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A B S T R A C T

Mainland Southeast Asia is a key region to interpret modern human migrations; however, due to a scarcity of
terrestrial proxies, environmental conditions are not well understood. This study focuses on the Tam Pà Ling
cave site in northeast Laos, which contains the oldest evidence for modern humans in Indochina, dating back to
MIS 4 (70 ± 8 ka). Snail remains of Camaena massiei found throughout the stratigraphic sequence contain a
valuable oxygen and carbon isotope record of past local vegetation and humidity changes. Our data indicate that
before the Last Glacial Maximum (LGM), northeast Laos was characterized by a humid climate and forested
environments. With the onset of the LGM, a major climatic shift occurred, inducing a sharp decrease in pre-
cipitation and a significant decline in woodland habitats in favor of the expansion to more open landscapes. Only
during the Holocene did forests return in northeast Laos, resembling present conditions. The first Homo sapiens
arriving in Indochina therefore encountered landscapes dominated by woodlands with a minor proportion of
open habitats.

1. Introduction

The earliest evidence of modern human dispersal out of Africa has
been recently dated between 177 and 194 ka, based on the finding of a
maxilla from Misliya Cave, Israel (Hershkovitz et al., 2018). These re-
sults pre-date the presence of Homo sapiens in the Levantine, previously

dated around 90–120 ka (Schwarcz et al., 1988; Mercier et al., 1993).
However, numerous uncertainties still exist concerning the arrival of
modern humans in East Asia. Some of the oldest fossils were found in
Daoxian, Southern China and they were dated 120–80 ka (Liu et al.,
2015). Nevertheless, incomplete geochronological and taphonomical
information considerably limit the legitimacy of these findings (Michel
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et al., 2016). In the Southeast of Asia, more remains were excavated
from East Java in association with a fauna assemblage dated between
128 ± 15 and 118 ± 3 ka (Storm and De Vos, 2006; Westaway et al.,
2007). According to Badoux (1959), five hominid teeth were excavated
but they were subsequently lost and could not be found again in the
collection. Another tooth was recovered from the assemblage and it was
attributed to Homo sapiens (Storm et al., 2005). Recently, more H. sa-
piens teeth were excavated from Lida Ajer cave in Sumatra dating be-
tween 73 and 63 ka (Westaway et al., 2017). To date, they represent the
first and most robust evidence of modern humans in the insular
Southeast Asian rainforests, implying an early arrival in this region
before 60 ka (Westaway et al., 2017).

Strong support for this early movement hypothesis derives from the
H. sapiens material excavated from Tam Pà Ling cave in northeast Laos
dated 70 ± 8 ka. A partial cranium with almost complete upper den-
tition (TPL1), two mandibles (TPL2, TPL3), a rib (TPL4) and a pedal
phalanx (TPL5) were excavated from stratigraphic layers in an age
range of 46–70 ka (OSL and pIR-IRSL), with a maximum depositional
age of 70 ± 8 ka (pIR-IRSL) (Demeter et al., 2012; Demeter et al.,
2017; Shackelford et al., 2018). These findings confirm the presence of
modern humans in mainland Southeast Asia during MIS 4, supporting
the hypothesis that eastward movements beyond Africa may have
started during MIS 5 (Boivin et al., 2013). In this humid phase, arid
areas such as Arabia and Thar deserts would be minimized allowing
growth of patches of edible vegetation together with numerous riverine
and lake systems to function as dispersal corridors (Petraglia et al.,
2010; Blinkhorn et al., 2013). Further expansion toward Southeast Asia
was suggested to have occurred by movements along coastal corridors
(Stringer, 2000; Bulbeck, 2007). However, evidence of human presence
in continental areas such as in Tam Pà Ling cave (~270 km inland),
together with the high instability characterizing coastal environments
during the Late Pleistocene may indicate alternative routes (Westley
and Dix, 2006; Shackelford et al., 2018).

As for the migration out of Africa, the climatic conditions may have
played a major role in movements and early settlements in Southeast
Asia. However, this relationship is far from understood due to a scarcity
of terrestrial paleoclimate records in this region (Penny, 2001). To
better understand the possible role of the environment in colonization
of this area of the world, more local paleoenvironmental data are
needed. The present study aims to interpret the environmental condi-
tions existing at the time of the first arrival of modern humans in In-
dochina by reconstructing vegetation distribution (C3, trees and tem-
perate-climate grasses versus C4, tropical and subtropical grasses) and
humidity levels in northeastern Laos during the last ~70 ka. The ar-
chive used to address this research question consists of terrestrial
mollusk shells excavated from the Tam Pà Ling cave.

2. Background

During the formation and growth of their calcium carbonate shells,
mollusks record crucial information on the surrounding environment
such as changes in water temperature, salinity levels (marine species)
and precipitation and vegetation patterns (terrestrial species; Rhoads
and Pannella, 1970; Jones, 1983). For this reason, they are being in-
creasingly used in paleoclimatic studies (Schöne et al., 2005; Butler
et al., 2013; Reynolds et al., 2016). The environmental signatures can
be encoded in the form of geochemical and physical properties in the
shell (Milano et al., 2017). Among the existing proxies, oxygen and
carbon stable isotope ratio (δ18O and δ13C, respectively) are the most
well-established (Leng and Lewis, 2016). Terrestrial snails have a high
preservation potential, especially in deposits forming in low-energy
environments such as loess, paleosol and tufa (Rousseau, 2001; Antoine
and Limondin-Lozouet, 2004; Marković et al., 2006). Malacological
remains from archaeological contexts have been used to infer in-
formation on human-environment interactions in different parts of the
world such as the Mediterranean (i.e. Bonadonna and Leone, 1995;

Colonese et al., 2010; Prendergast et al., 2016), the Americas (i.e.
Bonadonna et al., 1999; Balakrishnan et al., 2005; Yanes et al., 2014)
and Africa (Leng et al., 1998).

