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Abstract Limnological features and sediment characteris-
tics were studied in Lake Nakatsuna, a mesotrophic lake in
central Japan. The lake is dimictic, and is anoxic in the
hypolimnion during thermal stratification from May to Sep-
tember. In an attempt to reconstruct paleoclimatic changes
around the lake, a sediment core taken from the lake center
spanning the past 1300 years was analyzed for its organic
and inorganic contents. Climatic influences were examined
on the variation of total organic carbon (TOC), total nitro-
gen (TN), and sand contents. Short- and long-term fluctua-
tions in TOC, TN, and sand contents are evident, and
variation in atmospheric temperature appears to be impor-
tant for their long-term variability. The sediment record
from AD 900 to 1200 indicates hot summers and warm
winters with less snow accumulation, whereas the record
from AD 1200 to 1950 is characterized by high variation of
temperature, with three cool phases from AD 1300 to 1470,
1700 to 1760, and 1850 to 1950. The warm period from AD
900 to 1200 corresponds well to the Medieval Warm Period,
and the second and third cool phases are related to the
Little Ice Age.

Key words Nishina Three Lakes · Organic carbon · Cli-
matic proxy · Medieval Warm Period · Little Ice Age

Introduction

Climate change is a growing concern whether naturally or
anthropogenically induced. In this regard, an important
goal of paleoclimatic research is to understand the natural
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variability in the climate system over time. Instrumental
climate records alone cannot be used toward this objective,
because they do not go back far enough in time. Thus,
paleoclimate researchers must rely on proxy climate indica-
tors combined with available instrumental or historical
records to obtain information on long-term climate
changes. Among the key environments that provide poten-
tial multi-proxy sources, lake sediments are becoming an
increasingly common and important sensor to record cli-
mate signals.

Researches carried out in the past years in and around
central Japan provide results of paleoclimatic reconstruc-
tion from the sediments of a number of larger lakes (e.g.
Fukusawa 1995; Inouchi et al. 1996; Kumon et al. 2000;
Kumon 2001). However, Lake Nakatsuna has received no
mention in the past, most probably due to its smaller size.
Despite its size, the understanding of its response to climate
change is of interest, because every lake responds in a
specific manner, as controlled by its own hydraulic condi-
tions and the surrounding environment. Lake Nakatsuna is
an intermontane lake with short wind fetch. The rivers flow-
ing into the lake are few and small, and there are no strong
waves or currents redistributing the sediments in its center.
Thus, the depositional environment in the lake is relatively
calm, and the sediment is expected to be homogeneous,
with little flood input. The sediments from Lake Nakatsuna
are therefore suitable for paleoclimatic studies.

The prime objectives of this study were to reveal the
modern limnological characteristics of the lake as a basis for
interpretation of sediment characteristics and to investigate
the response of sediment to paleoclimatic change over time.
The approach adopted here rests upon the measurement of
total organic carbon (TOC), total nitrogen (TN), and sand
content, which gives a qualitative assessment of paleo-
climate. Climatic reconstructions obtained by resolving
these proxies are then compared with the historical climate
records. This study contributes to a better understanding
of the Medieval Warm Period (MWP) and of the Little
Ice Age (LIA) and adds to our understanding of high-
resolution paleoclimatic changes in central Japan over the
past 1300 years.
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Study area

Lake Nakatsuna is located in a narrow intermontane valley
extending N-S from Hakuba to Omachi City near the north-
ern Japanese Alps in Nagano Prefecture, central Japan. The
lake is the smallest (0.125km2) and central lake of a series of
three freshwater bodies known as the Nishina Three Lakes
(Fig. 1). The drainage basin of this lake covers 3.70km2 of
forest, grassland including a skiing area, and rice fields, and
the elevation ranges from 820 to 1330m (Table 1).

Within the watershed, the western mountains consist
mainly of granite and welded tuffs of Cretaceous age,
whereas the eastern mountains consist of Tertiary sedimen-
tary rocks and late Quaternary terrace deposits. The geology
of the drainage basin is well reflected in its morphology, as
high relief and steep slopes prevail to the west and low-lying
gentle topography predominates to the east (Fig. 1). The
Itoigawa-Shizuoka Tectonic Line, a well-known boundary

fault, runs through this valley, and the formation of these
lakes has a genetic relation with this active fault system.

