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p Chaire de Paléoanthropologie, CIRB (UMR 7214-U1050), Collège de France, 11 Place Marcelin-Berthelot, 75231, Paris, Cedex 05, France 
q Max Planck Institute for Evolutionary Anthropology, Deutscher Platz 6, Leipzig, Germany 
r Department of Anthropology, University of Illinois at Urbana-Champaign, Urbana, IL, USA 
s Carle Illinois College of Medicine, University of Illinois at Urbana-Champaign, Urbana, IL, USA 
t Lundbeck Foundation GeoGenetics Centre, Globe Institute, University of Copenhagen, Copenhagen, Denmark 
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A B S T R A C T   

The sediments of Tam Pà Ling (TPL), northeastern Laos, have yielded the earliest evidence of Homo sapiens in 
mainland Southeast Asia (~86 ka; marine isotope stage (MIS) 5 b) with a number of skeletal elements having 
been recovered from the sequence attesting to two populations of H. sapiens present in the vicinity between 77 ±
9 ka to 39 ± 9 ka. At present there has been very limited research into the environmental conditions that these 
populations encountered during MIS 5–4. In this study, we present the results of an analysis of higher plant 
biomarkers (n-alkanes and n-alkanols) from the sediments at TPL to reconstruct the palaeovegetation of the site 
and the human fossils. The n-alkane δ13C values demonstrate that H. sapiens encountered a predominantly C3 
forest landscape in MIS 5 b-MIS 4 that prevailed until MIS 1. Observations of a fluctuation in δ13C values across 
MIS 5 b-MIS 1 (~86–3 ka) indicates that moisture availability was non-uniform, most likely resulting in land
scape changes in and around TPL. The presence of H. sapiens at TPL during the environmental conditions 
associated with MIS 5 b-MIS 3 highlights the adaptability of our species to environmental dynamics at this time.   
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1. Introduction 

The first presence of Homo sapiens in mainland Southeast Asia 
(MSEA) has recently been extended back to 77 ± 9 ka, close to the final 
stages of Marine Isotope Stage (MIS) 5 (Freidline et al., 2023). Uncer
tainty still remains, however, regarding the exact time of arrival, 
migration routes and settlement patterns of early humans in this region 
(Bae et al., 2017; Boivin et al., 2013; Bradshaw et al., 2021; Roberts 
et al., 2015a; Reyes-Centeno, 2016). The extent to which climatic and 
environmental conditions influenced the dispersal of our species into 
new regions is also hotly debated (Bird et al., 2005; McAllister et al., 
2022 and references therein), and this is in part confounded by the rela
tively limited number of palaeoenvironmental studies with which to 
compare to data emerging from Late Pleistocene archaeological sites. 

New research from the Tam Pà Ling (TPL) Cave, Laos, has docu
mented the earliest evidence for H. sapiens in MSEA (Demeter et al., 
2012, 2015, 2017; Freidline et al., 2023; Shackelford et al., 2018). A 
partial cranium (TPL1), two mandibles (TPL2, TPL3), a rib (TPL4), a 
pedal phalanx (TPL5), a frontal bone (TPL6) and a tibial fragment 
(TPL7) have been recovered from sediments ranging from 77 ± 9 ka to 
39 ± 9 (Freidline et al., 2023). This evidence demonstrates that 
H. sapiens were present in and around the site intermittently over a 
period of ~56 kyr, from the end of MIS 5 (the upper age limit of the 
oldest dated sample from TPL is ~86 ka) (Freidline et al., 2023). In is
land Southeast Asia (ISEA), Lida Ajer, Sumatra currently holds the 
earliest evidence of H. sapiens, with their presence dating back to at least 
73 ka (Louys et al., 2022; Westaway et al., 2017). These early finds are 
challenging the once conventional belief that H. sapiens left Africa 
moving eastwards into Southeast Asia and beyond to Australia following 
a coastal route from around 60–50 ka (O’Connell et al., 2018). 

Research has demonstrated that changes in environmental and 
ecological conditions had a profound impact on the adaptive plasticity 
of hominins and other megafauna in Southeast Asia during the Qua
ternary (Louys and Roberts, 2020; Rizal et al., 2020; Sutikna et al., 
2016). Marked environmental changes are thought to have led to the 
decline of various hominins (e.g., Homo erectus) as they are believed to 
have been primarily adapted to open landscapes, often in close prox
imity to rivers and lakes (Bettis et al., 2009; Gamble, 1993, 2013; Louys 
and Roberts, 2020; Roberts and Stewart, 2018). While H. erectus and 
other co-existing hominins demonstrated technological complexities 
and social networks (Joordens et al., 2016; Langley et al., 2008; Zilhão, 
2012), as well as being capable of living around forested environments, 
their reliance on grassland and woodland environments would have put 
them at a disadvantage to H. sapiens in forested environments (Roberts 
and Stewart, 2018). This question was also raised for Denisovans in 
northern Laos (Demeter et al., 2022), which occupied ecosystems 
composed of predominantly open landscapes (Bacon et al., 2023). The 
continental scale shift in the Middle and Late Pleistocene resulted in an 
expansion of dense forested landscapes, with the decline and eventual 
extinction of these archaic species being attributed to their inability to 
adapt to these changes and compete with the ‘generalist specialist’ 
H. sapiens (Bacon et al., 2023; Louys and Roberts, 2020; Roberts and 
Stewart, 2018). Therefore, determining the palaeovegetation conditions 
experienced by early H. sapiens during the Late Pleistocene is imperative 
to better comprehend the adaptability of our species, allowing re
searchers to better connect changes in the landscape with evolutionary 
and cultural changes. 

To improve understandings of the extent to which environmental 
conditions influenced the movements and behaviours of H. sapiens, local 
palaeoenvironmental (i.e., palaeoevegetation and palaeohydrology) 
reconstructions generated from the analysis of appropriate materials 
recovered from archaeological sites are required. At TPL, Milano et al. 
(2018) analysed the stable carbon (δ13C) and oxygen (δ18O) isotopes 
from the terrestrial gastropod Camaena massiei and inferred that the 
environment was largely humid and forested until the Last Glacial 
Maximum (LGM). Analysing the δ13C values of two teeth from TPL1 

(63–46 ka), Bourgon et al. (2021) also found values (− 26.4‰) to fall 
within the ranges expected of a C3 forested environment prior to the 
LGM. During the LGM, Milano et al. (2018) inferred a climatic shift to 
drier conditions, resulting in the expansion of open landscapes. How
ever, this record is complicated by low sample resolution (there is only 
one C. massiei recovered for the earliest 16 kyr period (78–62 ka)), an 
issue exacerbated by the recent expansion of the sediment chronology by 
Freidline et al. (2023). Further proxy records are clearly required to 
develop a comprehensive understanding of the local palaeovegetation at 
TPL. 