In terrestrial pulmonate snails, the major source of oxygen is the
water assimilated through the integument (Prior, 1985). Relative to
meteoric water δ18O, the δ18O in snail body fluids is slightly more
positive due to evaporative and physiological processes (Balakrishnan
and Yapp, 2004). In equilibrium with these fluids, the shell carbonate is
precipitated, recording the environmental conditions and therefore al-
lowing the use of the shells as paleoarchives (Yapp, 1979; Zanchetta
et al., 2005). Tracing variability of rainfall δ18O through shell carbonate
geochemistry can reveal information on precipitation patterns. Oxygen
isotopic composition of rainwater depends on several factors such as
latitude, altitude, distance from the coast and temperature (Dansgaard,
1964). In particular, at low latitudes the major driver of rainfall δ18O
variability is the amount of precipitation (known as “Amount Effect”).
For instance, large amounts of precipitation induce a depletion of heavy
isotopes and therefore a more negative δ18O signature, which is re-
flected in negative shell δ18O values (Dansgaard, 1964; Rozanski et al.,
1993; Araguás-Araguás et al., 1998). For this reason mollusk shell δ18O
variability can be interpreted as proxy for identifying wet and dry cli-
mates.

As with oxygen, shell carbon stable isotopes (δ13C) hold information
on the environmental conditions at time of shell deposition. The main
source of the carbon incorporated into the biogenic mineral derives
from the diet (Stott, 2002; Metref et al., 2003). Nevertheless, the δ13C
signature of terrestrial gastropods has been shown to be also partially
influenced by the ingestion of carbonate-rich soils (Goodfriend and
Stipp, 1983; Goodfriend and Ellis, 2002). The incorporation of soil-
derived carbonates may account up to 30% of the snail diet, in parti-
cular in regions characterized by carbonate-rich sediments leading to
more positive shell δ13C values (Goodfriend, 1999; Goodfriend and
Ellis, 2002; Yanes et al., 2008). However, the response is highly specie-
specific, with numerous recorded cases of pulmonate snail shells not
being significantly influenced by the assimilation of foreign carbonates
(Stott, 2002; Chiba and Davison, 2009). Previous studies indicate that
the signal derived by the potential assimilation of soil carbonate is
overwritten by the carbonate incorporation through diet (Yanes et al.,
2008, Yanes and Fernández-Lopez-de-Pablo, 2017). Shell δ13C results
depleted or enriched, according to the type of vegetation ingested by
the animal. Because different photosynthetic pathways discriminate in
different ways against 13C, carbon isotopes undergo specific fractiona-
tions in different type of plants. For instance, C3 plants are character-
ized by low δ13C values, between −37‰ and −20‰ with an average
value of −27‰, whereas C4 plants have more positive values between
−17‰ and −10‰ with an average value of −12.5‰ (Kohn, 2010).
Plants characterized by C4 photosynthetic pathways are mainly grasses
and sedges. About 93% of all C4 plants belong to five families (Poaceae,
Cyperaceae, Chenopodiaceae, Amaranthaceae, and Euphorbiaceae)
which do not include any woody arboreal species (Sage et al., 1999). At
low latitudes C3 and C4 plants coexist in different proportions according
to different environmental factors, i.e. water availability, altitude and
light intensity. In open habitats such as tropical savannas have a high
representation of C4 grasses (> 90%), whereas more shaded environ-
ments with higher water abundance favor C3 vegetation (Sage et al.,
1999; Sage, 2004; Bond, 2008). By analyzing snail diet composition it is
possible to reconstruct the distribution of C3 and C4 plants at local scale
and therefore infer specific information on the landscapes (Goodfriend,
1988; Yanes et al., 2011).

