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a b s t r a c t

Little is known about the ecosystems in the north of the Indochinese peninsula at the Middle-Late
Pleistocene transition. In this paper, we analyzed the new fauna from Coc Muoi cave, Lang Son prov-
ince, northeast Vietnam. In comparison with other well-documented faunas from the region, that of Coc
Muoi is distinguished by the predominance of rhinoceroses among diverse large-bodied herbivores. The
results of the OSL and pIR-IRSL dating of the cave sediments and U-series dating of flowstones indicate a
potential age range of 148-117 ka for the fauna (MIS6-5). The analysis of age-at-death distributions of
rhinoceroses, wild cattle, sambar deer, and wild pig, does not show any apparent selectivity of age
classes. We also focused our study on rhinoceroses, tapirs, and wild cattle by analyzing the prevalence of
hypoplastic defects on deciduous and permanent teeth, in an attempt to assess the health status of the
taxa during their first years of growth. The health status of large-bodied herbivores (kouprey and rhi-
noceros) reveals the importance of stressors (biotic and abiotic) in the rainforest environment during a
period of marked climatic transition (MIS6-5) in comparison with other MIS5-4 well-documented faunas
from the region.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Although widespread in the past environments of Southeast
Asia, little is known about the foraging abilities of large predators,
the solitary tiger and leopard, or the group-living dhole and hyena.
What we know however, is that large predators from Pleistocene
mammalian communities had access to a larger spectrum of large
prey (van Valkenburg et al., 2016). In the north of Indochina (Corbet
and Hill, 1992), the structure of the mammalian ecosystems was
shaped by the presence of numerous large-bodied herbivores - at
least five types of animals >250 kg (tapirs, wild cattle, and
rhinoceroses) up to 5000 kg (elephant and stegodont) - which
might have composed part of the predators’ diets, among either
juvenile or adult individuals.

In 2013, on an invitation from the Vietnamese authorities
(Institute of Archaeology in Hanoi and Lang Son Museum), we
undertook in a collaborative fieldwork the excavation of the Coc
Muoi cave, in Lang Son province, north-east Vietnam. Since the
1960's, the Lang Son province has yieldedmajor faunal assemblages
(i.e. Tham Khuyen, Tham Hai, and Keo Leng), which have formed
the foundation for the biochronology of the Middle to Late Pleis-
tocene in the Indochinese region (Kha, 1976; Long and Du, 1981;
Cuong, 1985, 1992; Olsen and Ciochon, 1990; Ciochon and Olsen,
1986, 1991; Schwartz et al., 1994, 1995; Ciochon et al., 1996;
Tougard, 1998, 2001). More recently, the faunal assemblages were
used as key-references in palaeoecological studies (Tougard and
Montuire, 2006; Louys and Meijaard, 2010), and were also used
to resolve diagnostic issues regarding the oldest hominines in Asia
(Ciochon, 2009).

In this paper, we aim to increase our understanding of the
Pleistocene megaherbivore-bearing ecosystems by analyzing the
new fauna from Coc Muoi cave which produced an assemblage of
several hundred isolated teeth. In comparison with other well-
documented faunas from the region, that of Coc Muoi is distin-
guished by the predominance of rhinoceroses among mega-
herbivores (Long et al., 1996; Bacon et al., 2008a; Antoine, 2012).
We applied single-grain optically stimulated luminescence (SG-
OSL) and post-infrared infrared-stimulated luminescence (pIR-
IRSL) to the sediment, and U-series dating to the overlying flow-
stones to provide a time frame for deposition of the faunal remains
in the cave. Taxonomic diversity has been defined based on the
teeth. Then, we conducted a taphonomic study of the assemblage,
in order to assess factors that may have contributed to the
composition and preservation of the mammalian assemblage. We
used age-at-death distributions of rhinoceroses, wild cattle, sambar
deer, and wild pig in an attempt to emphasize potential prey
preferences of large predators. We focused our palaeoecological
study on rhinoceroses, tapirs, and wild cattle by analyzing the
prevalence of hypoplastic defects on teeth. Considering its
composition and age, the fauna has the potential to shed light on a
guild of megaherbivores in terms of diversity, relative abundance,
and health status around the Middle-Late Pleistocene transition.

2. Description of the site

2.1. Location and geological context

The Coc Muoi cave is close to the Chinese border 155 km NNE
from Hanoi in the Lang Son province (Fig. 1). The site is located
10 km north from the main town That Khê.

The landscape is composed of limestone hills and tower karsts
dated to the “Anthracolitique” (Fromaget, 1931; Deprat et al., 1963)
corresponding to Permo-Carboniferous deposits. The local geology
is a massive sparitic limestone with low metamorphic processes.
The cave is situated in a small isolated hill, around 150m in
diameter and 30m high that emerges from the cultivated fields
361m above the sea level. The precise location is N22� 210 21.54”,
E106� 260 6.12” (Fig. 2A). The entrance of the cave, hidden in the
forest, is situated 10m above the cultivated plain (Fig. 2B and C).

The chambers within the cave have a total length of 40mwith a
NE-SWorientation (Figs. 3 and 4). The narrow cave entrance (�1 by
1m) opens out to 4m long passageway leading to a first chamber of
e12m (referred to as “upper hall” in Figs. 3B and 4B). A second
chamber, named “lower hall”, is situated 1.45m below the upper
level (Figs. 3B and 4B). From the lower hall, a small passageway
runs below the upper hall partly blocked by clay (Fig. 4B).

The upper hall is characterized by massive concretions, flow-
stones, stalactites, stalagmites and various other speleothems that
overly light brown argillaceous sediment but with minimal fossils.
This part has not been exploited. Several trenches were opened in
the fossils-rich lower hall which displays two types of deposits
(Fig. 5). The center of the cavity is almost entirely filled with moist
yellow silty clay. The upper part of this clay (up to 30 cm) is
completely reworked by modern digging (clays are exploited by
farmers). Some angular limestone clasts from the substratum of the
hill are scattered on the surface. Otherwise, large mud cracks cover
the greatest part of the surface suggesting episodic cave flooding.
These deposits do not contain fossils.

At the periphery of the cave, plastered on the wall, a solid
brown to light brown sandy/clayey breccia unit is characterized by
a progressive enrichment in calcite from the base to the top of the
section with some limestone clasts and quartz pebbles (Fig. 5). A
flowstone overlies this breccia section and is composed of two
different phases of deposits. The upper part in made by modern
stalactites (light green on Fig. 5) which overlies an older flowstone
(dark green on Fig. 5) that in turn overlies the breccia. All fossils
were discovered in the sediment below this older flowstone
(brown color on Figs. 3e5). The stratigraphic relationship between
the soft clayey sediment on the surface of the cave and that
plastered on the wall at the periphery indicates an erosion surface
(Fig. 5). In the passageway that runs below the upper hall (Fig. 4B),
the sediment is almost the same as that plastered at the periphery
of the cave but with less calcitic cementations, and contains
similar fossils.

2.2. Cave history

The history of the filling of the cave is summarized in Fig. 5 with
four phases (from old to young). The cave was filled by the sandy/
clayey breccia at least half way up the cave wall (phase 1). The
water and sediment entered the cave, bringing the sediment and
vertebrate remains studied in this paper. Several flowstones were
precipitated progressively more frequently and with increasing
thickness during this phase. A large section of the deposits from
phases 1 and 2 deposition are removed by erosion, and new sedi-
ments are deposited via cut and fill processes (phase 3). An obvious
erosional surface separates phases 1 and 2 from phase 3. The last
deposit in the cave consists of stalactites and plastic clayey sedi-
ment (phase 4).

3. Methods and material

3.1. Dating strategy

To constrain the fossil deposition within Coc Muoi cave two
sediment samples for luminescence dating (VCOCMU5 and 6) were
collected from two areas of the cave within the unconsolidated
breccia sediment that is capped by an overlying flowstone. One was
sampled from directly below the capping flowstone by the south
cave wall (VCOCMU5) and the other from the opposite cave wall at



Fig. 1. Map of northern Vietnamwith the location of the studied area (red square) in Lang Son province. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 2. A. Satellite picture and coordinates of the Coc Muoi karst tower; B. Photo of the
limestone hill with the altitude of the cave (yellow square); C. Entrance of the cave.
(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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around the same height (VCOCMU6) (Fig. 5). The capping flowstone
was sampled for U-series dating (VCOCMU-F3 and F4). The single-
grain optically stimulated luminescence (SG-OSL) dating of quartz
had a very low acceptance rate (1.2e1.5%) resulting in only 39 and
28 accepted grains for samples VCOCMU5 and 6, respectively. As
this is much lower than an acceptable statistically significant
number of grains we also supplemented this chronology with post-
infrared infrared-stimulated luminescence (pIR-IRSL) dating tech-
niques for single-aliquots (SA) of feldspars. This was to take
advantage of the higher dose saturation of these minerals
(Thompsen et al., 2008; Buylaert et al., 2009; Thiel et al., 2011; Li
and Li, 2011, 2012), and to provide a direct comparison and sup-
porting chronology for the quartz results (see Supplementary
Information).
3.2. Faunal analysis

3.2.1. References and parameters
Taxa have been identified on the basis of isolated teeth. We

followed the taxonomy of Wilson and Reeder (2005). Each tooth or
fragment of tooth has been considered as one specimen to estimate
NISP (number of identified specimens). MNI (minimum number of
individuals) have been based on the frequency (MNIf) of the most
common tooth by taxon, and on the combination of data (type of
tooth, cohort based on eruption and/or wear stages) (MNIc)
(Lyman, 2008).

