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Abstract

Records of sedimentary charcoal provide fire histories for assessing the relationship between fires and climate
conditions, vegetation, human impact, and other factors. We analyzed charcoal particles in sediments from Lake
Biwa in central Japan, dating back to 150,000 years ago. The sediments are well dated, homogenous, and had a
constant sedimentation rate, making them ideal for assessing the long-term fire history through charcoal
concentration analysis. Low charcoal concentrations in the glacial periods of Marine Isotope Stage (MIS) 2 and 6
indicate that few fires occurred in the periods under the cold climatic conditions. Variations in the microcharcoal
concentration between 40,000 and 130,000 years ago, with a periodicity of 21,000-23,000 years, correspond to
variations in the spring insolation in central Japan, vegetation type, and global climate, suggesting that the
long-term fire activity in central Japan was determined mainly by spring insolation and vegetation type under the
influence of global climate change. This finding suggests that insolation changes induced by precession cycles
could influence a long-term phenomenon in an area as a direct local effect. Between 16,000 and 3000 years ago,
sediments were characterized by an extraordinarily high concentration of large charcoal particles (>50 ym) and
the predominance of elongated charcoal particles, suggesting that grassland fires (presumably anthropogenic)
occurred frequently in the lakeside area. The frequent fire occurrence presumably contributed to the inflow of a
large amount of organic materials, resulting in changes in the aquatic environment of Lake Biwa and/or its

adjacent area.
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1. Introduction

Fire often threatens human life and plays an important role in most ecosystems. Because fire activity has been
shown to alter significantly with climate change (e.g., Gillett et al., 2004; Kasischke and Turetsky, 2006;
Westerling et al., 2006), many people are concerned about how climate change may alter fire activity in the
future. Many previous studies predict future fire activity on Earth using fire—climate models (e.g., Scholze et al.,
2006; Pechony and Shindell, 2010; Moritz et al., 2012). Paleorecords in sediments help aid the understanding of
interactions between fire and factors such as climate change, vegetation type, and human activity (e.g., Power et
al., 2008; Daniau et al., 2012), which could enable prediction of future fire activity.

In regions affected by the East Asian monsoon, such as Japan, present-day wildfires are mostly
anthropogenic and are controlled because of the dense population; most fires occur by human carelessness and
are extinguished soon (e.g., The Forest Fire Control Association, 2007). The anthropogenic nature of present-day
fires prevents us from precisely evaluating the climatic effect on fire activity, so the climatic effect is still unclear
in these regions, especially over the long term. Thus the aims of this study are: (1) to show when fires have
occurred frequently or infrequently since the glacial period of Marine Isotope Stage (MIS) 6; (2) clarify what
factors determined long-term fire regimes under natural conditions, e.g., vegetation type, precipitation, and
temperature; and (3) assess how past human activity may have affected fire regimes.

To evaluate the climatic effect on fire activity and interaction between fire and other factors under
natural conditions with the East Asian monsoon, we examined charcoal in sediments from Lake Biwa in central
Japan (Fig. 1) that were deposited over the last 150,000 years, including periods before clear evidence of the
earliest human presence in central Japan (40,000 years ago). Furthermore, comparison between fire activities in
the periods before and after human occupation would aid in understanding human effects on fire activity.

Lake Biwa, the largest lake in Japan, is in the central part of Honshu Island (Fig. 1). The north basin is
estimated to contain muddy sediments up to approximately 250 m thick that have been continuously deposited
during the last ca. 400,000 years (Meyers et al, 1993; Yoshikawa and Inouchi, 1993). In addition, the sediments
are composed of homogeneous mud and the sedimentation rates are almost constant. Therefore, Lake Biwa
sediments contain continuous high-quality environmental records from the middle Pleistocene to the present.
Studies of various proxies in Lake Biwa sediments show that the records represent changes to the regional
environment related to global climate variation. Such records include pollen assemblage (Miyoshi et al., 1999;
Hayashi et al., 2010a, b, 2017), diatom assemblage (Kuwae et al., 2002, 2004; Nagayasu et al., 2014), biogenic
silica (Xiao et al., 1997a), eolian quartz (Xiao et al., 1997b), fluvial quartz (Xiao et al., 1999), lignin composition
(Ishiwatari et al., 2009; Ohira et al., 2014), and branched tetraether lipids (Ajioka et al., 2014). Thus, Lake Biwa
sediments are ideal for analysis of charcoal concentration to assess fire history. Variation in charcoal

concentration in the sediments likely represents fire activity within the watershed area and its adjacent area.