3. Materials and methods

3.1. Archaeological context

Tam Pà Ling cave (TPL) is located in the Hua Pan province, in
northeastern Laos (20°12′31.4″ N, 103°24′35.2″ E) (Fig. 1A). The cave
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is found at the top of the Pa Hang hill, at an elevation of 1170m and it
is part of the Annamite mountain range, a system of mountains and
plateaus bordering the eastern Mekong Basin from northern Laos to the
South China Sea (Gupta, 2009). Near TPL, the topography is char-
acterized by rugged hills ranging between 400 and 2000m in elevation.
The geology includes Upper Carboniferous to Permian limestone for-
mations shaped into karst and characterized by numerous caves and
galleries (Duringer et al., 2012). The first excavations in the region
were conducted in the late 1930s by the geologist Jacques Fromaget
who discovered the site of Tam Hang (Fromaget, 1936, 1937, 1940).
After> 60 years, in 2003, the research at this location was resumed
(Bacon et al., 2008, 2011; Demeter et al., 2009). During further surveys
in the area, TPL was discovered in 2008 and it was excavated from 2009
onwards (Demeter et al., 2012, 2015). The cave is formed by one main
chamber of 40× 30m (W×L). At the entrance a steep slope descends
for 65m toward the chamber floor. The excavated trench (12×4m)
lies at the base of this slope. The deposit is made by brown silty to sandy
clays. The sediment is wet and soft similar to modeling clays. The
proportion of limestone clasts collapsed from the roof or from the en-
trance of the cave is increasing from top to base of the slope. The
stratigraphy indicates that the site was formed by periodic slope washes
from the argillaceous sediment bank at the cave entrance (Demeter
et al., 2012, 2015). The skull (TPL1), the two mandibles (TPL2, TPL3),
the rib (TPL4) and the phalanx (TPL5) were found at different depths in
an age range of 46–70 ka (Fig. 1B). Further details about the site and
dating can be found in Shackelford et al. (2018).

3.2. Materials and geological context

This study focuses on specimens of the snail Camaena massiei
(Morlet, 1891) also known as Helix massiei (Morlet, 1891) (Fig. 1C). The
ecology of this species is not well-known. Although a study specifically
focused on C. massiei would be needed, basic information on its life
cycle and behavior can be inferred from observations at family level
and from studies on closely related species. C. massiei belongs to the
helicoid family Camaenidae with a bi-hemispherical distribution in
South-East Asia and America (Wurtz, 1955; Scott, 1996). Species in this
family were recorded to have minimum lifespan of 7–8 years (Solem

and Christensen, 1984). Adult shell size is usually reached during the
animal's second wet season, indicating the occurrence of an ontogenetic
decrease of shell deposition with age. Cases of aestivation were re-
corded during the dry season in Northern Australia (Solem and
Christensen, 1984). However, in tropical and subtropical habitats
characterized by high humidity levels such as Northern Laos (annual
relative humidity above 75%), land snail aestivation is less common
(Yanes and Fernández-Lopez-de-Pablo, 2017). Furthermore, a three-
year controlled experiment was previously performed on the closely
related species Camaena cicatricosa, abundant in South China and
Vietnam (Xiao, 1989). The results of this study showed that C. cica-
tricosa is an herbivore generalist feeder with a varied diet of fresh ve-
getables, grass and tree leaves. As many other pulmonate species, these
snails are generally more active at night and during humid phases.
During the months from November to January the snails tend to be less
active but rare cases of aestivation were recorded (Xiao, 1989).

Forty-nine archaeological shells were collected from TPL during the
excavation seasons from 2010 to 2016. Their positions through the
stratigraphic sequence are given in the Supplementary information (SI
1). Three modern C. massiei shells were used as calibration. They were
collected in December 2017 from the forest of the Pà Hang Mountain
nearby the Tam Hang rock shelter, 50 m below Tam Pà Ling cave.

The age groups of the fossil shells have been defined using the
eleven chronological data sets previously obtained from the strati-
graphic section, based on samples of charcoal for 14C and soils for OSL
and TL dating (Demeter et al., 2017; Shackelford et al., 2018). Using the
depth corresponding to each chronological data point as reference, the
section was divided into eleven intervals. According to the position of
the shells, each of them was assigned to one of these specific intervals
and therefore to a specific time class (T1 to T11; Table 1 and SI 1). To
provide an accurate division, each spatial interval was split into two
subintervals. If the shell was located in the upper half of the interval
between two chronological data points, it was assigned to the upper
time class and vice versa. Based on this first classification, the eleven
time classes were subsequently arranged in seven groups based on si-
milarities in age (SI 1).

3.3. Modern environmental conditions

Monthly air temperature, precipitation and relative humidity data
were sourced from a local meteorological station located in Xam Nua
(ca 70 km away from TPL; Fig. 2). Rainfall δ18O values were reported
upon calculation using the Online Isotope in Precipitation Calculator
(OIPC version 3.1; www.waterisotopes.org). The algorithm on which
OIPC runs was developed by Bowen and Wilkinson (2002) to estimate
rainfall δ18O based on a large dataset of direct monthly measurements
from almost 400 precipitation-monitoring stations around the world
(GNIP).

Considering the habitat range of C3 and C4 plants together with the
location of Tam Pa Ling and observations during the excavations, we
can derive that the landscape around Tam Pa Ling is dominated by

Table 1
Summary of the modern and archaeological shells analyzed in the present
study. For details, refer to SI 1.

Time class Age (ka) No. of shells analyzed

T0 Modern 3
T1, T2 0.9–3 9
T3 12–16 5
T4 21–25 4
T5, T6, T7 32–36 10
T8, T9 42–52 17
T10 50–62 3
T11 62–78 1

