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The relationship between initial Homo sapiens dispersal from Africa to East Asia and the
orbitally paced evolution of the Asian summer monsoon (ASM)—currently the largest
monsoon system—remains underexplored due to lack of coordinated synthesis of both Asian
paleoanthropological and paleoclimatic data. Here, we investigate orbital-scale ASM dynam-
ics during the last 280 thousand years (kyr) and their likely influences on early H. sapiens
dispersal to East Asia, through a unique integration of i) new centennial-resolution ASM
records from the Chinese Loess Plateau, ii) model-based East Asian hydroclimatic recon-
structions, iii) paleoanthropological data compilations, and iv) global H. sapiens habitat
suitability simulations. Our combined proxy- and model-based reconstructions suggest that
ASM precipitation responded to a combination of Northern Hemisphere ice volume, green-
house gas, and regional summer insolation forcing, with cooccurring primary orbital cycles
of ~100-kyr, 41-kyr, and ~20-kyr. Between ~125 and 70 kyr ago, summer monsoon rains
and temperatures increased in vast areas across Asia. This episode coincides with the earliest
H. sapiens fossil occurrence at multiple localities in East Asia. Following the transcontinental
increase in simulated habitat suitability, we suggest that ASM strengthening together with
Southeast African climate deterioration may have promoted the initial H. sapiens dispersal
from their African homeland to remote East Asia during the last interglacial.

Asian monsoon | paleoclimate | loess | environmental magnetism | human dispersal

Anatomically modern human (AMH), or Homo sapiens, emerged in Africa at least 200 to
300 thousand years ago (ka) (1, 2). Integrated paleoclimatic and paleoanthropological data
have shown that orbital-scale regional climate variability played a key role in driving AMH
dispersal within Africa and to the adjacent Middle East (3—7). However, such integrated
investigations remain sparse for South and East Asia, despite spanning a much larger areal
extent and wider range of climatic and biographical zones than Africa, and hosting multiple
important H. sapiens fossils dated back to ~100 ka (8-10) (Fig. 1). Moreover, South and
East Asia serve as a land conduit through which AMH dispersed from Africa to Australia,
Polynesia, and ultimately the Americas (8, 9) (Fig. 1). Thus, understanding H. sapiens fossils
and archeological finds in appropriate paleoclimatic context is essential to developing a
global perspective on AMH evolution and dispersal beyond Africa.

The Asian summer monsoon (ASM), comprising of the South (Indian) and East Asian
submonsoon systems, governs moisture supply across low-latitude regions like the African
monsoon, as well as to Asian latitudes as high as ~50°N, such as is observed in northeastern
China (Fig. 1). This far-reaching areal extent, and hence, climatic impact of the ASM, is globally
unique. After decades of proxy and modeling research, however, ASM dynamics and its
orbital-scale variations remain a subject of scientific debate (12-23). Furthermore, the precise
role of orbital ASM dynamics on early H. sapiens dispersal to East Asia is an important topic
in both paleoclimatological and paleoanthropological research, yet our understanding of it
remains limited due to the scarcity of integrated ASM and paleoanthropological studies.

Here, we develop insights into the climatic influence on the dispersal of AMH to East
Asia and orbital-scale ASM dynamics over the last 280 thousand years (kyr). First, we study
orbital-scale ASM dynamics by combining new centennial-resolution environmental mag-
netic records from the central Chinese Loess Plateau (CLP) with model-based continuous
East Asian hydroclimate reconstructions (11) for the last 280 kyr. Second, we integrate
proxy- and model-based spatiotemporal paleoclimatic reconstructions with Asian paleoan-
thropological and hydroclimatic data compilations and global H. sapiens habitat suitability
simulations. We find that settling and dispersal conditions were optimal for the initial wave
of AMH dispersal to East Asia during the last interglacial, when the stronger ASM caused
warmer and more humid conditions, while the coeval Southeast African conditions became
less favorable.
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last interglacial.
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New ASM Records from the CLP

The CLP (~640,000 km?®) extends longitudinally from ~100 to
115°E and latitudinally from ~34 to 41°N (8] Appendix, Fig. S1).
The present-day climate on the CLP is dominated by seasonally
alternating southeasterly summer and northwesterly winter mon-
soon changes (23-25) (SI Appendix, Fig. S1). The southeasterly
wind penetration inland from tropical oceans (Fig. 1) produces
summer time (May to September) rain that accounts for ~60 to
75% of the annual total (23, 24). Materials forming CLP loess-
paleosol deposits are transported predominantly by near-surface
winter monsoon winds from upstream arid northwestern China
(25-27). Within the loess package, the extent of soil formation
depends on moisture availability that is governed by the ASM.
Thus, the CLP loess-paleosol deposits can be used for paleo-
monsoon reconstructions (13, 23-26, 28).