We analyzed the differential survivorship of teeth (upper vs
lower; permanent vs deciduous). We also observed the chisel
marks on roots inflicted by porcupines. Gnawing intensity has been
defined using an estimate of the quantity of root gnawed: partially
(1/4 to 3/4 of the root) or totally (the root is missing), already used
in a previous analysis (Bacon et al., 2015).

The Fisher's exact test performed on data was run in R statistical
software version 3.3.2 (https://R-project.org) (R Core Team, 2017).
For all statistical tests, we used a level of significance of 5%.

https://r-project.org


Fig. 3. A. Map of the Coc Muoi cave; B. Vertical section (XX0) of the cave.
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3.2.2. Age estimate of individuals of some large-sized species
(MNIc)

In relation to Elephas maximus, we considered the number of
worn lamellae on the grinding occlusal surfaces of lower teeth, and
used age reference chart based on modern specimens (Roth and
Shoshani, 1988); in relation to felids, the three wear stage of
crown (1, “slight”, young adult; 2, “moderate”, mature adult; 3,
“heavy”, old adult) (van Valkenburgh, 1988; van Valkenburgh and
Hertel, 1993), and in relation to ursids, the nine wear stages of
crowns (I-III, juvenile; IV-VII, prime adult; VIII-IX, adult) defined on
the brown bear (Ursus arctos) (Stiner, 1998).

For building age-at-death distribution of bovids and cervids, we
used the amount of crown age reduction of one deciduous tooth
and permanent molars m1-m3 (Stiner, 1990; Lyman, 1994; Steele,
2004). Ages of individuals are grouped in large classes defined as
10% of the potential lifespan of species (Klein, 1978). In relation to
the suid, we used the crown formation sequences and occlusal
surface wear patterns of m1-m3 (Grant, 1982; Rolett and Chiu,
1994) to estimate age classes (Bacon et al., 2015) (see
Supplementary Information).

In relation to rhinocerotids, we followed the protocol used in
Bacon et al. (2008a), derived from the correspondence between
dental wear stages and individual ages in a recent white rhino
population, as detailed by Hillman-Smith et al. (1986). Rhinocerotid
population structures were then hypothesized by considering three
major age classes (juveniles, subadults, and adults), coinciding with
the age classes 0-V (0e3 yrs), VI-VIII (3e7 yrs), and IXeXVI
(7e40 yrs), respectively.

The Kolmogorov-Smirnov test was performed on mortality
profiles of rhinocerotids, using R statistical software version 3.3.2
(https://R-project.org) (R Core Team, 2017).
3.2.3. Prevalence of hypoplastic defects
We conducted a macroscopic analysis of local marks of enamel

hypoplasia on deciduous and permanent teeth of large-sized spe-
cies, i.e. rhinoceroses, wild cattle, and tapirs. We did not use mi-
croscopy to record the defects, but restricted our analysis to those
seenwith the unaided eye. Observation on the rhinocerotid sample
was quite easy, however that on the large bovid sample was
particularly difficult, as numerous crowns are partially recovered
by cement. The defects observed on the enamel are of two types:
modifications in the thickness of enamel described as pit, furrow, or
plane of missing enamel, and changes in the coloration of enamel
(Suckling, 1989; Goodman and Rose, 1990). We described the
location of defects on the crown height of hypsodont molars of
bovids as basal third, middle third, or occlusal third. They are most
of the time caused by episodic disruptions during tooth crown
formation due to physiological stresses, affecting individuals in
utero at the first months of their growth or after birth (Hillson,
2005). These defects may be related to undernutrition and dis-
eases, to stressors specific to age, birth, weaning, calf-cow separa-
tion, or other factors such as altitude, and climate, often under a
combined influence (Goodman and Rose, 1990). In rhinocerotids
specifically, this pathology is generally related either to a starving
episode for the mother during pregnancy or nursing (when
observed on milk teeth) or to undernutrition coinciding with
weaning or abandonment of the calf by a newly pregnant mother
(when present on permanent teeth; Mead, 1999; Fourvel et al.,
2015).

https://r-project.org


Fig. 4. A. Map of the Coc Muoi cave at the level of the lower hall; B. Vertical section (YY0) of the lower hall.

Fig. 5. Vertical section (ZZ0) of the Coc Muoi cave, unearthed by trench 1. See Fig. 4 for the precise location of the trench 1 in the lower hall. The location of the samples taken from
the overlying flowstones (VCOCMU F3 and F4) for U-series dating and from the breccia unit (VCOCMU 5 and 6) for luminescence dating. Note that the relative height of VCOCMU6 is
a projected onto this transect to demonstrate the relationship between the two luminescence samples.

A.-M. Bacon et al. / Quaternary Science Reviews 186 (2018) 123e141 127
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4. Results

4.1. Dating results

The results of both the OSL and pIR-IRSL dating of the cave
sediments (VCOCMU5 and 6) indicate that the sediments were
deposited in the cave between 148 and 146 (pIR-IRSL) and 125-117
(OSL) ka, with a potential age range of 148-117 ka (Table 1). These
results agree within their error margins and also agree with the U-
series results that indicate that the overlying flowstone was
precipitated between 114 and 108 ka (VCOCMU-F3 and F4)
(Table 2), and therefore represents a minimum age for breccia and
fossil accumulation.
4.2. Identification of taxa

4.2.1. Artiodactyla
Sixteen teeth belong to a medium-sized cervid, but there is an

insufficient number to identify them at a species level. One hun-
dred and fifty teeth and one jaw fragment (CM217) with p3-p4
(NISP¼ 152) exhibit the morphological pattern and dimensions of
Rusa unicolor (SI-Table 1). The p4 shows a clear molarization
(Heintz, 1970). Dimensions are comparable to those of cervids
recorded in Middle to Late Pleistocene Indochinese sites (Khok
Sung, Thum Prakai Phet, Duoi U'Oi) (Bacon et al., 2008a; Filoux
et al., 2015; Suraprasit et al., 2016). R. unicolor is recorded in Chi-
nese sites since the Early Pleistocene (Norton et al., 2010).

One fragmentary maxillae (CM125 with D3-D4-M1) and 158
teeth (NISP¼ 161) are assigned toMuntiacus sp. (P2s exhibit salient
paracone and metastyle, and a marked fold between the hypocone
and the protocone; buccal cusps and style are particularly salient on
upper molars). The genus is common in southeast Asia and China
since the Early Pleistocene (Tin Thein, 1974; de Vos and Long, 1993;
Tougard, 1998; Bacon et al., 2008a, 2008b; 2011; Chen et al., 2002;
Norton et al., 2010; Wang et al., 2014; Filoux et al., 2015) (SI-
Table 1).

The eighty-three teeth of the large-sized bovid are massive with
a thick enamel (Fig. 6, SI-Table 2). The p3s and p4s display well-
developed V-shaped parastylid and paraconid (as salient as the
metaconid). The postprotocristid and metaconid are particularly
large, like in Bos species. Among the nine m3s, six have a salient
entostylid forming a deep notch with the hypoconulid as also
observed in Bos, and all have an anterior ectostylid. The cristid of
Table 1
Quartz OSL single-grain and feldspar pIR-IRSL single-aliquot dating of sediments from C

Sample
Code

Depth Grain
Size

Beta
dose ratea

Field gamma
dose rateb

Cosmic-ray
dose ratec

(m) (mm) (Gy ka-1) (Gy ka-1) (Gy ka-1)

COCMU 5 0.40 180e212 0.683± 0.024 0.254± 0.004 0.078
0.40 90e125 0.722± 0.026 0.254± 0.004 0.078

COCMU 6 1.00 180e212 0.683± 0.024 0.263± 0.024 0.078
1.00 90e125 0.722± 0.026 0.263± 0.024 0.078

a Beta dose rates determined from beta counter measurements of dried and powdered
b Determined from U, Th and K dose rates measured using a portable gamma-ray spe
c Time-averaged cosmic-ray dose rates (for dry samples), each assigned an uncertaint
d Field/time-averaged water contents, expressed as (mass of water/mass of dry sam

saturation tests on the raw dosimetry material.
e Mean± total (1s) uncertainty, calculated as the quadratic sum of the random and sy
f Two luminescence technique were applied to these samples UVSG¼ quartz UV sin

single-aliquots of feldspars.
g The Statistical model used to determine the De used for age calculation -MAM - Min
h Palaeodoses include a ±2% systematic uncertainty associated with laboratory beta-s
i UVSG measured using single-grains of quartz at least 1000 grains run for each samp
j Uncertainties at 68% confidence interval.
the hypoconulid is particularly salient posteriorly, as in Bos sauveli.
It seems that only one taxon was present at Coc Muoi, possibly Bos
sauveli (kouprey). Dimensions show that molars are more massive
than those of B. sauveli recorded at Tam Hang (Bacon et al., 2008b,
2011), and Khok Sung (Suraprasit et al., 2016). The species has not
been recognized in south China (Rink et al., 2008;Wang et al., 2007,
2014).