2. Material and Methods
The borehole core BIW08-B (100.3 m long) was collected in 2008 by drilling in Lake Biwa (35° 13' 41.15" N



and 136° 03' 21.29" E) at a water depth of 53 m (Fig. 1 after Takemura et al., 2010). The sediments are mainly
composed of dark-gray massive silty clay from O to 89 m. This includes those deposited over the last 150,000
years (0—46 m) used in the present study. We based the age—depth model of the upper 46 m on the ages of eight
volcanic ash layers, K-Ah (7.2 ka), U-Oki (10.2 ka), AT (30.0 ka), SI (46.3 ka), K-Tz (95.2 ka), Aso-ABCD
(97.7 ka), Aso-3 (133.0 ka), and Aso-2 (145.8 ka), following Nagayasu et al. (2014; Fig. 2). The dates of K-Ah,
U-Oki, AT, and SI were estimated from an age model of the Lake Suigetsu sediments constructed from
radiocarbon data and varve counts (Smith et al., 2013). The SI age stems from the correlation between SI (BT-15)
in the Lake Biwa sediments and SG06-3668 in the Lake Suigetsu sediments based on the similarity of their glass
chemical compositions (Nagahashi et al., 2004; Smith et al., 2013). This age is consistent with the SI age derived
using the thermoluminescence method (49 = 10 ka; Shitaoka et al., 2013). The dates of K-Tz, Aso-ABCD,
Aso-3, and Aso-2 were estimated primarily from the correlation between the marine oxygen isotope ratio
(Bassinot et al., 1994) and beds including these volcanic ash layers based on their lithofacies (e.g., marine beds
interbedded in terrestrial deposits), palynological data, diatom data, and the age model of the beds, with respect to
their radiometric ages (Nagahashi et al., 2004, 2007). Based on the age—depth model of the BIW08-B core, we
estimated an average sedimentation rate of 0.3 m/ky in this zone. The age—depth model correlates well with the
radiometric ages of the tephra and other materials (Fig. 2) and the dated anhysteretic remanent magnetization
events in the BIWOS-B core shown in Ajioka et al. (2014).

For the charcoal analysis, we took 139 wet subsamples of 1-cm thickness from the upper 46 m of the
core. Subsamples were dried at 50°C for 2 days and then weighed. We treated the samples of ~1.5 g with 10%
KOH and 46% HF, and added approximately 208,000 15 wm plastic microspheres (Ogden, 1986) to each sample
to facilitate calculation of charcoal concentration. We then filtered the suspension onto a membrane 47 mm in
diameter with a porosity of 5 um. A portion of this membrane was mounted onto a slide (Daniau et al., 2013).

Under 200x and 500x magnification, the charcoal particle was restricted to black, completely opaque,
angular particles under transmitted light and plant structure with silky sheen under incident light. We quantified
charcoal particles >20 pm, because it was difficult to recognize plant structure on particles smaller than this.
Charcoal particles were quantified using automated image analysis (NIH Image software ver. 1.62 for Macintosh,
developed by the U.S. National Institutes of Health). We measured surface area, length, and width of each
charcoal particle and at least 200 plastic microspheres in this study. We divided charcoal particles into three size
classes: 20-50 ym, >50 pm, and >100 gm. The formation of classes is helpful for distinguishing spatial locations
of sources, assuming that larger charcoal particles originate from sources near the deposition site (e.g., Tinner et
al., 1998; Whitlock and Larsen, 2001). We estimated the sum of all surfaces of charcoal particles, in each class,
in one sample per gram to determine the charcoal concentration. The elongation (length/width ratio) of each 20—
50 pm charcoal particle was also calculated. We estimated the average elongation of particles in one sample to
characterize charcoal morphology and help identify their materials. Finsinger and Tinner (2005) showed that a
count of at least 200-300 objects (a sum of charcoal particles and exotic marker grains) would provide a

charcoal-concentration (number of charcoal particles) estimate with less than +5% error when charcoalmarker



grain ratios are 0.1-0.91. In the present study, we counted at least 240 objects (a sum of 20-50 pym charcoal
particles and exotic marker grains). Charcoalmarker grain ratios in samples ranged from 0.2 to 0.8, except for 0—4
m depth samples presenting an extraordinary high charcoal concentration as shown below. This indicates that
charcoal concentration variability is largely meaningful. In addition, concentrations of both abundance and

surface area of 20—50 pm charcoal particles are significantly correlated (r = 0.96), similar to Daniau et al. (2013).