Our study site, the Huanxian loess-paleosol section (107°15'E,
36°37'N), is located on the central CLP and sensitive to ASM
penetration (SI Appendix, Fig. S1). In this section, the loess-paleosol
sequence accumulated rapidly, with a sedimentation rate twice
that of the classical sections located to the south and east. This
enables investigation of the orbital-scale ASM variability at the
Huanxian section in greater detail than typical. To measure ASM
proxies in the laboratory, including magnetic susceptibility () and
anhysteretic remanent magnetization (ARM), we collected in the
field 2,066 samples from the 44 m thick strata, which covers from
Holocene paleosol S, to mid-Pleistocene loess L, ranging between
marine isotope stage (MIS) 1 and MIS 8, at 2 to 2.5 cm intervals
(equivalent to a temporal resolution of ~0.1 to 0.8 kyr). Our age
model reconstruction for the Huanxian loess-paleosol section con-
sists of two steps (cf. Methods and SI Appendix, Fig. S2). First, an
initial age model was constructed through a detailed cycle-based

correlation of y with a globally averaged marine benthic foraminif-
eral 8'%0 stack. Second, our final age model was based on a further,
even more precise alignment, of our initial Huanx1an loess-paleosol
chronology to precisely U/Th-dated speleothem §'®O records from
East China (16). The support for our chronology construction
comes independently from recent optically stimulated lumines-
cence dating (29) (SI Appendix, Fig. S2D).

Rock magnetic analyses suggest that the Huanxian loess-paleosol
magnetic properties are dominated by fine-grained magnetite/
maghemite particles (S Appendix, Figs. S3-S7 and Supplementary
Text 1). Enhanced pedogenesis within the sediment column under
wetter climate accelerates the formation of fine magnetite/magh-
emite particles, leading to higher ¥ and ARM values, and vice
versa (24, 25). 'Therefore, the CLP loess-paleosol y and ARM
records are closely linked to the ASM precipitation. The litholog-
ical, ), and ARM records from the Huanxian loess-paleosol sec-
tion vary consistently over the last 280 kyr (Fig. 2 A-C). Paleosol
layers (i.e., S, Sy, and S,) have higher y and ARM values than
loess layers (i.e., L;, L,, and L), which is consistent with higher
ASM precipitation during interglacials relative to glacials. The
Huanxian )y and ARM records are marked by more square-wave
~100-kyr cycles, which differ slightly from the asymmetric gla-
cial-interglacial structure in the global reference sea level/ice
volume record (30) (Fig. 2 B-D). In addition to the ~100-kyr
periodicity, Huanxian y and ARM records are superimposed with
lower-amplitude precessional (~20-kyr) variability, indicative of
a possible low-latitude forcing linked to Northern Hemisphere
summer insolation (NHSI). During MIS 5 and MIS 7, the super-
imposed precession-paced stadial substages occur close to NHSI
minima and are not as dry as full glacial periods. During MIS 3-4
and early MIS 6, when glacial conditions were modest, somewhat
moister interstadials occurred around NHSI maxima, albeit not
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Fig. 1. Study context. African and Eurasian annual precipitation map averaged between 130 and 70 ka from the latest model-based climate reconstructions (11),
with referenced paleoclimatic and archeological sites in Asia, Tibetan Plateau (>2,000 m topography), and schematized African and Asian monsoon circulations.
Background data for the listed Asian H. sapiens sites are included in S/ Appendix, Table S1.
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Fig. 2. Proxy- and model-based reconstructions of orbital-scale East Asian climate variability. (A) Lithology, (B) magnetic susceptibility (y, green curve), and (C)
ARM (brown curve) from the Huanxian loess-paleosol section with their comparison with 30°N July insolation (32) (red curve) and their power spectra. S-numbers
and L-numbers refer to consecutive paleosol and loess horizons counting back from the present-day, respectively. Time series and power spectra of (D) sea level
reconstruction from a global benthic foraminiferal 5'80 stack (30) and (£) atmospheric CO, reconstruction from Antarctic ice core (31). Numbers on the sea level
record refer to the successive marine isotope stages. Time series and power spectra of (F) annual and (G) summer precipitation over North China (100-120°E;
30-45°N), (H) annual and (/) summer precipitation over South China (100-120°E; 20-30°N), (/) average summer surface temperature over low-latitude East Asia
(100-120°E, 20°N), (K) summer precipitable moisture on the West Pacific and North Indian oceans (80-150°E; 0-35°N), (L) summer wind speed, in response to
combined ice volume, atmospheric CO, concentration, and insolation forcing, which are calculated from the latest model-based climate reconstructions (11).
Summer is represented by May to September. (M) International Ocean Discovery Program (IODP) Site U1429 Mg/Ca sea surface temperature (SST) record from
the East China Sea (12) and its power spectrum. The dashed lines in the power spectra (Right panel) denote regions statistically significantly above the 95%
confidence level (Student's t test). The vertical shading indicates the approximate timing of early AMH arrivals in East Asia.

