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Vegetation and climate of the 
Last Glacial Maximum in Sulawesi

Janelle Stevenson

Abstract
Lake Towuti, a large lowland tectonic lake situated within the Indo-Pacific Warm Pool, is perfectly 
situated to evaluate how large-scale changes in climate have manifested themselves in the Asian 
tropics. High-resolution geochemical data serving as proxies of surface runoff and vegetation 
for the last 60,000 years suggest that the Last Glacial Maximum (LGM) was extremely dry, 
bracketed by the much wetter conditions of marine isotope stage 3 (MIS3) and the Holocene. 
Existing pollen-based records for Sulawesi also suggest that the LGM was drier than present; 
however, these records are short and discontinuous over this time period. A pollen record, still 
being refined for Lake Towuti, also shows a sudden and profound response in the vegetation 
over the LGM period; however, the expected increase in grassland, in line with the enriched 
δ13C of terrestrial leaf wax in the geochemistry record, is not apparent. Instead, there is a loss 
of high-altitude taxa and the expansion of several lowland dicots that remain taxonomically 
unresolved. An expanded research program under the auspices of Towuti Drilling Program has 
begun to improve our insight and understanding of this globally important region, enabling 
a better assessment of the potential threats that projected climate change and human activities 
pose for one of the most diverse rainforest ecosystems on Earth. While numerous questions 
of fine detail remain concerning LGM climate and its impact on these tropical forests, in the 
context of this monograph, palaeoenvironmental research, and in particular the palaeovegetation 
record, provides an important environmental backdrop to trajectories of human occupation in 
Sulawesi and the subsequent cultural changes and interactions that took place across the region.
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Introduction
The geographic position of Sulawesi, within the heart of the ‘Maritime Continent’ (Ramage 
1968), is an important setting for exploring how the tropics have responded to global climate 
change. The Maritime Continent, also known as the Indo-Pacific Warm Pool, has the highest sea 
surface temperatures on earth and, as a consequence, is an area of deep atmospheric convection 
and a significant driver of the Earth’s climate through its interactions with the El Niño-Southern 
Oscillation (ENSO), the Austral-Asian monsoons and the Intertropical Convergence Zone 
(ITCZ) (Cane 2005; Chiang 2009). Despite all this, we do not completely understand how 
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the climate system in this region operates today, how it will respond to future change, nor 
what environmental conditions were like in the past (Meehl et al. 2007; Kumar et al. 2013). 
In addition, Sulawesi is recognised as a ‘hotspot’ of Southeast Asian biodiversity (Whitten et al. 
1987; Cannon et al. 2009), yet we know very little about the modern vegetation of the island, 
how resilient it has been in the past and what threats future change may pose for its numerous 
species.

The region
The Last Glacial Maximum (LGM) is the most recent significant deviation from current 
climatic  conditions. From around 27,000 to 21,000 years ago, global temperatures were 
significantly cooler and global sea level was lower by around 120 m due to the extensive growth 
of ice-sheets in the northern hemisphere and thickening of the Antarctic ice sheet (Lambeck and 
Chappell 2001). The dramatic impact the LGM had on plants, animals and dependent human 
populations in the northern hemisphere is well documented (Gamble et al. 2004); however, 
much less is known about its impact in the tropics. It is clear though that the tropical regions 
did not go unaffected, with the most unequivocal evidence for change in this region observed 
in records from the larger mountain ranges of New Guinea. Here, for example, tropical glaciers 
expanded and montane forest zones shifted to lower elevations (Hope and Peterson 1975; 
Hope 2005). Similarly, faunal evidence from archaeological sites at 350 metres above sea level 
(m asl) on the Bird’s Head of Papua reveal montane forest mammals present during LGM times at 
an elevation that today supports lowland rainforest with its distinctive mammal species (Pasveer 
and Aplin 1998). Other lowland records, such as the fauna recovered from the caves of Liang 
Lemdubu and Nabulei Lisa, in the Aru Islands, point to increasingly drier conditions during the 
LGM with a peak in open grassland species and a corresponding decline in forest species between 
20,000 and 16,000 years BP (O’Connor et al. 2005). 

Palaeovegetation records based on the fossil content of lake and swamp sediments are some 
of the most powerful descriptors of terrestrial landscape change at our disposal. The available 
evidence from the broader region are locally variable, but overall demonstrate a similar timing 
and direction of change over crucial time periods from locations such as Sumatra (Stuijts et al. 
1988; Flenley and Butler 2001), Java (van der Kaars and Dam 1995, 1997) and Papua (Hope and 
Tulip 1994; Haberle 1998), as well as two records from Sulawesi (Dam et al. 2001; Hope 2001) 
(Figure 3.1). While many of these records are low in resolution and sometimes poorly dated, 
generally they document responses to the glacial cycle; cool and wet conditions over much of 
Indonesia c. 30,000 years ago, universally cooler and dryer conditions during the LGM, replaced 
by warmer and wetter conditions during the Holocene (see reviews by De Deckker et al. 2003; 
Hope et al. 2004; Reeves et al. 2013). 