3. Results and Discussion

3.1. Charcoal concentrations in Lake Biwa sediment deposited for 150,000 years

Differences in the variations in the charcoal concentration exist between 20-50 ym and >50 pgm or >100 um
particle, even though some similarities exist between them (Fig. 3). The variation patterns in the charcoal
concentration between >50 ym and >100 gm are similar to each other. The variations in the charcoal
concentrations in the respective sizes of 20-50 pm, >50 um, and > 100 pm are characterized by an
extraordinarily high concentration between 3 ka and 16 ka and high concentrations between 32 ka and 40 ka. The
20-50 um charcoal concentrations are low from 20 ka to 29 ka and from 134 ka to 150 ka and fluctuated between
133 ka and 30 ka. Conversely, the >50 ym and >100 xm charcoal concentrations are generally low prior to 39 ka
with some random peaks. In particular, very few or no > 100 gm charcoal particles were observed prior to 39 ka
(generally 0-2 particles) and the random peaks are due to extremely large charcoal particles (>200 gm), whereas
between 3 ka and 16 ka, the numbers of observed >100 pm charcoal particles are generally ~10. The difference in
the variations in the charcoal concentration in the size differences is likely due to the difference in the spatial
locations of their sources. The >100 ym charcoal particles (called macro-charcoal) are not transported far from
their source (fire area) before settling, whereas small charcoal particles can be transported great distances (e.g.,
Tinner et al., 1998; Whitlock and Larsen, 2001). Given this fact, we infer that the >100 ym charcoal particles in
the Lake Biwa sediments were primarily from fires in the watershed area, especially from fires in the lakeside
area, whereas the 20-50 gm charcoal particles were likely from fires in the watershed and/or its surrounding area.
The similarity in the variation patterns of the >100 ym and >50 pm charcoal concentrations indicates that the
source of the >50 um charcoal particles is generally similar to that of the >100 ym particles. Therefore, the
variations in the concentrations of the 20-50 gm charcoal particles primarily represent fire activity in the regional
area and those of the >50 ym and >100 ym particles represent local fire activity, primarily in the lakeside area.
Variations in the charcoal concentrations of all size classes are characterized by an extraordinarily high
concentration between 3 ka and 16 ka (Fig. 3) and high concentrations between 32 ka and 40 ka. This indicates
that most 20-50 pgm charcoals in these periods were from local fires and not regional ones. Conversely, the 20-50

pum charcoal concentrations in other periods primarily represent regional fire activity.

3.2. Regional fire activity since the beginning of the last interglacial period
First, we focus on 20-50 pm charcoal concentrations to reconstruct past regional fire activity. We

obtained three samples running average of 20—50 ym charcoal concentrations to represent a general regional fire



activity trend (Fig. 4D). To assess the relationships between regional fire activity and climatic change or
vegetation type, we compared charcoal (20-50 ym) concentrations with the LRO4 marine isotope stack (Fig. 4E;
Lisiecki and Raymo, 2005) and the main vegetation type inferred from palynological data of sediment cores from
Lake Biwa (Fig. 4F; Hayashi et al., 2010a, b; 2017). As mentioned above, 20-50 um charcoals are scarce in
sediments between 20-29 and 134-150 ka. These periods almost correspond to MIS 2 and 6, respectively. MIS 2
and 6 are characterized by a cold climate and dominance of pinaceous conifer forests in the region (Figs. 4E and
F). The general decreasing trend in charcoal concentration from 130 to 60 ka roughly corresponds to the increase
in the oxygen isotope ratio from MIS Se to 4, which indicates an increase in northern hemisphere ice volume and
a global cooling trend.

