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Abstract The Chinese empire experienced a large expansion to the arid regions in
the west during the Han Dynasty (206 BCE–220 CE). The Hexi Corridor, the Yanqi
Basin, the southeastern part of the Junggar Basin and the Tarim Basin became part of
the empire. The expansion of the Han Dynasty was accompanied by the significant
intensification of irrigation farming along rivers draining the Qilian, Tianshan and
Kunlun Mountains. Sedimentological and geochemical analyses and dating of lake
sediments and shorelines revealed that four large lakes in the region experienced
falling levels, or were almost or completely desiccating. The level of Zhuyeze Lake
was falling rapidly ca. 2100 years before present (a BP), and the accumulation of
lake sediments was replaced by an alluvial fan setting in large parts of the basin.
Lake Eastern Juyan desiccated ca. 1700 a BP. Lake Bosten experienced low levels
and increasing salinities at ca. 2200 a BP. Lake sediments in the Lop Nur region were
mostly replaced by aeolian sands during a period of near-desiccation at 1800 a BP.
In contrast, records from fifteen lakes farther in the west, north or south of the Han
Dynasty realm indicate relatively wet climate conditions ca. 2000 years ago. Thus,
dramatic landscape changes including the near and complete desiccation of large
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lakes in the arid western part of today’s China probably resulted from the withdrawal
of water from tributaries during the Han Dynasty. These changes likely represent the
earliest man-made environmental disasters comparable to the recent Aral-Sea crisis.

Keywords Central Asia · Xinjiang · Inner Mongolia · Gobi Desert
Lake desiccation

3.1 Introduction

The climate conditions in the Chinese section of the ancient Silk Road during theHan
Dynasty have not been addressed by many studies so far. Climate change research
usually focussed on longer time scales such as the Holocene, or on recent global
change (Liu et al. 2008, 2015a; Tao et al. 2010; Yang and Liu 2014). The work
on Holocene climate records is often motivated by the need to understand climate-
controlled environmental change since the last ice age with special emphasis on the
rapidness and amplitude of environmental change during times of natural climate
changes without human impact but with comparable climatic controls of the Earth’s
orbital parameters (Wünnemann et al. 2012; Fan et al. 2014). As a result, periods of
maximum moisture and temperature of northwestern China have been proposed in
the early and middle Holocene (Liu et al. 2015a; Chen et al. 2016). However, the cli-
mate and environmental conditions in northwesternChina specifically during theHan
Dynasty deserve more attention of the palaeoclimate community because the Han
Dynasty expansion of the Chinese empire had caused a large population migration
towards the west accompanied by significant land use changes (Zhang et al. 2003,
2011; Yang et al. 2006; Lü et al. 2009; Qin et al. 2012). A recent study by Mischke
et al. (2017) showed that water withdrawal from the tributaries of the large ancient
Lake Lop Nur in the eastern Tarim Basin for irrigation farming caused not only the
near-desiccation of the lake ca. 1800 years before present (a BP) but eventually also
the abandonment of the LoulanKingdom upstream of LopNur. Thus, human impacts
on environments along the Silk Road apparently already reached a significant mag-
nitude during or shortly after the Han Dynasty. We follow and extent the approach of
Mischke et al. (2017) here by assessing and comparing the available palaeoenviron-
ment and palaeoclimate records from northwestern China and surrounding regions
with special emphasis on the Han Dynasty period. Which environmental and cli-
mate conditions can be inferred for northwestern China and surrounding regions
during the Han Dynasty? Are there spatial differences in environmental and climate
conditions, and if so, can these differences be linked to changes in westerlies or sum-
mer monsoon precipitation? Alternatively, were spatial differences in environmental
conditions possibly caused by man?
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3.2 Previous Research

The Holocene climate history of northwestern China and surrounding regions was
addressed by relatively many studies in the last decades. Studies often focussed on
the Holocene “Climatic Optimum” in China, i.e. the identification of the warmest
and wettest period of the Holocene (Zheng et al. 1998; An et al. 2000; Chen et al.
2008). Ca 2–4 °C warmer conditions synchronously in different regions of China
between 9000 and 6000 a BP were postulated by Zheng et al. (1998). In contrast, An
et al. (2000) suggested that warmest and wettest conditions culminated at 11,000,
between 10,000 and 8000 or 10,000 and 7000, between 7000 and 5000, or at 3000 a
BP in different regions of China. Highest lake levels along the eastern section of the
Silk Road in the Hexi Corridor region occurred mostly between 10,000 and 7000 a
BP. Chen et al. (2008) and Wang et al. (2010) argued that the arid regions of Central
Asia or the area influenced mainly by the East Asian Summer Monsoon experienced
wettest conditions during themiddleHolocenewhilst themore humid part influenced
by the Indian Summer Monsoon received higher precipitation in the early Holocene.
Relatively dry conditions during the early Holocene were also reported for locations
along the ancient Silk Road in Xinjiang (Bosten Lake, Aibi Lake, Wulungu Lake,
Balikun Lake) or further to the east in the Hexi Corridor of Gansu (Lake Zhuyeze;
Liu et al. 2008; Tao et al. 2010; Zhang et al. 2010; Wang et al. 2013; Mischke et al.
2016). The Han Dynasty climate was not specifically addressed in these studies.
However, the lake records from Aibi, Wulungu and Balikun suggest relatively wet
conditions ca. 2000 a BP whilst Lake Bosten and Lake Zhuyeze experienced falling
lake levels.

