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HOLOCENE CLIMATE CHANGES AND CULTURAL RESPONSES
IN CENTRAL ASIAN ARID ZONE

The synthesized regionally-averaged temperature-index curve from the entire Altai Mountains with-
in the Central Asian Arid Zone (CAAZ) shows that the Holocene temperature has sensitively responded
to the annual solar irradiance. The synthesized regionally-averaged aridity-index curve exhibits a persis-
tent and slight drying trend during the Holocene in high-elevation regions and the effect of permafrost
thawing in high-elevation regions was blamed for the drying trend. The persistent wetting trend in
low-elevation regions, together with the induced Holocene precipitation increasing trend, seems to be
parallel with the increasing trend of the winter precipitation anomaly in Norway, and both (precipitation
index in Altai and winter precipitation anomaly in Norway) were probably causally associated with the
AMO-like event trend in the North Atlantic Ocean.

Being compensatory or supplementary or contradictory with the aforementioned moisture declin-
ing trend in high-elevation regions and with the aforementioned moisture rising trend in low-elevation
regions, more recent reports show that the averaged light absorbance (a humification proxy) curve from
the southern Altai Mountains within the Central Asian Arid Zone (CAAZ) is a bow-shaped one. That
is, the highest light absorbance occurred in the middle Holocene (~8200-~ 4200 cal. yr BP) when
regionally-averaged moisture was the lowest under relatively high-temperature conditions. And, this
bow-shaped curve is well corroborated by other proxy data from nearby sites. In addition, superimposed
on the bow-shaped curve are several major troughs (i.e., wetter intervals). The troughs definitely oc-
curred in following intervals: ~8600-~ 8400, ~7800-~ 7400, ~6500-~5300, ~3800-~ 3200 and
~1900-~ 1200 cal. yr BP.

The §'3C-signified moisture reconstruction in the Yushenkule Peat within the southern Altai Moun-
tains or Chinese Altai revealed four wet stages (~ 200 BC-~ 400 AD, ~600-~ 800 AD, ~ 1000-~ 1250
AD, ~1600-2013 AD) and three dry stages (~400-~600 AD, ~800-~ 1000 AD, ~1250-~ 1600
AD) during the past ~ 2200 years. The moisture variations over the past 2200 years seem to have been
generally controlled by the mean annual precipitation (MAP) and somewhat modulated by the summer
(JJA) temperature reconstructed from the northern Altai Mountains. In general, the climate (temperature,
precipitation, and moisture) of the past ~2000 years was modulated by solar activities.

Key words: Central Asian Arid Zone, Holocene, Climate Change, Altai Mountains.
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ToAoleHAT aya-palibiHbiH, 63repyi xxaHe OpTaAblk, A3us
APMATIK aliMarbIHbIH, MAAEHMU O3repyi

Opta A3usAbiK, apuaTik aniMakTbiH (CAAZ) iwiHaeri OyKiA AATai TayAapblHaH aniMaKTbiK,
CUHTE3AEATEH TemrepaTypa MHAEKCI KMCbIFbl, FOAOLEH TeMrepaTypachl XKbIA CalbIHFbl KYH COYAeCiHe
eTe ce3iMTaA acep eTKeHiH KepceTeai. CMHTE3AeAreH alMakTbIK, opTalla KeyiMAIAIK MHAEKCI >KoFapbl
AEHIeMAI alMaKTapAa rOAOLIEH KE3EHIHAE TYPaK Thl XKOHE a3Aar Kypray YpAiCiH kepceTeai, aa G1ik TayAbl
anMakTapAa MaHTi My3Abl epy acepi KeNnTipy YpAICi yliH aibinTaAAbl. TOMEHTT OUIKTIKTErT bIAFAAAbIH,
TYPaKTbl TEHAEHUMSCbI, FAAOFEHAIK >KayblH-LIALbIHHbIH KOTEPIAYy TEHAEHUMSICbI, HopBermnsaarbl KbICKbl
>KaybIH-LIaLLbIH QHOMAAMSICbIHBIH, ©CY TEHAEHUMSICbIMEH MAPAAAEAb KOPIHEA] >KOHE ekeyi Ae (AATaAaFbl
>KaybIH-LIALLbIH MHAEKCI k8He HopBernsaarbl KbICKbl XayblH-LUaLLbIH aHOMaAMSCbl) COATYCTIK ATAQHT
MyXMTbiHAaFbl AMO-Fa yKcac OKuFa TpeHAIMEH 6aiAaHbICTbl 6BOAYbI MYMKIH.
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CoHfbl ©Te >KOfapbl ecenTtep >KOofapbl OMIKTIKTEri anMMakTapAarbl bIAFAAAbIH TOMEHAEY
TEHAEHUMSACbIMEH >KOHE TOMEH bIAFaAAAHFAH aMaKTapAa bIAFAAAbIH, KOTEPIAY TeHAEHUMSICbIMEH
OTEMAIK HEMece KOCbIMLIA Hemece KaMLbIAbIKTbl 60Aa OTbIPbIM, COHFbl €CenTep OHTYCTIK AATai
TayAapblHaH TYCETIH >KapblK, CIHIPYAiH (bIAFAAAQHABIPY MPOKCMI) KMUCbIFbl €KEHAITH KepceTeAl.
OpTanblk, A3ungHbIH, Kyprak, 30Hacbl (CAAZ) — capak Tepi3Ai aiMak,. SIFHU, eH, XKoFapbl XapblK, CiHipy
oprawa xoaoueHae (~ 8200 — ~ 4200 kaa.3.A. BP) 60AAbl, CaAbICTbIpMaAbl XXofapbl Temreparypa
>KarAaMbIHAQ aMMaKTbIK OpTalla bIAFAAABIAbIK, €H TeMeH 6oAFaH ke3ae. bya caaak Topisai KMCbIK,
CbI3bIK, >KaKblH KepAeri 6acka MPOKCU AepekTepMeH >KakcCbl pactaraabl. COHbIMEH KaTap, Caaak,
TOPI3AI KMCbIK CbI3blK, HGipHelle Herisri e3ekTep GOAbIM TabbiAaAbl (SFHW, bIAFAAABI APAAbIKTAPMEH).
TabaHaap KeAeci apaAblkTapaa nanaa 6oaabi: ~ 8600- ~ 8400, ~ 7800- ~ 7400, ~ 6500- ~ 5300,
~ 3800- ~ 3200 xxaHe ~ 1900 ~ ~ 1200 kaA. (yr BP).

