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Abstract

Sediment dynamics for the last 300 years in Lake Toro and the applicability of %°Pb
dating (CIC and CRS models) are here evaluated. The lake sedimentation and sediment
yield were determined by **’Cs (1963) and two tephra layers (Ko-c2 in 1694 and Ta-a in
1739). The average sediment yields for initial development periods of catchments were
13.0-14.1 t km? yr ! until 1963 and increased to 30.5 t km 2 yr* after 1963 because of
the conversion of floodplain and upland forests to cultivated lands. In particular, the
western zone of the lake near the conjunction with the Kushiro River had a high
sedimentation rate, which is attributable to sediment inflow back from the Kushiro
River during floods. The CIC model was not applicable because of fluctuations in the
219 profiles since 1963. The CRS model agrees with the **'Cs dating in all sites except
for one site close to the Kushiro River inflow. ?°Pb dating may contain considerable
errors where the #*°Pb concentration profile and flux is perturbed by floodwater from

the Kushiro River, which contains low levels of :°Pb.

Keywords: Lake sedimentation; Sediment yield; ?°Pb dating; **’Cs dating; Kushiro

Mire

1. Introduction

Human activities, such as deforestation, agricultural development, and stream
channelization, have increased sediment production (Davis, 1976; Nakamura et al.,
1997; Walling et al., 2003). The fine sediments eventually accumulate in lakes and
wetlands (Nakamura et al., 1997), and sediment cores there reflect historical erosion
rates in the catchments. Lakes have gradually become shallow due to a rapid

accumulation of sediment delivered from the disturbed catchments (Ritchie et al., 1983:



Ahn et al., 2006; Singh et al., 2008). Thus, the historical record of lake sedimentation is
important for understanding the lake environment with respect to land use in the
catchment.

Lake sediment cores are used for reconstructing sedimentation histories. Accurate
sediment chronologies are crucial for interpreting historical sediment dynamics.
Volcanic tephra dating is popular, but it is limited to landscapes that have preserved ash
layers (Ahn et al., 2006). Other radiometric dating using **'Cs and ?°Pb profiles was
widely used to examine the last 100150 years in lake and reservoir environments
(Foster et al., 1985, 1986). Two models, commonly referred to as the CIC (constant
initial *°Pb concentration) and CRS (constant rate of >*°Pb supply) models (Appleby
and Oldfield, 1978), have been proposed to estimate dates using °Ph. The dating by
the CIC model is accurate in stable environments with uniform sediment accumulation
rates. The CRS model also gives good results at many sites with non-uniform
accumulation. However, the ?!°Pb-based chronology (CIC and CRS models) may
contain errors when a large amount of sediment adsorbing #*°Pb is delivered from the
above catchment, because it violates the assumptions of constant concentration and flux
of 2°Pb (Marques Jr. et al., 2006). Thus, it is important to examine the applicability of
219pp dating to lake sediment using independent chronological evidence wherever
possible. The best means for validating dates for the last 40 years is through records of
an artificial radionuclide, **’Cs (Appleby, 2001).

Many rivers and streams in Japan are channelized, and the floodplains and gentle
hillslopes have been used for cattle grazing and crop cultivation since the 1960s. The
Kushiro Mire, the largest wetlands complex in Japan, is home to a diversity of wetland

wildlife. However, excessive production and transport of suspended sediment and



nutrients are evident in association with deforestation, pasture development, and stream
channelization (Nakamura et al., 2002, 2004). There are three lakes on the eastern
margin of the mire, and recently they have suffered from accelerated sedimentation and
a decline in water quality because of the influx of nutrient-rich, turbid water (Takamura
et al., 2003; Hokkaido Institute of Environmental Sciences, 2005; Ahn et al., 2008). In
particular, Lake Toro, the largest lake, has suffered degradation and eutrophication from
intensive pasture development in the catchment. Recent studies have indicated that
water quality and aquatic plant species in Lake Toro are being rapidly degraded
(Takamura et al., 2003). The Hokkaido Institute of Environmental Sciences (2005) also
reported deterioration of the spawning habitat of Japanese smelt (Hypomesus
nipponensis) due to accumulation of fine sediment. However, there are no studies
examining the recent history of sediment accumulations with reference to land use in
the Lake Toro catchment.