The longest published palaeovegetation record from a terrestrial location in the region is the 
135,000-year-old record from the Bandung Basin, in Java (van der Kaars and Dam 1995, 1997) 
(Figure 3.1). This lowland record indicates that the last inter-glacial (approximately 125,000 
years ago) was warm and humid, and that drier conditions had their onset around 81,000 years 
ago, thought to be in response to lower sea levels and the consequent changes to monsoon flows. 
The period from 47,000 to 20,000 years BP is interpreted as the driest and coolest in the record, 
once again suggesting the strong influence of the glacial cycle on vegetation structure.
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The records that underpin much of our understanding of long-term Quaternary vegetation 
change  in the region, however, come from marine cores (van der Kaars 1991; van der Kaars 
and Dam 1995; van der Kaars et al. 2000, 2010) (Figure 3.1). The two longest marine records, 
spanning 300,000 and 180,000 years, also suggest significant reorganisation of vegetation in 
line with glacial–interglacial cycles and infer drier and cooler conditions during glacial periods 
and warmer and wetter conditions during interglacials. A drawback of marine pollen records, 
however, is their complexity, incorporating pollen from vast source areas that often represent 
several biogeographic zones and, as a consequence, they are not sensitive indicators of change 
at any one location (e.g. van der Kaars et al. 2000). They can also be influenced by changes in 
land–ocean distributions that ‘mimic’ orbitally forced precipitation.

Figure 3.1: Sites mentioned in text.
Terrestrial  Pollen  Sites:  1. Danau di Atas,  Sumatra  (Newsome and  Flenley 1988;  Stuijts  et  al.  1988);  2.  Rawa Danau,  Java 
(van der Kaars et al. 2000); 3. Bandung Basin, Java (van der Kaars and Dam 1995, 1997); 4. Lake Tondano, Sulawesi (Dam et al. 
2001); 5. Wanda mire, Sulawesi (Hope 2001); 6. Lake Hordorli,  Irian Jaya (Hope and Tulip 1994); 7. Tari Basin, Papua New 
Guinea (Haberle 1998). Marine Cores: 8. Lombok Ridge (van der Kaars 1991); 9. Banda Sea (van der Kaars et al. 2000); 10. core 
BAR94-42, Sumatra (van der Kaars et al. 2010).

Source: CartoGIS, College of Asia and the Pacific, The Australian National University.

Sulawesi
The two published palaeovegetation records for Sulawesi that extend beyond the LGM are 
from Lake Tondano in the north of Sulawesi (Dam et al. 2001) and Wanda mire from South 
Sulawesi (Hope 2001) (Figure 3.2). Both are lowland/submontane records (i.e. below 800 m) 
and both are from near-shore shallow water settings, making them highly sensitive to shoreline 
fluctuations. Consequently, both are discontinuous from around 30,000 years ago through to the 
late glacial/early Holocene, with the absence of record interpreted as signifying lower lake levels 
and therefore a much drier LGM (Figures 3.3 and 3.4).
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Figure 3.2: Location of pollen sites mentioned in text for Sulawesi.
Source: CartoGIS, College of Asia and the Pacific, The Australian National University.

Although discontinuous over the LGM time period, pollen assemblages of these two records have 
many similarities including the greater abundance of submontane taxa around 30,000 BP (Figures 
3.3 and 3.4). In particular, both records have a greater representation of Castanopsis–Lithocarpus 
(Fagaceae) forest, today found at higher altitudes (i.e. above 850 m). This suggested, to all authors, 
cooler and wetter conditions during the late Pleistocene, becoming drier during the LGM; in other 
words, the movement downslope of temperature and moisture conditions only found above 800 
m today. The degree of altitudinal lowering, however, remains uncertain. Also of note during the 
LGM is an expansion of grasses and an increase in fire frequency in the lowland environment 
(Figures 3.3 and 3.4). Hope (2001) interpreted the increase in grass as representing small forest 
openings or the growth of swamp vegetation on a drying swamp floor, with the charcoal record 
possibly suggesting onsite fires as a result of burnable vegetation. Dam et al. (2001) came to similar 
conclusions for the increase in burning during the late Pleistocene for the Lake Tondano record.
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Figure 3.3: Lake Tondano pollen record.
Source: Adapted from Dam et al. (2001).

Figure 3.4: Wanda mire pollen record.
Source: Adapted from Hope (2001).
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The Lake Tondano diatom record (Dam et al. 2001) also suggests that conditions were wet in 
the period immediately preceding the LGM, with the relative water level of the lake 4–6 m 
higher than present levels, then dropping significantly from 31,000 to 13,000 years ago, before 
rising above present levels until the mid-Holocene when they once again began to fall. Possibly 
not surprisingly, the combined pollen and diatom data from Lake Tondano attributes a greater 
magnitude of temperature and precipitation change for the region during the LGM than is 
commonly concluded from the marine records alone.

The composition of both records, Wanda and Tondano, during the Holocene is substantially 
different to the pre-LGM record, with Hope (2001) suggesting rapid turnover at the Wanda 
site associated with ongoing disturbance. However, the dating of the two Holocene sections 
at Wanda is wildly inconsistent, and it is hard to reconcile whether these segments are truly 
representative of the site for last 5,000 years. 

In the far north of Sulawesi, at Lake Tondano, the landscape becomes more open from around 
the mid–late Holocene onward, in association with an increase in burning (Figure 3.3; Dam 
et al. 2001). The potential that these changes are associated with human activity need greater 
exploration, but they do overlap temporally with known archaeological record, such as the 
Mansiri site that contains dentate stamped pottery (Azis et al., this volume).

