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Abstract 19 

We investigated branched and isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs) in 20 

surface soils and a paleosol sequence to understand the effects of environmental and 21 

postdepositional factors on branched GDGT composition in different soil types and to reconstruct 22 

the past changes in the mean annual air temperature (MAAT) in southwestern Japan during the last 23 

15 ky. The estimated MAAT was overestimated by 6°C and 2°C when the global and regional soil 24 

calibrations were applied, respectively. Additionally, the estimated MAAT increased downward by a 25 
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maximum of 4°C in the upper 30 cm of the soil sequence. This is likely to reflect the addition of 26 

newly produced branched GDGTs in subsurface soils. The estimated MAATs in a paleosol sequence 27 

are thus ~10°C and ~6°C higher than those expected when the global and regional soil calibrations 28 

were applied, respectively, but the variation agrees with the Holocene variation in the MAAT 29 

estimated by the pollen assemblage. This indicates that the MBT/CBT-derived MAAT is biased, but 30 

the variation reflects the past changes in MAAT.  31 

 32 

1. Introduction 33 

 34 

Branched glycerol dialkyl glycerol tetraethers (branched GDGTs) have been commonly found in 35 

peats, soils, and rivers, lake, and marine sediments (Schouten et al., 2000; Sinninghe Damsté et al., 36 

2000; Hopmans et al., 2004; Schouten et al., 2013). They are thought to be the membrane lipids of 37 

Bacteria based on the stereochemistry of glycerol moiety (Weijers et al., 2006). A branched GDGT 38 

was detected in an Acidobacterium (Sinninghe Damsté et al., 2011). Branched GDGTs in 39 

environmental samples consist of C66, C67, and C68 homologs with 0–2 cyclopentane moieties 40 

(Weijers et al., 2006a). Weijers et al. (2007b) proposed a new paleotemperature index, the 41 

methylation index and the cyclization ratio of branched tetraethers (MBT/CBT), based on the 42 

empirical correlation between the MBT/CBT values in soils and mean annual air temperatures 43 

(MAATs).  44 

MBT/CBT has been applied in marine, lacustrine and terrestrial settings (e.g., Weijers et al., 45 

2007a; Ajioka et al., 2014a). However, discrepancies between the expected paleoclimate conditions 46 

and proxy-derived results have often been observed. The discrepancy has been attributed to the 47 

seasonality of branched GDGT production (Peters et al., 2011; 2012; Zech et al., 2012), the influence 48 

of precipitation (Weijers et al., 2007b; Peterse et al., 2012), the influence of coeluted GDGT isomers 49 

(Zech et al., 2012), the overprint of GDGT composition by the subsurface production of branched 50 

GDGTs (Zech et al., 2012; Ajioka et al., 2014), redeposition of branched GDGTs (Zech et al., 2012) 51 
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and the influence of plant root bacteria on soil GDGT composition (Huguet et al., 2013). These 52 

studies suggest that caution is necessary for the application of the MBT/CBT index in terrestrial 53 

paleosols to paleotemperature estimates. Local and regional MBT/CBT calibrations can reduce the 54 

offsets between estimated and measured values (e.g., Peterse et al., 2012, Ajioka et al., 2014a) but 55 

constrain their applicability. It is necessary to understand more about the source and fate of branched 56 

GDGTs in soils as well as the environmental and ecological factors influencing GDGT distributions.   57 

Isoprenoid GDGTs have been found in marine sediments (e.g., Schouten et al., 2000) and soil 58 

(e.g., Weijers et al., 2006b) and are produced by Archaea (Nishihara et al., 1987). Based on their 59 

composition, the TEX86 paleothermometer and the methane index (MI) have been proposed as 60 

indices of paleotemperature and anaerobic methane oxidation activity, respectively (Schouten et al., 61 

2002; Zhang et al., 2011). The branched and isoprenoid tetraether (BIT) index is used to estimate the 62 

contribution of terrestrial soil to marine sediments (Hopmans et al., 2004). 63 

The climate of southwest and central Japan is sensitive to East Asian summer monsoon 64 

variability (Yoshino, 1965). Paleoclimate records from terrestrial archives are therefore useful to 65 

understand the past changes in the East Asian summer monsoon. The MBT/CBT index was 66 

investigated in soils, river sediments, and lake surface sediments in the Lake Biwa drainage basin in 67 

central Japan (Ajioka et al., 2014a) and was applied to Lake Biwa sediments for the reconstruction 68 

of lake pH during the last 280 ky (Ajioka et al., 2014b). Ajioka et al. (2014b) assumed that lake 69 

water pH reflected the summer air temperature via chemical weathering and the resultant 70 

eutrophication of lake water, but this assumption must be endorsed by other proxy records. The 71 

reconstruction of air temperature will help to better understand East Asian summer monsoon 72 

variability. 73 

Here, we investigated branched GDGTs in surface soils and a paleosol sequence to understand 74 

the source and fate of GDGTs in different soil types and reconstruct the past changes in the MAAT 75 

in southwestern Japan. We established a regional MBT’/CBT-pH/temperature calibration based on 76 

data from the study area and the Lake Biwa drainage basin, and we also discuss the impacts of 77 
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postdepositional effects on branched GDGT composition for better paleotemperature reconstruction. 78 

