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1.! Tropical paleoclimatology 

 

A comprehensive discourse on global climate change should include an 

assessment of the tropical climate mean state and its variability. The tropics receive most 

of the Earth's incoming solar insolation and subsequently release the energy as latent heat 

that drives the global atmospheric circulation and energy cycle (Peixoto and Oort 1992, 

Qu et al. 2005). Warm waters in the tropics serve as a major source of global water vapor, 

energizing the Earth’s water cycle (Meehl 1987). Further, climate anomalies in the 

tropics affect climate around the globe through atmospheric teleconnections (Cane and 

Clement 1999). A firmer understanding of tropical climatology will therefore shed light 

on feedbacks associated with global water and energy cycles, which will lead to better 

predictions of climate change regionally and globally. However, direct observations of 

climate in the tropics are limited to only the last two centuries, and often even less. To 

capture a more complete spectrum of tropical climate variations and expand our frame of 

reference regarding current anthropogenic climate change, we need to study the climates 

of time periods prior to instrumental observations (i.e. paleoclimatology) using indirect 

methods (i.e. climate proxies), such as fossil pollen and plankton in sediment cores, 

isotopic and elemental ratios in corals and cave stalagmites, and tree growth ring data. 

Within the tropics, the Earth's three main convective centers are located over 

central Africa, the Amazon, and the Indonesian archipelago. The monsoon region of 

Indonesia is the largest of these, and is the most dominant source of convective activity 

on Earth (Meehl 1987). This region, situated over the Indo-Pacific Warm Pool, 

persistently has sea surface temperatures (SST) higher than 28°C, making its seawaters 
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the warmest in the world. The Indonesian archipelago, comprised of thousands of islands 

of various sizes, mountainous terrain, narrow peninsulas, and many shallow seas (Figure 

1), is also known to climatologists, meteorologists, and oceanographers as the Maritime 

Continent, reflecting the extensive climatic interactions between sea and land occurring 

across the region. The warm waters of the Maritime Continent, the tropical heating of 

land surfaces, and the upward motion of warm air forced by mountainous terrains 

generate extensive buoyant and moist convection in this region (Ramage 1968, Dayem et 

al. 2007). This convection transfers large amounts of energy to the upper-atmosphere and 

contributes to both the meridional (north-south) circulation toward the extra-tropics (i.e. 

the Hadley Circulations) and the zonal (east-west) circulation within the tropics (i.e. the 

Walker Circulations; Neale and Slingo 2003). Indeed, the Maritime Continent has been 

described as an atmospheric boiler box for its central role in the global circulation system 

(Ramage 1968), highlighting the necessity to rigorously assess its past and present 

climates. A thorough understanding of key mechanisms controlling the archipelago’s 

climate variations through time is particularly useful to constrain global climate model 

projections of future changes. 

 

2.! Indonesian rainfall: the past is the key to the present and future 

 

The most important climate variable in Indonesia is rainfall. Given the large 

amount of convection, Indonesia has among the highest annual rates of precipitation in 

the world. However, significant variations in average rainfall, from 4 to more than 10 

mm/day (Figure 2) are found on a range of temporal and spatial scales, reflecting the 
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complexity of regional convective activity. Present-day rainfall variability in Indonesia is 

influenced by various interrelated components, including the Intertropical Convergence 

Zone (ITCZ) , Australian-Indonesian Monsoon (AIM), regional SST, El Niño Southern 

Oscillation (ENSO), and Indian Ocean Dipole (IOD). On the annual scale, the lowest 

precipitation is found in southeastern Indonesia, i.e. above Nusa Tenggara, in part 

because the modern-day mean position of the ITCZ is slightly north of the equator. On 

the seasonal scale, the dominant control of rainfall variability is the AIM, which is highly 

influenced by the latitudinal position of the ITCZ (Aldrian and Susanto 2003). Most of 

Indonesia experiences a distinct rainfall peak during December-February, when seasonal 

heating of the southern hemisphere causes the ITCZ to shift south of the equator 

associated with a strengthening of northwesterly flow in the AIM (Figure 3). The 

northwest monsoon brings a considerable amount of moisture from the South China Sea, 

western Pacific Ocean, and eastern Indian Ocean to most of Indonesia. During June-

August, most of Indonesia experiences a dry season, when the ITCZ lies north of the 

archipelago, and strong monsoonal winds blow from the southeast, carrying relatively dry 

air masses from Australia and its vicinity (Figure 3). Exceptions are found in a few 

regions, particularly in the northwestern part of Sumatra and eastern Kalimantan, which 

have two rainfall maxima due to the double passing of the ITCZ each year (September-

November and March-May) (Aldrian and Susanto 2003). A local/antimonsoonal rainfall 

pattern is found in the Moluccas and parts of Papua, characterized by a single 

precipitation peak in June to July and a minimum peak in November to February, i.e. the 

opposite of the predominant monsoonal rainfall pattern, likely due to local orographic 

features (Aldrian and Susanto 2003).  
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The interannual variability of rainfall is mostly determined by ENSO (e.g. 

Hendon 2003, Kirono et al. 1999) and IOD (Saji and Yamagata 2003). ENSO is a 

quasiperiodic mode of variability that involves coupled changes in the SST of the tropical 

Pacific Ocean and air surface pressure in the tropical western Pacific via the Walker 

Circulation.  The warm SST phase in the eastern Pacific, El Niño, accompanies high 

surface pressure in the western Pacific, while the cold SST phase, La Niña, accompanies 

low air surface pressure in the western Pacific. During an El Niño event, these changes in 

SST and pressure cause the zonal Pacific Walker Circulation to weaken, which reduces 

rainfall over Indonesia due to the formation of an atmospheric subsidence zone. The 

Indian Ocean Dipole also affects interannual rainfall variability in Indonesia, and is 

characterized by SST anomalies between the west and east/southeast Indian Ocean. 

During the positive episode of IOD, SST in the western part of the Indian Ocean is 

warmer than usual, while the east/southeast Indian Ocean becomes cooler. As such, 

rainfall tends to decrease over some parts of Indonesia. Any variation in these interrelated 

climate systems likely leads to steep regional gradients in rainfall, with potential negative 

repercussions to humans. 

From the humanitarian and economic points of view, changes in the mean state 

and variability of rainfall in Indonesia affect the life and livelihoods of more than a 

quarter billion people living in the archipelago. Indeed, between 1980 and 2007, more 

than 174,000 Indonesians died in rainfall and drought-related disasters (CRED 2010). 

This death toll was the second highest in the world. Deviations from the twentieth-

century averages of rainfall, and the length of dry and rainy seasons due to variations in 

the AIM, ENSO and IOD may impact a variety of economic domains, including 
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agriculture, forestry, fisheries, transportation, and energy (e.g. Boer and Subbiah 2005, 

Naylor et al. 2007, Oktaviani et al. 2011). For example, a significant increase in rainfall 

intensity and frequency during the rainy season may lead to a higher risk of flooding and 

landslides, whereas delayed rainfall and a longer dry season in rice-producing regions 

mean less yield and more import of rice. During an unusually strong 1997-1998 El Niño 

event, Indonesia experienced a major shortfall of rice production, forcing imports to a 

record 5.8 million tons in 1998, the largest quantity of rice ever imported by a single 

nation (Baldwin et al. 2012). The El Niño-induced drought also exacerbated forest fires 

in Kalimantan and Sumatra in 1997-1998, triggered primarily by illegal rainforest and 

peatland clearing. Smoke and haze from the fires shrouded much of Sumatra, Singapore, 

the Malaysian Peninsula, and Kalimantan, at a total cost of some US$4.4 billion (Glover 

2001). The total economic costs of the 2015 fires, which coincided with a strong El Niño, 

might have cost the Indonesian government US$30 billion up until October 2015 (CIFOR 

2015). Further, drought-driven fires reduced the nation’s effort to cut total greenhouse 

gas emissions. During certain days, Indonesia’s daily emissions from the forest fires were 

larger than the daily emissions from the entire United States economy (World Resources 

Institute 2015).  

These negative impacts of rainfall changes underline the importance of delivering 

improved regional rainfall projections in order to enhance adaptive capacity and improve 

societal resilience to climate change. The recent Fifth Assessment Report by the 

Intergovernmental Panel on Climate Change relied heavily on climate simulations from 

more than thirty state-of-the-art Global Circulation Models (GCMs) to assess future 

changes under different scenarios of fossil fuel use. The simulation results indicate that 
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by 2100 the temperature across virtually all parts of Indonesia will increase by 2 to 4 °C 

and the annual precipitation may increase across the archipelago, except around Nusa 

Tenggara and part of the Moluccas (IPCC 2013). However, while most models agree on 

the trend and magnitude of temperature changes, there is little agreement on the trend and 

magnitude of rainfall changes (IPCC 2013). The fairly large spread among models in the 

prediction of Indonesian rainfall indicates uncertainties in the simulation of rain-

generating convective processes and difficulties arising from the complexity of 

Indonesian precipitation and geographical details (e.g. Neale and Slingo 2003, Jourdain et 

al. 2013). The challenge of successfully simulating Maritime Continent precipitation 

therefore serves as an excellent test for GCMs, as successful simulations imply that the 

model can correctly represent atmospheric activity on a range of temporal and spatial 

scales. Long-term reconstructions across different parts of Indonesia and from different 

climate boundary conditions than the present provide a useful framework to tackle this 

challenge and improve the efficacy of GCMs. 

The reconstructions of past rainfall from the Late Pleistocene-Holocene may 

provide the best benchmark to assess natural tropical climate variability. The Late 

Pleistocene includes the Last Glacial Maximum (LGM, ca. 26-19 kyr BP), when the 

global climate system was subject to large radiative perturbations and the Earth had very 

different climate boundary conditions than today. The last deglaciation (19-11 kyr BP) is 

one of the most dramatic periods of global climate change in the recent geologic past, and 

is the most recent time period when the Earth’s climate warmed due to large changes in 

atmospheric greenhouse gas concentrations. The Holocene (post-11 kyr BP), in contrast, 

is relatively stable and serves as the baseline conditions prior to recent anthropogenic 
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climate change. While the temperature history of Indonesia is relatively well-known 

during these time periods, Indonesian rainfall history during the Late Pleistocene-

Holocene remains unclear due to the limited number of proxy records and significant 

disagreement among proxy reconstructions in the direction and magnitude of regional 

precipitation change (Reeves et al. 2013 and references therein).  

At the heart of this disagreement is the state of Indonesian rainfall during the 

LGM. Pollen records generally indicate drier conditions prevailed in the Indonesian 

archipelago during the LGM (Reeves et al. 2013), though some pollen records from some 

areas within the archipelago do indicate wetter conditions instead (Newsome and Flenley 

1988, Kershaw et al. 2011, Reeves et al. 2013). Similarly, while proxies of terrigenous 

input in many areas indicate strongly reduced precipitation during the LGM (e.g. Russell 

et al. 2014), similar proxies from other parts of Indonesia indicate little evidence for large 

LGM–Holocene trends (e.g. Mohtadi et al. 2011), or even wetter LGM conditions (Shiau 

et al. 2011, Tachikawa et al. 2011). In recent years, many of the climate reconstructions 

in this region rely on proxies for changes in the isotopic composition of rainfall. Many 

past studies often conclude that the primary control of rainfall isotopes in the tropics is 

the ‘amount effect’, which describes the negative correlation between the isotopic 

composition of rainfall and rainfall amount, resulting from Rayleigh fractionation during 

rainout events (Dansgaard 1964, Rozanski et al. 1992). Speleothem-based rainfall δ18O 

values during the LGM from Borneo and Flores suggest that the sites were either wetter 

or have similar precipitations to today (Partin et al. 2007, Griffiths et al. 2009). However, 

the interpretation of past variations in tropical rainfall isotopes as an indicator of changes 

in the rainfall amount is widely debated (Sachse et al. 2012 and references therein), 
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compounding the uncertainty in regional paleoclimate. 

These discrepancies in the direction, magnitude, and interpretation of regional 

precipitation change have led to multiple competing hypotheses for the primary 

mechanisms controlling Indonesian rainfall on orbital-scales. These hypotheses include 

changes in atmospheric greenhouse gas levels (e.g. Tachikawa et al. 2013), orbital 

variations (e.g. Holbourn et al. 2005, Kershaw et al. 2011, Tierney et al. 2012, Carolin et 

al. 2013), shifts in sea surface temperatures (e.g. Hope et al. 1976, Hope 2007), ice 

volume changes (e.g. Lee et al. 2014, Russell et al. 2014), as well as regional changes 

related to the aerial exposure of the Sunda and Sahul Shelves (Griffiths et al. 2009, Partin 

et al. 2007, diNezio and Tierney 2013, Dubois et al. 2014, Niedermeyer et al. 2014). 

Similarly, at the other end of the temporal spectrum, Late Pleistocene-Holocene 

Indonesian rainfall is also affected by shorter-term millennial-scale climate oscillations 

and major volcanic eruptions, though the exact circumstances, amplitudes, and 

mechanisms through which these events influence regional climate are still widely 

debated (e.g. Robock et al. 2009, Anchukaitis et al. 2010, Muller et al. 2012). In light of 

existing uncertainties regarding Indonesian paleoclimatology, this thesis should help 

answer the following questions: 

1)! How has the Indonesian rainfall varied during the Late Pleistocene-Holocene and 

what climate forcing(s) caused those variations? (Chapters 2-4) 

2)! What are the primary climatic processes controlling rainfall isotopes in Indonesia 

on orbital scales? (Chapters 3-4)  

3)! Can a major volcanic eruption generate strong, long-term climatic impacts in the 

region? (Chapter 5) 
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3.! Indonesian vegetation in the past, present, future 

 

The distribution of vegetation in Indonesia is strongly regulated by the amount of 

rainfall and its seasonality, as well as by temperature, which varies with elevation (Peel et 

al. 2007). In the present, the high annual precipitation rates and warm temperatures, along 

with low precipitation seasonality observed across most of Indonesia, give rise to 

widespread lowland ever-wet or evergreen rainforests below the elevation of 1000 m 

(Göltenboth et al. 2006). This forest type grades to montane cloud forests and 

subalpine/alpine vegetation at colder, higher elevation regions. Such gradations in forest 

types are common on major Indonesian islands including Sumatra, Java, Kalimantan, 

Sulawesi and Papua. In waterlogged lowland areas, typical of Sumatra’s eastern 

coastlands, southern Kalimantan, and southern Papua, the rainforests are replaced by 

swamp forests, and along sheltered shores on many Indonesian islands, the swamp forests 

and rainforests are replaced by mangroves (Göltenboth et al. 2006). In contrast to these 

“wet” vegetation assemblages, grasslands are regularly seen where rainfall is lower and 

precipitation seasonality is higher, such as on Nusa Tenggara,the Lesser Sunda Islands, 

southeastern Java, and southeast Papua (Peel et al. 2007). The strong linkage between 

precipitation and vegetation distribution in Indonesia is particularly evident in the 

Koppen-Geiger climate classification map, which is partly derived from the native 

vegetation cover across the archipelago (Figure 2).  

Changes in land use have rapidly reduced the extent of pristine land cover in the 

country. Though humans have for centuries logged and cleared primary rainforests for 
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agriculture in the wetter, densely populated regions such as Java and Bali, forests still 

represented 84 percent of Indonesia’s total land area as late as 1900 (Holmes 2000). 

However, by 2013, forest cover was only 51 percent of the total land area (World Bank 

2015). The rate of deforestation has accelerated since the 1970s, particularly in Sumatra, 

Kalimantan, and Sulawesi, due to intensified logging and the burning of forests to clear 

land for cultivation or plantation, most of which were conducted illegally (Holmes 2000). 

The massive conversion, degradation, and fragmentation of Indonesian forests is causing 

biodiversity decline of the rainforest ecosystem. For many flora and fauna taxa inhabiting 

the forests, the movement towards their extinction might be irreversible, as there are few 

refugia left from which to replenish their species.  

Climate change might also produce detrimental impacts on biodiversity, although 

many of the mechanisms through which climate change will affect Indonesian rainforests 

are still poorly understood. Studies in other parts of the tropics suggest that global 

warming will increase mortality rates of certain tropical forest species during increasingly 

common heat waves (Allen et al. 2010), encourage the spread of diseases among many 

taxa (Sturrock et al. 2011), and exacerbate the risk of extinction for high-elevation 

species and those with limited climatic ranges (Foster 2001). Further, rising temperatures 

might elevate the cloud base of tropical mountains, which could have a profound impact 

on montane rainforests in need of persistent cloud cover (Bruijnzeel 2001). A world with 

more El Niño events will induce droughts that may increase tree mortality and 

flammability, therefore exacerbating the effects of forest fires (Siegert et al. 2001). 

Indeed, increasing variability in future rainfall intensity and frequency is predicted to 

decrease the extent of ever-wet zones in Indonesia (Underwood et al. 2014). Importantly, 
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these vegetation changes might feed back to the climate system. A reduced extent of 

tropical rainforests may decrease evapotranspiration, with important implications for 

water and energy balance (Olchev et al. 2008). Given predicted changes in terrestrial 

vegetation due to anthropogenic activities and climate change, it is critical to understand 

the long-term stability and sensitivity of Indonesian rainforest ecosystems.  

The nature of Late Pleistocene-Holocene terrestrial landscapes across Indonesia is 

largely unknown, and the limited evidence is contradictory, in particular for the LGM. 

Palynological or pollen records from southeastern Indonesia (Kershaw et al. 2011, van 

der Kaars et al. 2000) and Java (van der Kaars et al. 2001) indicate expansion of grasses 

and more open vegetation during the LGM, usually associated with a drier climate. 

However, evidence for continuous ever-wet or closed-canopy vegetation during the LGM 

exist from sites in Sumatra (Newsome and Flenley 1988), Papua (Hope and Tulip 1994), 

and Kalimantan/Borneo (Anshari et al. 2004, Wurster et al. 2010). These obervations 

often contrast with paleoclimate studies; for instance, speleothem isotopic records 

(Ayliffe et al. 2013) suggest a wetter climate accompanied grassland expansion in 

southeast Indonesia.  Modeling studies indicate an even greater extent of rainforest across 

Sundaland during the LGM due to sea level declines (Cannon et al. 2009, Woodruff 

2010), leading to the hypothesis that Indonesian rainforests are currently in a geographic 

refugial state, due to the restricted island geography under present-day high sea levels. 

More vegetation records, especially from the regions where existing data are scarce, are 

needed to assess the nature of Indonesian vegetation change through time.  

In view of these challenges, new data presented in thesis shall help answer the 

following questions: 
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4)! How does Indonesian vegetation respond to Late Pleistocene-Holocene rainfall 

changes? (Chapters 2-4) 

5)! Are there any differences in vegetation response to precipitation change across 

spatial and altitudinal gradients? If so, why? (Chapters 2-4) 

 

4.! Thesis outline and highlights 

 

This thesis is devoted to closing our knowledge gaps in the states of Indonesian 

rainfall and vegetation and their governing climatic mechanisms during the Late 

Pleistocene, in particular during the LGM, and Holocene. The geographic foci of this 

thesis are central and eastern Indonesia, where existing paleorainfall and paleovegetation 

reconstructions are sparse and often contradictory. In this thesis, chapters 2-5 have each 

been written in the form of self contained papers that have been published or will be 

submitted for peer-reviewed publication. 

Chapter 2 presents a discussion of hydrological and vegetation records in central 

Sulawesi over the past 50 kyr BP based on lacustrine records from Lake Matano. Leaf 

wax carbon isotope records (δ13Cwax) indicate strong glacial-interglacial climate changes, 

with drying and forest opening around the catchments of Lake Matano and nearby Lake 

Towuti during Marine Isotope Stage 2 / LGM. This orbital-scale variation in central 

Sulawesi vegetation and hydroclimate appears most strongly correlated to ice volume 

changes. However, Lake Matano experienced less reduction in precipitation compared to 

Towuti, which sits at a lower elevation, suggesting the importance of altitudinal 

difference in controlling rainfall and vegetation changes in Indonesia. In particular, the 
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high mountains of the Maritime Continent likely served as glacial refugia for rainforests. 

Chapter 3 reviews hydrological and vegetation changes in central Indonesia or the 

Wallacean region since the LGM, and presents new δ13Cwax as well as hydrogen isotopic 

data from leaf waxes (δDwax) from marine cores collected offshore of west Sulawesi. 

These data were compared with existing data from the region to better understand 

changes in mean rainfall and seasonality during the LGM. The records strongly suggest 

widespread drying and possibly a more seasonal climate in the Wallacean region during 

the LGM, similar to results from Lake Matano. Further, the leaf wax proxy records help 

elucidate the climate processes controlling rainfall isotope variations through time. 

Mandar Bay δ13Cwax was anti-correlated with δDwax during the LGM and the last 

deglaciation, but was positively correlated during most of the Holocene, indicating time-

varying controls on the isotopic composition of rainfall. This result may help to reconcile 

conflicting interpretations of speleothem δ 18O and other proxy records over the Maritime 

continent.  The rapid inundation of the Sunda Shelf between 11 and 9 kyr BP altered the 

region’s atmospheric circulation and modified primary controls on precipitation isotope 

compositions, explaining long-standing issues in the interpretation of precipitation 

isotope data from the region. 

Chapter 4 examines the spatial variability among Indonesian rainfall records in 

the past 16 kyr BP. In contrast to central Indonesia (Sulawesi), δ13Cwax and δDwax data 

measured on sediment cores from Cenderawasih Bay, offshore from north Papua, are 

strongly positively correlated throughout the past 16 kyr BP, indicating that the amount 

of rainfall has been the chief mechanism controlling both northern Papuan vegetation and 

precipitation isotopes since the last deglaciation. In contrast to records from Sulawesi, the 
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significant reduction in precipitation between 11 and 6 kyr BP, accompanied by an 

expansion of grasses, indicates that northern Papua precipitation is primarily controlled 

on orbital scales by southern hemisphere summer insolation and the associated 

meridional ITCZ movement through the tropics. Further, these proxy records inform our 

understanding of the interactions between humans and the Papuan environment during 

the Holocene. 

Chapter 5 describes the discovery of a thick tephra layer in Lake Towuti in central 

Sulawesi, currently dated to ~74 kyr BP, as evidence for a major volcanic eruption in the 

region at that time. Analyses of tephra geochemistry reject our initial hypothesis that the 

tephra originated from the Younger Toba supereruption ca. 75 kyr BP. Instead, the data 

point to a large eruption likely in northern Sulawesi. Analyses of lacustrine 

paleoproductivity, redox-sensitive and detrital sediment indicators, and vegetation 

(δ13Cwax) records on sediment samples deposited immediately above and below the ash 

suggest that there was limited or no long-term climatic and environmental response to 

this major eruption and the associated tephra emplacement. 

 

5.! Broader implications and perspectives for moving forward 

 

This thesis addresses outstanding questions in tropical paleoclimatology related to 

the dynamics of Indonesian rainfall. New paleovegetation and paleorainfall records from 

central Sulawesi and northern Papua, along with other regional records, highlight the 

dominant role of the ITCZ, as opposed to ENSO-like variability, in controlling regional 

rainfall. The mean states of Indonesian rainfall have shifted between different modes of 
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equilibrium in the Late Pleistocene-Holocene due to perturbations to the ITCZ imposed 

by changes in northern hemisphere ice volume, insolation, and Sunda Shelf exposure. 

Most of Indonesia was likely drier than present in the LGM due to remote high latitude 

forcings associated with ice volume and thickness. However, the discrepancies in 

precipitation between Papua and central Indonesia imply strong spatial variations in 

convective structure and different regional sensitivities to these climate forcings and 

ITCZ position within Indonesia, with important implications to the projections of future 

climate in the region. Further, relatively abrupt transitions into and out of the dry period 

were observed in Papua, suggesting the potential for a non-linear response of the regional 

rainfall shift to gradual changes in climate forcing. The sensitivity and non-linearity of 

tropical climate responses to forcings and boundary conditions need to be investigated 

further through regional climate models.  