The only continuous palaeoenvironmental record stretching back beyond the LGM is from 
Lake Towuti, in South Sulawesi (Figure 3.2). Formed in the mid-Pleistocene (Brooks 1950), 
Lake Towuti is one of three lakes known as the Malili lake system. It is also Indonesia’s largest 
tectonic lake with a surface area of around 560 km2, a catchment area of around 1500 km2 and 
a maximum water depth of just over 200 metres.

In 2010, Russell and Bijaksana (2012) collected nine piston cores across Lake Towuti, 
concentrating  their palaeoenvironmental analyses on a 12 m core from the northern basin 
(Figure 3.2). The high-resolution geochemical records from the lake suggest reduced terrigenous 
runoff and strong drying from 33,000 to 16,000 years ago, in keeping with interpretations 
from the discontinuous records of Wanda mire and Lake Tondano (Russell et al. 2014) (Figures 3.4 
and 3.5). The strong signal of drying is derived primarily from the stable isotope measurements 
of terrestrial leaf waxes (δ13Cwax), which exhibit an enrichment of 15‰ over the LGM from 
~–40‰ to ~–25‰, suggesting to the authors a more open forest canopy, potentially with an 
expanded grass understorey (Russell et al. 2014) (Figure 3.5). The interpretation of grassland 
expansion is based on the premise that vegetation utilising the C3 photosynthetic pathway (the 
bulk of herbaceous and woody plant life) has δ13C values between –29‰ to –31‰, whereas 
plants utilising the C4 pathway (primarily tropical and warm season grasses) have δ13C values of 
–14‰ to –26‰ (Chikaraishi and Naraoka 2003; Bi et al. 2005). However, while the δ13Cwax 
signal can vary with these two different photosynthetic pathways, it can also be influenced by 
water availability and temperature as well as vegetation structure (e.g. closed-canopy verses 
open-canopy forest), with closed-canopy forest often producing more depleted signals (i.e. more 
negative) due to microclimate cycling (Cowling 2007; Marshall et al. 2007; Vogts et al. 2009). 

Shifts to more enriched values of δ13Cwax over the LGM are also seen in a record from neighbouring 
Lake Matano (from –38‰ to –35‰) (Wicaksono et al. 2015) and again in a record from Mandar 
Bay off the southwest coast of Sulawesi (from –28‰ to –25‰) (Wicaksono et al. 2017). In each 
of these records, enrichments over the LGM is more muted than the Lake Towuti record, with 
the differences in magnitude of change attributed to catchment size and catchment morphology. 



3.  Vegetation and climate of the Last Glacial Maximum in Sulawesi    23 

terra australis 48

Figure 3.5: Geochemical and pollen data for Lake Towuti (TOW-10-9). Ti counts – proxy for terrestrial 
erosion. δ13Cwax – proxy for C

3
/C

4
 vegetation.

Source: Adapted from Russell et al. (2014).

Liu et al. (2005) have cautioned, however, that the interpretation of LGM C4 grass expansion 
globally could be over-estimated, as drought-stressed C3 grasses can give similar shifts in δ13C 
values. In addition, a more open canopy alone will produce a quite different sub-canopy 
microclimate and a more enriched signal. All three records from Sulawesi, however, suggest some 
degree of forest canopy change during the LGM for the island.

While the pollen data from Lake Towuti exhibits similar large-scale changes in vegetation over 
the late Pleistocene, it does not immediately support a more open forest or the expansion of 
grassland. On the contrary, the amount of grass pollen changes little over this period (Figure 3.5) 
(Stevenson, unpublished data). Complicating this picture is the fact that grass pollen cannot 
usually be resolved beyond the family level, leaving the possibility open that while the coverage of 
grasses in the landscape may not have changed, the grasses growing around Lake Towuti during 
the LGM may have undergone a compositional shift with a greater dominance of C4 species. 
Sedge pollen (Cyperaceae), another potential source of C4 leaf waxes, also increase during this 
period, possibly expanding in extent on exposed shoreline sediments, suggesting that the δ13Cwax 
signal could be reflecting quite local changes and not broader-scale landscape change.

Instead, the most profound changes in the Lake Towuti pollen record supporting drier than 
present conditions are the reduced quantities of montane gymnosperms (Agathis, Dacrydium, 
Phyllocladus, Podocarpus) from around 35,000 to 12,000 years BP, species that are sensitive 
to both temperature and moisture availability (Figure 3.5) (Stevenson, unpublished data). 
The Wanda and Lake Tondano pollen records both have an increase in Fagaceae forest prior 
to the LGM. What the Lake Towuti record reveals, however, is that this forest type declines 
over the LGM, a finding not in keeping with marine records of the region, and that these forest 
elements are instead replaced by other submontane taxa that tend to grow within a much broader 
climatic envelope such as the Cunoniaceae/Elaeocarpaceae and Triadica (Euphorbiaceae), a small 
deciduous lowland tree of primary and secondary forest. 
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The Wanda mire and Lake Tondano records hint at the likelihood that fire is more prevalent 
over the LGM. The Lake Towuti record bears this out, with the greatest fire activity occurring 
during the LGM and lowest during the Holocene (Figure 3.5). Overall this probably suggests 
that seasonality increased during the late Pleistocene, providing both sufficient rainfall for growth 
and fuel, and a season dry enough for ignition and fire.