Biomarkers (molecular fossils) originating from natural products 
within eukaryotes, archaea and bacteria can provide potentially valu
able insights into past environmental change, including those from 
archaeological deposits (Patalano et al., 2021). The cuticle of terrestrial 
higher plants is coated with protective waxes (Eglinton and Hamilton, 
1967) comprised of a mixture of long chain aliphatic n-alkyl derivatives: 
normal alkanes (n-alkanes), n-alkanols, n-alkanoic acids, triterpenoids 
and secondary metabolites (Eglinton et al., 1962; Eglinton and Hamil
ton, 1967; Eiserbeck et al., 2012; Jetter et al., 2006; Schuster et al., 
2016). Long-chain (C27 to C35) n-alkanes have proven to be valuable 
biomarkers of plants, as their straight-chain hydrocarbon structure en
ables them to preserve well within marine, lacustrine and terrestrial 
fossil records (Diefendorf et al., 2011; Smith et al., 2007). 

Terrestrial higher plants yield homologous series of n-alkanes, typi
cally ranging between C27–C35, often with an odd-over-even chain 
length predominance (Eglinton et al., 1962; Eglinton and Hamilton, 
1967). Although they generally remain unaltered by microbial and 
diagenetic processes, their preservation is not guaranteed (Logan et al., 
1993). Factors that can influence how well n-alkanes are preserved in 
the sediment, if at all, include the level of microbial activity, soil pH, 
temperature, moisture and oxygen content (Grimalt et al., 1988; Nguyen 
et al., 2017; Nie et al., 2014; Zech et al., 2011). 

It has only been in the last decade or so that the analysis of plant wax 
biomarkers has been incorporated into archaeological studies as a means 
to reconstruct the palaeovegetation and palaeohydrological conditions 
experienced by hominins/early humans and to better understand past 
human-environment interactions (Patalano et al., 2021). As many 
archaeological cave sediments in the tropics are characterised by highly 
oxic conditions, these often compromise the preservation of pollen and 
subsequently palynological reconstructions (Rabett et al., 2017), 
whereas in some cases plant biomarkers remain. 

To date, there has only been a single application of plant biomarkers 
to an archaeological site in Southeast Asia. Rabett et al. (2017) suc
cessfully extracted and analysed the chain length distribution and δ13C 
of leaf wax n-alkanes and n-alkanoic acids from Hang Trông cave in the 
Tràng An massif, northern Vietnam. Rabett et al. (2017) found the C31 
n-alkane to dominate, coupled with δ13C values between − 35‰ and 
− 30‰. These results provided strong evidence for an environment 
dominated by C3 vegetation during MIS 2 (29 ka) and persisting through 
the LGM (26–19 ka), similar to the C3 dominated landscape there today. 
Expanding the palaeorecord by applying stable carbon isotopes to fossil 
plant wax n-alkanes and n-alkanols in Southeast Asia will contribute to a 
more robust reconstruction and understanding of vegetation and climate 
changes across the region. 

In this study, we analysed relative abundances and δ13C values of 
higher plant biomarkers in sediments from TPL. In particular, we 
examined variability in the concentration of long chain n-alkanes and n- 
alkanols to distinguish their higher plant origins and utilise the δ13C of n- 
alkane and n-alkanol biomarkers to reconstruct the local palae
ovegetation dynamics of TPL from MIS 5 b-MIS 1. In doing so, we seek to 
determine if H. sapiens encountered a predominantly C3 vegetated 
landscape when they were first present in and around the site and if 
there are variations in the vegetation composition preserved in the 
sediment record through time. In addition, this study seeks to determine 
if H. sapiens were present at the site during similar environmental 
conditions. 
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1.1. Plant wax biomarkers as environmental proxies 

1.1.1. δ13C of n-alkanes 
Compound specific isotope analysis (CSIA) of the stable carbon 

(δ13C) isotope ratios of leaf wax n-alkanes reflects the influences of both 
environmental factors (i.e., atmospheric CO2 levels, water availability 
and altitude) (Diefendorf et al., 2010; Farquhar et al., 1989) and bio
logical characteristics (i.e., physiology, genetics and photosynthetic 
pathway) (Diefendorf and Freimuth, 2017). However, the predominant 
factor influencing the δ13C of sedimentary n-alkanes is the actual 
photosynthetic pathway used by a plant to fix CO2 into its biochemicals 
(Bi et al., 2005; Collister et al., 1994; Diefendorf and Freimuth, 2017; 
Zhou et al., 2010). C4 plants (tropical and sub-tropical grasses and 
arid-adapted shrubs) are more efficient in their assimilation of carbon 
and have grown to dominate arid and/or semi-arid regions with warmer 
and drier conditions, as well as areas characterised by warm-season 
rainfall (Tipple and Pagani, 2007). The δ13C values of these n-alkanes 
largely fall between − 25‰ and − 18‰ (Bi et al., 2005; Collister et al., 
1994; Liu and An, 2020; Sage, 2017). C3 plants, which includes nearly all 
trees, most shrubs and temperate grasses, tend to dominate in cooler 
and/or wetter environments (Diefendorf et al., 2010; Lloyd and Farqu
har, 1994). C3 plants are much less efficient in the assimilation of carbon 
and have notably lower n-alkane δ13C values than C4 plants, ranging 
between − 39‰ and − 27‰ (Bi et al., 2005; Collister et al., 1994; Liu and 
An, 2020). CAM photosynthesising plants are not discussed here as they 
are largely restricted to arid areas (Edwards, 2019; Silvera et al., 2010; 
Still et al., 2003) and are highly unlikely to be present in tropical and 
sub-tropical regions. 

Any study examining n-alkanes preserved in sediments (e.g., Rabett 
et al., 2017 from Tràng An, Vietnam; Patalano et al., 2023 from Lesotho, 
Africa) analyses an aggregate compound pool derived from many plants 
in the environment. It is therefore possible to use the δ13C values of 
sedimentary n-alkanes to infer the proportion of C3 versus C4 plants 
present within the landscape at different time periods. However, isotope 
variation can occur within one photosynthetic group. In dense wood
land, changes in the δ13C values of C3 trees are predominantly inter
preted to reflect the ‘Canopy Effect’- a decline in the δ13C values of 
leaves from the top of the canopy to the forest floor (Vogel, 1978) - and 
variations in moisture availability (Farquhar et al., 1989; Medina and 
Minchin, 1980; van der Merwe and Medina, 1991). Photosynthesising 
plants in the upper canopy have greater exposure to sunlight (irradi
ance) and lower humidity levels, which leads to an increase in δ13C 
values, whereas those in the more shaded under canopy, experience 
greater discrimination against 13C, hence lower δ13C (Farquhar et al., 
1989; Graham et al., 2014; van der Merwe and Medina, 1991). Further 
declines in the δ13C of vegetation photosynthesising on or near the forest 
floor can also be explained by the uptake of recycled 13C depleted CO2 
produced by soil respiration (Medina and Minchin, 1980; Vogel, 1978). 