A major volcanic eruption such as the Younger Toba supereruption ca. 75 kyr BP 

may also serve as a major climate forcing. While the exact mechanisms and temporal 

scales of eruption-induced climatic change are still widely debated (Williams 2012), 

environmental proxy records from a lake in central Sulawesi suggests that regional 

climatic changes generated by a major eruption in north Sulawesi ca. 74 kyr BP, if any, 

would have a short temporal scale below the centennial scale of the proxy records. This 

result suggests that future studies on this topic should consider proxies and/or sites with 

higher temporal resolutions.  

Indonesian vegetation appears to be sensitive to major precipitation changes. 

Rapid shifts from rainforests to grasslands (and vice versa) may accompany relatively 

abrupt changes from wetter to drier conditions (and vice versa), as is the case of northern 
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Papuan vegetation. However, further research involving high-resolution paleovegetation 

records from other parts of Indonesia and other intervals of major climate change are 

needed to better understand the threshold sensitivities of tropical vegetation and how past 

climate changes have structured the present-day vegetation. The local topographic setting 

also has a significant impact on rainfall, and therefore plant type variations, as shown in 

the central Sulawesi studies. In particular, mountains served as rainforest refugia during 

less-than-optimal climate intervals, with important implications for the maintenance and 

management of regional biodiversity in the present and future. Higher elevation regions 

should become a top conservation priority amidst the double threat of climate change and 

deforestation on Indonesian montane rainforests. Based on these studies, we can develop 

a hypothetical map of inferred vegetation distribution across central Indonesia (Figure 4), 

highlighting the expansion of grasslands and open vegetation type and indicating the high 

elevation areas that likely remained forested during the LGM.    

Finally, this thesis elucidates various aspects of the application of leaf wax 

proxies. Marine records of leaf wax data reflect a spatially broader regional view of 

hydroclimatic changes compared to those from lacustrine records. The far fewer 

millennial- and centennial-scale precipitation pattern variations in the marine records 

compared to the lacustrine records might indicate a “smoothing effect” by transported 

leaf waxes. Further, leaf wax proxies can be considered semi-quantitative, given the non-

linear secondary parameters in the conversion of rainfall to proxy data. These secondary 

parameters are mostly related to plant physiology and soil conditions, suggesting that 

future work should focus on constraining these non-climate variables in the tropics. The 

coupled use of δ13Cwax and δDwax may remove some of these uncertainties, as has been 
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attempted in this thesis, but this approach needs further improvement. The coupling of 

leaf wax proxy data is also particularly useful in clarifying the climate processes 

controlling rainfall isotope variations through time. The central Sulawesi data strongly 

indicate that the rainfall amount effect is not always the dominant process controlling 

rainfall isotopes in the tropics, with broad implications for the interpretation of tropical 

climate records. In the case of central Indonesia, changes in the boundary conditions, 

particularly the inundation of Sunda shelf, appear to modify the relationship between 

rainfall isotopes and the amount effect.    
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Figure 1 Map of the Indonesian archipelago (the Maritime Continent) with major islands 

labeled. During the Last Glacial Maximum, the exposed Sundaland was separated from 

Sahulland by an array of islands and deep, narrow straits, termed Wallacea (Figure from 

GeoMapApp).  Areas exposed during the LGM are shaded in gray. 
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Figure 2 A) Annual surface precipitation climatology for Indonesia, from CPC Merged 

Analysis of Precipitation (Xie and Arkin 1997). The lowest precipitation rate occurs in 

the southeastern part of the archipelago. B) Koppen-Geiger climate-vegetation map for 

the Indonesian archipelago (adapted from Peel et al. 2007). Three types of climate are 

present in Indonesia, associated with the three types of native vegetation: ever-wet 

rainforests, tropical deciduous forests, and savannas. Ever-wet rainforests are found in the 

areas where all 12 months have average precipitation of at least 60 mm and where mean 

A 

B 
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daily rainfall amounts are high, whereas savannas are associated with areas whose 

climate has a pronounced dry season and where mean daily rainfall amounts are low, 

with the driest month having precipitation less than 60 mm and less than 1/25 of the total 

annual precipitation. Tropical deciduous rainforests represent a transitional climate and 

vegetation type; the driest month in the tropical deciduous rainforests area has rainfall 

less than 60 mm, but more than 1/25 the total annual precipitation. 
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Figure 3 Top panel indicates long-term monthly means of precipitation above the 

Indonesian archipelago, derived from NCEP/NCAR Reanalysis data for years 1981-2010 

for January (left panel) and July (right panel) highlighting the seasonality of precipitation. 

Precipitation in the region peaks in austral summer and is lowest in austral winter, 

associated with the seasonal migration of the ITCZ (bottom panel, from Williams et al. 

2009). The red dots indicate study sites discussed in this thesis: Lakes Matano and 

Towuti (central Sulawesi), Mandar Bay (off western Sulawesi), and Cenderawasih Bay 

(off northern Papua). 
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Figure 4 A) Map of Indonesia during the LGM ca. 21 kyr BP. Areas not in blue indicate 

land areas, including exposed shelf. Areas in dark green indicate high montane regions 

that likely served as the refugia for C3 rainforests during the LGM, whereas those in light 

green indicate transitional areas that might have been partially forested, perhaps with 

deciduous trees. Savannas or C4 grasslands, as well as wetlands, likely dominate the rest 

of the landscape, particularly in the lowlands, although we still do not know for certain 

the type of vegetation covering the exposed shelf areas. B) Map of Sulawesi during the 

LGM ca. 21 kyr BP. The red dots indicate several sites in Sulawesi that were used to 

infer vegetation types during the LGM. From top to bottom: Lake Tondano (Dam et al. 

2001), Lake Matano (Wicaksono et al. 2015), Lake Towuti (Russell et al. 2014), and 

Mandar Bay (Chapter 3, this dissertation). Maps were modified from GeoMap App.   
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Abstract 

 

Lake Matano (2°29.1’S 121°20’E) in central Sulawesi, the deepest and one of the largest 

lakes in Indonesia, provides an excellent opportunity to reconstruct long-term 

hydrological and vegetation changes at the heart of the Maritime Continent within the 

tropical Western Pacific Warm Pool. We measured the carbon isotopic composition of 

terrestrial leaf waxes (δ13Cwax) in new sediment cores from Lake Matano to understand 

regional variations in vegetation and their interactions with local and high latitude climate 

forcings during the past 53 kyr. Variations in δ13Cwax record the expansion and 

contraction of C3 versus C4 vegetation as well as changes in plants’ carbon and water use 

efficiency and, by inference, regional hydroclimate. During Marine Isotope Stages 1 and 

3, more negative δ13Cwax values indicate that closed-canopy C3 rainforests predominated 

in Sulawesi, reflecting a wetter, less seasonal climate. In contrast, more positive δ13Cwax 

values record a terrestrial ecosystem with more abundant open canopy vegetation and 

possible expansion of C4 grasses between 29 and 14 ka BP, indicating that during Marine 

Isotope Stage 2, including the Last Glacial Maximum, the climate was more arid, likely 

with increased precipitation seasonality, in central Sulawesi. Comparison of our record 

with other paleovegetation and paleohydrological records from Sulawesi and nearby 

islands suggests coherent long-term hydrological changes in central Indonesia that appear 

to be sensitive to high latitude climate across glacial-interglacial boundaries. However, 

variations in the amplitude of the response of vegetation to these glacial-interglacial 

forcings highlight the importance of regional topographic control on climate and 
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vegetation and suggest an important role for higher elevations in maintaining rainforest 

refugia during regionally arid time intervals when C4 savannas and grasslands expanded 

at lower elevations. 

 

Keywords:  

Precipitation; Monsoon; Vegetation; Biomarker; Carbon; Sulawesi; Maritime Continent; 

Orbital-scale 

 

1. Introduction  

  

The Australian-Indonesian Monsoon (AIM) is the main variable controlling 

Indonesia’s hydroclimate (Aldrian and Susanto 2003), and is a globally important source 

of energy and water vapor for the Earth’s atmosphere (Qu et al. 2005). Understanding the 

history of the Indonesian hydrology and the AIM is therefore of paramount importance to 

understanding the role of the tropics in global climate change. In recent years a number of 

new reconstructions have begun to illuminate the hydrologic history of Indonesia, also 

known as the Maritime Continent. These records are based upon a variety of different 

proxies including geochemical data from lake and marine sediment, proxies for past 

vegetation, and speleothems (e.g. Carolin et al. 2013, Dubois et al. 2014, Gibbons et al. 

2014, Niedermeyer et al. 2014, Russell et al. 2014). Unfortunately, many of these records 

exhibit strong contrasts between different proxies and between different regions, and 

implicate a number of different forcing mechanisms of past hydroclimatic variations. For 
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instance, some speleothem (Griffiths et al. 2009), foraminiferal records (Holbourn et al. 

2005), and palynological data (e.g. Kershaw et al. 2006, Kershaw et al. 2011) suggest that 

regional precipitation is controlled by precessional orbital forcing, whereby the AIM 

oscillated between strong states and weak states during intervals of high and low seasonal 

insolation. In contrast, recent plant biomarker study from Lake Towuti, situated in central 

Sulawesi, exhibits little evidence of orbital precession and instead suggests that Northern 

Hemisphere high latitude climate forcings, in particular changes in ice volume, control 

regional precipitation changes across glacial-interglacial stages (Russell et al. 2014). 

While these differences could be attributed to variable sensitivities of different parts of 

Indonesia to climate forcings, at least in some cases such differences arise even over 

short spatial scales. For instance, speleothem records from Flores, one of the Lesser 

Sunda Islands in southeastern Indonesia, suggest a relatively wet Last Glacial Maximum 

(LGM) (Ayliffe et al. 2013), despite previous palynological evidence for aridity in 

southern Indonesia at that time (van der Kaars et al. 2000).  

Understanding these differences will require detailed evaluation of individual 

proxy records and their sensitivities within a dense network of proxy reconstructions. On 

the proxy interpretation side, for instance, there is a growing realization that proxy 

records of precipitation isotopes, such as speleothems, often do not record changes in 

local rainfall amount, complicating hydroclimatic interpretation for the Maritime 

Continent (e.g. LeGrande and Schmidt. 2009, Lewis et al. 2010, Moerman et al. 2013).  

Similarly, vegetation records, which form the basis for many Indonesian climate 

reconstructions, exhibit complex relationships with hydroclimate. Both precipitation 

amount and precipitation seasonality, both linked to the AIM, are important determinants 
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of vegetation distribution within the tropical Maritime Continent (Peel et al. 2007). In the 

present, the high annual precipitation rates −including high precipitation rates during the 

dry season− observed across most of the archipelago give rise to widespread lowland 

ever-wet rainforests and montane cloud forests at higher elevations (Göltenboth et al. 

2006). These forest types predominate within the major Indonesian islands including 

Sumatra, Kalimantan, Sulawesi and Papua. In contrast, C4 grasslands and savannas are 

common in lowland regions where average annual rainfall is lower and seasonal 

variability in AIM rainfall (i.e. seasonality) is high, for example in Nusa Tenggara or the 

Lesser Sunda Islands and southeast Papua. In regions with moderate precipitation 

seasonality, such as southwestern Sulawesi and central and eastern Java, open-canopy C3 

monsoon forests are often observed (Göltenboth et al. 2006, Peel et al. 2007).  

Recent plant biomarker records have highlighted important changes in the 

distribution of these ecosystems during and since the LGM, generally reflected by the 

expansion of drier, more seasonal vegetation regimes and climates during the LGM 

(Wurster et al. 2010, Dubois et al. 2014, Russell et al., 2014). However, floristic analyses 

of modern plants and several paleoenvironmental studies of floral and faunal assemblages 

indicate the presence of disjunct rainforest areas in some parts of the Maritime Continent 

during the LGM, highlighting the possible role of rainforest refugia in establishing the 

region’s ecosystem diversity (Slik et al. 2003, Barton 2005, Moyle et al. 2011). Evidence 

for such refugia, coupled with robust evidence for regionally pervasive aridity, suggests 

significant heterogeneity in past changes in climate and vegetation and highlights 

important gaps in our understanding of the long-term stability of the regional rainforest 

ecosystems. Recent work has also highlighted the role that regional topography might 
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play in controlling long-term changes in both rainfall amount and the types of vegetation 

present in different parts of the Maritime Continent since 25 kyr BP (Wurster et al. 2010, 

Niedermeyer et al. 2014). In light of this evidence, dense networks of proxy records are 

needed to determine robust signals of paleoclimate changes and to evaluate the processes 

that govern climate and vegetation heterogeneity in the Maritime Continent. 

Here we present new compound-specific stable isotope records from Late 

Pleistocene and Holocene-aged sediments of Lake Matano in central Sulawesi, situated at 

the heart of the Maritime Continent within the tropical Western Pacific Warm Pool. The 

close proximity between Lake Matano and Lake Towuti allow us to evaluate the 

robustness of local to regional paleohydrologic signals from both lakes, as well as 

possible causes for differences between these records, with important implications for the 

interpretation of other local to regional reconstructions of Indonesian climate. Our 

reconstructions highlight linkages between the AIM and high-latitude forcings at orbital 

timescales. In addition, the heterogeneity of local hydrological and vegetation settings 

among records from central Indonesia during the past 50 kyr, including between Lakes 

Matano and Towuti, highlight the importance of orography in interpreting past vegetation 

and paleohydrologic records and provide new information about rainforest refugia during 

arid episodes in Indonesia.  

 

2. Study Site  

 

Lake Matano (2°29.1’S 121°20’E, 394 m asl) is located on the island of Sulawesi 

in central Indonesia (Figures 1, 2). The annual average precipitation near Lake Matano 
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ranges from 2500 to 3000 mm (Figure 2) and occurs year-round, placing the region into 

the tropical rainforest climate category in the Köppen climate classification (Peel et al. 

2007). Precipitation is highest in December-May, with peak precipitation of ~400 

mm/month in April, and lower in June-November, with minimum precipitation in 

September of ~100 mm/month (Figures 1, 2). This seasonality is largely set by the AIM 

and its interactions with the regional seas (Aldrian and Susanto 2003). During the rainy 

season (Dec-May), the Intertropical Convergence Zone (ITCZ) migrates southward to 

northern Australia and the northwesterly monsoon blows south across the equator, 

bringing moisture from the Northern Hemisphere sector of the Indian Ocean and the 

South Pacific to most of Indonesia (Aldrian and Susanto 2003, Gimeno et al. 2012). 

During the dry season (June-November), the ITCZ shifts north over Asia, and strong 

southeasterly flow cools the local oceans of the southern maritime continent, limiting 

convective activity (Aldrian and Susanto 2003). Precipitation in our study region 

increases with elevation; weather stations at higher altitudes record higher annual rainfall 

amounts (with the exception of one outlier; Figure 2). Precipitation seasonality also 

decreases with elevation, such that higher elevations experience year-round wetness. 

Lake Matano is one of the five lakes forming the ancient Malili Lakes system, a 

set of large tectonic lakes in central Sulawesi. With a maximum depth of 590 m, this 

ultra-oligotrophic lake (Haffner et al. 2001) is the eighth deepest lake in the world 

(Lehmusluoto and Machbub 1997). Lake Towuti, the largest tectonic lake in Indonesia, 

lies at a lower elevation (319 m asl) approximately 10 km south of Lake Matano (Figure 

2). Both lakes lie mostly in an iron-rich ultramafic ophiolite formation, except in the 

southwestern border of Lake Matano, where a limestone formation is located (Figure 2). 
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The catchment area of Lake Matano, at 276 km2, is steep and mountainous (maximum 

altitude: ~1340 m, mean altitude: ~650 m) as compared with that of Lake Towuti, and 

vegetation in Matano’s catchment is dominated by closed canopy lowland C3 rainforest 

(van Balgooy and Tantra 1986). At altitudes above 850 m, cloud forests including 

submontane and montane plant types are present, characterized by abundant Fagaceae 

including Lithocarpus and Castanopsis, as well as mosses, ferns, orchids, and other 

epiphytic plants (Hope 2001, Culmsee et al. 2010).  

 

3. Methods 

 

 Core IDLE-MAT10-2B (Figure 1, 2°31'10.52"S, 121°24'41.72"E, core length: 

9.07 m) was collected from 137 m water depth using a Kullenberg piston corer in July 

2010. The core was air freighted to the LacCore facility, University of Minnesota, where 

it was split, described, and logged for its major lithofacies. The age model for this core is 

based on radiocarbon (14C) analyses of eight bulk sediment samples and two fragments of 

wood/plant macrofossils (Table 1). Comparison of bulk organic carbon and macrofossil 

ages from the same stratigraphic horizons yields an average 14C lacustrine reservoir effect 

of approximately 975 14C years (Figure 3, Table 1), assuming that the plant materials 

reflect the atmospheric 14C age at the time of their deposition. This reservoir effect is 

likely due to dissolved old carbon inputs resulting from the weathering of limestone 

deposits in Lake Matano’s catchment. After correcting for this reservoir and converting 

corrected radiocarbon ages to calendar ages by applying the IntCal09 curve using the 
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CALIB 6.0 program, we fit a third-order polynomial through the calibrated age points to 

construct the age model (Figure 3).   

We measured 68 samples from the core for the carbon isotopic composition of 

long-chain n-alkanoic acids, terrestrial leaf waxes that are abraded from terrestrial 

biomass and transported to and preserved in lake sediments. Sediment samples were 

freeze-dried, homogenized with a mortar and pestle, and lipids were extracted using a 

Dionex Accelerated Solvent Extractor. Alkanoic acids were separated from the total lipid 

extracts using aminopropyl column chromatography. The separated acids were 

methylated with acidified methanol of a known isotopic composition, and further purified 

via silica gel chromatography. The resulting fatty acid methyl esters (FAMEs) were 

analyzed in at least duplicate via gas chromatography isotope ratio monitoring-mass 

spectrometry (GC-IR-MS) using a Thermo Delta V Plus at Brown University. We 

targeted long chain fatty acid homologues (between C26 and C32) because they are largely 

derived from terrestrial plants (Sachse et al. 2012) In this study, we report δ13Cwax values 

of the C28 homologue (Figure 3), the most abundant homologue in Matano sediments, 

after correcting for the isotopic composition of the methyl group added during 

methylation.  

 

4. Results  

  

The core is composed primarily of dark olive to reddish-brown slightly silty clay 

with no obvious disconformities, and radiocarbon dating indicates fairly continuous 

sedimentation rates over the past ~53 kyr BP of ~14 cm/kyr, similar to sedimentation 
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rates in nearby Lake Towuti (Figure 3). During this time, δ13Cwax varies between -44 and 

-33 ‰, averaging -38.5 ‰ (Figure 3). These values are similar to, but slightly more 

negative than waxes deposited over the same time period at Lake Towuti (Figure 4). The 

average difference between duplicates (n=56) in the δ13Cwax of C28 was 0.18 ‰, and the 

average standard error on samples measured in triplicate or greater (n=12) was 0.34 ‰ 

(Figure 3). The δ13Cwax of C28 and C26 n-acid are strongly correlated (r2 = 0.79, p < 

0.001), as are the δ13Cwax of C28 and C30 n-acid (r2 = 0.85, p < 0.001), indicating that 

measurements on C28 are broadly representative of the isotopic composition of the long-

chain waxes. The mean values of the δ13Cwax for C26 and C30 n-acid are -36.6 and -34.4 

‰ respectively.  

From ~53 to 31 kyr BP, i.e. much of Marine Isotope Stage 3 (MIS 3), δ13Cwax 

averages -40.5 ‰. At 31 kyr BP δ13Cwax rapidly transitions to more positive (13C-

enriched) values, and between ~28 to 14 kyr BP (i.e. during MIS 2) the average δ13Cwax 

was -34.9 ‰. δ13Cwax then shifts rapidly toward more negative (13C-depleted) values and 

averages -38.8 ‰ in the Holocene, similar to the values observed during the later part of 

MIS 3 (Figure 4). The depleted modern δ13Cwax values in Lake Matano are comparable to 

the δ13C of modern soil samples (n = 5) taken around the Malili Lakes (average: -36 ‰, 

maximum: -38.6 ‰, minimum: -32.6 ‰). The long-term isotopic changes record a series 

of shifts in vegetation that show both similarities to and differences among other regional 

records, as discussed below. 
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5.  Discussion 

 

5.1 Interpretation of the δ13Cwax proxy for vegetation and climate 

 

In the tropics, δ13Cwax is primarily interpreted to reflect changes in the relative 

abundance of plants using the C3 and C4 photosynthetic pathways (Vogts et al. 2009). 

The δ13C of n-alkanes leaf waxes from C4 plants, which include most tropical grasses, 

typically range from -14 ‰ to -27 ‰, while waxes from C3 plants range between -29‰ 

and -42 ‰ (Bi et al. 2005, Chikaraishi and Naraoka 2007, Vogts et al. 2009). For n-

alkanoic acid leaf waxes, the reported δ13Cwaxvalues for C4 plants range from -19 ‰ to -

26 ‰ and the values for C3 plants range from -30 ‰ to -45 ‰ (Chikaraishi and Naraoka 

2007). δ13Cwax can also vary due to changes in the efficiency of carbon and water 

utilization within C3 and C4 plants, often related to the effects of edaphic factors, such as 

soil, precipitation, humidity (Diefendorf et al. 2010). Globally, C3 biomass exhibit a ~6 

‰ enrichment across precipitation gradients from closed-canopy rainforest to more xeric 

ecosystems (Diefendorf et al. 2010). The average n-alkanes δ13Cwax for C3 plants in 

African rainforests are more negative (-36.9±2.5 ‰) relative to C3 plants in more xeric 

African ecosystems, at -33.5±2.8 ‰, with waxes from some rainforest trees reaching 

δ13Cwax as negative as -45‰ (Vogts et al. 2009).   

Analyses of the δ13C of n-alkanoic acids from surface marine sediments across the 

Maritime Continent and northwestern Australia suggest that δ13Cwax is correlated strongly 

with rainfall seasonality as well as with average monthly precipitation (Dubois et al. 

2014). δ13Cwax values observed in marine surface sediments from southwestern Indonesia, 
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where C4 grasslands and savannas are common, are enriched compared to those from 

wetter, less seasonal regions including Sulawesi. Southwestern Indonesia experiences a 

much more highly seasonal climate, marked by strong precipitation in boreal winter 

associated with a strengthened winter monsoon and southward migration of the ITCZ. 

These data show that δ13Cwax tracks ecoclimate/biome classifications for the Maritime 

Continent at least partly, if not dominantly, through dry season water stress, which also 

would affect carbon use efficiency in C3 forests. Thus, we interpret Lake Matano δ13Cwax 

record as a proxy for changes in vegetation type, which is largely controlled by regional 

hydroclimate.  

The long-term pattern of δ13Cwax preserved in Lake Matano likely reflects 

catchment-wide transitions between closed-canopy rainforest and more open ecosystems, 

possibly incorporating C4 grasses. During the MIS 3 and MIS 1, δ13Cwax remained at 

about -38 ‰ (Figure 4), similar to the values recorded for closed-canopy rainforests in 

other regions (Vogts et al., 2009) and consistent with the present vegetation within the 

catchment. The 5.5 ‰-enrichment observed during MIS 2 indicates a shift toward more 

drought-tolerant ecosystems, and a drier, more seasonal climate after 30 kyr BP (Figure 

4). The absolute values of δ13Cwax we observe during the LGM (-35 ‰) do not require 

incorporation of C4 grasses and instead could reflect more open, C3 ecosystems with 

increased water stress. However, it is likely that this transition also saw at least limited 

expansion of C4 grasses within the catchment. Discontinuous pollen data from mires 

located only 1.5 km from the southwestern shore of Lake Matano, indicate a substantial 

increase in Poaceae (grass) pollen between 35 and 17 ka (Hope 2001). Moreover, δ13Cwax 

reconstructions from Lake Towuti suggest more enriched values during the LGM than 
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observed at Lake Matano (-25 vs. -35 ‰, respectively) that are enriched relative to 

typical C3 end-member δ13Cwax values, implying expanded C4 grasslands around Towuti 

only 10 km from our study area (Figure 4). Thus, we interpret the δ13Cwax record at Lake 

Matano to reflect the prevalence of closed-canopy rainforest during MIS 3 and the 

Holocene, interrupted by the development of a more open C3 forest with scattered C4 

grasses during late MIS3 and the LGM. 