What is known so far from the only long and continuous pollen record for Sulawesi is that higher 
altitude elements declined during the LGM, suggesting that lower temperatures were not the 
only aspect of the climate that changed, and that rainfall and seasonality in particular must also 
have changed significantly. While the composition of the lowland vegetation around Lake Towuti 
appears not to have altered significantly during the LGM, the structure of the vegetation—that 
is, how closed or open the canopy structure was—remains unknown at this point. 

Holocene records and human impact
There are more records covering various periods within the Holocene for Sulawesi, with the 
biggest disturbance factors interpreted as a result of human activity, in particular the use of fire 
with the arrival of the metal age and later with European contact. The most profound impact on 
all ecosystems appears related to late 20th-century forest clearance associated with logging and 
other land use pressures (Kirleis et al. 2011, 2012; Biagioni et al. 2015, 2016). 

The mountain regions of the Lore Lindu National Park in Central Sulawesi today have an ever-wet 
climate and little seasonality in precipitation. The Lake Kalimpa record at 1600 m asl reveals that 
Fagaceae forest has dominated this landscape for the last 1500 years, and although several episodes 
of increased fire activity are detected in the record (thought to be associated with increasing 
El Niño intensity), this forest type has overall been resilient to both drought and fire (Biagioni 
et al. 2015). A different trend is apparent starting from the second half of the 20th century, 
however, as a consequence of increasing human activities around the lake. In particular, Agathis, 
an emergent conifer in these montane forests, although able to respond to long-term rainfall 
variability and fire in the past, has not re-established after the years of intensive selective logging 
in the second half of the 20th century. Other records from this region but from lower elevations 
show similar responses to late Holocene climate variability, but overwhelmingly the changes 
correspond to human activity with, for example, the conversion of forest to grassland as early at 
2000 years ago (Kirleis et al. 2011) and the effects of late 20th-century deforestation (Biagioni 
et al. 2016). While the impact of people in Wanda mire record is equivocal, the expansion of 
grassland and the increase of fire in the Lake Tondano record since the late Holocene is possibly 
related to human activity and has many similarities with the work from Lore Lindu region.

Possibly the most important development in palaeoenvironmental research for Sulawesi, 
however, has been the establishment of the Towuti Drilling Project (TDP) (Russell et al. 
2016). The  overarching goal of this project is to generate multi-proxy palaeoclimate and 
palaeoenvironmental data to better understand long-term environmental and climatic change in 
the tropical western Pacific over multiple glacial–interglacial cycles. Geophysical work associated 
with the project has established that the lake contains a well-stratified sequence up to 150 m 
thick (Russell and Bijaksana 2012), potentially representing the longest and most continuous 
terrestrial record in the tropical western Pacific. In 2015, with the assistance of the International 
Continental Scientific Drilling Program (ICDP), the TDP carried out a drilling program at Lake 
Towuti, resulting in the collection of approximately 1000 m of sediment from 11 boreholes 
centred on three drilling locations. The maximum core depth recovered was 175 m below the 
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lake floor, capturing the entire sedimentary infill of the basin and estimated to cover the last 
600,000 years (Russell et al. 2016). While the analysis of these cores has only just begun, initial 
data from core and borehole logging reveals the evolution of a highly dynamic system. 

Summary
Numerous reviews have concluded that temperature is the major variable influencing vegetation 
change at high altitudes in this region during the LGM, and that moisture availability had the 
greatest effect on lowland vegetation (De Deckker et al. 2003; Hope et al. 2004; Kershaw et al. 
2007; Reeves et al. 2013). In particular, they highlight the influence on rainfall and its seasonality 
by the alternate drowning and exposure of the extensive continental shelves as a result of sea level 
fluctuations over glacial cycles.

The pollen records from Sulawesi reveal a significant vegetation shift in response to glacial climate. 
If climatic conditions in central/southern Sulawesi during the LGM were not only cooler but also 
remained wet with reasonable cloud cover, then we could expect montane gymnosperm forest 
taxa and ferns to increase in abundance in the lowland records, as they do in the lower montane 
site of Lake Hordorli, Irian Jaya (Hope and Tulip 1994). The various pollen records, however, as 
well as the Lake Towuti geochemistry record, instead suggest that conditions were in fact drier or 
more seasonal during the LGM in Sulawesi (Dam et al. 2001; Hope 2001; Russell et al. 2014).

As Hope (2001) noted, the lowland Sulawesi landscape during the LGM seems to reflect 
conditions midway between those observed in Java to the west and those seen in Irian Jaya to the 
east. In the Bandung record from Java, van der Kaars and Dam (1995, 1997) saw only minor 
evidence of cooling in this lowland record but significant evidence for much drier conditions, 
keeping in mind that due to lowered sea level this site occupied a much more continental 
position during the LGM than it does today. By contrast, Hope and Tulip (1994) concluded that 
LGM climate at Lake Hordorli in Irian Jaya was cool enough and, importantly, cloudy enough 
to produce an altitudinal lowering of montane forest with an absence of fire. The combined 
Sulawesi records have some evidence for cooling leading up to the LGM, but overwhelmingly the 
data suggests a significantly drier or more seasonal climate over the LGM associated with greater 
natural fire activity than present. 