Fig. 2. Modern environmental parameters of Tam Pà Ling region. (A) Monthly fluctuations of relative humidity (black solid line) and precipitation (grey dotted line).
(B) Temperature (grey dotted line) and rainfall δ18O (black solid line) changes throughout the year.
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arboreal woody vegetation (mainly C3) interspersed with more open
habitats where C4 plants (grasses and shrubs) prevail. In order to
quantitatively describe the modern vegetation distribution around Tam
Pà Ling, a land cover classification map based on remote sensing was
used. This approach allows the characterization of the land surfaces
according to the presence of forested versus grassland areas based on
multi-band raster images. Satellite images, with a 20m spatial resolu-
tion, were obtained from satellite Sentinel-2A (sensing orbit number
61) on 08th December 2016. The images were analyzed using the image
processing and land cover mapping software IMPACT Toolbox (version
3.9 beta; Simonetti et al., 2015). Atmospheric corrections were applied
and the satellite images were converted into top-of-atmosphere re-
flectance. Spectral band 2 (398.6–594.6 nm), 3 (515–605 nm), 4
(626.5–702.5 nm), 8 (690.1–980.1 nm), 11 (1470.7–1756.7 nm) and 12
(1960.4–2444.4 nm) were selected, and the composite image was pro-
jected using the Universal Transverse Mercator coordinate system.
Image enhancement based on Linear Spectral Unmixing followed by K-
means unsupervised classification generated a composite image with 10
spectral classes. Spectral classes were assigned to land cover classes
following the comparison with high-spatially resolved satellite images
available from Google Earth. Four land cover classes were designed:
grassland, mixed grass and shrub, woodland and build-up (Fig. 3).

3.4. Shell preparation and stable isotope measurements

To avoid any contamination by residual organic matter, all shells
were ultrasonically rinsed in deionized water for about 10–15min,
cleaned in 10 vol% sodium hypochlorite overnight and rinsed again.
After being air-dried, the samples were crushed into powder using an
agate mortar and pestle.

The mineralogical phase of the archaeological shells was de-
termined using FTIR (Fourier-transform infrared spectroscopy) to rule
out the presence of secondary calcite forming during diagenesis (Fig. 4).
As validation, two modern shells were analyzed and compared with the
fossil ones. For each sample, a small quantity of shell powder was mixed
with ca 40mg of IR grade KBr and pressed into a pellet using a Was-
serman Dental hydraulic press. The analyses were performed with an
Agilent 660 FTIR Spectrometer (Agilent Technologies) in transmission
mode with a DTGS detector and a 4 cm−1 resolution. Each spectrum
represented the average of 32 single scans between 4000 and 400 cm−1

using Resolution Pro software (Agilent Technologies).
The carbon and oxygen stable isotopes were measured using a Kiel

IV automated carbonate preparation device coupled to a Thermo Fisher
253 Plus gas source isotope ratio mass spectrometer at the Department
of Human Evolution, Max Planck Institute for Evolutionary
Anthropology. The isotope ratios were reported in per mil (‰) relative
to the Vienna Pee-Dee Belemnite (VPDB) standard based on IAEA-603
calibrated Carrara marble (δ18O=−1.64‰; δ13C=+1.87‰). The
average precision (1σ) determined from replicate analyses was better
than 0.05‰ for both δ18O and δ13C.

The results of the experimental study by Stott (2002) were used to
calculate the predicted shell δ13C according to the snail diet. The model
is based on the linear relationship between shell δ13C and food δ13C
expressed by the following equation:

= × +δ C δ C 0.73889 8.66613
shell

13
food

According to this model, a diet consisting only on the ingestion of C3

plants would lead to a shell δ13C average value of −11.3‰, whereas a
C4–based diet would result in a shell δ13C value of−0.6‰. To calculate
the effect of the different dietary contributions of C3 and C4 plants on

Fig. 3. (A) Land cover map obtained by analyzing Sentinel-2A satellite images using the software IMPACT Toolbox. The map shows the modern vegetation dis-
tribution around Tam Pà Ling cave. (B) Proportion of the single vegetation classes based on multi-band raster images. The graph is color-coded following the legend
in the map. According to vegetation photosynthetic pathways, grassland and shrub (in yellow and orange) fall in the category of C3 plants whereas woodland areas
(in green) are dominated by C4 plants. Build-up refers to the surface occupied by artificial infrastructures. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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the shell carbon composition, the following mass balance equation was
used:

= ×

+ ×

+

δ C (δ C %C )

(δ C %C )
(%C ) (%C )

13
shell

13
shell fromC3plant consumedC3plant

13
shell fromC4plant consumedC4plant

consumedC3plant consumedC4plant

The predicted shell δ13C values obtained were then compared to the
carbon isotope composition of the modern specimens in relation to the
C3 and C4 distribution measured by remote sensing.

4. Results

4.1. Modern environmental context

The annual precipitation in the area is 1902.7 mm, with a minimum
during the dry season of 50.5 mm (November–April) and a maximum
during the wet season (May–October) of 266.7mm. The relative hu-
midity ranges between 77.6% (dry season) and 83.4% (wet season),
with an annual average of 80.5% (Fig. 2A). The average annual tem-
perature is 21.5 °C, ranging from 15.7 °C in December to 25.3 °C in June
and July. Rainfall δ18O varies between −10.6‰ in August and −4.5‰
in April, with an annual average of −7.3‰ (Fig. 2B). Because land
snails in tropical and subtropical environments tend to grow their shells
all year round (Yanes and Fernández-Lopez-de-Pablo, 2017), shell
stable isotope data were compared to the monthly instrumental data
covering the full year.

