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ARTICLE INFO ABSTRACT

Handling Editor: Donatella Magri The late Middle Pleistocene (300-129 ka) was pivotal for understanding how paleoenvironmental and climatic
changes shaped hominin adaptations. Hualongdong (331-275 ka) yields key human fossils, stone tools, and
abundant mammalian remains, enabling detailed paleoecological analysis. Carbon isotopic data from mamma-
lian tooth enamel indicate a C3 vegetation-dominated forest environment at Hualongdong. The isotopic
composition of a large bovid indicates, however, the co-existence of year-round C4 grasses. Bulk and serial
isotopic results reveal a mosaic of dense forests and woodlands shaped by the East Asian Summer Monsoon
(EASM). Closed forests would have provided stable resources, while seasonally dynamic woodlands with
localized C4 vegetation would have supported favorable conditions for habitation and movement. Comparative
analyses of Middle Pleistocene enamel stable isotopes across eastern Asia (including East and Southeast Asia)
highlight distinct paleoenvironments in northern, east-central, southwestern China, as well as in Southeast Asia.
Hualongdong in east-central China stands out as a mosaic of dense forests and open woodlands, distinct from the
open woodlands of north China and the dense forests of southwestern China. The Hualongdong hominins exhibit
a mosaic of derived and archaic traits, representing a significant morphological pattern in the late Middle
Pleistocene of eastern Asia. Their successful occupation of this ecotonal landscape as revealed by our isotopic
data, underscores the behavioral flexibility that characterized hominin evolution in this region.
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1. Introduction

A central challenge of human evolutionary studies is understanding
the role of climatic change in shaping Middle Pleistocene hominin en-
vironments and selective pressures (Maslin et al., 2014). In Africa, the
emergence of Homo sapiens during the late Middle Pleistocene (300-129
ka) and its subsequent spread toward Eurasia have attracted multidis-
ciplinary attention (White et al., 2003; Hershkovitz et al., 2018; Harvati
et al., 2019). In China, an increasing number of late Middle Pleistocene

fossil records highlights the morphological and genetic diversities of
hominin fossils (Chen et al., 2019; Liu et al., 2022; Bae and Wu, 2024; Fu
et al., 2025). As a crucial period along the pathway of human evolution,
the Middle Pleistocene climatic transition may be the underlying factor
behind human lineage diversification and hominin behavioral devel-
opment (Pearson, 2013; Ao et al., 2020; Yang et al., 2021; Qin and Sun,
2023). While global studies have advanced Pleistocene paleoclimatic
and paleoenvironmental reconstructions (Louys and Roberts, 2020;
Foerster et al., 2022; Gosling et al., 2022), direct ecological evidence
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linking hominin behavior to regional environmental variability remains
scarce in eastern Asia.

Stable isotope analysis provides quantitative geochemical data from
mammalian tooth enamel and has long been a powerful tool for recon-
structing paleoecology and paleoenvironments (Kohn and Cerling,
2002). A major benefit of analyzing mammalian tooth enamel is the
possibility of utilizing carbon and oxygen isotope records from the same
fossil collections in which hominin specimens or stone tools have been
found, yielding insights into climate and ecology at spatial scales
directly relevant to hominin environments. This is an advantage over
offsite sedimentary sequences, which have limited applicability for un-
derstanding ecology and environmental conditions at a local scale. As
one of the most commonly-used approaches, stable isotope analysis has
been widely applied in archaeological and paleontological sites in Asia
(Suraprasit et al., 2018; Ma et al., 2019a; Louys and Roberts, 2020;
Bacon et al., 2023). These methods have opened a new window on the
Quaternary climatic and environmental changes in Asia but simulta-
neously raised new questions regarding our incomplete knowledge of
the mammalian assemblage evolution and chronological framework. It
is regrettable that most isotopic analyses were carried out on a limited
number of often patchy Quaternary sites, a challenge that also affects the
discontinuous records of Chinese faunas (Zeitoun et al., 2023). So far,
this approach has never been directly applied to paleoecological study of
absolute-dated, human-bearing faunas with high-resolution age con-
straints in late Middle Pleistocene China, which has limited our under-
standing of the relationship between human evolution and
paleoenvironmental changes in eastern Asia.

The Hualongdong site (331-275 ka) offers a unique opportunity to
address this gap. Its well-dated deposits preserve the earliest Middle
Pleistocene hominins in East Asia with significant modern human fea-
tures documented in the regional fossil record, alongside diverse
mammalian fossils and stone tools (Wu et al., 2019; Liu and Wu, 2025).
The Hualongdong faunal assemblage, comprising 93 species, is broadly
comparable to the classic Ailuropoda-Stegodon fauna of southern China,
yet exhibits a transitional character marked by a mixture of northern
and southern taxa (Tong et al., 2018, 2025). In this study, we conducted
stable carbon and oxygen isotope analysis on mammalian fossils from
the Hualongdong fauna to investigate the habitats exploited by its
hominins. Additionally, we synthesized published isotopic data to pro-
vide a deeper understanding of the relationship between paleoecological
settings and hominin evolution in eastern Asia during the Middle
Pleistocene.

2. The principles of stable carbon and oxygen isotopes

Terrestrial vegetation is classified into three photosynthetic path-
ways: C3 (most trees, shrubs, herbs, and cool-season grasses), C4 (warm-
season grasses), and CAM (e.g. succulents), which yield distinct 53¢
values due to differences in carbon fixation biochemistry (Troughton
and Card, 1975; O’Leary, 1981; Farquhar et al., 1989). Modern C3 plants
exhibit an average 5'C value of —25 %o, whereas C plants average —13
%o (Bender, 1968; Smith and Epsten, 1971). Variability in plant 53¢
arises from environmental factors such as water use efficiency, canopy
density, and climatic conditions (van der Merwe and Medina, 1991;
Kohn, 2010). These isotopic signatures propagate through food webs,
resulting in a systematic enrichment during metabolic processing. In
mammalian tooth enamel, carbon isotope discrimination typically
ranges from 12 %o to 15 %o, relative to dietary sources, and is modulated
by trophic level, digestive physiology, and body size (Cerling and Harris,
1999; Passey et al., 2005; Tejada-Lara et al., 2018; Cerling et al., 2021).

The oxygen isotope composition (580) of bioapatite reflects the 580
of body water, which is primarily governed by ingested water and
secondarily by dietary structural oxygen (Bryant and Froelich, 1995;
Kohn et al., 1996). Regional precipitation §'80 exhibits spatiotemporal
heterogeneity, which is largely governed by temperature dependence at
mid-high latitudes and precipitation amount effects in monsoonal
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systems (Pederzani and Britton, 2019). In the East Asia monsoon region,
summer precipitation shows 5'®0 minima due to intense convective
rainfall, creating pronounced seasonal isotopic cycles in precipitation
5180 values (Dutton et al., 2005; Biasatti et al., 2010). Herbivore enamel
580 records these environmental signals but is further modulated by
dietary water resources; browsers consuming transpiration-enriched
foliage typically have higher §'80 values than grazers (Koch et al.,
1989; Quade et al., 1995). It should be noted that 5'80 values can vary
systematically between early- and late-forming teeth due to breast-
feeding and weaning practices (Wright and Schwarcz, 1998, 1999).