as moist as interglacial periods (MIS 5 and MIS 7). However, Dynamics of Orbital-Scale ASM Variability
during MIS 2-3, late MIS 6, and MIS 8, when glacial conditions
were more extreme, aridity prevailed despite NHSI maxima.
Spectral analyses of ¥ and ARM records confirm pervasive orbital
cycles of eccentricity (~100-kyr), obliquity (41-kyr), and preces-
sion (~20-kyr), which are broadly comparable to the combined

spect.ral results from NHSI, glqbal average sea level, ar%d atmos- by 3 high-fidelity paleoclimate simulation, in which we utilized the
pheric CO, records (30-32) (Fig. 2 B—E). The NHST is charac-  (fiate output from a general circulation model forced by a com-
terized by a precessional cyclicity, whereas globally averaged sea bination of orbital-scale insolation, global ice volume, and atmos-
level and atmospheric CO, records are dominated by a strong  pheric CO, forcing factors (model details are provided in ref. (11)).
~100-kyr eccentricity-paced cyclicity, with subdued expressions  Model-based reconstructions of i) annual and summer (May to
of obliquity- and precession-paced cycles. September) precipitation over North (100-120°E; 30-45°N) and

The cooccurring primary orbital cycles of ~100-kyr, 41-kyr, and
~20-kyr in the Huanxian loess-paleosol sequence cannot solely be
explained by either an external (insolation) or internal (ice volume
and greenhouse gas concentration) driver, but more likely through
their combined action. Such an interpretation is further supported
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South China (100-120°E; 20-30°N), ii) low-latitude East Asian
(100-120°E, 20°N) summer temperature, iii) summer precipitable
moisture on the West Pacific and North Indian oceans (80—150°E;
0-35°N), and iv) summer wind speed show broadly similar orbital
variability as our proxy records during the last 280 kyr, with com-
bined eccentricity, obliquity, and precession cycles (Fig. 2). Therefore,
both proxy- and model-based reconstructions support that the
NHSI, ice volume, and greenhouse gas concentration jointly govern
East Asian summer precipitation (13, 22, 23, 33).