 79 

2. Samples and Method 80 

2.1. Soil samples  81 

Soil samples (0–30 cm, 5-cm interval) were collected from a total of 25 sites from the Ohno and 82 

Oita River basins in Oita Prefecture, Kyushu Island, in southwest Japan in December 2010 (Fig. 1). 83 

The altitude in this region ranges from 163 m to 1010 m. The soil samples comprised 17 andosols 84 

(called Kuroboku in Japanese), four brown forest soils, and three calcareous soils (Table 1). Andosol 85 

is developed as a Holocene soil that is supposed to be formed by slash-and-burn farming (Yamanoi, 86 

1996). The climatological mean annual air temperatures (MAATs) at sampling sites were estimated 87 

from their altitudes according to  88 

 89 

MAAT (°C) = 15.9－0.0055 × altitude (m) (r2 = 0.92). 90 

 91 

This was obtained by regression of instrumental air temperatures in the period from 1981 to 2010 92 

from 19 different meteorological stations in the study area (Supplementary Material Table 1; Data 93 

from the Japan Meteorological Agency; available at http://www.jma.go.jp/jma/index.html). 94 

 95 

2.2. Outcrop samples 96 

  A soil sequence was sampled from the outcrop at site 5 in Kuju, Taketa City, Oita Prefecture 97 

(33°03'21.59"N, 131°15'36.53"E, 830 m altitude) in December 2010. The climatological MAAT at 98 

the site is 11.3°C. A total of 27 samples (11 cm interval) were sampled from the 291-cm-long 99 

sequence (Fig. 2). The sediments consisted of loam in the lower horizon and andosol and volcanic 100 

ashes in the middle and upper horizons. At a nearby outcrop, volcanic ashes were described and the 101 

radiocarbon dates just above and below the ashes were determined by Kamata and Kobayashi 102 

http://www.jma.go.jp/jma/index.html
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(1997). The radiocarbon dates were converted to calendar ages by Intcal09 (Calib Rev 6.1.0) in this 103 

study (Table 2). The mean value of soil age above and below the ash was regarded as the age of the 104 

ash (Table 3). The lithological boundary between loam and andosol was dated at a nearby location 105 

by Okuno et al. (2004), and the radiocarbon dates were converted to calendar ages by Intcal09 (Calib 106 

Rev 6.1.0) in this study (Table 2). The age-depth model at site 5 was then created by the ages of 107 

volcanic ashes and the lithological boundary between loam and andosol (Table 3). 108 

 109 

2.3. Climate of the study area 110 

  There are two meteorological stations at Taketa (261 m altitude, 32°58.4’N, 131°23.9’E) and 111 

Inukai (100 m altitude, 33°03.9’N, 131°37.9’E), where the MAATs were 14.5°C and 15.0°C, and the 112 

mean annual precipitation values were 1,826 mm and 1,726 mm, respectively, in the period from 113 

1981 to 2010 (Data from the Japan Meteorological Agency; available at 114 

http://www.jma.go.jp/jma/index.html). The climate of the study area is governed by the East Asian 115 

monsoon. The summer monsoon brings warm and humid conditions, whereas the winter monsoon 116 

brings cold and dry conditions (Fig. 3). 117 

 118 

2.4 Analytical methods 119 

2.4.1. Lipid extraction and separation  120 

Soil samples were freeze-dried and dry sieved to remove pebbles, roots and plant debris. Lipids 121 

were extracted (×3) from 3–5 g of dried soil using a DIONEX Accelerated Solvent Extractor 122 

ASE-200 at 100°C and 1000 psi for 10 min with 11 ml of CH2Cl2–CH3OH (6:4) and then 123 

concentrated. The lipid extract was separated into four fractions using column chromatography 124 

(SiO2 with 5% distilled water; i.d., 5.5 mm; length, 45 mm): F1 (saturated hydrocarbons), 3ml 125 

hexane; F2 (aromatic hydrocarbons), 3 ml hexane-toluene (3:1); F3 (ketones), 4 ml toluene; F4 126 