Remote sensing data indicate that the primary land cover compo-
nent around TPL consists of woody plants (C3) contributing 66.4% to
the overall vegetation, whereas grasslands and shrubs (C4) occupy
28.4% of the analyzed surface. Areas dedicated to build up account for
5.2% (Fig. 3). When taking into account only the surface occupied by
natural vegetation, discarding the areas occupied by artificial infra-
structures, the contributions of C3 and C4 plants account for 70.1% and
26.3%, respectively.

4.2. Shell mineralogy and stable isotope composition

As shown by the two modern specimens analyzed using FTIR
(TPL_M1 and TPL_M2), C. massiei shell is completely aragonitic. Their
spectra display the five typical aragonite peaks related to carbonate ion
vibrational modes: the ν3 asymmetric stretch at 1473 cm−1, the ν1
symmetric stretch at 1083 cm−1, the ν2 out-of-plane bending at
860 cm−1 and the ν4 CeO in-plane bending doublet at 712 and
700 cm−1 (Fig. 4). Likewise, the archaeological specimens present the

same spectra as the modern shells, excluding the possibility of diage-
netic alteration and validating the suitability of using these materials
for geochemical analyses (Fig. 4).

Details on the individual oxygen and carbon isotope values are
found in Supplementary information (SI 1). Modern C. massiei shells are
characterized by an average δ13C of −8.7‰ ± 1.7 and δ18O of
−7.6‰ ± 1.7 (Fig. 5B–C). The average shell δ18O is slightly more
positive than the annual recorded rainfall δ18O in the area by +0.4‰.
Based on the two-source input mass balance model, the δ13C values
relate to a diet mainly composed by C3 vegetation (76%) with a minor
contribution of C4 plants (24%; Fig. 6).

The δ13C of archaeological shells ranges between −12.1‰ and
−1.8‰ with an average of −7.7 ± 2.6‰ (n= 49). The δ18O of ar-
chaeological shells varies between −11.6‰ and −5.5‰ with an
average of −7.8 ± 1.5‰ (Fig. 5A). The scatter of the isotope data
appears broader in age groups containing larger number of specimens
suggesting that it may be related to a certain degree of inter-individual
variability. The oldest age group (62–78 ka) contains only one specimen
with δ13C of −8.6‰ and δ18O of −7.2‰ (Fig. 5B–C). The re-
constructed diet comprehends 75% of C3 vegetation and 25% of C4

vegetation (Fig. 6). The age groups from 62 ka to 32 ka (n= 30) are
formed by shells with similar isotopic compositions, with an average
δ13C of −8.9 ± 2.9‰ and an average δ18O value of −8.1 ± 1.4‰
(Fig. 5B–C). According to these δ13C values, C3 plants are estimated to
contribute from 73% to 82% of the snail diet (Fig. 6). The shells dated
21–25 ka (n= 4) are characterized by higher values, with an average
δ13C of−4.0 ± 2.4‰ and δ18O of−6.3 ± 0.8‰ (Fig. 5B–C). In these
specimens, C3 plants are suggested to contribute only to 32% of snail
diet whereas C4 vegetation contributes to 68% (Fig. 6). Similarly, the
shells from the 12–16 ka age group (n=5) show relative positive iso-
topic profiles with δ13C of −5.1 ± 1.7‰ and δ18O of −6.7 ± 1.2‰
(Fig. 5B–C). In these cases, the diet is composed by 42% of C3 and 58%
of C4 plants (Fig. 6). To the youngest cluster (0.9 ± 3 ka) belong shells
(n= 9) with average δ13C of −7.4‰ ± 1.7 and δ18O of
−8.7‰ ± 1.7 (Fig. 5B–C). In this case, C3 plants account for 64% of
the diet and C4 account for 36% (Fig. 6).

5. Discussion

5.1. Shell oxygen isotope record and rainfall variability

The oxygen isotope composition of the modern C. massiei shells
shows a slight enrichment in 18O compared to the rainfall in the area.
This offset is known to be related to fractionation associated with

Fig. 4. FTIR spectra of modern (dashed lines) and archaeological (black lines) specimens of Camaena massiei showing the typical peaks of aragonite.
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Fig. 5. Isotopic composition of Camaena massiei shells. (A) Scatterplot of carbon and oxygen stable isotopes. Grey triangles represent archaeological shells and black
circle modern specimens. (B–C) Boxplots of δ13C and δ18O of modern and archaeological shells divided in age groups according to their position in the stratigraphic
sequence. The highlighted areas indicate the modern isotopic range. Dots in the graphs represent outliers.

Fig. 6. Vegetation composition as C3 and C4 plant proportions derived from shell δ13C values.
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evaporation and animal physiological processes (Yapp, 1979;
Balakrishnan and Yapp, 2004). For instance, the 18O enrichment in
snail fluids and therefore in the shell composition is controlled by the
combination of several factors such as air temperature, relative hu-
midity, water vapor δ18O and δ18O composition of the ingested liquid
water (Balakrishnan and Yapp, 2004).