In contrast to Huanxian records, the precession signal is largely
subdued or absent in many j records located to the south and east
(81 Appendix, Figs. S1 and S8). However, like Huanxian records, }_?re—
cessional variability is prominent in the Jingyuan carbonate §"°C
record (23) and the ijin§ spliced grain size-), stack from the western
CLP (21) and the Baoji ""Be-based precipitation reconstruction from
the southern CLP margin (13) (SI Appendix, Fig. S9). Thus, faint or
absent precessional variability in those southern/eastern CLP
loess-paleosol sections, which are usually associated with lower sedi-
mentation rates, does not necessarily mean that CLP precipitation
responded negligibly to precession-paced NHSI changes. Our
Huanxian hydroclimatic records, together with the Jingyuan, Xijing,
and Baoji hydroclimatic records (13, 21, 23), reveal a widespread pres-
ence of precessional ASM variability across the entire CLE beyond the
western sections or the southern CLP margin as recently recognized
(13,21, 23) (81 Appendix, Fig. S9). The distinct precession signal iden-
tified here, a typical monsoon pacing feature related to low-to-middle
latitude insolation forcing (16, 17), together with our detailed rock
magnetic results (S/ Appendix, Figs. S3-S7 and Supplementary Text
1), supports the notion that the classical use of loess-paleosol x as an
ASM indicator (24, 25) is also (largely) valid for high sedimentation
rate sections from the central CLP marked by higher ASM precipita-
tion than the western CLP. However, secondary influences of pedo-
genic duration and temperature on ) cannot be fully excluded (21).

The precession signal in the Baoji '’Be record is not as obvious
as that seen in Huanxian, Jingyuan, and Xijing ASM records
(81 Appendix, Fig. S9), which is possibly due to a lower sedimenta-
tion rate and data resolution as well as prominent gaps within MIS
5 and MIS 7. The Huanxian, Jingyuan, and Baoji records have a
stronger ~100-kyr cyclicity than the Xijing record. These nuanced
differences likely reflect variable responses of proxies to the extent
of ASM precipitation. The Huanxian environmental magnetic
records may be more directly related to regional ASM precipitation
than the Jingyuan carbonate §'"°C record and Xijing spliced grain
size-y stack. Jingyuan carbonate 8"°C reflects local vegetation con-
ditions likely linked to the complex interactions of precipitation,
temperature, and CO, (21, 23). The Xijing spliced grain size- stack
contains both ASM precipitation-induced y variations and winter
monsoon-related grain size changes (25-27).

To better document the ASM history across the entire CLP and
minimize the limitations of specific proxy records, we compile a
new ASM stack by summing the Huanxian ) and ARM records,
the Jingyuan carbonate 8"3C record (23), the Xijing spliced grain
size-y stack (21), and the Baoji "Be record (13) (S/ Appendix,
Fig. S9). This new ASM stack shows consistency with East China
composite speleothem §'°O records (16) in portraying the preces-
sional variability, although our ASM stack contains additionally
~100-kyr and 41-kyr cycles that are not distinct in the speleothem
8"%0 records (Fig. 3 Aand B). Nevertheless, cooccurring ~100-kyr,
41-kyr, and ~20-kyr periodicities have been captured by the
Xiaobailong Cave 8'80 record from Southwest China (14), the
8'°0 and 8D, records from the Indian margin U1446 sediment
core (18, 19), and the Arabian Sea summer monsoon stack (15)
(Fig. 3). These records together provide an important Asian cli-
matic context for AMH dispersal from Africa to East Asia.
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Climatic Influence on Initial AMH Dispersal to
East Asia