In the tropics and subtropics, annual variability in moisture avail
ability is an additional and important factor affecting the δ13C values of 
n-alkanes from C3 plants. Precipitation patterns in the tropics and sub
tropics of Southeast Asia are largely dictated by the Asian Monsoon, 
with the majority of rainfall falling during the summer monsoon (Chiang 
et al., 2020; Webster et al., 1998). During extended periods of lower 
precipitation during winter, C3 vegetation becomes water stressed, 
leading to an increase in water use efficiency and a corresponding 
decrease in carbon isotope fractionation and stomatal conductance, 
causing increased δ13C values (Diefendorf and Freimuth, 2017; Farquhar 
et al., 1989). When the summer monsoon patterns are weakened and the 
winter monsoon is strengthened over an extended period of time (e.g., 
during cooler/glacial conditions; the LGM), this can result in a rise of 
areas/patches of open landscapes in the forest canopy (e.g., Milano 
et al., 2018; Suraprasit et al., 2021). However, during the earlier cooler 
(MIS 6, MIS 4) and warmer (MIS 5) periods Bacon et al. (2021) observed 
the δ13C and δ18O values of mammalian fauna from northern Vietnam 
(Coc Muoi and Duoi U’Oi) and northeastern Laos (Tam Hang South and 

Nam Lot) to suggest an opposite effect. They found temperate C3 forests 
to dominate towards the end of MIS 6 and in MIS 4, whereas MIS 5 was 
characterised by more diverse vegetation, consisting of rainforests and 
intermediate forests with areas of open landscape. 

1.1.2. n-Alkanols 
Similar to long chain n-alkanes, long chain n-alkanols (C24–C34) can 

also be used to distinguish the plant functional type and photosynthetic 
pathway of palaeovegetation through ACL and CSIA, respectively 
(Chikaraishi & Naraoka, 2007; Diefendorf et al., 2011; Rommerskirchen 
et al., 2003, 2006; Vogts et al., 2009). Unlike n-alkanes, long chain 
n-alkanols from vascular higher plants possess a strong even-over-odd 
carbon predominance (Eglinton and Hamilton, 1967). The n-C26, n-C28 
and n-C30 alkanols are often preferentially produced by dicots (woody 
taxa, trees, and shrubs), whereas the longer chain n-C32 n-alkanols are 
more abundant in graminoids (grasses), with their δ13C ranges also 
largely aligning with those of C3 and C4 n-alkanes (Rommerskirchen 
et al., 2006; Vogts et al., 2009). The δ13C values of n-alkanols are also 
analysed in this study to assess if they complement the δ13C n-alkane 
record, as demonstrated by Vogts et al. (2009). If there are variations in 
δ13C values between n-alkanes and n-alkanols, the potential factors that 
may have led to these differences are discussed. 

2. Materials & methods 

2.1. Study site: Tam Pà Ling, northeastern Laos 

Laos (14–20◦N) lies across the Tropic of Cancer and has an average 
annual temperature of 21.5 ◦C, ranging between a minimum of 15.7 ◦C 
in December and a maximum of 25.3 ◦C in June and July (Milano et al., 
2018). Precipitation patterns are largely controlled by the Asian 
Monsoon (of which the Indian and East Asian Monsoons are sub
systems), with variations in monsoon dynamics creating significant 
variations in rainfall (Thomson et al., 2021; Webster et al., 1998). 
Averaged between 1910-2017 (weatherbase.com), annual precipitation 
in the region is 1903 mm, ranging from 51 mm during the winter 
monsoon (dry season) from November–April and increasing to 267 mm 
during the summer monsoon (wet season) from May–October (Milano 
et al., 2018). The relative humidity is consistently high, averaging 
80.5% and ranging between 77.6% during the dry season and 83.4% in 
the wet season (Milano et al., 2018). 

Using remote sensing data, Milano et al. (2018) found 66.4% of the 
vegetation surrounding TPL was woody plants (C3), with 28.4% 
comprising of grasslands and shrubs (C4) and the remaining 5.2% con
sisting of artificial infrastructures. Not including infrastructure, Milano 
et al. (2018) found the modern vegetation of TPL to be predominantly 
comprised of C3 vegetation (70.1%), interspersed with C4 vegetation 
(26.3%). Li and Yang (2022) described the vegetation to be predomi
nantly comprised of tropical montane (mixture of deciduous trees and 
gymnosperms, with shrubs and ferns present in abundance), tropical 
monsoon (characterised by oak trees and shrubs) and deciduous forests, 
with many of these forests dominated by Teak. 

TPL is located in Huà Pan Province, northeastern Laos, ~260 km 
NNE of Vientiane (20◦12′31.4″N, 103◦24′35.2″E), situated at the top of 
Pà Hang Hill, at an elevation of 1170 m (Demeter et al., 2012). The cave 
lies within the Annamite Mountain Range, characterised by Upper 
Carboniferous to Permian limestone beds, limestone karsts, sinkholes, 
towers, caves and caverns (Duringer et al., 2012). Whilst published 
research on the region dates back to the 1930s, following excavations of 
Tam Hang by geologist Jacques Fromaget (Fromaget, 1936, 1937, 
1940), TPL remained unstudied until 2008, with excavations 
commencing from 2009 (Demeter et al., 2012, 2015, 2017; Freidline 
et al., 2023; Shackelford et al., 2018). 

The cave is accessed through a single south-facing entrance (Fig. 1). 
The main chamber is located 65 m below the entrance and measures 40 
m wide, 30 m long and 12 m high (Fig. 1) (Demeter et al., 2012). The 
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excavated trench currently measures 12 m × 4 m, excavated to depths of 
4.5 m (profile 1) and 7 m (profile 2), which are 5 m apart from one 
another (Freidline et al., 2023; Shackelford et al., 2018). Research 
presented in this paper is based on the analyses of 45 sediment samples, 

18 of which are from profile 1 (P1) and 27 from profile 2 (P2). Strati
graphic layers are dominated by alternating layers of brown sandy and 
silty clays, punctuated by 12 calcareous layers of powdered calcite 
precipitate (moonmilk) (Demeter et al., 2012, 2015). Some of these have 

Fig. 1. (A) Location of Tam Pà Ling, (B) Section of Pà Hang Mountain showing the location of Tam Pà Ling, and (C) Stratigraphy and current chronology of Tam Pà 
Ling (redrawn from Freidline et al., 2023). Arrows through P1 from 0.2 m to 3.7 m and P2 from 1.67 m to 6.92 m illustrate the depths spanned by sediment samples 
collected in this study. Location of vertical black arrows do not represent exact locations samples were excavated from, just depths. 
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locally hard calcite cementation of about 1–2 cm thick, but their lateral 
extension does not exceed 60 cm. 

The cave sediments are sourced from the argillaceous bank around 
the cave entrance and transported into the cave via slope wash episodes 
(Demeter et al., 2012, 2015). Upon deposition in the main chamber, 
excavations and subsequent analyses have demonstrated no evidence of 
subsequent bioturbation, reworking, mixing or post depositional modi
fications (Freidline et al., 2023). Further details about the site formation 
processes and sediment stratigraphy can be found in Demeter et al. 
(2012, 2015, 2017) and Freidline et al. (2023 SI). 

2.2. Sample collection and preparations 

Eighteen sediment samples extending from 0.2 to 3.7 m from P1 and 
27 sediment samples from 1.67 to 6.92 m from P2 were collected as bulk 
sediment samples from TPL in 2018. Samples were stored in sealed 
sample bags in Flinders University Archaeology laboratory at room 
temperature (21 ◦C) prior to preparation for isotopic and lipid 
biomarker analyses. 