These environmental signals become encoded in incrementally
formed biological archives such as tooth enamel. Enamel bioapatite
largely preserves its original isotopic composition post-mineralization
(Suga, 1979; Hillson, 2005), enabling two analytical approaches: bulk
sampling, which provides a time-averaged isotopic signal, and serial
micro-sampling along the growth axis, which resolves seasonal-scale
variation (Kohn et al., 1998; Balasse, 2002; Blumenthal et al., 2014).
However, non-linear, layer-specific trajectories of enamel mineraliza-
tion complicate precise temporal resolution, necessitating careful
interpretation of isotopic sequences (Sharp and Cerling, 1998; Green
et al., 2018). Despite these complexities, serial 5'%0 data primarily track
seasonal cycles in precipitation, temperature, and humidity, while serial
5'3C data can reveal seasonal dietary shifts.

3. Materials and method
3.1. Site background, stratigraphy, and faunal assemblage

The Hualongdong site (30°06'34.1" N, 116°56'54.2" E, 40 m above
sea level, asl) is a karst cave located in Dongzhi County, Anhui Province,
China (Wuetal., 2019) (Fig. 1). This cave, developed in Upper Cambrian
limestone, contains a 5.5-m-thick sequence of poorly stratified archae-
ological deposits cemented by calcareous formations, which has yielded
an extensive assemblage of hominin fossils, stone tools, and mammalian
remains (Pei et al., 2022).

U-series dating of speleothems and fossil teeth constrains the primary
occupation phase to the late Middle Pleistocene, between 331 and 275
ka (Wu et al., 2019). Recent flowstone analyses indicate a more complex
depositional history, with an early phase of sedimentation earlier than
600 ka and a later phase from ca. 331 to 275 ka (Cai et al., 2025). This
complexity is underscored by the presence of a molar from Ailuropoda
wulingshanensis, a species typically found in late Early Pleistocene con-
texts, suggesting some stratigraphic mixing (Tong et al., 2025). Never-
theless, the overall biostratigraphic character and the evolutionary stage
of the carnivore guild strongly support a late Middle Pleistocene age for
the main assemblage (Tong et al., 2018, 2025; Jiangzuo et al., 2025).

The Hualongdong faunal assemblage comprises 93 mammalian
species from 27 families and is broadly comparable to the classic
Ailuropoda-Stegodon fauna of southern China. The dominant taxa include
Bos (Bibos) sp. and several cervids (Muntiacus sp., Cervus grayi, and Rusa
unicolor) (Tong et al., 2018, 2025). However, the fauna exhibits a
distinct ecological transitional character, incorporating typically
northern species such as Ursus arctos, Equus sp., Sus lydekkeri, and
Sinomegaceros sp., which here represent their southernmost known
occurrence in eastern China. These northern elements coexist with
classic southern, forest-adapted taxa like Ailuropoda baconi, Macaca sp.,
Neofelis nebulosa, Megatapirus augustus, and Arctonyx collaris rostratus.
This species composition indicates a mosaic habitat of forests and more
open environments.

Evidence for hominin activity at Hualongdong is multifaceted. More
than a decade of excavations has uncovered over 50 human fossils
(including one well-preserved skull), stone tools, and other traces of
human activity (Liu and Wu, 2025; Pei et al., 2025). A thorough taph-
onomic study reveals that cervid and bovid astragali bear anthropogenic
cut and chopping marks, alongside carnivore tooth marks and rodent
gnawing traces, suggesting the involvement of multiple agents in the
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Fig. 1. Site overview of Hualongdong (HLD), Anhui Province, China. (a) Regional map showing the geographic position of the site (Wu et al., 2019). (b) Aerial view
of the Hualongdong cave entrance and surrounding topography. (c) Longitudinal stratigraphic section of the deposits, showing the in situ location of the human skull
(Wu et al., 2019). (d) Photographs of representative hominin fossils excavated from the site (Liu and Wu, 2025).

accumulation and modification of the bone assemblage (S. Liu et al.,
2025). Analysis of large bovid dental fossils suggests that Hualongdong
hominins employed flexible hunting strategies, potentially including a
combination of ambush and endurance hunting, with a possible focus on
juvenile individuals (B. Liu et al., 2025).

In summary, despite indications of limited stratigraphic mixing, the
primary Hualongdong assemblage represents a well-dated and rich re-
cord of late Middle Pleistocene hominin occupation and its associated
fauna. The evidence points to a mosaic ecosystem and offers crucial
insights into hominin subsistence behavior in eastern Asia during this
key period.

3.2. Sampling strategy

In this study, forty tooth enamel specimens from 11 mammalian taxa
were analyzed, including Bos (Bibos) sp. (n = 6), Bubalus sp. (n = 1),
Cervus grayi (n = 6), Muntiacus sp. (n = 4), Sus sp. (n = 5), Rhinocer-
otidae indet. (n = 6), Stegodon orientalis (n = 2), Ailuropoda melanoleuca
baconi (n = 3), Macaca sp. (n = 4), Crocuta sp. (n = 2), and Pachycrocuta
sp. (n = 1). Among the 40 teeth, we conducted serial sampling on four
M2/3 M of Bos (Bibos) sp. and four M2/3 M of Cervus grayi as these tooth
positions minimize breastfeeding and weaning effects, generating 66
samples. Combined with bulk-sampled specimens, a total of 98 enamel
samples were analyzed for their carbon and oxygen isotopic composi-
tion. Here, a specimen refers to an individual tooth, while a sample
denotes a discrete portion of enamel powder prepared for isotopic
analysis (including both bulk and serial samplings). Additionally, 12
other tooth specimens from Ursidae (data for which were recently
published; Ma et al., 2025), were included to obtain a complete paleo-
ecology: A. m. baconi (n = 5), Ursus thibetanus (n = 4), and Ursus arctos
(n = 3).

3.3. Bioapatite preparation and stable isotopic analysis

All samples were pretreated at the Institute of Vertebrate Paleon-
tology and Paleoanthropology, Chinese Academy of Sciences (IVPP,
CAS). First, the teeth were cleaned by removing a very thin (~0.1 mm)

outer enamel layer using a diamond-tipped dental drill. For bulk sam-
pling, enamel powder was collected across the entire tooth height to
obtain an average isotopic value. For serial sampling, each sample was
obtained by drilling a 1-2 mm-wide groove nearly perpendicular to the
tooth growth axis, penetrating through the full enamel thickness at ca.
1-2 mm intervals. Approximately 12-15 mg of enamel powder was
collected per sample in 1.5 mL centrifuge tubes.