In contrast to studies of theHolocene climate conditions in northwesternChina and
surrounding areas in general, archaeological investigations of Han Dynasty sites in
northwestern China included discussions of the specific climate conditions as poten-
tial drivers of oases evolution and abandonment during and after the Han Dynasty.
For example, Qin et al. (2012) described that the Loulan Kingdom and intensive
farming in the eastern Tarim Basin was established during a climatically favourable
wet period between 2100 and 1700 a BP and that its abandonment was apparently a
result of climatic aridification of the region afterwards. Similarly, the oasis Yuansha
in the Keriya River region at the southern margin of the Tarim Basin was thriving
during relatively wet climate conditions before 2200 a BP and eventually abandoned
1600 a BP following a first avulsion of the Keriya River at 2200 a BP and a drought
at ca. 1900 a BP (Zhang et al. 2011). Zhou et al. (1994) also discussed the natural
diversion of rivers, drier climate and social unrest as possible causes that may have
led to the decline of oases in the Keriya River region. Zhang et al. (2003) described
that warm and wet climate conditions between 2800 and 1900 a BP led to signifi-
cantly larger water resources in the Tarim Basin and flourishing desert oases which
were abandoned due to deteriorating climate after 1800 a BP. Yang et al. (2006)
reconstructed the extent of irrigated farmlands in the Tarim and Yanqi Basin (includ-
ing Bosten Lake) during the Han Dynasty. They concluded that irrigation farming
was widespread between 2200 and 1500 a BP and that changing climate probably
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caused the termination of the oases in the Tarim Basin. Thus, climate deterioration
was mostly assumed as the main cause of the decline of local kingdoms and desert
oases along the ancient Silk Road between 1900 and 1500 a BP.

3.3 Discussion of Climate Records from Northwestern
China and Surrounding Regions

3.3.1 Lake Records from the West

Three lake records were analyzed from the Pamir Mountains in the westernmost part
of the discussed region: records from Sasikul, Karakul and Karakuli lakes (Figs. 3.1,
3.2, Table 3.1). The records were obtained from alpine lakes at more than 3600 m
above sea level (asl) representing relatively small catchment areas. The δ18O val-
ues of fine-grained carbonate from Sasikul Lake are generally high during the Han
Dynasty period but also high during the 300 a before (since the start of the record)
and in the following centuries (Lei et al. 2014). Consequently, relatively dry con-
ditions are inferred from the high δ18O values of the closed-basin lake. Relatively
comparable δ18O values of fine-grained carbonate were provided for the closed basin
of Lake Karakul 150 km north of Sasikul Lake. Here, δ18O values are highest during
the middle of the Han Dynasty but decreasing towards the end of the Han and later
on too (Mischke et al. 2010; Fig. 3.2). Increasingly wet conditions existed at Lake
Karakul during the Han Dynasty and in the subsequent centuries. The study of Aich-
ner et al. (2015) applied compound-specific stable isotope analysis to the sediments
of Karakuli Lake which is 150 km to the southeast of Karakul Lake. The δD values
for terrestrial biomarkers decrease throughout the Han Dynasty and remain low in
the centuries afterwards, and increasingly wet conditions during the Han are inferred
from Karakuli Lake too (Fig. 3.2).

Two lake records are available from the central Tianshan Mountains in the north-
east of the Pamirs (Fig. 3.1). Son Kol Lake is an open-basin lake at 3016 m asl and
Issyk-Kul is a closed basin lake at 1607 m asl. The catchment areas of both lakes
are relatively small in comparison to the lake surface areas, representing relatively
local conditions similar to the Pamir lakes (Savvaitova and Petr 1992). Lauterbach
et al. (2014) used δ15N values of organic matter in lake sediments as proxy for winter
snowfall in the Son Kol Lake catchment. Increasing winter precipitation during and
after the Han Dynasty is inferred from the δ15N increase (Fig. 3.2). The low δD val-
ues for a terrestrial biomarker (δDn-C29) during the Han Dynasty suggest wet climate
conditions whilst decreasing δD values in the following centuries indicate diminish-
ing summer precipitation. However, high winter precipitation during the centuries
following the Han Dynasty probably maintained generally wet climate conditions
in the region. Stable oxygen isotope values for ostracod (micro-crustacean) shells
from Issyk-Kul Lake were highest before the beginning of the Han Dynasty and
slightly lower afterwards (Ricketts et al. 2001; Fig. 3.2). The timing of the δ18O
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Fig. 3.1 Location of the reviewed climate records from northwestern China and surrounding
regions. Extent of Qin Dynasty (light green and dotted line) and of Han Dynasty (green) empires
marked. (References provided in Table 3.1)