Sediment samples were sieved through a 2-μm mesh to remove all 
non-sediment materials (bone, shell fragments, rocks). The sieve was 
cleaned with Triple 7 EnviroLab LabPower, with 3 rinses in water, 
ethanol, deionised water and acetone between each sample. Samples 
were dried in a LabTech Forced Convection Oven LDO-150 F at 30 ◦C 
(72 h). Remaining sample preparation and data analyses (except bulk 
sediment δ13C) were conducted at the Western Australian Organic & 
Isotope Geochemistry Centre (WA-OIGC), Curtin University. Samples 
were freeze dried in an ALPHA 1–2 LDplus freeze-drier (24 h) and 
homogenised in a Rocklabs Benchtop Ring Mill with a zirconia head (30 
s mill time). 

2.3. Bulk organic δ13C analysis 

Sediment samples (~1 g) were acidified in 10% concentrated HCl for 
48 h to remove inorganic carbon contents and rinsed three times in 
deionised water prior to re-drying. Samples (15 mg) were analysed for 
carbon isotopes in bulk organic matter (δ13Corg) on a VarioIsotope Cube 
(Elementar) coupled to an Isoprime IRMS (GV instruments) at Flinders 
Analytical, Flinders University. The combustion tube was set to 650 ◦C 
and the reduction tube was set to 900 ◦C. Standards used were L-glu
tamic acid (USGS 40 and USGS 41a). Drift correction was performed 
using a series of standards (USGS 40) analysed at the beginning and end 
of the run. Precision of measurement was reported at 0.1‰. 

2.4. Total lipid extraction 

Total lipids were extracted from between 10.16 g and 26.28 g of 
sediment using a Milestone Start E Microwave Extraction System (MES). 
Samples were prepared in Teflon vessels with DCM:methanol 9:1 (50 
mL:5 mL). The MES was heated from room temperature to 80 ◦C (over 
10 min) and held at 80 ◦C (15 min). All utensils used to prepare the 
sediment samples were cleaned thoroughly and rinsed (3 times each 
with methanol, DCM and n-hexane). 

Following extraction, samples were centrifuged in an Eppendorf 
Centrifuge 5810 (3 min at 1600 rpm) to separate the solvent containing 
the total lipid extract (TLE) from sediment. The TLE was transferred into 
pre-cleaned glass vials. Copper turnings were added and left overnight 
on a Dionex SE 500 evaporator/shaker to remove any elemental sulfur. 
Samples were concentrated under nitrogen gas (N2) through the Dionex 
SE 500 to ~2 mL volume. Samples were then filtered through finely 
ground magnesium sulphate (MgSO4) to remove the remaining water 
and fine sediment particles. 

The TLE was again concentrated via complete evaporation under N2 
and transferred using 0.5 mL DCM to be adsorbed onto silica gel in a 
separate 5 mL glass beaker ahead of separation into three fractions 
(saturated, aromatic and polars) via silica gel chromatography. 

Chromatography was conducted using 5.5 cm of solvent-cleaned and 
oven-activated (160 ◦C) silica gel in a Pasteur pipette. Saturates were 
separated first, using 2 mL of n-hexane, aromatics were then extracted 
using a 7:3 ratio of n-hexane to DCM (1.4 mL n-hexane, 0.6 mL DCM) 
and finally the polar compounds were removed via 1:1 (1 mL of each) of 
DCM:Methanol. 

2.5. n-Alkane analysis 

n-Alkanes (C14–C35) in the saturated fraction were identified on an 
Agilent 7890 B Gas Chromatograph (GC), interfaced to an 5977 B Mass- 
Selective Detector (MSD) at WA-OIGC at Curtin University. Analysis was 
conducted using a DB-1 ms ultra-inlet column (60 m × 0.25 mm internal 
diameter x 0.25 μm film thickness). The split/splitless inlet was operated 
in pulsed splitless mode at 280 ◦C. Helium (He) carrier gas was injected 
at 1.1 mL/min. The GC oven was programmed to hold at 40 ◦C for 1 min, 
heat to 325 ◦C at 3 ◦C min− 1 and hold at 320 ◦C for 30 min. The MSD was 
operated at 70eV and held at 320 ◦C. Data was collected in full scan 
mode from m/z 50 to 550. Performance of the GC-MSD was evaluated 
using a mixture of standards, including n-alkanes from C10 to C35 as well 
as a range of branched and cyclic alkanes, aromatics, alcohols and fatty 
acids. The mixture of standards was analysed multiple times per week to 
assess performance of the instrument and ensure that peak responses 
were consistent throughout the analyses. Data were analysed with 
Agilent ChemStation software. Compounds were identified by compar
ison of mass spectra with commercial library data (NIST mass spectral 
libraries). 

The ACL of n-alkanes (C14–C35) and n-alkanols (C7–C32) (Fig. S1) 
were calculated from the area of each carbon numbered (Cn) n-alkyl 
peak from the total ion chromatograms using the following equation: 

ACL=

∑
(Cn × area)
∑

area
(1) 

The carbon preference index (CPI) was also calculated for long chain 
n-alkanes (C27–C35) and n-alkanols (C26–C32) using equations (2) and 
(3), respectively, adapted from Marzi et al. (1993) to distinguish their 
sources. CPI values > 1 indicate terrestrial plant origins, whereas values 
< 1 represent petrogenic, anthropogenic or bacterial inputs (Bray and 
Evans, 1961; Eglinton and Hamilton, 1967; Rommerskirchen et al., 
2003). 

CPI=
[Σodd(C27 − C33) + Σodd(C29 − C35)]

(2ΣevenC26 − C34)
(2)  

CPI=
[Σeven(C26 − C30) + Σeven(C28 − C32)]

(2ΣoddC27 − C31)
(3)  

2.6. Plant wax n-alkane δ13C analysis 

The δ13C values of the n-alkanes were measured with a Gas 
Chromatography-Isotope Ratio Mass Spectrometer (GC-irMS) at WA- 
OIGC, using a Thermo Trace GC Ultra with GC Isolink, connected to a 
Delta V Advantage irMS via Conflo IV. Analysis was conducted using a 
DB-1 ms ultra-inlet column (60 m × 0.25 mm internal diameter x 0.25 
μm film thickness). The split/splitless inlet was operated in pulsed 
splitless mode at 280 ◦C. Helium (He) carrier gas was injected at 1.5 mL/ 
min. The oven temperature held at 40 ◦C for 1 min, heating to 325 ◦C at 
3 

◦

C/min, holding this for 30 min. The outflow from the GC column 
passed through the GC Isolink combustion furnace (packed with copper 
oxide and nickle oxide, held at 1000 ◦C) to combust the hydrocarbons to 
CO2. The CO2 travelled through the Conflo IV into the irMS, which 
measured the m/z for CO2 at 44, 45 and 46. Each sample was run in 
triplicate and δ13C values were calculated from the measured masses via 
Thermo Isodat software. Values were normalised to the international 
VDPB scale through a comparison with an in-house mixture of n-alkane 
standards (n-C11, n-C13, n-C14, n-C17, n-C18, n-C19 and n-C25) of known 
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isotopic composition (δ13C between − 32.2‰ and − 25.3‰). Triplicate 
values had a standard deviation of less than 0.5‰. 

