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Abstract Archeological evidence from loess sediments from Shangchen on the southeastern Chinese

Loess Plateau indicates a suspension of hominin occupation around the time of the early mid-Pleistocene
climate transition, prompting a re-assessment of climate-vegetation-hominin interactions. Loess deposits with
in situ lithic records cover the period of hominin occupation and reveal four distinct climate-vegetation periods
(2.1-1.8, 1.8-1.26, 1.26-0.9, and 0.9-0.6 Ma). Major oscillations in climate superimposed upon an aridification
trend and an expansion of C, herbaceous vegetation from about 1.26 Ma may have driven early humans to move
to more hospitable locations in the region. Comparison with the record at Nihewan indicates that large-scale
climate oscillations induced disparate hominin responses due to distinctive local environmental conditions.

Plain Language Summary A combination of several lines of evidence suggests that changes
in climate and their impacts on the availability of food and shelter from around 1.26 million years ago may
have driven the dispersal of early humans from the southeastern Chinese Loess Plateau to more hospitable
environments elsewhere in the region.

1. Introduction

Large-scale shifts in climate and changes in climate variability have been hypothesized to influence human evolu-
tion (deMenocal, 2011; Potts, 1996). Sediment records reveal that past periods of profound climate change, such
as the mid-Pleistocene climate transition (MPT; typically defined as 1.2-0.7 Ma), exerted a significant influence
on early humans in eastern Africa (Maslin et al., 2014). The extent of similarities of the case in East Asia has
remained largely unstudied, however, due to the limited hominin record. The extreme rarity of fossilized hominin
remains outside Africa, and lack of studies investigating the impact of local environmental conditions on hominin
habitation, dispersal and evolution (Blumenthal et al., 2017; Magill et al., 2013a, 2013b; Owen et al., 2018; Potts
et al., 2020; Yang et al., 2021), has hindered any evaluation of the relationship between environmental factors
and hominin activities. This imbalance has been redressed, somewhat, through the discovery of a Homo erectus
cranium (1.63-1.62 Ma) at Gongwangling (Zhu et al., 2015) and a H. erectus mandible (~0.65 Ma) at Chenjiawo
(An & Ho, 1989), in the southeastern part of the Chinese Loess Plateau (CLP), and the subsequent investigation
of more than 40 Pleistocene-age paleolithic sites in the region (S. Wang et al., 2014). More recently, a sequence
of loess-paleosol deposits that includes paleolithic artifacts, as Zhu et al. (2018) rule out the possibility of a natu-
ral origin, has been discovered at Shangchen (Zhu et al., 2018), around 4 km north of Gongwangling (Figure 1),
providing the earliest evidence for hominin occupation outside Africa (oldest to ~2.1 Ma). However, the stone
tool record indicates that this occupation was interrupted around the time of the onset of the MPT (layer L15,
dated ca. 1.26 Ma; Zhu et al., 2018).

Thick eolian loess-paleosol sequences of the CLP have yielded virtually continuous long records of climate
and vegetation change during and since the Miocene (An et al., 2005; Z. Guo et al., 2002). Our understanding
of environmental change on the CLP is based upon an expanding range of sediment-based evidence, including
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traditional proxies of magnetic susceptibility (SUS; An et al., 2005), total organic carbon content (TOC%) and
its associated carbon isotope composition (§'3Cy,; Chen et al., 2006), pollen (Wu et al., 2007) and black carbon
content (BC%; Zhou et al., 2007, 2014), etc., as well as novel proxies such as branched glycerol dialkyl glycerol
tetraethers (br-GDGTSs; Peterse et al., 2014). Here, we present new data on br-GDGTs, SUS, TOC%, 8‘3CTOC, and
%BC from sequences of loess and paleosol deposits that accumulated from 2.1 to 0.6 Ma in order to: (a) recon-
struct the trajectory and variability in environmental conditions at/around Shangchen using organic geochemical
proxies; (b) compare paleoenvironmental variations with the artifact record to explore the relationship between
local environmental conditions and hominin occupation of the site; and (c) investigate the primary factors in
hominin choice of habitats in northern China, East Asia.