Given the size and volume of Lake Towuti, the water body would have remained a viable water 
resource for humans throughout the LGM. What impact the significantly drier or more seasonal 
climate had on the other smaller river systems in the area, however, remains uncertain. The degree 
to which the forest opened up during the LGM at Lake Towuti is also still equivocal, but faunal 
evidence from archaeological excavations in the region may give some clues similar to those for 
the Aru Islands and Bird’s Head Peninsula (Pasveer and Aplin 1998; O’Connor et al. 2005). Post 
LGM, the nutrient poor ultramafic soils of the Towuti catchment (Brooks 1987) are a factor 
limiting the attractiveness of this region for human activities. This contrasts with the more fertile 
regions of Lore Lindu and Lake Tondano, where pollen records appear to capture the impact of 
late Holocene forest clearance and the use of fire (Dam et al. 2001; Kirleis et al. 2011, 2012; 
Biagioni et al. 2015, 2016).

Throughout the region, but for Sulawesi in particular, numerous questions of fine detail remain. 
Through the expanded research program of the TDP, improved insight and understanding will 
be  gained of climate and environmental change in this globally important region, with the 
findings contributing to a better assessment of the potential threats that projected climate change 
and human activities pose for one of the most diverse rainforest ecosystems on Earth.



26    The Archaeology of Sulawesi

terra australis 48

Author biography
Janelle Stevenson Department of Archaeology and Natural History, School of Culture, History 
and Language, College of Asia and the Pacific, The Australian National University, Canberra, 
Australia; and ARC Centre of Excellence for Australian Biodiversity and Heritage, The Australian 
National University, Canberra, Australia

References
Azis, N., C. Reepmeyer, G. Clark, Sriwigati and D.A. Tanudirjo. 2018. Mansiri in North Sulawesi: A new 

dentate-stamped pottery site in Island Southeast Asia. In S. O’Connor, D. Bulbeck and J. Meyer (eds), 
The Archaeology of Sulawesi: Current Research on the Pleistocene to the Historic Period, pp. 191–206. 
Canberra: ANU Press.

Bi, X., G. Sheng, X. Liu, C. Li and J. Fu. 2005. Molecular and carbon and hydrogen isotopic composition 
of n-alkanes in plant leaf waxes. Organic Geochemistry 36(10):1405–1417. doi.org/10.1016/j.orggeo 
chem. 2005.06.001 (accessed 5 June 2018).

Biagioni, S., T. Haberzettl, L.-C. Wang, G. St-Onge and H. Behling. 2016. Unravelling the past 1,000 years 
of history of human–climate–landscape interactions at the Lindu plain, Sulawesi, Indonesia. Vegetation 
History and Archaeobotany 25(1):1–17. doi.org/10.1007/s00334-015-0523-1 (accessed 5 June 2018).

Biagioni, S., M. Wündsch, T. Haberzettl and H. Behling. 2015. Assessing resilience/sensitivity of tropical 
mountain rainforests towards climate variability of the last 1500 years: The long-term perspective 
at Lake Kalimpaa (Sulawesi, Indonesia). Review of Palaeobotany and Palynology 213:42–53. doi.org/ 
10.1016/ j.revpalbo.2014.11.005 (accessed 5 June 2018).

Brooks, J.L. 1950. Speciation in ancient lakes. Quarterly Review of Biology 25(2):131–176. doi.org/10.1086/ 
397539 (accessed 5 June 2018).

Brooks, R.R. 1987. Serpentine and its Vegetation: A Multidisciplinary Approach. Portland, Oregon: 
Dioscorides Press.

Cane, M.A. 2005. The evolution of El Niño, past and future. Earth and Planetary Science Letters  
230(3–4):227–240. doi.org/10.1016/j.epsl.2004.12.003 (accessed 5 June 2018).

Cannon, C.H., R.J. Morley and A.B.G. Bush. 2009. The current refugial rainforests of Sundaland are 
unrepresentative of their biogeographic past and highly vulnerable to disturbance. Proceedings of 
the National Academy of Sciences 106(27):11188–11193. doi.org/10.1073/pnas.0809865106 (accessed 
5 June 2018).

Chiang, J.C.H. 2009. The tropics in paleoclimate. Annual Review of Earth and Planetary Sciences 
37(1):263–297. doi.org/10.1146/annurev.earth.031208.100217 (accessed 5 June 2018).

Chikaraishi, Y. and H. Naraoka. 2003. Compound-specific δD–δ13C analyses of n-alkanes extracted from 
terrestrial and aquatic plants. Phytochemistry 63(3):361–371. doi.org/10.1016/S0031-9422(02)00749-5 
(accessed 5 June 2018).

Cowling, S.A. 2007. Ecophysiological response of lowland plants to Pleistocene climate. In M.B. Bush and 
J.R. Flenley (eds), Tropical Rainforest Responses to Climatic Change, pp. 333–349. Heidelberg, Germany: 
Springer Berlin Heidelberg. doi.org/10.1007/978-3-540-48842-2_13 (accessed 5 June 2018).