OHTYCTIK AATalt TayAapbiHAarbl Hemece KbiTanablk AATaraarbl 813C 6GeAriciMeH bIAFAaAAbIH
KAAMbIHA KEAYi TOPT bIAFaAAbI KE3EHAI aHbIKTaAbl (6.3.4. 200 — ~ 400 k., ~ 600 — ~ 800 AD, ~ 1000
— ~ 1250 AD, ~ 1600-2013 BC) ) >kaHe coHFbl ~ 2200 XblA iWiHAE YL KypFak, Ke3eH (~ 400 — ~ 600
AD, ~ 800 - ~ 1000 AD, ~ 1250 — ~ 1600 AD). CoHgbl 2200 >XblApaFbl bIAFAAAbIH ©3repyi opTaila
>KbIAABIK, >KayblH-luallbiHMeH (MAP) GakblaaHFaH >koHe >kasfbl (JJA) COATYCTIK AATam TayAapbliHaH
KaAMblHA KEATIpiAreH TemriepaTypaMeH peTTeAreH cuakTbl. 2XKaAnbl, COHFbl ~ 2000 XblAAQFbl KAUMAT
(Temniepatypa, >KayblH-LLALLbIH )KOHE bIAFAAABIABIK) KYH OEACEHAIAINIMEH MOAYASILIMSIAQHADI.

Ty#in ce3aep: OpTa A3MsHbIH KypFak 30Hacbl, FOAOLIEH, KAMMATTbIH ©3repyi, AATai TayAapbl.
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MN3mMeHeHUs KAMMATa B FTOAOLLEHE U KYAbTYPHbIEe peakLium
B apMAHO# 30He LleHTpaAbHOM A3un

CrHTe3MpoBaHHas pPermoHaAbHO-yCpPEeAHEHHAs KprBasi TeMrepaTypHOro WHAEKCa AAS BCEro
[opHoro AaATas B npeaeAax LleHTpanbHO-A3maTtckon apuaHon 30Hbl (CAAZ) nokasblBaeT, 4yTO
TemrnepaTypa roAOLleHa YYyTKO pearMpoBaAa Ha rOAOBOE COAHeUYHoe u3AyyeHue. CUHTe3MpoBaHHas
KpMBas WHAEKCA 3aCyLIAMBOCTM, YCPEAHEHHasi MO pPernmoHam, AEMOHCTPUPYeT YCTOMYMBYIO M
He3HaUMTEAbHYIO TEHAEHLMIO K BbICbIXaHUMIO B TEYEHME FOAOLIEHA B BbICOKOTOPHbIX permoHax, a apdexT
TasiHAS BEYHOM MEP3AOTbl B BbICOKOrOPHbIX paroHax OblA 06bSICHEH TEHAEHUMEN K BbICbIXAHUIO.
YcToinumBas TEeHAEHLUMS K YBAQXKHEHMIO B HU3MHHbIX PErMOoHax, BMECTE C MHAYLIMPOBAHHOM TEHAEHLIMEN
K YBEAMUYEHMIO KOAMYECTBA OCAAKOB B FOAOLIEHE, MOXOXKE, HAOAIOAQETCS MAPAAAEABHO C TEHAEHLMEN
YBEAMYEHUS aHOMaAMM 3MMHMX OCAAKOB B HopBeruu, npu 3tom ob6a (MHAEKC 0CapKoB Ha AATae u
aHOMaAMs 3MMHUX 0CAAKOB B HopBernm) 6biAn, BEPOSITHO, MPUUMHHO CBSI3aHbl C TEHAEHLIMEN COBbITUI,
noao6Hbix AMO, B ceBEpHOM YaCTu ATAAHTUYECKOrO OKeaHa.

Byayus KOMMEHCUMPYIOLWMMU, AOMOAHUTEAbHBIMU UAW MPOTUBOPEYALLMMMN  BbILLEYNOMSHYTOM
TEHAEHLIMM K CHMXKEHWMIO BAQXXHOCTW B BbICOKOrOPHbIX pPafiOHaX M BbILLEYNOMAHYTON TeHAEHUMU
MOBbILIEHUS BAQXKHOCTM B HU3UHHbIX pErMoHax, 6oAee no3aHMe OTUYETbI NMOKA3bIBAIOT, YTO YCPEAHEHHas
KprBas MOrAOLLeHust cBeTa (ryMM(UKALMOHHDBIA MPOKCKU) AAS I0XKHbIX PaliOHOB AATAs B MpeAeAax
LleHTpaAbHOa3MaTCKOM aprAHOM 30HbI (LIAA3) — ayroobpasHas. To ecTb HanmbOoAblLEe MOrAoLLEeHNe
CBeTa UMEAO MeCTO B cpeaHeM roaoueHe (~ 8200- ~ 4200 kaA. AeT Hazaa), KOraa perMoHaAbHO
yCpeAHeHHasi BAQXXHOCTb OblAQ CaMOWM HM3KOW B YCAOBMSX OTHOCMTEAbHO BbICOKMX Temnepatyp. M
3Ta Ayroo6pasHasi KpMBasi XOPOLIO MOATBEPXKAAETCS APYTMMM MPOKCU-AAHHBIMU C MOAOBHbIX CanTOB.
Kpome Toro, Ha Ayroo6pasHylo KpMBYIO HaKAAABIBAETCS HECKOAbKO OCHOBHbIX BMaAuH (T.e. 6oaee
BA@XHble MHTEPBaAbl). BnaanHbl onpeAeAeHHO NPONCXOAMAM B CAEAYIOLIMX MHTepBaAax: ~ 8600- ~
8400, ~ 7800- ~ 7400, ~ 6500- ~ 5300, ~ 3800- ~ 3200 n ~ 1900- ~ 1200 kaa. (yr BP).