Twenty-four teeth show the basic features of the serows
(presence of styles and stylids more prominent than cusps, and
smooth enamel). On somem3s, themetastylid and hypoconulid are
particularly salient. Dimensions of teeth are close to those of Cap-
ricornis sumatraensis and C. milneedwardsi, than to those of
C. crispus, Naemorhedus caudatus, and N. goral (Suraprasit et al.,
2016) (SI-Table 2). The former species is also recorded at Wuyun
in south China (Chen et al., 2002).

Suids are represented by 252 teeth and a jaw fragment (SI-
Table 1). All teeth show the Sus scrofa pattern characterized by
the presence of star-like folds and numerous accessory tubercles on
the main cusps and cuspids of molars (observed on m3s and M3s)
(Tougard, 1998; Suraprasit et al., 2016). The species is recorded in
Middle to Late Pleistocene Indochinese (Bacon et al., 2008a, 2008b;
2012) and Chinese sites (Rink et al., 2008; Wang et al., 2007, 2014;
Norton et al., 2010).
4.2.2. Perissodactyla
Three rhinocerotid taxa co-occur at Coc Muoi, all of them having

close affinities with living Asian rhinoceroses. In terms of abun-
dance, the Javan rhinoceros Rhinoceros sondaicus (NISP¼ 338)
widely dominates over the Sumatran rhinoceros Dicerorhinus
sumatrensis (NISP¼ 20) and a larger morph, referred to as Rh.
unicornis, the Indian rhinoceros (NISP¼ 6) (Fig. 7).

Rhinoceros sondaicus is mostly documented by jugal teeth (D/d,
P/p, and M/m), even if a small mandibular fragment is preserved as
well as four i2s. Dental dimensions widely overlap those of recent
representatives of Rh. sondaicus as provided by Gu�erin (1980) on
permanent teeth (SI-Table 3), be that for small samples (upper
teeth) or widely represented loci (lower teeth). Only the first upper
premolars (persistent D1), M1s, andM2s have an anatomical length
slightly exceeding the uppermost values for recent representatives
of the Javan rhinoceros. Conversely, one m1 (CM1087) is unusually
small (length¼ 32mm; anterior width¼ 22mm; posterior
width¼ 23.5mm). The material from Coc Muoi differs from that of
Yanliang Cave (early Pleistocene, South China), assigned to
oc Muoi cave.

Water
contentd

Int dose
rate

Total
dose ratee

Techniquef Equivalent
doseg,h,i

Age j

(%) (Gy ka-1) (Gy ka-1) (Gy) (ka)

18/13± 5 0.032 1.047± 0.062 UVSG OSL 122± 26 117± 27
18/13± 5 0.840 1.774± 0.118 pIR-SA IRSL 263± 11 148± 13

18/13± 5 0.032 1.056± 0.062 UVSG OSL 132± 25 125± 26
18/13± 5 0.840 1.783± 0.119 pIR-SA IRSL 260± 10 146± 12

sediment samples. The dry dose rates calculated were adjusted to the water content.
ctrometer at field water content.
y of ±10%.
ple) x 100. The latter values were used to calculate the total dose rates by using

stematic uncertainties.
gle-grain and p-IR-IRSL¼ post-infrared infrared stimulated luminescence dating of

imum Age Model.
ource calibrations.
le, while pIR-IRSL incorporated 24 aliquots of a few hundred grains.



Table 2
Uranium-series dating of flowstone from Coc Muoi cave. Bold numbers are main results.

Sample Name Sample deptha U (ppm) 232Th (ppb) (230Th/232Th) ratiob (230Th/238U) ratio (234U/238U) ratiob Uncorr. Age (ka)b Corr. Age (ka)b Corr. Initial (234U/238U)

VCOCMU-F3 60 0.14 92.41 5.19± 0.03 0.986± 0.004 1.3789± 0.001 126± 1 114± 6 1.62
VCOCMU-F4 75 0.15 35.43 6.08± 0.02 0.941± 0.003 1.3723± 0.002 118± 1 108± 4 1.58

a Measured from base of the cave floor to sampling height in cm.
b Uncertainties at 95% confidence interval.

Fig. 6. Teeth from Coc Muoi cave. A-C, Ailuropoda melanoleuca fovealis. A, left upper M1 CM544 in occlusal view. B, right upper M2 CM546 in occlusal view. C, right lower m2 CM565
in occlusal view. D-E, Panthera tigris. D, left upper P3 CM534 in lingual view. E, left lower m1 CM632 in labial view. F, right upper M2 of Helarctos cf. mayalanus in occlusal view. G-H,
large bovids. G, left lower m2 CM40 in distal view, with a marked hypoplastic groove on the basal third of the crown. H, one lobe of a fragmentary lower molar CM371 with two
visible lines of discoloration of the enamel. I-J, Elephas maximus. I, fragmentary lower m2 CM730. J, right lower m1 CM734 in labial view. K-L, Pongo sp. K, left upper M1/M2 CM585
in occlusal view. L, right lower i1 CM625 in labial view. Scale bar¼ 10mm.
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Rhinoceros fusuiensis by Yan et al. (2014), in having a smooth met-
acone fold on upper premolars, a smoother paracone fold and a
thicker hypocone on M1-2, a weak paracone fold on D1, a sharp
parastyle on D2, a curved protoloph on D3, a more developed
trigonid on p2, a rounded trigonid on lower cheek teeth, a posterior
valley open lingually on d2, and a constricted metaconid on d3. All
of these specimens have a consistent morphology, perfectly
matching that of Rh. sondaicus, either recent (e.g. Gu�erin, 1980;
Antoine, 2012) or Pleistocene in age (e.g. Hooijer, 1946; Colbert and
Hooijer, 1953; Bacon et al., 2004, 2008b, 2011, 2015; Zeitoun et al.,
2005). In particular, D1 has a teardrop-shaped occlusal outline. D1-
2s display a smooth paracone fold. The mesostyle is posteriorly
displaced on D2. D3 has a quadrangular occlusal outline and a
curved protoloph. The protocone is not constricted on D4 and P3-4.
D3-4s and M1-2s have no lingual groove on the hypocone. Enamel
is wrinkled and arborescent on permanent cheek teeth. The
external folds of P-M (paracone, mesostyle, and metacone) are
vertical in labial view. The metacone fold is smooth on upper pre-
molars. The hypocone and the protocone are equally developed on
P4. Upper molars have no anterior constriction on the protocone.
M1-2s have a curved protoloph. M3 is smaller than M1-2. The
paralophid of d2 forms a bulbous spur. The anterior ectolophid
groove is absent on d2 and marked on d3. In lingual view, posterior
valleys are V-shaped on d3-4 and p2. The ectolophid groove is
shallow on p2. The lingual side of the metaconid is convex in
occlusal view at any wear stage on lower molars.

Six jugal teeth document a larger species, recognized as Rhi-
noceros unicornis (one M2, two M3s, one d2, one p4, and one m3)
(Fig. 7). With no exception, these specimens exceed the dental size
range of both Rh. sondaicus and D. sumatrensis and fall within the
range of Rh. unicornis in terms of dimensions (SI-Table 4; Gu�erin,
1980) and morphological features. Enamel is wrinkled and corru-
gated, thick labially and thin on the lingual side of the ectolophs
(M2: CM1105 andM3: CM1151). Cheek teeth are high-crowned and
have neither lingual nor labial cingulum. The paracone fold van-
ishes toward the neck of M2. The protoloph is curved on M2. There
is no lingual groove on the hypocone of M2. M3 seems not to be
reduced in size with respect to M2. The hypocone is pinched on M3
(CM1151). The posterior valley is partly closed and the paralophid is
bulbous and spur-like, which determines a deep anterior ectolo-
phid groove on d2 (CM987). The metaconid of m3 has a convex
lingual side in occlusal view (CM1033).