All enamel powder samples were then pretreated with 2.5 % NaOCl
followed by 1 M acetic acid (Bocherens et al., 1996; Ambrose et al.,
1997). Aliquots of 3-5 mg were then analyzed at the Laboratory for
Stable Isotope Geochemistry, Institute of Geology and Geophysics,
Chinese Academy of Sciences using a MAT 253 IRMS coupled with a
Gasbench unit. International standards (IAEA CO-8, NBS-19) were
included in each run to establish a calibration curve. The in-house
standard GBWO04405 (limestone) and sample replicates were also
analyzed to monitor measurement uncertainty. Carbon and oxygen
isotope results were reported as §'3C and 5'80 values relative to VPDB.
Analytical precision, based on IAEA CO-8, NBS-19, and GBW04405, was
better than +0.15 %o (5-°C) and 0.20 %o (5'80).

3.4. Data processing and statistical analysis

The carbon isotope enrichment factor (&*giet-bioapatite) in mammals
typically ranges between 12 %o and 15 %o, due to interspecific differ-
ences in foraging strategies, digestive physiology, and body mass
(Cerling and Harris, 1999; Passey et al., 2005; Tejada-Lara et al., 2018;
Cerling et al., 2021). In this study, we employed species-specific
enrichment factors based on digestive fermentation types (foregut vs.
hindgut fermenters) using body mass (BM, kg)-calibrated formulae
proposed by Tejada-Lara et al. (2018), aligning with regional stan-
dardization protocols for Quaternary eastern Asia (Bacon et al., 2021,
2023; Suraprasit et al., 2024). The calculation formulae are as follows:

General : £* g, _bioapatite = e**++0-034(1nBM)

Foregut fermenter : £* giet_bioapatire = €=+ 1*-0>11BM)
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Hindgut fermenter : & ier_bioapatite = €+ -032118M)

Given the physiological incompatibility of direct &*giet-bioapatite Cal-
culations for carnivores, we adopted the carnivore-herbivore enamel
53¢ spacing value of 1.3 %o (Clementz et al., 2009). This offset was
applied to carnivore 5'3C values to reconstruct prey bioapatite 5'3C,
which was subsequently converted to environmental §'3C using the
general formulae (Tejada-Lara et al., 2018). For ursids (except giant
pandas), neither standard herbivore formulae nor carnivore proxy
methods were applicable due to their omnivore physiology and lack of
strict trophic specialization. We therefore used a &* gier.bioapatite value of
13.3 %o derived from suid studies (Passey et al., 2005; Bacon et al.,
2021), selected as the most physiologically analogous omnivore refer-
ence. For the giant panda (Ailuropoda sp.), a specialized &*giet-bioapatite
value of 10 %o was adopted based on controlled modern feeding ex-
periments (Han et al., 2016).

After correction, we interpreted mammalian habitats using 5"3Ciet
thresholds commonly applied in recent Southeast Asian studies (Kohn,
2010; Tejada et al., 2020; Bacon et al., 2021; Suraprasit et al., 2024):
5'3Cgier < —27.2 %o for closed-canopy forests; —27.2 %o to —21.3 %o for
intermediate rainforests/woodlands; —21.3 %o to —15.3 %o for inter-
mediate area between open forests and savanna; and > —15.3 %o for
open savanna.

Statistical analyses were performed using R version 4.5.1 (R Core
Team, 2025). Pairwise comparisons were conducted using
Mann-Whitney U tests with Bonferroni correction for multiple compar-
isons. Data visualizations were generated using Microsoft Excel, R with
ggplot2 (Wickham, 2011) and ggpubr (Kassambara, 2020) packages,
and QGIS 3.34 (QGIS Development Team, 2024).

4. Results and interpretations
4.1. Bulk carbon and oxygen isotope results

Stable carbon and oxygen isotope analysis was performed on 52
tooth specimens from Hualongdong. The measured 5'3C values range
from —18.8 %o to —7.0 %o, and §'%0 values span from —10.1 %o to —5.5
%o (Fig. 2, Table S1). After applying species-specific fractionation fac-
tors, the calculated §'3Cgie values (—30.8 %o to —20.9 %) indicate that
the entire herbivore community relied on Cs-based diets, consistent with
foraging in closed-canopy forests to intermediate rainforests and
woodlands (Kohn, 2010; Tejada et al., 2020; Bacon et al., 2021). The
total range of enamel 5'%0 values (ca. 5 %o) signifies diverse water
sources and physiological adaptations among the taxa.

Among the herbivores, Bos (Bibos) sp. specimens exhibit the highest
mean §'3Cgie values (—25.8 + 3.4 %o, n = 6) and substantial isotopic

® Bubalus sp. m Cervus grayi
Rhinocerotidae indet. ® Stegodon orientalis

Qa " Bos (Bibos) sp.
Muntiacus sp.
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variability (—30.8 %o to —21.5 %o), indicating considerable ecological
flexibility across forest-woodland gradients. Two out of the six in-
dividuals have 6'3Cgie; values higher than —23.0 %o (Kohn, 2010), sug-
gesting minor C4 grass consumption. Their 580 values range from —8.6
%o to —6.3 %o (mean = —7.3 + 0.9 %o), indicating varied water resources.
Pleistocene Asian large bovids consistently display such ecological
plasticity (Suraprasit et al., 2018; Bacon et al., 2021, 2023; Shaikh et al.,
2025). One Bubalus sp. specimen (6"3Cgiet = —30.1 %o, 5'%0 = —8.3 %o)
falls within the lower ends of the Bos (Bibos) sp. ranges, with more
negative isotopic values consistent with the ecology of buffalo in
water-abundant, closed-canopy habitats.

Cervus grayi specimens display the second-highest mean §'3Cyer
values (—26.5 + 1.9 %o, n = 6), with a wide range of 5'80 values (—7.0
+ 1.3 %o), suggesting a mixed-feeding ecology and diverse water re-
sources from both foliage and meteoric water. In contrast, Muntiacus sp.
shows lower 6'3Cgie¢ values (—27.1 = 1.7 %o, nn = 4), supporting a forest-
specialized foraging ecology consistent with fossil and modern ana-
logues (Hemami et al., 2004; MacCullough et al., 2009; Bacon et al.,
2021). Their 6'%0 values (=7.6 = 1.0 %) are slightly lower than those of
Bos (Bibos) sp. and C. grayi specimens, possibly because small Muntiacus
sp. foraged under denser canopy, whereas the larger taxa could access
vegetation from more open habitats or from higher canopy strata.

Rhinocerotidae indet. specimens (Dicerorhinus sumatrensis/Stepha-
norhinus sp.; Tong et al., 2018, 2025) exhibit a mean 5'3Cgier values of
—28.2 4+ 0.6 %o (n = 6), whereas the two Stegodon orientalis specimens
have 513Cdiet values of —30.0 %o and —29.7 %o; both taxa show similar
580 values (approximately —7.2 %o), implying forest-dwelling habitats
and similar water resources. This aligns with browsing preferences of the
extant Sumatran rhinoceros (Louys, 2008; Ahrestani et al., 2016) and
fossil Stegodon and Stephanorhinus (Ma et al., 2019a; Stefaniak et al.,
2021).