2.7. Polar compound identification 

Following chromatic separation, the polar compounds were evapo
rated under N2 and weighed. Polar compounds were derivatised via the 
formation of trimethylsilyl ethers by adding 10 μL each of pyridine and 
BSTFA per 0.5 mg of polar sample and placing these on a hotplate at 60 
◦C (20 min). n-alkanols (C7–C32) of the polar fraction were identified on 
an Agilent 6890 N GC, coupled to a 5975 B MSD, using an Agilent DB- 
5MS UI column. Column dimensions and the oven program remained 
the same as for the saturated compounds, detailed in 2.5, with data 
analysed in Agilent ChemStation software. 

2.8. Polar δ13C analysis 

δ13C values of the polar compounds were measured on a GC-irMS, 
using the Thermo Trace GC Ultra with GC Isolink, connected to a 
Delta V Advantage irMS via Conflo IV. Analysis was conducted under the 
same conditions as detailed for the saturated fractions, with the excep
tion of using an Agilent DB-5MS UI GC column instead of a DB-1 ms 
ultra-inlet column. To correct for the influence of the derivatisation 
agent on the isotopic values, the method and equation presented in 
Rieley (1994) were applied: 

nxd × δxd = (nx × δx) + (nd × δd) (4) 

Where x represents the underivatised compound, d the derivatised 
reagent, xd the derivatised compound, δ the isotope value of each, and n 
the number of carbon atoms in each. To calculate the δ value of the 
derivatisation reagent (δd), a cholesterol standard was run both under
ivatised (− 21.99‰) and derivatised (− 23.03‰). Cholesterol has 27 
carbon atoms, with BSTFA adding 3 more carbon atoms. δd is calculated 
to be − 32.37‰. The δd is used to calculate the δ value of the under
ivatised compounds (provided the same batch of derivatisation reagent 

is used) by rearranging equation (4): 

δx =
(nxd × δxd) − (nd × δd)

nx
(5)  

3. Results 

δ13C values for sediment samples collected at 0.2 m, 0.3 m, 0.4 m, 
6.72 m and 6.92 m (Fig. S3) are omitted from Figs. 2–4 as they are from 
depths above and below the youngest and oldest dated sediment samples 
(Table S1). Interpolated ages and age errors were inferred from 2σ 
modelled age boundaries from Freidline et al. (2023), presented in 
Table S1, by linear interpolation between bracketing ages in R (version 
4.3.2). The Bayesian age model developed using OxCal v4.4 for TPL is 
presented in Fig. 5 of Freidline et al. (2023), for reference. Dates were 
not extrapolated above and below the youngest and oldest dates due to 
uncertainties about the potential ages of undated samples above and 
below the established chronology. Error bars are not included in the 
aforementioned figures as they hinder the illustration of trends through 
time, the age errors are presented in Table S1. The impact of the large 
age errors (ranging from ±1882 to ±8444 years) for interpolated ages 
on interpretations through time is addressed in the discussion. 

3.1. n-Alkyl CPI 

n-alkane CPI values range between 10.2 and 0.5 (Fig. 2, Tables S3 
and S4). The 5 of the 45 sediments samples (all from P2) that returned 
CPI values < 1 (falling under the vertical dashed line in Fig. 2), are 
omitted from figures and interpretations, as they are unlikely to have 
originated from terrestrial higher plants. CPI values of n-alkanols range 
from 8.6 to 3.7, indicating terrestrial plant origins. 

3.2. Plant wax n-alkane δ13C 

Plant wax n-alkane δ13C measurements of the 45 sediment samples 
are presented for n-alkanes C27 to C33 (see Tables S5 and S6). The δ13C 

Fig. 2. Long chain (C27–C35) n-alkane CPI (left) plotted alongside the long chain (C26–C32) n-alkanol CPI. These are plotted against linearly interpolated ages.  
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values of the three dominant homologues C29, C31 and C33 are presented 
in Fig. S4. The n-alkane weighted average, which is the mean value for 
the δ13C values of C29, C31 and C33 (δ13CAvgC29-C33), is presented in Fig. 3. 
Only trends observed across all homologues are interpreted in the 

discussion. The shifts in δ13C values are large compared to the standard 
deviations of replicate measurements (Tables S5 and S6) and are 
therefore likely reflecting true changes in the environment. δ13C values 
of n-alkanes C29–C33 generally decrease with increasing chain length 

Fig. 3. The weighted average of the three dominant n-alkanes (δ13CAvgC29-C33) n-alkanols (δ13CAvgC26-C30) and bulk δ13Corg plotted against time (years). Bones plotted 
on δ13CAvgC29-C33 represent H. sapiens fossils from TPL. Fossils have not been directly dated and are presented at approximate ages based on the interpolated ages from 
the sediment profiles they were recovered from. 

Fig. 4. (a) TPL n-alkane δ13CAvgC29-C33 values from P1, (b) TPL n-alkane δ13CAvgC29-C33 values from P2, (c) TPL Camaena massiei δ13C values from Milano et al. (2018), 
(d) TPL Camaena massiei δ18O values from Milano et al. (2018) and (e) δ18O of speleothems from Hulu and Sanbao Caves, China (Caballero-Gill et al., 2012; Cheng 
et al., 2009; Wang et al., 2008). Ovals around each data point in (a) and (b) represent errors in time and δ13CAvgC29-C33 values, which is the standard deviation of the 
δ13C values of C29, C31 and C33. Bones presented on (a) and (b) represent where H. sapiens fossils were recovered from P1 and P2. Samples from Milano et al. (2018) 
which has more than one sample from the same depth are presented as an average value (Table S2). 
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(Fig. S4). This 13C-depletion with increasing chain length has also been 
observed in modern plants (Collister et al., 1994). 

δ13C variability is greater in all homologues in P2 than in P1 
(Tables S5 and S6). Minimum and maximum δ13C values for each ho
mologue generally occurred at the same depth in P1 with the lowest δ13C 
values occurring at 3.7 m, with the exception of C33 where the lowest 
δ13C value occurred at 0.2 m. The highest δ13C values in P1 came from 
2.8 m for each chain length. In P2, the correlation between minimum 
and maximum values with depth is not as clear. C27 and C29 are both 13C- 
enriched at 6.72 m but have minimum δ13C values at 4.12 m and 2.72 m, 
respectively. Whereas C31 and C33 record the most 13C-depleted values 
at 4.42 m and have maximum δ13C values at 4.72 m and 4.92 m 
respectively. 