Dicerorhinus sumatrensis also occurs at Coc Muoi. It is repre-
sented by 20 upper and lower deciduous and permanent cheek
teeth the dimensions of which mostly overlap those of Rh. sondai-
cus, notably from Coc Muoi (e.g. D1-4, P3, or M2-3; SI-Table 4). Such



Fig. 7. Rhinocerotid remains from Coc Muoi Cave. A-Q, Rhinoceros sondaicus. A, right D1 CM1108 in occlusal view. B, left D2 CM1042 in occlusal view. C, left D4 CM1132 in occlusal
view. D, left P3 CM1046 in occlusal view. E, left M1 CM1104 in occlusal view. F, left M3 CM1106 in labial view. G-H, left d1 CM1017 in occlusal (G) and lingual views (H). I, left d2 in
occlusal view. J, left d3 CM1326 in occlusal view. K, left d4 CM1028 in occlusal view. L, left p2 CM1058 in occlusal view. M, left p3 CM997 in occlusal view. N, left p4 CM1067 in
occlusal view. O, left m1 CM1123 in occlusal view. P, left m2 CM1011 in occlusal view. Q, left m3 CM1010 in occlusal view. R-Y, Rhinoceros unicornis. R-S, right M3 CM1151 in labial (R)
and occlusal views (S). T-U, left d2 CM987 in occlusal (T) and labial views (U). V-W, right p4 CM1094 in occlusal (V) and labial views (W). X-Y, right m3 CM1033 in occlusal (X) and
labial views (Y). Z-I0 , Dicerorhinus sumatrensis. Z, right D1 CM1289 in occlusal view. A0 , left D2 CM1130 in occlusal view. B0 , right D3 CM1143 in occlusal view. C0 , right P4 CM1109 in
occlusal view. D0 , left M3 CM1107 in occlusal view. E0 , left d2 CM1114 in occlusal view. F0, left d3 CM1208 in occlusal view. G0 , right p4 CM1085 in occlusal view. H0-I0 , left m3 CM1074
in occlusal (H0) and labial views (J0). Scale bar¼ 10mm.
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overlaps have precludedmost taxonomic assignments at the genus/
species level for isolated rhinocerotid teeth from Pleistocene-
Holocene localities in Asia (e.g., Hooijer, 1946). In fact, only the P4
(CM1109) and lower teeth (d3, p4, and m2-3) are smaller and
narrower than those of Rh. sondaicus (SI-Table 4). Dimensions of P3-
4 and of lower permanent cheek teeth fall within the range of
D. sumatrensis, whereas the M2 (CM1133) and M3 (CM1107) are
significantly larger than expected for the latter taxon (SI-Table 4).
All these specimens were assigned to D. sumatrensis on morpho-
logical grounds, after direct comparison with unparalleled samples
from Sumatran Pleistocene localities at Naturalis, Leiden (POA), and
comparison with the early Pleistocene Liucheng Cave sample (only
lower teeth; Tong and Gu�erin, 2009): D1 has a pentagonal occlusal
outline. D1-2s display a strong paracone fold. The mesostyle is
located on the anterior half of the ectoloph on D2. D3 has a trap-
ezoidal occlusal outline and a sigmoid protoloph in occlusal view.
There is a shallow protocone constriction on D4 and P3-4. D3-4s
and M2s have a lingual groove on the hypocone. Enamel is corru-
gated on permanent cheek teeth. The external folds of P-M (para-
cone, mesostyle, and metacone) are oblique in labial view. The
metacone fold is thick on P3-4. The hypocone is less developed than
the protocone on P4 and upper molars. P4 and upper molars have a
smooth anterior constriction on the protocone. M1-2s have a sig-
moid protoloph. M3 has similar width and length as M1-2. The
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paralophid of d2 is bifurcated. The anterior ectolophid groove is
marked on d2 and absent on d3. In lingual view, the posterior valley
is U-shaped on d3. The lingual side of the metaconid is flat in
occlusal view on m2-3 (Fig. 7).

Two tapirids co-occur at Coc Muoi, with representatives of both
the extant Tapirus indicus and the fossil Asian species Megatapirus
augustus (Middle and Late Pleistocene; Tong, 2005) (Fig. 8; SI-
Table 5). The dental remains of T. indicus (five permanent teeth,
including a germ) andM. augustus (five permanent teeth) can easily
be distinguished on the basis of size and morphology (Colbert and
Hooijer, 1953). On the other hand, they seem not to overlap the
intermediate dimensions of the Early and Middle Pleistocene
Tapirus sinensis (SI-Table 5; Tong, 2005). Three more permanent
tapirid teeth are not assignable at the specific or generic level.
Among them, a lower canine (CM1077) is 17mm wide and 13mm
high (crown height).
4.2.3. Proboscidea
Twenty-two teeth can be assigned to Elephas (five complete and

nine incomplete teeth; seven isolated lamellae; one fragmentary
tooth) (Fig. 6). Table 3 compiles the characteristics observed on the
most easily determinable specimens. On the nearly complete m1
(CM734), the enamel wear pattern of the ridges 2 and 3 is tripartite,
with loops coarsely and irregularly folded (Van den Bergh, 1999).
One m2 (CM730) can be determined on the remaining six unworn
lamellae vertically folded in a sinusoidal way, a h/w indice of 222,
and a maximal width of 72.4mm (Roth and Shoshani, 1988). Most
characteristics point to the presence of E. maximus instead of
E. namadicus: the number of lamellae (for d2, five in the Coc Muoi
species versus three in E. namadicus; for d3, 9 vs 5e7; for D3, 9 vs
6e7; for m1, 14e17 vs 9e11; for m2, 16e21 vs 11e15); the overall
dimensions of teeth and the h/w index (for m2, 222 vs 180e188)
(Maglio, 1973; Roth and Shoshani, 1988). We do not observe any
worn enamel figures with pointed median expansions (Maglio,
1973). The presence of E. maximus is also reported in southern
China possibly since 300 ka (Wuyun and Tantang sites) (Chen et al.,
2002; Wang et al., 2007, 2014; Li et al., 2017).

Despite their highly fragmentary state, six specimens clearly
belong to Stegodon sp. The isolated lophs are ridge-shaped with
dimensions that indicate low crowns. The width of enamel is
comprised between 4.4mm and 5.9mm (Van den Bergh, 1999;
Colbert and Hooijer, 1953).
Fig. 8. Tapirids from Coc Muoi cave.Megatapirus augustus. A-C, left P1 CM1146 in occlusal (A
F, left m1 CM1145 in occlusal view. G, right m1 CM1144 in occlusal view. Tapirus indicus. H-I,
(J) and labial views (K). L-M, left p3 CM515 in occlusal (L) and labial views (M). N-O, left p
4.2.4. Carnivora, primates and rodentia
Five teeth conform to the dental pattern of the canid Cuon

alpinus. The anterior width of one P4 falls within the range of the
Duoi U'Oi teeth (Bacon et al., 2008a). The assignment of the Coc
Muoi specimens to C. alpinus antiquus is not supported, contrary to
those from Middle to Late Pleistocene sites, Tam Hang, Wuyun and
other Chinese sites (Colbert and Hooijer, 1953; Chen et al., 2002;
Wang et al., 2007; Norton et al., 2010; Bacon et al., 2011).

Two small felids (NISP¼ 7) have the same morphology but a
different size (SI-Table 6). Five jugal teeth and one canine conform
to the morphology and size of Panthera tigris (SI-Table 7). This
identification remains questioned for one p3 which falls within the
inferior limit of the range size of p3 in modern tigers. All teeth are
massive, particularly one P4. The tiger is recorded in China since the
transition between the Early and the Middle Pleistocene (Norton
et al., 2010).

Eleven teeth of melines suggest the presence of two taxa. Two
M1 have a relatively small size, whereas another one is much longer
(16.6mm vs 20.1mm). One P4 is as long as those of Arctonyx collaris
rostratus described at Yenchingkuo (Colbert and Hooijer, 1953).

One fragmentary P4 is attributed to the mustelid Martes sp.,
thanks to the morphology of the anterior cusplet well-developed
on the lingual side. One worn m1 of a viverrid is identified as
Paradoxurus sp. (SI-Table 6). The main cuspids are low with a
globular shape. The talonid has few developed cuspids, and a
rounded outline. But contrary to P. hermaphroditus also recognized
at Tam Hang (Bacon et al., 2011), the paraconid of the Coc Muoi
tooth is particularly well-individualized. The genus Paradoxurus is
known in southeast Asia since theMiddle Pleistocene, whereas that
of Martes is present in China since the Early Pleistocene (Norton
et al., 2010).

Most of the twenty jugal teeth have the size and morphology of
Ursus thibetanus, whereas only two molars could belong to
Helarctos malayanus (the m1 is not elongated mesiodistally and the
talonid is not separated by a large notch from the trigonid, as in
U. thibetanus; the M2 is more square). Eleven canines are left in
open nomenclature (Ursus sp.). Dimensions of both taxa match
those of Duoi U'Oi and Tam Hang (Bacon et al., 2008a, 2008b, 2011).
The Chinese specimens assigned to U. thibetanus kokeni are slightly
larger (Colbert and Hooijer, 1953) (SI-Tables 9-10).

Nine jugal teeth have dimensions closer to those of the Middle
Pleistocene Ailuropoda melanoleuca fovealis from China than to the
), labial (B) and lingual views (C). D-E, left p3 CM514 in occlusal (D) and labial views (E).
right P2 CM1040 in occlusal (H) and labial views (I). J-K, right M1/2 CM1147 in occlusal
4 CM516 in occlusal (N) and lingual views (O). Scale bar¼ 10mm.