What might have caused these transitions? Atmospheric pCO2 is known to affect 

vegetation type and δ13C, with low CO2 concentrations favoring C4 grasses relative to C3 

plants (Ehleringer et al. 1997). However, the patterns of changes from MIS 3 through the 

Holocene observed at our site is unlikely be explained solely by changes in CO2 

concentrations, as CO2 concentrations were quite low during MIS 3 relative to the 

Holocene (Figure 6), yet our data suggest similar, if not more depleted δ13Cwax in MIS 3 

than in the Holocene. Temperature also likely influenced vegetation changes, and while 

high-altitude pollen taxa have been observed in relatively low elevation settings in the 

Maritime Continent (Kershaw et al. 2011), variations in Sulu Sea sea surface 

temperatures during the past 50 kyr, which might be indicative of synoptic temperature 

change in the region, also show relatively little contrast during MIS 2 and 3 followed by a 

much warmer Holocene (Figure 6), in contrast to the temporal pattern in our δ13Cwax 

records. Furthermore, modern temperature gradients across the Maritime Continent are 

small and not correlated with changes in the relative abundance of C3 and C4 vegetation 

(Dubois et al. 2014). Lastly, sedimentary Ti concentrations in Lake Towuti, which 

indicate fluvial erosion and hence precipitation, show a temporal pattern that is strikingly 

similar to δ13Cwax data, with high Ti concentrations indicating strong runoff during MIS 3 



! 47 

and the Holocene, and low concentrations reflecting drier conditions during MIS 2 

(Russell et al. 2014). Therefore, we interpret the more enriched values between 29 and 14 

kyr BP as indicative of a drier and more seasonal MIS 2.   

 

5.2 Regional vegetation changes in central Sulawesi during the LGM 

 

 The long-term trend in δ13Cwax in Matano is similar to that observed at Lake 

Towuti (Figure 4, Russell et al. 2014), demonstrating coherent vegetation and 

hydrological changes in central Sulawesi since 50 kyr BP. The two records do differ in 

their absolute values, particularly during the last glacial maximum, MIS 2, as well as 

during parts of MIS 3. During MIS 2, both lakes recorded a substantial 13C-enrichment 

relative to the Holocene and MIS 3, but Towuti experienced a much larger enrichment 

compared to Matano. During MIS 3 and the Holocene, δ13Cwax values are also more 

depleted at Lake Matano, although less so than at the LGM.  The differences at the LGM 

reflect quite different terrestrial ecosystems likely related to regional climatic variations, 

perhaps controlled by topographic differences between the two lakes’ catchments.    

Despite the close proximity between Lake Towuti and Lake Matano, altitudinal 

and geomorphological differences led to a number of floristic and climatic contrasts 

between their catchments that could explain the different amplitudes of variation in 

δ13Cwax. Today, the catchment of Lake Towuti (area: ~1200 km2, maximum elevation: 

~1250 m, mean elevation: ~500 m) is dominated by lowland rainforest, similar to what is 

found in Lake Matano’s catchment below 850 m, and many of the flat river valleys 

surrounding Lake Towuti today are inhabited by mixed forest and C4 grassland 
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(BBKSDA Sulsel 2011).  In contrast, the steeper and higher mountain ranges encircling 

Lake Matano are home to lowland rainforests below 650 m, and submontane and 

montane rainforests above, in keeping with the increase in precipitation with elevation 

observed regionally (Fig. 2). Pockets of anthropogenic C4 grasses are found near Lake 

Matano (Hope 2001). The large differences in δ13Cwax between Matano and Towuti 

during the LGM suggest that the grasslands in the valleys around Towuti today expanded, 

contributing to the substantial enrichment (~13 ‰) of around Towuti (Figure 4), while 

Matano remained surrounded largely by C3 ecosystems. We also note 1-2 kyr differences 

in the timing of δ13Cwax transitions, in which Lake Towuti variations generally lead those 

of Lake Matano. During the last glacial termination, for instance, δ13Cwax shifts toward 

more depleted values at Lake Towuti beginning at ~16 kyr BP, while values become 

more enriched beginning ~14 kyr BP at Matano. While this could reflect age model 

errors, it is also possible that this is due to the topographic differences. The presence of 

the many flat river valleys surrounding Lake Towuti could facilitate a relatively rapid 

expansion and contraction of C4 grasses, while transitions at Matano are controlled by 

slower shifts related to both C4 grass expansion and changes in C3 tree composition.  

  Indeed, pollen-based vegetation reconstructions from the Wanda site near Lake 

Matano indicate that the period between 35 and 17 kyr was marked by an increase in 

Poaceae pollen relative to MIS 3 and the Holocene, supporting our inference of 

regionally drier and more seasonal conditions during MIS 2 (Hope 2001). In addition, the 

Wanda site also records increased Castanopsis and Lithocarpus pollen during the glacial 

MIS 2 (Hope 2001). While Poaceae indicates increasing aridity, which in itself might 

have driven the enrichment of δ13Cwax during the glacial period, Castanopsis and 
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Lithocarpus might indicate that colder, higher-altitude tree taxa migrated to lower 

elevation areas closer to Lake Matano, presumably due to cooler LGM temperatures. 

Fagaceae, including Lithocarpus and Castanopsis, is highly abundant in the high 

mountains around Lake Matano, as has been observed in other mountain forests across 

Sulawesi (Culmsee et al. 2010, Culmsee and Leuschner 2013). Interestingly, Fagaceae 

plants from settings comparable to our study site (i.e. having similar altitudes and 

precipitation regimes) from the tropics and subtropics have lower δ13C values than 

Fagaceae and other evergreen angiosperms (Read and Farquhar 1991, Wei et al. 2010, Du 

et al. 2014). The larger carbon isotope fractionation (by approximately 2 ‰) has been 

attributed to the relatively low water use efficiency requirements of Fagaceae in cool, 

moist submontane forest ecosystems in China (Du et al. 2014).  

While the Wanda pollen record is highly discontinuous (Hope 2001), the long-

term trends in δ13Cwax in Matano are compatible with the pollen reconstruction from the 

Wanda site. Enriched δ13Cwax during the LGM is compatible with grassland expansion 

observed at Wanda, and the more depleted δ13Cwax values observed during the MIS 

2/LGM at Lake Matano relative to Towuti suggest that the mountains surrounding 

Matano remained home to submontane and montane taxa. Downslope migration of these 

taxa during the LGM could have somewhat offset the enrichment in δ13Cwax related to C4 

expansion. This suggests that the cooler temperatures at these higher elevations may have 

reduced water stress, and provided refugia to rainforests during the regionally dry 

conditions.  
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5.3.  Altitudinal gradients in Indonesian vegetation and climate during the LGM  

 

Given that precipitation is a primary factor controlling δ13Cwax variations among 

modern C3 ecosystems (Diefendorf et al. 2010) as well as variations between C3 and C4 

ecosystems in the Maritime Continent (Dubois et al. 2014), we suggest that the 

differences in Matano and Towuti δ13Cwax records may also be explained by rainfall 

variations with altitude within central Sulawesi. In the present, large-scale sea breezes are 

thought to play an important role in maintaining modern montane cloud forests across the 

interior of Sulawesi and other Indonesian islands, which together make up the largest area 

of cloud forests in the world  (Bruijnzeel 2001, van der Molen et al. 2006). Radar and 

TRMM observations above Sulawesi demonstrate that the sea breeze carrying moisture 

from the seas around the island often results in higher precipitation in mountainous 

central Sulawesi in the afternoon, especially during the wet season (Renggono 2011). 

Today, Matano’s higher altitude and steeper slopes cause intense cloud cover 

development, resulting in higher rainfall amounts and less seasonality than near Towuti 

(Figure 2) and more extensive active montane cloud forests (Culmsee et al. 2010). The 

higher supply of soil water, combined with the more humid, cloudier microclimate near 

Matano is likely to result in relatively low year-round water use efficiency and a 

relatively large carbon isotope fractionation in vegetation near Matano compared to 

Towuti (e.g. Cernusak et al. 2013).   

  During the last glacial period, lowered sea level (i.e. increasing distance toward 

the island’s center) combined with cooler sea surface temperature might be expected to 

reduce the strength of the sea breezes. However, Sulawesi’s coastline is relatively steep, 
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resulting in little shoreline migration during sea level lowstands as compared to other 

Indonesian islands. The large mountainous area in the center of the island would still 

have generated a strong orographic effect and attracted sea breezes, thus ensuring a 

relatively wetter region and cloud generation during all months of the year. At the same 

time, the relatively cooler surface and tropospheric temperatures during the LGM (e.g. 

Tripati et al. 2014) should have depressed the condensation height. This is in keeping 

with downward migration of high-altitude taxa observed in pollen records from 

intermediate elevations in central Sulawesi (Hope 2001) and other Indonesian islands 

(van der Kaars et al. 2000, van der Kaars et al. 2001). Within this context, the highlands 

of Sulawesi, including the higher altitude areas of Lake Matano’s catchment, were thus 

likely to maintain elements of C3 rainforests during the last glacial cycle.   

  The shifts in tropical rainfall variability above Sulawesi, as well as their 

altitudinal gradients, during the past 50 kyr are in agreement with the hydrological 

interpretation of many pollen and plant biomarker records from marine and terrestrial 

sites across the Maritime Continent. Marine sediment cores from the Aru Sea (Kershaw 

et al. 2006) and Banda Sea (van der Kaars et al. 2000) record reduced abundances of 

Pteridophyta and increased concentrations of charcoal from ~30 to 13.8 kyr, indicating 

less rainfall than present during MIS 2 in the eastern part of the archipelago. Highest 

pteridophyte and rainforest pollen concentrations occur during the Holocene and MIS 3, 

indicating that the interglacials were much wetter than glacial periods. The local 

vegetation around Rawa Danau, a lowland lake in Java, was dominated by grasses from 

~28.7 to 16.7 kyr, indicating drier climate around the site during MIS 2 (van der Kaars et 

al. 2001). Records of n-alkane δ13C measured from cave guano profiles from low 
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elevation Batu cave in Peninsula Malaysia, and Makangit and Gangub caves on Palawan 

Island (Figure 5, Wurster et al. 2010), display substantial MIS 2 enrichment compared to 

Holocene values, indicating drier LGM/MIS 2 similar to our records. The much more 

enriched C29 n-alkane δ13Cguano values for the two Palawan caves compared to the C28 n-

alkanoic acid δ13Cwax from central Sulawesi (Figure 5) is consistent with previous work 

demonstrating that long-chain n-alkane are in general enriched in 13C (up to ~7 ‰) 

relative to the corresponding long-chain n-alkanoic acids (Chikaraishi and Naraoka 

2007). The enriched values for Palawan are also expected given the open-canopy 

characteristic of Palawan rainforests (Peel et al. 2007). Trends in our carbon isotope 

records, coupled with published pollen evidence in Central Sulawesi, are highly 

consistent with the δ13Cwax records collected in Savu Sea, a basin surrounded by the Nusa 

Tenggara islands in southeastern Indonesia (Figure 4, Dubois et al. 2014). While the Savu 

record has reduced amplitude and appears to have less “noise” in δ13Cwax compared to 

Matano and Towuti (Figure 4), possibly due to the much larger wax source areas and thus 

a more mixed signal, all three records indicate enriched δ13Cwax during the LGM 

compared to the Holocene (Figure 4). The amplitude of δ13Cwax change between the LGM 

and the Holocene in Savu is 2-3 ‰, similar to the shift observed at Matano (3-4 ‰), both 

much smaller than the shift observed at Lake Towuti (13 ‰) (Figure 4). However, 

δ13Cwax values at Lake Towuti during MIS 2 were only 1 ‰ more enriched than the LGM 

values of Savu. Thus, we infer that grasslands or patches of grasslands dominated 

lowland areas in the Sulawesi-Nusa Tenggara corridor during the drier, more seasonal 

climate of the LGM, while the highlands supported C3 ecosystems under cooler and 

moister conditions. In this context, it seems likely that the large modern gradients in 
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precipitation and its seasonality that exist between Sulawesi and Nusa Tenggara 

developed during the last glacial termination. Importantly, our results also highlight the 

need for numerous records at regional to continental spatial scales to disentangle large-

scale climatological signals trends from more regional patterns that can be influenced by 

orography.  

In contrast to these low elevation records, there is also evidence for continuous 

ever-wet vegetation from many of Indonesia’s high elevation lakes (above 500 m asl). 

Palynological data from Danau di Atas in Sumatra (1535 m asl, Newsome and Flenley 

1988), Lake Hordorli in West Papua (780 m asl, Hope and Tulip 1994), as well as from 

peatlands in Kalimantan (35 m asl but flanked by mountain ranges as high as 2000 m, 

Anshari et al. 2004) suggest that the highlands and the interior of the Maritime Continent 

remained relatively wet during MIS 2. Similarly, n-alkanoic acid δ13Cwax records from 

west Sumatra (Niedermeyer et al. 2014) and Tarakan Delta off east Kalimantan (Dubois 

et al. 2014), which are associated with catchments dominated by high elevation (>2000 m 

asl) mountain ranges, indicate wet conditions during the LGM. Interestingly, despite its 

low altitude, records from Niah cave in northern Borneo display little changes in δ13Cguano 

values from the LGM through early Holocene (Wurster et al. 2010), suggesting that 

rainfall variability over Borneo during regionally dry LGM was not sufficient to result in 

the reduction of C3 rainforests in Borneo –or northern Sundaland– lowlands (Dubois et al. 

2014). Despite this observation, taken together, these low and high elevation records 

show that the vegetation gradients we observe in central Sulawesi reflect larger-scale 

altitudinal patterns observed across much of the Maritime Continent. 
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Based on the Maritime Continent pollen and biomarker records, we surmise that 

the phytogeography of the region’s rainforests across glacial-interglacial boundaries is 

closely linked with both climatic and altitudinal factors. C4 grasslands, which in present-

day Maritime Continent islands occupy drier and highly seasonal areas in the lowlands 

(Whitten et al. 1987, Peel et al. 2007), were expanded into larger areas at the expense of 

lowland C3 rainforests during the last glacial period. Meanwhile, higher elevation regions 

cooled and remained relatively wet, supporting C3 ecosystems, and at least some montane 

taxa were also able to expand to intermediate altitudes. The maintenance of wetter, C3 

ecosystems at higher elevations indicates the significance of orographic precipitation and 

temperatures in reducing dry season water stress, thus providing favorable conditions to 

C3 rainforest taxa. These data are in contrast to biome modelling studies suggesting that 

rainforests perhaps expanded into low elevation, exposed shelves during the LGM due to 

the availability of additional land area, which could support those rainforests given 

sufficient precipitation (Cannon et al. 2009), and instead highlight an important role for 

the higher elevations as rainforest refugia.  

 

5.4.  Climatic controls on central Indonesian rainfall since 53 kyr BP 

 

 Our data suggest that over the last 53 kyr BP, regional climate varied between wet 

conditions during MIS 3 and the Holocene, to dry and more seasonal conditions from 30 

to ~14 kyr BP. This history is very similar to recent reconstructions from Lake Towuti 

(Figure 4, Russell et al. 2014), as well as other Sulawesi records including Lake Tondano 

(Dam et al. 2001), where lower lake levels record drying during the LGM. Together with 
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vegetation-based biomarker records from Makangit and Gangub caves (Wurster et al. 

2010) as well as biomarker and pollen data from Savu Sea (Dubois et al. 2014), we 

surmise that a drier and more seasonal climate than present was a robust MIS 2 feature 

across Sulawesi and the islands north and south of Sulawesi. Indeed, the strong similarity 

between δ13Cwax data from Lakes Matano and Towuti indicate a regionally robust 

response to climate forcing. 

The records from Sulawesi, however, do not entirely agree with other regional 

paleoclimate data derived from δ18O of speleothems and planktic foraminifera. Variations 

in speleothem δ18O from Gunung Buda in northern Borneo (Figure 5, Partin et al. 2007, 

Carolin et al. 2013) have been interpreted to demonstrate that regional precipitation is 

controlled primarily by precessional orbital forcing and was only weakly affected by 

glacial-interglacial transitions. Similarly, shorter speleothem δ18O records from Liang 

Luar in Flores suggest a wet LGM in contrast to other southwest Indonesian records 

(Figure 5, Ayliffe et al. 2013). Planktic foraminifera-derived δ18O of seawater (δ18Osw) 

proxy records from offshore western Sumatra (Mohtadi et al. 2014), off south Java 

(Mohtadi et al. 2011), and the Savu Basin (Gibbons et al. 2014), indicate relatively little 

glacial-interglacial hydrologic changes during the Late Pleistocene-Holocene. These 

δ18Osw records were interpreted to reflect basin-scale sea surface salinity changes driven 

by either river runoff from the surrounding islands or changes in regional currents or 

atmospheric circulation.  

These discrepancies highlight the possibility that vegetation-based δ13C and 

speleothem/seawater δ18O proxy data may record different seasonal hydroclimatic signals 

of the AIM (Dubois et al. 2014). Given that δ13Cwax is a function of both mean 
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precipitation and dry season intensity and duration (Dubois et al. 2014, this study), it is 

possible that the δ13Cwax data in Savu Basin records a stronger dry season (Dubois et al. 

2014), while δ18O data from Liang Luar records a stronger wet season (Griffiths et al. 

2009, Ayliffe et al. 2013). Meanwhile, the foraminifera used to generate the δ18Osw 

records, G. ruber, has been shown to record annual instead of seasonal mixed layer 

conditions (Mohtadi et al. 2011), such that the mean average conditions measured by 

δ18Osw might reflect little glacial-interglacial change. While these factors might explain 

these discrepancies, the δ13Cwax at Matano and Towuti record expanded C4 ecosystems 

signifying a stronger/longer dry season at the same time that Ti concentrations in Towuti 

sediments decline (Russell et al. 2014). As surface runoff and fluvial erosion are 

primarily driven by peak precipitation (i.e. wet season), our data suggest reductions in 

both wet and dry season, and therefore mean annual, precipitation. Alternatively, the 

discrepancies might be explained by additional factors controlling δ18O proxy data in this 

region, in particular the possibility that different moisture sources and precipitation 

trajectories change the isotopic composition of the rainfall (LeGrande and Schmidt 2009, 

Lewis et al. 2010, Carolin et al. 2013). Finally, it is also possible that the apparent 

discrepancies might point to strong regional hydroclimatic gradients that existed in 

Indonesia during MIS 2/LGM. The northern Borneo cave and sites used in the δ18Osw 

studies are situated at the peripheries of the Maritime Continent, and the southern sites 

are situated near the southernmost limit of present-day ITCZ migration across Indonesia, 

which might be more sensitive to precessional orbital forcing. In contrast, the δ13Cwax 

records from Palawan and Sulawesi are located near the center of the Maritime Continent 

where ever-wet conditions and proximity to the Pacific Ocean and its overlying 
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atmosphere might make the area more sensitive to global temperatures and boundary 

conditions. Additional records from northern Indonesia could help to evaluate this 

possibility. 

 The new data from Matano, combined with other biomarker records from Savu 

(Dubois et al 2014) and Palawan (Wurster et al. 2010) (Figure 5), corroborate the finding 

of Russell et al. (2014) that the variations in central Indonesian hydroclimate are most 

strongly correlated to changes in ice volume (Figure 6). There is little relationship 

between our proxy data and insolation forcing in the tropics as highlighted by the lack of 

21-kyr precessional insolation cycles in our Matano data. However, the δ13Cwax records 

from both Lakes Matano and Towuti appear to show correlations with the regional sea 

surface temperature (SST), the concentration of atmospheric greenhouse gases (GHG), 

the Sunda Shelf areal exposure, and the extent of northern hemisphere ice sheets (Figure 

6). Among these, the Matano records most closely track the timing of significant 

Laurentide ice sheet growth during late MIS 3 (Figure 6). Regional SST records show 

similar temperatures during MIS 3 and MIS 2 and the Sunda Shelf had nearly similar 

exposed area between 53 and 12 kyr BP, whereas changes in the GHG concentrations 

between portions of MIS 3 and MIS 2 cannot wholly explain the variations observed in 

our δ13Cwax (Figure 6), suggesting the relatively minor influence of these three forcings 

compared to that of ice sheet volume and topography. Indeed, modeling studies show that 

a relatively small change in ice sheet thickness might significantly increase the Hadley 

mass transport above the Pacific and shift the mean position of the ITCZ southward (e.g. 

Lee et al. 2014). In this light, the regional MIS 2 drying observed across central Maritime 

Continent could result from orographic forcing by the Laurentide ice sheet, which 
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perturbed the tropical Pacific atmospheric circulation and subsequently drove the 

migration of intense precipitation to the south of central Indonesia. 

 

6. Conclusions  

 

  Late Pleistocene and Holocene sediments from Lake Matano in central Sulawesi 

reveal a paleovegetation and paleohydrological history that is consistent with similar 

records from the region, in particular the vegetation record from Lake Towuti, which lies 

at a lower elevation approximately 10 km south of Lake Matano. Together, δ13Cwax from 

Lakes Matano and Towuti indicate that grassland and open canopy forest ecosystems 

expanded during a more arid and seasonal MIS 2, including during the LGM, whereas 

closed-canopy rainforest ecosystems predominated in central Sulawesi during MIS 1 and 

MIS 3, when the climate was wetter and less seasonal. The distinct glacial-interglacial 

shifts observed in central Sulawesi records during the past 50 kyr are likely due to the 

sensitivity of Maritime Continent hydroclimate to changes in global climate boundary 

conditions, and particularly remote high latitude forcings associated with ice volume and 

thickness. Given the importance of Lake Towuti as the site of an upcoming International 

Continental Drilling Project, which will attempt to reconstruct regional hydroclimate and 

vegetation history during the past 650 kyr or longer (Russell and Bijaksana 2012), the 

similar histories between the two lakes during the past 50 kyr strongly suggest that the 

climate proxy records of Lake Towuti are representative of the regional hydroclimate at 

the heart of the Western Pacific Warm Pool.  
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 Within this framework, δ13Cwax from Lake Matano are more depleted than those 

of Lake Towuti, and Lake Matano experienced a lesser enrichment in δ13Cwax than Lake 

Towuti during late MIS 3 and MIS 2. We suggest that the local topographic setting in 

Sulawesi had a significant impact on local climatic and/or plant type variations across 

glacial-interglacial timescales, whereby the cooler, wetter climates at the higher 

elevations surrounding Lake Matano supported C3 ecosystems during a regionally drier 

time period. This is consistent with the interpretation of multiple vegetation-based 

reconstructions from high and low altitude regions within the Maritime Continent, and 

suggests an important role for mountains in maintaining rainforest elements in the 

Maritime Continent during glacial-interglacial cycles.   
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ID Material 
Depth 

(m) 

14C 
Age 

±14

C 

Reservoir 
correction 
(14C years) 

Reservoir 
corrected 

14C Age 

Calib-
rated 

age (yr 
BP) 

2B-1-107.5 bulk 0.40 4610 30 977.53 3632 3944 
2B-1-109 wood/plant 0.41 3680 80 n/a 3680 4020 
2B-2-51.5 bulk 1.26 10250 50 977.53 9272 10453 
2B-3-1.5 wood/plant 2.23 15900 60 n/a 15900 19168 
2B-3-5.5 bulk 2.27 17100 70 977.53 16122 19457 
2B-3-94 bulk 3.15 21600 90 977.53 20622 24835 
2B-4-47.5 bulk 4.18 28000 130 977.53 27022 31064 
2B-5-23 bulk 5.30 33900 280 977.53 32922 37008 
2B-6-54.5 bulk 6.62 42100 330 977.53 41122 44629 
2B-7-16 bulk 7.74 46000 460 977.53 45022 48391 

 

Table 1. Calibrated and reservoir-corrected ages used to determine the age model for 

core MAT10-2B. The reservoir correction is based on the average of two interpolated 

paired ages. 
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Figure 1. Surface precipitation rates for December to May and June to November from 

NCEP/NCAR Reanalysis (Kalnay et al. 1996). Locations of our study site and other 

sites/records discussed in the text are shown on the map: 1) Makangit Cave, 2) Gangub 
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Cave, 3) Niah Cave, 4) Gunung Buda Cave, 5) Tarakan Delta, 6) Lake Matano, 7) Lake 

Towuti, 8) Liang Luar Cave, 9) Savu Basin.  
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Figure 2. (A) Geological map of the Malili Lakes region. Core locations in both lakes are 

indicated with red stars. Locations of weather stations near the lakes are shown on the 

map. (B) Monthly mean precipitation for eight weather stations near Lakes Matano and 

Towuti (PT Vale Indonesia, unpublished) from 1997 to 2006.  (C) Average annual 
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precipitation for those weather stations plotted against their elevations. A trend line is 

fitted to the data, omitting one outlier (Timampu). (D) Seasonality index (difference 

between the average rainfall during the wettest and driest months divided by the mean 

monthly rainfall) for those weather stations were computed and plotted against their 

elevations. A trend line is fitted to the data, omitting one outlier (Palumba).  
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Figure 3. Age-depth profile, δ13C of C28 n-alkanoic acids (δ13Cwax) data, and 

lithostratigraphic description of Lake Matano’s Core 2B. 1-sigma errors for δ13Cwax 

measurements are plotted.  
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Figure 4.!δ13C from Lakes Matano and Towuti in central Sulawesi and Savu Basin near 

the Nusa Tenggara islands. Dashed lines represent a Gaussian smoothing of the data to 

emphasize long-term trends.!!
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Figure 5. Comparison of Lake Matano δ13Cwax record with other δ13C records of regional 

vegetation. From top to bottom: 1) Northern Borneo/Gunung Buda δ18O record, ice 

volume-corrected (Partin et al. 2007 and Carolin et al. 2013), 2) C29 n-alkane δ13Cguano 

from Makangit on Palawan Island (Wurster et al. 2010), 3) C29 n-alkane δ13Cguano from 

Gangub on Palawan Island (Wurster et al. 2010), 4) Matano δ13Cwax (this study), 5) Savu 

δ13Cwax (Dubois et al. 2014), 6) Flores/Liang Luar δ18O record, ice volume-corrected 

(Griffiths et al. 2009, Ayliffe et al. 2013). 

