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Abstract: There is a wide diversity of landforms in China. The topography of three major ter-
races, decreasing in height stepwise from west to east, was formed by the early Miocene.
With the commencement of the Great Northern Hemisphere Glaciations (GHGs) and the
glacial-interglacial cycles in the Pleistocene, thick loess deposits accumulated in north China,
and fluvial terraces were formed and lakes expanded and contracted in eastern and central
China. The earliest evidence of hominins in China is dated to ~1.7 Ma; they occupied the
monsoon-dominated region for a long interval, until the late Pleistocene, ~50 ka. In this study,
we investigated a large area rich in the relics and artifacts of early man. The results indicate
that the early humans occupied riverine areas, especially medium-sized fluvial basins, and
lake shores. Even in the relatively recent geological past, the occupation and abandonment of
settlements were directly forced by the shifting of sand dune fields in the desert-loess transi-
tional zone, which in turn was closely associated with variations in the monsoon climate and
vegetation patterns. Our observations indicate that landforms were one of the main determi-
nants of early human behavior, in that loess tableland, large alluvial plains, desert-Gobi areas,
and the Tibetan Plateau, were not suitable environments for early human settlement. We infer
that the early humans in China adapted their behavior to specific landforms and landform
processes. The monsoon climate, which shapes the large-scale step-like pattern of fluvial
landforms, promotes vegetation coverage and dominates soil formation, provides a crucial
context for early human adaptation. The adaptation of early humans to earth surface proc-
esses in East Asia is investigated for the first time in this study. Future investigations will
provide further information that will increase our understanding of the linkage between early
human behavior and landform processes in East Asia.
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1 Introduction

The physical geography and natural landscape of China is composed of three parts: mon-
soonal and humid East China, the dry and windy Northwest China and the cold and high
Tibetan Plateau in Southwest China. The elevation of the landforms decreases systematically
from west to east, in the form of three terraces which decrease in elevation in stepwise fash-
ion. The highest terrain is the Tibetan Plateau, which has an average altitude of ~4000 m.
This high elevation region is succeeded by the terrain of the Mongolian-Yungui Plateau,
with an altitude of ~2000 m. The lowest terrain is in East China, and is characterized by flu-
vial-alluvial plains and large deltaic plains, with altitudes of less than 100 m above sea-level
(m a.s.l.) (Figure 1a). The topography of China was formed at least by the early Miocene
(Guo et al., 2002; Sun and Wang, 2005), and was controlled by the collision between the
Eurasian and Indian Plates in the early Paleocene (Hu et al., 2016), and the growth of the
Tibetan Plateau during the late Cenozoic (Molnar et al., 2010). The transformation of tec-
tonic compression stresses resulting from collision and deformation is responsible for creat-
ing the landforms of China, as well as the great rivers that flow from the west and north to
the east and south (Zheng et al., 2017). At the same time, the high relief probably modulated
the balance between thermal sink and source, thereby inducing the Asian monsoonal circula-
tion (Manabe and Broccoli, 1990). In turn, the monsoonal circulation came to dominate ma-
jor aspects of the physical environment in East Asia. The earth surface processes in most of
China are associated with the collision of the Indian-Eurasian Plates and the subsequent
carving of the landscape by fluvial erosion resulting from the monsoonal climate. The initia-
tion of the Great Northern Hemisphere Glaciations (GHGs) in the earliest Pleistocene, and
the glacial-interglacial alternations in the Pleistocene, have dominated the variability of the
Asian monsoon climate; in turn the fluctuations in the monsoon climate have dominated the
formation and evolution of landforms and earth surface process (Lu et al., 2010; Lu and Guo,
2014).

