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LAKE MOTOSU PALAEOCLIMATE 

ABSTRACT  

The East Asian Summer Monsoon controls the timing and amount of rainfall for around 

a third of the world’s population. An understanding of past changes in monsoon 

strength is crucial for placing current events in context and characterising future climate 

risk. Despite numerous studies focusing on the East Asian Summer Monsoon, debates 

remain surrounding the timing, spatial patterns, and drivers of Holocene monsoon 

variability. This thesis presents a well-dated, 8000-year lacustrine sedimentary sequence 

recovered from Lake Motosu, central Japan. Variations in the amount and isotopic 

composition of carbon and nitrogen in bulk organic matter suggest strong monsoon 

conditions between 8-6 ka, with sedimentation after 3 ka influenced by local volcanic 

activity. This record is then used to increase the spatial coverage of a multi-proxy 

synthesis of 18 hydroclimate records from East Asia. Two peaks in monsoon strength 

are identified centred on ~6.5 ka and ~4.5 ka. Spatial heterogeneity in this analysis 

suggests that sites in coastal East Asia are more sensitive to changes in Pacific Ocean 

conditions than sites in continental Asia. This record has the potential to improve 

understanding of the drivers of monsoon variability through the Holocene in this 

socially and economically important region. 
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INTRODUCTION  

Around a third of the world’s population live in areas influenced by the East Asian 

Summer Monsoon (EASM) system (An et al., 2015; Chen et al., 2015; Liu et al., 2013; 

Wang, 2006; Zheng et al., 2014). This densely populated region relies on monsoon 

rainfall to sustain agriculture and is heavily impacted by floods and droughts caused by 

anomalous monsoon activity. An understanding of how the monsoon may evolve in 

response to recent climate changes, therefore, has important social and economic 

implications (Corlett et al., 2014). Modelling future monsoon variability relies on an 

understanding of how the monsoon has varied in the past. In the absence of long 

instrumental records, natural archives can provide insight into past monsoon changes 

and improve our understanding of monsoon processes and variability (e.g. Chen et al., 

2015; Liu et al., 2015; van Soelen et al., 2016; Wang et al., 2008, 2001). 

Monsoon variability during the Holocene (11-0 ka) is of particular interest, as it 

occurred under modern sea level and tectonic boundary conditions (Chen et al., 2015; 

Wu et al., 2018). The most widely cited records of Holocene EASM variability are well-

dated, high-resolution speleothem records from southern China (Dong et al., 2010; 

Dykoski et al., 2005; Wang et al., 2001, 2005). The oxygen isotopic composition of 

these speleothems is interpreted to show a strong EASM interval from 9-7 ka, followed 

by a weakening of the monsoon through the Holocene in response to a decline in 

external orbital forcing (Wang et al., 2005). However, the interpretation of these records 

has been questioned (Clemens et al., 2010; Maher, 2008; Pausata et al., 2011; Thomas 

et al., 2016), and the extent to which records from southern China are representative of 

changes across the whole of the EASM region is unclear (Chen et al., 2008; Hong et al., 

2005; Liu et al., 2015; Park et al., 2018). An improved understanding of EASM 
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mechanisms thus requires palaeoclimate records from across the East Asia region, to 

assess whether the patterns identified in southern China are regionally applicable. There 

is a requirement for more high-resolution, Holocene, EASM records, particularly from 

regions with a paucity of records, such as Japan. 

Japan is located at the north-easternmost edge of the EASM and thus is well-situated to 

provide complementary records to those from continental Asia (Schöne et al., 2004; van 

Soelen et al., 2016). Existing studies of monsoon variability in Japan have 

predominantly focused on glacial-interglacial variability (Ishiwatari et al., 2009; Mori et 

al., 2018; Shen et al., 2010), with studies on shorter timescales focussing either on the 

East Asian Winter Monsoon (Sone et al., 2013) or on shorter periods within the 

Holocene (Sakashita et al., 2017; van Soelen et al., 2016). The few studies which do 

extend through the Holocene suggest a mid-Holocene (8-6 ka) moisture optimum, 

although the timing and amplitude of this event remain debated (Adhikari et al., 2002; 

Schöne et al., 2004). There is thus the potential for the development of high-resolution, 

Holocene, EASM records from Japan to expand our knowledge of EASM variability 

and identify underlying climate drivers.  

Lake sediments can provide high-resolution, continuous records of past climate (Leng et 

al., 2006; Meyers & Lallier-Vergés, 1999). Lake sediments contain a wide array of 

materials that can be used as proxies to infer past changes in rainfall, including plant, 

algal and faunal microfossils (Battarbee, 2000), sedimentology (Oldfield et al., 1983), 

and isotope geochemistry (Leng et al., 2006). In particular, the oxygen isotopic 

composition of sedimentary cellulose (δ18O) in lake sediments is strongly linked to 
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changes in regional hydroclimate (Wissel et al., 2008; Wolfe et al., 2007) and hence can 

be used to reconstruct EASM strength.  

The interpretation of cellulose δ18O assumes sedimented organic matter is of algal 

origin (Wolfe et al., 2001, 2007). Therefore, contributions from terrestrial sources can 

act to contaminate the record (Sauer et al., 2001). Total organic carbon to nitrogen ratios 

(C/N) can be used to differentiate between algal (C/N < 10) and terrestrial (C/N >20) 

organic matter contributions to lake sediments (Meyers & Lallier-Vergés, 1999). 

Furthermore, changes in the isotopic ratios of sedimentary carbon (δ13C) and nitrogen 

(δ15N) can be used to infer past lake ecosystem dynamics, which are often related to 

climate variability. The δ13C composition of aquatic organic matter is sensitive both to 

changes in productivity and the isotopic composition of dissolved inorganic carbon in 

the water column (Leng et al., 2006; Moschen et al., 2009). δ15N can provide 

information about changes in nitrogen cycling within the lake, which is influenced by 

the dominance of algal species capable of fixing atmospheric nitrogen (Talbot, 2002). 

Lake productivity and nitrogen cycling within lake systems are sensitive to climate, and 

so the elemental and isotopic composition of bulk organic matter can be used in 

addition to cellulose δ18O to infer changes in monsoon strength.  

Whilst the composition of lake sediments is strongly linked to climate, their 

interpretation can be confounded by limitations associated with individual archives and 

site-specific idiosyncrasies. For example, records in the Mt Fuji region, Japan, are 

impacted both by regional climate and by volcanic and seismic activity (Lamair et al., 

2018; Obrochta et al., 2018; Yamamoto et al., 2018). Problems related to site-specific 

effects can be addressed in part by objectively combining multiple records across a 
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region in order to identify the coherent, common patterns of regional climate change 

(Anchukaitis & Tierney, 2013; Falster et al., 2018; Field et al., 2018; Tyler et al., 2015). 

In the EASM region, patterns of change which are consistent across sites and between 

different archive types can be interpreted to reflect regional patterns of monsoon 

strength. Existing syntheses of EASM records have identified two major patterns of 

hydroclimate change (Herzschuh, 2006; Wang et al., 2010). However, the numerical 

approaches behind these syntheses do not accommodate the inherent chronological 

uncertainty associated with all palaeoclimate records. The studies to date are also 

confined to continental Asia due to a paucity of records from coastal regions including 

Japan, Korea, Taiwan and eastern China. 

This thesis presents a high-resolution, multi-proxy study of an 8,000-year lacustrine 

sedimentary sequence from Lake Motosu, Mt Fuji, central Japan. Variations in bulk 

organic sediment composition are interpreted to be sensitive to regional changes in 

monsoon strength, prior to marked volcanic influences after 3.5 ka. This record is then 

used to increase the spatial coverage of a regional analysis of 18 EASM records. This 

analysis identifies possible differences between coastal and continental Asia, with 

spatial variations in the relative dominance of orbital and Pacific Ocean conditions as 

major climate drivers across the EASM region.  

STUDY SITE  

Lake Motosu (35°27′50″ N, 138°35′10″ E, 900 m.a.s.l.) is one of five volcanically 

dammed lakes located at the northern foot of Mt. Fuji, central Japan (Figure 1). These 

lakes are located at the present north-easternmost boundary of the EASM and so are 

well-suited to investigate monsoon variability. The lake was formed by the division of 
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an existing larger lake by the Aokigahara Lava Flow (868-854 CE) which formed Lake 

Motosu, Lake Shoji and Lake Sai (Hamada et al., 2012). Average rainfall for the period 

1933-2017 at the nearest meteorological station (Kawaguchiko, 18 km ENE) was 1573 

mm, a third of which fell during the summer monsoon season in June-July-August 

(Appendix A; Japan Meteorological Agency, 2018). Precipitation is predominately 

sourced from Sagami and Suruga Bay to the South East (Adhikari, 2014). 

 

Figure 1: Location of the study site. Left: Topographic map of Japan showing the location of the 

study region (red box). Middle: Map of the Mt Fuji region showing the location of major lakes 

(blue shading) including Lake Motosu (red box). The Aokigahara lava flow (red shading) divided a 

pre-existing larger lake to form Lake Motosu in ~864 CE. Right: Bathymetric map of Lake Motosu 

courtesy of the Geospatial Information Authority of Japan. The collection site for core MOT15-2 is 

indicated (white cross). Figure adapted from Obrochta et al. (2018). 

 

Lake Motosu is oligotrophic and seasonally stratified from late March to late January 

(Table 1; Hamada et al., 2012). The lake has no major inflows or outflows, with the 

exception of a modern withdrawal for power generation (Hamada et al., 2012). Whilst 

ephemeral streams may flow into the lake during heavy rainfall events (Adhikari, 2014), 

catchment runoff is minimal as precipitation rapidly enters underground aquifers 

through permeable lava flow deposits, and enters the lake as groundwater (Hamada et 

al., 2012). Several existing studies have aimed to constrain groundwater flow regimes in 
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the Mt. Fuji area (Koshimizu & Tomura, 2000; Yasuhara et al., 2007). However, 

calculations of groundwater contributions to Lake Motosu are contradictory, and range 

from minimal (Koshimizu & Tomura, 2000) to a third of lake input (Hamada et al., 

2012). Water loss is through surface evaporation (35%) and groundwater outflow 

(65%), with lake levels varying annually up to 2 m (Hamada et al., 2012; Takeuchi et 

al., 1995).  

Table 1: Lake Motosu hydrology  

Maximum depth 121.6 m a 

Shoreline 11.6 km a 

Volume 0.33 km3 a 

Surface area 4.7 km2 a 

Catchment area 24.6 km2 a 

Residence time 7.9 years b 

a (Hamada et al., 2012) 

b (Yoshizawa, 2009) 

Lake Motosu was cored in 2015 as part of a project to investigate the tectonic and 

climatic history of central Japan. A series of gravity and piston cores were collected and 

subsequently used to investigate the seismic and volcanic history of the lake and 

influences on sedimentation patterns (Lamair et al., 2018; Obrochta et al., 2018). As 

part of this study, three overlapping 2 m piston cores and a 1 m gravity core were 

collected using a UWITEC Platform and spliced to form a 3.67 m composite core which 

covers the period 8-0.5 ka (MOT15-2; Obrochta et al., 2018). The core consists 

primarily of fine-grained, siliceous muds with coarser turbidite and scoria layers. The 

age of the core is constrained by a Bayesian age model based on 27 bulk organic 

radiocarbon dates, four macrofossil radiocarbon dates and two regional tephra layers 

(Appendix B; Obrochta et al., 2018).  
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METHODS  

Geochemical analyses 

BULK ORGANIC MATTER 

The bulk organic composition of lake sediments records changes in the source of 

organic matter, catchment processes and regional climate. To measure changes in the 

amount and isotopic composition of carbon and nitrogen preserved in Lake Motosu, a 

3.67 m sediment core (MOT15-2; Obrochta et al., 2018) was subsampled contiguously 

at 5 mm intervals and then further subsampled for isotopic analysis. The carbon (TC) 

and nitrogen (TN) concentrations and the isotopic ratios of 13C/12C and 15N/14N in the 

bulk sediment were measured at 2 cm resolution (~45 years) by combustion in a 

Eurovector Elemental Analyser coupled to a Nu-Horizon Isotope Ratio Mass 

Spectrometer. Standardisation was achieved using in-house glycine, glutamic acid and 

triphenylamine standards which had been calibrated against international standards. 

Analyses included at least 10% replicate samples. Following convention, isotopic 

compositions are reported in standard delta notation as per mil (‰) deviations relative 

to Vienna Pee Dee Belemnite (VPDB) for δ13C and atmospheric nitrogen (AIR) for 

δ15N where 

δ = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) − 1 x 1000 

and R is the ratio of 13C/12C and 15N/14N.  