In some periods, the ratio of syringyl to vanillyl phenols (S/V ratio) in the BIW08-B core,
which indicates the ratio of broad-leaf trees to conifer trees, correlates with the charcoal concentration (e.g., 56
ka, 103 ka, and 125 ka, which are represented as blue lines, and 46 ka, 67 ka, and 92 ka, which are represented as
red lines in Figs. 4B and 4D). Hayashi et al. (2017) demonstrated that, in Japan, changes in the summer insolation
should have negatively influenced the summer precipitation, as suggested by the dominance of Cryptomeria
during periods of weak summer insolation with strong winter insolation. Ohira et al. (2014) also indicated that the
ratio of conifer forest (primarily composed of Cryptomeria between MIS 5 and MIS 3, except for MIS 4) to
broad-leaf forest was negatively correlated with the summer insolation (Figs. 4B and 4C). These facts imply that
the fire activity was low during periods with low summer precipitation and vice versa between MIS 5 and MIS 3.
This correlation suggests that the fire activity was not directly controlled by the summer precipitation (or the
dryness in the summer) since MIS 6 in this region. This is likely due to the small amount of variation in the
summer precipitation since MIS 6, as estimated by a modern analog technique using palynological data of the
Lake Biwa sediments (Nakagawa et al., 2008). An increase in the fire activity in the periods under the dominance
of Cryptomeria is presumably due to the fact that Cryptomeria is more fire-prone than other vegetation types
such as broad-leaf forest, as explained below.

We applied spectrum analysis to the values of 20-50 gm charcoal concentrations between 40
and 130 ka (Fig. 3) to assess the causes of the oscillation of the charcoal concentrations in this period. The reason
we excluded the concentration data after 40 ka for the analysis is that after that age, most of the charcoal particles
are likely from local, not regional, fires, indicated by accompanying high >50 ym and >100 gm charcoal
concentrations. In addition, these charcoals are possibly related to anthropogenic fires, because reliable evidence
of the earliest human remains in central Japan dates back to ~40 ka (e.g., Kaifu et al., 2015). Figure 5 shows that
charcoal concentrations have a periodicity of 21,000-23,000 years, which corresponds to the precession cycle.
This fact indicates that fire activity was influenced by insolation of a certain season.

To assess the season in which insolation influenced the fire activity, we applied multiple
regression analysis, assuming that global climatic changes and insolation of a certain season influenced fire
activity. For the multiple regression analysis, we used the LR04 marine isotope stack (Fig. 4E) and insolation at

35° N (latitude of Lake Biwa) every ~10 days, i.e., January 1, 11, 21, February 1, 11,..., as independent



variables to represent 20—-50 pm charcoal concentrations between 40 and 140 ka, and calculated adjusted R*
values. Data of three samples running average of charcoal (20—50 gm) concentrations were used for the analysis.
Ages of the data were rounded to the nearest 1000 years, because the marine isotope stack and insolation were
given at 1000 years intervals. The data of charcoal concentrations used for the analysis were approximately
normally-distributed, as shown in Figure 6A. Figure 6B shows adjusted R* values for each date. The coefficient
of insolation at each date between January and May for the equation developed from the multiple regression
analysis is positive, suggesting that the insolation at each date in Fig. 6B positively correlates with the charcoal
concentrations. The highest adjusted R* value is on March 1 (R*= 0.35; Fig. 6B), corresponding to early spring in
Japan. The result of the analysis using the LR04 marine isotope stack and the March 1 insolation is shown in
supplementary Table 1. Residuals show a random pattern, indicating a good fit for a liner model (Fig. 6C).
Standardized residuals were approximately normally-distributed (Fig. 6D). In addition, the correlation
coefficients (single regression analysis) of the charcoal concentrations versus the LR04 marine isotope stack (R*
= 0.20) and the charcoal concentrations versus the March 1 insolation (R* = 0.04) were very low. These results
imply that the coupling of the LR04 marine isotope stack and the spring insolation can largely explain the
observed variation in the charcoal concentrations, i.e., both the global climate change and the spring insolation
presumably influenced the fire activity in central Japan. We calculated the regression equation for charcoal
concentrations using the LR04 marine isotope stack and the March 1 insolation (Fig. 6E). The variation trend in
computed concentrations is similar to that in the original concentration, though there are some differences
between them. Furthermore, variation in spring insolation correlates with variation in the charcoal concentration
(Figs. 4C and D). These findings suggest that spring insolation significantly influenced fire activity, implying that
fires tended to occur in the spring in the past. This is consistent with the fact that most fires at present in Japan,
regardless of the vegetation type (Fig. 1), occur in the spring and tend to spread, resulting in larger fires (Fig. 7).
In addition, trend of fire occurrence in Shiga Prefecture (almost corresponding to Lake Biwa’s watershed area) is
similar to that in Japan as a whole (Fig. 7). One of the main reasons for this trend is an increase in flammability
of the fuel due to low precipitation and high temperature during this season, which makes fuel available to burn
and contributes to the start and spread of fires. In contrast, the summer monsoon contributes to wind from the
Pacific Ocean, resulting in high precipitation in the summer, and the winter monsoon contributes to wind from
the Eurasian continent that passes over the Sea of Japan, resulting in cold temperatures and snowfall. Thus, in
other seasons, high precipitation or low temperatures and snow cover prevent fuel from drying, thus lowering the
occurrence of fires.