This study aimed to elucidate the recent history of lake sedimentation using **'Cs,
219pp and tephrochronology. The dating results by **'Cs and *°Pb were cross-checked to
examine the applicability of >*°Pb dating (CIC and CRS models) in the Lake Toro
catchment, which has been highly disturbed over the past 50 years. The present study
focused on sediment dynamics over the last 300 years using **’Csand tephrochronology
as chronological markers. In particular, this study examined the relationship between
the spatial variation of sedimentation rates and the sediment yields from the catchments

together with changes in land use.

2. The study site

Lake Toro is located on the east margin of the Kushiro Mire in eastern Hokkaido, in

northern Japan. The lake is located in the Pacific coast climatic zone. The annual mean
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air temperature at the Kushiro Meteorological Observatory is 6.0 °C measured from
1971 to 2006 (Japan Meteorological Agency, 2007). The annual mean precipitation is
1037 mm, with a range of 705-1378 mm. The Kushiro Mire (194 km?) drains into the
Kushiro River (2510 km?) (Fig. 1). Lake Toro has an area of 6.3 km?, drains a
catchment area of 133.2 km? and eventually flows into the Kushiro River (Fig. 1).

The sea level gradually rose along the coastlines of Japanese archipelago since the
Last Glacial Maximum, and it reached a peak level about 6000 years ago. Thereafter the
sea level descended three to five meters. The elevations of the eastern Pacific coast of
Hokkaido become higher than modern mean tidal level (MTL) 3000 years ago (Sawai,
2002; Sawai et al., 2002). As a result, inland areas that were lower than the MTL
became lakes and wetlands gradually. Lake Toro was formed 3000 years ago as the sea
level descended.

The Arekinai and Omoshironbetsu Streams and other small tributaries flow into Lake
Toro (Fig. 1). The water levels of Lake Toro and the Kushiro River are almost equal at
base flow conditions. When the water level of the Kushiro River rises, water flows back
into the lake (Hokkaido Institute of Environmental Sciences, 2005; Ahn et al., 2008).
The average water depth in the lake is 6.0 m (Table 1), and the maximum water depth is
7.3 m. Lake Toro is surrounded by hills to an elevation of 100 m. The humic layer has
crumbly soil. The subsurface soil texture is a silty loam and is thicker on the terraces
than on the hillside slopes. The bedrock consists of tertiary gravel and sand stones. The
northern slope of the Lake Toro catchment is a steep forest. The southern and eastern
uplands gradually descend to the lake, and areas of the lower elevations are intensively
cultivated for livestock (Fig. 1). The forest cover is comprised of planted forests (Larix

leptolepis) and indigenous forests (mainly Quercus crispula).



Prior to modern Japanese settlement in the Lake Toro catchment, Ainu (indigenous
people) had been using the area for hunting and fishing as well as for crop cultivation
and timber harvesting. The catchment was the most popular Ainu settlement site in the
Kushiro Mire because of natural resources such as water, forests, and fertile soil. As the
Japanese settlement began in the 1880s, indigenous forest was partly cleared for
charcoal production (Kumagai et al., 2008). Group settlement in the Lake Toro
catchment occurred after road construction in 1939, and the dairy industry was
established (Shibecha cyoushihensaniinkai, 2002). In the 1960s, pastures for milk
production expanded. Agricultural drainage construction and further land consolidation
projects were undertaken in the Arekinai Stream catchment from 1972 to 1986
(Shibecha cyoushihensaniinkai, 2006). Since then, the dairy industry has continued to
grow, especially in the Arekinai Stream catchment (Fig. 1). The Arekinai Stream
catchment has been gradually converted into farmlands through the introduction of
buried and open ditch drainage systems. Although reforestation with L. leptolepis aimed

to recover the forest resources, the demand for lumber remains.

3. Methods

3.1 Sediment sampling

To evaluate sedimentation rates in Lake Toro, sediment cores were collected from 28
points in June 2006 (Fig. 1). Sampling points were classified according to their
geographical setting: seven sampling points in the eastern zone where the Arekinai and
Omonshironbetsu Streams flow into the lake (E1-E7), five sampling points in the
western zone where the lake water flows into the Kushiro River under low flow

conditions and floodwater of the Kushiro River flows back into the lake during floods



(W1-WH5), and sixteen sampling points in the middle where small tributaries enter (M1—
M16).

Core samples were extracted by a 7.2 cm diameter polyvinyl chloride tube. All core
samples were dissected into 1 cm-thick slices and were preserved in a sealed container

at —10 °C. Dry bulk density was calculated after drying for 24 h at 105 °C.