The nearest meteorological station is located in Omachi
City, ca. 10 km south of the lake. The Automated Meteoro-
logical Data Acquisition System (AMeDAS) records at
Omachi site (Japanese Meteorological Agency) indicate
that the annual average temperature over the past 28 years
varied from 8.3° to 10.5°C. The average summer tempera-
ture (June to September) shows a narrow variation from 18°
to 21°C, compared with the winter average (December to
March), which ranges from 1.1° to �5.2°C (Fig. 2). The
annual average precipitation for the same period is
1334mm, with a large variation from year to year. Although
the winter precipitation is relatively constant (290mm), the
summer precipitation varies more. A negative correlation
exists between total annual precipitation and annual aver-
age temperature (Fig. 2), and it is particularly apparent
between summer precipitation and summer average tem-
perature (Fig. 3).

Table 1. Physical characteristics of Lake Nakatsuna and its drainage
basin (Horie 1962)

Altitude 820 m
Surface area 0.125 km2

Area of drainage basin 3.7 km2

Maximum relief in drainage area 510 m
Perimeter 1.86 km
Length (max) 675 m
Breadth (max) 325 m
Depth (max) �15 m
Mean depth �8 m
Water volume �798 � 103 m3

Water residence period 25 days

Fig. 1. Location of Lake
Nakatsuna and its watershed.
Lake Kizaki and Omachi City are
to the south of this map. Dashed
lines show watershed boundary.
Topographic contour interval is
100 m. Adapted from the topo-
graphic map, 1 : 25000, Kamishiro
(Geographical Survey Institute of
Japan)

Fig. 2. Variation in temperature and precipitation during the last 28
years at Omachi City, Nagano Prefecture (after Japanese Meteorologi-
cal Agency)

�
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Limnology

The basin floor of Lake Nakatsuna trends N-S with steeper
(5°–10°) margins on the northern, eastern, and western
sides, and a gentler (2°–4°) margin on the southern side
(Fig. 4). The maximum dimensions of the lake are 675 �
325 � 15m. The water volume is about 798 � 103 m3, and the
residence period under normal flow conditions is about
25 days (Horie 1962).

Of the three major tributary rivers, the Upper Nogu
River flows from Lake Aoki into Lake Nakatusna at its
northern end. After 1954, artificial flow introduced from
another river system for hydropower generation has been
added to this river in winter and spring. A second western
tributary, which historically entered the southwestern part
of the lake, now enters the lake near its southern extremity
close to its outlet sill. Consequently, this tributary has had
little influence on the lake sediments recently. The third
major tributary from the east flows into the lake west of
Kojihara and supplies a major portion of the lake sedi-
ments. Additional small, perennial and ephemeral streams
also flow into the lake. The lake drains into Lake Kizaki
through the Middle Nogu River.

Records of physical and chemical data, such as tempera-
ture, dissolved oxygen (DO), pH, and turbidity, are very
limited for Lake Nakatsuna. Therefore, we have added
some measurements from February to August 2000 using a
Water Quality Checker (Horiba U-10). The thermocline in
the water column is established in June and disappears in
October (Fig. 5). During this period, surface water tempera-
tures generally stand well above 4°C and warm water rang-
ing from 10° to 25°C stratifies above cool water of 5° to
8°C. The thermocline exists at depths of 5 to 10m. In winter
the water temperatures remain around 4°C, except for the
uppermost 1m, which is at nearly 0°C. The lake surface
freezes for several weeks each year. Therefore, Lake
Nakatsuna is a dimictic lake in which the entire body of

water circulates vertically twice a year, in late spring and
late autumn.

DO in surface water ranges from 7 to 16mgl�1 from spring
to autumn (Fig. 6). DO in the water column usually increases
at mid-water depth, followed by a sharp decrease in the
bottom horizon. The content varies from 16mgl�1 on the
surface to 0mgl�1 at the bottom. The lowest DO content is
invariably observed during summer (Fig. 6) because of the
production of abundant organic matter, which consumes
oxygen when it decomposes in the lower part of the stratified
water column. The pH varies from 5 to 6.8, with an initial
decrease followed by an increase in winter and vice versa in
spring. Suspended sediment in the water column in winter
and spring varies from 0.75 to 1.14mgl�1, with the highest
content near the surface and the lowest at middle depths.