The unique landforms and monsoon climate of East Asia, especially in East China, pro-
vided a highly suitable habitat for early humans. Moreover, the discoveries of the remains of
Peking Man (Homo erectus) at Zhoukoudian and of Nihewan Paleolithic artifacts in the
1920s in northern China (Black, 1932; Xie et al., 2006), were one of the most important
events in the exploration of early human history in the 20th century. The earliest evidence of
human presence is probably at Nihewan (Hebei Province), an area of lacustrine and fluvial
landforms in northern-central China, and is dated to 1.7—1.6 Ma BP (Zhu et al., 2004, 2008).
This robustly-dated evidence indicates that these earliest hominins were probably
hunter-gatherers, who used simple Oldowan stone tools such as cores, flakes and other lithic
artifacts (Xie et al., 2006). After the discovery of Nihewan early man, several excavated
sites with human remains and lithic artifacts were found. This well-dated evidence includes
Lantian Man (~1.2 Ma BP), Yunxian Man (~0.8 Ma BP), the Chenjiawo mandible (~0.65
Ma BP), as well as Dingcun Man, Dali Man and Lushi Man (0.3-0.15 Ma BP). These sites
are all in and around the Qinling Mountains (Figure 1). Recently, several late Pleistocene hu-
man fossils have been found (Liu ef al., 2015; Li et al., 2017), although the dating results are
debated. Moreover, the controversial finds of Wushan Man (Huang et a/., 1995), Yuanmu
Man (Gao, 2015) and the Bose Handaxe assemblage (Wang et al., 2014), are not discussed
in this paper.
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Figure 1 1la. Relief and major atmospheric circulation systems of China. Paleolithic and Neolithic archaeologi-
cal sites are indicated by solid squares and the study regions mentioned in the text are indicated by hollow rectan-
gles. Sites: 1. Jinniushan; 2. Nihewan; 3. Zhoukoudian; 4. Dingcun; 5. Dali; 6. Chenjiawo; 7. Gongwangling; 8.
Luonan; 9. Lushi; 10. Lingjing; 11. Longgangsi; 12. Yunxian man; 13. Wushan; 14. Anjiang; 15. Chishandao; 16.
Yuanmou; 17. Daoxian; 18. Bose.

1b. (a) Major basins, drainage patterns and Paleolithic sites in the Eastern and Central Qinling Mountains Region
(QMR). (b) and (c) are enlargements of the Hanzhong and Luonan Basins.

1c. Location of Neolithic archaeological sites in the transitional zone between sand dune fields and loess deposits.
Solid green circles are Holocene Optimum (HO) sites and solid red circles are Last Glacial Maximum (LGM)
sites.
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In addition to these findings, hundreds of thousands Paleolithic artifacts have been col-
lected in monsoonal China (Wang S, 2005; Gao et al., 2016; Wang and Lu, 2016). Over the
past 30 years, our research group has collected more than 200,000 lithic artifacts in the
Eastern and Central Qinling Mountains Region (QMR) (Wang S, 2005; Wang et al., 2008,
2014; 2015, 2016; Lu et al., 2007, 2011a, 2012; Sun et al., 2012, 2017; Zhuo et al., 2016;
Zhuo, 2017, unpublished PhD thesis), and several phases of human occupation were docu-
mented (Lu et al., 2007, 2011b, 2012; Sun et al., 2017). The lithic artifacts are densely dis-
tributed in the watersheds of the South Luohe River, Hanjiang River and Bahe River (Figure 1c).

In addition, there are a large number of Neolithic excavation sites in the mon-
soon-dominated region, revealing that human behavior was closely associated with earth
surface process and environmental change, particularly in ecologically- sensitive areas such
as the transitional zone between desert and loess in North China. We have systematically
investigated this area to explore the relationship between human behavior and landform
processes and environmental change in the recent geological past (Zhuo et al., 2013; Lu et
al., 2013) (Figure 1).

The dense distribution of Paleolithic and Neolithic sites in monsoonal China, which yield
important information about human behavior in the Pleistocene and Holocene, are associated
with changes in fluvial and aeolian landforms on multiple timescales. Therefore, the region pro-
vides an excellent testing ground for examining the relationship between geomorphological
processes and human behavior, which hitherto has been largely undocumented in East Asia.

2 Landform evolution and changes in monsoon climate

There are major river catchments, mountain-basin systems, the Loess Plateau, dune fields
and large alluvial basins and river deltas in eastern and central China, where vegetation
growth is sustained by monsoonal precipitation and the fertile soils. The landforms devel-
oped much earlier than the timing of early human arrivals. For example, the Qinling Moun-
tains, which are one of the most important biogeographic barriers between South and North
China, were formed prior to the early Paleocene (Meng, 2017). However, the topography of
the Qinling Mountains was still changing during the late early Pleistocene to Holocene, co-
inciding with the arrival and occupation of early humans in the area.