SEDIMENTARY CELLULOSE 

Prior to oxygen isotope analysis, cellulose was extracted from bulk sediments following 

the dissolution-precipitation method of Wissel et al. (2008; Appendix C). This method 
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produces a purer cellulose product compared to methods which sequentially remove 

non-cellulose material (e.g. Wolfe et al., 2007). Due to the low cellulose content of the 

samples, sixteen adjacent samples were combined to give a resolution of 8 cm (~190 

years). ~0.3 mg of cellulose was weighed into silver capsules and crimped. Re-

precipitated cellulose is hygroscopic and so samples were stored for at least three weeks 

in an ~45°C oven, prior to pyrolysis and subsequent isotopic analysis by combustion in 

an Elementar high-temperature pyrolysis device coupled to a Nu-Horizon Isotope Ratio 

Mass Spectrometer. Standardisation to Vienna Standard Mean Ocean Water (VSMOW) 

was achieved using international standards USGS KHS Keratin, USGS CBS Keratin 

and IAEA-NO-3.  

FTIRS analysis 

Fourier transform infrared spectroscopy (FTIRS) can be used both to quantify the 

composition of lake sediments and assess the purity of chemical compounds. To 

confirm the absence of carbonate in the Lake Motosu sediments, a subset of bulk 

sediment samples was analysed using a PerkinElmer Spectrum 100 FTIR transmission 

spectrometer at a 1 cm-1 resolution between 4000 cm-1 and 450 cm-1. The spectra were 

then compared to spectral peaks known to be associated with carbonate. To confirm the 

purity of the extracted sedimentary cellulose, a subset of cellulose samples was also 

analysed alongside a cellulose standard following the same procedure. 

Statistical analyses 

Sedimentation in Lake Motosu is impacted by turbidite and scoria deposits which do not 

reflect background environmental change. Samples containing scoria and anomalous 
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samples associated with turbidite deposits were removed from the dataset prior to 

statistical analysis following Lamair et al. (2018) and Obrochta et al. (2018).  

Generalised additive models (GAMs) can be used to identify complex non-linear trends 

in unequally-sampled data. To separate significant trends from noise, GAMs were fitted 

to each of the proxy time series using the mgcv package in R (Wood, 2017). Models 

were fitted with a Gaussian model with 290 basis dimensions for bulk organic matter 

and 25 basis dimensions for sedimentary cellulose. 

Periodicities in palaeoclimate time series can be used to identify possible drivers of 

environmental change. To identify possible periodicities in the Lake Motosu time series, 

periodograms were computed for each dataset fitted with a Welch window using the 

REDFIT function in PAST (Hammer et al., 2001). Periodicities are often non-stationary 

and so wavelet transforms were also computed using the unequal wavelet function in 

PAST (Hammer et al., 2001). Cross-wavelet analysis can be used to identify common 

periodicities between datasets. To assess the influence of solar insolation and Pacific 

Ocean sea surface temperatures on the Lake Motosu record, cross-wavelets were 

computed against solar insolation (Steinhilber et al., 2012) and sea surface temperatures 

in the West Pacific Warm Pool (Stott et al., 2004) using the biwavelet package in R 

(Gouhier et al., 2018). Due to low sample resolution, spectral analyses were not applied 

to δ18O. 

Regional synthesis 

The identification of climate signals in individual sites is confounded by site-specific 

idiosyncrasies. Identification of trends which are consistent between various archives 

and across regional areas can isolate coherent patterns of climatic change from site-
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specific variability. To identify patterns of monsoon change in East Asia, a set of 

existing palaeoclimate records were synthesised (Figure 2; Table 1). Palaeoclimate 

records were selected from the EASM region (Yihui & Chan, 2005) based on a set of 

criteria adapted from Wang et al. (2010). Records were selected which spanned the 

majority of the Holocene (11-0 ka); reflected moisture or precipitation changes; had a 

temporal resolution of at least 200 years per sample and at least four age-control points 

during the Holocene. For sites with multiple records, the most recent, quantitative 

moisture reconstruction which fit the criteria and for which data was available was 

selected. To reduce bias, in all cases palaeoclimate interpretations respect those of the 

original authors. 

 

Figure 2: Location of sites included a multi-proxy synthesis of East Asian Summer Monsoon 

records. Numbers refer to sites listed north to south in Table 1. Symbols refer to archive type. The 

dashed line indicates the modern monsoon limit following Yihui & Chan (2005) and Wang et al. 

(2010). 
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Table 2: Sites included in a multi-proxy synthesis of East Asian Summer Monsoon records listed north to south. 

No. Site Latitude (°N) Longitude (°E) Elevation (m.a.s.l.) Archive Proxy Reference 

1 Dali Lake 43.35 117.22 1226 Lake TOC Xiao et al., 2008 

2 Xiaolongwan Lake 42.18 126.21 655 Lake δ13C(27-31) Chu et al., 2014 

3 Sihailongwan Lake 42.17 126.36 797 Lake Pollen (Pann) Stebich et al., 2015 

4 Bayanchagan Lake 41.65 115.21 1355 Lake Pollen (Pann) Jiang et al., 2006 

5 Daihai Lake 40.58 112.68 1221 Lake Pollen (Pann) Xu et al., 2010 

6 Gonghai Lake 38.54 112.14 1860 Lake δ13C Rao et al., 2016 

7 Lianhua Cave 38.1 113.43 1200 Speleothem δ18O Dong et al., 2015 

8 Motosu Lake 35.28 138.35 900 Lake C/N This study 

9 Biwa Lake 35.15 136.03 86 Lake TOC Ishiwatari et al., 2009 

10 Sanbao Cave 31.4 110.26 1900 Speleothem δ18O Dong et al., 2010 

11 East China Sea 31.28 128.25 -590 Marine C/N Chang et al., 2015 

12 Heshang Cave 30.27 110.25 294 Speleothem δ18O Cheng et al., 2007 

13 Jianghan Plain 30.11 112.22 42 Floodplain Rb/Sr Li et al., 2014 

14 Okinawa Trough 27.49 126.57 -1264 Marine δ18Oresidual Sun et al., 2005 

15 East China Sea 27.43 121.47 -47 Marine Fine silt modal grain size Wang et al., 2014 

16 Dahu Peat 24.45 115.02 250 Peat Humidification degree Zhong et al., 2011 

17 Huguangyan Lake 21.9 110.17 23 Lake δ13C(31-29) Jia et al., 2015 

18 South China Sea 20.07 117.23 -1727 Marine δ18O Wang et al., 1999 
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Age uncertainties associated with radiocarbon dating complicate the objective 

comparison of palaeoclimate records. To accommodate these chronological 

uncertainties, regional patterns of change were extracted using the Monte Carlo 

Empirical Orthogonal Function (MCEOF) approach of Anchukaitis and Tierney (2013), 

using code modified from Tyler et al. (2015) and Field et al. (2018). For consistency, 

Bayesian age-depth models were developed using ‘Bacon’ software in R (Blaauw & 

Christen, 2011) with radiocarbon reservoir corrections following those of the original 

authors. Radiocarbon ages were calibrated using IntCal13 or MarineCal as appropriate 

(Reimer et al., 2013). Non-radiocarbon errors were assumed to be Gaussian. 10,000 age 

model iterations were extracted for each site, linearly interpolated, resampled at a 

resolution of 200 years and trimmed to the period 9-0 ka. Principal component analysis 

(PCA) was then performed for each age iteration using the vegan package in R 

(Oksanen et al., 2018). The number of significant components was estimated using two 

‘rule N’ tests following the approach of Anchukaitis & Tierney (2013) using code 

adapted from Falster et al. (2018).  

RESULTS 

Geochemical analyses 

In total, 361 samples at 1 cm resolution were analysed for isotopic and elemental carbon 

and nitrogen concentrations, with a subset of 291 samples interpreted as reflecting 

background sedimentation (Appendix D). Cellulose was successfully extracted and 

analysed from 32 samples at ~8 cm resolution (Appendix E). Analytical errors on 10% 

replicate samples as a percentage of mean values were 4.1% for TC, 11.2% for TN, 

0.4% for δ13C, 3.4% for δ15N and 1.8% for δ18O. 
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Isotopic and elemental analysis of the Lake Motosu sediments showed both short-term 

variability and long-term trends (Figures 3, 4). Mean TC for the core was 3.63% (σ = 

0.46%). TC subtly increased towards the present with a marked increase in variability 

following 2 ka. A GAM fitted to TC also identified a possible increasing trend through 

the Holocene. TN increased between 8-6 ka, before fluctuating around a mean value of 

0.34% (σ = 0.0036%) and then rapidly increasing to ~0.5% at 0.6 ka. Modelled TN also 

showed an increase between 8-6 ka but did not identify the rapid shift at 0.6 ka. C/N 

fluctuated around a mean of 12.74 (σ = 3.07%). The modelled trend showed decreasing 

values to a minimum of ~11 at 5 ka, before increasing to a peak of ~16 at 2 ka. 

Following this, values were stable around the mean before decreasing after 1 ka.  

δ13C fluctuated around the mean (µ = -26.33‰, σ = 0.56‰), except for a period of low 

(~-28‰) and fluctuating values between 6-4.5 ka. A GAM identified a minor increase 

in δ13C to -25‰ at ~7 ka before a drop centred at ~5 ka. Following this, values 

fluctuated stably around the mean. δ15N varied around a mean of 2.68‰ (σ = 0.34‰). 

The GAM showed variable values with minima at ~7.5 ka, ~4.5 ka, ~3.5 ka, and ~1.5 

ka. δ18O varied around a mean of 22.87‰ (σ = 0.80‰) with a singular low value of 

20‰ at 5.3 ka. A GAM identified a possible increasing trend in δ18O but with a poor fit 

to the data. The oxygen content of extracted cellulose varied from 30-47% (µ = 40%, σ 

= 4%), lower than the theoretical value of 49% (Heyng et al., 2015).  
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Figure 3: Lake Motosu elemental and isotopic data. Horizontal lines indicate mean values. Grey 

shading represents the period inferred as strong monsoon conditions in Lake Motosu. Black 

vertical lines represent major catchment changes (changes in sedimentation patterns at 8 ka and 2 

ka following Lamair et al. (2018); the emergence of the Omuro Scoria Cone at 3.26-3.06 ka; 

deposition of the Aokigahara Lava Flow at ~864 CE). Arrows indicate periods of higher δ13C 

associated with possible turbidite deposits.  
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Figure 4: Generalised additive models fitted to elemental and isotopic data from Lake Motosu. Dots 

indicate original data, solid lines indicate mean model values and shading represents 95% 

confidence intervals. Grey shading represents the period inferred as strong monsoon conditions in 

Lake Motosu. Black vertical lines represent major catchment changes (changes in sedimentation 

patterns at 8 ka and 2 ka following Lamair et al. (2018); the emergence of the Omuro Scoria Cone 

at 3.26-3.06 ka; deposition of the Aokigahara Lava Flow at ~864 CE).  
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Prior to ~4 ka, turbidite layers proposed by Lamair et al. (2018) were associated with 

marked shifts towards higher δ13C (Figure 3). Following ~4 ka there were no consistent 

variations in composition associated with proposed turbidite layers (Appendix F). 

Scatter plots of geochemical data show some turbidite layers with higher TC, C/N or 

δ15N; however, the majority plot in the same space as non-turbidite layers (Figure 5). 

Scoria layers generally have lower TC and TN but there is some overlap.  

 

Figure 5: Scatter plots of compositional variables in Lake Motosu. Dots are coloured based on 

sediment type. Black indicates scoria layers; grey indicates samples which may contain some scoria; 

green indicates turbidites proposed by Lamair et al. (2018); light brown indicates background 

sedimentation. Lines represent a linear model fitted to each data set with the R2 value given in the 

top righthand corner.  
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FTIRS analysis 

FTIRS analysis of a subset of bulk sediment samples showed a broad peak centred 

around 1000 cm-1, the height of which varied between samples (Figure 6). No peaks 

were observed at wavelengths associated with carbonate, namely 1460, 1795 and 2515 

cm-1. Analysis of cellulose samples purified from Lake Motosu sediment showed peaks 

at 670, 900, 1000, 1160, 1320, 1380, 1650, and 2900 cm-1 (Figure 6). Identical peaks 

were observed for a cellulose standard and cellulose extracted from leaves.  