Past regional fire activity inferred from charcoal concentration response to climate change and
spring insolation may be explained by the following mechanisms. Low charcoal concentrations in MIS 2 and 6
are probably due to cold conditions, especially in spring, preventing fuel from drying and snow from melting.
Based on modern observations in Japan, the evaporation rate from litter on the forest floor is significantly
dependent on solar radiation, and the evaporation rate determines litter (fuel) moisture content (Tamai and

Hattori, 1994; Tamai, 2001; Tamai and Goto, 2006). Because fuel moisture content is critical for fire ignition,



solar radiation would significantly affect the potential for fire (e.g., Tamai, 2001; Scott et al., 2014). Furthermore,
changes in spring insolation increase spring temperatures, and these higher temperatures contribute to earlier
snow melt and drier fuel. Thus, spring insolation has largely affected fire activity in central Japan over the long
term, especially for fire-ignition potential.

Some differences between trends of variation in 20-50 pm charcoal concentrations and spring
insolation (Figs. 4C and D), and the difference in original and computed charcoal concentration (Fig. 6E) are
presumably due to the fact that the fire regime is also dependent on vegetation type. As mentioned above,
between 40 and 130 ka, variation in charcoal concentrations also roughly corresponds to fluctuation of vegetation
composition represented by the S/V ratio in the BIW08-B core (Fig. 4B; Ohira et al., 2014). The S/V ratio
represents an index of deciduous broad-leaved trees, mainly deciduous oaks, versus temperate conifers of
Cryptomeria. Based on the relationship between modern forest type and fire incidence in Japan, deciduous
broad-leaved trees are much more fireproof than Cryptomeria, and the fire incidence in broad-leaved forests is
less than one-fourth of that in Cryptomeria forests in modern times (lizumi et al., 1991). That would explain the
correlation between charcoal concentration and S/V ratio during some periods. In general, fires start on the
surface, where litter, duff, and herbaceous plants and shrubs occur (surface fire). The fire may spread up tree
trunks into the crowns of trees (crown fire) (e.g., Scott et al., 2014). This implies that the condition of litter on the
forest floor affected fire-ignition potential. Conversely, the vegetation types (fireproof or fire-prone forests) tend
to affect the fire-spreading potential. Therefore, the predominance of fireproof forests of deciduous broad-leaved
trees (high S/V ratio) is associated with fewer opportunities for fire spreading, whereas the predominance of
fire-prone forests of Cryptomeria (low S/V ratio) allow for fire spreading.

As mentioned above, vegetation types corresponding to changes in the summer insolation
influenced the fire activity and this influence tends to make the charcoal-concentration variation match the
insolation at an earlier date. Therefore, even though the charcoal-concentration variation best fits the early-spring
insolation (March 1), we assume that it was actually the middle-spring insolation (likely April insolation) that
significantly influenced the fire activity as a direct local effect in this region. We conclude that between 40 and
130 ka, long-term fire activity under natural conditions in central Japan was determined by a combination of

spring insolation and vegetation type under the influence of the global average temperature.

3.3. Frequent fires in the lakeside area since the terminal Pleistocene

Variations in >50 pm charcoal particle concentrations are characterized by an extraordinarily high concentration
between 16 and 3 ka (Fig. 3 and Fig. 8 A). The high charcoal concentrations or fluxes in this period were found in
other cores from Lake Biwa (Inoue et al., 2001; Hayashi et al., 2010a) and in other lake and terrestrial sediments
near Lake Biwa (Inoue and Yoshikawa, 2005; Inoue et al., 2005), suggesting that fire occurred frequently in the
lakeside area. In addition, elongated charcoal particles were the most predominant during this period (Fig. 8B).