2. Materials and Proxies
2.1. Sampling and Age Model

Shangchen (34°13'33”N, 109°28'39”E), and Duanjiapo (34°11"15”N, 109°13’58"E) are both located in Lantian
County, Shaanxi Province (12), with elevations ranging from 420 to 2,449 m above sea level (Figure 1 and
Supporting Information S1). Loess (L) and paleosol (S) samples were collected from the S27 paleosol layer to
the L6 loess layer at Shangchen, corresponding to ~2.1 to ~0.6 Ma, with a total of 48 samples selected with
one sample from each single loess or paleosol strata for measuring SUS, TOC%, 8'3C ., and %BC. A total of
24 samples from L6, L9, L13, S14, L15, S15, L22, S22, L.25, S25, L26, and S26 were selected for measuring
br-GDGTs at Shangchen and Duanjiapo, respectively.

Zhu et al. (2018) linked five subsections with artifacts excavated to establish the precise magnetostratigraphy at
Shangchen locality (Supporting Information S1), with the oldest artifact dating to ca. 2.12 Ma. The age model
of our data is based on the Chiloparts timescale (Ding et al., 2002; Zhu et al., 2018), which correlates with the
paleomagnetic timescale of Shangchen section (Zhu et al., 2018; Text S1 in Supporting Information S1). It is also
supported by 2°Al/!°Be burial ages from other sections around this area (Shen et al., 2020; Y. Sun et al., 2019; Tu
et al., 2017; Text S1 and Figure S2 in Supporting Information S1).

2.2. Proxies

Proxies were selected that have previously proved to be effective in reconstructing paleoclimate and paleo-
vegetation history on the CLP. Magnetic SUS is widely accepted as a proxy for the East Asian Monsoon (An
et al., 2005). Despite the potential minor inputs of carbon from microbial and aeolian sources, the stable carbon
isotope composition of total organic matter in soil (8"3C;) can be used as a direct indicator of the distribution
and relative abundance of C, (including trees, shrubs and grasses) and C, (mainly warm and/or arid climate
herbaceous) plants in the vegetation (Liu et al., 2005; Zhou et al., 2016). BC is a term synonymous with pyro-
genic carbonaceous materials, or pyrogenic carbon, which originates from the combustion of biomass, including
fossil fuels (Bird et al., 2015). The amount of BC (%BC) in sediment samples has been used as a proxy for the
incidence and extent of burning of local vegetation, with elevated values indicating a trend toward aridification
(Han et al., 2020; Zhou et al., 2014). The molecular structure of cell membranes of living br-GDGTs-producing
soil microbes (bacteria) varies with environmental conditions, notably air temperature and soil pH, which has
allowed br-GDGTs to be used in reconstructing variations in mean annual temperature of land surface (MAT) and
precipitation (MAP) over extended periods of time (Peterse et al., 2014; Weijers et al., 2007).

The pre-treatment process, instrumental analysis and data processing of each proxy is presented in Text S2 in
Supporting Information S1.

3. Results
3.1. Magnetic Susceptibility

The samples used in this study are from the same batch as those for which there is already precise chronological
control derived from paleomagnetic dating (Zhu et al., 2018). We re-measured the SUS of the samples (Figure 2a)
with results that are in close accord with those previously published in Zhu et al. (2018) (Figure S3 in Supporting
Information S1). As is the case elsewhere on the CLP, SUS exhibits substantial changes across the early MPT,
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Figure 1. Study area. Shangchen is located at Lantian in the southeast of Chinese Loess Plateau and the north of the Qinling Mountains. Bailuyuan tableland is a flat
loess tableland. Red large dots: study sites. Red small dots: paleolithic sites. Red triangles: locations of major hominin sites in the Lantian area. Lower figure shows
variations in elevation along the transect between A and B, and two study sites mentioned in the text, Duanjiapo and Shangchen. The localities of Lantian, Longgangsi,
and Nihewan referred to in this paper are shown in the inset map.

between ca. 1.26 Ma and ca. 0.9 Ma (Song et al., 2014), when climate oscillations switched from being mostly
symmetrical, with a periodicity of about 41-Kyr, to being markedly asymmetrical, with 100-Kyr cycles (Willeit
etal., 2019).