 

Figure 6: Example FTIRS spectra. For clarity, curves have been vertically offset. Upper: Example 

FTIRS spectra for a subset of bulk sediment samples. Absorbance peaks associated with carbonates 

are indicated in grey following Rosén et al. (2011). Lower: Example FTIRS spectra for a subset of 

cellulose samples extracted from the Lake Motosu sediments. Absorbance peaks associated with 

pure cellulose are indicated in grey following Larkin (2011). 
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Statistical analyses 

For the period prior to major volcanic influences on Lake Motosu (8-3 ka), spectral 

analysis identified no statistically significant periodicities in TC, C/N or δ13C. At the 

critical chi2 99% level, significant periodicities were identified in δ15N at ~735 years 

and in TN at ~1065 years (Appendix G). Wavelet analysis identified a possible 

periodicity at ~1000 years prior to 3 ka in all records (Appendix H). Cross-wavelet 

analysis identified no significant common periodicities between any of the records and 

either total solar insolation (Steinhilber et al., 2012) or sea surface temperature in the 

West Pacific Warm Pool (Appendix I; Stott et al., 2004). 

Regional synthesis 

Including Lake Motosu, 18 EASM records were identified which fit the selection 

criteria (Figure 2; Table 1; Appendix J). Of these, the majority were lake sediment 

records (n = 8). The remaining records came from marine sediment (n = 4), speleothem 

(n = 3), peat (n = 1) and floodplain (n = 1) archives. Past moisture conditions were 

inferred from bulk isotopes, compound-specific isotopes, bulk organic matter 

concentrations, pollen-based precipitation reconstructions and sedimentological 

features. 

MCEOF analysis identified two statistically significant patterns of regional 

hydroclimate change (Figures 7, 8). The first component (PCA1; 35 ± 3.0% explained 

variance) showed high values in the early Holocene (9-6.5 ka) before declining steadily 

towards the present. The second component (PCA2; 21 ± 2.3% explained variance) 

increased to a peak at ~4.5 ka before declining into the present. Principal component 

loadings represent the degree to which each pattern is present in each record. Most 
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continental sites loaded strongly on PCA1, excluding those in Japan and northeast 

China which had either weak positive or negative loadings (Figure 9). Marine records 

did not show a consistent spatial trend. PCA2 was more variable; however, most lake 

sites loaded positively, particularly in northeast China and Japan. Similar to PCA1, 

marine sites did not show a consistent signal. Lake Motosu had a weak negative loading 

on the PCA1 and a weak positive loading on PCA2. However, when the volcano 

affected sediments from 3-0 ka were excluded, C/N from Lake Motosu correlated 

strongly and negatively to PCA2 (Appendix K).  

 

Figure 7: Percent variance explained for an increasing number of principal components. Principal 

components are calculated for 10,000 age model iterations for 18 East Asian Summer Monsoon 

sites. Principal component (PCA) axes are shown by black dots (mean value), solid lines (68% 

confidence) and dashed lines (90% confidence). Confidence intervals are also shown for 1,000 

iterations of white noise (blue) and red noise (orange). 

 



Sarah McDonald 

Lake Motosu palaeoclimate 

 

24 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Time-series expansions of the first (PCA1) and second (PCA2) principal components 

extracted from an MCEOF analysis of 18 East Asian Summer Monsoon records. Confidence 

intervals are shown by solid lines (mean), dark bands (68%) and light bands (90%). Axes are 

orientated so that wetter conditions plot upwards. 
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Figure 9: Map of the study region showing the principal component loadings for each site for the 

first principal component (PCA1; top) and second principal component (PCA2; bottom) of an 

MCEOF analysis of 18 East Asian Summer Monsoon records. Warm colours (positive loadings) 

represent sites with patterns which strongly (larger dots) reflect the regional trend. Cool colours 

(negative loadings) represent sites with patterns which strongly (larger dots) reflect the inverse of 

the regional trend. Symbols represent archive type.  
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DISCUSSION  

Palaeohydrology of Lake Motosu 

SOURCES OF ORGANIC MATTER 

Although the organic matter composition of lake sediments is inextricably linked to 

climate, sedimentation can also be influenced by non-climatic processes, including the 

reworking of existing material (Monecke et al., 2004; Schnellmann et al., 2002). This is 

particularly the case in Japan, where steep topography, heavy rainfall and seismic 

activity contribute to frequent slope failure and sediment mass transport (Oguchi et al., 

2001). Treated linescan images suggest a high proportion of re-worked terrestrial 

material in the Lake Motosu sediment core (Appendix F; Lamair et al., 2018). In some 

cases, these turbidite deposits were associated with anomalously high C/N or δ15N 

(Appendix L). These samples were thus confidently interpreted as turbidites and are not 

included in the subsequent numerical analysis and plots. However, in most cases, whilst 

terrestrial material typically has a higher C/N ratio than aquatic material, the proposed 

turbidite sequences were geochemically indistinguishable from background 

sedimentation (Figure 5). The classification of turbidites from optical images is not 

always conclusive, as changes in sediment colour can also be driven by internal lake 

processes such as algal blooms or changes in sediment oxidation state. Consequently, 

whilst the exclusion all turbidite sequences prior to interpretation is preferable, given 

that their geochemistry is indistinguishable, the majority of proposed turbidites are 

included in the present record. However, it should be noted that the inclusion of these 

turbidite sequences may influence the interpretation of the record. Whilst beyond the 

scope of this thesis, future work should consider complementary techniques, such as 
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micro-facies analysis, which may better constrain the location of these deposits and the 

impact they have on the sedimentary, and hence palaeoclimate record, of Lake Motosu.  

Accurately interpreting bulk organic proxies requires knowledge of the source of 

sedimented organic material. C/N ratios are a general indicator of the relative 

contributions of aquatic (C/N <10) and terrestrial (C/N >20) material to lake sediments 

(Leng & Marshall, 2004; Meyers & Terances, 2002). C/N ratios in Lake Motosu are 

consistent with a sub-equal mixture of aquatic and terrestrial material (Figure 10). 

However, sedimentary inorganic carbon, nitrogen limitation and preferential loss of 

nitrogen during diagenesis can also increase C/N ratios (Lehmann et al., 2002; Meyers 

& Terances, 2002; Talbot & Lærdal, 2000). The effect of inorganic carbon in Lake 

Motosu is minimal, as the sediments are devoid of calcium carbonate (Figure 6; 

Obrochta et al., 2018). However, Lake Motosu is nutrient-limited, deep, and oxic 

throughout the water column (Hamada et al., 2012). Both nitrogen limitation and 

diagenesis may thus act to increase the sediment C/N ratio in the absence of terrestrial 

material. Given that the sediments are composed primarily of diatom silica with few 

terrestrial macrofossils, it is reasonable to infer that organic matter in Lake Motosu is 

primarily aquatic with varying minor inputs of terrestrial material. 
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Figure 10: Source of organic matter to the Lake Motosu sediments. Shading represents regions 

associated with major sources of organic carbon to lake sediments. Figure adapted from Meyers & 

Lallier-Vergés (1999). 

ENVIRONMENTAL INFLUENCE ON LAKE MOTOSU 

Compared to terrestrial plants, algae have a higher protein content and are thus 

relatively nitrogen-rich (Meyers & Terances, 2002; Talbot, 2002). The increase in TN 

and the related decrease in C/N in the Lake Motosu sediments from 8-6 ka thus suggests 

a moderate increase in algal productivity within the lake (Figure 4). In lake systems, 

enhanced algal productivity is favoured by warmer water temperatures, increased 

nutrient influx in response to increased precipitation and run-off, and/or increased 

nutrient availability due to lake mixing (Adhikari et al., 2002; Ishiwatari et al., 2009; 
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Leng et al., 2006). Warmer water temperature, increased precipitation, and increased 

mixing could all reflect a strengthening of the EASM, culminating in peak conditions at 

6-4 ka. Consequently, trends in the organic composition of sediments from Lake 

Motosu could be interpreted to reflect increasing monsoon strength and lake 

productivity from 8-6 ka, peak monsoon conditions between 6-4 ka, and a subsequent 

decline in monsoon strength towards 3 ka.  

An alternative pattern is suggested by a subtle increase in δ18O and TC through the 

Holocene (Figure 4). In East Asia, δ18O is inversely correlated to monsoon strength 

through variations in either precipitation amount (Sakashita et al., 2016; Wang et al., 

2005) or precipitation source (Kurita et al., 2015; Pausata et al., 2011). The possible 

minor increase in δ18O could, therefore, be interpreted to reflect a drying trend in 

response to a weakening monsoon. In this context, the increase in TC could reflect a 

decrease in lithogenic input from a reduction in runoff. However, an increase in TC may 

also reflect an increase in organic deposition and productivity within Lake Motosu or an 

increase in the preservation of organic material within the sediments. In addition, the 

increasing trend in the δ18O of cellulose is inferred from a much lower resolution dataset 

than the trends in TN and C/N. Consequently, the mid-Holocene peak in monsoon 

strength suggested by TN and C/N is favoured over the drying trend which could be 

inferred from δ18O and TC. Additional proxies, including diatom productivity, δ18O of 

biogenic silica and compound-specific isotopes, could be used to further constrain the 

relationship between sediment composition in Lake Motosu and EASM strength, and 

hence distinguish between a mid-Holocene monsoon peak or a gradual drying trend 

through the Holocene. 
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There are several possible reasons why the cellulose δ18O from Lake Motosu may not 

reflect variations in monsoon strength, despite the well-established relationship between 

δ18O and hydroclimate (Leng et al., 2006). Terrestrial organic matter contains abundant 

cellulose which is resistant to degradation. Interpretations of sedimentary cellulose 

isotopes can thus be affected by even small amounts of terrestrial contamination (Sauer 

et al., 2001). Whilst low C/N ratios in Lake Motosu suggest a predominance of algal 

material, there is likely to be some terrestrial input. Additionally, although FTIRS 

spectra show no contamination of the extracted cellulose (Figure 6), the cellulose 

oxygen content is lower than expected for pure cellulose (Appendix E). This may be 

due to minor impurities in the cellulose which may affect the isotopic composition 

through the release of traces of inorganically-bound oxygen during pyrolysis (Wissel et 

al., 2008). The link between precipitation δ18O and the EASM in maritime Japan is less 

pronounced than in continental Asia due to a limited amount effect and proximity to the 

moisture source (Kurita et al., 2015; Mori et al., 2018). A subtle increasing trend in the 

δ18O of lake water in response to declining monsoon strength may thus be overridden by 

variability introduced through contamination of sedimentary cellulose, either by 

terrestrial cellulose during deposition or by minor impurities which were not removed 

during the extraction process.  

Maximum lake productivity in Lake Motosu, as inferred from TN and C/N, is 

coincident with marked low but variable δ13C. Low δ13C in aquatic organic matter can 

reflect decreased productivity (Leng & Marshall, 2004; Meyers & Ishiwatari, 1993). 

However, this would contradict with TN and C/N in Lake Motosu, suggesting that 

either TN or δ13C are not sensitive to lake productivity and monsoon strength. The δ13C 

is generally stable throughout the record aside from the high-frequency oscillations 
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between 5.5-4.5 ka. This stability suggests that δ13C responds to rapid, local shifts in 

lake ecosystem dynamics, whilst C/N is more sensitive to long-term changes in 

productivity and climate.  

Where productivity may not be the main control of δ13C, influxes of isotopically light 

carbon into lake water, either from the surrounding catchment or from the oxidation of 

methane in lake sediments, can also contribute to low δ13C (Herczeg, 1987, 1988; Rau, 

1978). Recycling of isotopically light terrestrial carbon typically produces distinctly low 

isotopic values, significantly lower than those of the Lake Motosu record, and is 

associated increased C/N ratios due to an influx of terrestrial organic matter (Rau, 1978; 

Street-Perrott et al., 2018). This is opposite to the trend observed Lake Motosu. 

Methane remobilisation from lake sediments can decrease the δ13C of dissolved 

inorganic carbon in the water column without the requirement for large changes in 

organic matter source (Hammarlund et al., 2005; Herczeg, 1988). Episodes of low δ13C 

in Lake Motosu are preceded by periods of higher δ13C associated with proposed 

turbidites (Figure 3; Lamair et al., 2018). Turbidite deposition may have disturbed 

existing sediments, reintroducing stored carbon to the water column. The introduction 

of stored carbon with low δ13C to the water column through turbidite deposition may 

subsequently have been utilised by algae and incorporated into sedimented material. 

Episodes of low δ13C are thus interpreted to reflect the release of methane from lake 

sediments in response to turbidite deposition.  