Bottom surface sediments

Samples of the top 5cm of the bottom surface sediments
were taken at 80 locations using a Birge-Ekman grab sam-

Fig. 3. Relationship between summer average temperature and sum-
mer precipitation during the last 28 years at Omachi City, Nagano
Prefecture (after Japanese Meteorological Agency)

Fig. 4. Bathymetry of Lake Nakatsuna with the location of coring sites.
Depth contours are in meters. This map was made by the students of
the Japan Construction College in 1986, but the outline of the basin is
somewhat deformed compared with the map by the Geographical Sur-
vey Institute of Japan
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pler (Fig. 7). Samples were examined for grain size, texture,
and organic carbon and nitrogen contents. The grain size
was analyzed by using the combined hydrometer and siev-
ing method (Kumon et al. 1993). The nomenclature of sedi-
ment based on percentage composition of each sample for
gravel, sand, silt, and clay is taken from Shepard (1954)
(Fig. 8A).

There is a general correspondence between sediment
grain size and water depth. Gravel and sand are restricted in
the narrow shore zone, and the grain size decreases off-
shore, changing from sand through silty sand, sand silt clay
to clayey silt or silty clay (Fig. 8B). Clayey silt and silty clay

are the major components of the sediments on the basin
floor, and silty clay is confined to the innermost part in three
separate areas. Sortings of the sediments are poor to very
poor and generally deteriorate with decreasing mean grain
size. The distributions provide nonsymmetrical curves com-
prising one to three modal populations as gravel, sand, silt,
and/or clay fractions (Fig. 9). Each mode is nearly sym-
metrical within itself, but variation of sorting within samples
is high due to the addition of excess materials in the tail of
the distribution curve.

HCl-treated specimens were measured for TOC and
TN contents by using a CHN corder (Yanaco MT-5,
Yanagimoto Seisakusho Co., Inc.). The TOC and TN
contents vary from 0.6% to 7.3% and 0.05% to 0.55%,
respectively, and have parallel distribution patterns (Fig.
10). The patterns are similar to the grain-size distribution,
with increasing values from the inshore coarse-grained to
the offshore fine-grained sediments (Fig. 8b). Both TOC
and TN contents have strong negative and positive cor-
relations with sand and clay contents, respectively. The C/N
weight ratio ranges from 10 to 16, indicating mixing of
lake plankton and terrestrial plant materials (Fig. 11). The
C/N ratios are higher in the inshore zone and lower in
the offshore sediments. This distribution is a key indicator
for the evaluatation of the detrital carbon input to the lake.

Fig. 5. Variation in temperature distribution in water column in Lake
Nakatsuna. *Data from Nagano Research Institute for Health and
Pollution (1983)

Fig. 6. Variation in dissolved oxygen (DO) with water depth in differ-
ent months in Lake Nakatsuna. * Hayashi H. (personal communica-
tion); ** Yoshimura (1938), and ***Sugawara et al. (1937)

Fig. 7. Sampling location of surface sediments in Lake Nakatsuna
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Cored sediments

Three cores 315, 260, and 302cm in length were taken from
the central part of the lake at water depths of 15, 14.5, and
14m, respectively, using a Mackereth piston core sampler
(Natsuharagiken Co., Inc.) (Fig. 4). Sediment cores were
recovered and split lengthwise in the laboratory. Lithology
was described on the cut surface, and colors were assigned
using Munsell soil color charts. The sediments were X-
rayed to reveal internal sedimentary structures and sliced at
1-cm intervals for physical and chemical analyses. The up-
permost 10cm of the cored sediments was slightly disturbed
by the coring and recovery processes. Recent climatic his-
tory was therefore examined by using a separate, 29-cm-
long core extracted from the lake center with special care to
keep the sediment–water interface intact.

Lithology

The sediments were almost dark-gray silty clay, with occa-
sional intercalation of silt and/or sand layers in scales of
millimeters to centimeters (Fig. 12). Based on X-ray photo-
graphs, granule and sand-size particles were sparsely scat-
tered throughout the sediments, but varied among horizons
(Fig. 13a). X-ray photographs also showed that some darker
intervals (less transparent) had sharp basal boundaries and
mud clasts were contained in the basal part (Fig. 13b).
These mud clasts are less transparent balls or flakes smaller
than 1cm. Other intervals had contorted boundaries, which
are interpreted as being slumped or slump-induced mass

flow structures (Fig. 13c). Fragments of terrestrial leaf and
wood fragment were observed in some horizons. The core
at site 1 was bottomed at a ca. 4-mm-thick clean sand layer.
The three cores had similar lithology, with minor differ-
ences, and are correlative as shown in Fig. 12.

In the cored samples at sites 2 and 3, the boundaries of the
strata were inclined, suggesting that the penetration of the
core samplers was not vertical. Corrective factors are applied
for these two cores to make them vertical, and the lengths
mentioned above and shown in Fig. 12 are the corrected
depths. The core at site 1 kept bedding planes horizontal and
was the longest of the three cores. Therefore, we selected the
cored sample at site 1 as representative of the three, and
detailed analysis was performed on this sample only.