Dam, R.A.C., J. Fluin, P. Suparan and S. van der Kaars. 2001. Palaeoenvironmental developments in the 
Lake Tondano area (N. Sulawesi, Indonesia) since 33,000 yr B.P. Palaeogeography, Palaeoclimatology, 
Palaeoecology 171(3–4):147–183. doi.org/10.1016/S0031-0182(01)00244-9 (accessed 5 June 2018).

http://doi.org/10.1016/j.orggeochem.2005.06.001
http://doi.org/10.1016/j.orggeochem.2005.06.001
http://doi.org/10.1007/s00334-015-0523-1
http://doi.org/10.1016/j.revpalbo.2014.11.005
http://doi.org/10.1016/j.revpalbo.2014.11.005
http://doi.org/10.1086/397539
http://doi.org/10.1086/397539
http://doi.org/10.1016/j.epsl.2004.12.003
http://doi.org/10.1073/pnas.0809865106
http://doi.org/10.1146/annurev.earth.031208.100217
http://doi.org/10.1016/S0031-9422(02)00749-5
http://doi.org/10.1007/978-3-540-48842-2_13
http://doi.org/10.1016/S0031-0182(01)00244-9


3.  Vegetation and climate of the Last Glacial Maximum in Sulawesi    27 

terra australis 48

De Deckker, P., N.J. Tapper and S. van der Kaars. 2003. The status of the Indo-Pacific Warm Pool and 
adjacent land at the Last Glacial Maximum. Global and Planetary Change 35(1–2):25–35. doi.org/ 
10.1016/S0921-8181(02)00089-9 (accessed 5 June 2018).

Flenley, J.R. and K. Butler. 2001. Evidence for continued disturbance of upland rain forest in Sumatra for the 
last 7000 years of an 11,000 year record. Palaeogeography, Palaeoclimatology, Palaeoecology 171(3–4):289–
305. doi.org/10.1016/S0031-0182(01)00250-4 (accessed 5 June 2018).

Gamble, C., W. Davies, P. Pettitt and M. Richards. 2004. Climate change and evolving human diversity 
in Europe during the last glacial. Philosophical Transactions of the Royal Society of London. Series B: 
Biological Sciences 359(1442):243–254. doi.org/10.1098/rstb.2003.1396 (accessed 5 June 2018).

Haberle, S.G. 1998. Late Quaternary vegetation change in the Tari Basin, Papua New Guinea. 
Palaeogeography, Palaeoclimatology, Palaeoecology 137(1–2):1–24. doi.org/10.1016/S0031-0182(97) 
00097-7 (accessed 5 June 2018).

Hope, G. 2001. Environmental change in the Late Pleistocene and later Holocene at Wanda site, Soroako, 
South Sulawesi, Indonesia. Palaeogeography, Palaeoclimatology, Palaeoecology 171(3–4):129–145. doi.org/ 
10.1016/S0031-0182(01)00243-7 (accessed 5 June 2018).

Hope, G. 2005. The Quaternary in Southeast Asia. In A. Gupta (ed.), The Physical Geography of Southeast 
Asia, pp. 24–37. Oxford: Oxford University Press.

Hope, G., A.P. Kershaw, S. van der Kaars, S. Xiangjun, P.-M. Liew, L.E. Heusser, H. Takahara, M. 
McGlone, N. Miyoshi and P.T. Moss. 2004. History of vegetation and habitat change in the Austral-
Asian region. Quaternary International 118–119:103–126. doi.org/10.1016/S1040-6182(03)00133-2 
(accessed 5 June 2018).

Hope, G. and J.A. Peterson. 1975. Glaciation and vegetation in high New Guinea mountains. Royal Society 
of New Zealand Bulletin 13:155–162.

Hope, G. and J. Tulip. 1994. A long vegetation history from lowland Irian Jaya, Indonesia. Palaeogeography, 
Palaeoclimatology, Palaeoecology 109(2):385–398. doi.org/10.1016/0031-0182(94)90187-2 (accessed 
5 June 2018).

Kershaw, A.P., S. van der Kaars and J.R. Flenley. 2007. The Quaternary history of far eastern rainforests. 
In M.B. Bush and J.R. Flenley (eds), Tropical Rainforest Responses to Climatic Change, pp. 77–115. 
Heidelberg, Germany: Springer Berlin Heidelberg. doi.org/10.1007/978-3-540-48842-2_4 (accessed 
5 June 2018).

Kirleis, W., J. Müller, C. Kortemeier, H. Behling and S. Soeghondo. 2012. The megalithic landscape 
of central Sulawesi, Indonesia: Combining archaeological and palynological investigations. In M.L. 
Tjoa-Bonatz, A. Reinecke and D. Bonatz (eds), Crossing Borders in Southeast Asian Archaeology: Selected 
Papers from the 13th International Conference of the European Association of Southeast Asian Archaeologists, 
Berlin, 2010, pp. 199–220. Singapore: NUS Press. 

Kirleis, W., V.D. Pillar and H. Behling. 2011. Human–environment interactions in mountain rainforests: 
Archaeobotanical evidence from Central Sulawesi, Indonesia. Vegetation History and Archaeobotany 
20(3):165–179. doi.org/10.1007/s00334-010-0272-0 (accessed 5 June 2018).

Kumar, S., V. Merwade, J.L. Kinter III and D. Niyogi. 2013. Evaluation of temperature and precipitation 
trends and long-term persistence in CMIP5 twentieth-century climate simulations. Journal of Climate 
26(12):4168–4185. doi.org/10.1175/jcli-d-12-00259.1 (accessed 5 June 2018).