!
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Figure 6. Comparison of Lake Matano δ13Cwax records with climate forcings. From top to 

bottom: 1) Mg/Ca sea surface temperature record from Celebes Sea (Stott et al. 2007), 2) 

CO2 concentration record from Dome C and Vostok, Antarctica (Monnin et al. 2001, 

Petit et al. 1999), 3) areal shelf exposure of Sunda Shelf, obtained by applying sea level 

fluctuations data to Sunda Shelf bathymetry, as described in Russell et al. (2014), 4) sea 

level fluctuations, as a proxy for global ice volume, derived from benthic foraminifera 

oxygen isotopes, as described in Waelbroeck et al. (2002), 5) Matano δ13Cwax (this study). 
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Abstract 

 

Precipitation is the most important variable of Indonesian climate, yet there are 

substantial uncertainties about past and future hydroclimate dynamics over the region. 

This study explores central Indonesian vegetation and rainfall and associated changes in 

atmospheric circulation during the past 26,000 years in Wallacea, a biogeographical area 

in central Indonesia, wedged between the Sunda and Sahul shelves and known for its 

exceptionally high rainforest biodiversity. We use terrestrial plant biomarkers from 

sediment cores retrieved from Mandar Bay, off west Sulawesi, to reconstruct changes in 

Wallacean vegetation and climate since the Last Glacial Maximum (LGM). Enriched leaf 

wax carbon isotope (δ13Cwax) values recorded in Mandar Bay during the LGM, together 

with other regional vegetation records, document grassland expansion, implying a 

regionally dry, and possibly more seasonal, glacial climate. Depleted leaf wax deuterium 

isotope (δDwax) values in Mandar Bay during the LGM, and low reconstructed 

precipitation isotope compositions from nearby sites, reveal a southward shift of the 

mean position of the Intertropical Convergence Zone and an intensified Austral-Asian 

monsoon circulation, likely due to strong southern hemisphere summer insolation and the 

presence of large northern hemisphere ice sheets. Mandar Bay δ13Cwax was anti-correlated 

with δDwax during the LGM and the last deglaciation, but was positively correlated during 

most of the Holocene, indicating time-varying controls on the isotopic composition of 

rainfall in this region. The inundation event of the Sunda Shelf and in particular the 

opening of the Java Sea and Karimata Strait between 9.4 and 11.1 thousand years ago 

might have provided new moisture sources for regional convection and/or influenced 
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moisture source trajectories, providing the trigger for shifts in atmospheric circulation 

and the controls on precipitation isotope compositions from the LGM to the Holocene.  

 

Keywords 

Precipitation; Vegetation; Biomarker; Isotope; Indonesia; Last Glacial Maximum 

 

1.! Introduction 

 

Alterations in modern-day Indonesian rainfall patterns influence the stability of its 

rich and diverse tropical rainforests (Underwood et al. 2014) and impact the livelihoods 

of more than a quarter billion people living in the region (Naylor et al. 2007, Oktaviani et 

al. 2011). However, there is relatively weak agreement among Intergovernmental Panel 

on Climate Change climate models on the trend and magnitude of future precipitation 

changes over Indonesia (Knutti and Sedláček 2013), reflecting substantial uncertainty 

about hydroclimate dynamics in the archipelago under future climate boundary 

conditions. Similarly, there is a long-running debate on changes in Indonesian 

hydroclimate during the Last Glacial Maximum (LGM), when atmospheric CO2 

concentrations were approximately 80 ppm lower than pre-industrial values and 

Sundaland and Sahulland were two, separate contiguous landmasses (Figure 1). Nearly 

all terrestrial- and marine-based climate proxy records indicate cooler temperatures in 

Indonesia during the LGM, but regional precipitation patterns are still poorly understood 

(Reeves et al. 2013 and references therein). Vegetation responses to these rainfall 

variations are even less clear (Wurster et al. 2014). Given the importance of LGM climate 
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to climate model validation and testing (e.g. diNezio and Tierney 2013), new proxy data 

of precipitation and vegetation response during the LGM are needed to close these 

knowledge gaps. 

At the heart of Indonesia lies Wallacea, a biogeographical region comprised of 

Sulawesi, the Maluku Islands, and the Lesser Sunda Islands (Figure 1). Wallacea is 

separated from Sundaland (the Malay Peninsula, Sumatra, Borneo, Java, and Bali) to the 

west and from Sahulland (Papua and Australia) to the east by deep seaways, and thus had 

a different environmental history from the neighboring islands connected to the exposed 

Sunda and Sahul shelves during the LGM. Wallacea is a global biodiversity hotspot due 

to its high species diversity and high risk of habitat loss (Myers et al. 2000). Here we 

assess Wallacean climate and vegetation within the larger context of climate changes 

across Indonesia since 26 kyr BP to improve our understanding of regional vegetation 

and climate history, with a particular emphasis on the LGM. 

The LGM climate of the Indonesian archipelago has proved challenging to 

understand, due to significant disagreement among proxy reconstructions in the direction 

and magnitude of regional precipitation change. This uncertainty could be partly due to 

the use of different precipitation proxies in different archives, which are sensitive to 

different elements of paleohydrologic change. For example, proxy records of 

precipitation isotopes such as speleothem oxygen isotopic compositions (e.g. Griffiths et 

al. 2009, Ayliffe et al. 2013) and seawater oxygen isotope data derived from foraminifera 

(Mohtadi et al. 2011) have been interpreted to reflect changes in the amount of annual 

precipitation. This interpretation is underpinned by the dilution of isotopically-enriched 

seawater with isotopically-depleted rainfall. The latter is influenced by the so-called 
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“amount effect”, in which local rainfall amount is considered as the primary control of 

rainfall isotopes (e.g. Dansgaard 1964 and Rozanski et al. 1992). However, recent 

modeling studies and observations of modern precipitation isotope data indicate that 

precipitation isotopes can record a range of atmospheric circulation processes including 

moisture sources and trajectories (e.g. LeGrande and Schmidt. 2009, Kurita et al. 2009, 

Lewis et al. 2010, Moerman et al. 2013). Better constraints on the interpretation of 

rainfall isotope proxy data through comparisons of multiple climate proxies will therefore 

help to elucidate not only the regional hydroclimate sensitivities to global climate 

forcings, including atmospheric greenhouse gas levels (e.g. Tachikawa et al. 2013), 

orbital variations (e.g. Holbourn et al. 2005, Kershaw et al. 2011, Tierney et al. 2012, 

Carolin et al. 2013), ice volume changes (e.g. Lee et al. 2014, Russell et al. 2014, 

Wicaksono et al. 2015), and aerial exposure of the Sunda and Sahul Shelves (Griffiths et 

al. 2009, Partin et al. 2007, diNezio and Tierney 2013, Dubois et al. 2014, Niedermeyer 

et al. 2014), but also the atmospheric circulation changes that govern the regional climate 

response. 

Here we employ stable isotope analyses of terrestrial plant biomarkers to 

reconstruct paleoclimate and paleovegetation in Wallacea. Carbon and hydrogen isotope 

ratios of terrestrial plant leaf wax compounds (e.g. n-alkanes, n-acids, and others) can 

record changes in vegetation type and the isotopic composition of precipitation, providing 

valuable paleoclimate data (Sachse et al. 2012). We analyzed the carbon and hydrogen 

isotopic composition of long-chain n-alkanoic acids extracted from a new marine 

sediment core collected from Mandar Bay, offshore central Sulawesi, and compare these 

data with several published hydroclimate and vegetation records from Wallaceae and 
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other parts of Indonesia. Our record builds upon and extends previous reconstructions 

from Mandar Bay (Tierney et al. 2012) and helps to: 1) determine the patterns of 

Wallacean hydroclimate change since the LGM, 2) understand the response of vegetation 

to long-term hydroclimate variations in this high biodiversity region, and 3) elucidate the 

climate processes controlling rainfall isotope variations through time. 

 

2.! Study Region 

 

Wallacea lies in central Indonesia and extends from 5 ºN to 12 ºS (Figure 1). 

Precipitation in the northern part of Wallacea (the majority of Sulawesi and the Maluku 

Islands, from 5 ºN to 6 ºS averages more than 2000 mm/year, with all months 

experiencing rainfall of more than 50 mm/month. Despite the lack of a dry season, there 

is a distinct wet season from November through May, when strong northwesterly trade 

winds associated with the Austral-Asian Monsoon flow over the region, carrying 

moisture originating in the northern hemisphere (Aldrian and Susanto 2003). In contrast, 

the southern part of Wallacea (the Lesser Sunda Islands from 7 ºS to 12 ºS) is notably 

drier, with average annual precipitation between 500-1500 mm. This area experiences a 

long dry season between April and November, when the southeast trade winds bring dry 

air from the Australian land mass (Monk et al. 1997). Both regions, but in particular in 

central Sulawesi, exhibit strong orographic controls on precipitation, with higher 

elevation areas having up to twice the rainfall of the coastal zones (Whitten et al. 1987, 

Monk et al. 1997). 
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Vegetation distribution in the Wallacean region tracks variations in precipitation 

(Figure 2). Wetter, northern Wallacea is dominated by evergreen rainforests, including 

lowland, lower montane, upper montane, and subalpine rainforests that vary as function 

of altitude (Whitten et al. 1987). Conversely, a significant portion of the Lesser Sunda 

Islands is covered in tropical deciduous forests and savanna woodlands. Ever-wet 

rainforests in the Lesser Sunda Islands are found only at high elevations and in areas 

facing the rain-bearing winds (Monk et al. 1997).  

Our leaf wax-based hydroclimate and vegetation records were reconstructed from 

a marine sediment core retrieved from Mandar Bay during the 2011 Sonne-217 “MAJA” 

expedition. Mandar Bay is west of central Sulawesi adjacent to the Makassar Strait 

(Figure 2). Core SO-217-18515-3 (3.63 ºS, 119.36 ºE, water depth: 688 m, core length: 

12.175 m) was obtained 12 km off the Saddang (or Sa’dan) river mouth. The Saddang 

River catchment has a mean elevation of 1173 m, a maximum altitude of 3428 m, a 

length of 182 km, and a total watershed area of approximately 6,380 km2, covering much 

of the interior of west central Sulawesi including Tana Toraja. The Saddang River lies at 

a vegetation divide with evergreen C3 rainforests in the catchment to the north (Whitten 

et al. 1987), and tropical deciduous forests with substantial C4 grasses to the south 

(Figure 2).  These more open vegetation types are typical of the natural vegetation in the 

southern arm of Sulawesi, which has a transitional climate between the wetter central 

Sulawesi and drier Lesser Sunda Islands (Whitten et al. 1987). 
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3.! Methods 

 

We analyzed the carbon and hydrogen isotopic composition of long-chain n-

alkanoic acids from terrestrial leaf waxes (δ13Cwax and δDwax) on sediment samples from 

core SO-217-18515-3. We extracted lipids from homogenized, freeze-dried sediment 

samples using a Dionex Accelerated Solvent Extractor and purified acids from the lipid 

extracts using aminopropyl column chromatography. The fatty acids were methylated 

with acidified methanol of a known isotopic composition, then further purified using 

silica gel chromatography. The resulting fatty acid methyl esters were analyzed via gas 

chromatography isotope ratio monitoring-mass spectrometry (GC-IR-MS) using Thermo 

Delta V Plus (for δ13Cwax) and Thermo Delta Plus XL (for δDwax) at Brown University.  

In total, we analyzed 100 samples for δ13Cwax and 147 samples for δDwax in 

duplicate or greater. The average analytical error for δ13C analysis of C28 n-acid was 0.14 

‰, whereas for δDwax it was 1.96 ‰. Measurements on C28 n-acid are broadly 

representative of the isotopic composition of the long-chain waxes. The correlations of 

δ13C values between n-acid homologues were strong, with r2 = 0.77, p < 0.001 for δ13Cwax 

of C28 and C26, and r2 = 0.93, p < 0.001 for δ13Cwax of C28 and C30. The correlations were 

weaker for δD measurements (0.47 and 0.20 for C28 and C26 and for C28 and C30, 

respectively). We report δ13Cwax and δDwax (δDprecip) values of the C28 homologue, as it is 

the most abundant homologue in our sediment samples and has the lowest analytical 

error. Except where otherwise noted, we interpret the δ13Cwax and δDwax values of C28 as 

representative isotope compositions of the waxes preserved in our core. 
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The age model for core SO-217-18515-3 was obtained by linearly interpolating 

sixteen 14C age control points (2 from woods and 14 from planktonic foraminifera), 

which covered the past 26 kyr BP (Table 1). 14C ages were calibrated with the IntCal 

13.14C curve using Calib 7.0.1 (Reimer et al. 2013). The age control points indicate 

fairly continuous sedimentation rates, averaging 45 cm/kyr (Figure 3). More detailed 

discussion on the age model can be found in Schroeder et al. (in review). 

 

4.! Ecological and climatic interpretations of leaf wax isotopes 

 

δ13Cwax is a proxy for changes in vegetation type, and in particular the relative 

abundance of C3 versus C4 plants. δ13Cwax for C4 plants range from -19 ‰ to -26 ‰, 

whereas values for C3 plants range from -30 ‰ to -45 ‰ (Chikaraishi and Naraoka 

2007). In the tropics, the relative abundance of C3 versus C4 plants is largely controlled 

by precipitation and related hydroclimate variables, with dry environments favoring C4 

grasses, and wet environments favoring C3 trees (Schefuss et al. 2005). Changes in the 

efficiency of carbon and water utilization within C3 and C4 plants may also affect δ13Cwax, 

with more positive δ13C values in drier climates (Diefendorf et al. 2010). This process 

generally has a smaller effect on δ13Cwax than the shifts between C3 and C4 plants; global 

C3 biomass exhibits a ~6 ‰ enrichment across precipitation gradients ranging from 

closed-canopy rainforest to desert ecosystems (Diefendorf et al. 2010).   

Within Indonesia, δ13Cwax values observed in marine surface marine sediments are 

consistent with climatically-driven vegetation gradients in the region, with strong 

correlations between δ13Cwax and average monthly precipitation and rainfall seasonality 
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(Dubois et al. 2014). δ13Cwax values from surface marine sediments retrieved near the 

Lesser Sunda Islands, where C4 grasslands and savannas are common, are enriched 

compared to those from wetter, less seasonal regions offshore from Sulawesi including 

Mandar Bay. Thus, we assume that our δ13Cwax record reflects the types of vegetation that 

existed in west-central Sulawesi, and particularly the catchment of the Saddang River, 

and, by inference, the region’s hydroclimate. 

δDwax has been shown to reliably track the δD of local precipitation (δDprecip) in a 

range of terrestrial biomes and climatic conditions (Sachse et al. 2012 and references 

therein). This includes many sites in the tropics, where δDprecip is influenced by many 

factors, including local/regional precipitation amount via “the amount effect” (Kurita et 

al. 2009), convective intensity/rain recycling (Worden et al. 2007), local SST interactions 

(Moerman et al. 2013), downdrafts and large-scale subsidence (Brown et al. 2008), cloud 

types and processes (Kurita et al. 2011), and horizontal moisture advection (Brown et al. 

2008). Any spatial and temporal changes in the atmospheric circulation and precipitation 

are thus likely to have at least some impact on δDprecip. While δDwax can thus provide 

information on a variety of hydroclimatic processes, the isotopic fractionation between 

δDprecip and δDwax (i.e. apparent fractionation) is sensitive to plant physiology (Sachse et 

al. 2012 and references therein). Here we report δDprecip after correcting δDwax for 

changes in vegetation type following Konecky et al. (2015). In brief, δ13Cwax values from 

the same wax samples were used to infer the relative abundance of C3 and C4 vegetation. 

We then used apparent fractionation values for C3 and C4 end-members obtained from the 

literature (Sachse et al. 2012, Chikaraishi and Naraoka 2007) to correct δDwax. Due to 

differences in the number of samples measured for carbon and hydrogen isotopes, we 
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interpolated δ13Cwax values to match the δDwax data points. To isolate atmospheric signals 

in our proxy data we applied a correction for global ice-volume changes to the δDprecip 

reconstruction based on benthic foraminiferal oxygen isotope data (Waelbroeck et al. 

2002) converted to δD values using the global meteoric water line (Craig 1961).  

To facilitate comparison to δ18O records from regional speleothems, we also 

converted ice volume-corrected δ18Ospeleothem from Liang Luar Cave, Flores and Gunung 

Buda Cave, Borneo (Figure 2, Figure S1) to δDprecip. Because carbonate precipitation is 

temperature-dependent, we use the carbonate-water paleotemperature equation (Fairchild 

and Baker 2012) to calculate estimates of dripwater δ18O from the δ18Ospeleothem values 

measured on cave calcite. For Flores, assuming that Liang Luar cave temperatures have 

always been ~3 degrees cooler than sea surface temperatures (Griffiths et al. 2010), we 

subtracted 3 degrees from the closest available sea surface temperature records (Lombok 

Basin, Levi et al. 2007) to estimate past temperatures of formation of cave calcite (Figure 

S1). We then subtracted 1‰ from the computed dripwater δ18O, as Griffiths et al. (2010) 

found a ~1-permil enrichment in δ18O of the fluid inclusions within Liang Luar 

speleothems relative to local rainfall. Finally, we converted Flores δ18Oprecip to δDprecip 

using modern local meteoric water line computed by Griffiths et al. (2009) (Figure S1). 

Similar computations and corrections were done on Gunung Buda δ18Ospeleothem (Figure 

S1) based on sea surface temperature records from the Celebes Sea (Stott et al. 2007) and 

measurements of local meteorology and in-situ rainfall and dripwater isotopes (Cobb et 

al. 2007, Moerman et al. 2013).   
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5.! Results 

 

In the past 26 kyr BP, Mandar Bay δ13Cwax varied between -24.5 and -29.6 ‰ 

(Figure 4).  From ~26 to 19 kyr BP, δ13Cwax was 13C-enriched, averaging -25.0 ‰, 

followed by a gradual transition to more negative values during deglaciation, until it 

reaches relatively stable values averaging -28.3 ‰ between 13 and 7 kyr BP. Afterwards, 

δ13Cwax becomes even more negative, reaching its most negative value (-29.6 ‰) ca. 5 

kyr BP, before rapidly shifting toward more positive values of -27.0 ‰ in the late 

Holocene.  

Mandar Bay δDwax varied between -160 and -172 ‰ during the past 26 kyr BP 

(Figure 5). Applying our vegetation corrections to estimate δDprecip, we observe a slightly 

larger range of values (from -88 to -70 ‰), but similar overall trends to the uncorrected 

δDwax (Figure 5). The average difference of ~92 ‰ between δDwax and δDprecip represents 

the average apparent fractionation specific to C28 n-acid (Konecky et al. 2015). More 

negative values for δDprecip were found during the LGM and early in the last deglaciation, 

between 26 and ~17.5 kyr BP, averaging -82.5 ‰, with the most negative value (-88 ‰) 

at ca. 20 kyr BP. Starting at 18 kyr BP, δDprecip becomes more positive, and averages -73 

‰ between 14 and 10 kyr BP. At the start of the Holocene, δDprecip becomes significantly 

more negative toward the mid-Holocene, and averages -78 ‰ between 6 and 3 kyr BP. 

Afterwards, δDprecip shifts to more positive values of approximately -73 ‰ in the late 

Holocene.  

The reconstructed late Holocene δDprecip value of ~-73 ‰ is slightly more 

negative than δDprecip values measured on precipitation collected in recent years at two 
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Sulawesi sites, Timampu (Figure 6) and Makassar (Figure 7). The amount-weighted 

annual average δDprecip are ~-61‰ in Timampu (Konecky et al. 2015) and ~-44 ‰ in 

Makassar (Kurita et al. 2009). The excess depletion observed in Mandar Bay might be 

due to elevation effects, given the 1170 m mean elevation of the Saddang River 

catchment, or due to inaccurate estimates of the biosynthetic fractionation of deuterium 

vs. hydrogen in the formation of leaf waxes by Indonesian vegetation. Whatever the case, 

our reconstructed δDprecip is within the seasonal range of isotopic values observed 

regionally.   

 

6.! Discussion 

 

6.1!Wallacean vegetation and rainfall histories since the LGM 

 

Vegetation records covering the LGM to present from Wallacea are limited to 

pollen records from the Banda Sea (van der Kaars et al. 2000), Lake Tondano on the 

northeastern tip of Sulawesi (Dam et al. 2001), and the Wanda site near Lake Matano in 

central Sulawesi (Hope 2001), and to plant biomarker records from Lake Towuti (Russell 

et al. 2014), Lake Matano (Wicaksono et al. 2015), and Savu Sea (Dubois et al. 2014; see 

Figure 2). These records span latitudes extending from 1 ºN to 8 ºS, and despite the 

scarcity of data over such a large region, they exhibit spatially and temporally coherent 

changes that fit the vegetation and precipitation gradients observed in Wallacea today, as 

discussed below.  
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In the present, Wallacea’s southernmost island, Sumba, has the driest, most 

seasonal climate in the region, resulting in the dominance of tropical deciduous forests in 

northern Sumba and savannas in its southern lowlands (Peel et al. 2007). 

Correspondingly, the core-top δ13Cwax values at Savu Sea, adjacent to Sumba, are the 

most positive in the region (-25 ‰) and suggest up to 20 % C4 vegetation (Dubois et al. 

2014). On the other hand, the modern δ13Cwax values recorded from Lake Towuti and 

Lake Matano (Figure 8) in the mountainous region of central Sulawesi, average -39 ‰ 

and -37 ‰, respectively, reflecting closed-canopy C3 rainforests and montane rainforests 

with limited to no C4 input (Russell et al. 2014, Wicaksono et al. 2015). Compared to 

these records, our Mandar Bay core-top δ13Cwax values (~ -27 ‰) are similar to, but more 

negative than, Savu Sea, and much more positive than the records from Lakes Matano 

and Towuti (Figure 8), reflecting the mix of C4 grassland and tropical deciduous forest in 

southwestern Sulawesi. This vegetation type likely stems from the area’s transitional 

precipitation regime between the drier and seasonal Lesser Sunda Islands and the ever-

wet interior central Sulawesi (Whitten et al. 1987).  