(polar compounds), 3 ml toluene–CH3OH (3:1). 127 

 128 

http://www.jma.go.jp/jma/index.html
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2.4.2. GDGT analysis 129 

An aliquot of F4 was dissolved in hexane–2-propanol (99:1) and filtered and analyzed using high 130 

performance liquid chromatography-mass spectrometry (HPLC-MS) with an Agilent 1100 HPLC 131 

system connected to a Bruker Daltonics micrOTOF-HS time-of-flight mass spectrometer. Separation 132 

was conducted using a Prevail Cyano column (2.1 × 150 mm, 3 μm; Alltech) and maintained at 30˚C 133 

following the method of Hopmans et al. (2000) and Schouten et al. (2007). Conditions were: flow 134 

rate 0.2 ml/min, isocratic with 99% hexane and 1% 2-propanol for the first 5 min followed by a linear 135 

gradient to 1.8% 2-propanol over 45 min. Detection was achieved using atmospheric pressure, 136 

positive ion chemical ionization-mass spectrometry (APCI-MS). The spectrometer was run in full 137 

scan mode (m/z 500−1500). Compounds were identified by comparing mass spectra and retention 138 

times with those of GDGT standards (formed from the main phospholipids of Thermoplasma 139 

acidophilum via acid hydrolysis) and those in the literature (Hopmans et al., 2000). Quantification 140 

was achieved by integrating the summed peak areas in the (M+H)+ and the isotopic (M+H+1)+ 141 

chromatograms and comparing these with the peak area of an internal standard (C46 GDGT; 142 

Patwardhan and Thompson, 1999) in the (M+H)+chromatogram, according to the method of Huguet 143 

et al. (2006). The correction values of ionization efficiency between isoprenoid and branched GDGTs 144 

and the internal standard was obtained by comparing the peak areas of T. acidophilum-derived mixed 145 

GDGTs and C46 GDGT in known amounts (Yamamoto and Polyak, 2009) and isolated isoprenoid 146 

and branched GDGTs (Schouten et al., 2014). In routine analysis, the working standard that is a 147 

mixture of C46 GDGT and the purified GDGTs from an East China Sea sediment was inserted every 148 

20 samples to monitor changes in the ionization efficiency. The standard deviation of a replicate 149 

analysis was 3.0% of the concentration for each compound.  150 

 Branched and isoprenoid tetraether (BIT) index was calculated from the concentrations of 151 

GDGT I (I), GDGT II (II), GDGT III (III) and crenarchaeol using the following expression 152 

(Hopmans et al., 2004):  153 

 154 



 7 

BIT = ([I] + [II] + [III])/([I] + [II] + [III] + [crenarchaeol]). 155 

 156 

The standard deviations of replicate analyses averaged 0.004 in this study. 157 

 158 

The cyclization ratio of branched tetraethers (CBT) and the methylation index of branched 159 

tetraethers (MBT’) were calculated as (Weijers et al., 2007b; Peterse et al., 2012): 160 

 161 

CBT = – log([Ib] + [IIb])/([ I] + [II]), 162 

MBT’ = ([I] + [Ib] + [Ic])/([ I] + [Ib] + [Ic] + [II] + [IIb] + [IIc] + [III]). 163 

 164 

The standard deviations of replicate analyses of CBT and MBT’ averaged 0.085 and 0.008, 165 

respectively, in this study. 166 

 167 

The methane index (MI) was calculated as per Zhang et al. (2011): 168 

 169 

MI = ([GDGT-1] + [GDGT-2] + [GDGT-3])/([GDGT-1] + [GDGT-2] + [GDGT-3] + [crenarchaeol] 170 

+ [crenarchaeol regioisomer]) 171 

 172 

The standard deviations of replicate analyses averaged 0.03 in this study. 173 

 174 

2-5. pH measurement 175 

Soil sample (4 g) was soaked with 10 ml distilled water, mixed well and kept for two hours. The 176 

soil-water mixture was mixed again and pH was measured with a pH meter (pH BOY-P2, 177 

Shindengen Electronic Mfg. Co., LTD, Japan). 178 

 179 

3. Results 180 
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3.1. Surface soils 181 

3.1.1. Spatial variation in surface soils 182 

Surface soils (0–5 cm) were investigated at 25 different sites of the Ohno and Oita River basins 183 

(Appendix II). The CBT was negatively correlated with soil pH (r2 = 0.61; Fig. 4A). No different 184 

trend was observed in different soil types such as andosols, brown forest soils, and calcareous soils 185 

(Fig. 4A). Because the range of MAATs was too small to investigate the relationship between 186 