PekoHcTpykuma BaaxkHoCcTM B Topde lOweHkyAae Ha tore AAtas mamM B Kutaiickom AATae,

o3Havawoulas §13C, BbiIBUAQ YeTbIpe BAaXKHble cTaamu (~ 200 T. A0 H.3.- ~ 400T. H.3., ~ 600- ~ 800
r.H.3., ~ 1000- ~ 1250 r. H.3., ~ 1600-2013 rr.) u Tpm ctapuu 3acyxm (~ 400- ~ 600 Hawel 3pbl,
~ 800- ~ 1000 Hawei 3pbl, ~ 1250- ~ 1600 Hawew 3pbl) 3a nocaepHne ~ 2200 AeT. M3meHeHNs

BAQKHOCTM 3a NocAepHne 2200 AeT, No-BUAMMOMY, B OCHOBHOM KOHTPOAMPOBAAUCH CPEAHETOAOBbIM
KOAMYeCTBOM 0CapkoB (MAP) M B HEKOTOpPOWM CTeneHu MOAYAMPOBAAMCH AETHEN TemrepaTypon
(JJA), BOCCTAHOBAEHHOM MO A@HHbIM CEBEPHbIX rOp AATas. B LeAOM KAMMAT (TemniepaTypa, OCaAKU U
BAQXXHOCTb) 32 nocaeAHre ~ 2000 AeT 6blA U3MEHEH COAHEYHOM aKTUBHOCTbIO.

KAloueBble caoBa: apuaHasg 30Ha LleHTpaAbHOM A3uM, TOAOLEH, M3MEHEHME KAMMAaTa, FOpPHbIN
AATan.
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Holocene climate changes and cultural responses in Central Asian arid zone

Eurasian Perspectives of Modern Climate

The Central Asian Arid Zone (CAAZ: 50-
110°E and 35-50°N) is loosely defined as the area
stretching from western Kazakhstan to eastern
Mongolia and is a result of the combined effects of
the Siberian High in the eastern part and the Azores
High in the western part. Specifically, westward
extension of the Siberian High during cold seasons
and eastward extension of the Azores High during
warm seasons resulted in a nearly permanent high
pressure ridge in the CAAZ where deserts and
steppes developed (Feng et al., 2011). The cold-
season climate in the CAAZ is presently controlled

by the interactions between the Siberian High and
the Westerlies and the latter (i.e., Westerlies) is in
turn modulated by the North Atlantic Oscillation
(NAO) (Fig. 1A). Specifically, negatively-phased
NAO induces the westward and southward
expansion of the Siberian High, consequently
lowering the winter temperature and precipitation
in the downwind areas including the CAAZ
(Aizen et al., 2001; Bridgman and Oliver, 2006;
Meeker and Mayewski, 2002). The warm season
climate in the CAAZ is presently controlled by the
interactions between the Asian Low occupying the
interiors of Asia and the Azores High reaching the
CAAZ (Fig. 1B).

Figure 1 — Climatic systems influencing the Central Asian Arid Zone (CAAZ). A: Winter air pressure systems: the strength of
Siberia High is modulated by North Atlantic Oscillations (NAO) that are in turn controlled by the pressure contrast between
Icelandic Low and Azores High. B: Summer air pressure systems: the Asian Low not only allures the Pacific High to the Asian
interior but also induces the Azores High to penetrate into the CAAZ. Note 1: the dark-red circles within the light-red circles are
the cores of high pressure cells. Note 2: the dark-blue circles within the light-blue circles are the cores of low pressure cells.

Holocene (i.e., past ~11,700 years) climate
changes are of particular significance because the
future climate changes will most likely occur under
similar boundary conditions (Ruddiman, 2014).
However, the temporal and spatial patterns and
the driving mechanisms of the Holocene moisture
variations in the CAAZ with the Altai Mountains in
the center have been heatedly debated. For example,
Herzschuh (2006) argued that the westerlies-
dominated CAAZ has experienced a similar
Holocene moisture trend with that of monsoon-
dominated China, i.e., a warm-wet early-middle
Holocene and a cool-dry late Holocene in the
CAAZ. However, Chen et al. (2008) contested that
CAAZ has witnessed a Holocene moisture-change
trend opposite to that of monsoon-dominated China,
i.e., a warm-dry early-middle Holocene and a cool-
wet late Holocene in CAAZ. Furthermore, Feng et

al. (2017) and Xu et al. (2019) reported a severe
mid-Holocene drier interval (~7000-~4000 cal. yr
BP) in the Altai Mountains.