Sus sp. displays intermediate 5'3Cgier values (—26.9 = 0.8 %o, n = 5)
but notably low 5180 values (—8.8 £ 1.0 %o). A similar pattern observed
at the Middle Pleistocene Yugongdong in Guangxi, China (Sun et al.,
2019) may reflect substantial meteoric water consumption and/or
preferential use of 80-depleted resources, such as underground plant
parts or animal proteins (Sternberg, 1989; Yakir, 1992). Macaca sp.
shows 513Cdiet and 680 values of —26.7 + 0.6 %o and —7.7 & 0.3 %o (n =
4), respectively, with the narrowest isotopic ranges among mammalian
taxa with more than three specimens, indicating a specialized ecological
niche, likely at forest edges.

Hyaenids exhibit clustered 613Cyier values, with two Crocuta sp.
specimens at —29.4 %o and —28.4 %0 and one Pachycrocuta sp. specimen
at —29.5 %o, consistent with predation on forest-dwelling herbivores
such as cervids. Their low 6'%0 values (<—8.0 %o) likely derive from 180.

m Bubalus sp. m Cervus grayi
Rhinocerotidae indet. # Stegodon orientalis

b = Bos (Bibos) sp.
Muntiacus sp.

® Sus sp. x Crocuta sp. X Pachycrocuta sp. ® Sus sp. x Crocuta sp. x Pachycrocuta sp.
* Macaca sp. A Ailuropoda baconi Ursus thibetanus x Macaca sp. A Ailuropoda baconi A Ursus thibetanus
A Ursus arctos A Ursus arctos
-5 -5
A [ ] . ]
-6 ] " 6 r ]
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Fig. 2. Carbon and oxygen isotopic composition of mammalian fossils from Hualongdong. (a) 5'3C and 5'®0 values measured from tooth enamel. (b) Reconstructed
5'3Cgier and 880 values with ecological divisions (Kohn, 2010; Tejada et al., 2020; Bacon et al., 2021) (closed-canopy forests: 5'3Cgier<—27.2 %o; intermediate
rainforests/woodlands: §'3Cgje; > —27.2 %o and < —21.3 %o). Data for 12 ursids specimens were sourced from Ma et al. (2025). For Bos (Bibos) sp. and Cervus grayi,

bulk samples and the mean values of each serial sample are all included.
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depleted animal tissues (Sponheimer and Lee-Thorp, 1999, 2001).

Giant panda (A. m. baconi) specimens yield the lowest §'3C values
(—17.9 £ 0.7 %o, n = 8) but the highest 580 values (—6.7 + 0.6 %o).
Applying a taxon-specific fractionation factor (10 %o; Han et al., 2016;
Tejada-Lara et al., 2018), the resulting 5'3Cgier values (—27.9 % 0.7 %o)
are similar to those of Ursus thibetanus specimens (—27.8 &+ 0.7 %o, n =
4), suggesting both species occupied closed forests. However, the wide
range of 5'%0 values in U. thibetanus (—8.3 + 1.1 %o) suggests greater
dietary diversity. The high 5'®0 values in A. m. baconi possibly indicate
dependence on plant-derived water (Ma et al., 2025). The Hualongdong
panda data align with those from Early Pleistocene southern Chinese
sites (e.g., Yanliang Cave, Longgu Cave, and Gigantopithecus Cave),
indicating potential ecological conservation of panda during the Pleis-
tocene (Stacklyn et al., 2017; Jiang et al., 2021). Ursus arctos specimens
exhibit the highest 5'3Cgier values (—23.1 + 1.9 %o, n = 3; Ma et al.,
2025), indicating woodland habitat use. Their low §'0 values resemble
those of Hyaenids, reflecting a carnivorous feeding ecology (Sponheimer
and Lee-Thorp, 1999, 2001).

In summary, the 5'3Cgiet values of these taxa reflect a wide spectrum
of dietary ecology: Bos (Bibos) sp. and U. arctos occupied the most open
environments, whereas Muntiacus sp., Rhinocerotidae indet., A. m.
baconi, and Stegodon orientalis inhabited closed canopy areas. A clear
spatial spectrum is also evident in 5'80 values: taxa with the highest
5180 values (e.g., A. m. baconi, Bos (Bibos) sp.) likely foraged in open
habitats or accessed canopy-top vegetation, both of which are associated
with '80-enriched water sources due to high evaporation. In contrast,
species with the lowest 50 values (e.g., Sus sp., Hyaenids, U. arctos)
consistently obtained water either from '®0-depleted sources, such as
underground plant tissues, or from prey body fluids.

4.2. Serial isotopic analysis

The serial isotopic profiles of the eight specimens examined in this
study are summarized in Table 1 and displayed in Fig. 3. The four Bos
(Bibos) sp. specimens exhibit intra-tooth 5*>C variations of 1.6-2.4 %o
and 580 variations of 0.2-2.5 %o. An inverse correlation between §'2C
and 5'%0 values is observed in three out of four specimens (H1-01: r =
—0.5,p = 0.05; H1-89: r = —0.7, p = 0.01; H1-03: r = —0.5, p > 0.05).
Based on an enamel growth rate ca. 40 mm yr~! derived from bison
(Fricke and O’Neil, 1996), these variations enable sub-annual re-
constructions of the species’ ecology and of paleoclimatic and paleo-
environmental seasonality.

The four C. grayi specimens showed smaller variations (5'3C: 0.7-1.8
%o; 5-50: 0.7-1.9 %) than the Bos (Bibos) sp. individuals (Table 1), which
may be partially attributable to their shorter available tooth crown
heights. In arid environments, smaller ungulates often exhibit larger
isotopic variations and are considered better indicators of local sea-
sonality than large obligate drinkers (Roberts et al., 2018; Ma et al.,
2024). However, at Hualongdong, C. grayi exhibits weaker isotopic
seasonality than sympatric Bos (Bibos) sp. This pattern is in contrast with
observations from arid regions and suggests inhabitation of dense forests
with attenuated seasonal fluctuations. The inverse §°C-5'%0 relation-
ship occurred only in H1-07 (r = —0.9, p = 0.03). The isotopic variation
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among the four C. grayi individuals indicates the ecological flexibility of
this taxon.

As outlined in Section 2, isotopic variations in hypsodont teeth can
preserve sub-annual climatic signals. Consistent with this principle,
modern precipitation near Hualongdong (Nanjing/Wuhan) exhibits an
annual 5'%0 range of ca. 8 %o, with the lowest values occurring in July
during peak rainfall (Fig. 4). Although physiological processes and
sampling constraints attenuate the recorded amplitude in Bos (Bibos) sp.
enamel to <2.5 %o, two specimens (H1-01 and H1-89) display sinusoidal
5180 profiles that closely mirror this precipitation seasonality (Fig. 3).
This suggests that these individuals were possibly non-migratory and
accurately recorded local hydrologic seasonality. In contrast, the
dampened 5'80 variations in the other two individuals may reflect
ingestion of buffered water sources, such as lakes, rivers, or ground-
water, or possible migratory behavior, which could integrate water
sources from multiple locations (Pederzani and Britton, 2019). Although
the intra-tooth 5'%0 variations of the C. grayi specimens are smaller than
those of Bos (Bibos) sp., their profiles still exhibit systematic directional
trends, such as monotonic increase or decrease, that correspond to
partial segments of the seasonal precipitation cycle, indicating preser-
vation of sub-annual climatic seasonality.