Table 3
Characteristics of the Coc Muoi teeth assigned to Elephas maximus. Cheek teeth dimensions; number of lamellae (P); Width of enamel; Frequency of lamellae (number of
lamellae on 10 cm along the longitudinal plan of the tooth); Index of hypsodonty (H x 100/W); Number of worn lamellae on the grinding occlusal surface (Maglio, 1973; Roth
and Shoshani, 1988; Van den Bergh,1999). The age of individual is estimated using the number of worn lamellae on the grinding surfaces of lower teeth, and age reference chart
based on specimens of E. maximus of known age (Roth and Shoshani, 1988: Fig. 7). J. Juvenile; SA, Subadult; A, adult.

type Length
(mm)

Width
(mm)

Height
(mm)

P Width of enamel (mm) Frequency of lamellae Hx100/W Number of worn lamellae Estimation of age

CM721 D3 68.1 35.5 (lame 6) 52 9 e e 146.4 3 e

CM735 rD3 67.1 31.6 (lame 3) 54.6 9 e e 172.7 3 e

CM727 rd2 20.8 12.9 (lame 4) 12.1 5 e e e 5 1 yr (J)
CM722 rd3 75.5 35.8 (lame 7) 52.6 9 e e 146.9 4 1-4 yrs (J)
CM723 d3 e 24.8 34.6 1þ e e e e e

CM724 d3 e 28.1 28.7 1þ e e e e e

CM736 d3 e 23.9 25.4 1þ e e e e e

CM737 d3 e 22.1 32.9 3þ e e e e e

CM738 d3 e 31 46.9 3þ e e e e e

CM739 d3 e 39.5 61.4 6þ e e 155.4 <6 3-5 yrs (J)
CM725 d3/D3 e e e 1þ e e e e e

CM742 d/D e e e e e e e e e

CM895 d3/D3 e ~40 41.3 1þ e e e e e

CM734 rm1 174.5 54.8 (lame 8) 98 14þ e 13 178.8 5 6-15 yrs (SA)
CM420 m1 e e >100.7 1þ 3.68 e e e e

CM733 m1 e 52.4 e 4þ e e e e e

CM729 m1 e 55.7 110.9 4þ e e 199.1 <10-13 9-16 yrs (SA)
CM731 m1 e 60.9 >130.6 3þ e e e e e

CM732 m1 e 56.8 127.5 2þ e e e e e

CM730 m2 e 72.4 160.8 6þ e e 222 <10-15 19-22 yrs (A)
CM728 m1/M1 e 50.6 >80 2þ e e e e e

CM741 m/M e e e 1þ e e e e e
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modern specimens (Colbert and Hooijer, 1953; Chen et al., 2013),
with particularly one massive P4 (SI-Table 11).

Coc Muoi also records orangutans (NISP¼ 25), with dimensions
close to those of the specimens referred to Pongo devosi (i. e. in-
termediate in size between Early to Middle Pleistocene
P. weidenreichi from south China and Vietnam and modern species
from Sumatra and Borneo) (Hooijer, 1948; Cuong, 1985; Olsen and
Ciochon, 1990; Schwartz et al., 1994, 1995; Wang et al., 2014;
Harrison et al., 2014) (SI-Table 12).

The set of teeth assigned to Macaca sp. (NISP¼ 23) and to a
colobine indet. (NISP¼ 13), is composed of numerous heavily worn
molars, that impedes assignment at a species level. Nevertheless,
dimensions of m3 and M3 fall within the range of modern
M. mulatta and M. nemestrina (Takai et al., 2014). One tooth of
Hylobates sp. is identified. Seventy-nine teeth conform to the
morphology pattern of porcupines Hystrix sp. and Atherurus sp. All
taxa are recorded in Table 4.

4.3. Taphonomy

4.3.1. Gnawing traces and breakage on roots
The majority of the damage observed are breakage on crowns

and roots, and gnawed marks on roots. The gnawing frequency in
the assemblage is high (~82.5%) (SI-Table 13). The chisel marks are
large and consistent with gnawing by porcupines. A significant part
of the teeth belonging to Carnivora and Primates displays intact and
ungnawed roots (9e40%). Differently, ungulates display ~84e100%
of gnawed roots (in the large bovid sample particularly, ~85% of the
teeth have roots totally gnawed).

Within the Coc Muoi ungulate sample, damage observed on
rhinocerotid teeth show a particular pattern (Table 5). Whatever
the type of the tooth (either permanent, milk, upper, or lower) a
small percentage of teeth is intact (mean¼ 2.7% with values
ranging from 1.3 to 3.5%). If most of the permanent teeth show a
high proportion of gnawed roots (~84%) and a low proportion of
broken roots (a part of them further showing no gnawing evidence;
13.7%), milk teeth are either gnawed or broken in similar extents
(49.3% and 47.2%, respectively; no difference between upper and
lower teeth). In other words, the proportion of teeth with gnawed
roots is significantly higher for permanent teeth than for milk teeth
(Khi-2¼ 8.54; p< 0.01), whereas the percentage of broken roots is
considerably higher for milk teeth than for permanent teeth (Khi-
2¼17.33; p< 0.001).

Eleven out of 13 tapirid teeth are gnawed (84.6%), apparently
regardless of the individual age or the taxonomic assignment (SI-
Table 13).
4.3.2. Frequency of upper vs lower, and permanent vs deciduous
teeth

The data demonstrate a better survivorship of lower than upper
teeth in large-sized ungulates (statistically significant for Rh. son-
daicus; Khi-2¼ 31.38; p< 0.001), and conversely a better survi-
vorship of upper teeth in Muntiacus. Only S. scrofa shows upper
teeth almost as preserved as lower teeth. Most of the ungulate
species are represented by more permanent than deciduous teeth
no overabundance of milk teeth in Rh. sondaicus (Khi-2¼ 3.72;
p> 0.05), except for D. sumatrensiswith teeth in equal number, and
proboscideans with more deciduous than permanent teeth
(Table 4, and Supplementary Information).

All types of lower teeth (incisor, canine, premolar, and molar)
are preserved for R. unicolor, and it is likely that among the remains
of carcasses deposited at the site, there were some complete
mandibles. Pig data allow us to speculate that some complete jaws
were most probably deposited. Regarding perissodactyls, virtually
no associated elements were recognized, except for one pair of d4
referred to as Rh. sondaicus [CM1118 and CM1253], which would
point to significant post-mortem dismemberment for the entire
sample.

Fig. 9 illustrates the compilation of values for both indexes (NISP
and MNIf) by species for all teeth examined (upper/lower/perma-
nent/deciduous). It clearly shows the great abundance of all un-
gulate species, and particularly that of Rh. sondaicus. Despite the
differences in the frequency of teeth, NISP produce comparable
abundance (MNIf) for B. cf. sauveli, R. unicolor, and S. scrofa.



Table 4
Taxa identified in the CocMuoi assemblage. NISP: Number of identified specimens; MNIf: Minimum number of individuals (frequency); MNIc (combination). The assemblage is
composed of 1316 isolated teeth, four fragmentary jaws (R. unicolor, Sus scrofa, and Muntiacus sp.), and one edentulous fragment of a corpus mandibulae of an unidentified
rhinocerotid (NISP¼ 1323). Rhinoceros sondaicusMNIc equals 54: at least 32 juveniles (19 ld4þ14 rd4 including one left-right pair clearly identified: CM1118-CM1253), and 22
adult individuals (22 functional rm3 incompatible with d4s within a single individual). By contrast, Rh. unicornis MNIc includes two adults and one juvenile (two functional
rM3s þ one d2, incompatible with M3s within a single individual), and that of D. sumatrensis coincides with three adults and three juveniles (three non-paired functional
m3s þ three non-paired D2s, further incompatible with M3s). (J) juvenile; (SA) subadult; (YA) young adult; (PA) prime (mature) adult; (OA) old Adult; (A) adult. A few teeth of
adult Stegodon recovered during previous survey are not included.