The global cooling of the early Pleistocene was accompanied by the growth of ice sheets
in the high-latitude Northern Hemisphere, the lowering of sea level and strengthening con-
tinentality. At the same time, East Asia became drier because the lower temperatures weak-
ened atmospheric circulation and moisture exchange (Lu et al., 2010). Against this back-
ground, the Asian summer and winter monsoon systems were established, and the intensified
East Asian winter monsoon transported increased quantities of dust that was deposited in
central and northern China, on various landform surfaces, especially on the Chinese Loess
Plateau. Aeolian loess deposition resulted in the formation of a major landscape type which
was traversed and occupied by Pleistocene hominins. In addition, the loess sediments man-
tled the fluvial terraces and mountain tops, with thicknesses of several tens to more than
three hundred meters. Continuous loess-paleosol sequences are associated with these loess
tableland landforms, and they provide excellent archives for reconstructing past climatic and
environmental changes (Lu et al., 1999, 2004), as well as enabling the dating of the early
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human relics (Lu et al., 2007, 2011a, 2012). Since loess sediments are fragile and suscepti-
ble to erosion, the development of the numerous gullies and cliffs associated with the loess
landforms may have impacted early human migration patterns and behavior.

(a) Qiaojiayao loess deposits and fluvial landforms (b) Liuwan loess stratigraphy

Figure 2 Examples of loess landforms and stratigraphy in the Luoshi and Luonan Basins, QMR, central China

The monsoon rainfall water is transported to the sea via a hierarchical network of chan-
nels in which gullies, tributaries and rivers are composed of the major fluvial systems. Tec-
tonic uplift in East China during the Pleistocene was less than several tens of meters over
most of the region, and therefore the formation of the river terraces was driven mainly by
surface erosion and channel migration. The oldest investigated river terraces are ~2.0 Ma BP,
but the hominin occupation is dated to as early as ~1.2 Ma BP (An and Ho, 1989; Sun et a!.,
2017) (Figure 3). Over the past ~1.2 Ma BP, more than five river terraces were formed with
diverse ages, ranging from early Pleistocene to Holocene. Most of the terraces are in fluvial
basins, but some are in broad river channels. Formation of the fluvial terrace sequences was
mainly driven by erosion and minor local surface uplift, indicating that local tectonic activ-
ity and bedrock erosion may have controlled terrace formation, modulated by climate
change.

Long-term fluvial erosion was controlled by alternations in monsoon strength, and chan-
nel migration. The Hanjiang River flows through basins and gorges, same as the South
Luohe River; however, the Bahe River originates from mountains and flows out into the
Guanzhong Basin, and landforms resembling those of the two river systems to the south and
southeast are absent due to its much shorter length (Figure 1). River terrace sequences are
mainly developed in basins, such as the Hanzhong, Ankang, Yunxian and Shiyan Basins
along the Hanjiang River; and the Luonan, Lushi, Luoning and Yiyang Basins along the
South Luohe River (Figures 1 and 2). The structure of the fluvial terraces comprises bedrock
at the base, followed sequentially upwards by fluvial pebbles and loess-paleosol deposits
(Figure 3). Due to its ability to yield precise ages, the loess deposits can provide reliable
constraints on the timing of the formation of the river terraces, as well as the ages of the Pa-
leolithic artifact assemblages, which are scattered on the fluvial terrace surfaces and buried
in the loess deposits. There are height differences of more than 400 m between the investi-
gated terraces, and the artifacts buried therein reveal that the patterns of early human migra-
tion followed the patterns of terrace evolution.

Landform evolution also occurred on a shorter time scale. In the transitional zone between
sand dune fields and loess deposits, within which the climate varies from arid to semiarid,
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Figure 3 Landforms and fluvial terraces of the Hanjiang River,
South Luohe River, and Bahe River, QMR, central China (a. Yunxian

site; b. Longgangsi site; c. Qiaojiayao site; d. Diaozai site)