CBT/MBT and MAAT in the samples from the Ono and Oita River basins, we investigated their 187 

relationship in the datasets from both the Ohno and Oita River basins and from the Lake Biwa 188 

drainage basin (Ajioka et al., 2014a). The MBT’ was correlated with CBT and MAAT in the samples 189 

(r2 = 0.51; Fig. 4B). The obtained regression equations (called “regional calibration” hereafter) are 190 

shown in Table 4, along with those obtained from global soil (Peterse et al., 2012, called “global 191 

calibration” hereafter) and Lake Biwa soil (Ajioka et al., 2014a) data sets. Some of the estimated soil 192 

pH values in this study fell outside the root mean square error (0.8 unit) of the CBT-pH calibration of 193 

the global soil set (Peters et al., 2012; Fig. 4C). The deviations between measured and estimated soil 194 

pH values were 1.0 ± 0.5 and 0.5 ± 0.6, when the global and regional calibrations were applied, 195 

respectively. 196 

The estimated MAATs based on the global calibration were higher than the climatological 197 

MAAT (Fig. 4D). About half of the estimated MAATs in this study fell within the root mean square 198 

error (5°C) of the global calibration (Peterse et al., 2012). MAATs based on the regional calibration 199 

also tended to be higher than the climatological MAAT, but most samples were within the errors of 200 

calibration (Fig. 4D). The deviations between climatological and estimated MAATs were 6.1 ± 201 

2.0°C and 1.8 ± 2.1°C when the global and regional calibrations were applied, respectively.  202 

 203 

3.1.2. Depth variation 204 

Depth variations in GDGTs were examined at four different sites (Appendix III); andosol at site 205 

2 (1,019 m high), andosol at site 20 (535 m), brown forest soil at site 22 (341 m), and calcareous soil 206 
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at site 25 (163 m; Table 1). At sites 20 and 25, both branched and isoprenoid GDGT concentrations 207 

showed a decreasing trend with depth (Fig. 5). CBT did not change significantly because measured 208 

soil pH was nearly constant, but MBT’ showed an increasing trend with depth by reflecting the 209 

decrease in the relative abundance of compound II compared with compounds I and Ib (Fig. 5). At 210 

site 2, branched and isoprenoid GDGT concentrations were maximal at a depth of 10–15 cm, 211 

whereas at site 22, branched and isoprenoid GDGT concentrations showed an increasing trend with 212 

depth (Fig. 5). At both sites, CBT showed an increasing trend with depth as the measured pH 213 

increased, whereas MBT’ did not display an increasing trend (Fig. 5). At all sites, BIT was 214 

consistently higher than 0.94, and MI increased with depth (Fig. 5). 215 

 216 

3.2. The Holocene sequence at the Kuju outcrop 217 

At the paleosol sequence of site 5, the measured pH ranged from 5.6 to 5.8, from 4.8 to 5.7, and 218 

from 4.8 to 5.7 in glacial loam, andosol and volcanic ash layers, respectively (Appendix IV). Both 219 

branched and isoprenoid GDGT concentrations increased from glacial loam to Holocene andosol 220 

horizons (Fig. 6A). Concentrations were lower in volcanic ash layers than in andosols in the 221 

Holocene intervals (Fig. 6A). The estimated soil pH values were higher than the measured ones in 222 

the upper horizons but were lower in the lower horizons (Fig. 6B). On a 10-cm scale, the soil pH 223 

estimated from CBT varied in response to measured soil pH (Fig. 6B). MBT varied between 0.83 224 

and 0.92 and increased downward, reaching a maximum at ~150 cm and decreasing below (Fig. 225 

6C).  226 

 227 

4. Discussion 228 

4.1. Deviations in CBT-based pH and MBT’/CBT-based MAAT from measured ones 229 

In the study samples, the CBT-based pH value and the MBT’/CBT-based MAAT were higher 230 

than the measured soil pH and MAAT values when applying global calibration (Figs. 4C and 4D). 231 

This tendency was also observed in the soils from the Lake Biwa drainage basin (Ajioka et al., 232 
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2014a). Chinese paleosol samples also showed the same tendency even when applying a new 233 

MBT’/CBT calibration (Peterse et al., 2012). This was interpreted as due to the fact that the 234 

estimated temperature reflected the summer temperature (Peterse et al., 2011). All of these samples 235 

derived from the East Asian monsoon region. The region is characterized by large seasonal 236 

variations in air temperature and precipitation (Wang et al., 2003). Because precipitation is much 237 

higher in summer than in winter (Wang et al., 2003), soil bacteria presumably grow prolifically in 238 

warmer seasons. This is likely the reason that MBT’/CBT indices in the soils from the East Asian 239 

monsoon region considerably deviate from the global soil trend.  240 

In this study, three different soil types showed no significant difference in the CBT and pH 241 

relationship (Fig. 4A). The difference among these three soil types originated from differences in 242 

their original rock types and the mechanisms of formation rather than a difference in the climate. In 243 

particular, andosol is an artificial soil that was formed by slash-and-burn farming (Yamanoi, 1996). 244 