Lambeck, K. and J. Chappell. 2001. Sea level change through the last glacial cycle. Science 292(5517):679–
686. doi.org/10.1126/science.1059549 (accessed 5 June 2018).

http://doi.org/10.1016/S0921-8181(02)00089-9
http://doi.org/10.1016/S0921-8181(02)00089-9
http://doi.org/10.1016/S0031-0182(01)00250-4
http://doi.org/10.1098/rstb.2003.1396
http://doi.org/10.1016/S0031-0182(97)00097-7
http://doi.org/10.1016/S0031-0182(97)00097-7
http://doi.org/10.1016/S0031-0182(01)00243-7
http://doi.org/10.1016/S0031-0182(01)00243-7
http://doi.org/10.1016/S1040-6182(03)00133-2
http://doi.org/10.1016/0031-0182(94)90187-2
http://doi.org/10.1007/978-3-540-48842-2_4
http://doi.org/10.1007/s00334-010-0272-0
http://doi.org/10.1175/jcli-d-12-00259.1
http://doi.org/10.1126/science.1059549


28    The Archaeology of Sulawesi

terra australis 48

Liu, W., X. Feng, Y. Ning, Q. Zhang, Y. Cao and Z. An. 2005. δ13C variation of C3 and C4 plants across 
an Asian monsoon rainfall gradient in arid northwestern China. Global Change Biology 11(7):1094–
1100. doi.org/10.1111/j.1365-2486.2005.00969.x (accessed 5 June 2018).

Marshall, J.D., J.R. Brooks and K. Lajtha. 2007. Sources of variation in the stable isotopic composition 
of  plants. In R. Michener and K. Lajtha (eds), Stable isotopes in ecology and environmental science, 
pp.  22–60. Malden, MA: Blackwell Publishing. doi.org/10.1002/9780470691854.ch2 (accessed 
5 June 2018).

Meehl, G.A., T.F. Stocker, W.D. Collins, P. Friedlingstein, A.T. Gaye, J.M. Gregory, A. Kitoh, R. Knutti, 
J.M. Murphy, A. Noda, S.C.B. Raper, I.G. Watterson, A.J. Weaver and Z.-C. Zhao. 2007. Global 
climate projections. In S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, 
M. Tignor and H.L. Miller (eds), Climate Change 2007: The Physical Science Basis. Contribution of 
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. 
Cambridge, United Kingdom, and New York, NY, USA: Cambridge University Press.

Newsome, J. and J.R. Flenley. 1988. Late Quaternary vegetational history of the central highlands 
of Sumatra. II. Palaeopalynology and Vegetational History. Journal of Biogeography 15(4):555–578. 
doi.org/10.2307/2845436 (accessed 5 June 2018).

O’Connor, S., M. Spriggs and P. Veth. 2005. The Archaeology of the Aru Islands, Eastern Indonesia. Canberra, 
ACT: Pandanus Books.

Pasveer, J.M. and K.P. Aplin. 1998. Late Pleistocene to Recent faunal succession from the Bird’s Head 
of  Irian Jaya, Indonesia. In J. Miedema, C. Odé and M.A.C. Dam (eds), Perspectives on the Bird’s 
Head Peninsula of Irian Jaya, Indonesia, pp. 891–930. Leiden: Rodopi.

Ramage, C.S. 1968. Role of the tropical ‘maritime continent’ in the atmospheric circulation. Monthly 
Weather Review 96(6):365–370. doi.org/10.1175/1520-0493(1968)096<0365:roatmc>2.0.co;2 
(accessed 5 June 2018).

Reeves, J.M., H.C. Bostock, L.K. Ayliffe, T.T. Barrows, P. De Deckker, L.S. Devriendt, G.B. Dunbar, 
R.N. Drysdale, K.E. Fitzsimmons, M.K. Gagan, M.L. Griffiths, S.G. Haberle, J.D. Jansen, C. Krause, 
S. Lewis, H.V. McGregor, S.D. Mooney, P. Moss, G.C. Nanson, A. Purcell and S. van der Kaars. 2013. 
Palaeoenvironmental change in tropical Australasia over the last 30,000 years – a synthesis by the OZ-
INTIMATE group. Quaternary Science Reviews 74:97–114. doi.org/10.1016/j.quascirev.2012.11.027 
(accessed 5 June 2018).

Russell, J.M. and S. Bijaksana. 2012. The Towuti Drilling Project: Paleoenvironments, biological evolution, 
and geomicrobiology of a tropical Pacific lake. Scientific Drilling 14:68–71. doi.org/10.2204/iodp.
sd.14.11.2012 (accessed 5 June 2018).

Russell, J.M., S. Bijaksana, H. Vogel, M. Melles, J. Kallmeyer, D. Ariztegui, S. Crowe, S. Fajar, A. Hafidz, 
D. Haffner, A. Hasberg, S. Ivory, C. Kelly, J. King, K. Kirana, M. Morlock, A. Noren, R. O’Grady, 
L. Ordonez, J. Stevenson, T. von Rintelen, A. Vuillemin, I. Watkinson, N. Wattrus, S. Wicaksono, 
T. Wonik, K. Bauer, A. Deino, A. Friese, C. Henny, Imran, R. Marwoto, L.O. Ngkoimani, S. 
Nomosatryo, L.O. Safiuddin, R. Simister and G. Tamuntuan. 2016. The Towuti Drilling Project: 
Paleoenvironments, biological evolution, and geomicrobiology of a tropical Pacific lake. Scientific 
Drilling 21:29–40. doi.org/10.5194/sd-21-29-2016 (accessed 5 June 2018).