δ15N is not correlated with any other proxy and shows no distinct long-term trends 

(Figures 3, 4). Consequently, it appears that nitrogen cycling in Lake Motosu did not 

undergo major changes through the Holocene in response to climate. In nutrient-limited 
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lakes, variations in δ15N reflect shifts in the relative dominance of nitrogen assimilation 

and nitrogen fixation (Leng et al., 2006; Talbot, 2002). The shorter-term oscillations in 

δ15N in Lake Motosu are thus possibly due to subtle shifts in the major phytoplankton 

and nitrogen assimilation preferences. The relative importance of nitrogen fixation over 

assimilation could be further constrained by the analysis of pigments (Cadd et al., 2018) 

or chlorin-specific isotopes in the sediments (Tyler et al., 2010).  

VOLCANIC INFLUENCE ON LAKE MOTOSU 

Following a moderate decline in lake productivity between 4-3 ka, the inferred coupling 

between sediment composition in Lake Motosu, lake productivity, and regional climate 

deteriorated (Appendix K). Between 3.5-2.3 ka, Mt Fuji entered a period of explosive 

volcanism that caused major changes in the Lake Motosu catchment. Eruptions 

deposited scoria across the catchment, with five scoria deposits identified in Lake 

Motosu (Obrochta et al., 2018). The deposition of the Omuro scoria cone (3260-3056 

cal. year B.P) reduced the Lake Motosu catchment area (Lamair et al., 2018). Modern-

day Lake Motosu was subsequently formed by the division of an existing larger lake 

(Senoumi Lake) by the Aokigahara Lava Flow (868-854 CE; Hamada et al., 2012). 

These changes impacted soil stability, sedimentation patterns and local vegetation in the 

Mt Fuji area (Lamair et al., 2018; Yamamoto et al., 2018). Fluctuations in soil stability 

and vegetation, or reduced buffering due to a smaller lake volume, may account for the 

increased sedimentation rate and variability observed in the Lake Motosu record after 3 

ka. Anthropogenic influences have also been recognised in nearby Lake Yamanaka 

since 1 ka (Yamamoto et al., 2018). This is possibly reflected in Lake Motosu by a rapid 

increase in TN at ~0.6 ka (Figure 3). These local changes mask regional climate signals, 

and thus the period from 3 ka to present in Lake Motosu is interpreted to represent local 
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catchment changes driven by volcanic activity and anthropogenic impacts, rather than 

variations in climate. 

HOLOCENE PALAEOCLIMATE OF LAKE MOTOSU  

Given the upper sediments of Lake Motosu (3-0 ka) are interpreted to reflect catchment 

disturbance by volcanism and anthropogenic impacts, all subsequent palaeoclimate 

interpretation will focus on the period between 8-3 ka. The evidence from these 

sediments suggests that the timing of peak monsoon strength occurred slightly later in 

Lake Motosu (6-4 ka) than suggested by existing studies in Japan (Figure 11). The 

Holocene warm and wet period in Japan is generally dated to between 8-6 ka 

(Grossman, 2001), with estimates ranging from 7.25-6.15 ka (Adhikari et al., 2002), 

6.12-5.59 ka (Schöne et al., 2004), 7.3-3.6 ka (Shu et al., 2013), 6-8 ka (Mori et al., 

2018) and 8-2 ka (Ishiwatari et al., 2009). The discrepancy between these records and 

the Lake Motosu record may be partly attributed to chronological uncertainties 

associated with each record. In most cases, the timing of peak warm and wet conditions 

recorded in these records is constrained by a low-resolution age model. In comparison, 

Lake Motosu benefits from a high-resolution Bayesian age model, which allows tighter 

constraints on the timing of climatic events (Obrochta et al., 2018). The interpretation of 

lake sediment records is also entirely qualitative and based on non-linear palaeoclimate 

proxies with complex responses to climate variability. This can also introduce 

uncertainty into the timing of palaeoclimate events. For example, in Lake Aoki and 

Ohtaki Cave, events of a similar magnitude to the proposed mid-Holocene climate 

optimum occurred  
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coincidently or slightly after the wettest period in the Lake Motosu record (Figure 11). 

These peaks may equally reflect warm and wet conditions, which would be consistent 

with the timing observed in Lake Motosu. The timing of peak moisture conditions in 

Lake Motosu is also supported by a correlation with peak regional moisture conditions 

extracted from a synthesis of EASM records (Appendix K). Strong monsoon conditions 

are therefore interpreted to have occurred in central Japan between ~6-4 ka.  

Understanding the causes of climate change in the past is important for modelling how 

climate systems may respond in the future. Variations in Pacific Ocean conditions and 

solar insolation are proposed as major drivers of the monsoon in Japan and East Asia 

(Park, 2017; Sakashita et al., 2016; Wang et al., 2005; Zhao & Wang, 2014). However, 

there is no visual similarity between these drivers and the Lake Motosu record (Figure 

11). Whilst a possible 1000-year periodicity, reminiscent of solar variability, is present 

in TC, TN, δ13C and δ15N prior to 3 ka, cross-wavelet analysis failed to identify any 

commonalities with total solar insolation (Steinhilber et al., 2012) or sea surface 

temperature in the West Pacific Warm Pool (Appendix I; Stott et al., 2004). As outlined 

above, the Lake Motosu record is sensitive to both the strength of the monsoon and 

local catchment changes. Furthermore, whilst the classification of turbidite sequences in 

Lake Motosu is unclear, the impact of sediment recycling associated with seismic 

events is not insignificant. Consequently, the absence of major climate drivers in our 

record may reflect the confounding influence of climatic and non-climatic factors, rather 

than an insensitivity to changes in insolation and Pacific Ocean conditions.  
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Figure 11: Comparison plot of selected Japanese palaeoclimate records and possible climate 

drivers. From top: C/N ratio of bulk organic matter in Lake Motosu (this study); total organic 

carbon in Lake Aoki, Japan (Adhikari et al., 2002); speleothem δ18O from Ohtaki Cave, Japan 

(Mori et al., 2018); carbon productivity in Lake Biwa (Ishiwatari et al., 2009); the second principal 

component (PCA2) of climate in the East Asian Monsoon region (this study); total solar insolation 

(pale purple) fitted with a 20-point running mean (dark purple; Steinhilber et al., 2012); 

reconstructed sea surface temperatures in the West Pacific Warm Pool (light red) from core MD81 

fitted with a 10-point running mean (dark red; Stott et al., 2004). Axes are oriented such that 

wet/strong monsoon conditions plot upwards. Grey shading indicates maximum warm and/or wet 

conditions inferred from each record.  
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Regional monsoon variability 

Statistical analysis of numerous climate records from a region can be used to isolate 

climate trends, even when individual records are influenced by both climatic and non-

climatic signals (Falster et al., 2018; Field et al., 2018; Tyler et al., 2015). Given the 

large non-climatic influences on sedimentation, to evaluate possible drivers of Holocene 

monsoon variability, Lake Motosu was included in a statistical analysis of 18 EASM 

records. This synthesis identified two coherent climate trends reflecting early-Holocene 

and mid-Holocene peaks in monsoon strength (Figure 8). A similar analysis of 92 

records from the EASM and Indian Monsoon regions was conducted by Wang et al. 

(2010). Although Wang et al. (2010) included a much larger number of records in their 

synthesis and covered a wider geographic region, they noted that their synthesis was 

impacted by differing temporal-resolutions and age-controls between records. By 

factoring in this time uncertainty in the present analysis, the identification of similar 

trends reinforces the analysis of Wang et al. (2010). The present synthesis also 

identified spatial heterogeneity in moisture patterns, with the four sites located in 

northeast Asia and Japan differing to those in continental Asia (Figure 9). This pattern is 

supported by several studies which note the differences in Holocene moisture patterns 

between coastal and continental Asia (Chu et al., 2014; Mori et al., 2018; Park et al., 

2018; Stebich et al., 2015).  

The first significant hydroclimate trend is strongly reminiscent of the reduction in 

Northern Hemisphere summer insolation through the Holocene in response to a decline 

in precession-driven orbital forcing (Figure 12; Berger & Loutre, 1991). Orbital forcing 

has been identified as a major driver of Holocene monsoon variability in previous 

studies of Chinese speleothems in both the Indian Monsoon and EASM regions (Dong 
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et al., 2010; Rao et al., 2016; Wang et al., 2008, 2001, 2005). Declining summer 

insolation reduced spring heating over continental Asia, reducing the land-ocean 

thermal contrast and weakening onshore monsoon winds. This resulted in a decline in 

the strength of the Indian Monsoon and a contraction of the Indian Monsoon rain belt 

away from the EASM region. This is consistent with the absence of a decline in 

monsoon strength in northeast China and Japan, as these regions sit outside the 

geographic region influenced by the expansion and contraction of the Indian Monsoon 

rain belt (Schöne et al., 2004).  

The second significant hydroclimate trend is consistent with a mid-Holocene optimum 

identified in numerous records from the EASM region (Hong et al., 2005; Ishiwatari et 

al., 2009; Stebich et al., 2015; Xu et al., 2010; Zhang et al., 2011; Zhong et al., 2011). 

Apart from Lake Motosu, this trend is more strongly expressed in northeast China and 

Japan than continental Asia. Whilst a mid-Holocene peak was identified in Lake 

Motosu, the record is strongly influenced by non-climatic factors, which may have 

affected the expression of this record within the analysis. Prior to the influence of 

volcanic activity on the Lake Motosu record from 3-0 ka, C/N in Lake Motosu was 

strongly correlated with PCA2 (Appendix K), suggesting that despite not loading 

strongly on PCA2, Lake Motosu does reflect a similar pattern to the other coastal East 

Asian sites.  
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Figure 12: Comparison plot of selected regional trends in the East Asian Summer Monsoon and 

possible climate drivers. From top: global sea level (yellow; Yokoyama et al., 2007); orbital 

insolation (red; Berger & Loutre, 1991); δ18O in Dongge Cave as a proxy for Indian Monsoon 

intensity (light green) fitted with a 20-point running mean (dark green; Wang et al., 2005); two 

major trends in East Asian monsoon climate (PCA1; PCA2; this study), total solar insolation (light 

purple) fitted with a 20-point running mean (dark purple; Steinhilber et al., 2012); reconstructed 

sea surface temperatures in the West Pacific Warm Pool (light red) from core MB81 fitted with a 

10-point running mean (dark red; Stott et al., 2004).  
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After eliminating a Pacific Ocean control on the basis of stable Holocene sea surface 

temperatures, Wang et al. (2010) attributed a strong EASM in the mid-Holocene to 

interactions between the Indian Monsoon and the EASM, related to the decline in the 

strength of the Hadley Circulation. They proposed that as the Hadley Circulation 

weakened, atmospheric convection, and hence precipitation, was likely enhanced across 

East Asia. However, whilst sea surface temperatures in the West Pacific Warm Pool 

were stable to declining during the Holocene (Figure 12; Stott et al., 2004), major ocean 

currents in the North Pacific Ocean were variable. In particular, the Kuroshio Warm 

Current is inferred to have re-entered the Okinawa Trough at ~7 ka in response to 

deglacial sea level rise (Jian et al., 2000). The Kuroshio Warm Current plays an 

important role in transporting heat from the West Pacific Warm Pool north to Japan. An 

increase in the amount of warmth transported to the oceans surrounding Japan may have 

increased moisture evaporation and subsequent precipitation amounts over northeast 

China and Japan. The role of deglacial variations in ocean currents in the Pacific Ocean 

in driving increased EASM precipitation towards the mid-Holocene is supported by the 

visual similarity between PCA2 and global deglacial sea level rise (Figure 12). In 

contrast to Wang et al. (2010), this would imply a predominant, rather than absent, 

Pacific Ocean control on Holocene EASM climate.  

A Pacific Ocean control on EASM variability is supported by the well-documented link 

between El Niño–Southern Oscillation (ENSO) variability and EASM precipitation (An 

et al., 2015; Park et al., 2018; Sakashita et al., 2016; Webster et al., 1998). ENSO is the 

dominant mode of climate variability in the Pacific Ocean region and is associated with 

centennial-scale variability in sea surface temperatures and subsequent changes in 

precipitation across the Pacific Ocean region. The strong expression of a mid-Holocene 
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optimum in coastal East Asian sites, compared to those in continental Asia, is also 

suggestive of a Pacific Ocean control, as a smaller land to ocean ratio and proximity to 

the moisture source makes this region more sensitive to Pacific Ocean variability (Chu 

et al., 2014; Mori et al., 2018; Park et al., 2018; Stebich et al., 2015). The present 

synthesis, combined with existing knowledge of monsoon mechanisms, thus suggests 

that the climate of coastal Asia is more susceptible to variations in Pacific Ocean 

conditions than continental Asia, which is more sensitive to orbital forcing through 

variations in the land-ocean thermal contrast. 