On the basis of smear slide observations at 2-cm inter-
vals, sediments between 192 and 288cm had the highest
concentration of diatoms, dominated by Tabellaria and
Cyclotella. Sediments above 192 and below 288cm levels
contained more diverse genera, such as Aulacoseira,
Cyclotella, Fragilaria, Navicula, Gomphonema, Amphora,
and Surirella, at low concentration. In addition, diatom con-
centrations were lower in the silty and sandy horizons than
in the other clayey horizons.

Apparent density and sand content

Water content was measured as the difference in weight
between freshly extruded samples before and after drying at

Fig. 8. Surficial sediments of Lake Nakatsuna. A Plots on the ternary
diagram comprising sand plus gravel, silt, and clay as end members
(Shepard 1954). B Distribution of sediments based on the nomencla-
ture adopted in diagram A

Fig. 9. Representative size-frequency curves to cover the inshore (A,
B, C), transitional (D), and offshore (E, F) zones. Zones are indicated
in Fig. 8B



162

105°C for 12h. The apparent density was calculated as solid
weight per unit volume based on dry weight and water
content, postulating grain density as 2.65gcm�3. The
weighted dry samples were disaggregated by treating with
hydrogen peroxide (H2O2) and were wet sieved on 4 and
4.5 phi sieves. Sediment fractions coarser than sand and
coarse silt were quantified as the weight percent of 4 and 4.5
phi fractions to the original dry weight.

The water content and apparent density in the cored
sediments varied from 50% to 80% and from 0.25 to
0.88gcm�3, respectively. The patterns of density variation
were similar in the three cores, except in the lowermost part
of the core at site 1, which had a much higher density (Fig.
14). Density slightly decreased downward in four steps.
These steps are characterized by sudden increase at the
base and gradual decrease upward. The basal parts of these
steps usually have sharp basal boundaries, as identified by
X-ray photographs.

Sand content usually varied from 0% to 2% and some-
times reached 15% (Fig. 15). Coarse silt content was very
low and ranged from 0% to 0.8%. Within the given range,
high sand content generally coincided with high coarse silt
content, but an inverse relationship was rarely observed in
some horizons. The short-term peaks in the density profile
generally corresponded to the peaks in the sand and the
coarse silt profiles. A single, small, pebble-size clast was
encountered at 246cm depth.

TOC, TN content, and C/N ratio

Dried samples were ground with an agate bowl and treated
with diluted HCl (3%) to remove carbonate carbon. The
samples were then dried two or three times, supplying
distilled water at 110°C to remove the remaining HCl.
Following the treatment, C, H, and N measurements were
run using the dry combustion technique in a CHN corder
(Yanaco MT-5), and the contents of TOC and TN were
expressed in weight percentage of dry weight of original
sediments.

TOC and TN showed variations from 8% to 15% and
from 0.2% to 1%, respectively, whereas C/N ratios varied
from 11 to 16 (Fig. 16). In these variations, TOC and TN
profiles showed both short- and long-term fluctuations
with parallel increases or decreases. Horizons containing
exceptionally low TOC and TN correspond with event
sediments at depths of 15, 78, 180, 270, and 300–315cm.
This low content is due to the dilution effect caused by
sudden mixing of nonorganic or low-organic materials.
Except for these horizons, the interval from 262 to 186cm
was characterized by abundant TOC and TN with high
C/N ratios. The interval between 186 and 78 had sig-
nificantly lower TOC and slightly higher TN contents.
TOC content above 78 cm further decreased follow-
ing the initial increase, whereas TN content varied
less.

Fig. 10. Distribution of total organic carbon (TOC) and total nitrogen
(TN) contents in the surface sediments of Lake Nakatsuna

Fig. 11. Distribution of C/N ratios in the surface sediments of Lake
Nakatsuna. C/N is the ratio of the total organic carbon to total nitrogen
weight in each specimen
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Age of cored sediment

Radiocarbon dating was performed for one plant material
and two organic sediments at the depths of 78, 184, and
288cm, using a standard accelerator mass spectrometer
(AMS) method (Table 2). The conventional ages for these
dated levels are 510 � 40, 670 � 40, and 1320 � 40 YBP
respectively, and are calibrated to calendar years according
to INTCAL98 (Stuiver et al. 1998), resulting in AD 1410,
1295, and 680.