Furthermore, the observed inverse correlations between §'°C and
580 values align with the expected pattern under the East Asia Summer
Monsoon (EASM). Enhanced summer precipitation simultaneously
induced §'®0 depletion while promoted C4 plant growth, leading to
seasonal dietary shifts that generate such negative correlations (Higgins
and MacFadden, 2004; Yang Wang et al., 2008; Biasatti et al., 2010;
Yang et al., 2012; Ciner et al., 2015). Therefore, these correlations
observed in Bos (Bibos) sp. and C. grayi specimens confirm EASM influ-
ence and localized C4 plant distribution in Hualongdong (Biasatti et al.,
2010; Ma et al., 2024). The summer monsoon inferred from the serial
samples was consistent with other paleoclimatic proxies (Yongjin Wang
et al., 2008).

Notably, specimen H1-04 exhibits the smallest intra-tooth isotopic
variations (5136: —7.5 %o to —5.9 %o; 51%0: —6.4 %o to —6.2 %o) and no
inverse correlation. Its high mean 50 value implies reliance on
distinctive water resources, potentially indicative of migratory behavior
(Robertsetal., 2018; Ma et al., 2024). Crucially, its 53¢ profile indicates
year-round availability of C4 grasses at Hualongdong, whereas other
specimens consumed predominantly Cs plants annually. This further
underscores the ecological flexibility of Bos (Bibos) sp. and reinforces the
finding of a mosaic environment at this site.

In summary, stable isotope evidence from the Hualongdong
mammalian fauna indicates a mosaic ecosystem of C3-dominated closed
forests and woodlands, with localized C4 vegetation sustained by the
EASM. This study provides a detailed paleoecological and climatic
context for the Hualongdong hominins, who inhabited this diverse,
monsoon-influenced landscape.

Table 1

Summary of the serial isotopic results.
LabNo  Taxon Tooth position ~ Sample amounts  5'3C 5'%0 R

Mean/%o Min/%o Max/%o Range/%o Mean/%o Min/%o Max/%o Range/%o

H1-01 Bos (Bibos) sp. M3 15 -16.3 -17.2 —14.8 2.4 —6.8 —8.2 -5.7 2.5 —0.5
H1-03 Bos (Bibos) sp. m3 11 -11.8 -12.7 -10.5 2.2 —-8.6 -9.2 -7.8 1.4 —0.5
H1-04 Bos (Bibos) sp. m3 8 -7 -7.5 -5.9 1.6 —6.3 —6.4 —6.2 0.2 0.3
H1-89 Bos (Bibos) sp. m2 12 -12.6 -13.5 -11.4 21 —6.7 -7.4 —6.1 1.3 —0.7
H1-06 Cervus grayi m3 4 —-14.6 -15 -14 1 -7.4 -8.1 —6.2 1.9 0.7
H1-07 Cervus grayi M2 5 -12.9 -13.9 —-12.1 1.8 —6.1 —6.9 -5.3 1.6 —0.9
H1-87 Cervus grayi m3 5 -10.3 -10.8 -9.7 1.1 —5.5 -5.8 —5.1 0.7 0.5
H1-88 Cervus grayi m3 6 —-12.3 -12.6 -11.9 0.7 —7.4 -8 —6.9 1.1 -0.1
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Table 2
Pairwise comparisons of §'>Cg;e; values among Middle Pleistocene eastern Asian sites.
Quzai” Baxian Coc Cobra Yugongdong  Hualongdong  Pha Tham Wiman Khok Zhoukoudian
Cave Cave Muoi Cave Bong Nakin Sung
Baxian Cave™*
Coc Muoi®
Cobra Cave® o el el
Yugongdong® *
Hualongdong"# **x
Pha Bong"" sk . . . sk o
Tham Wiman Nakinh) ek ek dedkk * ¥k ek ek
i
Khok Sung”“ ok ko ko P e s
Zhoukoudian' sk ok sk sk ek ek sk
Trinil™" *kk kK *kk *kk *% *k

Values represent adjusted p-values from Mann-Whitney U tests with Bonferroni correction. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001. Empty cells
indicate non-significant differences (p > 0.05). Complete pairwise p-values are provided in Supplementary Table S3.

References.
& Ma et al. (2019).
b Ma et al. (2017).
¢ Sun et al. (2019).
d Bacon et al. (2021).
€ Bacon et al. (2023).
f This study.
8 Ma et al. (2025).
h Bocherens et al. (2017).
i Suraprasit et al. (2020).
J Pushkina et al. (2010).
k Suraprasit et al. (2018).
! Gaboardi et al. (2005).
™ Janssen et al. (2016).
" Puspaningrum et al. (2020).

5. Discussion

5.1. Paleoenvironmental heterogeneity across Middle Pleistocene
(774—129 ka) eastern Asia

Growing mammalian isotopic datasets offer a powerful tool for
quantitative paleoenvironmental reconstruction and comparison.
Eleven Middle Pleistocene sites in eastern Asia provide suitable enamel
5'3C and 580 values for a detailed assessment (Table S2). The following
discussion utilizes 513Cdiet values corrected using taxon-specific frac-
tionation factors (Section 3.4, Table S2). While analytical protocol dif-
ferences across different laboratories may introduce minor biases
(Passey et al., 2007; Snoeck and Pellegrini, 2015; Pellegrini and Snoeck,
2016), these are likely negligible in broader-scale comparisons of large
datasets (Jiang et al., 2020).

Fig. 5 compiles mammalian stable isotopic data from eleven eastern
Asian sites (see map in Fig. 6), including Hualongdong, Baxian Cave,
Quzai Cave, Yugongdong, Khok Sung, Pha Bong, Tham Wiman Nakin,
Cobra Cave, Coc Muoi, Zhoukoudian and Trinil. To ensure robust
comparisons, we focus on sites with comprehensive large-mammal
datasets; localities with limited taxa or samples (Wang et al., 2007; Li
et al., 2017) were excluded.

The 6'3Cgiet values of Zhoukoudian fauna (layers 3-13 in Locality 1,
ca. 720-470 ka) differ significantly from most of these sites (Table 2, S3)
(Gaboardi et al., 2005). Unlike the Cz-dominated ecosystems of South
China, the 5'3Cgie values of the Zhoukoudian fauna (—23.0 % 3.8 %o,
—27.8 %o to —15.4 %o, n = 53) indicate intermediate woodlands with
mixed C3/Cy4 vegetation. The wide 580 range (—13.5 %o to —0.7 %o) at
Zhoukoudian may reflect temporal disparities across sampled strati-
graphic layers. In contrast to the semi-open landscapes of North China,
the H. erectus-bearing Trinil site in Java (540-430 ka) exhibits the
highest 5'%Cyie; values (—14.7 £ 2.7 %o, —26.0 %o to —10.6 %o, n = 55),
suggesting a savanna-like environment characterized by extensive Cy4
grasslands interspersed with patches of intermediate forests/woodlands
(Joordens et al., 2015; Janssen et al., 2016; Puspaningrum et al., 2020).