Our results indicate a certain degree of variability in shell δ18O
through time, which is likely related to changes in amount of pre-
cipitation during the Late Pleistocene and the Holocene. To strengthen
the interpretation of the associated climatic patterns, these data are
compared to the existing terrestrial δ18O records in the region. Among
the data are Hulu cave stalagmites from Jiangsu province, east China
(from 75 to 11 ka) and the speleothem from Dongge cave from Guizhou
province, southwest China (from 16 ka to modern times). As in shell
carbonate, speleothem δ18O variability is influenced by changes in the
amount of precipitation affecting the isotopic signature of the meteoric
water. For instance, low stalagmite δ18O values correspond to low δ18O
rainfall, which is the result of an increase in the amount of precipitation
(Wang, 2001; Yuan et al., 2004). Since in Laos the rainfall is primarily
controlled by the summer monsoon transporting moisture and heat
from Australia northward (Ribolzi et al., 2008), the δ18O variability
recorded in terrestrial paleoarchives can be also used as proxy for re-
constructing past monsoon intensity (Wang, 2001).

The δ18O profiles of the archaeological shells from Tam Pà Ling
present an analogous trend to the Chinese speleothem data (Fig. 7).
Besides its environmental significance, the temporal correspondence
between the two datasets further corroborates the chronological se-
quence at Tam Pà Ling. By strengthening the robustness of the dating,
shell δ18O profiles contribute to an improvement in the contextualiza-
tion of the modern human remains. From the environmental perspec-
tive, only one C. massiei specimen was retrieved from sediments dated
to 70 ± 8 ka, therefore the interpretation of local conditions during
this time has to be taken with caution. The shell indicates that in
northeast Laos the rainfall during the MIS 5 and MIS 4 transition was
less abundant than the late MIS 4 and MIS 3. Similarly, the magnetic
susceptibility (at Tam Pà Ling) indicates a dry climate at the MIS 5-MIS
4 transition and a trend toward wetter conditions during early MIS 3.
Subsequently, between 51.6 and 35 ka, a progressive aridity is recorded
(Luu Thi Phuong Lan, unpublished data; see Supplementary informa-
tion SI 2). Similar results were previously inferred from the Chinese

loess plateau indicating weak summer monsoon intensity during MIS 5
(Chen et al., 1999).

During late MIS 4 and MIS 3 northeast Laos is suggested to be
characterized by a wet climate. During these time periods, Tam Pà Ling
pollen record contains evidence of taxa (i.e., Pinus sp., Abies sp. and
Myrica sp.) typical of temperate and tropical mountainous habitats
characterized by wet conditions (Nguyen Thi Mai Huongh, unpublished
data). Similarly, the palynological record in the Yunnan province sup-
ported the evidence of humid conditions before the LGM (Walker,
1986). Comparable climatic circumstances were inferred in the lower
Mun River Basin, northeast Thailand, where geomorphological features
showed accumulation of organic matter between 20 and 40 ka (Löffler
et al., 1984). Furthermore, the δ18O composition of the freshwater bi-
valve Margaritanopsis laoensis indicated elevated rainfall during MIS 3
(Marwick and Gagan, 2011). Likewise the shells analyzed in this study,
the stalagmites from Hulu cave presented a gradual trend toward higher
values from late MIS 3 to early MIS 2 (Wang, 2001; Fig. 7). However, it
is relevant to note that C. massiei shells record slightly more arid con-
ditions compared to the speleothems during the late phases of MIS 3
implying that part of the climatic signal is not stored in shell data. The
interpretation of such offset may not be straightforward and additional
material would be needed to gain a deeper understanding of the dy-
namics occurring during this period. Nevertheless, these observations
contribute to an overall picture of a wet Late Pleistocene presumably
related to strong monsoon intensity.

After this wet phase, a sharp increase in shell δ18O occurred be-
tween 25 and 12 ka. This coincided with a change toward higher values
in Hulu and Dongge caves speleothems occurring until ~11 ka (Wang,
2001; Yuan et al., 2004; Fig. 7). All records suggest a decrease in the
amount of rainfall indicating a dry period during MIS 2. This is also
supported by the magnetic susceptibility data that show a general de-
crease in humidity between 29.8 and 3 ka (Luu Thi Phuong Lan, un-
published data; see SI 2).

Significant aridity during this phase has been previously recorded in
the form of vegetation shift and loess formation (Penny, 2001). Such
extreme aridity is potentially related to the decrease in the sea level
during LGM and to changes in the atmosphere-ocean circulation pat-
terns. The expansion of the exposed continental shelves during the LGM
may have decreased the water evaporation from the ocean and di-
minished the moisture carried by monsoon winds with a substantial

Fig. 7. Comparison between shell oxygen isotope composition (black squares and secondary y-axis) and stalagmites from Dongge cave (grey line) and Hulu cave (red
line: PD speleothem; blue line: MSD speleothem; green line: MSL speleothem). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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decline in rainfall over Laos and the rest of Indochina (Heaney, 1991).
Furthermore, a southward shift of the intertropical convergence zone
and the reduced difference in heat distribution between ocean and land
masses weakened the Walker circulation and it contributed to a sharp
decrease in the summer monsoon strength (Stott et al., 2002).