Multiple lines of fossil, archeological, and genetic evidence suggest
that initial AMH arrivals in East Asia can be traced back to the last
interglacial (more broadly MIS 5). Late Mid-Pleistocene to early Late
Pleistocene sites with robust chrono-stratigraphic contexts and fossils
that can be reasonably attributed to H. sapiens include South China
localities such as Luna Cave (120 to 70 ka) (34), Zhiren Cave (113
to 100 ka) (35), and Fuyan Cave (120 to 80 ka) (36), that all range
from ~130 ka to ~70 ka (Fig. 4A4). Although a recent dating study
on the Luna and Fuyan sites argued for younger ages (37), two fol-
low-up studies criticized these younger ages by raising important flaws
in its sampling procedures and species attributions, thereby suggesting
that MIS 5 fossil ages remained feasible (38, 39); an interpretation
we support. Similarly old hominin fossils tentatively attributed to
H. sapiens were also reported from nearby Tongtianyan Cave (Liujiang,
130 to 70 ka) (40) and Gangian Cave (140 to 100 ka) (41). Hominin
fossils from Jimuyan (42), Dingcun (43), and Salawusu (43—45) have
H. sapiens features, even though some primitive features in combina-
tion with larger age uncertainties make the interpretation of these
fossils, in terms of AMH dispersal timing, relatively less unequivocal
(43, 46). Likewise, two complete crania with closer affinities to
H. sapiens but also some archaic features were reported from Ryonggok,
North Korea (47, 48). Despite the fact that older ages were initially
proposed for this finding, a younger age of 46 to 49 ka is currently
more accepted (47, 48). Teeth from Lida Ajer Cave, Sumatra (73 to
63 ka) (49), suggest that AMH reached the island by ~70 ka. However,
before settling in Sumatra, AMH must already have crossed mainland
Southeast Asia (Fig. 1). Recently, this was confirmed by the H. sapiens
presence at Tam P Ling (Northern Laos) between 86 ka and 68 ka
(50) (Fig. 1). Moreover, the 65-ka-old sophisticated toolkit found in
North Australia indicate that AMH possibly crossed Southeast Asian
islands during late MIS 5 when regional climate remained favorable
and relative sea level started to decline (8, 51). The AMH presence
in Asia during MIS 5 is supported both by a large number of geo-
chronologically dated fossils and artifacts (Figs. 1 and 44 and
SI Appendix, Table S1) and by independent genetic studies (52, 53)
that suggest the Asian presence of modern human lineages earlier
than 75 ka. Lastly, it is additionally supported by a recent finding that
a deeply divergent modern humans contributed genetically to the
ancestry of Altai Neanderthals by roughly 100 ka (53). We are cog-
nizant of the inherent dating uncertainties associated with a few hom-
inin sites and the debate regarding their species attribution (54, 55),
so we do not attempt to distinguish AMH dispersal time to either
the earlier or later part of MIS 5. Nevertheless, the available data
confirm initial AMH arrivals in East Asia by the last interglacial (8).

The AMH occupation in MIS 5 East Asia (Fig. 44) coincided
with regional rain and temperature increases as seen in our proxy-
and model-based reconstructions and existing paleoclimatic records
from Asia (Figs. 2 and 3). To further examine ASM climate influence
on AMH dispersal, we analyze H. sapiens habitats from a recently
established transient Pleistocene simulation of this kind (7). This
multidimensional statistical model simulates the habitat suitability
for H. sapiens occupation at a given location and time, by quantify-
ing the relationships among geochronologically dated fossil/arche-
ological data and different climatic variables of biological importance,
ie., yearly precipitation minimum, annual mean precipitation,
temperature, and net primary productivity (7). The simulated
H. sapiens habitat suitability over East Asia (80-130°E; 20-55°N)
shows large temporal variation during the last 280 kyr (Fig. 4B), with
both ~100-kyr and ~20-kyr cyclicities comparable to the aforemen-
tioned Asian hydroclimatic oscillations (Figs. 2 and 3). Interestingly,
the temporal increases in simulated East Asian H. sapiens habitat
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Fig. 3. Climatic context for early H. sapiens dispersal to East Asia. Time series and power spectra of (A) new CLP ASM stack based on the Huanxian y and ARM
records, the Jingyuan carbonate &'>C record (23), the Xijing spliced grain size-y stack (21), and the Baoji '°Be-based precipitation record (13), (B) China composite
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and &D,,,, records (18, 19), and (F) summer monsoon stack from sediment core MD04-2861, Arabian Sea (15). The vertical shading indicates the approximate

timing of early AMH arrivals in East Asia.

peaked at ~120, ~95, and ~70 ka, in comparison to the preceding
glacial MIS 6 (Fig. 4B). This is coeval with the orbitally modulated
ASM strengthening (Figs. 2 and 3) and the earliest AMH fossil
occurrences in East Asia (Fig. 44 and ST Appendix, Table S1). We
argue that the ASM strengthening in MIS 5 induced i) regional
precipitation increases (Figs. 2 and 3), ii) a greener, more lushly
vegetated East Asia, and iii) more abundant food resources, which
would have benefited expansion in the ranges of various fauna,
including H. sapiens (56). Such optimum environmental conditions,
together with the greater climatic tolerance of H. sapiens that devel-
oped during ~300 to 100 ka (4, 7), plausibly provided an unprece-
dented opportunity for AMH dispersal to East Asia during the last
interglacial. According to the habitat map averaged over 125 to 70
ka (Fig. 4C), transcontinental optimal habitats might have stimu-
lated AMH populations to disperse from their African homeland to
East Asia via southern (South Asia) and northern routes (continental
Central Asia). An earlier (pre-70-ka) AMH dispersal utilizing the
southern route to East Asia is most consistent with ASM strength-
ening (Fig. 3). Moreover, the southern dispersal route lies under
strong, continual ASM influence and is supported by the MIS 5
AMH archeological evidence from India, including the sites of
Sandhav (~110 ka) (57), Katoati (96 ka) (58), Jwalapuram (85 to
75 ka) (59), and Sri Lanka (74 to 64 ka) (58) (Figs. 1 and 4C).
Although recent findings suggest that early H. sapiens may have
dispersed to Greece (Europe) and Israel (West Asia) as early as ~200
ka (60, 61), H. sapiens fossil/archeological evidence remains currently
absent from MIS 6-5 Central Asia (8). This absence probably indi-
cates that the relatively colder/drier northern dispersal route beyond
the ASM reach may have occurred later than the southern route (8,
62), possibly with an initial failure in competition with preexisting