Table 3 and Fig. 17 show the relationship between the
dated ages and calibrated depths from the bottom surface,
excluding the thickness of the event sediments. Because the
event sediments, such as slump and turbidite, deposit in a
very short time but occupy a greater stratigraphic portion,
the thickness is subtracted from the observed depths. The
straight line determined by the least-square fitting method
shows some departures from the dated points (Fig. 17, line
A). This discordance may be caused partly by the mixing of
old carbon with the organic sediments at depths of 78 and
288cm. Despite this disparity, this line offers a rough guide
to the age estimation of the sediments.

As will be discussed later, the slump deposits at the
depths of 76, 178, 288, and 299cm are considered to be
induced by strong earthquake shocks reported in the
western Nagano area in AD 1714, 841, and 761 (Usami
1987). These earthquakes roughly correlate with the slump
deposits in age, except for that at 178cm depth. The age of
the sudden density peak at 15cm depth is additional infor-
mation given by the hydraulic change occurring in the lake
system due to hydropower generation near the lake since
AD 1954. The relationship between the ages of these events

Fig. 12. Lithologic column of the three cores. a Silty clay layer, b silt
layer, c sand grains, d scattered granule grains, e mud clasts, f sharp
boundary; *1: 510 � 40 YBP, *2: 670 � 40 YBP, and *3: 1320 � 40 YBP

Table 2. Radiocarbon dating data from Laka Nakatsunaa

Sample no. Measured age δ 13C Conventional age Calibrated age Measured material Measured no.
(�1σ) (permil) (�1 σ) (2 σ)

Naka3-78 510 � 40 �25.1 510 � 40 AD 1420 (1410–1435) Organic sediment Beta-137249
Naka3-184 650 � 40 �23.8 670 � 40 AD 1295 (1285–1310, Plant material Beta-137250

1365–1380)
Naka3-288 1360 � 40 �27.5 1320 � 40 AD 680 (665–705) Organic sediment Beta-137251
a All data were measured by standard AMS method at the Beta Analytical Radiocarbon Dating Laboratory

Table 3. Depth and age of the event sediments in the cored sediment at site 1a

Event Sediments Depth Calibrated Event age Explanation of historical event
(cm) depth (cm) (AD)

Sandy silt 4–7 4
Dense layer 10–11 7
Slump(?) 14 8 1954 start of electric power generation
Dense layer 72–73 64
Slump 76–77 66 1714 Omachi earthquake
Slump 181–186 165
Dense layer 188–191 168
Slump 269–283 249 841 destructive earthquake
Slump(?) 299–315 264 762 destructive earthquake
a The relationship between calibrated depth and estimated event age is illustrated in Fig. 17 as
line B
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and calibrated depths provides a good concordance and
validates the above-mentioned assumption (Fig. 17, line B).
We use this line as an age reference in the following dis-
cussion, which yields an average sedimentation rate of
2mmyear�1 (66mgcm�2 year�1).

Discussion

Modern hydraulic conditions

The results of grain-size analysis revealed a clear correla-
tion between water depth and distribution of surface sedi-
ments, with decreasing grain size towards the basin center
(Figs. 4 and 8B). Current and wave activities induced by
stream flow and wind stress influence only the peripherial
shallow zone (less than 6m) and the stream mouth area, as
indicated by the presence of winnowed lag deposits of
gravel to sand (Fig. 8B). With increasing distance from the
shore, hydraulic energy decreases towards the center, which

Fig. 13. X-ray photographs of selected parts of the cored sediments. a
84 to 109-cm core section with arranged distribution of granules and
sands in the sediment as indicated by arrow; b 59 to 84-cm core section
showing denser interval with sharp basal boundary and basal mud
clasts; c 259 to 248-cm core section showing slump with contorted
boundaries in the sediment

Fig. 14. Density profiles at the three sites in Lake Nakatsuna. Appar-
ent density means solid weight per unit space calculated from dry
weight and water content

facilitates the deposition of finer sediments in the basin
through suspension. The fine and coarse tails in the size-
frequency distribution and the generally poor sorting of the
sediments (Fig. 9) suggest mixing of sediments under more
than one hydraulic regime as a result of seasonal change in
the hydrographs of the inflowing streams, although there
was no distinct lamination in the sediments. Winter climate
is also an important factor influencing sediment texture and
distribution, because snow melt supplies sediments to the
frozen lake surface even before the onset of spring. The
granule and sand grains scattered in the sediments are
dropstones settled through surface ice melting. The con-
tents of TOC and TN in the bottom surface sediments are
positively correlated with the clay content, which indicates
that the organic materials accumulate with clay through
suspension. The sediments of higher C/N ratios are distrib-
uted in the inshore zone, suggesting a higher influence of
terrestrial plant detritus.