For the three Guangxi sites, no statistical differences were observed
in 8'3Cgier and 5'%0 values (Tables 2 and 3, S3, S4) (Ma et al., 2017,
2019a; Sun et al., 2019). Based on artiodactyls and Rhinoceros biostra-
tigraphy, Yugongdong (Gongjishan) dates to the late Middle Pleistocene
(no younger than early Late Pleistocene) (Dong et al., 2014; Yan et al.,
2023). The faunal assemblages at Baxian and Quzai caves resemble
those at Zhiren Cave (ca. 110 ka; Jin et al., 2009), leading to their initial
classification as early Late Pleistocene in previous studies (Ma et al.,
2017, 2019a; Sun et al., 2019; Yan et al., 2023). However, Ge et al.
(2020) suggest Zhiren Cave may be older (190-130 ka). Recent
multi-method dating constrained the Guangxi cave ages: we adopted
these absolute dates while pending future refinements through inte-
grated faunal, anthropological, and chronological studies (Yingqi Zhang
et al., 2024). Yugongdong dates to ca. 252-200 ka, slightly earlier than
both Quzai (214-187 ka) and Baxian (200-143 ka) caves (Yingqi Zhang
et al., 2024). The similarly low 5'3Cgie; values at Yugongdong (—28.2 +
2.6 %o, n = 29), Quzai (—28.8 + 2.6 %o, n = 40), and Baxian Caves
(—29.1 £ 2.1 %o, n = 57) indicate the presence of closed-canopy forests
in southwestern China, with no significant temporal variations.

Hualongdong (331-275 ka) predates these Guangxi sites. The mean
5'3Cgier values of the Hualongdong fauna (—27.2 4 2.1 %o, —30.8 %o to
—20.9 %o, n = 52) are significantly higher than those at Baxian Cave, and
slightly higher than those from Yugongdong and Quzai Cave (Table 2,
$3). Additionally, the minimum 513Cdiet value at Hualongdong (—30.8
%o) is higher than the values recorded at three Guangxi sites (all <
—33.0 %o). These findings suggest that the forests in Guangxi were
characterized by denser canopy cover compared to Hualongdong (Ma
et al., 2017, 2019a; Sun et al., 2019). This indicates that while south
China generally supported closed-canopy forests with minor C4 com-
ponents, Hualongdong (east-central China) exhibited slightly more open
landscapes than Guangxi (southwest China). These differences are not
attributable to altitude, as all four sites are at low elevations (<200 m
asl).

Coc Muoi mammals (148-117 ka, northern Vietnam) show 513Cdiet
(—28.3 + 2.3 %o, n = 84) and 6'®0 (6.2 £ 1.2 %0) values (Bacon et al.,
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Fig. 3. Serial isotopic profiles of the Bos (Bibos) sp. (a) and Cervus grayi (b) specimens in this study.(Lines represent LOESS smooths (span = 0.75) with shaded areas
indicating 95 % confidence intervals.).
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Fig. 5. 5'3Cyier and 680 values of eleven sites in eastern Asia during the Middle Pleistocene (774—129 ka) (Site abbreviations and their ages are as follows:
Zhoukoudian (ZKD), ca. 720-470 ka; Hualongdong (HLD), 331-275 ka; Baxian Cave (BX), 200-143 ka; Quzai Cave (QZ), 214-187 ka; Yugongdong (YG), 252-200
ka; Coc Muoi (CM), 148-117 ka; Cobra Cave (CB), 164-131 ka; Pha Bong (PB), 400-200 ka; Tham Wiman Nakin (TWN), >169 ka; Khok Sung (KS), 217-130 ka;
Trinil (TR), 540-430 ka). The raw data, comprising 563 isotopic values (derived from bulk samples for non-serially sampled teeth and from the mean of serial
samples for serially sampled teeth), are provided in Table S2. Data resources are like the same as in Table 2. For the violin plots, the width of the “violin” at a
particular value reflects the data density at that point. For the error bars, the red points are the mean values of each dataset, and the error bars indicate the standard
deviations.). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2021) resembling those of Guangxi sites at the same latitude (Figs. 5 and
6; Tables 2 and 3, S3, S4), indicating an environment dominated by
closed-canopy forests under warmer and more humid climatic condi-
tions. Conversely, Cobra Cave (164-131 ka, Laos) exhibits broad 613Cdiet
variations (—25.0 & 4.7 %o, —31.5 %o to —11.8 %o, n = 52), reflecting
mixed forested-open landscapes (Bacon et al., 2023). Its 513Cdiet values
are significantly higher than Guangxi sites and Coc Muoi, suggesting a
more open environment, potentially influenced by higher elevation
(1116 m asl) (Bacon et al., 2023).

Three sites from Thailand display wide 5'3Cgiet ranges (Pushkina
et al.,, 2010; Bocherens et al., 2017; Suraprasit et al., 2018, 2020)
without inter-site differences (Fig. 5, Table 2, S3). Their 513Cdiet values
are significantly higher than most other sites (Fig. 5, Table 2, S3),
indicating the existence of the C4 grasslands. Khok Sung (217 or 130 ka,
Duval et al. (2019)) and Tham Wiman Nakin (>169 ka) may be partially
contemporaneous, while Pha Bong dates to 400-200 ka based on faunal

composition, mainly the presence of Gigantopithecus (Suraprasit et al.,
2020). Furthermore, the distinct landscapes of Thailand, Vietnam, and
Laos underscore the regional diversity within Mainland Southeast Asia.