3.3. Plant wax n-alkanol δ13C 

Plant wax δ13C values of n-alkanol homologues C24–C32 are pre
sented in Tables S5 and S6. The δ13C values of the three dominant ho
mologues C26, C28 and C30 are presented in Fig. S5. The n-alkanol 
weighted average, which is the mean value for the δ13C values of C26, C28 
and C30 (δ13CAvgC26-C30), is presented in Fig. 3. Similar to the n-alkanes, 
δ13C values of the n-alkanols decrease as the chain length increases in 
both P1 and P2, with the exception of C32. This is likely due to the low 
abundance of the compound in the sample (not present in a detectable 
amount in 12 of 45 samples), as well as possible inaccurate measure
ment due to its elution close to the C33 n-alkan-2-one homologue in the 
GC-MS. The highest and lowest δ13C values do not occur at the same or 
similar depths in any of the homologues. 

3.4. Bulk δ13Corg values 

Bulk δ13Corg values fall between − 27.4‰ and − 22.9‰ in P1 (range 
of 4.5‰) and exhibit slightly higher values in P2, falling between 
− 26.6‰ and − 20.3‰, with an increased range of 6.3‰. These values 
largely fall within the expected ranges of C3 photosynthetic vegetation 
from sedimentary organic matter, which is between approximately 
− 30‰ and − 22‰ (Bender, 1971; Farquhar et al., 1989; Vogel, 1978). 
The bulk δ13Corg values are placed against the n-alkane δ13CAvgC29-C33 
and n-alkanol δ13CAvgC26-C30 in Fig. 3. All δ13Corg values are provided in 
Tables S5 and S6 for P1 and P2, respectively. 

4. Discussion 

Higher plant biomarkers preserved well in both sediment profiles 1 
and 2 of TPL. These biomarkers are believed to reflect the local vege
tation surrounding the cave site, which have been deposited in/close to 
the mouth of the cave and subsequently into the main chamber via 
aeolian transport and regular slopewash events. Similar n-alkyl δ13C 
values are also observed when depths overlap in both profiles, however 
these values are not an exact match. Given the 5 m distance between 
both sediment profiles (see Fig. 1) and subsequent differences in the 
short-term sedimentation rates between dated layers, sediments from 
similar depths are not strictly time equivalent. Therefore, short-term 
climatic events may not be captured in both profiles. Through direct 
comparisons with modern plant and sediment δ13C data (Garcin et al., 
2014; Leider et al., 2013; Liu et al., 2022 and references therein; Vogts 
et al., 2009), we find that δ13C values for both C29–C33 n-alkanes ranging 
between − 38.0 ± 0.5‰ and − 30.7 ± 0.5‰ and C26–C30 n-alkanols 
ranging between − 38.1 ± 0.5‰ and − 29.1 ± 0.3‰ from MIS 5-MIS 1 
fall within the expected range of values for C3 vegetation in 
tropical/sub-tropical regions (between − 37.1‰ and − 27.1‰) (Bi et al., 
2005; Liu et al., 2022; Vogts et al., 2009) (modern values adjusted to 
pre-industrial atmospheric CO2 δ13C of − 6.5‰, by adding 1.5‰ (Tipple 
et al., 2010)). 

Visually, there appears to be a correspondence between the n-alkane 
and n-alkanol δ13C values (Fig. 3). However, Spearman’s rank 

correlation coefficient testing (as data distributions are non-normal) 
(Fig. S6) demonstrates that there is only a very weak positive correla
tion, if not almost no linear relationship (R = 0.094, p = 0.56). There is 
also a very weak negative relationship (R = − 0.055, p = 0.73) between 
the n-alkane δ13CAvgC29-C33 and bulk δ13Corg values (Fig. S7), as well as 
between the n-alkanol δ13CAvgC26-C30 and the bulk δ13Corg values (R =
− 0.11, p = 0.51) (Fig. S8) throughout the sediment sequences. These 
weak relationships may be due to diagenetic alterations in the sediments 
as a result of microbial activity. While the n-alkanols are likely to be of 
higher plant origin, as indicated by their CPI values (Tables S3 and S4), 
they are less resistant to post-depositional reworking than n-alkanes 
(Cranwell, 1981; Meyers and Ishiwatari, 1993) and bulk δ13Corg repre
sents multiple sources of organic material (e.g., microorganisms and 
anthropogenic materials (Kohn and Cerling, 2002)), which may be the 
cause of the fluctuations seen in the δ13CAvgC26-C30 and δ13Corg which are 
not observed in the δ13CAvgC29-C33. Therefore, it is likely that it is only the 
n-alkanes that are reflecting changes in vegetation through time in the 
TPL sediment record. 

4.1. Main drivers of the δ13C n-alkane record 

δ13C values (C27–C33) fluctuate significantly (9.4‰ in n-alkanes) 
throughout the TPL sediment sequence. For the δ13CAvgC29-C33 the 
variation is reduced to 4‰. These large ranges are common in tropical 
and subtropical regions (Liu et al., 2022). Garcin et al. (2014) observed 
similar ranges in δ13C values of sedimentary n-alkanes from Cameroon, 
western central Africa which they attributed to be predominantly C3 
vegetation, ranging from − 35.5‰ to − 24.6‰ (10.9‰). 

There are multiple factors that are known to contribute to the δ13C 
values of n-alkanes, which primarily include precipitation, aridity, 
temperature, altitude and the Canopy Effect (Farquhar et al., 1989; Liu 
et al., 2022; Medina and Minchin, 1980; van der Merwe and Medina, 
1991; Vogel, 1978). As annual temperature variations are minimal in the 
tropics (e.g., Li and Yang, 2022; Milano et al., 2018), it is highly unlikely 
that temperature serves as the driving influence. While studies have 
shown that δ13C values of n-alkanes increase with altitude (Körner et al., 
1988, 1991; Wu et al., 2017), as TPL is located at the top of Pà Hang Hill 
at an elevation of 1170 m above sea level, we find it improbable that 
n-alkane δ13C values are predominantly reflecting variations in altitude. 
The Canopy Effect can significantly influence the δ13C values of n-al
kanes in forested environments, leading to variations of up to 10‰ be
tween the upper canopy and forest floor (Graham et al., 2014; Medina 
and Minchin, 1980; van der Merwe and Medina, 1991; Vogel, 1978). 
However, as vegetation in the upper canopy have shorter lifespans 
(Reich et al., 1997) and make the greatest contribution to leaf litter 
biomass (Graham et al., 2014), it is not likely that this is the controlling 
factor of variations in n-alkane δ13C values. 

Ultimately, we interpret the variations in the TPL δ13C values of n- 
alkanes to derive from the effect of variations in moisture availability 
(precipitation) on predominantly C3 vegetation. During periods of 
increased moisture availability, δ13C values of C3 plants are often 
depleted due to an increase in stomatal conductance and fractionation 
(Diefendorf et al., 2010; Farquhar et al., 1989). Conversely, during pe
riods of decreased moisture availability, C3 plants can become 
water-stressed, leading to a decline in stomatal conductance and plant 
fractionation levels in attempt to improve its water-use efficiency, 
resulting in enriched δ13C values (Diefendorf et al., 2010). 