During the Holocene, around 2 ± 1 ka C. massiei shells show δ18O
values decreasing again toward more negative values. The speleothem
from Dongge cave also presented lower values during the Holocene
compared to the MIS 2 Hulu cave record. It must be noted that the small
offset between the two caves visible in Fig. 7 can be explained by the so
called “Altitude Effect”. Dongge cave stalagmites, being located at
higher altitude (680m a.s.l.), are expected to have more negative δ18O
values than Hulu cave (100m a.s.l.) due to the fact that rainwater be-
comes isotopically lighter with altitude because of Rayleigh distillation
processes (Gonfiantini et al., 2001). Based on the difference in altitude
between the two caves (ca. 580m), the δ18O rainfall altitude effect
ranges between −1.0‰ and −1.3‰ (Peng et al., 2010). Aside from
this, the Dongge cave stalagmite indicated that the Holocene was
generally characterized by a warm and wet climate (Dykoski et al.,
2005). Especially high monsoon intensity was recorded until ca 3.6 ka,
when an increase in δ18O indicated a shift toward drier conditions. Such
change was indirectly related to a variation in the Earth's orbit that
increased the summer insolation in the Northern Hemisphere and af-
fected the temperature difference between land and ocean leading to a
weakening of the monsoon winds (Dykoski et al., 2005). Due to a lack
of shell material from the Early Holocene, this drying trend is not
visible in the Tam Pà Ling record. However, our results show that the
Late Holocene in northeast Laos has a comparable climate to that of the
Late Pleistocene in terms of precipitation and monsoon intensity. In
agreement with our results, pollen remains from Tam Pà Ling show the
reappearance of coniferous vegetation (Nguyen Thi Mai Huongh, un-
published data).

5.2. Shell carbon isotope record and vegetation patterns

In modern shells, the calculated proportions of ingested C3 (76%)
and C4 plants (24%) agree well with the vegetation coverage observa-
tions by remote sensing (Fig. 6). Satellite data illustrate a local en-
vironmental complexity with closed C3-dominated rainforests re-
presenting the major vegetation component (70.1%), regularly
interspersed with open woodlands and savanna habitats (26.3%). These
data suggest that C. massiei is a generalist feeder, making use of the
local available variety of the plant resources. Furthermore, the good
agreement between the predicted vegetation distribution derived by the
shell δ13C signature and the observed vegetation patterns indicate that
C. massiei do not ingest significant amount of foreign carbonates from
the sediment. If that was the case, the shells would result enriched in
13C and their δ13C would be characterized by more positive values
leading to an overestimation of the C4 plants contribution to their diet.
Such offset does not occur in the modern C. massiei and therefore any
significant contribution by foreign carbonates to the shell composition
can be discarded. Besides a minor overestimation in C3 abundance, C.
massiei shell geochemical profile is easily comparable with the expected
values, suggesting δ13C as an adequate paleovegetation proxy for the
area of interest.

In archaeological Tam Pà Ling shells, the δ13C profiles show a trend
that closely follows the one observed for the δ18O values (Fig. 5).
During the Pleistocene until 32 ka, shell carbon isotope composition is
especially depleted, indicating that the snail's diet major component
consisted of C3 plants. Data suggest that in this period the area sur-
rounding Tam Pà Ling was characterized by similar habitats as com-
pared to modern times, with slightly more abundant arboreal C3 ve-
getation. Similarly, the preliminary data of the microvertebrate remains
from Tam Pà Ling suggest the occurrence of local environmental
changes. The record is dominated by two forest-dwelling rodent taxa
(Niviventer sp., Leopoldamys sabanus) throughout the sequence (66% of

all identified remains in the 2010–2015 record), indicating the persis-
tence of a forested environment since ~70 ka. However, the record of
rodent sub-family Arvicolinae seems to be more informative on climate
changes. At present, the arvicolins are not found in Laos, but they are
common at higher latitudes in Asia. Their presence is generally related
to temperate habitats, with relatively cool temperatures (Corbet and
Hill, 1992). Three distinct taxa are present at Tam Pà Ling. The first
occurrence of an arvicolin taxon is during the age range ~42–52 ka,
during the first half of MIS 3. This occurrence could correspond to a
signal of a more arid climate. The group became more diversified with
two more taxa in the age range ~21–36 ka, a period marked by the
decline in temperatures of the LGM (26.5–19 ka; Clark et al., 2009).

In good agreement with these results, non-arboreal pollen is rather
scarce in sediments from MIS 5, MIS 4 and the first half of MIS 3
(Nguyen Thi Mai Huongh, unpublished data). Recent zooarchaeological
and isotopic evidences from Duoi U'Oi and Ma U'Oi in northern
Vietnam (~200 km from Tam Pà Ling) indicated that during MIS 4 the
area was characterized by mixed and open woodlands (Bacon et al.,
2006; Bacon et al., 2018). All the results agree on the importance of the
arboreal component. However, the diversity in altitude between the
Vietnamese sites (~110m) and Tam Pà Ling (1170m) likely affected
the tree biomass inducing denser forests to occur at higher elevations,
as in modern times.