3.2 Dry bulk density of the lake sediments

The most distinctive and widespread tephras over the study areas were Komagatake-
c2 tephra (1694 AD) and Tarumae-a tephra (1739 AD). Ahn et al. (2006) identified two
tephra layers from Lake Takkobu in the Kushiro Mire. The dry bulk density of the
tephra sediment in Lake Takkobu was high compared with that of the fluvial sediment
transported from the catchment (Ahn et al., 2006). To remove the effects of possible
sediment compaction on the dry bulk density distributions during sampling, cumulative

dry mass depth was used.

3.3 ¥*'Cs and *°Pb dating

137Cs from atomic bomb testing first entered the environment in the early 1950s and
peaked in 1963, which provides easily identifiable chronological markers in lake
sediment (He et al., 1996; Appleby, 2001; Walling et al., 2003). Because *’Cs is
strongly adsorbed into fine sediment particles, its redistribution occurs in association
with sedimentary particles. In the Kushiro Mire, a 1963 *¥'Cs peak is readily identifiable
and has been used as a chronological marker (Ahn et al., 2006; Mizugaki et al., 2006).

219ph 3 naturally occurring radionuclide (half-life 22.3 years), is a product of the
238 decay series, derived via a series of other short-lived radionuclides from the decay

of gaseous *?’Rn (half-life 3.8 days), the daughter of #°Ra (half-life 1622 years). The



219pp content of soils and rocks produced by the in situ decay of *°Ra is termed

‘supported 2

Pb’ because it is in equilibrium with its parent. However, upward
diffusion of a small portion of the ?Rn produced naturally in soils and rocks releases
222Rn to the atmosphere, and the subsequent fallout of ?°Pb is incorporated into surface
soils and sediments, which are not in equilibrium with °Ra. Such #°Pb fallout is
commonly termed ‘unsupported *°Pb.” Because of its natural origin, the deposition of
219ph has been, unlike that of **'Cs, essentially constant through time (Nozaki et al.,
1978).

The unsupported ?°Pb in each sediment layer declines in accordance with
radioactive decay. The sedimentation rates can be estimated assuming that the flux of
unsupported 2°Pb into the lake sediment is constant (Appleby et al., 1979). As
unsupported *°Pb in deposited sediment decays according to its half-life, the
unsupported °Pb profile in the sediment decreases exponentially with constant
sedimentation. The model to estimate sedimentation rate with a constant input of
unsupported *2°Pb is the CIC (Constant Initial Concentration) model. Assuming constant
unsupported 2°Pb flux, a sedimentation rate at a given depth can be estimated by
attributing a decrease in unsupported ?°Pb in the depth profile to radioisotope decay
(Appleby and Oldfield, 1978; 1983). This approach is the CRS (Constant Rate of
Supply) model.

To measure **’Cs and unsupported >*°Pb activity, gamma spectrometry was
employed at the Central Institute of Isotope Science, Hokkaido University. The **’Cs
activity was measured using P-type HPGe detectors (Ortec and PGT, USA), and the
unsupported #*°Pb activity was analyzed using an N-type GMX HPGe coaxial detector

(Ortec, USA), both coupled with a multichannel analyzer (SEIKO EG&G MCA7700,



Japan). In gamma ray spectrometry for “°Pb dating, the unsupported °Pb activities
were determined from the difference between total and supported #°Pb activities.
Assuming equilibrium between the “°Ra and #??Rn in the soil samples, the supported
219 activities can be calculated from the activity of its short-lived daughter product,
21%pp (half life of 27 min), which is derived from ???Rn in the %**U decay series (Joshi,
1987; Murray et al., 1987).

The *’Cs and unsupported °Pb contents of the cores were measured at 2 cm
intervals. The sediment samples were dried for 24 hours at 105 °C. All the samples were
gently ground, passed through a 2 mm-mesh sieve, and thoroughly mixed before the
gamma assay. *’Cs profiles were constructed for 28 sediment cores. *°Pb samples in
the tubes for five cores (Sites E4, M7, M10, M16, and W2) were sealed and left for 21
days before analysis to allow for equilibrium between ?*°Ra and **’Rn. For **'Cs and
219pp analyses, the gamma activities of each sediment sample were measured for 36,000
seconds. Using HPGe detectors, gamma activity was 661.6 keV for **'Cs, 46.5 keV for
total °Pb, and 352.0 keV for ***Pb. Two of 2*Pb y-emissions easily detected by a
HPGe detector are at 295.2 keV (18.9 %) and 352.0 keV (36.7 %). Because of a
relatively higher branching ratio for the 352.0 keV emission, this photopeak provides
better sensitivity (Joshi, 1987). Therefore, in our measurements we employ only the

352.0 keV photopeak for deriving concentrations of *°Ra.