Fig. 3.2 Lake records from the western section of the discussed region. Vertical grey bars at left
of records indicate calibrated 14C ages with 2σ error ranges. Duration of Han Dynasty marked by
blue bar. (References and additional chronological information provided in Table 3.1)

record is not well constrained for the period of the Han Dynasty due to the absence
of radiocarbon data between about 3000 and 500 a BP but relatively low changes of
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the sediment accumulation rate might be expected for a large and deep lake such as
Issyk-Kul (Fig. 3.2). Interpolated sample ages between dated stratigraphic levels in
the obtained sediment core are probably relatively robust. However, the decrease of
δ18O values over the Han period probably represents a rising lake level which led to
overflow conditions and a lake level at least 16 m higher than present between 1400
and 1200 a BP. Thus, increasingly wet conditions were inferred from the lakes Son
Kol and Issyk-Kul in the central Tianshan Mountains.

BalkhashLake in the northern foreland of theTianshanMountains lies at ca. 340m
asl. The closed-basin lake drains a large catchment area of 501,000 km2 including
the northern ranges of the Tianshan Mountains and the Dzungarian Alatau (Chiba
et al. 2016). Palaeoclimate signals from the lake are therefore expected to integrate
local peculiarities and should represent regional climate conditions. However, late
Holocene climate records from the lake presented in previous years often cover only
the last 1000 or 1800 a BP and do not include the period of the Han Dynasty (Endo
et al. 2010; Narama et al. 2010; Chiba et al. 2016). The rough assessment of relative
lake level changes of Sugai (2012) includes two periods of low lake levels between
2500 and 2000 a BP and 1300 and 1000 a BP (Fig. 3.2). Correspondingly, a low-
lake-level period between 2500 and 1800 a BP was described by Akhmetyev et al.
(2005). Relatively dry conditions existed in the catchment of Balkhash Lake during
the early half of the Han period or the entire Han time, which subsequently gave way
to wetter conditions in the region.

3.3.2 Lake Records from the Central Region

One additional lake record is available from relatively high altitude in the eastern
Tianshan Mountains. Pollen data were reported from Sayram Lake which is sur-
rounded by steppe vegetation (Jiang et al. 2013). The setting of the lake with rela-
tively dense vegetation in its vicinity and its moderate size (453 km2) suggest that
the pollen record mostly represents local and regional vegetation. Pollen transported
over far distances contributed probably to a minor degree to the recorded assem-
blages. The Artemisia/Chenopodiaceae (A/C) ratio was used as a moisture indicator
to discriminate between steppe (higher A/C ratios) and desert (lower A/C ratios) veg-
etation (Jiang et al. 2013). The A/C ratio is increasing continuously from ca. 2500
a BP to 800 a BP, and increasingly wetter conditions are inferred over the period of
the Han Dynasty (Fig. 3.3).

Three lake records were presented for the Junggar Basin between the Tianshan
Mountains in the south and the Altai Mountains in the north (Fig. 3.1). Aibi Lake is a
closed-basin lake in the southwestern part of the JunggarBasin 150kmeast of Sayram
Lake. Pollen data from the desert environment of the lake probably represent regional
vegetation changes. The pollen concentration as a measure of vegetation density and
theA/C ratio increase from3600 to 1400 aBP (Wang et al. 2013). Increasingmoisture
availability is inferred for the Han Dynasty period in the Aibi Lake region (Fig. 3.3).
Manas Lake 250 km further northeast of Aibi Lake was a terminal salt lake until the
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1960s before the lake turned into a salt-covered playa as a result of the diversion of
the entering Manas River for agricultural purposes (Rhodes et al. 1996). Lake and
river sediments were recovered in Holocene sediment cores from near the former
lake’s centre. Phases of lake formation regarded as wetter climate periods existed
from 4500 to 2500 a BP and from 2000 to 1000 a BP. The δ18O values for carbonate
increase during the initial period of lake formation after 2000 a BP as a result of the
evaporative enrichment in a stagnant water body. δ18O values from the river period
before the lake phase are not regarded as good climate proxy here because they likely
represent a mixed signal of detrital carbonate grains fromMesozoic limestones in the
upper reaches of the Manas River, reworked carbonate from earlier deposited lake
carbonates in Manas Lake, and possibly authigenic carbonate formed in the slowly-
flowing river. However, a transition from drier to wetter conditions is reflected during
the Han Dynasty through the replacement of river sediments by lake sediments at
about 2000 a BP (Fig. 3.3). Wulungu Lake 180 km further northeast receives water
from the southern slopes of the Altai Mountains. A multiproxy record of grain size,
geochemistry and pollen data from the terminal lake was used by Liu et al. (2008)
to construct a lake level curve for the Holocene. The surroundings of the lake are
characterized by desert vegetation and the pollen record is regarded to reflect regional
vegetation changes. The authors recorded a high lake level during the Han Dynasty
and a change from desert steppe to steppe vegetation in the region (Fig. 3.3). Thus,
relatively wet conditions were recorded for the northern part of the Junggar Basin.