Moisture availability in Southeast Asia is predominantly controlled 
by variations in the strength of the Asian Monsoon (Wang et al., 2005). 
The Asian Monsoon is characterised by increased rainfall during the 
Asian summer monsoon (ASM) (May–October) and a decline in rainfall 
during the winter monsoon (AWM) (November–April) (Wang, 2006). 
The strength of the ASM is largely driven by thermal differences between 
the Asian landmass and the Indian and Pacific Oceans, as well as the 
thermal and dynamic impact of the Tibetan Plateau (Wang et al., 2005). 
The Western Pacific Warm Pool, Intertropical Convergence Zone (ITCZ), 
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El Niño Southern Oscillation (ENSO) and Heinrich Events (HE) are also 
considered additional contributing elements (to varying degrees) to the 
strength of the monsoons (Lauterbach et al., 2020; Thomson et al., 2021; 
Wang et al., 2001, 2005). 

It has been hypothesised that during periods of climate cooling in the 
Northern Hemisphere (i.e., MIS 4 and MIS 2), the thermal contrast be
tween the Asian landmass and the Indian and Pacific Oceans is reduced 
as strong polar easterly winds from the Tibetan Plateau, along with the 
southward migration of the ITCZ, leads to weakening of the ASM and 
cooler and drier summer conditions (Wang et al., 2005; Webster et al., 
1998). In MIS 4–2, extended periods of reduced moisture may lead to 
changes in the thickness and extent of closed canopy cover in the sur
rounding landscape, with a potential rise in areas of woodland and open 
landscape, as observed during MIS 2 at Tam Hay Marklot, Laos (Bourgon 
et al., 2020) and at the same latitude at the site of Tham Lod, Thailand 
(Suraprasit et al., 2021). However, δ13C values of faunal tooth enamel 
from Duoi U’Oi, Vietnam also suggest changes in forest composition, 
with an expansion of montane forests (containing a mixture of decidu
ous trees and gymnosperms, with shrubs and ferns present in abundance 
(Zheng and Lei, 1999)) in place of monsoon evergreen forests (primarily 
characterised by oak trees and shrubs (Zheng and Lei, 1999)) during 
periods of reduced moisture, as in MIS 4 (Bacon et al., 2018a, 2021). 
Based on initial observations by Zheng and Lei (1999) who analysed the 
palynological record of the Leizhou Peninsula, southern China, and 
located at the same latitudes, Bacon et al. (2021) suggested the land
scape of Duoi U’Oi to have experienced an increase in the presence of 
temperate plants, conifers and ferns in MIS 4. 

4.2. Palaeovegetation dynamics at Tam Pà Ling: during and after the 
presence of H. sapiens 

As the error ranges of the interpolated ages of the new TPL chro
nology from Freidline et al. (2023) are quite large (ranging from ±1882 
years to ± 8444 years, Table S1) for each sediment sample, only the 
broad trends in palaeovegetation and moisture availability through MIS 
5 b-MIS 1 are interpreted. Although the two deepest sediment samples 
(6.92 m and 6.72 m) are outside the current chronology of TPL, similar 
to TPL7, as these are deposited below the oldest dated sample at 6.67 m, 
we assume that these samples (Fig. S3) were deposited sometime within 
MIS 5 and are therefore included in interpretations. During the late 
stages of MIS 5, n-alkane δ13CAvgC29-C33 values at TPL fall firmly within 
the ranges expected for C3 vegetation (Bi et al., 2005; Collister et al., 
1994; Liu et al., 2022). This aligns well with the MIS 5 palynological 
results of Zheng and Lei (1999), which also observed a C3-dominant 
landscape. 

Low sample density for MIS 5 does not permit the investigation of the 
considerably drier climate proposed by Milano et al. (2018) at the MIS 
5–4 transition. However, the oldest C. massiei sample in Milano et al. 
(2018) was taken from a depth of 4.5 m (initially believed to have been 
deposited between 78–62 ka). The new chronology by Freidline et al. 
(2023) now places the deposition of this mollusc to ~54 ka (Table S2), 
well within MIS 3 (Fig. 4. (c) and (d)). The compiled δ18O values from 
Hulu and Sanbao Caves, China (Caballero-Gill et al., 2012; Cheng et al., 
2009; Wang et al., 2001, 2008) are presented in Fig. 4(e) for palae
ohydrological comparison extending to MIS 5. Variability in the δ18O 
values is recorded between ~80 and 70 ka, ultimately declining, rep
resenting an increase in rainfall towards the MIS 5–4 transition. 

Recent studies by Bacon et al. (2018a, 2021) analysing the δ13C and 
δ18O values of faunal tooth enamel from the nearby caves of Nam Lot 
and Tam Hang South highlighted a considerable difference in the 
environmental conditions recorded in each cave. Despite their proximity 
to one another (~150 m apart at the same elevation of ~1120 m), Tam 
Hang South returned more depleted δ18O values compared to Nam Lot 
during MIS 5. Bacon et al. (2021) considered these results to emphasise 
the complexity of the local environmental conditions that influence each 
cave with notable fluctuations of biomes. δ13C values of the faunal tooth 

enamel indicate fauna from both sites maintained a predominantly C3 
diet, with the majority feeding in an intermediate rainforest/woodland 
(Bacon et al., 2021). These findings align well with our n-alkane δ13C 
values. 

While TPL7 was excavated from below the oldest dated sediment, 
given the undisturbed nature of sediment deposition at the site (Demeter 
et al., 2015, 2017; Freidline et al., 2023) we propose that this fossil was 
deposited some time before 77 ± 9 ka, indicating that the first H. sapiens 
present at TPL in late MIS 5 encountered a predominantly C3 forest 
environment. While there is no evidence to suggest human occupation 
and activity in TPL, the fact that H. sapiens were present around the site 
which is 270 km inland from the coast, in a C3 forested landscape, 
contributes to the growing body of evidence demonstrating that 
H. sapiens were occupying tropical forests long before the Holocene 
(Roberts et al., 2015b; Wedage et al., 2019). As put forward by Scerri 
et al. (2022), research must now consider and actively research tropical 
forests in the main narrative of human evolution in Southeast Asia and 
Africa (e.g., Bacon et al., 2023; Shipton et al., 2018). 

Moving into MIS 4, n-alkane δ13CAvgC29-C33 values range between 
− 36.5 ± 0.6‰ and − 34.1 ± 1.5‰ (Fig. 4 (b)). Minor fluctuations 
(±2.4‰) of the n-alkane δ13C values indicate that moisture availability 
was locally largely stable throughout MIS 4 with C3 forests prevailing. 
Although the H. sapiens’ remains from TPL are not directly dated, the 
sediments from which they were excavated reveal that both TPL6 and 
TPL4 were deposited in similar palaeoenvironmental conditions (Fig. 4 
(b)) characterised by relatively consistent moisture availability. The n- 
alkane δ13C values demonstrate that humans present around TPL during 
MIS 4 would have existed in and travelled through a heavily forested 
landscape. 