3.4 Estimation of sediment yield

Total sediment mass in the lake was calculated to determine the temporal change in
sediment yield in the Lake Toro catchment. The average sedimentation rates (g cm 2 yr-
1y were calculated using **'Cs measurements and tephrochronology as follows:

SRi = Di/Ti



where SR; is the average sedimentation rate (g cm 2 yr %), D; is the cumulative dry mass
depth between markers (g cm ), and T; is the chronological time interval (years). The
average sedimentation rates were plotted at each coring location and contoured using
ERDAS IMAGINE. The total sediment mass was estimated by multiplying the average
sedimentation rates in each zone by its area and by planimetric calculations based on the
contours.

The sediment yield was estimated by dividing the total sediment mass in the lake by
the area of the catchment draining into the lake. This method assumes that all the
sediment from the contributing catchments is deposited in the lake and is not
transported out of the lake. This assumption is not correct because some sediment is
exported into the Kushiro River. The Brune (1953) median trap efficiency curve (the
percentage of sediment input that is retained in the reservoir) was used to adjust the
sediment yields. In order to estimate the ratio of the lake capacity to the average annual
inflow of water (C/I ratio), average annual inflows of water were obtained from the
Hokkaido Institute of Environmental Sciences (Table 1). The trap efficiency of the lake
depends upon C/I ratio, and lake capacity is significantly influenced by sediment
accumulation. We changed the lake capacity according to the sediment accumulation in
each period, although the average annual inflow of water was assumed to be constant

throughout the periods. As a result, the trap efficiency was estimated at each period.
4. Results

4.1 The distribution of dry bulk density of the lake sediments

The dry bulk density peaks are different at depths where volcanic tephra sediment is

present, except for Points M5, W4, and W5 (Fig. 2). The volcanic tephra layer shows a
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unique white-gray color unlike the lake sediment. The sediment above the volcanic
tephra layer in all profiles contained a small amount of tephra sediment that may have
been reworked by fluvial transport. The deepest volcanic tephra layers of Ta-a (1739)
and Ko-c2 (1694) were found at Point E1 located near the inflow of the Arekinai Stream
at depths of 28.1-29.4 g cm 2 and 31.8-33.3 g cm 2, respectively (Table 2). In contrast,
the shallowest tephra layer was found at Point M5 in the middle zone, having only one
tephra layer with a pronounced dry bulk density peak at a depth of 4.9-7.1 g cm 2. At
Points W4 and W5 near the inflow of the Kushiro River, however, tephra layers were
not detected, despite core sediments obtained to depths of 42.1 g cm 2 and 49.4 g cm 2,

respectively.

4.2 ¥'Cs and #°Pb dating

All profiles had a single peak of *’Cs concentrations. The **'Cs concentration
gradually decreased from the peak to the surface layer of the profile, whereas it dropped
sharply below the peak (Fig. 3). The highest peak concentration in a profile was
considered to be the sediment stratum of the 1963 fallout maximum (Ritchie et al.,
1983; He et al., 1996; Ahn et al., 2006; Mizugaki et al., 2006). The shallowest peak
among all the samples was at a depth of 2.1-2.4 g cm 2 at Point M4, which was located
in the middle zone (Fig. 3). Other sites in the middle zone, such as Points M8, M11, and
M12, had a peak concentration at a depth of 2.3-2.6 g cm 2 (Table 2). The sampling
sites in the middle zone had a peak concentration in shallow depths. In contrast, Point
W4, located close to the confluence of the Kushiro River, had a peak concentration at its
deepest layer of 15.8-16.4 g cm 2, which was seven times deeper than M4.