A δ18O record of authigenic carbonate from Bosten Lake in the Yanqi Basin
between the Junggar and Tarim basins was provided by Zhang et al. (2010). Although
Konqi River is the outflow of Bosten Lake, the lake probably behaves like a semi-
closed lake due to the close location of the in- and outflows at its western margin
(Mischke and Wünnemann 2006). As a result, a significant W-E oriented salinity

Fig. 3.3 Lake records from the central section of the discussed region. Vertical grey bars at left
of records indicate age data with 2σ error ranges. Duration of Han Dynasty marked by blue bar.
(References and additional chronological information provided in Table 3.1)
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gradient from 0.5 to 2.5‰ exists in the lake (Jin et al. 1990). The δ18O values rapidly
increase at the beginning of the Han Dynasty as a result of a reduced inflow in
comparison to evaporation. The δ18O values remain high during the Han period and
in the subsequent two centuries (Fig. 3.3). Rapidly decreasing moisture availability
with a significantly reduced inflow to the lake in the early part of the Han Dynasty
and dry conditions afterwards are suggested based on the Bosten Lake data.

Lop Nur Lake 350 km further to the southeast of Bosten Lake was a terminal lake
before its desiccation in the late 1930s or early 1940s. The lake represented the base
level for the Konqi and Tarim rivers. Stable isotope data of carbonate and grain-size
data of detrital sediments from a dug section in the centre of the dry lake basin were
discussed by Mischke et al. (2017) who argued that a first period of massive aeolian
sand deposition in the lake basin occurred 1800 a BP and caused the near-desiccation
of the lake. A relative lake level curve based on the earlier presented data includes
two periods of rapid lake-level lowering before and at the end of the Han Dynasty
(Fig. 3.3). Thus, diminishing moisture availability during the Han period is indicated
by the record from Lop Nur.

Another mountain foreland lake record was provided from Balikun Lake some
430 km in the northeast of Lop Nur (Tao et al. 2010). The A/C ratios for a Holocene
lake sediment core increase steadily over the Han Dynasty period with a minor drop
recorded following the termination of the Han time (Fig. 3.3). However, A/C ratios
increase from the middle Holocene at about 4000 a BP to the late Holocene at about
1000 a BP, and relatively wet conditions are inferred for the Han Dynasty period.

3.3.3 Lake Records from the East

A lake record from the large Qaidam Basin between the Qilian Mountains in the
north and the Kunlun Mountains in the south, and two records from intramontane
basins in the Qilian Mountains represent climate archives from relatively high alti-
tude in the eastern part of the examined region. Hurleg Lake is an open-basin lake in
the eastern Qaidam Basin with a moderate catchment area of 12,600 km2 (Fan et al.
2014). Shoreline deposits above the present lake level were dated using optically
stimulated luminescence (OSL) dating and used as proxies of higher lake levels dur-
ing wetter periods. The proposed high lake-level period between ca. 2200 and 1400
a BP suggests that the time of the Han Dynasty was a wetter period in comparison
to today’s conditions in the region (Fig. 3.4). Hala Lake 130 km to the northeast
is a terminal lake which was studied as a climate archive in detail by Wünnemann
et al. (2012). Their multi-proxy data were synthesized in a relative lake level curve
(Fig. 3.4). Rising lake levels starting a few centuries before the beginning of the
Han Dynasty and continuing a few centuries afterwards suggest increasingly wet
conditions during the Han time. Qinghai Lake 270 km to the southeast of Hala Lake
is also a closed-basin lake (Fig. 3.1). OSL dating of shoreline deposits suggests that
relatively low levels existed before the Han Dynasty, rising levels during the period
of the Han, and high levels at its end and in the subsequent centuries (Fig. 3.4; Liu
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et al. 2015b). Thus, relatively wet conditions are inferred from Qinghai Lake for the
Han time too.

Two lake records were presented from the northern foreland of the Qilian Moun-
tains. Eastern Juyan Lake was a terminal lake 600 km north of Qinghai Lake.
The lake was fed by the Hei River which flows towards the northwest in the
Hexi Corridor. The river formed one of the largest alluvial fans of the world covering
an area of 30,000 km2 in the west of the Badain Jaran Sand Sea. An abrupt change
from lake carbonates to sands in the top of an 8 m thick Holocene sediment sequence
suggests the desiccation of the lake 1700 a BP (Herzschuh et al. 2004). The modern
vegetation in the former lake region consists of semi-desert and desert plant commu-
nities, and the pollen record from the lake sediments is regarded to represent regional
vegetation changes. Lowest precipitation in the region was reconstructed in the cen-
turies preceding the Han Dynasty, and a slight increase in moisture availability was
recorded during the Han time (Fig. 3.4). However, the rapid onset of dry conditions
is implied by the desiccation of the lake 1700 a BP. The second lake record from the
Qilian Mountains foreland originates from Zhuyeze Lake 380 km to the southeast of
Eastern Juyan Lake. The lake is the terminal lake of the Shiyang River which drains
the northeastern part of the Qilian Mountains and the eastern section of the Hexi
Corridor. Most of the lake basin is dry today due to water withdrawal from Shiyang
River for irrigation farming upstream. The remaining Baijian Lake is a salt swamp
in the eastern part of the former lake basin. Dating of shoreline and lake deposits
was conducted by Long et al. (2012) who draw a relative lake-level curve for the
Holocene history of the basin. Continuously decreasing lake levels since the middle
Holocene were reconstructed (Fig. 3.4). Higher levels before the Han Dynasty and
lower levels afterwards suggest that relatively dry conditions prevailed during the