Variations in δ13Cwax in Mandar Bay records and other Wallacean biomarker 

records (Figure 8) provide insight into the nature of vegetation changes during and since 

the LGM. During the LGM, δ13Cwax values from all four Wallacean sites were more 

positive compared to their modern day/Late Holocene values (Figure 8), suggesting 

rainforest opening and, at some sites, grassland expansion, during the LGM. This trend is 

in keeping with pollen-based LGM climate reconstructions from the region. Savu Sea 

pollen records indicate that grasses were abundant during the LGM, reaching up to 50 % 

of Sumba’s vegetation (Dubois et al. 2014), an inference supported by δ13Cwax analyses 
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from the same core. Hope (2001) observed grass pollen concentrations of ~30% in late 

glacial sediments compared to ~15% in the Holocene at Wanda Site, near Lakes Matano 

and Towuti, and palynological analyses of cores from the Banda Sea, from eastern 

Wallacea, also suggest expanded grasslands during the LGM (van der Kaars et al. 2000).  

While vegetation can be controlled by numerous environmental and climatic 

variables, temperature is unlikely to be the primary driver of the vegetation changes 

observed in Wallacea, as changes in the relative abundance of trees and grasses are not 

strongly temperature sensitive. Moreover, the longer δ13Cwax data from Matano and 

Towuti do not appear to track changes in Sulu Sea surface temperatures, in particular 

during MIS 2 and 3 (Russell et al. 2014, Wicaksono et al. 2015). Similarly, although 

atmospheric CO2 concentrations can influence the relative abundances of C3 vs. C4 

grasses (Ehleringer et al. 1997), the expansion of grasses relative to tree taxa observed in 

δ13Cwax and palynological data in Wallacea implies changes in rainfall, rather than CO2-

driven shifts within grassland communities. These proxy data corroborate our 

interpretation of high δ13Cwax values as indicative of lowered mean annual precipitation 

and increased dry season water stress during the LGM. 

A variety of proxy data supports the use of δ13Cwax and other paleovegetation 

records as an indicator for changes in Wallacean hydroclimate. Sediment cores from 

Lake Tondano in North Sulawesi indicate lake level lowering during Marine Isotope 

Stage (MIS) 2/LGM, attributed to reduced precipitation (Dam et al. 2001). Sedimentary 

Ti concentrations in Lake Towuti were low during the LGM, reflecting lower fluvial 

erosion and hence less precipitation (Russell et al. 2014), and sedimentological data 

indicates lower lake levels at Towuti during the LGM, also reflecting drier conditions 
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(Vogel et al. 2015). The dry LGM climate observed in Wallacea is also coherent with 

other proxy records across Southeast Asia (Reeves et al. 2013). Cave guano samples 

measured from Peninsula Malaysia and Palawan Island in the Philippines display 

enrichment in δ13C during the LGM, indicating a dry environment (Wurster et al. 2010). 

In Java, grasses dominated the local vegetation around Rawa Danau during the LGM, 

indicating a drier climate (van der Kaars et al. 2001). However, LGM rainforest refugia 

have been detected in the high mountains of Sulawesi as well as other highland areas 

within Indonesia. δ13Cwax records from a marine core off west Sumatra’s high mountain 

ranges (Niedermeyer at al. 2014), along with pollen records from a high-altitude lake in 

west Sumatra (Newsome and Flenley 1988) indicate the presence of rainforests and little 

change in climate during the LGM. These higher elevation records demonstrate the long-

standing importance of orographic precipitation in Indonesia amidst large-scale changes 

in atmospheric regimes, similar to the patterns we observe in Wallacea. 

Gradients in the δ13Cwax values suggest that the present-day climate gradient of 

Wallacea, with drier climates to the south, has remained largely in place over the past 26 

kyr. Savu Sea δ13Cwax remained more positive than records from Sulawesi throughout the 

last 26 kyr, likely indicating that the Lesser Sunda Islands were always drier than 

Sulawesi. It is particularly striking that our new δ13Cwax record from Mandar Bay exhibits 

a nearly constant offset from that of the Savu Sea, suggesting that the two regions 

experienced very similar changes in climate through time. This similarity occurs despite 

the significantly drier climate during the LGM inferred from these records and the 

possibility of southward migration of the ITCZ during the LGM (e.g. Chiang et al. 2003, 

Chiang and Bitz 2005, Lee et al. 2014, Russell et al. 2014, Wicaksono et al. 2015).  
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In contrast, variations in the amplitudes and absolute values of central Sulawesi 

δ13Cwax data indicate more localized and heterogeneous vegetation changes, though with 

a similar trend from a dry LGM to a wetter climate in the Holocene reflecting the larger-

scale hydrologic changes. Lake Towuti δ13Cwax registers the largest change, marked by a 

12-permil depletion of δ13Cwax from the LGM to the present. This change must have 

involved major vegetation shifts, from open forests and C4-dominated grasslands such as 

exist in present-day Sumba to the closed-canopy rainforests that dominate the region 

today. Indeed, the δ13Cwax values of LGM sediment at Towuti are similar to the core-top 

Savu δ13Cwax, while Holocene δ13Cwax exhibits much more negative values similar to 

those observed in nearby Lake Matano and in regional soils today (Wicaksono et al. 

2015). In this light, the vegetation around Lake Towuti has oscillated between end-

member vegetation communities in present-day Wallacea. δ13Cwax in Lake Matano tracks 

the changes observed elsewhere, but with more depleted values, suggesting that the 

higher-altitude catchment of Lake Matano remained relatively wet, even during the LGM 

(Wicaksono et al. 2015), likely due to sustained orographically-induced precipitation at 

higher elevations. At Mandar Bay, δ13Cwax data indicate much more modest changes than 

observed in the lake records, with open forest and grassland ecosystems similar to 

present-day Sumba at the LGM transitioning to a mix of closed-canopy forests, tropical 

deciduous forests, and grasslands in the Holocene, similar to the vegetation mosaic 

inhabiting southwest Sulawesi today.   

Comparison of δ13Cwax records from Wallacea may also provide insight into the 

application of the leaf wax proxy itself. Although these records are not from identical 

regions, the marine δ13Cwax records from Savu Sea and Mandar Bay exhibit far fewer 
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millennial- and centennial-scale variations compared to the lacustrine records (Figure 7), 

have different mean values, and have lower-amplitude glacial-interglacial signals. While 

these differences could reflect real differences in regional vegetation, they may also 

reflect the different sizes of leaf wax source areas and transport mechanisms between 

offshore marine and inland lake records. Both the Savu Sea and Mandar Bay records 

have much larger leaf wax source areas compared to Lakes Matano and Towuti. For 

instance, the catchment of Saddang River, associated with the Mandar Bay records, has 

an area of 6380 km2, compared to the smaller catchment areas for Lakes Matano and 

Towuti (287 and 983 km2, Wicaksono et al. 2015). Palynological studies have shown that 

larger catchments often incorporate different vegetation types, resulting in more 

averaging and smaller amplitude changes (i.e. a “smoothing effect”) than in smaller 

catchments (Sugita 2007). Moreover, although most leaf waxes found in Mandar Bay 

cores likely originate from the catchment, some waxes might also come from northerly 

far away sources, brought into the site by oceanic currents, in particular the strong 

currents of the Indonesian Throughflow (Gordon et al. 2003). This long distance oceanic 

transport is likely to carry waxes more enriched in 13C given the drier climate of the 

regions north of Wallacea, possibly contributing to the relatively enriched δ13Cwax values 

in the Savu Sea and Mandar Bay samples. Our data thus suggest that δ13Cwax from marine 

records reflect a spatially broader view of environmental changes compared to lacustrine 

records, at least in this region. Observations on marine and terrestrial δDwax records, as 

discussed in the following section, suggest similar patterns.  
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6.2!Climatic controls on Wallacean rainfall isotopes since the LGM 

 

Our new record of δDprecip from Mandar Bay builds upon and extends a 

reconstruction of δDwax from a sediment core collected close to our study site from 

Makassar Strait (Tierney et al. 2012). The two records, as well as δDwax measurements of 

different n-acids from our Mandar Bay core, exhibit generally coherent trends (Figure 9). 

Tierney et al. (2012) do not report δDwax values for C28 n-acid, but the Makassar Strait C30 

n-acid δDwax are very similar to Mandar Bay C30 n-acid δDwax, and both records exhibit 

similar D-depletion from the late glacial to the Holocene (Figure 9). There are, however, 

differences in the two records. Following the shift to more enriched values during the last 

deglaciation, δDwax becomes more negative in our core at ~13 kyr BP. This depletion in 

Mandar is slightly later than in the Makassar Strait record, which displays D-depletion 

since ~14 kyr BP. During the Holocene, our records indicate a minimum in δDwax at ~5 

kyr BP, while the Makassar Strait δDwax is relatively stable through the Holocene. There 

could be many reasons for the differences between the Mandar Bay and Makassar Strait 

datasets. Limitations in dating may have caused some of the differences between the two 

records. For example, although the Makassar Strait age model is generally well 

constrained, there is a relatively long interval between two 14C ages of 11.223 and 13.990 

yr BP (Tierney et al. 2012), during which time the two records display different trends. It 

is also possible that, despite the proximity of the two records, they experience subtle 

differences in leaf wax source areas, though this hypothesis is very difficult to evaluate. 

Lastly, we note that many of the differences in the records approach the analytical 



! 99 

uncertainty of the δDwax measurements of ~2 ‰. While we cannot fully explain these 

differences, the two records agree in the D-depletion observed during the late deglacial, 

and our δDwax record from Mandar Bay shows strong similarities to isotopic records from 

other sites in Wallacea.  

Indeed, long-term changes in δDprecip data from Mandar Bay, Lake Towuti, and 

Flores Cave show striking similarities (Figure 10). During the LGM, these data sets 

display more negative reconstructed δDprecip. This D-depletion is followed by D-

enrichment during the deglaciation, and then a trend toward D-depletion beginning ~11 

kyr BP. There are variations among the reconstructed δDprecip data in terms of absolute 

values, but present-day reconstructed values generally match the modern δDprecip 

gradients in the region (Figure 7). Both measured and reconstructed present-day δDprecip 

reveal more negative values in central Sulawesi compared to northern Borneo and Bali 

(Figure 7). Though inaccuracies in the conversion of leaf wax- and cave-based data sets 

to δDprecip could contribute to the differences in the reconstructed absolute values, the 

reasonable fit between reconstructed and observed δDprecip gradients therefore likely 

reflect real regional variations in the factors controlling precipitation isotopes, including 

rainfall amount (i.e. the ‘amount effect’), moisture sources, and trajectories.  

The coherent long-term isotopic evolution observed in Towuti, Mandar Bay, and 

Flores suggests that the sites and region experienced similar atmospheric circulation 

changes at the orbital scale since 26 kyr BP. In this context, the depletion of δDprecip in 

these records during the LGM is challenging to explain in light of the widespread drying 

observed in the region. The ‘amount effect’ is often assumed to be the primary control of 

past changes in δDprecip and δ18Oprecip in the tropics. The amount effect, i.e. the negative 
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correlation between the isotopic composition of precipitation and precipitation rates, was 

first observed by Dansgaard (1964) and later confirmed in subsequent studies (e.g. 

Rozanski et al. 1992 and Bowen 2008). The removal of isotopically-enriched water vapor 

as condensation proceeds in a strong convection system leaves the isotopic content of the 

remaining vapor increasingly lighter and the rainwater more depleted (Vuille et al. 2003). 

Further, the reduced evaporation of falling raindrops in a wetter atmospheric column and 

near active convection may reduce re-enrichment of the rainwater (Dansgaard 1964, 

Lawrence et al. 2004). While these physical processes are relatively well-understood, 

applying the amount effect to the interpretation of negative δDprecip data observed in 

Wallacea would indicate a regionally wet climate during the LGM (e.g. Griffiths et al. 

2009, Ayliffe et al. 2013), in contrast to virtually all other paleoenvironmental proxy data 

from the region.  

What shifts in the atmospheric regime could have caused this LGM isotopic 

depletion? The northwest trade winds are known to carry D-depleted air masses from the 

Indian and Pacific Oceans relative to air masses originated locally or from the south 

(Kurita et al. 2009, Griffiths et al. 2009, Moerman et al. 2013). Indeed, the effects of 

monsoon circulation and seasonal ITCZ movement on rainfall isotopes are visible in 

central Sulawesi in the present. Data from Timampu suggest “extra depletion” of δDprecip 

when the northwest Austral-Asian Monsoon dominates and transports rain-bearing air 

masses from the northern Pacific in November-January (Figure 6, Konecky et al. 2015). 

Meanwhile, convective and stratiform rainfall within the ITCZ, which characterizes most 

rainfall in central Sulawesi in March-May, appears to have “limited depletion” compared 

to the trade wind-related precipitation (Figure 6), likely due to shorter transport paths at 
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this time. The “extra depletion” in central Sulawesi might be predominantly a function of 

moisture source and rainout along the long path taken by the trade wind-steered air mass, 

highlighting the importance of advection and “upstream” atmospheric processes in 

controlling δDprecip along long transport paths (e.g. Brown et al. 2008, Moerman et al. 

2013, Konecky et al. 2015). More negative δDprecip values are also observed between 

December and March in Denpasar, the closest monitoring station to Flores, when the 

northwest trade winds are strong and the ITCZ passes over the region (Griffiths et al. 

2009, Figure 7).  

Thus, a stronger northwest monsoon could have brought more depleted 

precipitation during the LGM to Wallacea, as registered by depleted δDprecip observed at 

Mandar Bay, Lake Towuti, and Flores. In contrast, reconstructed δDprecip from northern 

Borneo (Partin et al. 2007) indicates LGM precipitation was isotopically enriched relative 

to the Holocene. The D-enrichment in Borneo is consistent with decreased regional 

convective activity and proxy evidence for drier conditions during the LGM (Wurster et 

al. 2010). In the present, precipitation amounts and isotopic composition at Mulu, 

northern Borneo, exhibit relatively weak seasonality, with little D-depletion during boreal 

winter when the northwest monsoon strengthens over southern and central Indonesia 

(Moerman et al. 2013, Figure 7). The strong similarity of the reconstructions over 

Wallacea, where southward ITCZ migration and the northwest monsoon play a critical 

role during the modern-day wet season, relative to Borneo, where these processes are less 

important, strongly implicate ITCZ migration and monsoon intensification in the D-

depletion observed across Wallacea during the LGM (Ayliffe et al. 2013).  
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Global climate boundary conditions during the LGM might have perturbed 

Wallacean atmospheric circulation, the monsoons, and the ITCZ via multiple pathways. 

For example, expanded ice sheets and northern hemisphere cooling is thought to have 

strengthened the East Asian Winter Monsoon (EAWM; Porter and An 1995, Shi et al. 

2011). Given the modern-day correlation between the EAWM and the Austral-Asian 

northwest monsoon (Suppiah and Wu 1998, Hong and Li 2009), the strengthening of the 

EAWM under glacial boundary conditions could have intensified the Austral-Asian 

northwest monsoon. Modeling studies further indicate the large volume and high 

topography of the Laurentide ice sheets drove a net southward shift of the mean ITCZ 

position (e.g. Chiang et al. 2003, Chiang and Bitz 2005, Lee et al. 2014), consistent with 

a strengthened northwest monsoon. Southward ITCZ migration and strengthened 

monsoon circulation, however, did not lead to increased rainfall in Wallacea, as observed 

from our vegetation reconstructions and other proxy data (e.g. Reeves et al. 2013).  

A southward shift in the ITCZ, a strengthened northwest monsoon, and D-

depleted rainfall may also be caused by orbital precession and seasonal insolation 

forcing. Indeed, Wallacean δDprecip records appear to be correlated to southern 

hemisphere summer insolation throughout the past 26 kyr BP (Figure 10), suggesting a 

dynamical linkage between precession, ITCZ displacement, and monsoon strength (e.g. 

Holbourn et al. 2005, Tachikawa et al. 2011, Kuhnt et al. 2015). Strong southern 

hemisphere summer insolation during the LGM might have pulled the caloric equator 

toward the southern tropics, shifting the seasonal and mean annual ITCZ positions 

southward. Moreover, weak southern hemisphere summer insolation ca. 12 kyr BP is 

synchronous with the maximum D-enrichment observed in the Wallacean δDprecip 
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records, including Mandar Bay, Flores, and Towuti, when the ITCZ shifted to the north 

(Wang et al. 2001, Wang et al. 2008). As the ITCZ shifts northward, most of Wallacea 

was subject to increased influence of the isotopically-enriched southeasterlies, therefore 

increasing the overall δDprecip values. The strengthening of the northwest monsoon as the 

ITCZ shifted to the south during the Holocene is also recorded in the marine record from 

Timor Sea, to the south of the Lesser Sunda Islands (Kuhnt et al. 2015). Despite the 

correlation between Wallacean δDprecip and southern hemisphere summer insolation, the 

D-depletion we observe at Mandar Bay and other Wallacean sites during the LGM 

relative to the Holocene cannot be explained solely by insolation forcing, implicating 

glacial boundary conditions in forcing the inferred changes in monsoon strength and 

ITCZ position. 

Our records may further explain the limited glacial-interglacial changes observed 

in planktic foraminifera-derived δ18O of seawater (δ18Osw) proxy records from offshore 

western Sumatra (Mohtadi et al. 2014), off south Java (Mohtadi et al. 2011), and the Savu 

Basin (Gibbons et al. 2014). The δ18Osw!has been interpreted to primarily reflect mean 

annual local sea surface salinity, likely controlled by shifts in regional 

precipitation/evaporation and river runoff from nearby islands, and to reflect some 

influence from oceanic advection and mixing of water with different isotopic 

compositions. In this context, the authors explained the small LGM-present δ18Osw as 

indicative of relative similarities in precipitation amount during the LGM and present. 

This interpretation, however, is in contrast to the substantial drying recorded by regional 

paleoenvironmental records, as discussed above. Instead, it is possible that the isotope 
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depletion we observe offset changes in precipitation amount and runoff in regional δ18Osw 

records.  

 

6.3!Time-varying aspect of precipitation-δDprecip relationship in Wallacea 

 

A prominent feature of our Mandar Bay data is a switch in the relationship 

between δ13Cwax and δDprecip (Figure 4). δDprecip is negatively correlated with δ13Cwax 

during the LGM and the last deglaciation, but positively correlated during the Holocene. 

Assuming δ13Cwax records changes in precipitation amount, this switch could suggest that 

seasonal changes in moisture source and atmospheric circulation dominate the δDprecip 

signal when glacial boundary conditions prevailed, while δDprecip records primarily 

changes in precipitation amount during the Holocene. Therefore, this switch likely 

signifies a major shift in atmospheric circulation near the beginning of the Holocene.  

By calculating a moving correlation window, i.e. searching for the time of the 

switch that optimizes R-squared values for both the correlation and anti-correlation, we 

found that the highest R-squared values are found between 11.1 and 9.4 kyr BP (Figure 

11), suggesting that rising sea level and flooding of the regional shelves exert an 

important control on atmospheric circulation and precipitation isotopes (e.g. Griffiths et 

al., 2011). At 11.1 kyr BP, the rapid inundation of the Sunda Shelf, associated with the 

Meltwater Pulse 1B, had just been completed (Fairbanks 1989), resulting in the initial 

opening of the South China Sea and the Java Sea (Sathiamurthy and Voris 2006, 

Hanebuth et al. 2009). Between 11.5 and 9.5 kyr BP, sea level rose from ~50 to ~20 

meter below present level and flooded the Karimata Strait and, more importantly, the rest 
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of the Java Sea (Sathiamurthy and Voris 2006, Hanebuth et al. 2009), thereby creating a 

large moisture source region within the Indonesian archipelago during this time window 

(Figure 11). Thus, by 9.4 kyr BP, the channels and straits separating Java, Kalimantan, 

Sumatra, and the Malay Peninsular were already becoming significant water bodies 

(Hanebuth et al. 2009).  

 While uncertainty remains regarding the effects of Sunda Shelf exposure on 

regional atmospheric circulation (DiNezio and Tierney 2012), the presence of large, 

warm seas in western Indonesia appears to have increased the relative influence of the 

amount effect during the Holocene, likely through major reductions in the length of 

moisture transport during the wetter months and at the time of southward ITCZ transit. 

Interestingly, the latter part of the time window of the switch is coincident with an abrupt, 

non-linear switch in the monsoon system above Flores at ~9.5 kyr BP observed in the 

correlations between δ18Ospeleothem, Mg/Ca, and Sr/Ca data from Flores cave and attributed 

to the rapid inundation of the Sunda shelf at that time (Griffiths et al. 2011). Our data, 

however, suggest that the switch in the atmospheric circulation or the monsoon system 

occurred gradually, in line with the relatively gradual inundation of the Sunda Shelf. In 

particular, the flooding between 11.1 and 9.4 kyr BP likely represent a key interval for 

the establishment of the modern-day relationship between precipitation and δDprecip in the 

region.  

During the Holocene, following the flooding of the Java Sea, records from 

Wallacea exhibit much more heterogeneity. Borneo exhibits the most depleted δDprecip at 

~4.5 kyr BP, Towuti shows more depleted δDprecip at ~3.5 kyr BP, and Flores δDprecip is 

relatively stable (Figure 10). Our record from Mandar Bay shows more depleted δDprecip 
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at ~4.5 kyr BP, similar to Borneo, though this finding contrasts with nearby δDprecip 

records from western Sulawesi (Tierney et al. 2012); thus, the trends in our Mandar Bay 

data must be evaluated with caution. The heterogeneity in these records, in the absence of 

strong glacial forcings, could reflect different sensitivities among the sites to insolation-

forced changes in the ITCZ and the monsoons (Partin et al. 2007, Griffiths et al. 2009) 

and/or to coupled ocean-atmosphere processes operating in the Pacific and Indian Oceans 

during the Holocene. The variations in Borneo rainfall isotopes during the Holocene have 

been linked to insolation during boreal fall, which controls the intensity of precipitation 

as the ITCZ passes above the site in the fall (Partin et al. 2007, Carolin et al. 2013). As 

the mean position of the ITCZ shifts southwards over the course of the Holocene in 

response to fall precessional forcing (Carolin et al. 2013), the peak of intense 

precipitation and the isotopic minima also shift southward across the region (Partin et al. 

2007). Combined with the depletion observed at Towuti ca. 3.5 kyr BP, these records 

may jointly indicate the crossing of the ITCZ above the northern part of Indonesian 

archipelago during mid-Holocene. The absence of this ITCZ-forced isotopic depletion 

above Flores likely indicates that precipitation over the Lesser Sunda Islands was less 

influenced by the shift in the ITCZ during the Holocene, possibly because of other 

dominant controlling factors such as sea surface temperatures and Sunda shelf exposure. 

 

7.! Conclusions 

 

δ13Cwax measured from the Mandar Bay core indicate that regional vegetation is 

highly sensitive to hydroclimatic changes, and that the largely meridional present-day 
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climate gradient of Wallacea has existed since at least 26 kyr BP. Wallacean 

paleovegetation records document grassland expansion into many currently forested areas 

in the region, implying a drier climate and increased seasonality during the LGM. 

Wallacean δDprecip records have similar trends during the past 26 kyr BP, with significant 

isotopic depletion during a dry LGM implying a different rainfall isotope dynamic 

compared to today. Our Mandar Bay records demonstrate that δDprecip was anti-correlated 

with δ13Cwax during the LGM and the last deglaciation, but was positively correlated 

during most of the Holocene. Based upon the similarity of the isotopic depletion in 

records from equatorial and southern Wallacea, where the Austral-Asian northwest 

monsoon dominates present-day precipitation patterns, we argue that the LGM depletion 

was caused by a southward shift of the ITCZ mean position and an intensified, yet drier 

northwest Austral-Asian monsoon. This circulation pattern, in turn, was likely forced by 

stronger southern hemisphere summer insolation and the presence of large northern 

hemisphere ice sheets. At Mandar Bay, δ13Cwax and δDprecip become positively correlated 

during most of the Holocene. The switch in correlation likely occurred gradually between 

11.1 and 9.4 kyr, when the Java Sea and Karimata Strait were flooded by the rising sea 

level, suggesting that these new moisture sources and/or changes in moisture transport 

pathways increased the influence of the amount effect in the region. 