137Cs and unsupported “*°Pb activities were analyzed for the cores E4, M7, M10,

M16, and W2 (Fig. 4). The unsupported ?°Pb depth distribution for these cores revealed
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a nonexponential decrease with increasing depth and exhibited several fluctuations. In
particular, a significant reduction of the unsupported #*°Pb activity was shown at 1.3—
2.4 g cm 2 in Point E4, at 1.1-2.6 g cm 2 in Point M7, at 1.0-1.6 g cm ? in Point M186,
and above 6.7 g cm 2 in Point W2. The #°Pb dating was calculated using the CRS
model because the CIC model does not fit the non-monotonic unsupported ?°Pb
profiles. To examine the applicability of the CRS model to evaluation of lake
sedimentation rates in a highly disturbed catchment, the depths of sediment deposited in
1963 as determined by the CRS model were cross-checked against the date obtained by
the *’Cs dating (Fig. 5). The age calculated using the CRS model in Lake Toro profiles
was in good agreement with **’Cs, except at Point W2, which is close to the inflow of

the Kushiro River (Fig. 5).

4.3 Lake sedimentation

The *"Cs peak and the two tephra layers were identified in all profiles, except at
Points M5, W4, and W5 (Table 2). With regard to the Point M5 core, only one tephra
layer was identified, suggesting that the two tephra layers had merged because of a low
sedimentation rate. The absence of tephra in Points W4 and W5 samples means that Ta-
a tephra (1739) may exist below the sampling depths. For points where no Ta-a tephra
was found in the profile, the sedimentation rates for 1739-1963 were calculated as a
minimum value by assuming the maximum sampling depth as the 1739 layer (Table 2).
The sedimentation rates between 1694-1739 could not be estimated. The average
sedimentation rates were compared over the three periods (1694-1739, 1739-1963, and
1963-2006) of the last 300 years and among locations in the lake (Fig. 6). The
sedimentation rates between 1694-1739 were relatively low, and sediment transported

from the catchment evenly accumulated over the lake bottom, except at the inflows of
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the Arekinai and Omoshironbetsu Streams. In contrast, sediment delivered in 1739—
1963 was concentrated at the inflows of the Kushiro River and the Arekinai Stream but
was distributed thinly (less than 0.02 g cm 2 yr ) over the lake. The sedimentation rate
after 1963 greatly increased. In particular, the sedimentation rate at inflows from the
Kushiro River exhibited high sedimentation rates in this period, and sediment delivered

to the lake was broadly distributed over the lake bottom (Fig. 6).

4.4 Sediment yield

The total sediment mass in the lake was 1787 t yr* in 1694-1739 and 1640 t yr " in
1739-1963. The total sediment mass after 1963 increased to 3855 t yr*. Compared with
the sediment mass of 1714 t yr " prior to 1963, sediment production and delivery
accelerated after 1963.

The sediment trap efficiency over the three periods (1694-1739, 1739-1963, and
1963-2006) were 95.2, 94.8, and 94.6 %, respectively. The sediment yields of the lake
catchment were 14.1 and 13.0 t km™2 yr* for 16941739 and 1739-1963, respectively,
and 30.5 t km 2 yr! for 1963-2006 (Fig. 7). The average sediment yield in the Lake

Toro catchment after 1963 was more than twice that before 1963.
5. Discussion

5.1 The applicability of ?°Pb dating

The CIC model was not applicable to lake sediment because of the non-monotonic
trend of unsupported ?°Pb (Fig. 4). However, the dates by CRS model at all points are
in good agreement with the dates by *’Cs. The differences between the two dating
methods are within 10 years, except for Point W2 (Fig. 5). The basic assumption of the

CRS model is that the supply rate of unsupported %*°Pb from the atmosphere is constant
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(Appleby and Oldfield, 1983; Appleby, 2001). Unsupported ?°Pb is removed from the
atmosphere by precipitation, quickly adsorbed onto suspended sediments, and deposited
in lakes and oceans. The unsupported #°Pb concentration in sediment layers will be
inverse to the sedimentation rate. The concentration of unsupported °Pb above the
37Cs peak (1963) in Lake Toro exhibited a considerable fluctuation (Fig. 4). The Lake
Toro catchments have seen forest converted into farmland since the 1960s, which has
increased sediment yield and subsequent lake sedimentation (Figs 6 and 7). The
elevated and variable sediment flux from the catchment may dilute and disturb the
unsupported 2°Pb concentration in Lake Toro, which causes fluctuations in the
unsupported 2°Pb concentration of the sediment cores.