Fig. 3.4 Lake records from the eastern section of the discussed region. Vertical grey bars at left
of records indicate age data with 2σ error ranges. Duration of Han Dynasty marked by blue bar.
(References and additional chronological information provided in Table 3.1)
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Han time. The western part of the former lake basin (Qingtu Lake) fell dry 2100 a
BP at the section location QTL02 investigated by Mischke et al. (2016).

Ulaan Lake is a terminal lake 600 km to the north of Zhuyeze Lake. The lake is dry
since the mid 1990s until it was fed by the Ongin River from the southeastern ranges
of the Khangai Mountains in central Mongolia. Total organic carbon (TOC) contents
of lake sediments of a Holocene core were used as proxy of summermonsoon precip-
itation and warmer and moister climate by Lee et al. (2013). Before, during and after
the Han Dynasty, very low TOC values indicate dry conditions and predominantly
accumulation of detrital particles in the lake (Fig. 3.4). Thus, generally dry condi-
tions were recorded at Ulaan Lake during the Han Dynasty. However, the obtained
OSL age data have large uncertainties and more studies are required to understand
climate conditions in southern Mongolia during the last millennia (Fig. 3.4).

3.3.4 Speleothem Records

Two speleothem records are available for the region, the Uluu-Too Cave record from
the western Tianshan Mountains and the Kesang Cave record from the eastern part
of the mountain range. Relatively low δ18O values for the speleothem record from
Uluu-Too Cave during the Han Dynasty suggest relatively wet conditions (Wolff
et al. 2016; Fig. 3.5). Higher values 200 a before the beginning of the Han time and
also soon afterwards indicate relatively dry conditions. The δ18O pattern is different
at Kesang Cave 800 km further to the northeast. The δ18O values are moderate
during the Han period with lower values indicating wetter conditions before and
mostly higher values suggesting relatively dry conditions afterwards (Cheng et al.
2012; Fig. 3.5). Thus, the two speleothem records from the Tianshan Mountains do
not provide a consistent reconstruction of the climate conditions in the region. The
Uluu-Too Cave record shows some similarities with the δD record from Karakuli
Lake which is 320 km to the southeast of the cave location. Low δ18O values of the
cave carbonates and low δD values for terrestrial biomarkers from Karakuli Lake
were recorded at 3000 a BP or shortly before, at 2500 a BP and at the end of the
Han Dynasty 1800 a BP (Aichner et al. 2015; Wolff et al. 2016; Figs. 3.2 and 3.5).
Similarities with the closer Karakul Lake in Tajikistan (170 km in the southeast of
Uluu-Too Cave) are less obvious. Sayram Lake is the closest lake record for Kesang
Cave, but the wetness proxies from both sites show unrelated patterns apart from
possibly corresponding wet conditions inferred from Kesang Cave 600 a BP and at
Sayram Lake 800 a BP. There are significant altitudinal differences between the cave
and lake locations, and it is not clear whether stable isotope or pollen records from
lakes reflecting catchment-wide climate conditions or regional vegetation changes
can be easily comparedwithmore site-specific speleothem records. The δ18O records
of the speleothems mainly reflect the stable isotope composition of precipitation
above the caves which is mainly determined by δ18O changes of water vapour in
upstream regions and the pathways of air masses. Air mass trajectories for Uluu-
Too Cave in 2014 show a large variability of moisture source areas ranging from
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Fig. 3.5 Speleothem and ice core records from northwestern China. Vertical grey bars at left of
cave records indicate U/Th ages with 2σ error ranges. Duration of Han Dynasty marked by blue
bar. (References and additional chronological information provided in Table 3.1)

the Atlantic Ocean off northwestern Africa to the Barents Sea in the Arctic Ocean
(Wolff et al. 2016). Besides trajectories and moisture sources, seasonality changes
and snow melt contribution were regarded as most significant factors controlling the
δ18O signal of the Uluu-Too Cave record (Wolff et al. 2016). Snow melt might be
partly controlled by local wind strength and direction. The Uluu-Too Cave region
in the central Tianshan Mountains is dominated by winter and spring rainfall whilst
Kesang Cave in the eastern part of the Tianshan Mountains and at 500 m higher
altitude mainly receives spring-summer precipitation. Slight temperature changes in
the past may have caused changes in precipitation seasonality. Thus, it remains open
to which degree long-term changes of δ18O values at the caves reflect changes in
precipitation amount or changes in dominating air mass trajectories and moisture
source areas, seasonality or other factors.