Causes of density change

Judging from the pattern of internal variations, there are
three types of density changes: short-term slight increases,
long-term decreasing trends with abrupt increases at the
base, and large basal increases.

The horizons of short-term slight increases have slightly
higher proportions of granule, sand, and/or coarse silt than
those of other parts, whereas the variations of TOC, TN,
and C/N ratio are insignificant. The coarse grains are
scattered in clayey sediments, forming faint layers (Fig.
13a). This occurrence suggests that coarse particles and fine
clayey materials are settled independently by different
mechanisms. A possible mechanism for the settling of
coarse particles is a fall from ice rafts. Abundant snow-melt
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can wash out coarse sediments on the icebound lake surface
in early spring. Snow slides may also transport large par-
ticles on the icebound lake surface. When the ice sheet is
broken into pieces by wind stress in spring, ice blocks near
the coast drift to the center of the lake, carrying coarse
materials. This process could deposit coarse particles at the
center, as do icebergs in the northeast Atlantic Ocean
(Heinrich et al. 1988). Except for the short-lived intervals of
event sediments, the proportion of coarse fraction is there-
fore considered as an indicator of winter snow accumulation
and lake surface freezing.

The base of the long-term decreasing trend is character-
ized by sudden increases in density (Fig. 18) that contain
small amounts of sand. For these horizons, X-ray photo-
graphs show less transparent layers and/or contorted bed-
ding (Fig. 13b and c). The contorted structures suggest
slumping during the sedimentary process. The estimated
date of the high-density horizons from 269 to 283cm is
about AD 720 on the basis of the depth-age line (Fig. 17,
line A). Historical documents record the occurrence of de-
structive earthquakes in western Nagano in AD 762 and 841

(Usami 1987). The trench survey of the Itoigawa-Shizuoka
Tectonic Line also revealed fault activity around the
Omachi-Hakuba area about AD 800 (Okumura et al. 1995).
Therefore, the contorted dense horizon from 269 to 283cm
is most probably slump deposits induced by the earthquake
of AD 762 or 841.

Similarly, the high-density horizon from 76 to 78cm depth
is less transparent with basal mud clasts in X-ray photo-
graphs, and the age is estimated as AD 1670 based
on line A in Fig. 17. Therefore, it may correspond to the
Omachi earthquake of AD 1714 (M � 6.3). The lower-
most horizon from 299 to 315cm has an especially high
density with very low contents of sand, TOC, TN, and
C/N ratios. These features can also be explained as earth-
quake-induced slump deposits. The date of this event is
about AD 650 on the basis of line A. If these three event
sediments can be attributed to the historical earthquakes
of AD 762, 841, and 1714, respectively, these three events
show a good relation between depth and age (Fig. 17,
line B). The event of artificial modification in 1954, the
start of hydropower generation, is also located on line B. The

Fig. 15. Sand � granule, coarse silt, and apparent density profiles at
site 1 in Lake Nakatsuna. Shaded parts indicate the event sediment
intervals

Fig. 16. Distribution of TOC, TN, and C/N weight ratio with depth in
the cored sediments at site 1. Abbreviations are as in Figs. 10 and 11.
Shaded parts indicate the event sediment intervals
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plankton and terrestrial plants, but the former seems to be
predominant.

Except for the event sediments, a distinct difference in
TOC and TN contents existed between 259 to 180 and 180
to 15 cm depths (Fig. 16). High TOC (12%–13%) and TN
(0.9%–1%) with higher C/N ratios characterize the former
horizon, whereas low TOC (9%–11%) and TN (0.8%–
0.9%) correspond to the latter (Fig. 16). The reduction is
more than 20%. Because the sedimentation rate is almost
constant (Fig. 17), this reduction is considered to be a true
decrease in the rate of accumulation of organic matter.

The further reduction in TOC and TN contents above
15cm is attributable to the artificial mixing of cold water

Fig. 17. Depth-age relationship of the cored sediments at site 1. Lines
A and B are based on calibrated 14C and event ages, respectively. Event
descriptions are given in Table 3

Fig. 18. Relationships among sand content, TOC, C/N, and apparent
density. Ages are based on the depth-age relationship shown in Fig. 17,
line B. Age boundaries are placed where the TOC contents show
remarkable changes. Abbreviations are same as in Figs. 10 and 11.
Shaded parts indicate the event sediment intervals

date of the event horizon from 181 to 186cm is estimated to
be about AD 1200, based on line B in Fig. 17, but there are no
documented records of the event around that period. This
may be due to the lack of historical records caused by the
social disturbance at the end of the Heian Period.

