot results
from the pollen analysis presented in Müller et al. (2016) will pro-
vide a chronology that shows significant changes, e.g. at the late-
glacial/Holocene transition indicated by the shift from herbaceous
to tree and shrub dominated vegetation.

5.5. Brackish water lagoon phase 10–6.6 cal. kyr BP

The rapid marine transgression in the early Holocene 8.5 to
6.5 cal. kyr BP (Omura and Ikehara, 2010) changed the fluvial/del-
taic depositional environment and led to the formation of the
palaeo-Kushu Bay (Sato et al., 1998). Initial occurrence of benthic
brackishM. elliptica and P. yarrensis as well as the minor abundance
of planktonic marine diatoms in RK12-16_16-17 at 9 cal. kyr BP
indicate strong marine impact including first tidal influences.
Increasing abundance of marine planktonic Chaetoceros spp. in
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RK12-02-14_7-8 suggests maximal marine impact at 8.4 cal. kyr BP
(Figs. 8 and 9a). This corresponds with the geochemical composi-
tion of the RK12 core sediments. High Na, K, and S values together
with increased Sr/Ca and Mg/Ca element ratios point to increased
salinity as a result of the seawater influence. The detrital input of
Ti and Si originating from fluvial suspended matter is decreasing
and productivity (indicated by P content) is significantly lower
around this time. This might correspond to the pronounced marine
transgression associated with the ‘‘8.2 k-event”, an abrupt climate
change in the northern hemisphere at 8.2 cal. kyr BP, first noted in
Greenland ice core records (e.g. Alley and Ágústsdóttir, 2005;
Thomas et al., 2007) caused by a meltwater pulse into the North
Atlantic Ocean (Hijma and Cohen, 2010).

The diatom assemblage shows a decreasing marine influence in
sample RK12-02-12_19-20 at ca. 6.7 cal. kyr BP with the significant
decline in Chaetoceros spp., P. yarrensis and R. acuminata abun-
dances. There is a time lag between the observed maximal marine
impact in the RK12 core (8.4 cal. kyr BP) and that suggested by Sato
et al. (1998) between 7.6 and 7 cal. kyr BP. Whether this time dif-
ference is due to the extracting location of the peat moor core at
the southern margin of the basin (Kumano et al., 1990a) or to an
imprecise or incorrect age model (Sato et al., 1998) remains open.
Both scenarios seem to be plausible since the marine diatoms doc-
umented by Kumano et al. (1990a) are benthic diatoms suggesting
that the area in the south was less influenced by marine tides com-
pared to the RK12 core location and the age model published by
Kumano et al. (1990a) is based only on four radiocarbon dates rep-
resenting the ca. 16 m sediment core.

5.6. Freshwater lake phase since 6.6 cal. kyr BP

The transition from the lagoon phase towards a freshwater
environment is marked by the decline of brackish/marine species
and the occurrence of freshwater Aulacoseira spp. (Figs. 8 and 9a)
suggesting a stable freshwater lake phase since 6.6 cal. kyr BP. Iso-
chronously, the geochemical analysis shows lowering Sr/Ca and
Mg/Ca ratios along with increasing Si and Ti contents between
1160 and 1050 cm suggesting the decrease of marine influence
together with higher detrital input. Further, the low values of S,
K, Na, Sr/Ca, and Mg/Ca and the higher P, respectively, indicate
reduced ion concentration of the lake water and increased
productivity.

Evidence of the Late Holocene marine transgression recon-
structed at several sites in eastern Hokkaido shortly before ca.
3 cal. kyr BP (Kumano et al., 1990b and references therein) was
not yet found in the RK12 core. As the sample interval of our pilot
study is coarse, this marine transgression affecting Lake Kushu
might be detected with higher resolution analysis. At this stage,
however, our results are in agreement with the maximum lake
extension after the Holocene Climate Optimum (8.7–5.2 kyr BP)
as postulated by Sato et al. (1998).

Due to the location of Rebun Island within a tectonically active
zone, the question for short-term marine impact on Lake Kushu
induced by tsunamis is of high interest. Sawai (2002) discovered
dramatic changes in diatom assemblages from Lake Tokotan (Hok-
kaido) caused by tsunami impacts on Hokkaido. Potentially, tsu-
nami events which affected the Rebun Island region should also
be detectable in the RK12 core.

The palaeolimnology of Lake Kushu was likely controlled by
several environmental factors, e.g. basin morphology, tsunami
activities, the East Asian Monsoon system, and the global- and
regional-scale sea level fluctuations that also had an influence on
changes in the TWC as a main driver of the regional climate condi-
tions. The TWC started influencing the climate in the southwestern
Hokkaido region in the Middle Holocene (Leipe et al., 2013;
Nishida and Ikehara, 2013). The planned high-resolution analysis
of the RK12 core material will provide an opportunity to get reli-
able information for reconstructing the palaeolimnology of Lake
Kushu in more details.
6. Conclusions

In this pilot study the modern and fossil diatom assemblages
from Lake Kushu and the surrounding environment have been
studied. The samples taken in August 2014 represent a mature
shallow freshwater lake, which is characterised by strong eutroph-
ication in summer. This leads to a green algal bloom and to a
decreased diversity and concentration of diatoms, especially in
the surface water. The nutrient increase was most likely caused
by the combination of a natural induced eutrophication process
(flat basin topography, high productivity) and human activities
(vegetation changes, pollution) during the settlement history of
Rebun Island. The high wind energy caused by the East Asian Mon-
soon (May to November) initiate regular water turnover in the
lake. Further sediment and water sampling from Lake Kushu and
the surrounding area will facilitate the interpretation of the core
diatom assemblages and help in understanding the limnological
processes and diatom variability of this lake during the summer
and the overturn spring and autumn periods.

We further tested the potential of the RK12 sediment core as a
high-resolution archive to reconstruct past environmental and cli-
mate changes during the late-glacial and Holocene interval. The
diatom assemblages and the geochemical sediment composition
suggest that three substantially different environmental phases
took place: (i) the Late Pleistocene marshy phase with unstable
environments and higher detrital input (indicated by high Si and
Ti values); (ii) the Early Holocene lagoon phase reflecting the
post-glacial global sea level rise and corresponding marine trans-
gression, as indicated by highest abundances of marine diatoms
and increased K, Na, and S contents and corresponding Sr/Ca and
Mg/Ca element ratios in the analysed samples; and (iii) the fresh-
water lake phase following the Holocene Climate Optimum.

This pilot study clearly shows that further high-resolution dia-
tom and geochemical analyses of the sediments from the Lake
Kushu core RK12 will be able to provide a very detailed (sub-
decadal to decadal) palaeolimnological record with an excellent
age-control that will foster regional palaeoclimatic and palaeoen-
vironmental interpretations for the late-glacial and Holocene time
interval and facilitate interpretation of the hunter–gatherer popu-
lation dynamics and cultural sequences in the Hokkaido region.
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