3.2. Total Organic Carbon (%TOC) and BC (%BC)

The concentration of TOC across all samples ranges from 0.05% to 0.17% (mean = 0.10%, n = 48) and exhibits a
trend of increasing values through the sequence (Figure 2b). %BC varies from 0.06%o to 0.19%o (mean = 0.1%o,
n = 48), with increasing concentrations from about L15 (~1.26-1.24 Ma; Figure 2c). Percentages of both TOC
and BC differ markedly between glacial and interglacial periods during 1.26-0.9 Ma, with lower values in loess
layers and higher values in paleosol layers (Figures 2b and 2c).

33. 883Cyoc

813C o (n = 48) ranges from —23.15%o to —27.23%o, with values in loess being generally more depleted than in
the paleosols (#-value = —2.58, p = 0.013, <0.05, Figure 2d). Mass balance calculations show that C, taxa account
for less than 30% of the biomass throughout the entire period represented by the sequence of samples analyzed
(Figure 2d). From L25 to S15 (~1.8-1.26 Ma), more depleted 8'*C . indicates the predominance of C, plants.
The contribution from C, taxa increased at S15 (~1.28 Ma) and especially between S11-L9 (~1.15-0.9 Ma).
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Figure 2. Stratigraphy of the Shangchen section and sequences of proxies from both the Shangchen and Duanjiapo sections. (a) Magnetic susceptibility data from
Shangchen: higher values are evident in paleosol layers (S, solid circles) while lower values are evident in loess layers (L, hollow circles). (b) Total organic carbon
(TOC%). (c) Black carbon (BC%). (d) 8"*Cy at Shangchen. Equations in G. Wang et al. (2008) and Yang et al. (2015) have been used to determine proportions of C,
plants. (e) Mean annual temperature (MAT): green circles represent Shangchen by depth, and red circles represent Duanjiapo by layers. (f) Mean annual precipitation
(MAP): green triangles represent Shangchen by depth, and red triangles represent Duanjiapo by layers. (g) Benthic 8'30 stack (Lisiecki & Raymo, 2005). (h)
Timeseries of number of artifacts excavated at Shangchen. Each column represents a layer from the loess-paleosol sequence. (i—k) Variability changes of climatic and
environmental proxies. Red solid line represents L15/S15 boundary.

3.4. br-GDGTs

Wide ranges of br-GDGTs-derived land surface MAT are evident at Shangchen and Duanjiapo, with similar
mean values of 16.0°C (12.5-19.2°C, n = 12) and 15.9°C (12.9-19.8°C, n = 11), respectively. Variations in
br-GDGTs-derived MAT are consistent with estimated and modeled continental MAT at 36° N (Figure S5 in
Supporting Information S1). Surface MAT is shown to have fluctuated between 2.1 and 0.6 Ma, with sharp reduc-
tions at ca. 1.8, 1.26, and 0.9 Ma. Estimates of MAP, with mean values of 664 mm for Shangchen (n = 11) and
709 mm for Duanjiapo (n = 11), exhibit a wide (>300 mm) range through the sequence. MAP at both locations
declines abruptly after ca. 1.26 Ma.

3.5. Variability Changes of Proxies

Changes in variability of SUS, BC, and §'*C;. are represented by the moving standard deviations of the original
data (see details of data processing in Text S2 in Supporting Information S1) and are similar across the three prox-
ies and are generally at low levels before ~1.28 Ma (the beginning of S15; Figures 2h—2k). Much more substantial
peaks occur during ~1.26-0.9 Ma, that is, the early MPT.