the waxing and waning of the mon-
soon during the past ~20 ka has re-
sulted in significant migration of the
boundary. Essentially, a strengthened
summer monsoon delivered more
rainfall to the dune fields, where
water was the critical limiting factor
for plant growth. The increased
rainfall in turn resulted in a denser
vegetation coverage, the sand dunes
were stabilized, and fertile soils de-
veloped. At the same time, the rivers,
lakes and swamps expanded, pro-
viding a favorable environment for
early humans. On the other hand, a
weakened summer monsoon circula-
tion provided insufficient water to
maintain the vegetation coverage,
resulting in dune mobility and a
dusty environment. Under this sce-
nario, alternations in monsoon cir-
culation clearly controlled earth sur-
face processes and modulated the
environment of early humans. As the
climate became more arid, dune
fields such as the Mus Us underwent
large-scale expansion and contrac-
tion (Figure 4; Lu et al., 2013; Xu et
al., 2013), resulting in shifts of bio-
geographic boundaries of 200-300 km.
Similar changes occurred in the sand
dune fields of the Otindag (Zhou et
al., 2013), Horqin (Yi et al., 2013)
and Hulun Bier (Zeng et al., 2013).
The shorelines of paleolakes would
have shifted along with the changes
in monsoon precipitation and lake
levels (Jiang Mengyao, 2017. Per-

sonal communication). This was significant for early humans since they probably migrated in
response to the lake shoreline changes. In the Nihewan Basin, the region with the earliest
evidence of human occupation in East Asia, excavations have discovered lithic tools buried in
lake sediments. This can be interpreted as evidence of lake transgression under increased
summer monsoon precipitation. Therefore, lake expansion and contraction, resulting from
changes in summer monsoon intensity, and the accompanying changes in lake shorelines,
may have significantly impacted the environment of early humans. Since ~1.7 Ma BP, more than
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Figure 4 Stratigraphy and paleoenvironmental records from the Chinese Loess Plateau spanning the last 2 Ma.
From left to right: geomagnetic polarity time scale; pedostratigraphy of the loess-paleosol sequence; magnetic
susceptibility record of the Luochuan site, reflecting variations in summer monsoon strength; grain-size record
from Luochuan, reflecting winter monsoon strength; stable carbon isotopic composition from the Yanyu site,
reflecting vegetation patterns. The major climatic trends and cyclicity are linked with the evolution of the behav-
ior of early humans.

130-m lake sediments have accumulated, with an area of ~1800 km? (Zhu et al., 2004; Xie et
al., 2006). This clearly demonstrates the occurrence of significant changes in lacustrine land-
forms in the Pleistocene.

Thus, variations in the monsoonal climate have significantly shaped the landforms occu-
pied by early humans in central and northern China since the early Pleistocene, including
fluvial incision, modulation of the area of dune fields, and changing the position of lake
shorelines. The driving force behind these changes in earth surface processes and the resulting
landforms was the fluctuating monsoonal climate. Fortunately, the Chinese loess-paleosol
sequences, which provide a unique record of changes in the monsoon climate and the asso-
ciated vegetation, also yield direct evidence of early human occupation and behavior. Nota-
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ble among the proxy climatic indicators applied to loess deposits are the magnetic suscepti-
bility which reflects summer monsoon precipitation; the stable carbon isotopic composition
which reflects vegetation composition, specifically changes in the relative coverage of
woodland and grassland; and the sediment grain-size distribution which reflects the winter
monsoon strength and the area of mobile dune fields (Lu et al., 2004; Sun Jimin ef al., 2012).
Fluctuations in precipitation, temperature, wind strength and vegetation since the early
Pleistocene are illustrated in Figure 4.