populations of Denisovans or Neanderthals (36, 63) (Fig. 4C).
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Before the H. sapiens appearance, East Asia was occupied by a
number of hominins characterized by a mosaic of plesiomorphic
features with derived traits (such as enlarged cranial capacity, facial
gracilization, simplified enamel-dentine junction surfaces, or sym-
metrical premolar crowns). These samples include fossils recovered
from either Huanglong Cave, Harbin, Panxian Dadong, Xuchang,
Dali, or Tongzi (43, 64-70). They have been tentatively classified
as “non-erectus’ Asian Mid-Pleistocene hominins (65, 70). However,
we find that the large majority of East Asian H. sapiens and other
hominin sites older than 70 ka are consistently under ASM influ-
ence. Lower latitudes with higher ASM precipitation contain more
hominin sites of the late Mid-Pleistocene and early Late Pleistocene
than higher latitudes with lower ASM precipitation. Particularly,
almost all robustly dated pre-70-ka H. sapiens evidence is found
from Southeast Asia with wetter and greener landscapes under con-
tinual ASM influence. These observations are consistent with a close
link between hominin occupation and the ASM. The ASM-induced
changes in the habitats of East Asian hominins affected their mobil-
ity and possibly their degrees of isolation, which in turn may have
affected the probability of their mixing and interbreeding (71).
Although we are far from understanding the phenotypic signal of
interbreeding (72), we cannot rule out that part of the anatomical
variability of the late-Middle to Late Pleistocene groups in Asia is
related to the admixture of H. sapiens with the pre-existing indige-
nous populations at the time of AMH’s arrival (73).

In contrast to a shift to wetter conditions in East Asia induced by
ASM strengthening as suggested by both our proxy- and model-based
hydroclimatic reconstructions (Fig. 2), large areas of Southeast Africa—
the major homeland of H. sapiens—had a deteriorating climate during
the MIS 6-5 transition (3, 74-78). For example, paleoclimatic records
from the Limpopo catchment, KwaZulu-Natal, and Lake Magadi
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Fig. 4. Homo sapiens habitat suitability. (A) Raw and aggregated age distributions of early H. sapiens fossils from China, including Luna Cave (120 to 70 ka)
(34), Zhiren Cave (113 to 100 ka) (35), Tongtianyan Cave (Liujiang, 130 to 70 ka) (40), Gangian Cave (140 to 100 ka) (41), and Fuyan Cave (120 to 80 ka) (36), and
from Southeast Asia represented by Tam Pa Ling (86 to 68 ka) in Northern Laos (50) and Lida Ajer Cave (73 to 63 ka) in Sumatra (49). (B) Simulated timeseries
of H. sapiens habitat suitability in East Asia during the last 280 kyr and (C) simulated H. sapiens habitat map over 125 to 70 ka (7) with occupied localities by