Russell, J.M., H. Vogel, B.L. Konecky, S. Bijaksana, Y. Huang, M. Melles, N. Wattrus, K. Costa and 
J.W. King. 2014. Glacial forcing of central Indonesian hydroclimate since 60,000 y B.P. Proceedings 
of the National Academy of Sciences 111(14):5100–5105. doi.org/10.1073/pnas.1402373111 (accessed 
5 June 2018).

Stuijts, I., J.C. Newsome and J.R. Flenley. 1988. Evidence for late quaternary vegetational change in the 
Sumatran and Javan highlands. Review of Palaeobotany and Palynology 55(1):207–216. doi.org/ 
10.1016/0034-6667(88)90086-3 (accessed 5 June 2018).

http://doi.org/10.1111/j.1365-2486.2005.00969.x
http://doi.org/10.1002/9780470691854.ch2
http://doi.org/10.2307/2845436
http://doi.org/10.1175/1520-0493(1968)096<0365:roatmc>2.0.co;2
http://doi.org/10.1016/j.quascirev.2012.11.027
http://doi.org/10.2204/iodp.sd.14.11.2012
http://doi.org/10.2204/iodp.sd.14.11.2012
http://doi.org/10.5194/sd-21-29-2016
http://doi.org/10.1073/pnas.1402373111
http://doi.org/10.1016/0034-6667(88)90086-3
http://doi.org/10.1016/0034-6667(88)90086-3


3.  Vegetation and climate of the Last Glacial Maximum in Sulawesi    29 

terra australis 48

van der Kaars, S. 1991. Palynology of eastern Indonesian marine piston-cores: A Late Quaternary 
vegetational and climatic record for Australasia. Palaeogeography, Palaeoclimatology, Palaeoecology 
85(3):239–302. doi.org/10.1016/0031-0182(91)90163-L (accessed 5 June 2018).

van der Kaars, S., F. Bassinot, P. De Deckker and F. Guichard. 2010. Changes in monsoon and 
ocean circulation and the vegetation cover of southwest Sumatra through the last 83,000 years: The 
record from marine core BAR94-42. Palaeogeography, Palaeoclimatology, Palaeoecology 296(1–2):52–78. 
doi.org/ 10.1016/j.palaeo.2010.06.015 (accessed 5 June 2018).

van der Kaars, S. and R. Dam. 1995. A 135,000-year record of vegetational and climatic change from the 
Bandung area, West-Java, Indonesia. Palaeogeography, Palaeoclimatology, Palaeoecology 117(1):55–72. 
doi.org/10.1016/0031-0182(94)00121-N (accessed 5 June 2018).

van der Kaars, S. and R. Dam. 1997. Vegetation and climate change in West-Java, Indonesia during 
the last 135,000 years. Quaternary International 37:67–71. doi.org/10.1016/1040-6182(96)00002-X 
(accessed 5 June 2018).

van der Kaars, S., X. Wang, P. Kershaw, F. Guichard and D.A. Setiabudi. 2000. A Late Quaternary 
palaeoecological record from the Banda Sea, Indonesia: Patterns of vegetation, climate and 
biomass burning in Indonesia and northern Australia. Palaeogeography, Palaeoclimatology, Palaeoecology 
155(1–2):135–153. doi.org/10.1016/S0031-0182(99)00098-X (accessed 5 June 2018).

Vogts, A., H. Moossen, F. Rommerskirchen and J. Rullkötter. 2009. Distribution patterns and stable carbon 
isotopic composition of alkanes and alkan-1-ols from plant waxes of African rain forest and savanna 
C3  species. Organic Geochemistry 40(10):1037–1054. doi.org/10.1016/j.orggeochem.2009.07.011 
(accessed 5 June 2018).

Whitten, T., M. Mustafa and G.S. Henderson. 1987. The Ecology of Sulawesi. Yogyakarta: Gadjah Mada 
University Press.

Wicaksono, S.A., J.M. Russell and S. Bijaksana. 2015. Compound-specific carbon isotope records 
of  vegetation and hydrologic change in central Sulawesi, Indonesia, since 53,000 yr BP. 
Palaeogeography,  Palaeoclimatology, Palaeoecology 430:47–56. doi.org/10.1016/j.palaeo.2015.04.016 
(accessed 5 June 2018).

Wicaksono, S.A., J.M. Russell, A. Holbourn and W. Kuhnt. 2017. Hydrological and vegetation shifts in 
the Wallacean region of central Indonesia since the Last Glacial Maximum. Quaternary Science Reviews 
157:152–163. doi.org/10.1016/j.quascirev.2016.12.006 (accessed 5 June 2018).

http://doi.org/10.1016/0031-0182(91)90163-L
http://doi.org/10.1016/j.palaeo.2010.06.015
http://doi.org/10.1016/0031-0182(94)00121-N
http://doi.org/10.1016/1040-6182(96)00002-X
http://doi.org/10.1016/S0031-0182(99)00098-X
http://doi.org/10.1016/j.orggeochem.2009.07.011
http://doi.org/10.1016/j.palaeo.2015.04.016
http://doi.org/10.1016/j.quascirev.2016.12.006


This text is taken from The Archaeology of Sulawesi: Current Research on the Pleistocene to the 
Historic Period, edited by Sue O’Connor, David Bulbeck and Juliet Meyer, published 2018 

by ANU Press, The Australian National University, Canberra, Australia.

doi.org/10.22459/TA48.11.2018.03

http://doi.org/10.22459/TA48.11.2018.03