The CBT trend in andosol was not different from those in brown forest and calcareous soils, 245 

suggesting that slash-and-burn farming is not a factor influencing CBT. This also suggests the soil 246 

types under the same climate conditions do not affect the results of MBT’ and CBT results.   247 

 248 

4.2. Changes in GDGT composition near surface soils 249 

The MBT/CBT-derived MAAT increased by a maximum of 4°C in the upper 30 cm (Fig. 5). 250 

Recently, Huguet et al. (2013) reported that tree roots contain the branched GDGTs that have 251 

different CBT/MBT values from those of the surrounding soils. The soil samples were sieved with a 252 

screen to remove the roots in this study. It is thus less likely that the GDGTs in roots affected 253 

changes in CBT/MBT in the study soil sequence.  254 

At sites 20 and 25, the downward increase in MBT (increase in compound I and decrease in 255 

compound II) shown in Fig. 5 is likely to reflect either the addition of freshly produced branched 256 

GDGTs or the degradation of branched GDGTs in subsurface soils. The same phenomenon was 257 

observed in subsurface soil sequences from Mt. Kilimanjaro (Zech et al., 2012) and the Lake Biwa 258 
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estuary (Ajioka et al., 2014a). Because the pH did not substantially change with depth at these sites 259 

(Fig. 5), and temperature should be constant within the top 30 cm, factors other than soil pH and 260 

temperature should change the branched GDGT composition. Free oxygen generally decreases with 261 

depth in the soil sequence. This change in the microenvironment results in a gradient of microbial 262 

communities, producing branched GDGTs of different composition. As a result, the MBT and CBT 263 

are altered during the burial process, and the estimated pH and MAAT are biased. 264 

At sites 2 and 22, the increase in CBT with depth resulted in the downward increase in the 265 

estimated MAAT (Fig. 5). The increase in branched GDGT concentration suggests that the addition 266 

of the freshly produced branched GDGTs would lower CBT in response to an elevation of soil pH. 267 

Although it is not clear whether this process is the same as that which occurred at sites 20 and 25, 268 

postdepositional processes increased the estimated MAAT in the upper part of the soil sequence.  269 

At all sites, BIT was constantly higher than 0.94, and MI increased with depth (Fig. 5). The high 270 

BIT is consistent with previous observations in soils (Hopmans et al., 2004; Schouten et al., 2013). 271 

The downward increase in MI is consistent with Ajioka et al. (2014a), who observed that 272 

crenarchaeol concentrations peaked at a shallower depth than GDGT-0 to -3, suggesting the 273 

presence of a common microbial community in subsurface soil.  274 

 275 

4.3. Air temperature changes since 15 ka 276 

The MBT/CBT-derived MAAT ranged from 19 to 24°C and from 15°C to 20°C when the 277 

global and regional calibrations were applied, respectively (Fig. 6). The uppermost sample showed 278 

22°C (by global calibration) and 18°C (by regional calibration) (Fig. 6), which was 11°C and 7°C 279 

higher than the MAAT (11°C) in the study area. In the surface soils in the study area, the estimated 280 

MAATs based on global and regional calibrations were ~6°C and ~2°C higher than the measured 281 

MAAT, respectively (Fig. 4D). Additionally, as discussed in the previous section, the estimated 282 

MAAT increased by a maximum of 4°C in the uppermost layer of the soil sequence (Fig. 5). The 283 

upper surface of the study outcrop is used as a grass farm and the most recent soil was presumably 284 
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removed by scraping. We assume that the estimated MAATs were modified toward higher values by 285 

a postdepositional microbial process. Peterse et al. (2011) reported the MBT/CBT-derived MAAT 286 

was 9°C higher than the measured MAAT in a Chinese loess sequence, which was interpreted to 287 

reflect the summer air temperature. Our results suggest that the postdepositional microbial process is 288 

an additional potential factor enhancing the estimated MAAT. 289 

The estimated MAAT was ~22°C (by global calibration) and ~18°C (by regional calibration) 290 

in the early Holocene. It reached a maximum of ~24°C and ~20°C in the middle Holocene, and 291 

deceased to ~21°C and ~17°C, respectively, in the late Holocene (Fig. 6D). This variation agrees 292 

with Holocene variation in the MAAT estimated by a pollen assemblage in the Fukuoka Plain, 293 

northern Kyushu Island, 120 km northwest of the study site (Kuroda and Hatanaka, 1979), and at Mt. 294 