Several works have suggested that a significant aridity during MIS 2,
and in particular during the LGM may have occurred inducing a sub-
stantial change in the vegetation. For instance, Zheng and Lei (1999)
reported that between 29 and 15 ka in southern China (Leizhou Pe-
ninsula) the existing mixed forests were replaced by savannah-like
environments in response to the temperature and rainfall drop. The
same trend was observed in pollen records from ten different localities
in Indochina and Southeast Asia (Kershaw et al., 2001). Furthermore,
the scarce proportion of arboreal pollen relative to grasses, together
with the evidence of frequent burnings in northeast Thailand indicated
a pronounced dry climate during LGM (Kealhofer and Penny, 1998;
Penny, 2001). Based on an exhaustive review of the existing sedi-
mentological, zoological and fossil botanical data, Ray and Adams
(2001) mapped the global vegetation distribution between 25 and
15 ka. Northern Laos was categorized as semi-arid temperate woodland
or shrubs. The results of the current study agree well with these re-
constructions, showing that the coverage of C3 plants between 25 and
12 ka drastically decreased by ca 40% relative to previous Pleistocene
times (Fig. 6). Likewise, a consistent increase in the occurrence of grass
pollen (Poaceae) is noticeable in the palynological record of Tam Pà
Ling from 33 ± 3 ka (Huong Mai, unpublished data). Although rarely,
different scenarios implying less arid conditions were also suggested.
For instance, the discovery of freshwater snails in LGM sediments
(~18 ka) from Vietnam was interpreted by Viet (2008) as evidence for
humid climatic conditions. Coastal site Hang Trống in norther Vietnam
also displayed the persistence of tropical forests during the LGM (Rabett
et al., 2017). However, such reconstructions were possibly geo-
graphically limited to the specific locations of the sites, in a valley and
along the coast respectively.

After the LGM, pollen remains from northeast Thailand indicated a
restoration and diversification of rich arboreal vegetation with in-
creased precipitation (Kealhofer and Penny, 1998). Toward the end of
the Holocene our shells indicate a similar vegetation composition than
to present times, with a slightly reduced (ca −11%) C3 plant coverage
compared to the Late Pleistocene. This may be related to the tendency
toward drier conditions occurring after the Holocene climatic optimum.
Another hypothesis that has been proposed concerns the anthropogenic
use of fire as a trigger for landscape change. Evidence of forest clear-
ance was found in northeastern Thailand and this may have negatively
affected the natural arboreal communities (Kealhofer and Penny, 1998;
White et al., 2004). Similarly, the pollen record at Tam Pà Ling in-
dicates that during this phase tropical and subtropical taxa and con-
iferous species are present, together with a larger representation of
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grasses than Pleistocene times (Nguyen, unpublished data).

5.3. Environment and first Homo sapiens in Indochina

MIS 4 holds the first evidence of modern humans in Indochina
(Demeter et al., 2017; Westaway et al., 2017). Our results indicate that
during early MIS 4 monsoon intensity was potentially rather weak, with
a significant strengthening during the late phase of MIS 4. Despite signs
of reduced rainfall during early MIS 4, this did not translate to a major
change of the landscape. In fact, arboreal vegetation was abundant in
the area throughout the Late Pleistocene.

Based on the data presented here, the first H. sapiens to reach and
become established in the area would have encountered wet and
forested conditions. Generally, a wet climate is considered advanta-
geous for human movements out of Africa and in areas otherwise
dominated by deserts (Petraglia et al., 2010). However, in tropical and
subtropical regions the interpretation may differ. In the case of Indo-
china, the rainforests occurring during MIS 4 supported the existence of
a wide range of small to large terrestrial species. In particular, large
ungulates were abundant in Duoi U'Oi, northern Vietnam (Bacon et al.,
2018). Despite the high variety of potential game for humans, at pre-
sent, the degree of exploitation of closed forests versus open landscapes
is still an open question. Indications of technological development for
hunting arboreal and semi-arboreal species are apparent in more recent
contexts. For instance, numerous bone tools were recovered from Lo-
bang Hangus, Niah Caves dating to the Terminal Pleistocene (Piper and
Rabett, 2009). However, no artefacts have been found in older sites
(MIS 4).

Even if very sparse, there are documented cases of early human
occupation in the region that are coeval with Tam Pà Ling. Sites were
found in northwest Laos, Cambodia and Thailand and they can help to
interpret behaviors of the first modern humans in the region (White
et al., 2004; Mudar and Anderson, 2007; Sophady et al., 2016). For
instance, the analysis of the faunal assemblage at Lang Rongrien, in
southern Thailand suggested that early populations (43–27 ka) were
mostly hunting their game in open forests and grassland environments
(Mudar and Anderson, 2007). This preference may suggest that before
the development of specific tools, the main hunting activities were
carried out in patches of low-density forests. Further examination of the
Tam Pà Ling faunal assemblage associated with the H. sapiens remains
will likely increase our understanding of the relationship between hu-
mans and the surrounding environment.

6. Conclusions

Analysis of modern specimens indicates that C. massiei shell carbon
isotopes are suitable for paleoenvironmental reconstructions. The pro-
portions of C3 and C4 vegetation inferred from modern land snail δ13C
closely reflect the distribution observed by remote satellite data, sup-
porting the use of this proxy in future archaeological studies. Oxygen
and carbon stable isotope signatures of Tam Pà Ling archaeological
shells indicate that the earliest modern humans in the region experi-
enced a humid climate together with woodland-dominated landscapes.
These conditions drastically changed during the Last Glacial Maximum,
when precipitation and monsoon strength decreased leading to the re-
duction of arboreal vegetation and favoring the expansion of more open
environments. In addition, shell oxygen isotope profiles further confirm
the dates at Tam Pà Ling, adding strength to the temporal con-
textualization of the first modern human remains in the region. Our
results suggest that snail carbonates are suitable tools to complement
the scattered terrestrial paleorecord in Southeast Asia.
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