To further understand the LGM depletion of rainfall isotopes and better 

characterize the extent and impact of ITCZ movements and seasonal variations on 

Wallacean δDprecip across multiple timescales, we will need to couple a larger spatial 

coverage of precipitation isotope records from the region with a systematic study of high-

resolution isotope-enabled climate model simulations under different scenarios of 
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forcings and boundary conditions. Importantly, the time-dependent and varying controls 

on the isotopic composition of rainfall suggest more caution is needed when interpreting 

long-term rainfall isotope proxy data in this climatically complex region.  
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Table 1 Raw and calibrated 14C Data for core SO-217-18515-3. Calibrated and reservoir-

corrected ages were used to determine the age model. 
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Figure 1 Bathymetric map of the Indonesian archipelago. During the Last Glacial 

Maximum, the exposed Sundaland was separated from Sahulland by deep and narrow 

straits, along with a group of islands termed Wallacea, comprised of Sulawesi, Maluku 

islands, and Lesser Sunda Islands (from GeoMapApp, bathymetric data from General 

Bathymetric Chart of the Ocean 2008).   
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Figure 2 Map of Köppen–Geiger climate-vegetation classification for Wallacea (adapted 

from Peel et al. 2007). Ever-wet rainforests dominate central Sulawesi, whereas monsoon 

forests and savannas are common in southern Wallacea. Locations of our study site 

(Mandar Bay) and other proxy records discussed in the text are marked with white stars. 

White dots indicate the locations of rainfall and/or rainfall isotope stations discussed in 

the text. 
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Figure 3 Age-depth relationship for core SO-217-18515-3. 
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Figure 4 Mandar Bay δ13Cwax and δDprecip since 26 kyr BP are plotted in this same time 

series plot. Dashed lines represent a Gaussian smoothing of the data to emphasize long-

term trends. δDprecip was largely anti-correlated with δ13Cwax during the LGM and the last 

deglaciation (indicated by the purple arrow), but was positively correlated during most of 

the Holocene (red arrow). Shaded area indicates the transitional period whereby the 

switch in correlation likely occurred. 
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Figure 5 Comparison between raw Mandar Bay δDwax records (light blue) with those of 

vegetation- and ice volume-corrected δDprecip (dark blue).  
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Figure 6 Monthly mean precipitation for Timampu near Lake Towuti from 1988 to 2015 

(light blue bars; PT Vale Indonesia, unpublished), as well as for Saddang catchment close 

to Mandar Bay (orange bars) show that the two regions in central Sulawesi have a similar 

precipitation seasonality. The Saddang catchment data are the averages from three WMO 

stations within the catchment of Saddang River, namely Rantepao (34 year dataset), 

Mamasa (37 year dataset), and Enrekang (39 year dataset). The data were downloaded 

from the GHCN (2013) data via the KNMI explorer interface, and their locations are 

indicated in Figure 2. Above, light green and dark blue lines display δDprecip and 

δ18Oprecip, respectively, that have been measured from Timampu rainfall since 2013 

(Konecky et al., 2015). On the right are back-trajectory analyses for Mamasa. The solid 

lines represent HYSPLIT (Draxler and Rolph 2013)-calculated 168-h back-trajectories of 

air parcels that generated rainfall during four trimesters (December-February, March-
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May, June-August, September-November) of July 2003–June 2004, a 1-year interval that 

did not experience El Niño Southern Oscillation and Indian Ocean Dipole-related 

anomalies. Different colors represent the height at which the air parcel originates. Back 

trajectory analyses for Timampu yield very similar patterns.  
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Figure 7 Monthly mean precipitation and δDprecip for (from top to bottom) Mulu, 

Timampu, Makassar, and Denpasar (bottom). The data from Timampu are the same as in 

Figure 3, whereas Makassar and Denpasar data are from JAMSTEC stations, collected in 
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2003-2006 and published in Kurita et al. (2009). Data from Mulu were collected in 2006-

2011 and published by Moerman et al. (2013). The locations for these stations are shown 

in Figure 2.  
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Figure 8 Comparison of Mandar Bay δ13Cwax record with other Wallacean δ13C records. 

From top to bottom: 1) Lake Matano δ13Cwax (Wicaksono et al. 2015), 2) Lake Towuti 

δ13Cwax (Russell et al. 2014), 3) Mandar Bay (this study), and 4) Savu Sea δ13Cwax 

(Dubois et al. 2014). 
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Figure 9 Comparison between C28 and C30 n-acid Mandar Bay δDwax records (dark blue 

and purple respectively) with Makassar Strait raw, C30 n-acid δDwax data (red, Tierney et 

al. 2012). 
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Figure 10 Comparison of Mandar Bay δDprecip records with climate forcings and other 

Wallacean δDprecip. From top to bottom: 1) sea level fluctuations, as a proxy for global ice 

volume, derived from benthic foraminiferal oxygen isotopes, as described in Waelbrock 

et al. (2002), 2) Mandar Bay δDprecip (this study), 3) Lake Towuti δDprecip (Konecky et al., 

in review), 4) Northern Borneo Cave δDprecip (computed from δ18Ospeleothem published in 

Partin et al. 2007), 5) Flores Cave δDprecip (computed from δ18Ospeleothem published in 

Griffiths et al. 2009 and Ayliffe et al. 2013), 5) southern hemisphere summer insolation 
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(calculated for 20°S, after Laskar et al. 2004). Shaded area marks the interval between 9.4 

and 11.1 kyr BP when atmospheric regime switch likely occurred.  
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Figure 11 The R-squared values for both the correlation and anti-correlation between 

Mandar Bay δ13Cwax and δDprecip are shown in the table (on the left), along with maps of 

exposed Sunda Shelf right before and after the key interval during which the switch in 
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correlation occurred (on the right, from Sathiamurthy and Voris 2006). The highest 

averages of R-squared values for the correlation and anti-correlation were found between 

11.1 and 9.4 kyr BP, indicating that the correlation switch occurred at this interval, 

coincident with the rapid inundation of the Sunda Shelf. Indeed, as shown on the maps, 

both the Java Sea and Karimata Strait became significant bodies of water during this 

interval, thereby creating a new, large moisture source region within the Indonesian 

archipelago. 
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Supplementary Information  

To convert ice volume-corrected δ18Ospeleothem from Liang Luar Cave, Flores and 

Gunung Buda Cave, Borneo to δDprecip (Figure S1), a series of calculations and 

corrections were performed.  

We first used the following carbonate-water paleotemperature equation 

(Fairchiled and Baker 2012) to calculate estimates of dripwater δ18O from the 

δ18Ospeleothem values measured on cave calcite: 

T (ºC)= 19.4-(5.3*δ18OspeleothemVPDB)+(5.3*δ18OdripwaterVSMOW) 

Paleotemperature data were derived from the closest available sea surface 

temperature records (SST) from both sites. For Flores, assuming that Liang Luar cave 

temperatures have always been ~3 degrees cooler than sea surface temperatures (Griffiths 

et al. 2010), we subtracted 3 degrees the Lombok Basin SST data (Levi et al. 2007). 

Similarly, we used SST data from the Celebes Sea (Stott et al. 2007) to estimate Gunung 

Buda cave temperatures, also assumed to be ~3 degrees cooler than sea surface 

temperatures given the cave’s elevation (Cobb et al. 2007). 

We then subtracted 1‰ from the δ18OdripwaterVSMOW data computed via the 

paleotemperature equation, as both Griffiths et al. (2010) and Moerman et al. (2013) 

reported a ~1-permil enrichment in δ18O of the fluid inclusions within their speleothems 

relative to local rainfall.  

Finally, the computed δ18Oprecip values were converted into δDprecip using modern 

local meteoric water line (LMWL) equations. The LMWL equation for Liang Luar is 

δD=6.8*δ18O+4.8 (Griffiths et al. 2009), whereas for Gunung Buda the LMWL equation 

is δD=7.9*δ18O+10.3 (Moerman et al. 2013). 
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Figure S1 Conversion of δ18Ospeleothem to δDprecip for Liang Luar Cave, Flores (top) and 

Gunung Buda Cave, Borneo (bottom).  
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Abstract 

 

The Western Pacific Warm Pool (WPWP) is a major center of tropical convection that 

strongly influences global climate. Two competing hypotheses have been proposed to 

explain orbital-scale variations in WPWP convective activity: precession-forced 

interhemispheric Intertropical Convergence Zone (ITCZ) migration and zonal circulation 

shifts associated with the Walker circulation. Here we use new plant biomarker records 

measured from sediment cores retrieved from Cenderawasih Bay, off northern Papua, 

Indonesia at the heart of WPWP, to reconstruct changes in terrestrial vegetation and 

precipitation to understand WPWP convective history since 16 kyr BP. These records 

indicate a major reduction in precipitation between 12 and 6 kyr BP, accompanied by an 

expansion of C4 taxa, suggesting that orbital-scale northern Papua precipitation is 

regulated by southern hemisphere summer insolation and ITCZ movement. Our coupled 

leaf wax carbon isotope (δ13Cwax) and hydrogen isotope (δDwax) records also implicate 

precipitation amount as the primary control on vegetation changes in the catchment, 

reconciling long-standing questions existing charcoal records from Papua and Papua New 

Guinea elucidates our understanding of the interactions between humans and the Papuan 

environment during the Holocene. 

 

1.! Introduction 

 

The Western Pacific Warm Pool (WPWP) is the major source of moisture and 

heat to the extra-tropics and therefore plays a critical role in global climate (Meehl 1987, 
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Cane and Clement 1999). Climate proxy records from the WPWP indicate large changes 

in regional rainfall during the Late Pleistocene and Holocene (e.g. Deser and Wallace 

1990, Reeves et al. 2013), but the primary forcings and mechanisms that govern WPWP 

precipitation variability on orbital time-scales are disputed. While some records suggest 

that regional hydrologic variations were caused by interhemispheric shifts in the position 

and strength of convection within the Intertropical Convergence Zone (ITCZ), forced by 

orbital precession (Tachikawa et al. 2011, McGee et al. 2014) and/or obliquity (Liu et al. 

2015), climate models and data syntheses suggest that orbital-scale changes in regional 

hydrology could occur due to orbitally-forced changes in atmospheric circulation 

associated with the Walker circulation (diNezio and Tierney 2013), with important 

implications on El Niño–Southern Oscillation (ENSO) variability (Tudhope et al. 2001).  

These climate processes intersect on the island of New Guinea, where paleoceanographic 

records suggest a strong control of insolation on paleoprecipitation (Tachikawa et al. 

2011, Liu et al. 2015), while terrestrial vegetation records have been interpreted to reflect 

orbitally-driven changes in the Walker Circulation and ENSO variability (Gagan et al., 

2004). 

New Guinea is the second largest island in the world, and is comprised of Papua 

New Guinea (PNG) to the east and the Papuan province of Indonesia to the west 

(hereafter Papua). It is located just south of the WPWP, resulting in vigorous regional 

atmospheric convection and great expanses of evergreen tropical rainforest that support 

extremely high biodiversity. Paleohydrologic reconstructions from the island are scant, 

and their interpretations are often equivocal. For instance, a record of terrigenous runoff 

in a marine sediment core retrieved north of PNG indicates increased rainfall during the 
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late Holocene, interpreted to reflect southern hemisphere precessional insolation forcing 

of the position of the ITCZ (Tachikawa et al. 2011). In contrast, charcoal reconstructions 

from New Guinea suggest increased fire frequency and a drier climate during the late 

Holocene, interpreted to reflect changes in the Walker Circulation and intensification of 

El Niño-Southern Oscillation variability (Haberle et al. 2001, Gagan et al. 2004). 

Unfortunately, the interpretation of vegetation records based on fossil pollen and charcoal 

is complicated by the long history of anthropogenic impacts on Papuan vegetation (e.g. 

Hope 2007, Denham et al. 2004, Haberle 2007). New records that can independently 

resolve vegetation and hydrologic change could clarify the primary mode of regional 

rainfall variability and distinguish the impacts of past climate changes versus 

anthropogenic forest clearance in Papua.  

Here we develop new leaf wax stable isotope records of climate and vegetation 

change from a terrestrially sourced marine sediment core retrieved off northern Papua. 

Our data cover the last 16 kyr BP, capturing part of the last deglaciation and the 

Holocene –key intervals in climate and human history– thus allowing us to evaluate the 

response of regional precipitation and atmospheric circulation to climate forcings as well 

as the influence of local climate and human populations on vegetation. 

 

2.! Study Site 

 

Core MD01-2382 (2.70 °S, 135.78 °E; core length: 33.5 m, Figure 1) was 

retrieved in Cenderawasih Bay approximately 7 km off the Derewo (Degeuwo)-Wapoga 

River Basin. This catchment covers a large area in northern Papua (~10,234 km2), whose 
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topography ranges from the tall mountains of the Central Range (> 3,500 m above sea 

level) to the lowland delta area near Cenderawasih Bay. Waren and Nabire (Figure 1), the 

closest stations to Derewo-Wapoga Basin, receive more than 3,700 mm of precipitation 

annually (Figure 2) driven by strong year-round convection over the WPWP (Prentice 

and Hope 2007). Monthly precipitation exhibits a minimum from May to October and a 

maximum between December and April (Figure 2). This seasonality is associated with 

moisture flows from the north from December-April, as the Austral-Asian monsoon 

strengthens and the ITCZ migrates southward over the region (Figure 2).  

Tropical rainforest dominates Derewo-Wapoga Basin. Lowland evergreen 

rainforests, swamp forests, and mangroves are abundant below 300 m asl, with montane 

rainforests between 300 m and 3200 m asl, and subalpine and alpine zones present above 

3200 m asl. Both C3 and C4 taxa are found in almost all elevations and biomes, except 

above 3200 m asl, where C3 grasslands and shrublands are the only vegetation types 

present (Bird et al. 1994, Johns et al. 2007). C4 taxa are typically found within the swamp 

grasslands prevalent around the rivers (Morrison 2002), in relatively dry areas in the 

montane zone (Johns et al. 2007), and in areas where clear-cutting and fires recently 

occurred (Marshall and Beehler 2007).  

 

3.! Methods 

 

MD01-2382 (Figure 3) was retrieved during the 2001 International Marine Past 

Global Changes Study (IMAGES) VII- Western Pacific Margin expedition. We 

constructed an age model based on linear interpolation of six 14C age control points (5 
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from planktonic foraminifera and 1 from wood), covering the past 16 kyr BP (Table 1). 

14C ages were calibrated with the IntCal 13.14C curve using Calib 7.0.1 (Reimer et al. 

2013). No reservoir correction was applied to 14C ages because the measurement on 

foraminifera samples 19 cm below the sea floor yields a modern age (Table 1). The age 

control points indicate high and continuous sedimentation rates, averaging 5.8 yr/cm 

(Figure 3).  

We measured the carbon and hydrogen isotopic composition of long chain n-

alkanoic fatty acids (C26, C28, and C30), derived from terrestrial plants (Sachse et al. 

2012). Fatty acids were extracted and purified according to protocol outlined in Hou et al. 

(2008). We extracted lipids from homogenized, freeze-dried sediment samples using a 

Dionex Accelerated Solvent Extractor. The acids were purified using aminopropyl 

column chromatography, and then methylated with acidified methanol of a known 

isotopic composition. The fatty acid methyl esters were purified using silica gel 

chromatography and analyzed in at least duplicate via gas chromatography isotope ratio 

monitoring-mass spectrometry (GC-IR-MS) using a Thermo Delta V Plus (for δ13Cwax) 

and Thermo Delta Plus XL (for δDwax) at Brown University. We measured 69 samples 

for δ13Cwax and 86 samples for δDwax.  

Here we report the δ13Cwax and δDwax (δDprecip) values of the C28 homologue. C28 

is the most abundant homologue in our sediment samples, has the lowest analytical error, 

and its isotopic compositions correlate well with other homologues. The average 

analytical errors for C28 n-acid were 0.12 ‰ for δ13Cwax and 1.98 ‰ for δDwax. The 

correlations of δ13Cwax values between n-acid homologues were strong, with r2 = 0.95, p < 

0.001 for δ13Cwax of C28 and C26, and r2 = 0.81, p < 0.001 for δ13Cwax of C28 and C30. The 
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correlations were weaker but still significant for δDwax measurements (0.67 for C28 and 

C26 and 0.18 for C28 and C30, p < 0.001). We corrected both δ13Cwax and δDwax for the 

isotopic composition of the methyl group added during methylation, and converted δDwax 

into δDprecip based on apparent fractionation factors between C28 n-acid and precipitation 

for C3 and C4 plants (Chikaraishi and Naraoka 2007). We also applied a correction for 

global ice-volume changes to the reconstructed δDprecip based on benthic foraminiferal 

oxygen isotope data (Waelbroeck et al. 2002), which were converted to δD values using 

the global meteoric water line (Craig 1961). 

 

4.! Hydroclimatic interpretations of leaf wax isotopes 

 

δ13Cwax is a proxy for changes in vegetation type and in particular the ratio of C3 

versus C4 plants, which in the tropics is controlled by hydroclimate (Schefuss et al. 2005, 

Diefendorf et al. 2010). C3 plants −common in wetter, weakly seasonal climates− have 

δ13Cwax of -30 ‰ to -45 ‰, whereas C4 plants −favored in drier, more seasonal climates− 

have more positive δ13Cwax ranging from -19 ‰ to -26 ‰ (Chikaraishi and Naraoka 

2007). δ13Cwax may also vary due to changes in the efficiency of carbon and water 

utilization within C3 and C4 plants, with more enriched δ13C values in drier climates, 

although this process has a smaller effect on δ13Cwax than the shifts between C3 and C4 

plants (Diefendorf et al. 2010). While δ13Cwax has not previously been studied on Papua, a 

study of the δ13C of Papuan soils clearly indicates a decrease in soil δ13C (δ13Csoil) with 

increasing C3/C4 ratio in the landscape, with moisture availability as the key control on 

δ13C and C3/C4 abundance (Bird et al. 1994). We therefore interpret Cenderawasih Bay 
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δ13Cwax record as a proxy for changes in the proportion of C3/C4 vegetation within 

Derewo-Wapoga Basin, which tracks precipitation. 

δDwax records the δD of precipitation (δDprecip) used in plant photosynthesis, with 

a series of isotopic offsets during wax biosynthesis. The apparent isotopic fractionation 

between δDwax and δDprecip is dependent upon plant physiology, including carbon fixation 

pathways (Sachse et al. 2012 and references therein). In the tropics, δDprecip can be 

primarily controlled by local/regional precipitation amount via ‘the amount effect’ 

(Dansgaard 1964, Rozanski et al. 1992, Bowen 2008, Kurita et al. 2009). The amount 

effect describes the negative correlation between the isotopic composition of precipitation 

and precipitation rates, driven by the removal of isotopically-enriched water vapor as 

condensation proceeds in deep convective clouds during rainout (Rozanski et al. 1992, 

Vuille et al. 2003), and changes in evaporative enrichment as rain moves through dry vs. 

humid air (Lawrence et al. 2004). Long-term δDprecip data from Madang and Jayapura 

(Figure 2), the two closest Global Network of Isotopes in Precipitation (GNIP) stations to 

Derewo-Wapoga Basin, indicate negative correlations between δDprecip values and 

precipitation amount (-0.82 at Madang and -0.50 at Jayapura; Permana 2011). While 

many atmospheric processes can control δDprecip (e.g. Moerman et al. 2013, Konecky et 

al. 2014), the strong correlation between modern δDprecip and rainfall amount illustrates 

the utility of Cenderawasih Bay δDprecip record as a proxy for northern Papuan 

precipitation amount since 16 kyr BP, a hypothesis we will test through comparison of 

reconstructed δDprecip and δ13Cwax. 
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5.! Results 

 

During the past 16 kyr BP, δ13Cwax varies between -26.9 ‰ and -32 ‰, with an 

average value of -30 ‰ (Figure 4). δ13Cwax averages -31.3 ‰ between 16 and 12 kyr BP, 

then shifts toward more positive values, reaching the most positive values (~-27 ‰) at 

~6.5 kyr BP. After 6 kyr BP, δ13Cwax rapidly shifts to more negative values that are 

slightly more depleted than those observed between 16 and 12 kyr BP. Between 5 kyr BP 

and present, δ13Cwax averages -31 ‰. Overall, millennial-scale variability in 

Cenderawasih Bay δ13Cwax is largely absent, with amplitudes that are within or close to 

the analytical error. Instead, the 13C-depletion between 12 and 5 kyr BP constitutes the 

most striking feature in our record. 

After applying vegetation and ice volume corrections (Figure 5), Cenderawasih 

Bay δDprecip displays similar patterns that strongly correlate with the observed changes in 

δ13Cwax (R2 = 0.78; Figure 4). δDprecip values are relatively stable between 16 and 12 kyr 

BP, averaging -43 ‰, then become more negative between 12 and 5.7 kyr BP, averaging 

-18 ‰. After 5.7 kyr BP, δDprecip became more negative, averaging -39.7 ‰ during the 

late Holocene. The shifts into and out of the mid-Holocene period of positive δDprecip are 

abrupt.   

 

6.! Discussion 

 

A variety of climatic, environmental, and biological processes can control 

vegetation distribution and therefore δ13Cwax. Low atmospheric CO2 concentrations favor 
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C4 grasses relative to C3 plants (Ehleringer et al. 1997); however, atmospheric pCO2 

increased during the last deglaciation and was relatively high and stable through the 

Holocene (Monnin et al. 2001), in contrast to our δ13Cwax. Similarly, while temperature 

may partly explain the decrease in C4 species relative to C3 species observed today in 

Papua with altitude, sea surface temperatures recorded at sites close to New Guinea (e.g. 

MD97-2140, deGaridel-Thoron et al. 2005; MD05-2920, Tachikawa et al. 2013; and 

MD05-2928, Shiau et al. 2011) do not appear to track changes observed in Mandar Bay 

δ13Cwax, suggesting temperature is not the major control on δ13Cwax. Consequently, 

precipitation changes are the most plausible mechanism to account for the C3/C4 shift, 

similar to inferences from other Western Pacific δ13Cwax records (e.g. Russell et al. 2014, 

Dubois et al. 2014, Wicaksono et al. 2015).  

The strong correlation between δ13Cwax and δDprecip also implies that both proxies 

are controlled largely by precipitation amount –the climate parameter most likely to 

influence both δDprecip and C3/C4 shifts in Papuan vegetation. On monthly time-scales the 

amount effect exerts a strong influence on δDprecip in northern Papua (Permana 2011), but 

on longer time-scales the amount effect could change and/or be opposed by other 

processes controlling precipitation isotopes (Konecky et al. 2014, Moerman et al. 2013, 

Wicaksono et al. in prep). For instance, changes in the sign of the correlation between 

δ13Cwax and δDprecip records from central Sulawesi suggests that seasonal changes in 

moisture source and atmospheric circulation dominate the δDprecip signal in central 

Indonesia during the LGM, while δDprecip during the Holocene primarily records changes 

in precipitation amount (Wicaksono et al. in prep). In contrast, the strong, stable 
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correlation between δ13Cwax and δDprecip in Papua indicates a stable relationship between 

δDprecip and precipitation amount during the past 16 kyr BP.  

Thus, the 20-permil shift in δDprecip after 12 kyr BP and the concomitant 3-permil 

increase in δ13Cwax, and similar shifts but with the opposite sign at 6 kyr BP, imply a drier 

climate between 12 and 6 kyr BP which favored forest opening, with wetter conditions 

prior to 12 and after 6 kyr BP that favored the rainforests observed on the landscape 

today. Our evidence for early to mid-Holocene drying resembles proxy records for 

terrigenous input from marine sites off PNG (Figure 4), which have been interpreted to 

reflect changes in erosion and terrestrial hydroclimate. Ti/Ca from MD05-2920 

(Tachikawa et al. 2011) is generally low during the early to mid-Holocene, implying 

reduced precipitation and erosion during the dry interval indicated by our δDprecip and 

δ13Cwax records. There are differences between the records; for instance, Ti/Ca peaks 

between 9 and 8 kyr BP, indicating a wet period not recorded by our datasets. This could 

be related to the offshore and more eastern location of MD05-2920, subjecting the site to 

winnowing by oceanic currents (Tachikawa et al. 2011) and/or to additional terrigenous 

inputs from the volcanically and seismically active region of eastern PNG (Chappell 

1993). Lower resolution proxy records from MD05-2928, located offshore from southern 

PNG, also demonstrate reduced 232Th during the Holocene, indicating reduced 

terrigenous input and a decrease in southern PNG rainfall. While this supports our finding 

for drying during the late deglaciation, late Holocene data are missing from MD05-2928 

(Shiau et al. 2011).  