Species NISP Permanent teeth Deciduous teeth MNIf MNIc

upper lower u/l upper lower u/l e e

Rusa unicolor 152 47 86 e 4 15 e 12A, 5J e

Medium-sized cervid 16 5 8 e e 3 e 2A, 2J e

Bovid/Cervid 11 5 5 1 e e e e e

Muntiacus sp. 161 103 44 e 12 2 e 5A, 6J e

Bos cf. sauveli 83 12 67 e 4 e e 14A, 4J e

Capricornis sp. 24 12 12 e e e e 3A e

Sus scrofa 252 121 113 5 6 2 5 15A, 3J e

Megatapirus augustus 5 1 4 e e e e 2A 1J, 1SA, 4A
Tapirus indicus 5 2 3 e e e e 2A
Tapiridae indet. 3 1 2 e e e e 1A e

Rhinoceros sondaicus 343 65 145 e 53 80 e 19A, 19J 33J, 22A
Rhinoceros cf. unicornis 6 3 2 e e 1 e 2A, 1J 1J, 2A
Dicerorhinus sumatrensis 20 4 6 e e 10 e 2A, 2J 3J, 3A
Rhinocerotidae indet. 1 e 1 e e e e e e

Elephas maximus 22 e 7 2 2 8 3 3A, 2J 3J, 2SA, 1A
Stegodon sp. 6 e e 2 e e 4 1A, 1J e

Cuon alpinus 5 2 2 1 e e e 1A 1YA, 1MA
Martes sp. 1 1 e e e e e 1A e

Paradoxurus sp. 1 e 1 e e e e 1A e

Large-sized meline indet. 1 4 3 1 e e e e 2A e

Small-sized meline indet. 2 7 3 2 2 e e e 2A e

Small-sized felid indet. 1 4 3 1 e e e e 2A e

Small-sized felid indet. 2 3 1 e 2 e e e 1A e

Panthera tigris 7 3 3 1 e e e 2A 1YA, 1MA, 1OA
Helarctos cf. malayanus 3 1 2 e e e e 1A 2J, 2PA, 2OA
Ursus thibetanus 17 13 4 e e e e 3A
Ursus sp. 11 e e 11 e e e 3A e

Ailuropoda melanoleuca fovealis 9 5 4 e e e e 2A 1YA, 1MA, 1OA
Pongo sp. 25 16 8 1 e e e 2A e

Macaca sp. 23 10 12 1 e e e 3A e

Colobine indet. 13 11 1 1 e e e 2A e

Hylobates sp. 1 1 e e e e e 1A e

Hystrix sp. 73 5 7 61 e e e 6A e

Atherurus sp. 6 e e 1 e e e 2A e

Total 1323 460 552 92 81 121 12 165

Table 5
Damage (gnawed root, broken root, or intact) and percentages observed on jugal teeth referable to rhinocerotids from Coc Muoi cave (upper/lower; permanent/deciduous).

Total number gnawed (%) broken roots (%) intact (%)

Upper and lower teeth 370 260/370¼ 70.27 100/370¼ 27.03 10/370¼ 2.70
Upper teeth 130/370 (35.14%) 85/130¼ 65.38 42/130¼ 32.31 3/130¼ 2.31
Lower teeth 240/370 (64.86%) 175/240¼ 72.92 58/240¼ 24.17 7/240¼ 2.91
Permanent teeth (upper) 72/226 (31.86%) 59/72¼ 81.94 12/72¼ 16.67 1/72¼ 1.39
Permanent teeth (lower) 154/226 (68.14%) 131/154¼ 85.06 19/154¼ 12.34 4/154¼ 2.60
Deciduous teeth (upper) 60/144 (41.67%) 28/60¼ 46.67 30/60¼ 50 2/60¼ 3.33
Deciduous teeth (lower) 84/144 (58.33%) 43/84¼ 51.19 38/84¼ 45.24 3/84¼ 3.57
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4.4. Age-at-death distribution and health status of large-sized
species

4.4.1. Age-at-death distribution
In the Rusa unicolor profile (Fig. 10), all classes are represented,

except those which contain very old individuals [9e10]. The adult
category is composed of prime-aged and first old-aged individuals
[3e7] equally represented, that corresponds to individuals
weighting up to 260 kg (Francis, 2008). The Coc Muoi three-cohort
pattern (18.5% of juveniles, 3.7% of yearling and 77.8% of adult in-
dividuals) matches with the profile of a living Indian population
(Biswas and Sankar, 2002).

The Bos cf. sauveli profile contains all classes, from juveniles
[1e2] to very old individuals [9e10] (Fig. 9). Three periods were
particularly critical for the species: the juveniles [1], the youngest
late prime adults [6], and the youngest old adults [9], giving a curve
with three peaks. When compared the three-cohort profile (18.2%
of young, 9.1% of juveniles and 72.7% of adult individuals) with
demographic pattern of the gaur, no selection of age class can be
emphasized (Karanth and Sunquist, 1995; Biswas and Sankar,
2002).

The Coc Muoi mortality pattern of S. scrofa shows the low rep-
resentation of piglets [T-C] (Fig. 10). Considering the litter size of
the species (up to 10 piglets when ecological conditions are favor-
able), the underrepresentation is most likely due to their rapid
destruction. Mature adult individuals (up to 200 kg) are well-



Fig. 9. Diagramwith NISP on abscissa and MNIf on ordinate by species of the Coc Muoi
fauna.
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represented [G-J] whereas old-aged individuals are lacking [M-N].
The three-cohort model is nevertheless comparable to the de-
mographic data of living populations (Karanth and Sunquist, 1995;
Biswas and Sankar, 2002).

Mortality curves of rhinocerotids (including Rhinoceros and
Dicerorhinus species) show three peaks, coinciding with juveniles
[cohort IV: 12e18 months], subadults [cohorts VIII: 4e7 years], and
adults [cohorts IXeXVI: 7e40 years] (Fig. 11A). The corresponding
mortality curve is not significantly distinct from that of the struc-
ture of a recent natural population of Rh. unicornis (Chitwan Park;
Laurie et al., 1983), as demonstrated statistically (Fig. 11). Our re-
sults do not demonstrate overrepresentation of age classes in any of
the profiles.

Mortality patterns of the Coc Muoi species resemble attritional
patterns with deaths most likely caused by multiple biotic and
abiotic factors (diseases, starving, climate, and predation). All un-
gulate species enter the prey size category of the tiger (180e254 kg;
Francis, 2008). Indeed, depending on their abundance locally, either
chital, sambar deer, pig or gaur (Karanth and Sunquist, 1995; Bagchi
et al., 2003; Andheria et al., 2007; Hayward et al., 2012) can be the
preferred prey of tigers, even the most aggressive male pigs up to
200 kg, or the heaviest male gaur up to 1500 kg. It has been
observed particularly that the behavior of solitary adult pig and
sambar males may increase their encounter rate with the predator
(Schaller, 1967; Johnsingh, 1992; Karanth and Sunquist, 1995;
Leslie, 2011).

In relation to the kouprey and rhinoceroses, the “multimodal”
curves suggest that deaths might have occurred during major
biological, physiological, and behavioral events, and accordingly
affect age classes of vulnerable individuals. In relation to large
bovids, beside periods of immaturity [cohort 1] and old age [9], that
of late prime adult age which corresponds to adult individuals over
10 years [6], represents a period of great vulnerability, when males
leave “mixed breeding herds, to smaller, bachelors herds or more
isolated existence” (Nowak, 1999; Bunn and Pickering, 2010). In its
natural habitat, the solitary kouprey is more subject to predation by
tigers, since it does not have the rest of the herd to help keep watch
(Lekagul and McNeely, 1977). In relation to rhinoceroses, peaks also
correspond to period of great vulnerability: weaning period [cohort
IV], sexual maturity which occurs between 4 and 7 years depending
on the gender [VIII], and solitary behavior for bulls more than 20
years old [XIII] (Laurie et al., 1983). The role of the tiger as main
predator of these large prey is plausible, according to their avail-
ability (particularly juvenile rhinoceroses taking into account their
abundance at the site) and chance encounter, but it remains
tentative at that point.
4.4.2. Enamel hypoplasia
A high percentage of rhinocerotid teeth from Coc Muoi (71/264:

26.8%) show environmental enamel hypoplasia (EEH), thus
expressing a severe physiological stress during odontogenesis,
without a genetic origin (Mead, 1999). The frequency of rhinocer-
otid milk molars affected by EEH is very low (2.7%: 4/144; range:
0e6.06%), with only one D4, one d3, and two d4 expressing such
pathology (SI-Table 17). Contrastingly, more than 30% of permanent
teeth show signs of EEH, with percentages ranging from 0 (P2: 0/3)
up to 47.3% (M3: 9/19). The frequency of loci affected by EEH equals
or exceeds one third, 33.3% for m2, 35% for p4, 40% for P4 and m3,
up to 44.4% for P3. Enamel hypoplasia is most expressed on the last
premolars (P4 and p4; 11/30¼ 36.6%) and molars (M3 and m3; 27/
64¼ 42.1%), i.e. the last functional teeth of the series (erupting at
~7e9 years in Ceratotherium simum; Hillman-Smith et al., 1986).
The teeth affected show linear defects (43 teeth), enamel pits (28
teeth), less severe defects coinciding with horizontal striae (18
teeth), or a two-colored enamel (d1 CM1015). Fifteen teeth show
both linear defects and enamel pits. Interestingly, 41 teeth are
affected by multiphased EEH, with two (20 teeth), three (10 teeth),
four phases (one tooth), or permanent defects (10 lower permanent
teeth, all assigned to Rh. sondaicus). One-phased EEH is more
frequent on the ectoloph (id) and it occurs mostly at the base of the
crowns (late stage for odontogenesis), except for the d4 CM1413
(top of the crown).

Physiological stress responsible for EEH in rhinocerotids from
Coc Muoi mostly occurred during odontogenesis of permanent
teeth and as such it might point to severe post-natal undernutrition
among the available sample during an individual age interval
mostly encompassing weaning (at around 1.5 year) and abandon-
ment (at around 3 years).

No trace of enamel hypoplasia is observed on tapirs. Regardless
of the sample size, severe stigmata are essentially observed in Rh.
sondaicus, probably indicating critical intraspecific competition for
food resource in this taxon.