Yufu, 50 km northwest of the study site (Watanabe and Takahara, this volume). At the Fukuoka site, 295 

the pollen assemblage indicated that the MAAT was 1–2°C higher in the middle Holocene than in 296 

the early and late Holocene (Kuroda and Hatanaka, 1979). At the Mt. Yufu site, dominant grass 297 

pollen changed from cool-temperate to warm-temperate species at 7.3 ka (Wanatabe and Takahara, 298 

this volume), which corresponded to ~1.2°C rise around 7 ka in our MAAT record. These 299 

correspondences with other climate records near the study site suggest that the MBT/CBT-derived 300 

MAAT is biased, but the variation should reflect the past changes in MAAT. If the effect of 301 

postdepostional processes on the estimated MAAT were constant, the MBT/CBT index is useful for 302 

estimating past changes in the MAAT.  303 

The variation in the estimated MAAT at the study site agreed with variation in the CBT-based 304 

pH of Lake Biwa water in core BIW07-06 (Ajioka et al., 2014) during the last 15 ka (Fig. 7A). 305 

Ajioka et al. (2014b) assumed that the pH of Lake Biwa water reflected the summer temperature in 306 

central Japan. The variation in estimated MAAT is also consistent with the pollen temperature index 307 

Tp in the marine core MD01-2421 from the northwestern Pacific off central Japan (Fig. 7B; Igarashi 308 

and Oba, 2006). The correspondence between these records suggests that the maximum summer 309 

temperature occurred around 7–5 ka, which was likely due to an intensified summer monsoon.  310 
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However, the estimated MAAT at the study site was less consistent with the summer sea 311 

surface temperature (SST) records near the Japanese Islands (Yamamoto et al., 2005; Isono et al., 312 

2009; Yamamoto, 2009; Kubota et al., 2010). The foramineral Mg/Ca record in core KY07-04 PC1 313 

from the northern East China Sea off Kyushu Island indicated that the summer sea surface 314 

temperature was ~3°C lower during the Younger Dryas period (~12 ka) and the end of the Oldest 315 

Dryas period (~15 ka) (Fig. 7C; Kubota et al., 2010). The estimated MAAT at the study site was 316 

~19°C at ~14 ka and ~3°C lower than in the late Holocene (Fig. 7C). Because the ages of soils were 317 

extrapolated before 11.6 ka, the precise correlation of events between our data and East China Sea 318 

records is difficult. The PC-1 record did not show a significant middle Holocene warm period (Fig. 319 

7C; Kubota et al., 2010), which is not consistent with the MAAT record at the study site. This 320 

mismatch was probably because the summer SST in the northern East China Sea was affected by 321 

complex factors such as the Kuroshio strength and Yantze River discharge rather than the summer 322 

air temperature (Kubota et al., 2010). Similarly, the UK’
37–based summer SST record from core 323 

MD01-2421 from the northwestern Pacific off central Japan showed a cool climate during the 324 

Younger and Oldest Dryas periods and a warm climate around 7 ka (Fig. 7D; Yamamoto et al., 2005; 325 

Isono et al., 2009). The timing of warm periodg was earlier in the SST record than in the MAAT 326 

record (Fig. 7D). Because the SST at the MD01-2421 site was sensitive to the latitudinal shift of the 327 

Kuroshio–Oyashio boundary and the North Pacific subtropical gyre circulation (Yamamoto, 2009), 328 

this time lag suggests that the variability in the subtropical gyre preceded the East Asian summer 329 

monsoon variability on a millennial timescale.  330 

 331 

5. Conclusions 332 

Analysis of soil sequences demonstrated the following phenomena: 1) The estimated soil pH 333 

and MAAT were overestimated when global calibration was applied. 2) The estimated MAAT 334 

increased by a maximum of 4°C in the upper 30 cm of the soil sequence. 3) The downward increase 335 

in MBT is likely to reflect the addition of newly produced branched GDGTs in subsurface soils. 336 
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Postdepositional microbial processes are a potential factor enhancing the estimated MAAT. 4) The 337 

estimated MAAT agrees with Holocene variation in the MAAT estimated by the pollen assemblage. 338 

This suggests that the MBT/CBT-derived MAAT is biased, but the variation reflects the past changes 339 

in MAAT.  340 
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Table 1. List of surface soil samples 460 