Implications for the East Asian Monsoon  

This thesis confirms that EASM variability through the Holocene is more spatially and 

temporally complex than suggested by highly-cited Chinese speleothem records (Wang 

et al., 2008, 2001, 2005). This complexity has implications for modelling future 

monsoon variability in response to anthropogenic warming. If, as the present synthesis 

suggests, coastal Asia is more sensitive to variations in Pacific Ocean conditions and 

associated atmospheric circulation systems than continental Asia, the future response of 

this region may differ to that of the rest of Asia. Modelling suggests that in response to 

future warming, tropical atmospheric circulation systems will weaken, with increased 

variability in Pacific Ocean sea surface conditions (Aldrian et al., 2013). In the context 

of the analysis presented here, this suggests possible drying in maritime Asia, but with 

increased variability and extreme rainfall events. In contrast, continental Asia, which is 

more sensitive to land-ocean thermal contrasts, may receive a greater amount of rainfall 

in response to increased temperatures over land.  
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However, the interpretation of a dominantly maritime control on the monsoon in 

northeast China and Japan is based on only four records. This includes Lake Motosu, 

where the climate signal is strongly influenced by volcanic activity and possible 

turbidite deposition. Assessing whether this pattern is unique to these records or 

consistent across the entire region will require a greater number of highly resolved, 

well-dated palaeoclimate records from coastal Asia, particularly records which can be 

unambiguously linked to hydroclimate. At present, records in Japan are predominantly 

based on bulk sediment proxies (Adhikari et al., 2002; Ishiwatari et al., 2009; Yamada 

et al., 2010) which, as is the case for Lake Motosu, may be influenced by a number of 

different factors. This complicates their interpretation with respect to the EASM. 

Compound-specific isotopes, oxygen isotopes and pollen-based precipitation 

reconstructions are increasingly being used to reconstruct Japanese palaeoclimate (Mori 

et al., 2018; Nakagawa et al., 2002; van Soelen et al., 2016). There is scope for the 

wider application of these approaches to develop new records from coastal Asia which 

span the duration of the Holocene. More broadly, modelling future changes and 

unpicking spatially heterogeneous climate drivers will require climate models with a 

greater spatial resolution to isolate regional-scale responses to monsoon variability, 

rather modelling the EASM as a single, homogenous system.  

CONCLUSIONS  

This thesis presents a well-dated, multi-proxy climate record from Lake Motosu, central 

Japan, and then uses this new record to expand the spatial coverage of a Monte Carlo 

Empirical Orthogonal Function analysis of EASM records. The main conclusions are 

that; 
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1. Sedimentation in Lake Motosu, Japan, was controlled by climate between 8-3 

ka. The period between 6-4 ka was warm and wet with strong monsoon 

conditions. Following 3 ka, volcanic and anthropogenic influences dominate 

sedimentation processes in Lake Motosu.  

2. EASM variability is sensitive to both external forcing though variations in 

orbital isolation and subsequent changes in the land-ocean thermal contrast, and 

internal variability through changes in Pacific Ocean conditions and the 

subsequent evaporative potential of the moisture source regions for the EASM.  

3. The spatial response of the EASM is complex, reflecting varying contributions 

of continental and maritime influences. The climate of coastal Asia, including 

Japan, is influenced primarily by Pacific Ocean conditions and thus records a 

different climate history to that of continental Asia.  

This work demonstrates that the drivers of EASM variability vary spatially across East 

Asia, with coastal regions more sensitive to local changes in Pacific Ocean conditions. 

Future work to unravel these effects will improve our ability to forecast centennial-scale 

climate variability in East Asia and hence assess possible climate impacts in this 

socially and economically important region.   
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APPENDIX A: MODERN CLIMATOLOGY 

 

Figure A1: Modern climatology of the Mt Fuji region. Data represent mean monthly temperature 

and precipitation amounts for the period 1933-2017 at Kawaguchiko (35°30.0’ N, 138°45.6’E). Data 

from the Japan Meteorological Agency (2018).  
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APPENDIX B: AGE MODEL  

 

Figure A2: Core MOT15-2 age model with, from left to right, stratigraphic column, composite core 

image, and CT scan. Figure from Obrochta et al. (2018).  
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APPENDIX C: CELLULOSE EXTRACTION METHOD 

1. Prepare cuprammonium solution in advance. Into a 1 L amber glass bottle, add 

15 g copper hydroxide, 750 ml ammonium hydroxide solution (30%) and 250 ml 

deionised water. Stir at room temperature overnight. Filter.  

2. Sieve sediment at 250 µm, transferring fine fraction to a clean 50 ml centrifuge 

tube.  

3. Allow fine sediment to settle overnight and decant supernatant water.  

4. Fill centrifuge tube to 40 ml with 7% NaClO2 acidified to pH 4-5 with 

concentrated acetic acid. Heat to 60ºC for 10 hours on a hotplate. 

5. Heat 1 L of deionised water on a hotplate to 70ºC.  

6. Centrifuge the sediment and NaClO2 at 4000 rpm for 5 minutes. Check that the 

supernatant is obviously clear and free of suspended particles – if not, repeat the 

centrifugation and take note of the required time for future reference. Once the 

supernatant is clear, decant supernatant liquid for disposal.  

7. Fill the centrifuge with hot deionised water to ~30-40 ml. Shake to disturb the 

pellet and repeat centrifugation.  

8. Repeat the process of centrifugation and decanting 5 x to remove all NaClO2.  

9. Freeze, and freeze dry the sediment.  

10. Add 30 ml cuprammonium solution to dry sediment and close the lid. Stir at 

room temperature for 6 hours using an end-on-end shaker, then leave for 10 

hours to completely dissolve the cellulose. 

11. Centrifuge for 5 minutes and decant supernatant copper complex cellulose 

solution to a separate centrifuge tube. 
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12. Centrifuge at 4000 rpm for 25 min and decant supernatant to another centrifuge 

tube.  

13. Add 3 ml H2SO4 (20%) and fill to 50 ml with DI water. Carefully cap the tube 

and carefully shake. Leave to stand for 20 min at room temperature.  

14. Centrifuge at 4000 rpm for 25 min. Decant supernatant to waste.  

15. Add 1 ml DI water and 1 ml H2SO4 (20%) to dissolve the blue pellet. Allow to 

sit for 1-5 min until precipitate becomes completely decopperised – i.e. it turns 

from blue to white.  

16. Fill with cold DI water, centrifuge at 4000 rpm for 25 min, decant water. Repeat 

x 3.  

17. After final centrifugation, add 1 ml DI water to suspend the cellulose, and 

transfer to a 2 ml ‘eppendorf’ tube’. Centrifuge this down using microcentrifuge 

and decant water. 

18. Freeze dry resultant cellulose.  
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APPENDIX D: CARBON AND NITROGEN ISOTOPE DATA 

Table A1: Bulk organic composition data for Lake Motosu. Shaded samples were excluded from analysis.  

 Depth  
(c.m.c.d.) 

Age 
(cal. year 
B.P.) 

δ15N  
(‰) 

δ15N error  
(‰) 

δ13C  
(‰) 

δ13C error  
(‰) 

TN  
(%) 

TN error  
(%) 

TC  
(%) 

TC error  
(%) 

C/N  
(atomic) 

0 379 3.41 0.05 -25.64 0.11 0.36 0.09 2.95 0.29 8.79 

1 394 2.77 0.27 -27.86 0.21 0.31 0.027 3.22 0.19 12.23 

2 402 2.73 0.05 -26.24 0.11 0.48 0.12 4.16 0.40 9.19 

3 402 2.96 0.27 -27.1 0.21 0.3 0.026 3.33 0.19 12.91 

4 434 2.93 0.05 -25.36 0.11 0.45 0.11 4.20 0.41 9.82 

5 449 2.65 0.27 -27.09 0.21 0.33 0.028 3.78 0.22 13.69 

6 463 2.76 0.05 -25.64 0.11 0.51 0.13 4.48 0.44 9.28 

7 478 5.38 0.27 -27.53 0.21 0.3 0.026 3.75 0.21 14.53 

8 492 2.88 0.05 -25.27 0.11 0.52 0.13 4.40 0.43 8.97 

9 506 3.25 0.27 -27.08 0.21 0.33 0.028 3.61 0.21 13.22 

10 520 3.15 0.05 -25.78 0.11 0.50 0.13 5.23 0.51 10.98 

11 535 2.37 0.27 -26.5 0.21 0.33 0.028 3.79 0.22 13.54 

12 551 3.11 0.05 -25.00 0.11 0.45 0.11 4.14 0.40 9.67 

13 566 2.84 0.27 -26.23 0.21 0.34 0.029 4.01 0.23 14.2 

14 582 2.99 0.05 -25.38 0.11 0.50 0.13 4.68 0.46 9.97 

15 597 6.52 0.27 -26.87 0.21 0.38 0.032 4.52 0.26 14.48 

16 613 2.52 0.05 -24.86 0.11 0.50 0.13 4.80 0.47 10.17 

17 628 2.92 0.27 -25.96 0.21 0.34 0.03 4.17 0.24 14.56 

18 644 2.88 0.03 -24.59 0.06 0.36 0.03 4.12 0.12 13.28 

19 659 2.94 0.27 -27.35 0.21 0.34 0.029 3.68 0.21 13.03 
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20 675 2.99 0.03 -24.80 0.06 0.36 0.03 3.66 0.10 12.02 

21 691 3.29 0.27 -25.91 0.21 0.34 0.029 3.97 0.23 14.2 

22 706 3.01 0.03 -25.43 0.06 0.37 0.03 3.65 0.10 11.52 

23 721 4.04 0.27 -26.79 0.21 0.33 0.028 3.67 0.21 13.55 

24 737 2.65 0.03 -25.35 0.06 0.36 0.03 3.99 0.11 12.80 

25 752 3.65 0.27 -26.57 0.21 0.3 0.026 3.73 0.22 14.83 

26 767 2.73 0.03 -24.70 0.06 0.36 0.03 4.01 0.11 13.17 

27 783 3.2 0.27 -26.77 0.21 0.32 0.027 3.68 0.21 13.85 

28 798 2.77 0.03 -24.47 0.06 0.37 0.03 3.99 0.11 12.63 

29 814 3.16 0.27 -26.93 0.21 0.31 0.027 3.71 0.22 14.36 

30 830 2.62 0.03 -24.85 0.06 0.38 0.04 4.12 0.12 12.58 

31 845 2.91 0.27 -26.79 0.21 0.34 0.029 4.1 0.24 14.55 

32 861 2.54 0.03 -24.96 0.06 0.38 0.04 4.19 0.12 12.75 

33 876 3.12 0.27 -27.18 0.21 0.32 0.028 3.94 0.23 14.69 

34 892 2.52 0.03 -25.17 0.06 0.34 0.03 4.01 0.11 13.90 

35 907 2.89 0.27 -26.31 0.21 0.31 0.026 4.31 0.24 15.89 

36 923 2.71 0.03 -25.63 0.06 0.26 0.02 3.06 0.09 13.76 

37 938 2.66 0.27 -26.36 0.21 0.29 0.025 3.48 0.2 14.19 

38 953 2.30 0.03 -25.18 0.06 0.41 0.04 4.16 0.12 11.72 

39 969 2.14 0.27 -26.82 0.21 0.34 0.029 4.1 0.24 14.26 

40 984 2.45 0.03 -25.11 0.06 0.32 0.03 3.24 0.09 11.76 

41 997 4.24 0.27 -27.25 0.21 0.17 0.015 2.2 0.13 14.83 

42 1010 2.59 0.03 -25.57 0.06 0.39 0.04 4.19 0.12 12.44 

43 1022 2.63 0.27 -27.41 0.21 0.35 0.03 4.27 0.25 14.54 

44 1034 2.28 0.03 -25.28 0.06 0.38 0.04 4.17 0.12 12.86 

45 1046 2.17 0.1 -26.56 0.12 0.32 0.09 3.24 0.14 10.42 

46 1058 1.98 0.03 -26.20 0.06 0.38 0.04 4.55 0.13 14.08 



Sarah McDonald 

Lake Motosu palaeoclimate 

 

56 

 