3.3.5 Ice Core Records

Ice cores from theGuliya ice cap in the western KunlunMountains and the Dunde ice
cap in the Qilian Mountains may provide additional evidence for climate conditions
during the Han Dynasty. High resolution δ18O data for ice accumulated during the
last 2000 a BP at Guliya were presented by Yang et al. (2004). The δ18O values
are high during the second half of the Han Dynasty (2000–1800 a BP) and shift to
significantly lower values afterwards (Fig. 3.5). Thus, warmer and wetter conditions
during the Han time are indicated by the Guliya ice core data with an abrupt cooling
and aridification after its termination.
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Comparison of the Guliya ice core data with lake records from the region is not
straightforward due to its large distance to nearest lake records. The closest lake
record was provided from Karakuli Lake which is located 670 km to the northwest
of Guliya. Increasingly wet conditions were recorded at Karakuli Lake and also at
Son Kol Lake during the Han Dynasty (Lauterbach et al. 2014; Aichner et al. 2015;
Fig. 3.2). In contrast to the abrupt shift to drier conditions after the termination of the
Han observed at Guliya, gradual and long-term transitions to drier conditions were
recorded at the two lakes (Yang et al. 2004). The reconstruction of wetter conditions
in the centuries after the Han Dynasty at Sasikul, Karakul, Balkhash and Issyk-Kul
lakes is contrary to the inference of drier climate conditions from Guliya (Ricketts
et al. 2001; Mischke et al. 2010; Sugai 2012; Lei et al. 2014; Fig. 3.2). However,
distances between these regions are large and spatial differences in climate conditions
are possibly reflected at the individual locations.

The δ18O data fromDunde ice cap are relatively moderate and less variable during
the Han Dynasty in comparison to the preceding 2400 a and the subsequent 1800
a BP (Yao and Thompson 1992; Fig. 3.5). Relatively moderate and stable climate
conditions are suggested by the Dunde ice core record. The Dunde ice cap is located
100 km to the west of Hala Lake and 100 km in the north of Hurleg Lake (Fig. 3.1).
Moderate and increasingly wet conditions inferred from Hala Lake possibly corre-
spond to the moderate δ18O values from the Dunde ice core record. Similarities in
both records are also the inference of relatively wet conditions 2900 a BP and during
the most recent centuries, and of relatively dry climate 4100 and 900 a BP (Figs. 3.4
and 3.5). Similarities exist also between the Dunde ice core and the Hurleg Lake
records: relatively wet conditions are inferred at 4500 a BP, during the Han Dynasty
and in the most recent centuries, and relatively dry conditions 4100 and 900 a BP.
However, the temporal resolution of the shoreline age data from Hurleg Lake does
not allow a detailed comparison with the δ18O data fromDunde.Moderate andwetter
conditions at the Dunde ice cap 4500 a BP and during the Han Dynasty apparently
correspond to higher lake levels at Qinghai Lake 350 km to the southeast of the ice
cap. In contrast, the inferred period of low lake levels at Qinghai Lake (4500–2500 a
BP) does not correspond to relatively high δ18O values of the Dunde ice cap record.

Inconsistencies between ice core and lake records may not only arise from spatial
heterogeneities of climate conditions but also from dating uncertainties of OSL ages
for shoreline deposits, and poorly constrained chronologies of ice core data (missing
annual layers due to removal of snow by wind or ablation, multiple dust layers in
years with several severe storms or missing dust layers in less stormy years). In
addition, lake records may not only reflect climate conditions but also local human
impact in contrast to ice core records. For example, wetter conditions inferred for
the most recent centuries at Dunde were also inferred at Hala Lake and Hurleg Lake.
The lake-level fall at Qinghai Lake during most recent centuries corresponds not to
the inferences from Dunde ice core and Hala and Hurleg lakes, and possibly results
from water withdrawal from the lake’s tributaries for farming purposes (Fig. 3.4).
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3.4 Lake Records Which Indicate Significant Drying
During or After the Han Dynasty

Themajority of the lake records indicate either increasingmoisture availability during
the Han Dynasty (Balkhash, Karakuli, Son Kol, Issyk-Kul, Sayram, Aibi, Manas,
Balikun and Hala lakes) or generally wet conditions (Wulungu, Hurleg and Qinghai
lakes; Figs. 3.2, 3.3 and 4). A significant decrease of moisture available and drier
conditions during the Han period or shortly afterwards were recorded at Bosten, Lop
Nur, Eastern Juyan and Zhuyeze lakes (Figs. 3.3 and 3.4). Generally dry conditions
during the Han time and in the centuries before and afterwards were recorded at three
lakes (Sasikul, Karakul and Ulaan lakes; Figs. 3.2 and 3.4).