Central Asian Perspectives of Holocene
Moisture

Assuming that the synthesized annual
temperature anomaly of Northern Hemisphere
(Marcott et al., 2013) is more or less universally
acceptable for the entire Northern Hemisphere, the
chronological relationships between the temperature
anomaly and the regionally-averaged moisture index
(i.e., RA-Moisture Index or Normalized Moisture
Index) retrieved from the Central Asian Arid
Zone (CAAZ) are far from being straightforward.
Specifically, the regionally-averaged moisture
index curve in northern Xinjiang (Fig. 2A) and the
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reconstructed woody coverage (as a moisture proxy)
in Kazakhstan Hills (Fig. 2B) show that the moisture
inthearid core of CAAZ (including northern Xinjiang
and eastern Kazakhstan) has been increasing during
the past ~8000 years (Ran et al., 2015; Tarasov et
al., 1997). The increasing trend was proposed to
have been associated with the increasing trend of
cold-season temperature in northern Europe that
might have led to an increasing trend of positively-
phased North Atlantic Oscillations (NAO) (Ran et
al., 2015).

The regionally-averaged moisture curves in the
Altai Mountains (Fig. 2C) and in the adjacent Baikal
Basin (Fig. 2D) seem to be more or less parallel
with the Holocene warm-season temperature curve
in northern Europe that is in turn more or less
parallel with the annual temperature anomaly curve

of Northern Hemisphere (Wang and Feng, 2013).
However, a later synthesis (Zhang and Feng, 2018)
and several later works (Zhang et al., 2020a, 2020b)
show that the Holocene moisture evolution problems
in the Altai Mountains, probably as well as in the
Baikal Basin, were not yet sufficiently resolved (see
next section for details).

The regionally-averaged moisture curves in
northern Mongolian Plateau ( Fig. 2E) and in
southern Mongolian Plateau (Fig. 2F) seem to be
inversely correlated with the annual temperature
anomaly curve of Northern Hemisphere. That is,
the Holocene regionally-averaged moisture in the
generally hyper-arid Mongolian Plateau has been
nearly completely controlled by the temperature. In
other words, the higher the temperature, the lower
the moisture was (Wang and Feng, 2013).

Figure 2 — Moisture variations in CAAZ and the surrounding areas and their comparisons with the temperature
anomaly of Northern Hemisphere (Marcott et al., 2013). A: Regionally-averaged moisture index (RA-Moisture Index or
Normalized Moisture Index) in northern Xinjiang (Ran et al., 2015). B: Reconstructed woody coverage (as a moisture
proxy) in Kazakhstan Hills (Tarasov et al., 1997). C: RA-Moisture Index in the Altai Mountains (Wang and Feng,
2013). D: RA-Moisture Index in Baikal basin (Wang and Feng, 2013). E: RA-Moisture Index in northern Mongolian
Plateau (Wang and Feng, 2013). F: RA-Moisture Index in southern Mongolian Plateau (Wang and Feng, 2013). G:
RA-Moisture Index in northern China (Ran and Feng, 2013). H: RA-Moisture Index in southern China (Ran and Feng,
2013). I: RA-Moisture Index in the Tibetan Plateau (Ran and Feng, 2013)
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The regionally-averaged moisture curves in
northern China ( Fig. 2G) and in southern China (Fig.
2H) appear to well reflect the East Asian Monsoon
intensity that was determined by the sea-surface
temperature (SST) in the West Tropical Pacific
Ocean, the latter (i.e., SST) being in turn determined
by the summer insolation in Northern Hemisphere
(Ran and Feng, 2013; Sun and Feng, 2013).

The regionally-averaged moisture curve in the
Tibetan Plateau (Fig. 2I) shows that the moisture
has been persistently declining since ~11,000 cal. yr
BP and that the period between ~11,500 and ~7500
cal. yr BP was the Holocene Moisture Optimum.
The parallel trends between the moisture level in the
Tibetan Plateau and the Indian summer monsoon
strength retrieved from the Arabian Sea suggest that
the Tibetan Plateau might have been under influence
of the Indian summer monsoon throughout the
Holocene (Ran and Feng, 2013).

Moisture Variation in Altai Mountains during
Past ~10,000 Years

Now we zoom into the Altai Mountains within
the center of the CAAZ. The mountain range might
have been an important climatic conjunction between
the westerlies airflows and the Asian monsoonal

airflows during the Holocene (Blyakharchuk et al.,
2007; Chen et al., 2008; Feng et al., 2017; Rudaya et
al., 2009). And, the mountain range is also reported
to have been a topographic barrier or bridge of the
communication between the oriental cultures and the
occidental cultures and the Holocene climate change
might have affected the effectiveness of the barrier or
bridge (Blyakharchuk and Chernova, 2013).

Differences between high-elevation and low-
elevation regions

Based on pollen data from the 30 pollen
sequences published so far, the spatial and temporal
variations in temperature and also in aridity during
the Holocene in the Altai Mountains and also in
the surrounding areas were synthesized by Zhang
and Feng (2018). The synthesized regionally-
averaged temperature-index curve (Fig. 3b) from
the entire Altai Mountains shows that the climate
was consistently warming from ~12,000 and ~9000
cal. yr BP and has experienced a gradual cooling
since ~9000 cal. yr BP. It means that the Holocene
temperature has sensitively responded to the annual
solar irradiance, being more or less parallel with
the annual temperature anomaly curve of Northern
Hemisphere (Fig. 3a).