The dry interval in Papua between 12 and 6 kyr BP coincides with drying 

observed in many records from the southern tropics (Figure 6), such as Botuvera cave in 
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Brazil (27°S, Wang et al. 2007), and is contemporaneous with inferred wetter conditions 

in the northern tropics as recorded by elemental data from Cariaco Basin in Venezuela 

(~10°N, Haug et al. 2001) and δ18O records from Sanbao and Hulu caves in China (31-

32°N, Wang et al. 2001, Wang et al. 2008). This  indicates that the orbital-scale 

interhemispheric antiphasing observed in these regions extends to the WPWP, 

implicating global shifts in the mean position of the ITCZ as the primary cause of 

changing hydrologic conditions in Papua. Furthermore, our records are well correlated to 

southern hemisphere seasonal insolation during the summer months (December to 

March) (Figure 6). At the start of the last deglaciation and in the late Holocene, 

perihelion coincides with the southern hemisphere summer, shifting the mean location 

ITCZ southward and intensifying the wet Austral-Asian summer monsoon over Papua. In 

contrast, the strengthening of the northern hemisphere summer insolation relative to the 

southern hemisphere summer insolation between 12 and 6 kyr BP results in a more 

northern mean location of the ITCZ and/or a shorter period annually during which the 

ITCZ passes above northern Papua. These precession-dominated changes in seasonal 

insolation affecting northern Papua have been shown to also influence, along with 

obliquity, the long-term hydroclimate of southeastern PNG (Liu et al. 2015). 

It is hypothesized that precession-forced changes in the Walker circulation and 

ENSO behavior cause shifts in northern Papuan rainfall by changing the mean state of the 

tropical Pacific (e.g. Koutavas et al. 2002) or changing the amplitude and/or frequency of 

the ENSO events (Clement et al. 2000, Moy et al. 2002). If the Walker Circulation were 

the primary driver of orbital-scale hydrological shifts on Papua, then we should observe 

orbital-scale antiphasing between records from the eastern and western sides of the 
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Pacific Ocean. This E-W antiphasing is not apparent in current reconstructions. Records 

from El Junco Lake in the Galapagos, for instance, indicate lake level rose from the early 

to lake Holocene, similar to our observations at Papua (Conroy et al. 2008).  Precipitation 

proxy records from Peru and Bolivia in the southern tropics (e.g. Baker et al. 2005, Bird 

et al. 2011) indicate reduced precipitation in the early and mid-Holocene, similar to the 

records in northern Papua, therefore suggesting that El Niño-like or La Niña-like 

conditions are not the primary control of orbital-scale rainfall in Papua.  

Interestingly, our δDprecip record displays relatively abrupt transitions into and out 

of the dry period, suggesting a non-linear response of regional rainfall to the insolation 

forcing. It is possible that these abrupt changes are highly localized, as terrigenous runoff 

records from MD05-2920 do not appear as abrupt as at our site. However, the abrupt 

onset of dry conditions at ~12 kyr BP we observe on Papua is synchronous with abrupt 

changes in precipitation observed in many parts of the tropics, e.g. over equatorial Africa 

(Garcin et al. 2007, Otto-Bliesner et al. 2014) and South America (Hughen et al. 1996, 

Haug et al. 2001). Abrupt changes in tropical precipitation at this time coincide with the 

end of cool conditions in the North Atlantic associated with the Younger Dryas (YD), 

and rapid resumption of the Atlantic meridional overturning circulation (McManus et al. 

2004).  We do not see clear evidence for the YD in northern Papua in our leaf wax 

records, reinforcing previous findings that YD cooling could not perturb western Pacific 

convection and/or the position of the tropical Pacific ITCZ, in contrast to Heinrich events 

(Carolin et al. 2013).  However, our results suggest that rapid north Atlantic warming 

AMOC resumption, and the abrupt intensification of northern hemisphere monsoons and 

precipitation at the end of the YD observed over Africa (Otto-Bliesner et al. 2014), Asia 
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(Wang et al. 2007), and South America (Haug et al. 2001) were linked to abrupt drying in 

the southwest tropical Pacific as the ITCZ shifted northward.  

Perhaps more interestingly, the abrupt transition to wetter conditions at ~6 kyr BP 

is synchronous with the abrupt termination of the African Humid Period observed in 

some northern African records (deMenocal 2015). This transition has been attributed to 

positive feedbacks between vegetation, surface albedo, and precipitation operating in the 

Sahara, such that small reductions in precipitation forced by seasonal insolation change 

catalyzed rapid climate and vegetation changes from a green, wetter Sahara to a desert 

state (e.g. Claussen et al. 1999, deMenocal 2015).  Although strong correlation between 

our δ13Cwax and δDprecip records suggest strong coupling between precipitation and 

vegetation in Papua, it seems unlikely that the changes in vegetation were large enough to 

drive such feedbacks.  The 5‰ enrichment in δ13Cwax we observe in the mid-Holocene 

suggest modest expansion of grasses rather than complete ecosystem turnover, limiting 

the potential role of surface albedo effects.  Whereas rainforest expansion and contraction 

might alter regional transpiration and, subsequently, precipitation, it is also possible that 

the increase in precipitation at this time reflects a locally abrupt response to the gradual 

southward migration of the ITCZ.  Indeed, this mechanism may explain the locally abrupt 

but time-transgressive drying observed across North Africa during the mid-Holocene 

(Shanahan et al. 2015).   

Vegetation and charcoal records from Papua and PNG have been previously 

interpreted to reflect both the climatic impacts of changes in ENSO and the Walker 

Circulation, and anthropogenic impacts associated with agricultural expansion (Haberle 

2007). For example, Hope and Tulip (1994) interpreted an increase in charcoal from the 
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low elevation Lake Hordorli at 11.2 kyr BP to reflect the early development of 

agriculture in the lowlands, with other vegetation records indicating agricultural 

intensification in highland locations between 11.5 and 5 kyr BP (Hope 1983, Haberle et 

al. 1991, Haberle 1996, Denham et al. 2004). In contrast, a compilation of charcoal 

records from the New Guinean highlands suggest relatively low regional occurrence of 

fire from 9 to 5 kyr BP (Haberle et al. 2001), interpreted to reflect a wetter and less 

variable early Holocene climate driven by weaker ENSO variability than today (Gagan et 

al. 2004). While it can be difficult to disentangle paleoclimatic from paleoanthropologic 

effects on charcoal and pollen records, human activities should not affect our δDprecip 

record. Thus, our coupled δDprecip and δ13Cwax records strongly suggest a dominant 

control of climate on vegetation at the scale of large river catchments such as Derewo-

Wagopa. In this context, the early Holocene vegetation clearance and fire could be 

related to a drying climate, while the increased regional occurrence of charcoal after 5 

kyr BP (Haberle et al. 2001) represents an intensification of human impacts on the island 

under a wetter climate in the late Holocene.   

 

7.! Conclusions 

 

Coupled δ13Cwax and δDprecip records from Mandar Bay indicate abrupt drying and 

C4 expansion in northern Papua at 12 kyr BP, as the Northern Hemisphere warmed at the 

end of the Younger Dryas.  An abrupt return to wetter conditions and rainforest 

expansion occurred at 6 kyr BP, as the ITCZ migrated southward due to precessional 

orbital forcing.  Our coupled precipitation and vegetation proxy records indicate that 



! 152 

precipitation amount is the primary mechanism controlling northern Papua precipitation 

isotopes on the orbital scale, highlighting local human impacts on vegetation during the 

late Holocene. 
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Table 1 Calibrated ages used to determine the age model for core MD01-2382. 
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Figure 1 Our study site, Cenderawasih Bay, is indicated on both maps. Cenderawasih 

Bay, off northern Papua, part of the New Guinea island, is where core MD01-2382 was 

retrieved. Locations of other sites/climate records/weather stations discussed in the text 

are shown on the maps. Both maps were modified from GeoMapApp. 
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Figure 2 Climatological data for the study region. Top left: monthly mean precipitation 

for four weather stations in northern Papua; the monthly data for Waren (1950-194) and 
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Nabire (1952-1999) are from GHCN database (GHCN 2013), whereas the monthly data 

for Jayapura (1957-1991) and Madang (1968-1982) are from GNIP IAEA/WMO 

database (IAEA 2001). Top right: back-trajectory analyses for Nabire;  the solid lines 

represent HYSPLIT (Draxler and Rolph 2013)-calculated 168-h back-trajectories of air 

parcels that generated rainfall during four trimesters (December-February, March-May, 

June-August, September-November) of July 2003–June 2004, a 1-year interval that did 

not experience El Niño Southern Oscillation anomalies; different colors represent the 

height at which the air parcel originates. Bottom: monthly mean precipitation and δDprecip 

for Jayapura and Madang; the data are from GNIP IAEA/WMO stations (IAEA 2001), 

collected in 1957-1991 (at Jayapura) and 1968-1982 (at Madang). 

  



! 167 

 

 

Figure 3 Age-depth profile for core MD01-2382. 
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Figure 4 Comparison of Cenderawasih Bay δ13Cwax and δDprecip record with regional 

proxy records of paleoprecipitation. From top to bottom: 1) Cenderawasih Bay/MD01-

2382 δ13Cwax and δDprecip (this study, solid lines represent a Gaussian smoothing of the 

data to emphasize long-term trends, and the R-squared value for the correlation between 

the two data sets is indicated), 2) Log-scale XRF intensity ratio of titanium and calcium 

of core MD05-2920 (Tachikawa et al. 2011) 3) 232Th activity flux data of core MD05-

2928 (Shiau et al. 2011). 
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Figure 5 Comparison between raw Cenderawasih Bay δDwax records (purple) with those 

of vegetation- and ice volume-corrected δDprecip (blue).  
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Figure 6 Comparison of Cenderawasih Bay δDprecip records with other tropical 

hydroclimate records. From top to bottom: 1) Sanbao and Hulu caves δ18O (non-ice 
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volume corrected, Wang et al. 2001, Wang et al. 2008), 2) Cariaco Basin Ti 

concentration (Haug et al. 2001), 3) southern tropics average insolation for December 

through March (calculated for 3°S, after Laskar et al. 2004) superimposed on 

Cenderawasih Bay δDprecip (this study), 4) Botuvera cave δ18O (non-ice volume corrected, 

Wang et al. 2007). 
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Abstract 

 

Large volcanic eruptions can cause major climatic shifts and environmental changes, 

including changes in both terrestrial and aquatic ecosystems. Major eruptions in the past 

in the tropics are particularly critical because of their potentially disproportionate global 

climate forcing relative to eruptions in the high latitudes. Here we report the detection of 

a ~6 cm-thick tephra layer in the sediments of Lake Towuti in central Sulawesi, 

Indonesia, which is the thickest tephra in the ~100-kyr-long sediment cores from the lake. 

Geochemical fingerprinting of tephra shards matches this deposit to tephra layers found 

in the Celebes Sea. Magnetostratigraphic data suggest an age of 74 ka for the tephra in 

the Towuti sediment core, very similar to the independently dated ~72 ka age for the 

tephra found in Celebes Sea. Based on the chemistry, thicknesses, and the locations of 

tephra emplacement, we hypothesize that the source of Towuti tephra was a major 

volcanic eruption in northeastern Sulawesi. We analyzed potential environmental and 

climatic impacts of the eruption by examining lacustrine paleoproductivity, vegetation, 

and elemental concentration data in the Towuti sediments before and after tephra 

deposition. Increased phosphorous concentrations and better diatom preservation above 

the tephra indicate that emplacement of this tephra perturbed the lake’s biogeochemistry 

and ecology, likely via increased nutrient availability. However, other proxy data strongly 

suggest no medium- to long-term terrestrial ecological changes in central Sulawesi, nor 

regional drying and/or cooling resulted from this eruption. The duration of climatic 

impact induced by this particular eruption, if any, is likely less than a few decades. 
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1.! Introduction 

 

Volcanic eruptions can cause large changes in Earth’s climate and are an 

important agent of environmental change. The climatic and environmental impacts of 

major volcanic eruptions in the last 200 years are well-documented, and include 

significant global cooling following the eruptions of Mt. Pinatubo (the Philippines, 1991), 

El Chichon (Mexico, 1982), Mt. Agung (Indonesia, 1963), Santa Maria (Guatemala, 

1902), Krakatoa (Indonesia, 1883), and Tambora (Indonesia, 1815) (e.g. McGee et al. 

1997, Robock 2000, Trenberth and Dai 2007, Robock et al. 2009). The global climatic 

impacts of these eruptions occur in part because of their tropical location, which enhances 

vertical transport of sulfur aerosols into the stratosphere and facilitates aerosol dispersion 

into both hemispheres. Four of the largest volcanically-induced climate changes 

occurring in the last two centuries were triggered by eruptions in Southeast Asia, 

highlighting the potentially disproportionate climate impact of the region’s volcanoes.   

Despite Southeast Asia’s importance, the eruption history and climate impacts of 

the region’s volcanoes during prehistoric times are relatively unknown. More than 99 % 

of all known eruptions in Indonesia have been dated using historical techniques, 

emphasizing the need for more studies of the pre-historic volcanic records in this region 

(Siebert et al. 2010). The largest known volcanic eruption in the Late Quaternary, 

Sumatra’s Younger Toba supereruption at 75 ± 0.9 kyr BP (Mark et al. 2014), has been 
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the subject of numerous studies, yet the magnitude, duration, and spatial extent of the 

cooling associated with this supereruption are still widely debated.  Estimates range from 

just a few degrees of cooling to a state of volcanic winter lasting more than a millennium 

(e.g. Rampino and Self 1992, Oppenheimer 2002, Robock et al. 2009, Williams 2012, 

Lane et al. 2013). The history of other major caldera-forming eruptions, such as those on 

the islands of Sulawesi and Sangihe Islands in central Indonesia (Figure 1), have received 

scant attention. Nevertheless, geomorphological evidence suggests that several large, 

explosive eruptions had occurred in Sulawesi and the Sangihe Islands during the Late 

Quaternary (van Padang 1983, Newhall and Dzurisin 1988, Dam et al. 2001, 

Poedjoprajitno 2012), with potentially important paleoclimatic and geochronologic 

significance.  

Volcanic events can have enormous impacts on terrestrial and aquatic ecosystems, 

both indirectly, via their effects on climate, as well as through the direct effects of tephra 

deposition. Terrestrial vegetation can be destroyed by very large eruptions (Whittaker et 

al. 1992, Gomez-Romero et al. 2006), and tephra inputs into streams, lakes, and rivers 

may induce relatively short-lived changes in pH, nutrients, water salinity, and chemistry 

(Barker et al. 2000, Birks and Lotter 1994, Eastwood et al. 2002, Heinrichs et al. 1999). 

The duration of these effects may be short, but longer-term weathering of tephra 

deposited on landscapes can serve as an important source of silica and phosphorus, which 

may produce important changes in algal communities and benthic fauna in aquatic 

systems (Birks and Lotter 1994, Abella 1988, Telford et al. 2004). Despite the abundance 

of volcanoes in Indonesia, very few studies have been conducted on the consequences of 

volcanic activity to terrestrial ecosystems (e.g. Whittaker et al. 1992, Suryanto et al. 
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2010, Sutomo 2013), and none of these studies have investigated lacustrine ecosystems 

and their watersheds. 

Lake Towuti is a large tectonic lake on the island of Sulawesi that has provided 

some of the longest continuous environmental records from Indonesia (e.g. Russell et al. 

2014, Costa et al. 2015). An ~100 kyr-long sediment core from the lake (Figure 1) 

contains a thick layer of tephra (4-8 cm), the only visually significant ash in Towuti’s 

sedimentary record. The lake is situated hundreds of kilometers from the nearest tephra 

sources, implying that this tephra likely represents a regionally if not globally important 

eruption. Moreover, as the Towuti catchment is composed predominantly of ophiolitic, 

silica-poor bedrock, this tephra layer provides an interesting case study to analyze the 

effects of silica-rich (rhyolitic) tephra inputs on lake ecosystems.  

Here we utilize magnetostratigraphic techniques to date the tephra and employed 

geochemical techniques to correlate the Towuti tephra with other tephra beds from the 

region. We examine multiple climate and environmental proxies in the Towuti sediments 

before and after tephra deposition to assess potential medium- to long-term impacts of the 

eruption. In addition to improving our understanding of regional volcanism and its 

consequences, our analyses of the Towuti tephra could provide a new geochronologic 

marker to link paleoclimate records in Sulawesi and further afield. 

 

2.! Study Site 

 

Lake Towuti (elevation: 319 m asl, area: 561.1 km2, maximum water depth: 200 

m) is Indonesia’s largest tectonic lake. At present the lake is thermally and chemically 



! 177 

stratified, with nearly constant bottom water temperatures of 28.4 °C and anoxic water 

below 140 m water depth (Costa et al. 2015). The upper 90 m of the water column mixes 

during the cooler, dry season (Costa et al. 2015), implying thermally-driven density 

inversions as the dominant mechanism for lake mixing, similar to nearby Lake Matano 

(Katsev et al. 2010). The anoxic lake bottom is rich in metals such as Fe, Cr, and Mn due 

to reductive dissolution of metals derived from intense chemical weathering of ultramafic 

bedrock and lateritic soils in the catchment basin (Haffner et al. 2001). Climate-driven 

changes in Lake Towuti’s thermal stratification and mixing in the past have been shown 

to affect the lake’s biogeochemistry, inducing the precipitation of these metals, with 

important implications to biota in the lake (Costa et al. 2015).  

Lake Towuti is ultraoligotrophic, with low phytoplankton biomass and relatively 

clear water (Lehmusluoto 1997, Haffner et al. 2001, Sabo et al. 2008). Both total nitrogen 

and total phosphorous at the surface are low, less than 0.8 ppm and 0.3 ppm respectively 

(Nasution et al. 2015). Despite the ultraoligotrophic conditions, the lake has exceptional 

endemism for numerous taxa, including diatoms (Bramburger et al. 2008, von Rintelen et 

al. 2012). Annual precipitation near Lake Towuti is high (2500-3000 mm) (Russell et al. 

2014), supporting the dominant closed canopy C3 rainforest vegetation in its catchment. 

However, during the drier and more seasonal Marine Isotope Stage (MIS) 2, C4 grasses 

were abundant in the catchment (Russell et al. 2014), suggesting that the history of 

vegetation surrounding Lake Towuti is closely intertwined with the history of regional 

precipitation amount.  

 

  



! 178 

3.! Materials and Methods 

  

Sediment core IDLE-TOW10-3B-1K was collected in 2010 from 56 m water 

depth using a modified Kullenberg piston corer, and was shipped to LacCore, University 

of Minnesota, where it was split, described, and logged following the protocol outlined in 

Schnurrenberger et al. (2003). Core TOW10-3B is one of 11 piston cores recovered 

during the Indonesian Deep Lakes Expedition (IDLE). During splitting, a 4 cm-long light 

gray ash (Figure 2) was found 6.67 m below the top of core TOW10-3B. This ash was 

also found in nearby cores, with thickness ranging from 4-8 cm.  

Thus far, we have been unable to directly date this tephra due to low feldspar 

concentrations, and the tephra is in sediments older than the practical upper limit of 14C 

dating. Here we used magnetostratigraphic techniques to constrain the age of the tephra 

and the rates at which the sediments around the tephra were deposited. In particular, we 

employed magnetic paleointensity variations recorded in the Fe-rich, highly magnetic 

sediments of TOW10-3B, compared to local and regional magnetic paleointensity data. 

The relative paleointensity (RPI) signal for TOW10-3B was constructed by normalizing 

the natural remanent magnetization (NRM) with the laboratory-induced anhysteretic 

remanent magnetization (ARM). Both the NRM and ARM were measured at an interval 

of 1 cm in the 150 mT demagnetization state using a 2G-Enterprises Cryogenic 

Magnetometer at the University of Rhode Island. The RPI was normalized by dividing 

the values with the maximum RPI value recorded. We were able to correlate variations in 

RPI in TOW10-3B with those of TOW10-9B, a sediment core located ~9 km southeast 

from TOW10-3B (Tamuntuan et al. 2015), and to correlate the Towuti RPI records to an 
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RPI dataset from core PC83 in the South China Sea, which was dated using radiocarbon 

and matching marine δ18O stratigraphy (Xiaoqiang et al. 2009). Previous work has shown 

excellent agreement between RPI data from radiocarbon-dated cores from Lake Towuti 

and PC 83 (Kirana et al. in prep).  

We sampled the tephra at 1 cm, 2 cm, and 3 cm from its top and measured major 

element concentrations of individual tephra shards via wavelength dispersive 

spectrometry using a Cameca SX-100 electron microprobe analyzer (EPMA), following 

the procedure described in Gatti et al. (2014). We analyzed 11-17 glass shards per 

sample. The instrument was calibrated for each set of beam conditions using a suite of 

mineral standards and verified using additional secondary standards. To allow for 

universal comparisons, shard analyses were normalized to a water-free basis, i.e. re-

calculated to sum of 100%.   

We sampled every 1 cm of the sediments in the 10 cm below and above the ash, 

with additional lower-resolution (~16 cm) samples spread along the length of the core. 

Samples were freeze-dried and homogenized prior to geochemical analyses. We 

measured total carbon and total nitrogen (TN) concentrations using a CE Instruments 

Model NC2100 Elemental Analyzer, and obtained total organic carbon (TOC) 

concentrations by subtracting total inorganic carbon, measured using a UIC, Inc. CM240 

TIC Analyzer paired with the CM5240 automated sample acidification apparatus, from 

total carbon. Ratios of atomic carbon to nitrogen (C/N) and the carbon isotopic 

composition of organic matter (δ13COM) were measured using a Thermo DeltaVPlus MS 

coupled to an Agilent 6890 GC. These analyses provide insight into changes in primary 

productivity and organic matter sources through time. We measured the carbon isotopic 
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composition of long chain fatty acids (leaf waxes, hereafter δ13Cwax) following the 

methods described in Wicaksono et al. (2015). δ13Cwax reflects the relative abundance of 

terrestrial plants using the C3 and C4 photosynthetic pathways, and has been shown to be 

a sensitive indicator of vegetation and climate in central Sulawesi (Russell et al. 2014). 

Major and trace element concentrations were measured by digesting sediments via flux 

fusion (Murray et al. 2000), followed by elemental analysis using an inductively coupled 

plasma atomic emission spectroscopy (ICP-AES), as described in Russell et al. (2014). 

These data complement X-ray fluorescence (XRF) core scanning conducted with an 

ITRAX XRF core scanner equipped with a Cr tube at 0.2 cm interval for comparison to 

ICP determinations.   

 

4.! Results 

 

The age model for TOW10-3B is constructed primarily using four tie points with 

PC83 paleointensity curves indicating low RPI values at ~8 kyr BP, ~41 kyr BP (i.e. 

Laschamp excursion), ~64 kyr BP, and ~97 kyr BP (Figure 3). Assuming a linear 

sedimentation rate between the latter two tie points, the age of the Towuti tephra is 

estimated to be ~74 kyr BP, and the sedimentation rate pre- and post-tephra is ~190 

years/cm. Additional tie points were obtained by directly comparing magnetic 

susceptibility data for TOW10-3B to a radiocarbon-dated magnetic susceptibility 

stratigraphy from TOW10-9B (Figure S1).   