The density decreases upward gradually in the long-term
decreasing trend. This may be partly due to the higher sand
content at the basal horizon. A destructive earthquake cor-
responding to the basal event sediment caused landslides in
the drainage area of the lake. The disturbed land surface
produced abundant clastic materials, resulting in a high sup-
ply of sediments to the lake. Later, the recovery of vegetation
in the land surface of the drainage basin reduced the supply
of clastic materials. These factors are another explanation
for the relatively high density and its upward decrease.

The uppermost part above 15cm depth is explained by
the recent construction of a channel to utilize the water of
Lake Aoki for electric power generation in 1954. The sud-
den increase in density reflects the effects of the construc-
tion and the start of power generation. Recent road
construction and opening of ski fields are other factors that
increase clastic sediment, resulting in higher density with
some sudden peaks.

Meaning of TOC and TN contents

Organic matter in the lake sediments may be derived from
lake plankton and terrestrial plants. The nonvascular
aquatic plants have C/N ratios of about 6 to 8, whereas
vascular land plants, which contain cellulose, have C/N ra-
tios above 30 (Nakai and Koyama 1987). The distribution of
C/N ratios in the surface sediments indicates that the contri-
bution of land plants decreases towards offshore, with a
minimum of 11 at the lake center (Fig. 11). Therefore, TOC
and TN in the cored sediments, which have C/N ratios be-
tween 11 and 15, is considered to be a mixture of lake
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into the lake in 1954, which reduced the production of or-
ganic matter in the lake water. A recent study on the pro-
ductivity of phytoplankton in the water of Lake Suwa
reported a sharp reduction of chlorophyll a in the cool
summer of 1993, when solar radiation was decreased, and
an increase in the hot summer of 1994, when solar radiation
was above average (Park et al. 1998). For lakes situated in
regions with forested catchment areas, climate warming has
been reported to produce an increase in the concentration
of dissolved organic carbon (DOC) in lake waters
(Battarbee 2000). Monitoring of upland lakes in the UK
over the last decades showed a consistent increase in DOC
and sediment TOC content, which has been linked to the
recent temperature increase (Battarbee 2000). These mod-
ern analogues support the concept that abundant TOC and
TN are produced in warm climates, probably during hot
summers.

Long-term fluctuation in TOC and TN contents corre-
sponds to the general cool-warm cycles of the glacial-
interglacial changes, with higher TOC contents for the
warm Holocene sediments (Inouchi et al. 1996; Kumon et
al. 2000). Pollen analysis also clarified the correspondence
between high TOC and TN and warm climate in the sedi-
ments of Lake Nojiri, based on the same specimen used for
carbon, and nitrogen (CHN) analysis (Kumon et al. 2000).
As discussed above, it is reasonable to conclude that the
high and low concentrations of TOC and TN in the sedi-
ment record of Lake Nakatsuna also indicate relatively
warm and cool periods.

Climatic changes during the last 1300 years

The two intervals from 259 to 180cm and from 180 to 15cm
are characterized by distinct differences in TOC, TN, and
sand contents and correspond to AD 900 to 1200 and 1200
to 1950, respectively (Fig. 17, line B). Therefore, the sedi-
mentary history of Lake Nakatsuna is divided into two ma-
jor climate phases.

AD 900–1200

High TOC, TN, and diatom concentrations, combined with
low sand content, characterize the three centuries between
AD 900 and 1200 (Figs. 16 and 18). These high concentra-
tions indicate the existence of warm climatic conditions,
most probably hot summers. Low sand content, on the
other hand, implies little ice bounding and less snow accu-
mulation around the lake, and suggests warm winters. In the
meteorological record of the last 28 years at Omachi station,
summer temperature is inversely correlated with summer
precipitation (Fig. 3). Based on this relationship, if the sum-
mers were hot during AD 900–1200, summer precipitation
might have been low. According to this view, the climate
during AD 900–1200 in central Japan was warm, with warm
winters, hot summers, and low summer precipitation.