Figure 3 — Holocene climate changes in the Altai Mountains. a: 60°N annual solar irradiance; b: Temperature-
index variations in the Altai Mountains (Zhang and Feng, 2018); c: Aridity-index variations in high-elevation
regions of the Altai Mountains (Zhang and Feng, 2018); d: Aridity-index variations in low-elevation regions of
the Altai Mountains (Zhang and Feng, 2018); e: Induced precipitation-index variations in low-elevation regions
of the Altai Mountains (Zhang et al., 2018); f: Winter precipitation anomaly in Norway (Bakke et al., 2008); g:
Percentage of Hematite-stained grains in the North Atlantic Ocean (Bond et al., 1997)
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The synthesized regionally-averaged aridity-
index curve exhibits a persistent and slight drying
trend during the Holocene in high-elevation regions
(Fig. 3c). The drying trend is similar to the one
reported by Wang and Feng (2013) and the effect
of permafrost thawing in high-elevation regions
was blamed for the drying trend (Zhang and Feng,
2018). In contrast, the synthesized regionally-
averaged aridity-index curve (Fig. 3d) exhibits a
persistent wetting trend during the Holocene in
low-elevation regions (Zhang and Feng, 2018). The
deduced Holocene precipitation-index variations
(Fig. 3e) suggest that the Holocene wetting trend in
low-elevation regions was resulted from a combined
effect of temperature decreasing and precipitation
increasing (Zhang et al., 2018). The induced
Holocene precipitation increasing trend, together
with the persistent wetting trend, seems to be parallel
with the increasing trend of the winter precipitation
anomaly in Norway (Bakke et al., 2008), and both
(precipitation index in Altai and winter precipitation
anomaly in Norway) were probably causally
associated with the Holocene AMO-like events in
the North Atlantic Ocean (Feng et al., 2009) that
are expressed as the percentages of hematite stained
grains (Bond et al., 1997).

Differences among difference time periods

The Holocene that began at ~11,700 cal. yr BP
was divided into three stages by the international
stratigraphic  chronology committee: warming
Greenlandian stage (~11,700-~8200 cal. yr BP),
warm Northgrippian stage (~8200-~4200 cal. yr
BP) and cooling Meghalayan stage (~4200-0 cal. yr
BP) (Walker et al., 2012; Ran and Chen, 2019). The
three-stage division was reported to be reasonably
corroborated by the averaged light absorbance
residuals of the four studied peat cores (Narenxia,
Tuolehaite, Ganhaizi, Kelashazi; Zhang et al.,
2020b). Specifically, the averaged residuals of the
four studied peat cores (Fig. 4a) are generally higher
in the middle Holocene (~8200-~4000 cal. yr BP)
than in the early Holocene (before ~8200 cal. yr
BP) and also than in the late Holocene (after ~4000
cal. yr BP). The light absorbance residual-indicated
three-stage division in the southern Altai Mountains
is reasonably corroborated by several Holocene
moisture sequences from nearby sites that were
relatively well dated and in which the used proxies
for moisture were well justified.

The first such a site is Tuolehaite Peat (48.44°N,
87.54°E, 1700 m a.s.l.) where the A/C (i.e.,

Artemisia/Chenopediaceae) ratio was justified to
be indicative of the basin-wide moisture (Zhang et
al., 2020a). As shown in Figure 4b, the A/C ratio-
indicated moisture level was generally lower in the
middle Holocene (~8500-~4000 cal. yr BP) than in
the early Holocene (before ~8500 cal. yr BP) and
than in the late Holocene (after ~4000 cal. yr BP).
The second such a site is Ganhaizi Peat (48.41°N,
87.56°E, 1926 m a.s.1.) where the n-alkane-based P,
(the proportion of aquatic components) was justifie
to be indicative of the peat-surface moisture (Ran et
al., 2020). As shown in Figure 4c, the P_ -indicated
moisture level was generally lower in the middle
Holocene (~9000-~4500 cal. yr BP) than in the early
Holocene (before ~9000 cal. yr BP) and than in the
late Holocene (after ~4500 cal. yr BP). The third
such a site is Kanas Lake site (48.72°N, 87.02°E,
1365 m a.s.l.) where the A/C-indicated basin-wide
moisture variations (Fig. 4d; Huang et al., 2018)
are in a relatively good agreement with the three-
stage variations in the averaged light absorbance
residuals of the four studied peat cores (Fig. 4a).
The fourth such a site is Big Black Peat (48.68°N,
87.18°E, 2100 m a.s.l.) where the A/C-indicated
basin-wide moisture variations (Fig. 4e; Xu et al.,
2019) are in a broad agreement with the three-
stage variations in the averaged light absorbance
residuals. Finally, the three-stage variations in
the averaged light absorbance residuals in the
southern Altai Mountains (Fig. 4a) are reasonably
corroborated by the synthesized aridity index from
four pollen sequences including Achit Lake, Bayan
Nuur, Uggi Lake and Telmen Lake in the adjacent
western Mongolia (Fig. 4f; Zhang and Feng, 2018).
That is, the moisture level in western Mongolia was
definitely lower in the middle Holocene (~8500-
~4000 cal. yr BP) than in the early Holocene (before
~8500 cal. yr BP) and also than in the late Holocene
(after ~4000 cal. yr BP).

In terms of the regional Holocene temperature
in the Altai Mountains, the average n-alkane chain
length (ACL) data from Ganhaizi Peat (48.41°N,
87.56°E, 1926 m a.s.l.) seem to tell a similar
story as the temperature anomaly of the Northern
Hemisphere (Marcott et al., 2013). The average
n-alkane chain length (ACL) is the weighted
mean n-alkane chain length of a given sample.
The justification for the temperature proxy is that
plants prefer to develop longer chain alkanes under
warmer conditions in order to avoid loss of water
during transpiration. Thus, higher ACL values are
indicative of warmer conditions and vice verse
(Ran et al., 2020). The ACL-recorded temperature
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in Ganhaizi Peat displays a straight warming trend
before ~8500 cal. yr BP and a general cooling trend
after ~8500 cal. yr BP (Fig. 4g; Ran et al., 2020),

being more or less consistent with the temperature
anomaly synthesized for the Northern Hemisphere
(Fig. 4h; Marcott et al., 2013).