3 Human behavior during the Pleistocene and Holocene: evidence from the
QMR region and dune fields

To date, we have collected more than 200,000 lithic artifacts from the QMR region. These
findings indicate that early humans occupied the river terraces of the South Luohe River,
Hanjiang River and Bahe River for a very long interval of time (Figure 4). They arrived in
the QMR region, in both the north and south, and may have occupied the area
semi-continuously until the last few tens of ka, probably with several phases of intensive
activity (An and Ho, 1989; Lu et al., 2007, 2011a, b; 2012; Wang S J et al., 2005, 2008,
2014, 2016; Zhuo et al., 2016; Sun et al., 2012, 2013, 2017). The sites of early human set-
tlement are located on river terraces within the range of several meters to hundred meters
above the river water level, revealing that the humans moved across a large area. During
several phases of occupation there are linkages between the southern and northern QMR; for
example, at ~1.2 Ma hominins occupied both Longgansi site in the south and Gongwangling
site in the north QMR (An and Ho, 1989; Sun et al., 2017). This demonstrates that the early
humans may have moved across the Qinling Mountains; this is also supported by the close
similarity of the lithic tool technology at the two sites, which indicates a direct linkage. After
the earliest arrival in the QMR, the early humans dispersed over a large area, with a diameter
of more than 200 km. The ages of the sites are clustered within specific ranges: 800-600 ka
BP, 500-400 ka BP, 400-200 ka BP, 200-100 ka BP, and the last ~50 ka (Lu et al., 2007,
2011a, b, 2012; Wang et al., 2005, 2008, 2014, Sun et al., 2012, 2017; Zhuo et al., 2016;
Wang and Lu, 2016). These results clearly indicate that the Qinling Mountains, with an av-
erage altitude of ~2000 m, did not act as a barrier to the migration of humans during the
early to middle Pleistocene. It appears that in the QMR the early humans moved along rivers
and channels to a greater extent than was previously realized. Our observations do not sup-
port the idea that the elevation of the Qinling Mountains was lower during the early Pleisto-
cene than it is today (Xue ef al., 2004), and that populations of hominins were eventually
communicated between the south and north QMR. The fluvial landforms and basins in the
QMR were mainly modified by climate change during the Pleistocene, and the stepped se-
quence of river terraces, dated from ~2.0 Ma BP to ~0.01 Ma BP, may have provided easy
access of early humans to water bodies. It suggests that as the river terraces were formed the
early humans may have shifted their gathering and occupation areas to the lower terraces.
This hypothesis is supported by the early human occupation sites at Longyadong Cave
(Wang, 2005), Liuwan (Lu et al., 2007; Zhang et al., 2012), Qiaojiayao (Lu et al., 2011a),
Hejialiang (Sun et al., 2012; Wang et al., 2014) and Longgangsi (Sun et al., 2017; Wang and
Lu, 2016). Our recently excavated sites, such as Fanba (Figure 5a), Duanping (Figure 5b),
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(c) Field excavation at Jinshui (2016) (d) Field excavation at Longgangsi (2016)

Stone tools at
Hejialiang site

(e) Paleolithic tool assemblage from (f) Typical stone tools from
the Hanzhong Basin (2016) the Luonan Basin (2013)

Figure 5 Recent archaeological findings in the QMR, central China

Jinshui (Figure 5c) and Longgangsi (Figure 5d), share the same features. We have found
numerous lithic artifact assemblages at these sites (Figure Se, 5f), indicating that the early
humans moved in response to changes in the location of water bodies under specific land-
form constraints.

We have discovered numerous early human occupation sites in various fluvial terraces
along the QMR, which are always located in medium-sized intermontane basins and small
hills with an approximate diameter of several tens kilometers and elevation of several hun-
dred meters. However, no early human sites have been found in the great plains and alluvial
fans; nor have early human remains been found in great loess tableland, such as in the
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Guanzhong Basin and the Bailuyuan and Luochuan loess tablelands. These observations
shed light on the attraction of fluvial landforms for the early humans; in addition, the dis-
coveries indicate that they could move from the upper to the lower branches along a river,
over distances of 100-300 km.

Other important Paleolithic sites are distributed along river terraces, such as those that
yielded remains of Peking Man, Yunxian Man, Dali Man, and Dingcun Man; sites such as in
Bose Basin; the recently discovered site of Chishandao, near Yuanjiang city, Hunan Province
in South China; and the site at Anjiang, Shengzhou city, Zhejiang Province, in Southeast
China. In addition, the famous Nihewan sites such as Dongutuo and Xiaochangliang are lo-
cated close to lakes, indicating that landforms close to water bodies were the favored loca-
tions of early human occupations. Ease of access to water resources was probably the most
important factor determining the location of the occupations sites, despite the ability of the
early humans to move across a large area.