Site Latitude Longitude Altitude (m) Soil type 

1  33°03'50.64"N 131°13'47.46"E 1010 Andosol 

2  33°03'46.56"N 131°13'42.00"E 1019 Andosol 

3  33°03'34.20"N 131°13'47.04"E 985 Andosol 

4  33°03'20.16"N 131°13'49.50"E 948 Andosol 

6  33°03'20.76"N 131°15'13.32"E 912 Andosol 

7  33°03'22.14"N 131°15'22.26"E 837 Andosol 

8  33°04'00.18"N 131°17'44.70"E 748 Andosol 

9  33°03'55.68"N 131°18'07.26"E 708 Andosol 

10  33°03'50.95"N 131°17'37.80"E 757 Andosol 

11  33°03'23.28"N 131°17'55.98"E 686 Andosol 

12  33°03'08.04"N 131°18'09.90"E 663 Andosol 

13  33°02'52.38"N 131°18'23.16"E 636 Andosol 

14  33°02'27.48"N 131°18'53.04"E 608 Andosol 

15  33°02'08.64"N 131°18'01.98"E 611 Andosol 

17  33°02'50.82"N 131°23'51.24"E 593 Andosol 

18  33°03'23.70"N 131°23'52.02"E 582 Andosol 

20  33°05'52.50"N 131°26'07.20"E 535 Andosol 

21  33°07'24.12"N 131°27'25.98"E 457 Andosol 

16  32°59'49.20"N 131°26'51.72"E 225 Brown forest soil 

22  33°03'32.52"N 131°30'17.28"E 341 Brown forest soil 

23  33°02'02.28"N 131°31'56.76"E 238 Brown forest soil 

24  33°00'32.04"N 131°33'00.24"E 264 Brown forest soil 

25  33°00'32.98"N 131°43'59.12"E 163 Calcareous soil 



 20 

26  33°00'40.44"N 131°44'05.46"E 182 Calcareous soil 

27  33°00'42.72"N 131°44'05.76"E 185 Calcareous soil 

 461 

  462 
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Table 2. Ages of soils and ashes in references 463 

Stratigraphic position 
Conventional age Calendar age 

Reference 
(year) (year B.P.) 

Just above KB ash 1710±50 1672  1 

Just below KB ash 2150±80 2111  1 

Just above DS ash 3570±110 3843  1 

Just below DS ash 4300±270 4829  1 

Just above A1 ash 4620±110 5374  1 

Just below A1 ash 5280±140 6064  1 

K-Ah ash 6280±130 7232  1 

Andosol just above the 

Andosol-loam boundary  
10080±130 11611  2 

1: Kamata and Kobayashi (1997), 2: Okuno et al. (2004).  

  464 
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Table 3. Ages of ashes and lithological boundary at site 5  465 

Depth (cm) 
Name of Calendar age 

layer (year B.P.) 

52–57 KB ash 1891  

76–87 DS ash 4336  

114–136 A1 ash 5719  

151–162 K-Ah ash 7232  

232 Andosol-loam boundary 11611  

 466 

467 
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Table 4 Relationships between CBT/MBT and soil pH/MAAT in global, Lake Biwa drainage basin 468 

and Ohno-Oita River basin surface soil datasets 469 

Name Regression equation R2 n Reference 

Global soils 
pH = 7.90 – 1.97CBT 0.70  176 

Peters et al. (2012) 
MAAT = 0.81 –5.67 CBT + 31.0MBT' 0.59  176 

Biwa surface soils    
(0-5 cm) 

pH = 7.90 – 2.08CBT 0.69  25 Ajioka et al. 
(2014a) MAAT = 1.28 –5.77 CBT + 26.4MBT' 0.68  25 

Biwa and Ohno-Oita 
surface soils (0-5 cm) 

pH = 7.94 – 2.49CBT 0.54  50 This study                
(Regional 

calibration) MAAT = 4.97 –6.60 CBT + 34.2MBT' 0.51  50 

 470 

 471 

 472 

  473 



 24 

Figure captions 474 

 475 

Fig. 1. Map showing (A) the locations of the study site and the other reference sites and (B) soil 476 

samples. 477 

 478 

Fig. 2. Photograph and lithologic column of the paleosol sequence.     479 

 480 

Fig. 3. Mean monthly air temperature and precipitation at the Taketa meteorological station 481 

(32°58.4’N, 131°23.9’E) during the period from 1981 to 2010 in the study area (Data from the Japan 482 

Meteorological Agency; available at http://www.jma.go.jp/jma/index.html) 483 

 484 

Fig. 4. (A) Plot of the CBT against measured soil pH in the surface soil samples (0–5 cm) from the 485 

Ohno and Oita River basins; (B) three-dimensional plot of CBT, MBT and MAAT in the surface soil 486 

samples (0–5 cm) from the Ohno and Oita River basins and from the Lake Biwa drainage basin 487 