47 1069 2.08 0.1 -26.69 0.12 0.32 0.09 3.26 0.14 10.64 

48 1080 1.82 0.03 -26.31 0.06 0.42 0.04 4.78 0.13 13.44 

49 1092 1.9 0.1 -26.08 0.12 0.34 0.09 3.52 0.15 10.72 

50 1104 2.37 0.03 -26.53 0.06 0.37 0.03 3.93 0.11 12.54 

51 1116 1.67 0.1 -26.44 0.12 0.34 0.09 3.39 0.14 10.26 

52 1129 2.62 0.03 -25.37 0.06 0.35 0.03 4.22 0.12 14.14 

53 1142 2.73 0.1 -25.49 0.12 0.28 0.08 2.95 0.12 10.75 

54 1156 2.51 0.03 -25.72 0.06 0.38 0.03 4.58 0.13 14.21 

55 1169 2.88 0.1 -25.33 0.12 0.28 0.08 3.04 0.13 11.11 

56 1183 2.37 0.03 -26.19 0.06 0.39 0.04 5.06 0.14 15.04 

57 1199 2.8 0.1 -25.53 0.12 0.27 0.07 2.72 0.11 10.33 

58 1217 2.55 0.03 -25.60 0.06 0.34 0.03 4.02 0.11 13.72 

59 1235 2.77 0.1 -25.83 0.12 0.3 0.08 3.38 0.14 11.63 

60 1254 2.68 0.03 -25.82 0.06 0.37 0.03 4.35 0.12 13.69 

61 1269 2.43 0.1 -27.8 0.12 0.3 0.08 5.5 0.23 19.23 

62 1282 2.55 0.03 -25.93 0.06 0.40 0.04 4.51 0.13 13.01 

63 1293 2.3 0.1 -25.56 0.12 0.31 0.08 3.65 0.15 12.12 

64 1305 2.03 0.03 -25.39 0.06 0.41 0.04 5.51 0.15 15.55 

65 1316 2.04 0.1 -25.26 0.12 0.38 0.1 4.72 0.2 13.08 

66 1327 1.84 0.03 -26.11 0.06 0.40 0.04 5.28 0.15 15.38 

67 1339 2.78 0.1 -26.31 0.12 0.3 0.08 3.04 0.13 10.35 

68 1350 3.07 0.03 -26.12 0.06 0.38 0.03 4.91 0.14 15.20 

69 1361 2.99 0.1 -26.07 0.12 0.19 0.05 1.75 0.07 9.67 

70 1372 2.34 0.03 -26.21 0.06 0.36 0.03 4.82 0.13 15.76 

71 1383 2.72 0.1 -25.83 0.12 0.26 0.07 2.79 0.12 10.92 

72 1394 2.22 0.03 -25.76 0.06 0.38 0.03 4.15 0.12 12.89 

73 1406 2.34 0.1 -25.85 0.12 0.29 0.08 3.14 0.13 11.16 
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74 1418 2.34 0.03 -25.88 0.06 0.36 0.03 4.30 0.12 13.94 

75 1430 2.54 0.1 -25.88 0.12 0.27 0.07 3.06 0.13 11.55 

76 1443 2.48 0.03 -25.90 0.06 0.38 0.04 4.59 0.13 14.15 

77 1457 2.6 0.1 -26.02 0.12 0.29 0.08 3.22 0.14 11.67 

78 1470 2.21 0.03 -25.93 0.06 0.38 0.04 4.68 0.13 14.42 

79 1484 2.53 0.1 -25.92 0.12 0.28 0.08 3.18 0.13 11.82 

80.5 1498 1.27 0.03 -27.75 0.06 0.39 0.04 7.84 0.22 23.72 

81 1518 2.8 0.1 -26 0.12 0.16 0.04 1.92 0.08 12.29 

82 1546 2.39 0.03 -25.73 0.06 0.36 0.03 4.17 0.12 13.45 

83 1573 2.28 0.1 -26.14 0.12 0.31 0.08 3.12 0.13 10.5 

84 1600 2.04 0.03 -26.00 0.06 0.41 0.04 4.44 0.12 12.75 

85 1618 2.21 0.1 -26.03 0.12 0.33 0.09 3.01 0.13 9.57 

86 1627 1.74 0.03 -26.13 0.06 0.40 0.04 4.25 0.12 12.48 

87 1635 2.9 0.1 -26.29 0.12 0.3 0.08 2.76 0.12 9.72 

88 1644 0.77 0.03 -26.38 0.06 0.37 0.03 3.62 0.10 11.39 

89 1652 2.73 0.1 -26.28 0.12 0.31 0.08 3.15 0.13 10.63 

90 1661 2.04 0.03 -26.27 0.06 0.38 0.04 4.38 0.12 13.49 

91 1670 2.17 0.1 -26.53 0.12 0.27 0.07 3.21 0.13 12.1 

92 1679 1.93 0.03 -26.50 0.06 0.41 0.04 5.15 0.14 14.64 

93 1688 2.12 0.1 -26.06 0.12 0.35 0.09 3.98 0.17 11.96 

94 1697 2.12 0.03 -26.65 0.06 0.38 0.04 4.64 0.13 14.09 

95 1707 2.15 0.1 -26.3 0.12 0.36 0.1 3.71 0.16 10.75 

96 1717 1.64 0.03 -26.23 0.06 0.42 0.04 4.99 0.14 13.76 

97 1726 2.14 0.1 -25.71 0.12 0.32 0.09 3.16 0.13 10.19 

98 1736 1.94 0.03 -25.82 0.06 0.39 0.04 4.37 0.12 13.14 

99 1746 1.89 0.1 -26.31 0.12 0.25 0.07 3.13 0.13 12.71 

100.5 1756 1.71 0.03 -26.39 0.06 0.38 0.04 5.51 0.15 16.77 
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101 1767 1.34 0.1 -26.14 0.12 0.33 0.09 4.61 0.19 14.47 

102 1779 2.27 0.03 -25.97 0.06 0.35 0.03 4.35 0.12 14.65 

103 1791 2.41 0.1 -25.95 0.12 0.21 0.06 2.05 0.09 9.87 

104 1803 2.29 0.03 -25.79 0.06 0.35 0.03 4.05 0.11 13.54 

105 1815 2.38 0.1 -25.82 0.12 0.21 0.06 2.07 0.09 9.95 

106 1827 1.99 0.03 -26.83 0.06 0.40 0.04 4.68 0.13 13.83 

107 1839 2.14 0.1 -25.86 0.12 0.34 0.09 3.54 0.15 10.92 

108 1851 2.09 0.03 -26.87 0.06 0.36 0.03 4.23 0.12 13.74 

109 1863 1.93 0.1 -25.96 0.12 0.32 0.08 3.4 0.14 11.22 

110 1875 1.88 0.03 -26.44 0.06 0.38 0.04 4.72 0.13 14.51 

111 1887 2.36 0.1 -25.78 0.12 0.31 0.08 3.09 0.13 10.34 

112 1899 2.60 0.03 -26.61 0.06 0.32 0.03 3.27 0.09 11.89 

113 1911 2.75 0.1 -25.63 0.12 0.26 0.07 2.56 0.11 10.28 

114 1924 3.29 0.12 -26.22 0.15 0.36 0.04 4.07 0.18 14.05 

115 1937 3.23 0.1 -26.39 0.12 0.3 0.08 3.2 0.13 10.97 

116 1950 2.31 0.12 -26.57 0.15 0.40 0.04 4.75 0.21 14.54 

117 1963 2.02 0.1 -26.85 0.12 0.36 0.1 3.62 0.15 10.59 

118 1976 2.42 0.12 -26.20 0.15 0.37 0.04 3.87 0.17 13.08 

119 1989 2.34 0.1 -26.36 0.12 0.27 0.07 2.54 0.11 9.73 

120 2003 2.85 0.12 -25.83 0.15 0.33 0.03 3.90 0.17 14.77 

121 2019 2.76 0.1 -26.35 0.12 0.12 0.03 1.33 0.06 11.32 

122 2037 2.46 0.12 -26.56 0.15 0.38 0.04 4.39 0.20 14.16 

123 2055 2.88 0.1 -25.96 0.12 0.18 0.05 1.97 0.08 11.05 

124 2074 3.03 0.12 -25.60 0.15 0.06 0.01 0.60 0.03 12.75 

125 2093 2.75 0.1 -26.34 0.12 0.04 0.01 0.46 0.02 12.44 

126 2112 2.75 0.12 -26.04 0.15 0.05 0.01 0.47 0.02 11.61 

127 2132 2.41 0.1 -26.43 0.12 0.29 0.08 2.88 0.12 10.16 
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128 2151 3.08 0.12 -25.90 0.15 0.35 0.04 3.92 0.18 13.96 

129 2171 2.86 0.1 -26.59 0.12 0.28 0.08 3.06 0.13 11.24 

130 2190 2.16 0.12 -26.07 0.15 0.37 0.04 4.19 0.19 14.17 

131 2209 2.06 0.1 -25.95 0.12 0.3 0.08 3.07 0.13 10.74 

132 2228 2.67 0.12 -25.79 0.15 0.34 0.04 4.13 0.18 15.02 

133 2246 2.59 0.1 -26.01 0.12 0.26 0.07 2.89 0.12 11.31 

134 2264 2.77 0.12 -26.21 0.15 0.34 0.04 4.40 0.20 15.81 

135 2282 2.69 0.1 -26.14 0.12 0.17 0.05 1.92 0.08 11.55 

136 2301 2.45 0.12 -25.88 0.15 0.29 0.03 2.97 0.13 12.62 

137 2319 2.49 0.1 -26.02 0.12 0.29 0.08 2.73 0.11 9.73 

138 2338 2.86 0.12 -25.88 0.15 0.36 0.04 3.91 0.17 13.31 

139 2357 2.4 0.1 -26.34 0.12 0.31 0.08 2.84 0.12 9.44 

140 2375 2.77 0.12 -25.58 0.15 0.30 0.03 3.41 0.15 13.86 

141 2394 2.22 0.1 -26.09 0.12 0.27 0.07 2.5 0.11 9.53 

142 2413 2.90 0.12 -25.73 0.15 0.11 0.01 1.13 0.05 12.76 

143 2431 2.09 0.07 -26.71 0.09 0.22 0.01 2.98 0.07 16.58 

144 2449 2.47 0.12 -25.90 0.15 0.23 0.02 2.51 0.11 13.19 

145 2467 2.31 0.07 -26.21 0.09 0.34 0.02 4.10 0.10 14.43 

146 2484 2.74 0.12 -26.20 0.15 0.38 0.04 4.07 0.18 13.26 

147 2500 2.51 0.07 -26.35 0.09 0.31 0.01 4.43 0.11 17.45 

148 2516 1.98 0.12 -25.46 0.15 0.40 0.04 5.62 0.25 17.46 

149 2532 2.49 0.07 -26.01 0.09 0.29 0.01 3.55 0.09 14.87 

150 2547 2.77 0.12 -25.82 0.15 0.39 0.04 4.12 0.18 12.97 

151 2563 2.48 0.07 -26.72 0.09 0.31 0.01 4.20 0.10 16.62 

152 2579 2.97 0.12 -26.09 0.15 0.40 0.04 4.67 0.21 14.57 

153 2595 2.55 0.07 -26.55 0.09 0.31 0.01 4.73 0.12 18.51 

154 2611 2.22 0.12 -26.06 0.15 0.25 0.03 2.76 0.12 13.57 
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155 2626 2.18 0.07 -26.14 0.09 0.30 0.01 4.01 0.10 16.14 