4. Discussion
4.1. Climate, Vegetation Conditions, and Hominin Occupation Through the Pleistocene

Our data show that, between 2.1 and 0.6 Ma, environmental conditions at Shangchen can be divided into four
distinct stages: 2.1-1.8, 1.8-1.26, 1.26-0.9, and 0.9-0.6 Ma (detailed in Text S3 in Supporting Information S1).
During 2.1-1.8 Ma, variability changes of proxies (Vc-proxies) are consistently small (Figures 2i—2k), suggesting
that climate and vegetation conditions varied little. From 1.8 to 1.26 Ma, values of all proxies remain relatively
stable, with no prominent peaks (Figures 2i—2k). Both %BC and MAP (Figure 3a) indicate that the climate was
still relatively wet during this period, and the contribution of C, herbaceous taxa to vegetation declined in favor
of an increase in C, plants (Figure 3f). The period between 1.26 and 0.9 Ma exhibits pronounced peaks in climate
and vegetation variability, as shown by Vc-proxies (Figures 2i-2k), and C, taxa exhibit a long-term expansion
trend from ~1.26 Ma (Figure 3f). In addition, increasing BC concentrations and decreasing br-GDGTs-derived
MAP indicate changes in the fire regime and an aridification trend since the beginning of MPT (~1.26 Ma;
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Figure 3. Temporal trends in climate, vegetation and artifacts in Lantian. (a) Black carbon (BC%; pink line) and mean annual precipitation (MAP; green dots) and (b)
total organic carbon (TOC%; orange line) and mean annual temperature (MAT; green triangles) at Shangchen; (c) summer insolation at 34°N (Berger & Loutre, 1991);
(d) Median levels of pCO, distributions (2.1-0.8 Ma; Da et al., 2019) and ice core CO, record (0.8-0.6 Ma; Liithi et al., 2008); (e) C, vegetation proportions around
Lantian. Black line = Shangchen, orange line = Yanyu estimated by data in Sun et al. (2012), purple line = Duanjiapo estimated by data in An et al. (2005); (f) green
line = In (NAP/AP) (the natural logarithm of Non Arboreal Pollen/Arboreal Pollen ratio) at Chaona in the central Chinese Loess Plateau (Wu et al., 2007), black

line = C, vegetation proportion at Shangchen; (g) classification of mammal fossil species and abundance of rodent species to total mammal fossil species in Lantian
area; (h) numbers of artifacts and fossils of Homo erectus in Lantian area (Huang, 1983; Zhu et al., 2015). Purple ellipse represents artifacts at Shangchen during
1.26-0.6 Ma. Yellow ellipse represents artifacts at other sites in Lantian area during the middle Pleistocene (S. Wang et al., 2014). Black dots represent artifacts records
during 2.1-1.26 Ma in Lantian area. Black dashed lines represent 0.9, 1.26, and 1.8 Ma.

Figure 3a), which, possibly enhanced by shifts in seasonality (e.g., Jones et al., 2022), favored a more open
vegetation environment with a higher proportion of C, plants (Zhou et al., 2014, 2017). The greater amplitude
of glacial-interglacial variations during this early MPT phase is evident in grain size, C,:C, ratios and, indeed,
in vegetation records from elsewhere on the CLP (An et al., 2005; Y. Sun et al., 2019). Reduced sensitivity of
monsoonal temperature and precipitation to insolation forcing (Figure 3c), and changes in astronomical forcing
under different ice/CO, boundary conditions (Figures 2g and 3d), may have driven variability changes of climate
and vegetation on the CLP during the early MPT (Y. Sun et al., 2019). During the 0.9—-0.6 Ma, low values of SUS,
MAT, and MAP, and higher BC% indicate weaker summer monsoon and generally similar cool and arid climate
as the previous period, while lower §'*C . values suggest an increased prominence of C, taxa in the vegetation,
which was dominated by C, shrubs as evidenced by the pollen record from Chaona (Wu et al., 2007).