The percentage of examined kouprey teeth displaying enamel
hypoplasia reaches 15.9% (10/69), a pathology only observed on
permanent molars, 6.6% for m1 (1/15), 31.2% for m2 (4/16), and
55.5% for m3 (5/9), but unlike rhinocerotids, the data are biased due
to the small number of milk teeth (SI-Table 18). For most of the
teeth (9/10), the defects are horizontal furrow-form lines located on
the basal third of crowns. On four teeth particularly (two m2 and
two m3), the furrows are ~2mm wide, deep and well-marked on
both buccal and lingual sides of the crowns. Another molar displays
a non-linear line of small pits.

Assessment of individual ages at defect formation is difficult, the
literature outlining the considerable variation in the formation and
eruption sequences of teeth in domestic animals, whereas those of
wild animals are unknown. Globally, in large bovines, the complete
formation of crowns achieves around 0.5 years for m1 (one third of
crown already formed at birth), one year for m2, and two years for
m3 (Hillson, 2005), pointing for the Coc Muoi population to a
physiological stress after birth, during the juvenile period. Ac-
cording to the analysis of Niven et al. (2004) in bison dentition of
two ancient populations, comparable stresses observed on m1s
formed several weeks just after birth, most likely as a result of



Fig. 10. Mortality profiles of (A) Rusa unicolor, (B) Bos cf. sauveli and (C) Sus scrofa from Coc Muoi cave. We used for comparison demographic data compiled in three-cohort patterns
(juvenile, subadult, adult) from living prey-rich communities in India supporting the highest prey biomass densities (~6000 kg/km2 for Pench Park and ~7600 kg/km2 for Nagarahole
National Park) (Karanth and Sunquist, 1995; Biswas and Sankar, 2002).
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postnatal adjustment, and that on m2s can be associated to the
dietary shift when calves wean at approximately nine months.
Defects recorded on m3s all located at the same level on the crown
could correspond to the age when individuals reach sexual matu-
rity, slightly before and around two years, and then could represent
physiological stress related to this activity as observed in other
large mammals (Dobney, 2000). Nevertheless, the fact that the
defects on teeth in some individuals are deep furrows visible on the
circumference of crowns (4/11) suggest that they were caused by a
combination of factors (such as diseases or seasonal changes in
environmental conditions in addition to age-specific stressors)
(Goodman and Rose, 1990). One isolated lobe of a lower molar
displays two linear marks of discoloration of the enamel on the
buccal side, also ~2mmwide, one on the occlusal third and one on
the basal third of the crown, which were most likely due to
different causes (Fig. 6H).



Fig. 11. Mortality curves of rhinocerotids from Coc Muoi cave, using the age classes of Hillman-Smith et al. (1986) and following the protocol of Bacon et al. (2008a, 2015). A. All
rhinocerotids. B. Rhinoceros sondaicus. C. Dicerorhinus sumatrensis. Cohorts on abscissa and MNIc on ordinate.
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5. Discussion

5.1. Age of the fauna

Considering the time frame for fossiliferous breccia deposition
between 148 and 117 ka, the analysis of the Coc Muoi fauna pro-
vides information on terrestrial ecosystems in the northern part of
the Indochinese region during MIS6-5. This period of deposition
encompassese20 kyr of the later section of glacial stage MIS6 (186-
128 ka), through the transition to the onset of the interglacial event
MIS5 including the Eemian (MIS5e: 124-119ka).

The dating results indicate that the quartz SG-OSL dating pro-
vides the youngest age range for the deposit (125-117 ka), while the
pIR-IRSL of feldspars is slightly older (148-146 ka) but still coeval
within error limits. The additional feldspar analysis was conducted
to ensure that the low acceptance of the single-grains of quartz had
not skewed the final result, but the agreement between the two
techniques on different minerals confirms the integrity and reli-
ability of the SG-OSL result. The slight difference in age ranges
between the techniques represents the different bleaching prop-
erties of the minerals; the quartz OSL signal bleaches more rapidly
than the high temperature feldspar signal used for pIR-IRSL tech-
niques. The bleaching properties of the feldspar signal were tested
during the pIR-IRSL procedure (see Supplementary Information)
and revealed a residual dose ofe12 Gy and this value formed the
basis of the residual correction of the final equivalent dose (De)
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value. However, there is a strong likelihood that the feldspar grains
were partially bleached before entering the cave. In comparison,
the quartz grains that showed the least amount of partial bleaching
were isolated in the SG-minimum age model and have strongly
influence the final age. Thus, the difference between the use of the
SG vs SA techniques and quartz vs feldspar minerals account for the
slight difference in age between the techniques. However, the age
range obtained from both techniques is older than the age of the
overlying flowstone (114-108 ka) suggesting integrity in sediment
deposition and later flowstone capping.

This proposed age range (148-117 ka) agrees with the bio-
chronological context presented by the associated Coc Muoi faunal
assemblage. Indeed, the fauna is strongly reminiscent of other
mammalian faunas known to postdatee300 ka in Southeast Asia and
south China. Noteworthy is the absence of any Neogene taxa
characteristic of the Early Pleistocene (e2.6e0.8 Ma) (Wang et al.,
2007, 2014; Rink et al., 2008; Norton et al., 2010; Jin et al., 2014).
The association between modern species (>41% considering the
identified species) and archaic taxa (Stegodon orientalis and Mega-
tapirus augustus) is common in theMiddle to Late Pleistocene of the
region (Wang et al., 2007; Rink et al., 2008). Such assemblages
document the “Stegodon-Ailuropoda faunal complex”, likely sur-
viving until the PleistoceneeHolocene transition (Turvey et al.,
2013). Furthermore, the absence at Coc Muoi of Pachycrocuta bre-
virostris and Gigantopithecus blacki recorded at Tham Khuyen in the
Lang Son province (e475 ka; Ciochon et al., 1996), would also support
a younger age. Indeed, the extinction of the giant ape is now esti-
mated to have occurred around 300 ka (Wang et al., 2007; Rink
et al., 2008; Zhang et al., 2014; Bocherens et al., 2017). It may be
added that the Coc Muoi-type fauna persisted in south and central
China until the arrival of first Homo sapiens as suggested for the
moment by the faunal composition of the Liujiang (>280-87 ka;
Shen et al., 2002), Huanglong (100-80 ka; Liu et al., 2010a), Zhiren
(116-106 ka, Liu et al., 2010b; Cai et al., 2017), Luna (126.9e70.2 ka;
Bae et al., 2014), and Fuyan sites (120-80 ka; Liu et al., 2015).

5.2. Review of pre- and postdepositional factors

The data confirm the significant role of porcupines (Hystrix
brachyura, 15e20 kg; Francis, 2008) as the last agents to accumulate
and modify the bones at the site before burial (Pei, 1935; Lenoble
et al., 2006; Storm and de Vos, 2006; Tong et al., 2008). As
already noticed for other Asian sites (Bacon et al., 2015), ungulates
were the preference of porcupines for their gnawing activities
(~84e100%). In this respect, the Coc Muoi data are comparable to
those of Duoi U'Oi (70-60 ka; Vietnam) and Sibrambang (e80-60 ka;
Sumatra), and differ to those of Tam Hang (98-60 ka; Laos), and
Nam Lot (86-72 ka; Laos) in which all groups (ungulates, carnivora
and primates) are indistinctly concerned by damage inflicted by
porcupines.

The possible causes of this differential treatment of remains by
large rodents are to be found in the ecological context within each
site. Porcupines collect available and transportable remains of
carcasses of animals killed or scavenged by predators. This collect
most likely depends on the availability of carcasses and state of
preservation in which predators let the prey consumed (Duoi U’Oi,
Sibrambang and Coc Muoi are tiger sites, whereas Tam Hang and
Nam Lot were dominated by group-living voracious dholes and
hyenas). Additional factors involved in the selection of remains by
porcupines might beweight, size, density of elements (Brain, 1981),
and the fact that in certain species, mandibles can be easily
detachable from skulls (deer, cattle, and rhinoceroses), or not (pig),
as suggest taphonomic clues.

Somewhat distinct post-mortem histories can be assumed
however for the rhinocerotid sample at Coc Muoi: porcupines
might have played a more prominent role for transporting and/or
accumulating permanent teeth than milk teeth, whereas another
external factor, such as post-mortem destruction by water flows or
carnivores, might have been responsible of damage inflicted on
milk teeth, more fragile.

In relation to postdepositional (postburial) factors, the trans-
portation by water inside the karsts most likely resulted in an
additional selection of teeth, those of middle to large-sized mam-
mals with respect to small mammals (Duringer et al., 2012).

5.3. Reconstruction of the environmental context

5.3.1. Assessment of the Coc Muoi palaeoecological context
At latitudes close to that of Coc Muoi (22� N), sedimentological

and palynological records of the Leizhou Peninsula (20�e21� N) in
southern China show that a continuous rain forest cover remained
throughout the glacial period MIS6 with relatively cool and wet
conditions (temperatures were estimated to be more than 4 �C
lower than present), followed by a warmer climate with a vegeta-
tion dominated by monsoon evergreen forests (MIS5 marked by a
strong rise of Catanopsis and Quercus species) (Zheng and Lei,1999).