H. neanderthalensis, possible Denisovans, and early H. sapiens.

suggest a series of “megadroughts” in subtropical Southeast Africa
during MIS 5 (74-76). A principal component analysis of hydrolog-
ically sensitive fossil and mineralogical records from Lake Malawi
suggests that tropical Southeast Africa was largely drier during MIS
5 relative to MIS 6 (78). The deterioration of climatic conditions
could have decreased vegetation and reduced mammal populations
and the availability of resources and habitats. This is confirmed by our
H. sapiens habitat simulation, which suggests that habitat peaks and
troughs in East Africa and habitat peaks in South Africa lowered dur-
ing MIS 5, in comparison to the preceding MIS 6 (SI Appendix,
Fig. S10). This in turn enhanced selective pressures, so H. sapiens may
have been forced to expand beyond Africa and into the nearby West
Asia. Upon arrival of H. sapiens populations in the West Asian regions
around the Mediterranean Sea, as indicated by evidence from Israel
(79-81), some may have dispersed further to remote East Asia during
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MIS 5, when increased ASM precipitation produced suitable condi-
tions with abundant resources (e.g., food, water, and shelter), attract-
ing H. sapiens colonization. The combination of concurrent climate
deterioration in large areas of Southeast African and favorable climate
in East Asia may have promoted continental-scale early H. sapiens
dispersal to East Asia during MIS 5.

To summarize, through synthesis of new proxy- and model-based
East Asian climate reconstructions, compilations of Asian paleoan-
thropological and paleoclimatic data, and H. sapiens habitat simu-
lations through time and space, we improve current understanding
of orbital-scale ASM dynamics, and more importantly, reveal the
close links between ASM climate and initial AMH dispersal to East
Asia. New centennial-resolution environmental magnetic records
derived from a unique high sedimentation rate loess-paleosol sec-
tion on the central CLP, together with the latest proxy records from
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other parts of the plateau (13, 21, 23), document a pervasive pre-
cession signal in the hydroclimatic evolution across the CLP, in
addition to the well-recognized ~100-kyr cyclicity. Our results
provide new evidence from Asia for previously suggested complex
models explaining the origin and dispersal(s) of H. sapiens, which
points to less linear evolutionary scenarios where climatic changes
likely played a major role in the dispersals, fragmentation, assimi-
lation, and recombination of new immigrant populations with
preexisting local groups (71, 82, 83). Integration of paleoclimate
data with compiled hominin fossil and archeological finds from
Asia and simulated H. sapiens habitats shows that increased mon-
soonal rain and higher temperature across the Asian continent,
together with climate deterioration in Southeast Africa, provided
an optimum window of opportunity for early AMH dispersals to
remote East Asia during the last interglacial.

Methods

Following removal of weathered surface outcrop, 2,066 fresh samples were col-
lected from paleosol S, (MIS 1) to loess Ly (MIS 8) at 2 to 2.5 cm intervals (equiv-
alentto ~0.1to 0.8 kyr time spacing) from the Huanxian loess-paleosol section.
About 10 g of each sample was powdered and then packed into a nonmagnetic
cubic box (2 x 2 x 2 cm) for yy and ARM measurements in the laboratory. We
measured room temperature y using a SM-150L magnetic susceptibility meter
(ZH instruments, Czech Republic) at a frequency of 500 Hz and an applied field
of 80 A/m at the Institute of Earth Environment, Chinese Academy of Sciences,
Xi'an, China. ARM was imparted using a peak alternating field (AF) of 100 mTand
a0.05 mTdirect current (DC) bias field and was measured using a 2-G Enterprises
Model 755 cryogenic magnetometer housed in a magnetically shielded space at
the China University of Geosciences (Wuhan), China.