(Ajioka et al., 2014); (C) plot of estimated pH against measured soil pH; and (D) plot of the 488 

MBT/CBT-derived MAAT against measured MAAT from the Ohno and Oita River basins. The 489 

dashed lines indicate the range of the root mean square errors of the CBT-pH and 490 

MBT’/CBT-MAAT calibrations (0.8 unit and 5°C, respectively) of the global soil set (Peters et al., 491 

2012). 492 

 493 

Fig. 5. Depth variations in the concentrations of branched and isoprenoid GDGTs, BIT, MI, 494 

measured and estimated pH values based on regional and global calibrations, MBT, estimated 495 

MAATs based on regional and global calibrations, and the relative abundance of branched GDGTs at 496 

sites 2 (1019 m), 20 (535 m), 22 (341 m), and 25 (163 m). Compounds I–IIIb are listed in the 497 

Appendix.  498 

 499 

http://www.jma.go.jp/jma/index.html
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Fig. 6. Depth variations in (A) branched and isoprenoid GDGT concentrations, (B) measured and 500 

estimated soil pH values, (C) MBT’, and (D) estimated MAATs in the paleosol sequence based on 501 

regional and global calibrations in the paleosol sequence at site 5 (830 m).  502 

 503 

Fig. 7. The MBT’/CBT-derived MAAT by regional calibration at site 5 with (A) the CBT-derived 504 

pH of Lake Biwa water in core BIW07-06 (Ajioka et al., 2014), (B) the pollen Tp index in core 505 

MD01-2421 from the northwestern Pacific (Igarashi and Oba, 2006), (C) Mg/Ca-derived SST in 506 

core KY07-04 PC-1 (Kubota et al., 2010), and (D) UK’37-derived SST in core MD01-2421 507 

(Yamamoto et al., 2005; Isono et al., 2009) during the last 17 ky. 508 

  509 

Appendices 510 

Appendix I. Chemical structures of branched GDGTs. 511 

 512 

Appendix II. Data for surface samples 513 

 514 

Appendix III. Data for subsurface samples from sites 2, 20, 22, and 25 515 

 516 

Appendix IV. Data for the paleosol sequence at Site 5 517 

  518 



 26 

 519 

Fig. 1. 520 

  521 



 27 

 522 

Fig. 2. 523 

  524 



 28 

 525 

Fig. 3526 



 29 

527 
  528 

Fig. 4. 529 

530 



 30 

531 
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Appendix III. Data for subsurface samples from sites 2, 20, 22, and 25 546 
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Appendix IV. Data for paleosol sequence at Site 5 550 
 551 
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Supplementary material 553 
Table 1 Mean annual temperatures and precipitations at 19 meteorological stations in northern and 554 
central Kyushu (Data from the Japan Meteorological Agency; available at 555 
http://www.jma.go.jp/jma/index.html) 556 

Meteorological 
station Latitude Longitude 

Altitude 
(m) 

Mean annual 
temperature 

(°C) 

Mean annual 
precipitation 

(mm) 
Oita 33°14.1'N 131°37.1' 5  16.4  1644.6  

Yufuin 33°15.2' 131°20.8 435  13.0  1949.5  
Kusu 33°17.5' 131°09.3' 331  14.0  1826.9  
Innnai 33°03.9' 131°37.9' 90  14.6  1666.8  
Taketa 32°58.4' 131°23.9' 261  14.5  1826.1  
Inukai 33°21.2' 131°19.0' 100  15.0  1725.5  
Ume 32°50.7' 131°40.5' 200  14.3  2240.8  
Saiki 32°57.0' 131°54.1' 2  16.5  1980.0  

Kamae 32°47.7' 131°55.4' 2  17.1  2318.5  
Hita 33°19.3' 130°55.7' 83  15.4  1810.4  

Kitsuki 33°25.0' 131°35.8' 5  15.3  1466.9  
Kunimi 33°40.5' 131°35.4' 14  15.9  1560.5  

Bungo-takada 33°34.2' 131°26.0' 5  15.6  1423.4  
Asosan 32°52.8' 131°04.4' 1142  9.9  3206.2  

Minamioguni 33°06.2' 131°04.0' 448  12.9  2388.7  
Aso-otohime 32°56.4' 131°02.4' 497  12.9  2831.6  

Takamori 32°49.3' 131°07.5' 555  13.2  2408.1  
Kuraoka 32°38.6' 131°09.4' 590  12.7  2364.4  

Takachiho 32°42.7' 131°17.4' 350  14.3  2261.2  
      

 557 

http://www.jma.go.jp/jma/index.html
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