The regional oxygen isotope data reveal statistically significant
patterns that align with and enhance the dietary evidence from carbon
isotopes. A distinct aridity cluster is evident, comprising the Thai sites
(Pha Bong, —4.1 + 1.5 %o, n = 61; Khok Sung, —5.2 &+ 1.6 %o, n = 41;
Tham Wiman Nakin, —5.9 £ 1.9 %o, n = 39) and Javan Trinil (—4.9 +
1.4 %o, n = 55), which consistently exhibit the highest 5'0 values. This
is coupled with their significantly high §'3Cgiec values, robustly indi-
cating open, arid environments where intense evaporation and C4
grassland expansion co-occurred (Fig. 5). Conversely, Hualongdong
forms a distinct humid cluster, characterized by the region’s lowest §'0
values (—7.6 £ 1.1 %o), alongside a clear Cg dietary signal (Table 3, S4).
The 680 differences between Hualongdong and other southern sites
(mean 5'%0 values of Guangxi sites, Coc Muoi, and Cobra Cave range


https://nucleus.iaea.org/wiser/index.aspx
https://nucleus.iaea.org/wiser/index.aspx

J. Ma et al.

Quaternary Science Reviews 373 (2026) 109746

® C;, no Homo
A C;C,, Homo
® C;C,4 no Ho
C,4, Homo
ﬁ A NA, Homo
@® NA, no Homo

Fig. 6. Map of the Middle Pleistocene (774-129 ka) sites in eastern Asia The sites in the Chongzuo area of Guangxi province are marked with numbers. 1: Baxian
Cave, Yugongdong, Quzai Cave; 2: Hejiang Cave; 3: Zhiren Cave; 4: Black Cave. The sites are depicted using different colors and symbols according to their ecological
types, as inferred from §'3Cg;ec values (Methods) and the presence of hominin fossils and/or artefacts (triangles indicate hominin presence while circles indicate
absence). NA indicates the absence of carbon isotopic data. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)

from —6.8 %o to —6.2 %o) likely reflect its higher latitude and cooler
temperature, consistent with modern climate gradients (weather.cma.
cn). The high variability of 50 values at Zhoukoudian remains
consistent with its complex, long-term depositional history.

Among these eleven sites, serial isotopic data are available from
Yugongdong, Baxian Cave, Hualongdong, and Khok Sung (Suraprasit
et al,, 2018; Ma et al., 2019b; Sun et al., 2019; this study), where
different taxa were analyzed in these sites. Overall, annual 53Cand 5'%0
variations are limited (mean ranges <3 %), suggesting limited

seasonality in subtropical Asia. Inverse 5'3C-5'%0 relationships occur in
3 out of 7 Baxian, 5 out of 11 Yugongdong, and 4 out of 8 Hualongdong
tooth specimens, indicating the influence of the EASM and the presence
of seasonal C4 plants as aforementioned (Biasatti et al., 2010; Ciner
et al., 2015; Ma et al., 2023) (Table S5). The absence of this pattern at
Khok Sung (n = 3) (Suraprasit et al., 2018) may reflect different pre-
cipitation regimes and vegetation dynamic in Thailand.

Overall, comparative analyses of mammalian enamel stable isotopes
across eastern Asia during the Middle Pleistocene reveal distinct
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Table 3

Pairwise comparisons of §'%0 values among Middle Pleistocene eastern Asian sites.
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Values represent adjusted p-values from Mann-Whitney U tests with Bonferroni correction. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001. Empty cells
indicate non-significant differences (p > 0.05). Complete pairwise p-values are provided in Supplementary Table S4. The references are the same with Table 2.

regional paleoenvironmental patterns: north China, east-central China,
and southwestern China, as well as the distinct regions of mainland
Southeast Asia and Java each exhibit unique ecological signatures. This
broad paleoenvironmental heterogeneity across Middle Pleistocene
eastern Asia is attributed to the combined effects of global climate
fluctuations and regional factors, such as the East Asian Monsoon dy-
namics and complex topography. Notably, despite sharing the charac-
teristic Ailuropoda-Stegodon faunal assemblage (Yijing Zhang et al.,
2024), South China and Southeast Asia displayed remarkable paleo-
environmental complexity and diversity, highlighting ecological vari-
ability in subtropical eastern Asia and the need for stable isotope
analyses for detailed paleoecological reconstruction.

5.2. Implication for hominin evolution in eastern Asia

The paleoenvironmental heterogeneity across Middle Pleistocene
eastern Asia—encompassing C3/C4 mixed woodlands in North China,
closed-canopy forests in South China, fragmented forests and grasslands
in mainland Southeast Asia, and arid savannas in Java—provides a
critical ecological framework for interpreting coeval hominin distribu-
tion, adaptation, and evolution. Middle Pleistocene hominins in eastern
Asia occupied remarkably diverse settings, from closed forests to open
grasslands, a pattern that aligns with evidence for hominin adaptive
radiation into diverse biomes (Zeller et al., 2023; Foister et al., 2024).
While large-scale paleoenvironmental analyses have thoroughly
explored links between Middle Pleistocene climatic variability and
hominin diversity (Ao et al., 2020), this study offers direct mammalian
faunal isotopic evidence together with hominin-related remains to refine
these relationships.

Among the analyzed sites, Zhoukoudian (north China) and Trinil
(Java) yield definitive H. erectus fossils associated with mixed C3/C4
vegetation (Gaboardi et al., 2005; Janssen et al., 2016; Puspaningrum
et al., 2020). Although these landscapes differed ecologically from their
African counterparts, where C4 grassland often dominates (Bocherens
et al., 1996; Cerling et al., 2013), their structural openness may have
served as ecological templates facilitating population occupation and
dispersal.

Of the nine sites in subtropical eastern Asia analyzed, six potentially
preserve hominin fossils, though only Hualongdong and Cobra Cave
have formally published fossil records. Cobra Cave (northern Laos,
164—131 ka) exhibits higher 5'3Cgier values than sites in China and
Vietnam, indicating more open environments. A Denisovan molar from
this site (Demeter et al., 2022), alternatively attributed to H. juluensis
(Bae and Wu, 2024), exhibits a 5'3C value consistent with exploitation of
open habitats (Bacon et al., 2023). A tooth of Homo sp. has also been
recovered from Tham Wiman Nakin alongside the mammal assemblage,
though its significance remains underexplored (Tougard et al., 1998;
Bae, 2010). Notably, while no definitive hominin fossils have been
identified at the Middle Pleistocene Thai sites, their open environmental

10

settings suggest that such open landscapes may have served as a po-
tential corridor for hominin migration.

In southern China, hominin fossils from three Guangxi
sites—Yugongdong (252-200 ka), Quzai Cave (214-187 ka), Baxian
Cave (200-143 ka)—have been tentatively attributed to H. sapiens in
preliminary reports (Dong et al., 2014; Ma et al., 2019a; Sun et al.,
2019). Pending full publication of these materials, the region offers
robust evidence from other, well-documented sites for the presence of
early modern humans. Notably, Zhiren Cave (or H. sapiens Cave, 110 ka
or 190-130 ka) preserves the earliest modern human fossils with derived
morphological traits (Jin et al., 2009; Liu et al., 2010; Ge et al., 2020),
and Daoxian has yielded 47 H. sapiens teeth with fully modern
morphology dated to 80-120 ka (Liu et al., 2015). Although direct iso-
topic data are unavailable for Zhiren Cave and Daoxian, the C3-domi-
nated 513Cdiet values from the Guangxi sites may provide insights into
the closed-canopy forested environments of southern China during the
late Middle to early Late Pleistocene. This ecological context could imply
an early capacity for adaptation to forested habitats among the human
populations of this region.