We established a first-order chronology for the Huxian loess-paleosol section
based on the well-identified cycle-based correlation between CLP loess-paleosol
x and marine benthic foraminiferal 5'°0 records (24, 25) (S/ Appendix, Fig. S2
Aand B). In addition to the top and bottom points, six extra points around the
transitions between high and low y units were used as tie points to construct
this first-order chronology (S/ Appendix, Fig. S2B). Both CLP  and East China
speleothem &'°0 records are grossly linked to the same large-scale shifts in ASM
circulation (16,24, 25, 84). We further refined the first-order chronology by repeat-
edly matching y with the precisely dated composite East China speleothem 820
record (16) in an objective way until their cycles are synchronized to in-phase
variations (S/ Appendix, Fig. S2C). This recently developed approach enables a more
precise speleothem-based CLP loess-paleosol chronology relative to previous age
models based on land-sea correlation or orbital tuning (13, 28, 85). In addition to
the eight points selected for the first-order chronology construction, we selected
seven additional tie points either located on high-amplitude y peaks of the well-
developed strong pedogenic interglacial paleosol S, or at the onset/termination
of relatively weaker pedogenic subpaleosols (corresponding to somewhat moister
interstadials and lower-amplitude y peaks) within glacial loess layers, to construct
the refined age model for the Huanxian loess-paleosol section based on cyclic
correlation between the y and East China speleothem &0 records (S/ Appendiix,
Fig. S2C). This refined chronology is supported independently by recent optically
stimulated luminescence dating of the Jingbian loess-paleosol section on the
northern CLP margin (29) (S/ Appendix, Fig. S2D). The Huanxian y data on the
refined chronology closely follow the speleothem &'80 record over precessional
cycles (S Appendix, Fig. S2C). Land-sea correlation and loess-speleothem match,
with distinct tie point selection, do not result in significant differences in the CLP
loess-paleosol age models, generally with only millennial differences (23-26, 28).

We established a new ASM stack by compiling proxy records from East Asia,
including the Huanxian y and ARM records, the Jingyuan carbonate 8'°C record
(23), the Xijing spliced grain size-y stack (21), and the Baoji '®Be-based precipi-
tation reconstruction (13). Like our established Huanxian y and ARM time series
above, we first refined age models for the Jingyuan carbonate 8"C record (23),
Xijing spliced grain size-y stack (21), and Baoji "°Be-based precipitation record
(13) by synchronizing them to the precisely U/Th-dated East China speleothem
8'%0 record (16). After synchronization, we used the interpolating function in
the Acycle software (86) to conservatively resample all used records at 0.5-kyr
intervals to obtain evenly spaced data series. We constructed the ASM stack from

PNAS 2024 Vol.121 No.3 e2308994121

the CLP by averaging the evenly spaced Huanxian y and ARM, Jingyuan carbonate
8"C, Xijing spliced grain size-x stack, and Baoji '°Be-based precipitation time
series with equal weight. To evaluate the robustness of the orbital signature, we
used the smoothed periodogram to analyze the power spectra of proxy- and
model-based paleoclimatic reconstructions with the function Spectral Analysis in
the Acycle software (86), with a bandwidth of 2 and a sampling interval of 1 kyr.

To identify the magnetic mineralsin the sediments, we measured temperature-
dependent magnetic susceptibility curves (y-T), isothermal remanent magnet-
ization (IRM) acquisition curves, magnetic hysteresis loops, first-order reversal
curve (FORC) diagrams, and low-temperature cycles of the saturation isothermal
remanent magnetization (SIRM) for nine samples from the Huanxian section at
the Institute of Earth Environment, Chinese Academy of Sciences, Xi‘an, China.
They contain four loess samples from loess layers Ly, L, and L; and five paleosol
samples from paleosol layers Sy, S;,and S,. x-T curves were measured in an argon
atmosphere from room temperature to 700 °C and back to room temperature
with a MFK1-FA susceptometer equipped with a CS-3 high-temperature furnace
(AGICO, Brno, Czech Republic). IRM acquisition curves, magnetic hysteresis loops,
and FORC diagrams were measured with a Princeton Measurements Corporation
(Model 3900) vibrating sample magnetometer (VSM). Each IRM acquisition curve
contains 200 data points measured at logarithmically spaced field steps to 1T.
Each hysteresis loop was measured between =1Tat 3 mTincrements, with a 300
ms averaging time. For each sample, 80 FORCs were measured at 5 mTincrements
to ~600 mT, with a 100 ms averaging time. Low-temperature magnetic meas-
urements were conducted with a Quantum Design superconducting quantum
interference device (SQUID) Magnetic Property Measurement System (MPMS)
(Quantum Design Inc.). A room temperature saturation isothermal remanent
magnetization (SIRM), which was imparted in a 5 Tfield at 300 K, was measured
at 5 Kintervals from 300 to 5 K and back to 300 Kin zero magnetic field.

Data, Materials, and Software Availability. Measured proxy data have been
deposited in East Asian Paleoenvironmental Science Database (https://dx.doi.
0rg/10.12262/IEECAS.EAPSD2023012) (87). All other data are included in the
manuscript and/or supporting information.
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