156 2641 2.87 0.12 -26.01 0.15 0.36 0.04 3.88 0.17 13.28 

157 2655 2.29 0.07 -26.77 0.09 0.34 0.02 4.12 0.10 14.77 

158 2669 2.58 0.12 -25.92 0.15 0.29 0.03 2.89 0.13 12.36 

159 2683 2.80 0.07 -26.23 0.09 0.29 0.01 3.44 0.09 14.22 

160 2697 2.53 0.12 -25.86 0.15 0.35 0.04 3.56 0.16 12.51 

161 2711 3.02 0.07 -26.73 0.09 0.24 0.01 3.08 0.08 15.37 

162 2725 3.11 0.12 -25.99 0.15 0.34 0.04 3.70 0.17 13.58 

163 2738 3.15 0.07 -26.33 0.09 0.27 0.01 3.48 0.09 15.82 

164 2752 3.44 0.12 -26.45 0.15 0.33 0.03 3.61 0.16 13.64 

165 2766 3.14 0.07 -26.35 0.09 0.26 0.01 3.50 0.09 16.21 

166 2779 3.20 0.12 -25.72 0.15 0.33 0.03 3.63 0.16 13.63 

167 2794 3.15 0.07 -26.28 0.09 0.21 0.01 2.90 0.07 16.90 

168 2809 3.07 0.12 -26.03 0.15 0.26 0.03 2.73 0.12 13.00 

169 2824 3.40 0.07 -26.44 0.09 0.22 0.01 3.01 0.07 16.09 

170 2842 3.04 0.12 -27.36 0.15 0.06 0.01 0.59 0.03 12.17 

171 2861 3.18 0.07 -25.96 0.09 -0.03 0.00 0.43 0.01 -14.60 

172 2877 3.65 0.12 -26.07 0.15 0.06 0.01 0.55 0.02 11.99 

173 2891 2.82 0.07 -26.64 0.09 0.24 0.01 3.07 0.08 15.37 

174 2904 2.74 0.12 -26.19 0.15 0.35 0.04 3.50 0.16 12.51 

175 2916 2.81 0.07 -26.52 0.09 0.14 0.01 2.13 0.05 17.48 

176 2929 2.87 0.12 -26.83 0.15 0.37 0.04 3.73 0.17 12.52 

177 2942 2.71 0.07 -26.26 0.09 0.27 0.01 3.47 0.09 15.21 

178 2955 2.69 0.12 -26.27 0.15 0.41 0.04 4.36 0.19 13.12 

179 2967 2.96 0.07 -26.05 0.09 0.31 0.01 3.58 0.09 14.05 

180 2980 NA 0.12 -26.74 0.15 1.41 0.15 8.59 0.37 7.19 

181 2992 3.46 0.07 -26.62 0.09 0.30 0.01 3.99 0.10 16.03 
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182 3005 3.66 0.12 -27.27 0.15 0.17 0.02 1.91 0.08 13.58 

183 3018 2.04 0.07 -26.80 0.09 0.03 0.00 1.04 0.02 43.27 

184 3032 2.32 0.12 -25.62 0.15 0.03 0.00 0.35 0.01 12.53 

185 3046 2.87 0.07 -27.43 0.09 0.34 0.02 4.14 0.10 14.52 

186 3061 2.73 0.12 -25.80 0.15 0.33 0.03 3.33 0.15 12.40 

187 3076 2.67 0.07 -26.73 0.09 0.27 0.01 3.34 0.08 14.99 

188 3091 3.10 0.12 -26.67 0.15 0.27 0.03 2.72 0.12 12.33 

189 3106 2.34 0.07 -26.62 0.09 -0.04 0.00 0.40 0.01 -12.21 

190 3121 3.08 0.12 -26.06 0.15 0.22 0.02 2.15 0.10 12.22 

190.5 3136 3.28 0.07 -26.13 0.09 0.18 0.01 2.51 0.06 17.02 

192 3148 3.05 0.12 -27.27 0.15 0.42 0.04 4.26 0.19 12.68 

193 3158 2.60 0.07 -26.91 0.09 0.34 0.02 3.98 0.10 14.13 

194 3166 2.88 0.12 -25.98 0.15 0.40 0.04 4.03 0.18 12.62 

195 3173 3.55 0.07 -26.14 0.09 0.29 0.01 3.50 0.09 14.78 

196 3180 3.39 0.12 -25.80 0.15 0.38 0.04 4.15 0.19 13.64 

197 3188 3.26 0.07 -26.50 0.09 0.29 0.01 3.63 0.09 15.28 

198 3195 2.80 0.12 -25.98 0.15 0.38 0.04 4.03 0.18 13.04 

199 3202 2.71 0.07 -27.61 0.09 0.36 0.02 4.27 0.11 14.47 

200 3210 2.54 0.12 -26.00 0.15 0.43 0.05 4.68 0.21 13.46 

201 3219 3.50 0.07 -26.05 0.09 0.24 0.01 3.11 0.08 15.37 

202 3229 2.65 0.12 -26.56 0.15 0.34 0.04 3.49 0.16 12.54 

203 3241 3.12 0.07 -25.67 0.09 0.27 0.01 3.42 0.09 15.24 

204 3254 2.77 0.12 -26.07 0.15 0.34 0.04 3.47 0.15 12.49 

205 3268 2.76 0.07 -26.71 0.09 0.29 0.01 3.69 0.09 15.14 

207 3299 2.73 0.07 -25.92 0.09 0.20 0.01 3.02 0.07 17.90 

208 3315 2.31 0.12 -26.41 0.15 0.41 0.04 4.08 0.18 12.24 

209 3331 2.47 0.07 -26.73 0.09 0.32 0.02 3.88 0.10 14.69 
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210 3349 2.65 0.12 -25.47 0.15 0.41 0.04 4.20 0.19 12.57 

211 3368 2.34 0.07 -26.98 0.09 0.35 0.02 4.09 0.10 14.00 

212 3385 2.41 0.04 -26.89 0.10 0.37 0.02 3.53 0.10 11.38 

213 3403 2.48 0.07 -27.24 0.09 0.08 0.00 1.59 0.04 22.48 

214 3428 2.29 0.04 -27.36 0.10 0.39 0.02 3.78 0.11 11.60 

215 3451 2.22 0.07 -27.07 0.09 0.35 0.02 4.28 0.11 14.61 

216 3459 2.50 0.04 -26.66 0.10 0.40 0.03 4.16 0.12 12.19 

217 3465 2.75 0.07 -25.92 0.09 0.32 0.02 3.80 0.09 14.56 

218 3471 2.37 0.04 -26.40 0.10 0.38 0.02 3.81 0.11 11.76 

219 3494 2.19 0.07 -26.84 0.09 0.32 0.02 3.86 0.10 14.76 

220 3542 2.16 0.04 -27.24 0.10 0.39 0.02 3.96 0.11 12.12 

221 3592 2.54 0.07 -26.93 0.09 0.32 0.02 3.79 0.09 14.15 

222 3641 2.73 0.04 -26.44 0.10 0.40 0.03 3.94 0.11 11.69 

223 3690 2.60 0.07 -26.20 0.09 0.29 0.01 3.38 0.08 13.89 

224 3734 2.68 0.04 -26.26 0.10 0.37 0.02 3.44 0.10 11.15 

225 3768 2.76 0.07 -26.40 0.09 0.28 0.01 3.24 0.08 14.18 

226 3795 2.47 0.04 -27.41 0.10 0.42 0.03 7.30 0.20 20.71 

227 3821 2.99 0.07 -26.05 0.09 0.29 0.01 3.39 0.08 14.28 

228 3846 3.21 0.04 -25.64 0.10 0.35 0.02 3.63 0.10 12.17 

229 3871 2.86 0.07 -26.17 0.09 0.29 0.01 3.37 0.08 13.84 

230 3896 3.12 0.04 -26.22 0.10 0.31 0.02 3.00 0.09 11.37 

231 3919 2.92 0.07 -26.24 0.09 0.24 0.01 2.84 0.07 14.26 

232 3942 2.77 0.04 -26.65 0.10 0.36 0.02 3.32 0.09 11.08 

233 3963 2.52 0.07 -26.46 0.09 0.24 0.01 2.92 0.07 14.33 

234 3984 2.55 0.04 -26.66 0.10 0.43 0.03 4.16 0.12 11.52 

235 4006 2.63 0.07 -26.16 0.09 0.30 0.01 3.43 0.09 13.62 

236 4027 2.95 0.04 -26.06 0.10 0.35 0.02 3.34 0.09 11.28 
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237 4048 2.75 0.07 -26.61 0.09 0.28 0.01 3.48 0.09 14.87 

238 4071 2.67 0.04 -27.03 0.10 0.36 0.02 3.32 0.09 10.92 

239 4092 2.90 0.07 -27.12 0.09 0.31 0.02 3.61 0.09 13.99 

240 4115 2.69 0.04 -27.00 0.10 0.40 0.03 3.72 0.11 10.93 

241 4137 3.03 0.13 -26.62 0.11 0.38 0.05 3.31 0.24 10.84 

242 4159 3.13 0.04 -26.92 0.10 0.37 0.02 3.47 0.10 11.08 

243 4181 3.12 0.13 -25.79 0.11 0.35 0.04 3.27 0.24 11.88 

244 4203 3.25 0.04 -26.08 0.10 0.35 0.02 3.41 0.10 11.48 

245 4225 3.18 0.13 -25.63 0.11 0.37 0.05 3.41 0.25 11.77 

246 4245 3.33 0.04 -25.96 0.10 0.35 0.02 3.58 0.10 12.07 

247 4264 3.14 0.13 -25.61 0.11 0.35 0.04 3.42 0.25 12.21 

248 4283 3.17 0.04 -25.82 0.10 0.35 0.02 3.42 0.10 11.53 

249 4301 3.26 0.13 -25.45 0.11 0.35 0.04 3.41 0.25 12.16 

250 4318 3.20 0.04 -25.63 0.10 0.35 0.02 3.65 0.10 12.26 

251 4335 3.36 0.13 -25.48 0.11 0.31 0.04 3.13 0.23 12.6 

252 4352 3.95 0.04 -26.47 0.10 0.41 0.03 4.26 0.12 12.23 

253 4368 2.14 0.13 -27.27 0.11 0.45 0.06 5.18 0.37 14.07 

254 4384 2.49 0.04 -27.27 0.10 0.42 0.03 4.08 0.12 11.48 

255 4399 NA 0.13 -26.88 0.11 0.13 0.02 1.21 0.08 10.73 

256 4414 2.62 0.04 -26.81 0.10 0.41 0.03 3.96 0.11 11.57 

257 4428 2.61 0.13 -25.99 0.11 0.43 0.05 4.01 0.29 11.77 

258 4444 2.65 0.04 -25.89 0.10 0.38 0.02 3.46 0.10 10.67 

259 4460 2.74 0.13 -25.56 0.11 0.39 0.05 3.62 0.26 11.81 

260 4477 2.92 0.04 -26.03 0.10 0.35 0.02 3.36 0.10 11.34 

261 4494 2.5 0.13 -25.47 0.11 0.36 0.05 3.12 0.23 10.9 

262 4511 2.46 0.04 -25.89 0.10 0.36 0.02 3.28 0.09 10.79 

263 4528 2.52 0.13 -25.71 0.11 0.38 0.05 3.38 0.25 11.22 
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264 4545 2.63 0.04 -26.28 0.10 0.36 0.02 3.31 0.09 10.87 

265 4562 2.47 0.13 -26.07 0.11 0.35 0.04 3 0.22 10.86 

266 4581 2.43 0.04 -27.10 0.10 0.39 0.02 3.70 0.10 11.30 

267 4600 2.25 0.13 -27.12 0.11 0.4 0.05 3.55 0.26 11.27 

268 4620 2.51 0.04 -27.70 0.10 0.36 0.02 3.28 0.09 10.85 

269 4640 2.41 0.13 -27.46 0.11 0.37 0.05 3.22 0.23 11.07 

270 4660 2.40 0.04 -28.07 0.10 0.38 0.02 3.64 0.10 11.31 

271 4679 2.41 0.13 -27.78 0.11 0.39 0.05 3.49 0.25 11.25 

272 4701 2.33 0.04 -28.62 0.10 0.37 0.02 3.53 0.10 11.35 

273 4724 2.33 0.13 -28.34 0.11 0.36 0.05 3.24 0.24 11.39 

274 4749 2.05 0.04 -28.67 0.10 0.36 0.02 3.58 0.10 11.80 

275 4774 2.36 0.13 -28.3 0.11 0.33 0.04 3.06 0.22 11.68 

276.5 4800 2.52 0.04 -28.29 0.10 0.36 0.02 3.33 0.09 10.98 

277 4825 2.57 0.13 -27.76 0.11 0.37 0.05 3.28 0.24 11.14 

278 4849 2.94 0.04 -27.60 0.10 0.33 0.02 3.14 0.09 11.26 

279 4873 3.41 0.13 -26.27 0.11 0.28 0.04 2.7 0.19 12.06 

280 4899 3.29 0.04 -26.73 0.10 0.32 0.02 2.99 0.09 10.93 

281 4925 2.92 0.13 -26.01 0.11 0.35 0.04 3.24 0.24 11.7 

282 4953 3.36 0.04 -26.61 0.10 0.33 0.02 3.29 0.09 11.71 

283 4980 2.92 0.13 -26.4 0.11 0.34 0.04 3.3 0.24 12.28 

284 5006 2.92 0.04 -27.44 0.10 0.36 0.02 3.39 0.10 11.29 

285 5031 NA 0.13 -27.91 0.11 0.16 0.02 1.54 0.11 11.51 

286 5054 2.79 0.04 -28.10 0.10 0.39 0.03 4.21 0.12 12.79 

287 5077 3.28 0.13 -26.91 0.11 0.38 0.05 3.53 0.26 11.76 

288 5099 3.38 0.04 -26.27 0.10 0.34 0.02 3.33 0.09 11.64 

289 5121 3.12 0.13 -25.69 0.11 0.37 0.05 3.49 0.25 11.96 

290 5144 3.23 0.04 -26.12 0.10 0.35 0.02 3.55 0.10 11.92 
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291 5167 3.07 0.13 -25.79 0.11 0.37 0.05 3.53 0.26 12.05 