At Point W2 near the inflow of the Kushiro River, the concentration of unsupported
21%pp above the *3'Cs peak (1963) decreased abruptly (Fig. 4). In addition, the age
calculated using the CRS model at Point W2 was not in agreement with *’Cs (Fig. 5).
This can be attributed to the sharp increase in the sedimentation rate in the period 1963—
2006 at Point W2 (Fig. 6). Lake Toro drains into the Kushiro River at base flow
conditions but has suffered from floodwater inflows from the Kushiro River (Hokkaido
Institute of Environmental Sciences, 2005; Ahn et al., 2008). The Kushiro River
catchment has been intensively developed since the 1960s through timber harvesting,
pasture development, and river channelization. In association with these activities,
floodwater containing large amounts of fine sediment and nutrients has been introduced
into the Kushiro River (Nakamura et al., 1997, 2004; Ahn et al., 2008). A large
sediment influx containing a low level of the unsupported >*°Pb concentration from the
Kushiro River could lower the overall unsupported ?*°Pb concentration at Point W2.

Moreover, the repeated inflows of floodwater from the Kushiro River may perturb the
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profile of the unsupported #°Pb concentration and may cause errors in the CRS model
(Fig. 5). Thus, the CRS model is not applicable to sites where the episodic and

infrequent sediment flux occurs with complex hydrology in a catchment.

5.2 Recent history of sediment dynamics

Many Ainu, indigenous people, resided in the Lake Toro catchment. They mainly
used the area for crop cultivation and timber harvesting, but their exploitation of natural
resources was very limited. Japanese settlement around the lake catchment started in the
1880s, and the forest was partly harvested for charcoal production (Shibecha
cyoushihensaniinkai, 2002; Kumagai et al., 2008). The road was constructed in 1939 to
promote milk production and group settlement (Shibecha cyoushihensaniinkai, 2002).
However, Japanese settlement until the 1950s was not extensive because they did not
want to live with indigenous people (personal communication with local residents).
Farmland development has expanded in the floodplain and hillslope areas at low and
intermediate elevations since Japanese economic growth in the 1950s. Land
consolidation projects in the 1960s promoted the combination of small farms and the
introduction of agricultural machinery (Shibecha cyoushihensaniinkai, 2006).
Development of the Kushiro River watershed began in 1880s with Japanese group
settlement and river channel excavation (Koaze et al., 2003). In the 1940s, floodplain
wetlands in the Kushiro River watershed were developed into cattle farms, and since the
1960s, land consolidation and the introduction of agricultural machinery have been
promoted (Nakamura et al., 2004).

The sediment yields for 1694-1739 reflect semi-natural conditions managed by
indigenous people, whereas those for 1739-1963 reflect the partially deforested

condition associated with charcoal production, road construction, and crop cultivation
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by Japanese settlers. The yield from 1963 to 2006 indicates the over-exploited clearance
of the native forests for timber production and the use of modern agricultural machinery.
The average sediment yield in the Lake Toro catchment after 1963 (30.5 t km 2 yr )
was more than twice that before 1963 (14.1 and 13.0 t km2 yr %) (Fig. 7). The clearance
of native mature forests and large-scale farming in the Lake Toro catchment after 1963
accelerated sediment yields, which resulted in a large amount of sediment delivery into
the lake.

The sedimentation in Lake Toro varied greatly with historical land use and
hydrogeomorphic conditions (Fig. 6). The sedimentation rates in 1694-1739 were low
and showed few differences among the sites, except at the inflow areas of Arekinai and
Omoshironbetsu Streams. This spatial pattern reflects semi-natural (reference)
conditions with limited activities by indigenous people. Although average
sedimentation rates were still low in 1739-1963 (Fig. 7), the spatial pattern of sediment
accumulation had started to change, as indicated by an elevated sedimentation at two
major inflows from Kushiro River and Arekinai Stream. These concentrated
accumulations of sediment may reflect land use changes in this period. The land use
development in the Kushiro River watershed was initiated from early periods (from
1880 to the 1890s), and floodplains were cultivated for cattle farming in the 1940s.
Floodplain cultivation for food production began in the Arekinai Stream watershed in
the 1950s. These initial developments may have delivered pulses of sediment into the
lake and deposited them at the mouths of the two major rivers.