Relatively high and consistent moisture availability appears to 
contrast the findings of Wang et al. (2008) who observed a decline in 
ASM intensity during MIS 4 and a subsequent rise in drier conditions, 
reflected by an increase in the speleothem δ18O values at Hulu Cave. 
However, elsewhere in China Zheng and Lei (1999) recorded a shift in 
the forest composition from tropical evergreen rainforest (consisting of 
dipterocarps in the upper canopy, with small bushes, shrubs and wild 
grasses in the lower canopy) which prevail in warmer and wetter cli
matic conditions such as those in MIS 5, to temperate forests, charac
terised by a rise in conifers, shrubs, herbs and ferns, and associated with 
cooler and drier climates in MIS 4, likely in response to the decline in 
moisture availability. Bacon et al. (2018a, 2021) also found the δ13C and 
δ18O values of faunal tooth enamel from Duoi U’Oi, Vietnam to indicate 
a transformation in forest composition, potentially from monsoon 
evergreen forests to montane forests, based on results from Zheng and 
Lei (1999). Therefore, it is possible that while C3 forest vegetation 
prevailed during MIS 4 at TPL, the composition of the forest vegetation 
may have undergone similar changes to those observed in China (Zheng 
and Lei, 1999) and Vietnam (Bacon et al., 2018a, 2021). Additional 
palaeovegetation proxy analysis (e.g., pollen and sedaDNA) to investi
gate this further is recommended. 

MIS 3 is recorded in both P1 and P2, with the δ13CAvgC29-C33 values 
varying by 3.9‰ and correlating well overall at similar depths in the two 
profiles (Fig. 4 (a) and (b)). This range in δ13CAvgC29-C33 values indicate a 
rise in the seasonal variability of moisture availability during this 
period. When compared to the δ18O and δ13C values of the C. massiei 
from Milano et al. (2018) now placed against the revised chronology 
(Fig. 4(c) and (d)), similar fluctuations are observed. This indicates that 
variations in moisture availability led to water-stressed conditions for C3 
vegetation (Farquhar et al., 1989), resulting in potential changes in the 
surrounding C3 landscape (i.e., breaks in the forest canopy, with a po
tential increase in open patches of shrubs/grasses). While multiple sta
dials, interstadials and HEs are known to have occurred during MIS 3 (e. 
g., Lauterbach et al., 2020), these occurred over short periods which our 
current sample and age resolution cannot account for. 

Although MIS 3 was characterised by fluctuations in moisture 
availability leading to variations in C3 vegetation dynamics, the three 
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H. sapiens known to have been present at the site towards the beginning 
(TPL1, 2 & 5) (Fig. 4(a)) and the end (TPL3) of MIS 3 (Fig. 4(b)), would 
have all encountered a predominantly wet and forested C3 environment. 
This corroborates Bourgon et al. (2021) who found the δ13C values 
(− 26.4‰) of two teeth from the H. sapiens individual TPL1 to demon
strate that they obtained their food from a C3 forested environment and 
the more recent study by Bacon et al. (2023) who found Homo sp. at 
Duoi U’Oi would have relied on rainforests from ~70 ka. H. sapiens 
present during MIS 3 (~46 ka) would have been dependent on forest 
resources and the utilisation of diverse hunting techniques (Bacon et al., 
2023). 

MIS 2 is more condensed in the sediment record, with only 8 samples 
(4 from both P1 and P2). n-alkane δ13CAvgC29-C33 values remain rela
tively consistent at ~ -34.5‰ in P1 (ranging by 0.5‰), whereas P2 
values vary by 3.7‰. This is a potential reflection of the differences in 
sedimentation rates between both profiles. During MIS 2, the sur
rounding ecosystem of TPL likely consisted of a forest-grassland mosaic 
landscape similar to Tham Lod (Marwick and Gagan, 2011; Suraprasit 
et al., 2021) at the same latitude. These sites, along with that of Boh 
Dambang, located farther south in Cambodia (Bacon et al., 2018b), 
suggest that C3 forested vegetation remained the dominating plant type 
on MSEA. A prevailing C3 landscape during MIS 2 was also observed in 
Hang Trông, Vietnam (Rabett et al., 2017), Tam Hay Marklot, Laos 
(Bourgon et al., 2020) and Nong Pa Kho, northeastern Thailand (Penny, 
2001). Similar to Suraprasit et al. (2021), not all climatic events known 
to have occurred in MIS 2 (i.e., the Bølling-Allerød and the Younger 
Dryas) are distinguishable in this palaeoenvironmental record. For a 
more robust interpretation of MIS 2, more sediment samples at shorter 
increments for further biomarker analysis are recommended, ideally in 
tandem with additional proxy applications (i.e., pollen analysis). 

Seven sediment samples from 1.4 m and above in P1 represent MIS 1 
(i.e., the Holocene). δ13CAvgC29-C31 values are relatively stable at 
~34.5‰. We believe this to be the result of predominantly consistent 
moisture availability during the Holocene. This period saw the rise of sea 
levels to their current levels, an increase in the land-ocean thermal 
gradient and the strengthening of the ASM, with the palae
oenvironmental records from Hulu, Sanbao and Dongge Caves (Cheng 
et al., 2009; Dykoski et al., 2005; Wang et al., 2001, 2008), Tham Lod 
(Marwick and Gagan, 2011) and Hang Trông (Rabett et al., 2017) all 
recording an apparent increase in moisture availability. Overall, much 
like observations by Milano et al. (2018), δ13C n-alkane values indicate 
that the landscape of TPL was characterised by C3 forest vegetation, 
likely looking similar to how it is today. 

5. Conclusions 

Analysis of higher plant biomarkers from TPL suggests that the sur
rounding landscape consisted of predominantly C3 vegetation 
throughout MIS 5 b-MIS 1. The n-alkane δ13C values are interpreted as 
reflecting this dominance. The δ13C values of n-alkanols and bulk 
organic carbon were determined to have been subject to post- 
depositional modifications (likely as a result of microbial reworking) 
and were therefore excluded from palaeovegetation interpretations. 
While the landscape of TPL was comprised of C3 forest vegetation from 
the late stages of MIS 5 and through MIS 4, when compared with the 
existing palaeoenvironmental records (e.g., pollen and fauna proxies) 
for MIS 5–4 of Zheng and Lei (1999) and Bacon et al. (2018a, 2021), it is 
possible that the C3 vegetation dynamics underwent significant changes 
(i.e., an increase in temperate forest in place of rainforest at the MIS 5–4 
transition). Significant n-alkane δ13C fluctuations in MIS 3 were inferred 
to reflect inconsistent moisture availability, with consequences for C3 
vegetation dynamics around TPL, potentially leading to the expansion of 
patches of open landscape (e.g., shrubs and/or some grasses). Our data 
suggests C3 vegetation prevailed throughout MIS 2 and MIS 1. 

Our palaeovegetation reconstruction suggests that the first known 
H. sapiens to be present in and around the site during MIS 5, 4 and 3 were 

existing in potentially dense C3 forest vegetation during periods of 
moderate moisture availability and were not restricted to areas of open 
landscape or traversing these inland locations strictly during drier 
conditions. Future studies should seek to apply different proxies (e.g., 
sedaDNA and n-alkane δD) to improve the palaeoenvironmental (both 
palaoevegetation and palaeohydrology) reconstruction of TPL. An 
increased sample resolution for each MIS and a collection of modern 
sediment and vegetation samples for modern calibrations is also advised 
to develop a more refined palaeoenvironmental reconstruction. 
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