292 5189 2.84 0.04 -26.48 0.10 0.37 0.02 3.72 0.11 11.87 

293 5211 3 0.13 -26.03 0.11 0.37 0.05 3.55 0.26 12.01 

294 5233 2.43 0.04 -28.30 0.10 0.35 0.02 3.19 0.09 10.79 

295 5253 2.5 0.13 -27.66 0.11 0.34 0.04 2.89 0.21 10.67 

296 5273 2.84 0.04 -27.54 0.10 0.35 0.02 3.25 0.09 10.94 

297 5293 2.89 0.13 -26.33 0.11 0.35 0.04 3.08 0.22 11.2 

298 5312 2.67 0.04 -26.06 0.10 0.35 0.02 3.58 0.10 12.03 

299 5331 3 0.13 -26.14 0.11 0.33 0.04 3.17 0.23 12.05 

300 5351 2.30 0.04 -27.85 0.10 0.38 0.02 3.37 0.10 10.60 

301 5372 2.84 0.13 -27.31 0.11 0.38 0.05 3.55 0.26 11.68 

302 5393 3.10 0.04 -27.50 0.10 0.39 0.03 3.73 0.11 11.30 

303 5414 2.49 0.13 -27.48 0.11 0.38 0.05 3.33 0.24 11.18 

304 5435 2.77 0.04 -28.00 0.10 0.37 0.02 3.60 0.10 11.66 

305 5457 2.56 0.13 -27.49 0.11 0.35 0.04 3.1 0.22 11.17 

306 5483 2.89 0.04 -27.98 0.10 0.36 0.02 3.44 0.10 11.24 

307 5514 2.56 0.13 -27.56 0.11 0.38 0.05 3.48 0.25 11.46 

308 5546 2.85 0.04 -27.74 0.10 0.40 0.03 3.78 0.11 11.27 

309 5578 2.81 0.13 -27.42 0.11 0.4 0.05 3.77 0.27 11.77 

310 5609 2.57 0.09 -26.88 0.09 0.35 0.01 3.86 0.04 12.84 

311 5641 3 0.13 -25.78 0.11 0.33 0.04 3.19 0.23 12.33 

312 5673 10.11 0.09 -25.43 0.09 0.27 0.01 3.16 0.03 13.53 

313 5705 2.73 0.13 -25.61 0.11 0.33 0.04 3.25 0.24 12.51 

314 5736 2.11 0.09 -25.62 0.09 0.26 0.01 3.07 0.03 13.57 

315 5768 3.01 0.13 -27.18 0.11 0.35 0.04 3.04 0.22 11.08 

316 5799 1.96 0.09 -27.2 0.09 0.23 0.01 2.44 0.03 12.61 

317 5830 2.66 0.13 -27.02 0.11 0.4 0.05 3.67 0.27 11.53 
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318 5861 NA 0.09 -26.59 0.09 0.14 0 1.69 0.02 13.71 

319 5893 2.9 0.13 -26.25 0.11 0.3 0.04 2.76 0.2 11.58 

320 5926 2.81 0.09 -26.18 0.09 0.2 0.01 2.75 0.03 16.41 

321 5959 3.2 0.13 -25.63 0.11 0.32 0.04 3.07 0.22 12.24 

322 5994 2.59 0.09 -25.61 0.09 0.27 0.01 3.16 0.03 13.8 

323 6029 2.9 0.13 -25.97 0.11 0.37 0.05 3.36 0.24 11.32 

324 6065 1.72 0.09 -26 0.09 0.31 0.01 3.35 0.04 12.71 

325 6102 2.87 0.13 -25.55 0.11 0.35 0.04 3.22 0.23 11.77 

326 6148 2.55 0.09 -26.11 0.09 0.27 0.01 2.97 0.03 12.67 

327 6202 2.97 0.13 -26.47 0.11 0.36 0.05 3.7 0.27 12.99 

328 6259 2.6 0.09 -26.29 0.09 0.24 0.01 2.66 0.03 12.77 

329 6319 NA 0.13 -26.47 0.11 0.14 0.02 1.41 0.1 12.09 

330 6380 2.88 0.05 -26.87 0.13 -0.01 0.00 1.42 0.09 -183.99 

331 6441 NA 0.09 -26.19 0.09 0.06 0 0.8 0.01 15.75 

332 6504 3.12 0.13 -26.04 0.11 0.34 0.04 3.25 0.24 12.19 

333 6565 2.47 0.09 -25.74 0.09 0.33 0.01 3.87 0.04 13.59 

334 6624 2.89 0.13 -25.6 0.11 0.35 0.04 3.53 0.26 12.87 

335 6680 2.83 0.09 -25.5 0.09 0.29 0.01 3.35 0.04 13.28 

336 6733 2.94 0.13 -25.68 0.11 0.36 0.05 3.45 0.25 12.1 

337 6785 -1.25 0.09 -25.59 0.09 0.3 0.01 3.39 0.04 13.21 

338 6837 2.84 0.13 -25.67 0.11 0.36 0.05 3.38 0.25 11.82 

339 6888 2.32 0.09 -25.53 0.09 0.29 0.01 3.35 0.04 13.35 

340 6940 2.87 0.05 -25.89 0.13 0.27 0.01 3.57 0.26 16.59 

341 6991 1.83 0.09 -25.8 0.09 0.31 0.01 3.45 0.04 13.15 

342 7042 3.07 0.05 -26.40 0.13 0.16 0.00 2.68 0.19 20.49 

343 7094 2.28 0.09 -26.42 0.09 0.3 0.01 3.16 0.03 12.44 

344 7146 3.12 0.05 -26.16 0.13 0.27 0.01 3.32 0.24 15.07 
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345 7201 2.86 0.09 -25.78 0.09 0.28 0.01 2.96 0.03 12.23 

346 7262 2.88 0.05 -26.40 0.13 0.09 0.00 1.97 0.13 23.85 

347 7330 2.94 0.09 -26 0.09 0.27 0.01 2.92 0.03 12.77 

348 7396 3.12 0.05 -26.50 0.13 0.25 0.00 3.51 0.25 17.41 

349 7459 1.14 0.09 -26.68 0.09 0.29 0.01 3.18 0.03 12.74 

350 7520 3.00 0.05 -27.21 0.13 0.25 0.00 3.61 0.26 17.96 

351 7582 1.14 0.09 -26.76 0.09 0.24 0.01 2.68 0.03 12.86 

352 7646 3.03 0.05 -26.35 0.13 0.25 0.00 3.65 0.26 17.97 

353 7712 1.5 0.09 -26.45 0.09 0.32 0.01 3.7 0.04 13.62 

354 7781 3.15 0.05 -26.89 0.13 0.21 0.00 3.58 0.26 20.66 

355 7887 3.15 0.09 -26.55 0.09 0.3 0.01 3.44 0.04 13.28 

356 8020 3.70 0.05 -27.11 0.13 0.20 0.00 2.66 0.19 15.89 

357 8162 3.66 0.09 -26.07 0.09 0.26 0.01 2.94 0.03 13.41 

358 8288 3.61 0.05 -26.46 0.13 0.18 0.00 2.52 0.18 16.49 

359 8380 4.44 0.27 -27.82 0.21 0.14 0.012 1.46 0.08 11.78 

360 8460 4.57 0.27 -28.36 0.21 0.09 0.008 0.85 0.05 10.73 

361 8524 4.31 0.05 -27.13 0.13 0.00 0.00 1.09 0.07 429.22 
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APPENDIX E: SEDIMENTARY CELLULOSE OXYGEN ISOTOPE DATA 

Table A2: Sedimentary cellulose oxygen isotope data from Lake Motosu.  

Depth  
(c.m.c.d.) 

Age 
(cal. year B.P.) 

δ18O  
(‰) 

δ18O error  
(‰) 

TO  
(%) 

TO error 
(%) 

16.5 675 22.73 0.39 37.27 2.09 

31.5 861 23.25 0.43 41.13 2.48 

36 923 22.70 0.39 45.94 2.57 

40.5 984 23.44 0.43 42.60 2.56 

44 1034 22.18 0.39 43.27 2.42 

60 1254 23.80 0.39 38.61 2.16 

68 1350 23.40 0.39 45.06 2.52 

84 1600 22.62 0.39 47.26 2.65 

92 1679 24.11 0.39 43.02 2.41 

108 1851 23.66 0.39 40.31 2.26 

116 1950 23.71 0.39 38.24 2.14 

132 2228 23.07 0.39 44.11 2.47 

149 2532 23.73 0.43 37.96 2.29 

156 2641 23.70 0.39 40.83 2.29 

164 2752 22.29 0.39 43.18 2.42 

165 2766 22.67 0.43 39.62 2.39 

172 2877 22.33 0.39 45.42 2.54 

174 2904 22.77 0.43 40.61 2.44 

180 2980 23.34 0.43 33.45 2.01 

183.5 3018 22.08 0.43 38.46 2.32 

188 3091 23.34 0.43 33.45 2.01 

212 3385 23.04 0.39 44.85 2.51 

252 4352 22.10 0.39 46.90 2.63 

260 4477 23.30 0.39 43.18 2.42 

276 4800 23.91 0.39 29.71 1.66 

284 5006 22.35 0.39 40.91 2.29 

300 5351 20.05 0.43 35.98 2.17 

308 5546 22.91 0.39 36.98 2.07 

324 6065 23.14 0.39 38.11 2.13 

332 6504 22.47 0.43 38.13 2.30 

348 7396 22.22 0.39 43.33 2.43 

356 8020 21.50 0.39 37.87 2.12 
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APPENDIX F: LOCATION OF PROPOSED TURBIDITES 

 
Figure A3: Lake Motosu elemental and isotopic data. Grey vertical lines indicate the location of 

proposed turbidites following Lamair et al. (2018). 
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APPENDIX G: SPECTRAL ANALYSIS 

 

 
 

Figure A4: Spectral analysis of TN and δ15N from Lake Motosu. Green lines show chi2 99% 

confidence (upper), 95% confidence (middle) and 90% confidence (lower) levels.  
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APPENDIX H: WAVELET ANALYSIS 
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Figure A5: Wavelet analysis of palaeoclimate proxies from Lake Motosu. Higher powers occur at 

frequencies which are present in each record. Black line represents the cone of influence, within 

which the analysis is interpretable. 

δ15N 

Age (cal. year B.P.)  

F
re

q
u

en
cy

 (
y

ea
r-1

) 
 

Power  



Sarah McDonald 

Lake Motosu palaeoclimate 

 

74 

 

APPENDIX I: CROSS-WAVELET ANALYSIS 

 

Figure A6: Cross-wavelet analysis of Lake Motosu geochemical data with total solar insolation 

(Steinhilber et al., 2012). Black lines indicate periodicities significant at the 95% confidence 

interval. White shading represents the cone of influence, within which the analysis is interpretable. 
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Figure A7: Cross-wavelet analysis of Lake Motosu geochemical data with West Pacific Warm Pool 

sea surface temperatures (Stott et al., 2004). Black lines indicate periodicities significant at the 95% 

confidence interval. White shading represents the cone of influence, within which the analysis is 

interpretable. 
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APPENDIX J: ORIGINAL DATASETS INCLUDED IN MULTI-PROXY SYNTHESIS 

 

Figure A8: Original datasets included in multi-proxy synthesis arranged north to south. Grey lines represent original data. Shading represent chronological 

uncertainties calculated on 10,000 age model iterations (dark = 68%, light = 90%). Axes are orientated such that wetter conditions plot upwards.  
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APPENDIX K: CORRELATION BETWEEN LAKE MOTOSU AND REGIONAL 
CLIMATE 

Figure A9: Rolling correlation between the C/N ratio in Lake Motosu and regional climate. Top: 

GAM fitted to Lake Motosu C/N data. Middle: Second principal component (PCA2) of East Asian 

climate. Bottom: rolling correlation between C/N and PCA2 calculated over 1.6 ka windows. An R 

value of -1 implies total negative correlation, a value of 0 implies no correlation and a value of 1 

implies total positive correlation. 
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APPENDIX L: EXCLUDED TURBIDITES 

 

Figure 10: Lake Motosu elemental and isotopic data. Horizontal lines indicate mean values. Grey 

shading indicates proposed turbidite layers which were excluded from analysis 