Hualongdong has yielded over 50 human fossil elements, including
the Hualongdong 6 adolescent skull and mandible, cranial pieces, iso-
lated teeth, and femoral diaphyseal sections (Wu et al., 2019, 2021,
2025; Xing et al., 2021). Morphological analyses reveal mosaic features:
the second molar and the frontal bone retain traits common in H. erectus,
while the femoral elements exhibit a combination of archaic and derived
characteristics (Liu and Wu, 2025). This morphological diversity un-
derscores Hualongdong’s complex position in the hominin record. The
lithic assemblage at Hualongdong is characterized as a low-investment
Mode 1 core-and-flake industry, utilizing locally available chert and
quartz (Wu et al., 2019; Pei et al., 2025). This technology aligns with a
subsistence economy focused on animal resources, as evidenced by cut
marks on astragali of cervids and bovids confirming the processing of
carcasses (S. Liu et al., 2025) and mortality profiles of large bovids
suggesting flexible hunting strategies (including potentially ambush and
endurance, with a possible focus on juvenile individuals) (B. Liu et al.,
2025). Combined with the §'3Cye; values of these prey species in this
study (cervids and bovids, range: —30.8 %o to —21.5 %o, mean —26.6 +
2.5 %o, n = 17), these lines of evidence indicate that hominins exploited
mammalian resources from diverse environments. Together, the
archaeological, taphonomic, and isotopic data outline a coherent suite
of behavioral adaptations to the mosaic environment.

The significance of Hualongdong extends beyond the site itself,
providing a key to interpreting the broader paleoecological context of
hominin occupation in east-central China. This region, lacking major
geographic barriers, is recognized as a corridor for faunal and hominin
migrations (Norton and Braun, 2011; Ma et al., 2021). Hominin fossils
have been recovered from other sites near 30°N (Fig. 6), including
H. erectus from the Nanjing Man site (620-580 ka) and Hexian (ca. 412
ka), as well as Middle Pleistocene hominins with more derived
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morphological traits from Chaoxian (300-200 ka) and Hualongdong
(331-275 ka) (Xu et al., 1984; The Tangshan Archaeological Team from
Nanjing Municipal Museum and Archaeology Department of Peking
University, 1996; Zheng and Huang, 2001; Liu et al., 2005, 2017, 2022;
Kong, 2018; Wu et al., 2019). Critically, these sites share a similar faunal
composition, characterized by a mix of the classic Ailuropoda-Stegodon
assemblages and Palearctic genera (e.g., Sinomegaceros, Elaphurus,
Equus, and Capreolus) (Xu et al., 1984; Zheng and Huang, 2001; Wu
et al., 2002; Tong et al., 2018, 2019, 2025).

However, paleoenvironmental data for these sites have remained
limited. As the only location in this region with detailed isotopic re-
constructions (Fig. 6), Hualongdong serves as a critical benchmark,
providing the first insight into the mosaic habitats that likely prevailed
in east-central China. It strongly suggests that contemporaneous sites in
Anhui and Jiangsu provinces below 500 m altitude were likely domi-
nated by forest mosaic environments. Nevertheless, additional isotopic
and paleoenvironmental studies at other sites are needed to test and
refine this reconstruction. Despite chronological and contextual differ-
ences, diverse hominins in this region appear to have occupied compa-
rable mosaic habitats. Within these settings, although direct isotopic
evidence from hominins is needed to clarify their specific dietary
composition, this ecosystem would have offered a spectrum of resources:
closed-canopy environments would have provided stable, protected re-
sources, while the seasonally dynamic woodlands with C4 vegetation
likely facilitated mobility and offered alternative foraging opportunities.

Recent studies have highlighted the morphological and taxonomic
complexity of hominins in the late Middle Pleistocene of East Asia (Chen
et al., 2019; Ni et al., 2021; Bae and Wu, 2024; Fu et al., 2025; Tsutaya
et al., 2025). Within this context, the Hualongdong hominins are
distinguished by a mosaic of features that includes several derived traits,
giving them a closer morphological resemblance to H. sapiens than that
observed in other contemporary populations. This is significant given
previous hypotheses suggesting that only H. sapiens could adapt to dense
forest habitats (Fleagle et al., 2010; Roberts and Petraglia, 2015). This
finding challenges earlier hypotheses that attributed the absence of
archaic hominins at sites such as Coc Muoi to rainforests acting as
ecological barriers (Bacon et al., 2021).

Against this backdrop, the Hualongdong hominins inhabited a
mosaic environment that was slightly more open than the contempo-
raneous rainforests of Guangxi yet distinct from the more open habitats
often associated with H. erectus. This suggests a broader habitat toler-
ance range among Middle Pleistocene hominins. Populations exhibiting
more derived morphologies were successfully exploiting these forest-
woodland ecotones in east-central China. The unique environmental
context of Hualongdong may thus represent a key driver underlying the
regional evolutionary variability, potentially contributing to the
distinctive morphological patterns observed at the site. Notably, their
successful persistence in this forest mosaic provides critical insights into
behavioral traits that may have facilitated the adaptation of later
hominins to tropical ecosystems. Further investigation into their mate-
rial culture will clarify the depth of their adaptive strategies, potentially
bridging key gaps in our understanding of how hominin behavioral
plasticity contributed to the evolutionary pathways that eventually led
to modern human ecological success.

6. Conclusion

Through stable isotopic analyses of mammalian remains from Hua-
longdong, this study reconstructs the paleoenvironmental context for
late Middle Pleistocene (331-275 ka) hominins in east-central China.
The ecological settings at Hualongdong were characterized by a Cs-
dominated forest ecosystem with year-round C4 grass presence, forming
a mosaic of dense forests and woodlands shaped by the EASM. This
mosaic landscape would have provided stable resources through closed-
canopy forests and favorable conditions for habitation and migration via
seasonally dynamic intermediate woodlands with localized C4
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vegetation.

Comparative isotopic analyses across China and Southeast Asia
highlight significant paleoenvironmental heterogeneity during the
Middle Pleistocene, revealing diverse ecosystems ranging from Cs3/C4
mixed woodlands in northern China, to forest mosaics in east-central
China (as represented by Hualongdong), to closed-canopy forests in
southwestern China, and to arid savannas in Java. Within this broader
environmental framework, Hualongdong represents a key transitional
zone. Its mosaic of forests and open woodlands, distinct from the more
open habitats of northern China and the denser forests of southwestern
China, reflects an intermediate stage in hominin ecological adaptation,
connecting earlier specialization in open environments and the subse-
quent colonization of closed forests.

Notably, Hualongdong hominins, inhabiting a forest-woodland
mosaic, exhibit a notable mosaic of archaic and derived traits, reflect-
ing adaptations that differ from both typical H. erectus and other
contemporaneous populations. Their persistence in this mosaic envi-
ronment underscores the development of behavioral flexibility,
providing insights into how Middle Pleistocene hominins respond to
increasingly diverse forest ecosystems across eastern Asia. This study
thus enhances our understanding of the interplay between paleoenvir-
onmental dynamics and hominin adaptive strategies, highlighting east-
central China’s significance as an ecological crossroads in Middle
Pleistocene hominin evolution. Future investigations into lithic tech-
nologies and hominin behavioral traces at Hualongdong will further
clarify the nature of these adaptive developments.
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