Figure 4 — Comparison of the Holocene climate records in the southern Altai Mountains and the
surrounding areas. a, Averaged light absorbance residuals of four peat cores (Narenxia, Tuolehaite,
Ganhaizi and Kalashazi; Zhang et al., 2020b); b, A/C-indicated moisture in Tuolehaite Peat (Zhang et
al., 2020a); c, Paq-indicated moisture in Ganhaizi Peat (Ran et al., 2020); d, A/C-indicated moisture in
Kanas Lake (Huang et al., 2018); e, A/C-indicated moisture in Big Black Peat (Huang et al., 2018);
f, Synthesized aridity index in western Mongolia (Zhang and Feng, 2018); g, ACL (average chain
length)-indicated temperature in Ganhaizi Peat (Ran et al., 2020); h, Temperature anomaly in the
Northern Hemisphere (Marcott et al., 2013)

Millennial-scale humification variations

As shown in Figure 4a, the averaged light
absorbance curve is a bow-shaped one (Zhang
et al.,, 2020b). That is, the highest averaged light
absorbance occurred in the middle Holocene
(~8200-~4200 cal. yr BP) when regionally-averaged
moisture was the lowest (Fig. 4b-f) under relatively
high-temperature conditions (Fig. 4g-h). And,
superimposed on the bow-shaped curve are several
major troughs (i.e., low light-absorbance intervals or
low-humification intervals or wetter intervals). The
troughs definitely occurred in following intervals:
~8600-~8400, ~7800-~7400, ~6500-~5300, ~3800-
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~3200 and ~1900-~1200 cal. yr BP, and two more
troughs might have occurred at ~10,600-~10,400
and ~9700-~9400 cal. yr BP (Fig. 5a). It is quite
noticeable that those humification troughs in the
southern Altai Mountains are chronologically
correspondent with those high-percentage intervals
of the hematite-stained grains in the North Atlantic
Ocean (Fig. 5b; Bond et al., 1997). It means that the
decay degree of organic matter in the peats of the
southern Altai Mountains was lower during lower
sea surface temperature (SST) intervals as suggested
by higher percentages of the hematite-stained grains
in the North Atlantic Ocean. In other words, the
millennial-scale  chronological correspondence
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between the lower SST intervals in the North
Atlantic Ocean and the lower humification intervals
in the southern Altai Mountains implies that both
the lower temperature and the lower temperature-

suppressed evaporation (i.e., elevated moisture
level) were most likely responsible for inerting the
microbial activity in the uppermost peat layer in the
southern Altai Mountains (Zhang et al., 2020b).

Figure 5 — Comparison of the hematite-stained grains (%) in the North Atlantic (b) (Bond et al., 1997)
with the averaged light absorbance residuals (a) of four peat cores (Narenxia, Tuolehaite, Ganhaizi and
Kalashazi; Zhang et al., 2020b) in the southern Altai Mountains. Vertical bands indicate the corresponding
relationships between the lower-value stages of the light absorbance residuals in the southern Altai
Mountains and the higher-value stages of the hematite-stained grains (%) in the North Atlantic Ocean

Controversies continue

As stated earlier, the temporal and spatial
patterns and the driving mechanisms of the
Holocene moisture variations in the CAAZ with
the Altai Mountains in the center have been
heatedly debated. For example, Herzschuh (2006)
argued that the westerlies-dominated CAAZ has
experienced a similar Holocene moisture trend with
that of monsoon-dominated China, i.e., a drying
trend in the CAAZ. However, Chen et al. (2008)
contested that CAAZ has witnessed a Holocene
moisture-change trend opposite to that of monsoon-
dominated China, i.e., a wetting trend in CAAZ.
Furthermore, Feng et al. (2017) and Xu et al. (2019)
reported a severe mid-Holocene drier interval
(~7000-~4000 cal. yr BP) in the Altai Mountains.
The drying-trend proposal (Herzschuh, 2006) was
supported by our pollen-data synthesis for high-
elevation regions (Wang and Feng, 2013; Zhang
and Feng, 2018), and the wetting-trend proposal
(Chen et al., 2008) was supported by our pollen-
data synthesis for low-elevation regions (Zhang
and Feng, 2018; Yang et al., 2019a). Furthermore,
the severe mid-Holocene (~7000-~4000 cal. yr BP)
dry-interval proposal (Feng et al., 2017; Xu et al.,
2019) was reasonably well corroborated by recent

pollen- and humification-based works (Zhang et
al., 2020a, 2020b) as shown in Figure 4. Were these
aforementioned differences or discrepancies resulted
from the differences in elevations or/and in latitudes
or/and in longitudes? Or were they resulted from
differences in archive types (e.g., lakes, peats, loess
section)? Or were they resulted from the differences
in local hydrological settings (e.g., glacier-meting
related, permafrost-thawing related, winter snowfall
related, summer rainfall related)? Or were they
resulted from differences in temporal scales (general
trends, millennial, centennial) or/and in spatial
scales (e.g., lake-wide signature, low-relief basin-
wide signature, high-relief basin-wide signature)?
All in all, more intensive and more extensive in-
depth investigations in the CAAZ (Central Asian
Arid Zone) including the Altai Mountains are still
in need.