Different types of evidence were provided for the four lakes which apparently
experienced distinctive reductions in moisture availability during the Han time or
in the subsequent centuries. The desiccation of the Eastern Juyan Lake at 1700
a BP is probably the most significant evidence for dramatic landscape change
(Herzschuh et al. 2004). However, the record of predominantly aeolian sands in
the Lop Nur Lake region at 1800 a BP for the first time since sediments were accu-
mulated in the investigated sequence at 9000 a BP is also strong evidence for a
significant decrease in moisture availability and the near desiccation of the lake
(Mischke et al. 2017). δ18O values of lake carbonates increased by 4‰ at Bosten
Lake between 2300 and 2100 a BP, and a major reduction in moisture availability
and inflow was reconstructed (Zhang et al. 2010). Shoreline deposits higher before
the Han Dynasty and ca. 4 m lower afterwards were recorded at Zhuyeze Lake (Long
et al. 2012). Thus, the accumulated evidence for drier conditions at these lakes during
the Han time and shortly afterwards is robust.

The four lakes are all located in the forelands of high mountain ranges. The
catchment areas are generally large, ranging from>500,000 km2 for Lop Nur Lake
to 41,600 km2 for Zhuyeze Lake (Long et al. 2012). Thus, the four lakes represent
relatively large regions and do not reflect local hydrological peculiarities. Tributaries
of the four lakes originate at high altitude in the Tianshan and Qilian Mountains. The
main tributaries of Bosten and Lop Nur Lake are the Kaidu, Konqi and Tarim rivers
which flow through the transitional belts between the mountains and the deserts
in the basin centres which are mostly used for agriculture today. Similarly, most
of today’s intensively farmed fertile Hexi Corridor in the northern foreland of the
Qilian Mountains is drained by the tributaries of the Eastern Juyan (Hei River) and
Zhuyeze (Shiyang River) lakes. Thus, all four lakes are characterized by catchment
areas which include significant portions along the foot of large mountain ranges
intensively used as farmlands today. Another characteristic in commonwith the lakes
that experienced a change to significantly drier conditions during the Han Dynasty
or in the following centuries is that these lakes are situated within the area of the
Han Dynasty expansion of the Chinese empire (Fig. 3.6). All other examined lake
records originate from regions in the west, north or south of the Han Dynasty realm.

The spatial pattern of a change to significantly drier conditions during or shortly
after the Han Dynasty at the four lakes and mostly increasingly wetter or generally
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Fig. 3.6 Lake records from northwestern China and surrounding regions which experienced a
significant decline in water level during or shortly after the Han Dynasty (white dots) or relatively
stable or relatively wet conditions (black dots). (References provided in Table 3.1)

relatively wet conditions in adjacent regions of the Han empire cannot be explained
by regional climate change. Instead, the coincidence of (1) lake basins situated
within the expansion realm of the Chinese empire, (2) large catchment areas with
significant portions in regions along the foot of mountain ranges appropriate for irri-
gation farming, and (3) recorded decreases of moisture availability during the Han
time or in subsequent centuries, suggests that the water balance of these lakes was
affected by human activities. Appropriate regions for irrigation farming are located
in the middle reaches of the catchment areas of these lakes, and are used for inten-
sive irrigation farming today. Thus, water withdrawal from the tributaries of the four
lakes must have caused the desiccation of the Eastern Juyan Lake, the near desicca-
tion of Lop Nur Lake, the lake-level drop of Zhuyeze Lake and reduction in inflow
of Bosten Lake. Yang et al. (2006) compiled historical data for the oases agriculture
in the Tarim and Yanqi basins in the Han and Qing (17–20th centuries) dynasties
and concluded that the area of cultivated land was significantly larger during the Han
Dynasty. They argued that land-use practices and climate change caused the trans-
formation of the large Lop Nur Lake in the Han Dynasty to a group of small lakes in
the Qing Dynasty. However, they also claimed that “It is somehow unlikely that the
irrigated area [in the Korla region, northeastern Tarim Basin; information added] at
that time [i.e., during the Han time; information added] was larger than at present.”
More geological, geomorphological and archaeological research is required to better
understand human impact on the landscape during the Han Dynasty.

However, resulting landscape change in and near the lake regions must have been
dramatic due to the flat topography of the lake basins in mountain foreland regions
and the large areas affected. Several ten thousands of square kilometres of open
water surface were probably turned into barren desert or salt marshes due to human
activities already ca. 2000 a BP. The former area of Lop Nur Lake is estimated as
17,000 to 50,000 km2 of which most was probably dry during the near-desiccation
state 1800 a BP (Yang et al. 2006). Eastern Juyan Lake may have covered 320 km2
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before its desiccation (Hartmann et al. 2011). The drying of the western sub-basin of
Zhuyeze Lake, the Qingtu Lake Basin, probably left some 500 km2 of previous lake
area dry. The areal changes of Bosten Lake are not inferred in a straightforward way
from the stable isotope data but the observed 1.5 m lake-level difference between the
years 1980 and 2000 caused a change of lake area by ca. 650 km2, which shows that
a relatively minor lake level fall results in a significant lake area reduction (Wang
et al. 2003). Thus, substantial areas were apparently turned into barren desert or
salt marshes in the four lake regions as a consequence of water withdrawal from
tributaries during the Han Dynasty and in the subsequent centuries.