Even in the very recent geological past, the archaeological sites indicate that the location
of occupation sites was closely associated with landform evolution (Zhuo et al., 2013; Lu et
al., 2013; Jia et al., 2016, 2017), we therefore speculate that changes in earth surface proc-
esses, which influenced vegetation patterns and soil formation, must have impacted human
behavior. In the sand dune fields, human relics dating to the Last Glacial Maximum (LGM,
~21 ka BP) are relatively rare, but those dating to the Holocene Optimum (HO, 8-5 ka BP)
are common (Figure 1c). The sparsity of human sites during the LGM reflects the climatic
aridity which resulted in the desiccation of rivers and lakes and the consequent reduced
availability of water resources. On the other hand, the increased monsoon precipitation dur-
ing the HO resulted in plentiful water resources, enabling the growth of larger vegetation
cover and denser populations in the dune fields (Lu et al., 2013). Therefore, patterns of hu-
man behavior and settlement were directly determined by earth surface processes on orbital
to millennial timescales.

4 Adaptation of the behavior of early humans to landform evolution

The populations of early humans may have been replaced by, or intermingled with, migrants.
Our new observations shed light on specific landforms and patterns of climate change that
together impacted human behavior, as reflected in the occupation sites, movement, repro-
duction, and prosperity of the populations. Three observations can be made. Firstly, it ap-
pears that Northwest China was too dry to have been inhabited by early humans and no early
human sites have been found so far. It is possible that early human sites may yet be found in
Northwest China. In addition, occupation of the Tibetan Plateau would have been a major
challenge for the early humans, because of its cold climate. However, recent discoveries
indicate that that humans may have perennially occupied in the Tibetan Plateau in the late
Holocene against a background of technological innovation (Chen et al., 2015), may arrived
in there earlier (Zhang and Li, 2002; Meyer et al., 2017). Since humans could adapt to the
harsh environment, it is possible that even older evidence may be found (Zhao et al., 2009).
Nevertheless, clearly the timing of the occupation of the region was significantly later than
the arrival of early humans in central China.
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the surface or buried. The reason may be the occurrence of flooding and predation by carni-
vores that forced the early humans to occupy the mountains and moderate-sized basins that
were more secure.

Despite the great diversity of landforms in monsoonal China, our evidence indicates that
in the QMR early humans chose to occupy moderate- and small-sized river valleys, paired
mountain-basins and dolomite caves which provided easy access to water resources and
abundant plant resources. In summary, first, low hills with moderate-sized basins and rivers
were the preferred environment of early humans. Second, it was important to have a
reasonable area to move across, that is, to be able to walk or run distances of several to sev-
eral tens of km. Third, plentiful plant resources close to the occupation sites human settle-
ments were required (Zhang et al., 2017). Landforms determined the local hydrology, cli-
mate, and soil development, and thus the vegetation composition, and in turn impacted hu-
man behavior (Figure 6). The vegetation and niche environments were also a determinant of
early human occupation, but their specific roles need to be further investigated.

From the foregoing analysis, there is no doubt that earth surface processes and landforms
were important constraints on the behavior of early humans in monsoonal China; moreover,
rapid landform change also clearly impacted human behavior in the very recent geological
past. The early humans dispersed along landforms in East Asia, they arrived in middle to
small sized hills and basins in Early Pleistocene and early Middle Pleistocene, they occupied
the dry areas, highlands such as desert and Tibetan Plateau in Late Pleistocene and Holocene,
these evidences may show that the humans have adapted their behaviors to the harsh natural
environment with stepwise forward. Overall, our observations demonstrate that landform
evolution must have played an important role in modulating human behavior in East Asia
during the Pleistocene and Holocene.
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5 Conclusions

Our analysis of earth surface processes and the behavior of early humans in China has re-
vealed that specific landforms played an important role in determining patterns of human
behavior and the location of occupation sites during the Pleistocene and Holocene. North-
west China and the Tibetan Plateau were too arid and cold for human occupation, until the
late Holocene. The oldest early human occupation sites are the Nihewan Basin, in cen-
tral-northern China, dated to ~1.7 Ma BP. The subsequent occupation phases such as in the
Qinling Mountains Region during the middle to late Pleistocene provide direct evidence that
monsoonal China was a favorable environment for early humans. Moderate-sized rivers and
basins and mountains were preferred locations and the vast open plains, basins and loess
tablelands were avoided. Easy access to water resources was an important determinant of the
occupation sites. Rapid landform change had the effect of driving the human migration,
suggesting that earth surface processes had an important impact on early human behavior.
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