Moisture Variation in Altai Mountains during
Past ~2000 Years

General information
This part of our paper deals with a well-

dated peat core (88-cm long) obtained from the
Yushenkule Peat in the southern Altai Mountains
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or Chinese Altai (46°49'N, 90°52'E, 2636 m a.s.l.)
by analyzing the carbon isotopic composition of
peat sphagnum. The environmental meaning of
peat sphagnum 3"C values was well supported
by the reconstructed peat surface moisture in the
adjacent southern Siberia (Willis et al., 2015).
The moisture history over the past 2200 years in
the southern Altai Mountains or Chinese Altai

was reconstructed on the basis of peat sphagnum
dBC values (Fig. 6; Yang et al.,, 2019b), and
the results were compared with the summer
(JJA) temperature reconstruction (Biintgen et
al., 2016) and the mean annual precipitation
(MAP) reconstruction (Kalugin et al., 2013) in
the northern Altai Mountains for delineating the
regional hydroclimate history.

Figure 6 — Peat sphagnum 8"°C data were retrieved from a well-dated peat core
(88-cm long) obtained from the Yushenkule Peat in the southern Altai Mountains
or Chinese Altai (46°49'N, 90°52'E, 2636 m a.s.l.) (Yang et al., 2019b)

Peat sphagnum §"C data from Yushenkule
Peat

The peat sphagnum 8"*C data (Yang etal.,2019b)
show that the moisture variations of the past ~2200
years from Yushenkule Peat can be divided into
seven stages (Fig. 6). Stage 1 (~200 BC-~400 AD)
was a wet period with a moisture decreasing trend.
Stage 2 (~400-~600 AD) experienced a moderately
drying. Stage 3 lasting from ~600 to ~800 AD was
the wettest period followed by the drying stage 4
(~800-~1100 AD). Stage 5 (~1100-~1250 AD) was a
relatively wet period with drastic fluctuations. Stage
6 (~1250-~1600 AD) was typified by a remarkable
drying, and the stage 7 lasting from ~1600 to 2013
AD was typified by a generally wet and relatively
stable climate conditions.

Climate Change of Past ~2000 Years
The 63C-signified moisture reconstruction

in the Yushenkule Peat within the southern Altai
Mountains or Chinese Altai revealed four wet stages
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(~200 BC-~400 AD, ~600-~800 AD, ~1000-~1250
AD, ~1600-2013 AD) and three dry stages (~400-
~600 AD, ~800-~1000 AD, ~1250-~1600 AD) (i.e.,
last curve in Fig. 7). The moisture variations over
the past 2200 years in the southern Altai Mountains
seem to have been generally controlled by the mean
annual precipitation (MAP) (i.e., middle curve in
Fig. 7) and somewhat modulated by the summer
(JJA) temperature (i.e., first curve in Fig. 7) in the
northern Altai Mountains. It should be particularly
noted that both the MAP and the summer temperature
in the northern Altai Mountains were quantitatively
reconstructed on the basis of statistical relationships
between the instrument records and the used proxy
data (i.e., tree rings for temperature and sediment
chemical compositions for precipitation). It should
also be particularly noted that a generally wet
condition during the last ~200 years (~1800-~2013
AD) in the Yushenkule Peat can be explained neither
by the decreased precipitation nor by the increased
summer temperature. The oddness was speculated
to be associated with the observed sudden change in
plant composition (Yang et al., 2019b).
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Figure 7 — Comparison of three sets of data. The first curve is the tree ring-based summer
(JJA) temperature reconstruction in the northern Altai Mountains (Biintgen et al., 2016)
. The second curve is the lacustrine sediment-based mean annual precipitation (MAP)
reconstruction in the northern Altai Mountains (Kalugin et al., 2013). The third curve is the
813C-signified moisture reconstruction in the Yushenkule Peat (Yang et al., 2019b)

Late Holocene Cultural Evolution and

Climate Change

The existing data show that large scale human
activities occurred at least during the late part of
Neolithic Time across the Eurasian steppes. For
example, after the emergence of nomadic cultures,
the Minusinsk Basin and the surrounding areas (Fig.
8) have been the center of east-west nomadic culture
convergence (Allentoft et al., 2015; Blyakharchuk
and Chernova, 2013; Blyakharchuk, et al., 2014).

Afanasievo Culture

About 5000 years ago, the Yamnaya Culture
occupied a large area of the eastern European steppes
between Hungary and Ural. A branch of the Yannaya
Culture spread eastward to the Minusinsk Basin within
the western Asian steppes to form the Afanasievo
Culture (Fig. 8a) that was most likely the direct ancestor
of the much late Avatar Culture (Allentoft et al., 2015).
This long-distance cultural spreading from the eastern
Europe, across the Altai Mountains, to the Minusinsk
Basin appeared to have occurred under relatively dry
conditions in the Altai Mountains (Blyakharchuk
and Chernova, 2013). That is, grassland expansions
in south Siberia under dry conditions might have
effectively encouraged nomadic cultures to spread.

Okunevo Culture

The Okunevo Culture, belonging to the early
Bronze Age, existed from ~5000 to ~4000 years ago
in southern Siberia and also in the Altai Mountains.
The culture developed primarily on the basis of the

Afanasievo Culture (Fig. 8b). Compared with the
preceding time (i.e., Afanasievo Culture time), the
climate during the Okunevo Culture time in central
and south Siberia became even drier under which
the forested area further shrank and the grassland-
covered area further expanded (Blyakharchuk et
al., 2014). Again, grassland expansions in south
Siberia under dry conditions might have effectively
encouraged nomadic cultures to spread.