The climate of western Europe for the period encom-
passing AD 800–1300 is called the Medieval Warm Period
(MWP) (Hughes and Diaz 1994). Although the MWP was
experienced in different parts of the world, its timing and

duration vary among researchers and regions. Research on
the ice core from central Greenland supports the existence
of a stable MWP between AD 600 and 1000, 200 years
earlier than in Europe (Meese et al. 1994). In a tree-ring-
based study, Stine (1994) reported that the MWP in Califor-
nia had two phases, AD 892–1112 and 1209–1350. Records
of sediment grain size from Pine Lake, Canada, yield timing
of the MWP as AD 700–1300 (Campbell 1998).

Based on pollen analysis, Sakaguchi (1983) first clarified
the existence of warm climatic conditions in Japan in the
period AD 700–1300. On the basis of δ 13C record of tree
rings at Yakushima Island, southern Japan, Kitagawa and
Matsumoto (1995) have placed the MWP at AD 750–1300.
Inouchi et al. (1996), Fukusawa (1996), and Kumon (2001)
have also reported the existence of the MWP based on
analysis of lake sediments. Our data suggest warm climatic
conditions between AD 900 and 1200, which corresponds to
the MWP.

AD 1200–1950

Between AD 1200 and 1950, after the MWP, the abrupt
decrease in TOC and TN and the increase in sand content
(Figs. 16 and 18) suggest that the climate shifted to another
mode. Low summer temperatures with less solar radia-
tion might have reduced TOC and TN contents. The effect
of cold winters might increase snow precipitation and
icebounding, which yield a high proportion of sand grains as
dropstones through ice drifting. Therefore, cool climatic
conditions imply the combination of mild or cool summers
and cold winters, but the degree of coolness varied, as evi-
denced by the fluctuating TOC and TN profiles. The period
spaning AD 1200–1950 includes three notably cool periods
from AD 1300 to 1470, 1700 to 1760, and 1850 to 1950, and
three moderately cool periods between the these cool
phases.

Evidence presented by Fukusawa (1996) suggests a cool
phase between AD 1580 and 1880, which is the Little Ice
Age (LIA) as defined by Mikami (1992). In connection with
the LIA, the seventeenth and the nineteenth centuries in
the northern hemisphere were cool (Bradley and Jones
1992). In the GISP2 record, the LIA is not as well defined as
the MWP; periods of lower and higher temperatures have
occurred over the last 800 years, and the perception of the
LIA as a period of sustained cold is not supported (Meese et
al. 1984). Carbon isotope study of Japanese cedar clarified
the timing of the LIA between AD 1600 and 1800
(Kitagawa and Matsumoto 1995). In our view, the early
cooling starting around AD 1200 can be viewed as the initial
onset of the LIA, but it was not a sustained cold period. In
the latter two cool phases, AD 1700–1760 and 1850–1950
reported here, the recessions in TOC, TN, and diatom con-
centration are notable and are considered to be symptom-
atic of the cold climatic condition related to the LIA.

Historically, the LIA in Japan is widely correlated with
the Edo Period (1603–1868), during which three major
famines, Kyoho (1732), Tenmei (1782–1787), and Tenpou
(1832–1837) occurred because of the climatic anomaly
(Fukuoka 1992; Sugihara and Yamakawa 1992). It was
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characterized by rainy and cool summers that badly reduced
the rice crop. Another pattern was a tendency for mild
winters combined with cool summers and cold winters with
mild summers (Fukaishi and Tagami 1992). Although the
climate mechanism of the cool phase and the link to the
LIA remain controversial (Bradley and Jones 1992), both
the findings of this study and the historical records men-
tioned above are consistent with the existence of cool cli-
matic conditions in the thirteenth to the fifteenth centuries
and in the seventeenth and nineteenth centuries.

Conclusions

A mesotrophic Lake Nakatsuna is dimictic, and its hypolim-
nion is anoxic during thermal stratification. The distribution
of surface sediments reveals a clear correlation with the
bathymetry and hence with the water depth with decreasing
grain size toward the basin center. The content of sand and
granule grains scattered in the sediments is largely con-
trolled by the extent of icebounding and snow accumulation
in and around the lake during the winter. Cored sediments
from this lake record a climate-modulated history of the
past 1300 years in central Japan, and the overall picture that
emerges from comparison among proxy records has been
translated into the two qualitative paleoclimate phases. A
relatively warm climate phase occurred during AD 900–
1200. This period was warmer than any other period during
the last 1300 years, which corresponds to the MWP climate
anomaly. Climate cooling began around AD 1200, and
greater fluctuations appeared as time progressed. During
the period from AD 1200 to 1950, three cool phases are
recognized: AD 1300–1470, 1700–1760, and 1850–1950. The
middle and late parts of this cool phase correspond with the
LIA.
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