Experimental analysis conducted on burned grasses and wood from Japan and North America showed that



charcoal from grasses generally has a greater elongation ratio than charcoal derived from wood (Umbanhowar
and McGrath, 1998; Ogura, 1999). We thus infer that grassland fires occurred frequently in the lakeside area
during this period. This period was also associated with high concentrations of total organic carbon (TOC) and
terrestrial organic carbon (TROC), and a high ratio of cinnamyl to vanillyl phenols (C/V ratio) in the BIW08-B
core (Fig. 8C, D, and E; Ohira et al., 2014). The C/V ratio indicates the contribution of non-woody tissues and
herbaceous plants, thus, a high C/V ratio and high TROC suggest a large amount of organic materials from
terrestrial herbaceous plants flew into Lake Biwa during this period (Ohira et al., 2014). Furthermore,
palynological records in swamp sediments near Lake Biwa show that grasslands developed in the lakeside area,
with fire increasing during this period (Hayashi et al., 2012), supporting our assumption. However, palynological
data of the Lake Biwa sediments (Hayashi et al., 2010a, 2017) show that the percentage of herbaceous pollens
had been largely stable between 40 and 10 ka (e.g., Gramineae at 10%—20%), even though herbaceous pollen
slightly increased around 15 ka. This is likely due to the difference in the spatial locations of sources between the
pollen and the large charcoals or plant materials contributing to changes in the C/V ratio and TROC; most pollen
in the Lake Biwa sediments are presumably supplied from regional vegetation within a radius of 150 km
(Hayashi et al., 2017). This is consistent with our assumption that grassland fires occurred frequently in the
lakeside area and that herbaceous charcoals flew into the lake.

Although frequent fires were partially due to changing climate between late MIS 2 and early MIS 1, we
infer that those fires were mostly anthropogenic. This is because an extraordinarily high charcoal concentration
was found only during this period and not during the warmer period of early MIS Se. Furthermore, spring
insolation, which has a positive effect on fire activity under natural conditions as previously shown, was low
between 16 and 3 ka (Fig. 4C). Archeological evidence also supports this assumption. The period between 16 and
3 ka almost corresponds to the Jomon era, or the Neolithic era in Japan, which is characterized mainly by
hunter-gatherer societies. In Shiga Prefecture, most human remains and ruins from the Jomon era have been
discovered in the lakeside area of Lake Biwa. The earliest human remains date back to ~15 ka (Hatanaka et al.,
2010). Therefore, the coincidence of increasing TOC and charcoal in Lake Biwa sediments suggests that during
this period, anthropogenic fires possibly contributed to the inflow of organic carbon. We note that both the
increase in charcoal elongation and C/V preceded the increase in >50 ym charcoal concentration, TOC, and
TROC. This implies that charcoal particles and organic carbon were produced by herbaceous plants without a
change of their inflow rate. This finding is presumably because ancient people selectively burned a limited area
of the original grassland in the lakeside area. In addition, the fire occurrence in the terminal Pleistocene possibly
contributed to the substantial changes in the aquatic environment of the lake and its adjacent area. This is
suggested by the fact that Gomphonema is exceptionally dominant in benthic diatoms only around 15 ka in the
last 280 ka (Nagayasu et al., 2014), which is coincident with high >50 ym charcoal and TOC concentrations. Due
to the fire occurrence in the lakeside, terrestrial herbaceous materials flew into the lake or the adjacent river and
small bogs connected to the lake, probably resulting in eutrophication and other aquatic environment changes.

We assume the decrease in charcoal after 2.5 ka, corresponding to the Yayoi era, was due to a lifestyle



characterized by rice cultivation on a paddy, because many Yayoi-era archeological sites have been discovered

around Lake Biwa (Hatanaka et al., 2010).

4. Conclusion

Between 130 and 40 ka, fire activity was dependent on spring insolation, vegetation type, and global climate
change in this region. During these periods, higher spring insolation, fire-prone vegetation, and higher
temperatures resulted in higher fire activity, whereas lower spring insolation, fireproof vegetation, and lower
temperatures resulted in lower fire activity. This indicates that fires occurred mostly in the spring, which is
similar to what happens today. Few fires occurred during the glacial periods of MIS 2 and 6. Between 16 and 3
ka, grassland fires were concentrated in the lakeside area of Lake Biwa, as suggested by extremely high
concentrations of large charcoal particles and the predominance of elongated charcoal particles. This is consistent
with charcoal concentration or flux and other proxies (e.g., palynological data) recorded in sediments from Lake
Biwa and adjacent areas. We assume that the frequent fires were probably anthropogenic, which is supported by
archeological evidence around the lake. Correlations between large charcoal (>50 pm) concentrations and TROC
contents or benthic diatom assemblages in Lake Biwa sediments indicate that the increase of sedimentary organic