A relationship between changes in climatic and environmental proxies, Vc-proxies, faunal assemblage and the
number of artifacts is evident in the record (Figure 2 and Supporting Information S1). In all, nine stone tools were
found in three loess/paleosol layers (S26, L27, and S27) at Shangchen between 2.1 and 1.8 Ma (Zhu et al., 2018).
However, during 1.8-1.26 Ma, 79 stone tools were found and the mean number of artifacts over time in this period
is greater than during 2.1-1.8 Ma (Zhu et al., 2018). Evidence for the more prominent presence of hominins
during 1.8-1.26 Ma is associated with a similarly wet and warmer environment (high MAP and MAT values in
Figures 2e and 2f). Faunal remains of several taxa typically associated with a more southerly distribution, includ-
ing Ailuropoda melanoleuca fovealis, Stegodon orientalis, Elaphodus cephalophus, were recovered from a site
nearby Gongwangling, along with a cranium identified as H. erectus (layer S23, ~1.63—-1.62 Ma; Figure 3h; Zhu
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et al., 2015). These taxa are restricted to areas to the south of the modern Qinling Mountains, indicating that the
study area was warmer and wetter at that time than it is at present, and that more luxuriant vegetation was able
to support large mammals and early humans (Xue et al., 2006). Moreover, the conspicuously high number of
artifacts found in layer S22 (~1.57-1.54 Ma) at Shangchen is similar in age to that of the Gongwangling cranium
(Zhu et al., 2015; Figures 2h and 3h). Before ~1.28 Ma (the beginning of S15), Vc-proxies suggest relatively
low climate and environmental variability, while the frequency of artifacts in loess/paleosol layers below layer
S15 signifies ongoing hominin occupation, albeit discontinuous. The occurrence of artifacts that point to local
occupation by early humans abruptly ceases between layer L15 (~1.26-1.24 Ma) and layer S8 (~0.87-0.82 Ma)
and there is an absence of faunal remains between ca. 1.26 Ma and ca. 1.0 Ma (Figures 2h and 3g). This is in
keeping with evidence from Vc-proxies, which show unprecedented peaks at the L15/S15 boundary (~1.26 Ma;
Figures 2i-2k). Shortly after this strikingly rapid shift in climate and vegetation conditions, the lithics record
at Shangchen and the large mammal fossil record around Lantian is truncated. The absence of lithics at Shang-
chen is accompanied by substantial increases in the frequency and magnitude changes in climate and vegeta-
tion, as indicated by recurrent peaks in Vc-proxies between 1.26 and 0.9 Ma that continued through the phase
(Figures 2i-2k). Furthermore, after 0.9 Ma, the Chenjiawo fauna that was discovered along with a H. erectus
mandible (~0.65 Ma) exhibits distinct northern temperate affiliations (Xue et al., 2006; Figures 3g and 3h). The
occurrence of 12 artifacts at Shangchen during 0.9-0.6 Ma, a markedly lower concentration than before 1.26 Ma
(Zhu et al., 2018), is also noteworthy. According to evidence indicated by MAT, MAP, and %BC, the shift in
faunal assemblage from one dominated by taxa associated with areas well to the south of the study area to those
typical of temperate areas to the north, as well as declining hominin activities after ~1.26 Ma at Shangchen, is
related to a long-term cooling and aridification trend since the onset of the early MPT (Figures 3a and 3b). We
conclude here that greater environmental (climate-vegetation) variability and continuous aridity during the early
MPT led to the Shangchen occupants migrating out of the region and/or becoming locally extinct.

4.2. Early Human Settlement in the Context of Local Vegetation and Water Conditions Across the
Chinese Loess Plateau

Based on existing §!*C . records from sections around Lishan Mountain, including Shangchen (this study) and
Yanyu (J. Sun et al., 2012), estimated variations in relative abundances of C, taxa exhibit notable similarities.
The mean values of —25.4%o0 and —25.5%o, respectively, suggest that C, plants constituted approximately 12%
of the vegetation biomass during the early to middle Pleistocene. In contrast, the average 8'°C . derived from
Duanjiapo on the BLT (An et al., 2005), is consistently about 3%. more enriched, suggesting a 20% greater
contribution of C, taxa (Figure 3e). The proportion of C, plants in vegetation may be poorly related to the
relative abundance of non-arboreal pollen due to production biases (Ficken et al., 2002). However, variations
in the contribution of C, taxa to vegetation recorded at Shangchen correlate with the rhythm of fluctuations in
the ratio of non-arboreal to arboreal pollen (i.e., In (NAP/AP)) in loess sediments from Chaona in the central
CLP (Figure 3f; Wu et al., 2007), supporting the view that a decrease in the proportion of C, represents an
increase in tree cover (Cerling et al., 2011; Osborne, 2007; Zhou et al., 2014). The sedimentary evidence thus
indicates less woodland cover at Duanjiapo compared with Shangchen (Figure 3e). This is despite similar MAP
and MAT reconstructions for the two sites, with the apparent incongruity possibly due to the ecological effects of
local differences in edaphic conditions (Compilation Committee of Local Chronicles of Shaanxi Province, 2000;
Mertes et al., 1995). The stepwise uplift of Lishan Mountain since the Late-Pliocene (X. Gao & Wang, 1990),
resulted in the formation of five river terrace levels (Lei & Qu, 1992). Paleolithic sites of Shangchen as well
as Gongwangling around Lishan Mountain, were situated closer to Bahe river than Duanjiapo (Figure S6 in
Supporting Information S1). Accordingly, the riparian corridor around Lishan Mountain, was characterized by
more trees, large predators and access to water and stones, and was therefore able to provide hominins with
shelter and moreover, access to additional food resources and raw materials for stone tools. Meanwhile, based on
paleotopography and the mean rate of river incision (Lei & Qu, 1992), the elevational difference between BLT
and the Bahe River, separated by a steep escarpment, would have exceeded 100 m and therefore reduced access to
water from Bahe river and any bedrock or stone for tool manufacture (Figure S6 in Supporting Information S1).
Moreover, due to the relatively subdued topography, coupled with the permeable nature of the loess substrate,
surface water bodies are rare on the BLT, restricting access to reliable water supplies and thereby preventing early
hominins from occupying the locality. Therefore, local environmental conditions were most likely to be suitable
for early hominin occupation at Shangchen, at least until the MPT.
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Figure 4. Relationships between climate variability, local environment and hominin activities at Shangchen and Nihewan. (a) Diagram of local environment during
different periods at Shangchen (this paper). The panda icon is used to represent the subtropical fauna normally found south of the Qinling Mountains. (b) Vc-SUS