The major and trace element composition of Towuti tephra shards are shown in 

Table 1. The average total prior to normalization was 95.3 %, indicating magmatic water 
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present in the tephra. After normalizing to 100% for all elements, the ~74.6% SiO2 

composition implies that the Towuti tephra is high-silica rhyolite (73.0-80.8 % SiO2, Ku 

et al. 2009). Variations in the major element concentrations are within analytical error in 

the top, middle, and bottom sections of the tephra (Table 1) and indicate the tephra is 

substantially enriched in Ca, Si, Al, Ti, and K, and much lower in Fe, than surround 

sediment (Figure 6).    

TOC, TN, C/N, δ13COM, and δ13Cwax data do not change dramatically in sediments 

deposited before and after the eruption (Figure 4), especially in comparison to the 

amplitude of changes observed over the entire core (Figure 5). The largest and most 

consistent changes in these data were observed during MIS 2, when, for example, both 

δ13COM and δ13Cwax became much more enriched (Figure 5). No similar changes in 

δ13COM and δ13Cwax were observed around the time of the eruption (Figure 5). Two-tailed 

student’s t-tests demonstrate statistically significant changes in the mean values of TOC, 

TN, C/N, and δ13COM pre- and post-eruption, (Table 2), marked by a decrease in TOC 

and TN, an increase in C/N, and a small, 0.2 ‰ depletion in δ13COM.  

Similar t-tests performed on low-resolution and high-resolution elemental 

concentration data (Na, P, Ca, Si, Al, Ti, K, and Fe) also demonstrated statistically 

significant differences in pre- and post-tephra data (Table 2, Figure 6). However, 

comparison of these proxy data with long-term data from the same core indicates that 

these changes are small relative to the variations observed during MIS 2, especially for 

Ti, K, and Fe (Figure 7).  
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5.! Discussion 

 

Tephra geochemistry 

 

Comparison of the chemistry of the tephra preserved in Towuti core TOW10-3B 

with geochemical data from tephra layers preserved in marine sediment cores from the 

Celebes Sea, north of Sulawesi (Table 3, Figure 1), indicates strong similarity between 

our tephra and a 10-cm thick tephra found at 660 cm depth in MD01-2387 (Ku et al. 

2009), a 5-cm thick tephra at 368 cm depth in ODP 767 A (Pouclet et al. 1999), and a 4-

cm thick tephra at 376 cm depth in ODP 767 B (Pouclet et al. 1999). The glass shards in 

the Celebes Sea cores have high Na2O+K2O (> 7.1 wt %) and high SiO2 (> 74 wt %), 

similar to the Towuti tephra (Table 3). Using the similarity coefficient calculation after 

Borchardt et al. (1972), we found high similarity coefficients between the Towuti tephra 

and the tephras from MD01-2387, ODP 767 A, and ODP 767 B (0.86, 0.87, and 0.84 

respectively), strongly suggesting that these tephras are derived from the same eruption 

(Table 3). The similarities between Towuti tephra and the paired MD01-2387 and ODP 

767 tephra layers are also evident in binary plots oxide elements against SiO2. High 

matches are found for most elements, e.g. TiO2, Al2O3, MnO, MgO, and Na2O (Figure 8). 

The Towuti tephra has slightly different values of FeO, CaO, and K2O, but these 

differences are within the analytical error and could related to small inter-laboratory 

differences in analytical calibration and protocols (Hunt and Hill 1996, Lowe et al. 2011) 

and/or the possibility of distinct fingerprints at different stages of an eruption event or 

multiple closely-spaced eruptions, which can affect ash-fall deposits depending on wind 
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directions (Davies et al. 2010). The catchment of Lake Towuti provides ultrabasic and 

ferruginous metal substrates that could potentially inflate the concentration of FeO in the 

measured Towuti tephra relative to marine tephras through mixing or clay authigeneisis, 

although no discernible physical mixing or chemical alteration of the tephra and 

sediments is observed (Figure 2). Ku et al. (2009) estimated the age of this particular pair 

to ca. 72 kyr BP assuming a linear sedimentation rate between the present-day core-top 

and the measured age of the first foraminiferal occurrence in ODP 767, thus placing its 

age within the magnetostratigraphic age constraints provided for the Towuti tephra. 

Based on these lines of evidence, we argue that the two tephras are likely derived from 

the same source. 

The similarity coefficient between the Towuti tephra and the Younger Toba 

Tephra (YTT), computed using the compiled EPMA data for Younger Toba tephras 

(Gatti et al. 2014) is much lower (0.58), therefore rejecting Toba as the tephra’s source. 

The ashes from the Toba eruption were likely blown primarily to the west (Williams 

2012, Costa et al. 2014), apparently with little tephra deposition as far east as Sulawesi. 

To our knowledge, east of Sumatra and Peninsular Malaysia, the YTT has thus far been 

discovered only in the southern section of the South China Sea (Buhring and Sarthein 

2000).  Our finding of a major regional tephra of similar age to the YTT urges caution in 

attributing tephras deposited around this time without a full examination of shard 

chemistry. 

Similar to the Towuti tephra, the ~72 ka tephra in the Celebes Sea cores is the 

thickest tephra in the sediment record of the past 100 kyr, suggesting this was a very 

large regional eruption. Apart from the Younger Toba supereruption, no major explosive 
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eruptions of the Sunda Arc volcanoes between 70 and 80 kyr BP are known. Comparison 

of major elemental compositions and Sr isotopic ratios from the Celebes Sea tephra with 

those of regional Late Quaternary volcanic rocks suggests that the tephra likely originated 

from the volcanic province comprised of Mindanao Island, Sangihe Islands, Halmahera 

Island, or northeastern Sulawesi (Ku et al. 2009, Figure 1). It is difficult to conclusively 

eliminate these various sources, yet northeastern Sulawesi emerges as the most likely 

candidate. Despite differences in the deposition and preservation modes of tephras in 

lacustrine and marine systems, both the Towuti tephra and Celebes Sea tephra have 

similar thicknesses (4-8 cm in Towuti and 4-10 cm in Celebes, suggesting that the 

volcano producing the tephra layer is likely situated in between the two sites, i.e. in 

northeastern Sulawesi. Within North Sulawesi, potential candidates include several 

caldera-forming volcanoes (Pangalombian, Sempu, and Tondano) and stratovolcanoes 

(e.g. Soputan, Lokon, Mahawu, Klabat, Karangetang, Tampusu, Lengkuan, Kasuratan), 

some of which are still active. These volcanoes are roughly ~ 400 km from the Celebes 

Sea sites and at ~600 km from Lake Towuti (Figure 1), implying that the tephra layers 

must have been produced by a massive eruption. As a basis for comparison, the farthest 

5-cm isopach of the phoenix cloud ashfall of the 1815 Tambora eruption (Volcanic 

Explosivity Index = 7) includes southeastern Kalimantan and the southwestern tip of 

Sulawesi, ~600 km from Mount Tambora (Oppenheimer 2003), suggesting that the 

purported northeastern Sulawesi eruption was at least as explosive as that of Tambora.  
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Ecological impacts of tephra emplacement 

 

The emplacement of a 4-8-cm thick Towuti tephra could have directly impacted 

Lake Towuti’s biogeochemistry and ecology. Increased diatom concentrations and/or 

shifts in diatom assemblages have been observed elsewhere after in-lake deposition of 

tephras (e.g. Harper et al. 1986, Barker et al. 2000, Telford et al. 2004) due to tephra 

dissolution and leaching, which increases the availability of Si and/or P in the water 

column (Harper et al. 1986, Eastwood et al. 2002, Telford et al. 2004), providing 

competitive advantage for certain diatom taxa (Harper et al. 1986, Barker et al. 2000, 

Eastwood et al. 2002). While the fertilization potential of volcanic ash in a lacustrine 

environment is dependent on the type of eruption, particulate size, deposition rates and 

environmental buffering capacities, an overall increase in lacustrine productivity has 

often been linked with the emplacement of tephra (e.g. Harper et al. 1986, Telford et al. 

2004, Jones and Gislason 2008). Lake Towuti is an interesting new system in which to 

investigate these changes, as the ultraoligotrophic environment contains a unique and 

highly endemic diatom flora (Rintelen et al. 2011), and the ophiolitic bedrock results in 

low dissolved silica concentrations.  

The tephra is massive with relatively sharp basal and upper contact (Figure 2), 

and the concentrations of Na, Ca, and K, which are all abundant in the tephra, do not 

increase in sediments above the tephra (Figures 4 and 6, Table 2), indicating very limited 

physical reworking of tephra shards into overlying sediments. Thus, any chemical 

changes in the overlying sediments, and aquatic ecosystem responses to tephra deposition 

are likely caused by either the chemical release of Si, P, and other elements from 
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weathering of tephra deposited on land, or internal processes, including leaching of Si, P, 

and other elements into the water column and alteration of pore-water chemistry in 

Towuti’s sediments.  

Volcanic eruptions have been shown to fertilize primary production in many 

lakes, and given Towuti’s ultramafic and Si- and P-poor chemistry, one might expect 

similar changes to occur here. The values of TOC and TN in the sediments near the 

tephra were among the lowest throughout the whole record (Figure 5), and interestingly, 

TOC and TN became significantly lower after the eruption (Table 2).  C/N increases and 

becomes more variable after the eruption, although the post-eruption variability is within 

the range of variability observed in the ~2 m above and below the tephra (Figure 5). TOC 

in lake sediments may be derived from terrestrial organic matter that has been transported 

into the lake or from autochthonous production (e.g. Hu et al. 2003, Bechtel et al. 2007). 

Both TOC and TN are low in TOW10-3B (Figure 5), highlighting Towuti’s 

ultraoligotrophic state, and the values of C/N range from 14 to 32 (Figure 5), suggesting 

the dominance of both terrestrially-sourced and aquatic-sourced organic matter at 

different times in the past. In general, terrestrial vascular plants exhibit C/N values higher 

than 20 due to their low protein content and abundance of cellulose (Meyers 1994, Talbot 

and Laerdal 2000), while C/N ratios below 10 are indicative of protein-rich, lignin poor 

organic matter sourced from phytoplankton. Meanwhile, intermediate C/N values 

between 10 and 20 often indicate organic matter of a mixed terrestrial and phytoplankton 

source (Meyers 1994). However, in lakes with N-limited productivity, elevated C/N 

ratios (~15-20) are common, reflecting nutrient-poor condition and organic matter 

predominantly of aquatic origin (Talbot and Laerdal 2000, Olsen et al. 2013). Further, 
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Lake Towuti δ13COM values are quite depleted, ranging from -28 to -32 ‰, and there is no 

major change in the carbon isotope of organic matter (δ13COM) pre- and post-eruption 

(Figure 4). In particular, we do not observe any clear shift toward enriched compositions 

that might record increase primary production. 

The increased variability of C/N above the tephra, with generally higher C/N 

ratios, coupled with lower TOC and TN, suggests a reduction in lacustrine biomass 

relative to terrestrial sources, contrary to the effects observed in other lakes. It is possible 

that in an N-limited environment such as Lake Towuti, the chemical release of Si and P 

from tephra do not stimulate strong increases in primary production. Alternatively, rapid 

chemical weathering in the hot, humid environment of central Sulawesi could quickly 

remove nutrients from volcanic ash, such any changes in primary productivity in the lake 

were too short to be captured by our cm-scale sampling resolution.  

While the carbon cycle appears not to have been strongly affected by tephra 

deposition, the concentrations of Si and P within the Towuti tephra are higher relative to 

surrounding sediments (Figure 6). Interestingly, while P increases after tephra deposition 

(Table 2), Si declines. This is somewhat surprising in light of elevated Si concentrations 

in the tephra and clear evidence from some lakes for increased diatom productivity 

following tephra deposition (Harper et al. 1986, Telford et al. 2004. That said, although 

the changes in Si are significant, they are very small, with a reduction in average Si of 

only 0.34%. The increase in P concentration above the tephra (Figure 4) suggests that 

Towuti tephra emplacement did provide fresh P to the lake and might have induced 

changes to phytoplankton communities that lasted several centuries after the eruption. 

While we see little evidence for increased net primary productivity, interspecies 
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competition for nutrients determines the species composition (Tilman and Kilham 1976), 

and different Si:P ratios can determine the types of diatom assemblage that may thrive in 

a lake (Saros et al. 2005). 

Microscopic examination of pre- and post-tephra sediments indicates that partially 

dissolved diatoms are common in the two centimeters below the tephra, whereas well-

preserved diatoms from various taxa (e.g. Gomphonema wolterecki, Caloneis silicula s.l., 

Diploneis sp., and Surirella sp.) are found in the first two centimeters above the tephra, 

despite the decline in Si concentrations after tephra deposition. Meaningful analyses of 

possible assemblage shift in Lake Towuti are precluded by the poor preservation of 

diatom frustules in pre-tephra sediments. The presence of diatom concentrations above 

the tephra likely results from an increase in silica preservation due to leaching of Si from 

the tephra into pore water, despite the lower overall Si concentrations.  The overall 

decline in Si concentrations after tephra deposition thus merits additional attention, as it 

suggests a net decrease in the benthic silica flux for unknown reasons. Regardless, while 

our analyses indicate that the presence of tephra might strongly improve diatom 

preservation, we observe very little change in primary productivity or diatom productivity 

in response to tephra deposition. 

 

Climatic impacts 

 

The recent major eruptions of Krakatau, Tambora, and Pinatubo produced both 

significant amount of ash and sulfate aerosols, causing global, albeit relatively short-

lived, cooling events (McGee et al. 1997, Robock 2000, Robock et al. 2009). The largest 
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event among the three, the 1815 Tambora eruption, produced ~110 Tg of sulfate aerosols 

(Self et al. 2004) and induced a global cooling that lasted for three years (Briffa et al. 

1998). It is difficult to determine the amount of sulfate aerosols produced by older 

eruptions; the volume of sulfate aerosol released by the Younger Toba supereruption is 

widely debated (Rampino and Self 1982, McGee et al. 1997). Several studies estimated 

large amounts of aerosols (>1000 Tg) that might have induced global cooling for a 

millennium (e.g. Rampino and Self 1992, Zielinski et al. 1996, Robock et al. 2009), yet 

recent melt inclusion studies suggest that sulfate aerosols ejected by the YTT eruption 

were only ~100 Tg, less than Tambora (Chesner and Luhr 2010). In addition to causing 

temperature changes, major volcanic eruptions in the last millennium have been shown to 

induce droughts in some monsoon regions for up to five years, likely related to the 

stronger cooling over land than over the ocean, which weakens monsoon circulation 

(Trenberth and Dai 2007, Robock et al. 2009, Zhuo et al. 2014). However, short-term 

volcanic forcing may also potentially be transformed into long-term climatic changes by 

dynamical ice-ocean feedbacks, in particular via the rearrangement of ocean circulation 

in the North Atlantic following a large eruption, which could weaken the Atlantic 

Meridional Overturning Circulation and lead to a prolonged global cooling that lasts for 

several decades and centuries (Zhong et al. 2011, Miller et al. 2012, Swingedou 2015). 

While we cannot know the amount of sulfate released during the eruption that fed ash to 

Lake Towuti, the notable thickness of the tephra in both Lake Towuti and the Celebes 

Sea suggest it was the largest in the region over the past 100 kyr BP.  

Previous work has shown that elemental tracers of terrigenous sediment inputs, 

redox sensitive metals, and the carbon isotope composition of terrestrial leaf waxes are all 
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sensitive indicators of climate in Lake Towuti. During MIS 2, the concentration of Ti and 

other elemental tracers of rainfall-driven erosion all decline strongly, reflecting reduced 

precipitation and runoff (Russell et al. 2014). The concentrations of Fe, a redox-sensitive 

element, increase significantly (Figure 7) indicating precipitation of iron oxides due to 

increased lake bottom oxygenation and more vigorous water-column mixing as the lake 

cooled (Costa et al. 2015). δ13Cwax became much more enriched, reflecting a transition 

from the present-day closed-canopy rainforest to more open vegetation with abundant C4 

grasses (Russell et al. 2014).   

Examining these proxies in pre- and post-tephra sediment, the concentrations of 

Fe in post-tephra sediment became lower relative to the pre-tephra values (Table 2, 

Figure 3), suggesting that the eruption did not trigger long-term changes in lake mixing 

linked to surface cooling. Similarly, we do not observe coherent reductions in the 

concentrations of detrital elements, such as Al, Ti, and K, due to reduced precipitation 

and weathering in the Lake Towuti catchment (Figure 7). While Al, Ti, and K 

concentrations pre- and post-tephra were statistically different, their concentrations are 

consistent with trends that had already started a few hundred years prior to the eruption. 

Drying following a major eruption might increase the proportion of C4 grasses in the 

landscape because C4 taxa are better suited to drier environments (Vogts et al. 2009). 

Further, grassland might be expected from observations of plant community response to 

deep tephra cover (more than 15 cm) as grasses are early colonizing taxa (Whittaker et al. 

1992, Gomez-Romero et al. 2006). Yet we did not observe shifts in the δ13Cwax data post-

tephra deposition (Figure 4), suggesting that no significant expansion of C4 grasses due to 
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a major drying event or a massive destruction of vegetation occurred around Towuti after 

the eruption. 

Together, our data strongly indicate that no medium- to long-term terrestrial 

ecological and environmental changes in central Sulawesi nor regional drying or cooling 

resulted from a major volcanic eruption in north Sulawesi ca. 74 kyr BP. Moreover, 

despite the ongoing debate regarding the timing of the YTT eruption, its latest age 

estimate, ca. 75±0.9 kyr BP (Mark et al. 2014), suggests that evidence for the presence of 

the Toba tephra and regional climatic ramifications from the Toba supereruption should 

be observed within our high-resolution sampling interval below the Towuti tephra. We 

did not observe any glass shards or physical changes in the sediment indicative of the 

Toba tephra, nor did we detect any rapid shifts in the paleoclimatic proxy data, 

corroborating the conclusion of recent limnological studies about the limited 

spatiotemporal scope and magnitude of the Younger Toba supereruption climate impacts 

(e.g. Lane et al. 2013, Jackson et al. 2015). Thus, any possible regional climatic changes 

caused by the Toba supereruption and the more local northern Sulawesi eruption were 

probably short-lived, below the centennial resolution of our Lake Towuti record. Further 

investigation of the climatic eruption to the north Sulawesi eruption and the Toba 

supereruption should utilize higher (annual or decadal) resolution paleoenvironmental 

data.  

!  
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6.! Conclusions 

 

The 4-8 cm-long white ash in the sedimentary record of Lake Towuti, dated using 

magnetostratigraphic techniques to ca. 74 kyr BP, provides a new marker horizon linking 

paleoarchives in Sulawesi and its vicinity. The tephra is geochemically similar to tephra 

layers found in the Celebes Sea sedimentary records, suggesting a volcanic source in 

northeastern Sulawesi. An expanded regional tephra data set are needed to better 

characterize this particular eruption, which could have been the largest in central 

Indonesia in the past 100 kyr BP. Increased P concentration and better diatom 

preservation immediately post-tephra deposition indicate that emplacement of this tephra 

directly perturbed the ecology and biochemistry within Lake Towuti, likely by changing 

nutrient availability. However, pre- and post-tephra elemental and leaf wax isotope data 

strongly suggest that no medium- to long-term terrestrial ecological changes in central 

Sulawesi nor regional drying and/or cooling had resulted from this eruption. Our study 

suggests that the typical duration of cooling induced by major tropical eruptions, 

including the Younger Toba supereruption, is less than a few decades.  
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Table 1 Glass geochemistry data recorded for different depths (top, middle, and bottom 

sections) of the Towuti tephra measured using an electron microprobe analyzer (EMPA). 

The average values are also presented. 

!  



! 205 

 

 

Table 2 Averages for pre- and post-Towuti tephra productivity, isotopic, and elemental 

data and the associated p-values from the student’s t-tests comparing pre- and post-tephra 

averages. The text not in bold in the upper half of the table indicate the use of low-

resolution data (every 1 cm for the 10 cm pre-tephra and post-tephra), whereas the text in 

bold indicate the use of high-resolution data (every 0.2 cm for the 3 cm pre-tephra and 

post-tephra) in the student’s t-test analyses. The asterisk symbol in the p-value column 

indicates that the difference is not significant (i.e. p-values above 0.05). 
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Table 3 Averages of normalized elemental geochemistry data for tephra layers that might 

be generated from the same eruption (above). These tephras are found in the sedimentary 

layers of Celebes Sea (MD01-2387, Ku et al. 2009; ODP767A and B, Pouclet et al. 1999) 

and of Towuti (TOW10-3B, this study). Similarity coefficients between these tephra 

layers are also shown (below). 
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Figure 1 Map of Southeast Asia indicating major islands mentioned in the text and 

volcanoes in Southeast Asia (in grey circles). The locations of Toba, Krakatau, Tambora, 

and volcanoes in northeastern Sulawesi and Sangihe islands closest to Lake Towuti are 

shown in red circles. The location of Lake Towuti in central Sulawesi is marked with a 

yellow star, whereas other yellow stars indicate the locations of marine cores discussed in 

the text. The big red dashed circle indicates a volcanic province comprised of northeast 

Sulawesi, southern Mindanao, and Sangihe and Halmahera islands, where the volcano 

generating the Towuti tephra might be situated. The blue rectangle indicates the area 
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blown up in the inset map, focusing on Sulawesi. Maps were modified from 

GeoMapApp. 

!  
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Figure 2 Magnetic susceptibility data overlaid on a scanned image of a section from core 

TOW10-3B showing the highly visible Towuti tephra at 668-672 cm below lake floor.  
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Figure 3 Magnetic paleointensity data for (from top to bottom) TOW10-3B, TOW 10-

9B. and PC-83. Relative palointensity (RPI) records have been developed and published 
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for the well-dated TOW10-9B (Tamuntuan et al. 2015), a Lake Towuti core situated ~9 

km southeast from our TOW10-3B core. Note that TOW10-9B has the same y-axis as 

PC-83, indicating age (kyr BP). The RPI data set from Lake Towuti has been correlated 

by Kirana et al. (in prep) with RPI from PC83 in South China Sea (Xiaoqiang et al. 

2009). The tie points between these RPI data are indicated in red dashed lines. The depth 

of the tephra layer in TOW10-3B is indicated by a black dashed line.  

 

 

!  
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Figure 4 Low (cm-scale) resolution productivity, isotopic, and elemental data for the 10 

cm below and the 10 cm above the Towuti tephra. The data include total organic carbon 

(TOC), total nitrogen (TN), carbon-to-nitrogen (C/N) ratio, carbon isotope of organic 

matter (δ13Com), carbon isotope of leaf wax (δ13Cwax), sodium (Na), and phosphorus (P). 
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Figure 5 Similar to Figure 4, but for the whole length of TOW10-3B core, which are 

measured at a lower resolution (~16 cm). The ages of certain depths are indicated in red 

dashed lines based on the tie points in Figure 3. Core-length Na and P data are not 

available. 
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Figure 6 High resolution (every 0.2 cm) elemental data for the 3 cm below and the 3 cm 

above the Towuti tephra as well as for the tephra itself. The data include calcium (Ca), 

silicon (Si), aluminum (Al), titanium (Ti), potassium (K), and iron (Fe).  
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Figure 7 Same as Figure 6, but for the whole length of TOW10-3B core. The ages for 

certain depths are indicated in red dashed lines based on the tie points in Figure 3. 
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Figure 8 Major element bivariate plots showing normalized compositions of volcanic 

glass (in %) in the Towuti tephra and other regional tephra layers indicated in different 

shapes and colors: red circle (Towuti – top), green circle (Towuti – middle), blue circle 
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(Towuti – bottom), grey circle (Toba), green asterisk (MD01-2387), purple circle (ODP 

767A), light blue cross (ODP 767B). 
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Supplementary Information 

Additional age data points for TOW10-3B are obtained by directly comparing or 

“wiggle-matching” magnetic susceptibility data of TOW10-3B and TOW10-9B. 

 

Figure S1 Magnetic susceptibility data for TOW 10-9B and TOW10-3B. The tie points 

based on magnetic susceptibility data are shown in black dashed lines, whereas the tie 

points based on RPI data (Figure 3) are indicated in red dashed lines. The Towuti tephra 

is marked by a spike in magnetic susceptibility in TOW10-3B. 
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