carbon and the change of the aquatic environment were presumably related to the fires.
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Fig. 1. Map of Japan showing modern vegetation type, compiled by Igarashi and Oba (2006). Map of
Lake Biwa showing the coring site of BIWO08-B (right). The dashed blue line indicates the lake’s
watershed area.
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Fig. 3 Concentrations of 20-50 ym, >50 ym, and >100 um charcoal particles in Lake Biwa sediments in
the last 150 ky.

Fig. 5. Spectral analysis of 20-50 ym
3 2 -1
ﬂ 21-23 k), charcoal concentration (mm-g™) between

130 and 40 ka using Past software
99% significance level (Hammer et al, 2001; available at
http://folk.uio.ngohammer/past/).

The Lomb periodogram algorithm for
unevenly sampled data was applied. The
data were automatically detrended prior
to analysis.
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Fig. 4 Variation in fire activity in central Japan (D), compared to the eccentricity and precession index (A), spring

and summer insolation (C), ice volume implying global climate (E), and vegetation change (B and F). A: the
eccentricity and precession index (Lasker et al., 2004) calculated using Analysis Series 2.0 for Macintosh
(Paillard et al., 1996). B: Ratio of syringyl to vanillyl phenols (S/V ratio) in the BIW08-B core (Ohira et al.,
2014) represents an index of angiosperms versus gymnosperms, reflecting an index of deciduous
broad-leaved trees versus pinaceous and temperate conifer trees. C: Spring (March 1) and summer insolation
(June 21) at 35°N (Berger, 1978) calculated using Analysis Series 2.0 for Macintosh (Paillard et al., 1996).
D: Three-sample running average of 20-50 um charcoal particle concentrations from the BIW08-B core,
representing fire activity in the regional area. E: LRO4 marine isotope stack (Lisiecki and Raymo, 2005). F:
Vegetation type inferred from palynological data of sediment cores from Lake Biwa (Hayashi et al., 2010a,
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Fig. 6 (a) Normal Q-Q plot of the observed value of 20-50 um charcoal concentration (three-sample running
average) between 130 and 40 ka, (b) Adjusted R values obtained from multiple regression analysis using
marine isotope stack and insolation at each date (every ~10 days, i.e., January 1, 11, 21, February 1, 11, ...)
from January to May and 20-50 ym charcoal concentrations. (c) Distribution of residuals in a multiple
regression analysis using a marine isotope stack and the insolation on March 1 and the 20-50 ym charcoal
concentrations; the multiple r is 0.61 and the adjusted R is 0.35. (d) Normal Q-Q plot of the standardized
residuals in the multiple regression analysis. (¢) Comparison between charcoal concentrations computed
using multiple regression analysis (computed value) and original charcoal concentration in the BIWO0S-B

CC =-9.56 * OI + 0.204 * SI + 1.33, where CC is the charcoal concentration, OI is the oxygen isotope ratio in
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core (observed value). The regression equation of computed charcoal concentration is

the LR0O4 marine isotope stack, and SI is early-spring insolation (March 1) at 35°N.
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Fig. 8 Variation in fire activity and vegetation in the lakeside area of Lake Biwa. A: >50 pm charcoal
concentrations in Lake Biwa. B: Elongation of 20-50 pm charcoal. C: Ratio of cinnamy] to vanillyl phenols
(C/V ratio) in the BIW08-B core represents an index of contribution from herbaceous plants (Ohira et al.,
2014). D: Total organic carbon content (TOC). E: Terrestrial organic carbon content (TROC) after Ohira et

al. (2014).

Supplementary Table 1 Results of multiple regression analysis between marine isotope stack and insolation at
March 1 and 20-50 pgm charcoal concentrations.

Supplementary Table 2 Concentrations of 20-50 ym, >50 gm, and >100 gm charcoal particles with ages in the
BIWO08-B core in the last 150 ky.

Supplementary data related to this article can be found at https://doi.org/10.1016/j.quascirev.2017.11.007.