The elevated sedimentation rates at inflows from the Kushiro River and Arekinai
Stream in 1739-1963 continued in 1963-2006, although their rates were further

accelerated, and sediment was delivered not only to the eastern and western zones but
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also to the middle zone (Fig. 6). This suggests that the sediment produced from the
contributing catchments accumulates mostly near the mouth of stream channels entering
the lake and decreases toward the center (Ahn et al., 2006). The lake sedimentation after
1963 increased greatly (Fig. 6). Point W4 in the period 19632006 had the highest
sedimentation rate among all points because of sediment influx from the Kushiro River
into the lake during high flow discharges (Fig. 6). Since the 1960s, cultivation has been
promoted in the Kushiro River catchment, which has produced a high sediment load in
the Kushiro River (Ahn et al., 2008). Also, Points E2 and E5, located near the mouth of
the Arekinai Stream, exhibited high sedimentation rates because of rapid expansion of
farmlands in floodplains and adjacent hill slopes in the Arekinai Stream catchment (Fig.
1).

Sediment dynamics of Lake Toro are complex. The lake has suffered from sediment
loads from its tributaries (especially from the Arekinai Stream) and also from the
Kushiro River. However, the sedimentation rates in 1963-2006 at Points E1 and W5
decreased in comparison with those before 1963, although other sites exhibited
significant increases (Fig. 6). As a lake becomes shallow, the sediment trap efficiency
can be reduced (Lajczak, 1996). These decreases in the sedimentation rates may be
explained by steepening of the lake bottom slope with sedimentation and the resultant

reduction of sediment retention capacity.
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Figure legends

Fig. 1. Location of Lake Toro, the lake coring sites, and land use development in the

surrounding catchments.

Fig. 2. The dry bulk density distribution of the sediment cores. The arrow denotes a

tephra layer.

Fig. 3. The profiles of *'Cs activity in the lake sediment. An asterisk indicates that

the®®’Cs activities are under the detection limit.

Fig. 4. The profiles of **’Cs and unsupported ?'°Pb activities at Points E4, M7, M10,
M16, and W2. An asterisk indicates that the'*’Cs and unsupported ?°Pb concentrations

are under the diction limit.

Fig. 5. Dates in the lake cores calculated using CRS model #°Pb together with date

determined from **Cs stratigraphy.
Fig. 6. Patterns of sedimentation in Lake Toro for three periods.

Fig. 7. The average sediment yields reconstructed over the last 300 years.
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Table captions

Table 1

Site characteristics of Lake Toro and its catchments

Catchment area (km?)

- Arelinai Stream

- Omoshironbetsu Stream
- Barumai Stream

- Henekorobetsu Stream
- Onnebetsu Stream

- Other small tributaries

Agricultural land use (km?)

A percentage of agricultural land area in the catchment area (%o)
Lake area (km?)

Average water depth (m)

Water volume (m?)

Average annual inflow (m?)

133.2

-83.3
- 20.5

- 6.7
- 5.7
- 30
-14.0
58.8
44.1
6.3
6.0
32.0 X 10°
72.6 X 108
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Table 2

The cumulative dry mass depth of the **’Cs peak and tephra

Core point 37Cs (g em™) Tephra (g cm™)
37Cs peak Ta-a Ko-c2
El 29- 36 28.1-294 318333
z E2 49- 54 15.4-17.3 216234
g E3 27-30 6.7- 8.6 99-11.2
g E4 36-39 8.0-10.1 120-143
E E3 j6— 6.0 11.0-12.4 140-14 .8
H E6 29-31 74— 97 116-13.2
E7 31- 34 7.2- 78 88— 97
M1 30-33 7.3- 9.0 104-11.9
M2 31- 34 6.2— 8.0 9.5-109
M3 25-27 54- 7.6 84- 94
M4 21-24 6.1- 8.8 10.5-11.6
M3 24- 27 49 - 7.1
v A% [3) 23-29 5.4- 6.7 7.7- 82
& M7 26- 28 5.6- 7.4 83— 95
%’ MS 23- 26 6.5—- 84 93-10.5
= M9 27-29 6.1- 7.1 83-10.2
- MI10 26- 28 6.4- 7.6 93- 99
MI11 23- 26 6.1- 8.2 91-10.5
M12 24- 26 3.7- 6.6 74— 935
M13 28-30 0.5- §.4 9.0-10.5
M14 25-28 4.8- 6.3 T4- 94
M135 3.7-39 7.4- 9.7 11.7-12.6
Mlo 27-31 3.7- 7.8 9.6-10.4
g W1l 32-36 8.9-11.2 12.8-13.9
S W2 63- 6.7 15.6-18.2 204-218
§ W3 52- 56 17.2-20.2 21.5-23 4
7 W4 158-16.4 41.4-42.1" —
F ws 13- 46 18.9-49.4" .

An asterisk indi eates that the maximum sampling depthis considered
as a tephra layer
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