Andronovo Culture

The Andronovo Culture, belonging to the mid
Bronze Age, existed between ~4100 and ~3800
years ago in south Siberia. It was believed that the
nomadic tribes of Arians in the southwest migrated to
Khakassia area in south Siberia at ~4000 years ago,
forming the Andronovo Culture. However, Allentoft
et al. (2015) recently showed that the Corded Ware
Culture spread eastward to the Caspian Sea and also
to the northern shore of the Black Sea to form the
Sintashta Culture, which further spread eastward
and then formed the Andronovo Culture in south
Siberia. That is, The Andronovo Culture was the
result of the migration of the ancient Indo-European
peoples from west (Fig. 8c). This cultural expansion
and transformation at ~4000 years ago occurred
under dramatically fluctuated climatic conditions
in many part of Eurasian continental interiors
(Staubwasser and Weiss, 2006). Again, grassland
expansions in south Siberia under dry conditions at
~4000 years ago might have effectively encouraged
nomadic cultures to spread.

13
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Figure 8 — Archaeological Cultures in the Eurasian steppes. a: Afanasievo; b: Okunevo;
c¢: Andronovo; d: Karasuk; e: Scythians; f: Tashtyk.

Karasuk Culture

The Karasuk Culture appeared in the late Bronze
Age at ~3200-~2900 years ago and occupied the
vast grassland areas between the Mongolian Plateau
and the Ural Mountains. The pollen-based evidence
shows that there was a continental scale drought
event at ~3200 years ago, resulting in the shrinkage
of forest area and also the expansion of grassland
area in south Siberia (Blyakharchuk and Chernova,
2013). Attracted by this drought-resulted grassland
expansions, the nomadic tribes in the Ordos Plateau
migrated to the Minusinsk Basin most likely
searching for relatively good grassland conditions
(Fig. 8d; Blyakharchuk et al., 2014). It means that
the grassland expansion in the Minusinsk Basin
might have attracted the “ecological refugees” from
the Ordos Plateau.

Scythian (Tagar) Culture

The Scythian refers to the nomadic culture
that occupied the northern portion of the Caucasus
Mountains and south Siberia at ~2700-~2300 years
ago. The Scythian Culture was mainly represented
by the Tagar Culture that appeared at ~3200-~2900
years ago in south Siberia and also in the Altai
mountains (Fig. 8e). van Geel et al. (2004) proposed
that the climate transformation (cooling and wetting)
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at ~2700 year ago might have led to the transition
of civilization types in the Eurasian steppe from the
Bronze Age to the Iron Age. Under the colder and
wetter climate conditions after ~2700 years ago,
the grassland-covered area in southern margins of
the CAAZ expanded considerably and the livestock
carrying capacity increased significantly, providing
the material basis for the rise and expansion of
the nomadic culture of the Scythian Culture in the
Eurasian steppes.

Tashtyk Culture

The Tashtyk Culture, an Iron Age culture,
existed from~2300 to ~1600 years ago in south
Siberia. It was believed that the Tashke Culture was
formed by the migration of the nomadic people from
the Mongolian Plateau. According to the records
of the later Han Dynasty, the original residents of
the Minusinsk Basin were known as the “Jiankun
people” (Kirgiz). At that time, the Dinglin tribes in
the northwestern Mongolian Plateau belonged to
the Mongolian ethnic group. The Tashtyk Culture
should be a mixture of “Jiankun people” (Kirgiz)
and Dinglin tribes (Fig. 8f). Available pollen data
show that there was more precipitation in the Altai
Mountains and the Sayan Ridge at ~2300-~1500
years ago (Blyakharchuk and Chernova, 2013). It
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seems that during this period of ~2300-~1500 years
ago, the steppes to the east of the Altai Mountains
and the Sayan Ridge were drier and the steppes
to the west of the Altai Mountains and the Sayan
Ridge were wetter. Under the drought stress in the
east of the Altai Mountains and the Sayan Ridges,
the nomadic people in the east migrated to the west.

Mongolian Empire

The Mongol Empire was founded by Genghis
Khan, a Mongol political and military leader who
united the Mongol tribes for the first time. Between
AD 1206 when Temujin received his title as Genghis
Khan and AD 1370 when the last emperor in China’s
Yuan Dynasty died in exile, the Mongol’s Great
Khans established the largest contiguous empire in
the world history. Social and cultural factors might be
somewhat responsible for the rising and falling of the
Mongol Empire, and the factors may include strong
personalities of Genghis Khan and disconnection of
China’s Yuan Dynasty from the Mongolian steppes.
But, available highly-resolved tree-ring data and
stalagmite data almost unequivocally demonstrated
that the rising of the Mongol Empire was associated
with warmer and wetter climate in the hinterland of
the Mongolian Plateau that provided the material
basis for the expansion of the nomadic culture
(Pedersona et al., 2014) and the falling of the Mongol
Empire was associated with cooler and drier climate
in the northern China that sparked massive peasant
uprisings in Mongol-governed China (Zhang PZ et
al., 2008).

Ending notes

As for the relationships between cultural
evolution and climate change, it is too early to

confidently draw any conclusions simply because
the extremely high-level inadequacies in data
coverage (geography) and also in data qualities
(chronology and proxy). The data available so far
seem to suggest that the nomadic cultural spreading
and transformation were mainly encouraged by
drying-resulted grassland expansions along the
northern margin of the CAAZ (Central Asian Arid
Zone). The wetting-resulted grassland expansions
along the southern margin of the CAAZ might have
encouraged the dramatic expansion of the Scythian
Culture. The moisture contrast between the eastern
side and the western side of the Altai Mountains and
the Sayan Ridges was most likely the driver for the
nomadic people to migrate between the east and
the west. Again, more intensive and more extensive
in-depth investigations in the CAAZ including the
Altai Mountains are still in need for elevating our
understanding of the relationships between cultural
evolution and climate change.
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