at Shangchen (this paper). (c) Timeseries of number of artifacts found at Shangchen (green; Zhu et al., 2018) and Nihewan (orange; Yang et al., 2021). The arrow
represents the technological innovation of human tool use during ~1.1-1.0 Ma at Nihewan (Yang et al., 2021). (d) Vc-monsoon derived by Nihewan monsoon index
from Ao et al. (2012). Light purple boxes in panels (b—d) represent the mid-Pleistocene climate transition during 1.26-0.9 Ma. (e) Diagram of local environment during
different periods at Nihewan (revised from Yang et al. (2021)). Dashed lines represent 0.9, 1.26, and 1.8 Ma. The icons are obtained from www.flaticon.com.

The situation at Shangchen during the early MPT contrasts with the contemporaneous sequence of events in the
Qingling mountains to the south. Lithic artifacts initially appeared in the L15 layer (~1.26 Ma) at Longgangsi in
the southern Qinling Mountains (X. Sun et al., 2018) simultaneously with the truncation of the artifacts record at
Shangchen. The lithics record then continued during ~1.2-0.7 Ma at Longgangsi (X. Sun et al., 2018), implying
that ancient humans migrated to wetter and warmer areas to the south of the Qingling Mountains. Moreover,
toolmaking skills and numbers and varieties of stone tools found at occupation sites in the Nihewan Basin, at the
northeast margin of the CLP, are reported to have increased during the early MPT, consistent with the adoption
of new technologies, and suggesting that early humans were adaptively flexible in responding to climate-driven
changes (Figures 4c—4e; Yang et al., 2020, 2021). The contraction of the lake at Nihewan as a result of increased
aridity in the early stages of the MPT provided a suitable living space for hominins in the form of an exposed
open lacustrine basin terrace with access to water and food resources (Figure 4e; Yang et al., 2021). Comparison
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with records at Nihewan indicates that large-scale climate oscillations during MPT induced disparate hominin
responses due to distinctive local environmental conditions.

5. Conclusions

We analyzed SUS, TOC, BC, and 8'3C;, through a ~1.5 Ma-long loess-paleosol sequence sampled near the
Shangchen Paleolithic sites as well as br-GDGTs from Shangchen and Duanjiapo, on the southeastern flank of the
CLP. The results suggest that the area was dominated by C, vegetation, presumably including trees, throughout
the record, from 2.1 to 0.6 Ma. C, herbaceous vegetation became more prominent at Shangchen, coincident with
the higher climate variability driven by the MPT between 1.26 and 0.9 Ma.

Evidence in the form of variations in environmental proxies, the distribution of stone tools in loess-paleosol
strata, and the remains of fauna suggests that early humans appear to have preferred sites that were characterized
by being environmentally stable, wooded (C,-dominated) with incised topography and relatively easy access
to surface water over wide, exposed and resource/refuge-poor loess tableland locations in the southeast of the
CLP. These early human occupants of the CLP appear to have relocated to more hospitable locations during peri-
ods of strong recurrent environmental variability associated with, in particular, the MPT.

Data Availability Statement

The SUS, TOC%, BC%, 8'3C e, and br-GDGTs based data used for paleoenvironments reconstruction in the
study are available at Mendeley data (Zhou et al., 2023).
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