It becomes clear that the Middle to Late Pleistocene ecosystems
which occurred at these latitudes in Southeast Asia (23�-20�N)
have no equivalent with any current ecosystems in Asia. The Coc
Muoi forested habitat type supported a high ungulate biomass, a
total of eight herbivore taxa weighing 250 kg up to 5000 kg (SI-
Table 23). The most abundant ungulates <250 kg (sambar and
pig) are known to be forest-dwelling species, but with a broad
ecological flexibility, and they likely feed also in more open areas
(Schaller, 1967; Nowak, 1999; Leslie, 2011; Ramesh et al., 2012).

A recent stable isotopic analysis of cervid teeth (d18O and d13C)
from Tantang cave in Guangxi, estimated late Middle Pleistocene in
age on the basis of the faunal composition comparable to those of
Wuyun (300-70 ka), suggests that cervids lived in a canopied
woodland. Results also suggest that they might have fed in more
open areas at the site (Li et al., 2017). Results based on d18O values
range show that the period was impacted by strong summer
monsoons. In another analysis, isotopic results of Pleistocene taxa
from the Guangxi area (but with unclear dating), show that the
giant panda, stegodon, rhinoceros, bovids and cervids all relied on
C3-based food from canopied woodlands (Bocherens et al., 2017),
and likewise the Late Pleistocene elephant from the region (Ma
et al., 2017).

The presence of the tiger at Coc Muoi strongly supports the
presence of a diversified habitat with closed forests and zones with
more open forests (Schaller, 1967).

5.3.2. Specificities of the Coc Muoi rhinocerotid sample
Specific attention has been centered on Coc Muoi rhinoceroses

given their exceptional abundance and distribution of individuals
among age classes. When considered the data in three-cohort
patterns, the distribution of the Coc Muoi rhinocerotids
(including Rhinoceros and Dicerorhinus) and, to a lesser extent that
of Duoi U’Oi (70-60 ka, northern Vietnam; Bacon et al., 2008a,
2015), coincide with that of a natural population with no apparent
bias related to either predation or scavenging (SI-Fig. 5). However,
statistical tests indicate that the mortality profile of Coc Muoi rhi-
nocerotids, all taxa combined, is significantly different to the other
profiles, i.e. Tam Hang, Duoi U’Oi, Sibrambang, Lida Ajer (73-63 ka,
Westaway et al., 2017), and Punung (128-118 ka; Westaway et al.,
2007) (Kolmogorov-Smirnov test, p< 0.05) (SI-Figs. 4e6).

In comparisonwith Coc Muoi, these sites include less adults and
subadults and much more juveniles. These samples were some-
what biased by the action of scavengers and/or predators (Bacon
et al., 2015), as shown for example in Fouvent-Saint-Andoche



Fig. 12. Population structure comparison between selected Late Pleistocene rhinoc-
erotid samples and a recent Rhinoceros unicornis natural population (Chitwan Park;
Laurie et al., 1983). Fouvent-Saint-Andoche is a Late Pleistocene hyena den from France
(30e60 kya; Fourvel et al., 2014). Solid lines: sample similarity not rejected (p> 0.05);
dashed lines: sample similarity rejected (0.001< p< 0.05); no line: sample similarity
rejected (p< 0.001).
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(archetypical “hyena den”; Fourvel et al., 2014, 2015), in which the
accumulation factor is primarily resulting from scavenging by hy-
enas. The rhinocerotid sample from Nam Lot (86% juveniles; 14%
subadults) may be even more largely related to the action of the
spotted hyena, whereas that of Sibrambang (58.6% juveniles; 9.3%
subadults) may be related to the action of the tiger.

It is evident that at Coc Muoi the predator signature was
different. The death pattern suggests that tigers (180e245 kg)
might have selected individuals according to their chance
encounter, and in the rich Coc Muoi ungulate community, tigers
might have selected the largest ones (Schaller, 1967; Karanth and
Sunquist, 1995; Biswas and Sankar, 2002; Bagchi et al., 2003;
Andheria et al., 2007; Linki and Ridout, 2011; Hayward et al., 2012;
Selvan et al., 2013; Lovari et al., 2015).

Fig. 12 demonstrates two separate clusters [Chitwane Coc Muoi
eDuoi U’Oi: Rhinoceros-dominated] and [Sibrambange Lida Ajere
Punung; Dicerorhinus-dominated] (SI-Table 19). Fouvent-Saint-
Andoche (with Coelodonta antiquitatis) may be connected to the
latter cluster, as its similarity with Lida Ajer and Punung is not fully
discarded (Khi-2; 0.001< p< 0.05). Tam Hang and Nam Lot are
distinct from all other localities, with particularly no adult rhinoc-
eros preserved (juveniles widely overrepresented) in the latter site.

Whether juvenile elephants were potential prey of tigers at Co
Muoi remains an open question. However, one can note that, in
comparison with the Duoi U'Oi population of elephants that of Coc
Muoi includes very young juveniles (SI-Table 20).

Marks of enamel hypoplasia were common defects in mammals
in the past, and they can be used as ecological indicators for a given
period (Dobney and Ervynck, 2000; Niven et al., 2004; Skinner
et al., 2016). With regard to the Indochinese region studied here,
rates are to be compared between faunas referred to various cli-
matic stages MIS6-5 (Coc Muoi: 148-117 ka), MIS5-4 (Tam Hang,
Laos: 94-60 ka), MIS5 (Nam Lot, Laos: 86-72 ka), and MIS4 (Duoi
U'Oi: 70-60 ka). Assessment of the health status of Coc Muoi rhi-
nocerotids points to more stressful conditions than in any other
Indochinese locality (SI-Table 21). Indeed, the rate of hypoplasia
(26.8%) is higher than those calculated for the Tam Hang (0%), Duoi
U'Oi (11.5%), and Nam Lot rhinocerotid samples (15.4%). The Coc
Muoi individuals were exposed to physiological stress specific to
age (weaning and abandonment of calf) combined with other
environmental factors. The weaning age in rhinocerotids appears
particularly critical as it shows the high rate of mortality in the
concerned cohort [IV] (Fig. 11). In the woolly rhinocerotid sample
from Fouvent-Saint-Andoche (Fourvel et al., 2015), the amount of
EEH (~25%; pers. Obs. POA) is comparable to that of the rhinocerotid
sample from Coc Muoi (26.8%). This French locality, located at mid-
latitudes, experienced temperate-periglacial conditions during the
Late Pleistocene. It is further referred to MIS3 (30e60 ka; Fourvel
et al., 2014), a cold interval immediately preceding the last glacial
maximum (26.5e19 ka; Clark et al., 2009). This period is charac-
terized by harsh climatic conditions at mid- and high latitudes,
which may easily explain the severe physiological stress observed
in woolly rhinoceroses. Nevertheless, although these periglacial
conditions have nothing in common with the local/regional envi-
ronment as hypothesized for northern Vietnam by the time of
deposition of the Coc Muoi assemblage, our data emphasize com-
parable levels of stress in rhinocerotid populations. Cheng et al.
(2016) demonstrated that, in Asia, glacial terminations were fol-
lowed by important variations of Asian monsoons. The age range of
the Coc Muoi fauna, i.e. late Middle Pleistocene, was marked in
south China by the strengthening of the East Asian summer
monsoon (d18O data from Tantang cave; Li et al., 2017). Under its
influence, the climate was particularly warm and humid with most
likely a great variation in seasonal rainfalls (Ao et al., 2012). As such,
rhinocerotids likely prove to be highly relevant as markers of locally
instable/deteriorated environmental conditions, for a wide array of
latitudes, climates, environments, and geological ages (see also
Mead, 1999).

The percentage of Coc Muoi bovid teeth displaying enamel hy-
poplasia (15.9%) is higher than that calculated for Tam Hang (10.3%)
and Nam Lot (0%), and demonstrates that this group was also
exposed to a relatively higher degree of undernutrition and disease
or other abiotic factors, during postnatal events (Niven et al., 2004)
(SI-Table 22). Contrastingly, tapir teeth from Coc Muoi do not show
any enamel defects coinciding with EEH.

6. Conclusions

The Coc Muoi data show that the ecosystem during MIS6-5 in
northern Vietnam was shaped by diverse and abundant mega-
herbivores, up to 5000 kg. At Coc Muoi specifically, tigers had ac-
cess to a large population of rhinoceroses (Rh. sondaicus) in a
forested vegetation with most likely more open areas and also
canopied woodland. The health status of large-bodied herbivores
(kouprey and rhinoceros) reveals the importance of stressors (bi-
otic and abiotic) in a rainforest context, submitted most likely to
important variations in the intensity of Asian monsoons. These
Middle to Late Pleistocene ecosystems which occurred at these
latitudes in Southeast Asia (23�-20�N) have no equivalent today
with any ecosystems in Asia.
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