Whilst regional changes of climate conditions are ruled out here as potential
drivers of lake desiccation or lake-level decrease during and after the Han time,
hydrological changes may have contributed to the desiccation of the Eastern Juyan
Lake. Active channels of the Hei River on its large alluvial fan in the north of the Hexi
Corridor may have become inactive due to the rapid filling of channels by fluvial
sediments and formation of new channels, or due to blockage of active channels by
dunes moving over the fan surface. Thus, the terminal Eastern Juyan Lake on the
distal margin of the fan is not only controlled by regional climate conditions and
discharge under natural conditions, and by water withdrawal upstream in the Hexi
Corridor, but also by channel avulsion processes in a flat-lying terrain. However,
similar processes were probably negligible for the other three lake catchments.

Another yet ignored line of evidence for potential landscape change triggered by
man during the Han Dynasty or in subsequent centuries is the change of land-use
practices and possible landscape degradation in or near the core region of the Chinese
empire. For example, dramatic landscape change ca. 2000 a BP has been reported
from the Ulan Buh Desert in southwestern Inner Mongolia at the margin of the Qin
Dynasty realm preceding the Han Dynasty (Li et al. 2015). Tectonic activity and
climate change were suggested as causes of aridification in the Ulan Buh Desert
so far (Li et al. 2015). Further to the east and within the Qin Dynasty realm, sand
mobilization and dune formation occurred apparently already as a result of a massive
migration of people and farming intensification in the Mu Us Desert region during
the earlier half of the Han time, the Western Han (206 BCE–9 CE; Sun 2000). Here,
man’s impact was clearly identified. Further in the southeastern part of the Mu Us
Desert, studies by Li et al. (2011) and Liu and Lai (2012) implied a drastic change
from long-term sediment accumulation to rapid incision of the Salawusu River by
60 m since 2000 or 1750 a BP. Other rivers on the Chinese Loess Plateau have late
Pleistocene and older terraces, and apparently significantly lower erosion rates (Qiu
et al. 2014). Thus, it remains open to which degree intensified land use or changing
practices during the prosperous Han Dynasty may have contributed to landscape
change in the core region of the Chinese Empire too.
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3.5 Conclusions and Perspectives

The comparison of lake, speleothem and ice core records from northwestern China
and surrounding regions for the Han Dynasty period and subsequent centuries shows
that relatively wet climate conditions were mostly inferred for areas immediately
to the west, north and south of the Han Empire realm. In contrast, the available
four lake records from within the Han Empire region witnessed decreased moisture
availability and significant landscape change ranging from substantial decreases in
lake level and open-water surface areas (Bosten and Zhuyeze lakes) to near (Lop Nur
Lake) or complete desiccation (Eastern JuyanLake) of lake basins. The spatial pattern
of lake records indicating drier conditions during the Han time or shortly afterwards
cannot be explained by climate change due to mostly wetter conditions inferred
from nearby locations which are outside the Han Dynasty region. Thus, man-made
impact on surface waters must already have reached an order of magnitude during
the Han Dynasty which was sufficient to cause large-scale landscape change. Water
withdrawal from the tributaries of the lakes for irrigation farming was most likely
the main driver of landscape deterioration downstream.

The timing of landscape response is not very consistent and partly not well con-
strained for the four lake basins. Significant reductions in inflow are recorded at
Bosten and Lop Nur lakes as early as 2300 a BP and more significantly at Lop Nur
Lake 1800 a BP whilst the desiccation of the Eastern Juyan Lake occurred 1700 a
BP. The underlying radiocarbon and OSL chronologies are likely not precise due
to problematic materials used for dating (e.g., bulk organic matter for radiocarbon
dating potentially biased by lake-reservoir effects; Mischke et al. 2013) or uncertain-
ties in post-depositional water content assessments for OSL dating. The lowering of
the level of Zhuyeze Lake during the Han Dynasty is also not precisely constrained
due to the dating of higher shoreline deposits with ages preceding the Han time and
dating of lower deposits formed after the Han Dynasty (Fig. 3.4). Thus, it remains
open whether man exerted significant impacts on local hydrological systems already
as early as the beginning of the Han Dynasty or even before, or whether significant
impacts occurred only after the initial Han Dynasty expansion to the west. Better
constrained chronological control is required to answer such questions in the future.

Our conclusion that man impacted the landscape already in a very significant
way as early as the Han Dynasty clearly calls for an assessment using other lines of
evidence. Archaeological field evidence for intensive irrigation farming during the
Han Dynasty such as remnants of artificial channels, dams and reservoirs, soils and
farmlands buried beneath aeolian sands, and ruins of desert oases from Han times
could be assessed in future studies in addition to the screening of written historical
documents. Detailed geological, geomorphological and archaeological studies are
required to better understand early human impact on fragile landscapes in the arid
and semi-arid regions of Central Asia.
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