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ABSTRACT

A coupled pollen-brGDGT paleoclimate reconstruction approach has been tested to provide indepen-
dent and robust estimates of Holocene climate and environment changes in the extremely arid envi-
ronment of the mountainous areas ranging from northern Arid Central Asia (ACA) to the Mongolian
Plateau. The two proxies were calibrated for both global and local modern data sets (NMSDB). This
multi-proxy approach was then applied to a sediment core collected from Lake Ayrag, Arkhangai,
covering the Late Holocene. In addition to brGDGTs and pollen, we also performed magnetic sus-
ceptibility, micro-XRF, elemental and isotopic bulk chemistry, and Non-Pollen Palynomorph (NPP)
analyses on the Lake Ayrag sediments in order to better understand the lake system and human im-
pact dynamics. While the globally calibrated record (both for pollen and brGDGTs) displayed a slight
millennial-scale cooling, the locally calibrated results exhibit centennial-scale climate oscillations
such as the 4.2 and 3.5 kyr events, the Roman Warm Period (RWP), Dark Ages Cold Period (DACP),

Medieval Warm Period (MWP) and Little Ice Age (LIA). These climate oscillations and vegetation
changes are discussed with regard to the main Mongolian human historical occupation events docu-
mented by pastoralism proxies, especially the Xiongnu, Mongol Empire, Mandchou and Soviet peri-
ods. The climate systems currently dominating the Mongolian Plateau are difficult to resolve because
inter-annual climate variability is pronounced. However, precipitation mainly occurs in summer (east-
erly monsoon driven) when the winter Westerlies lead the air mass movement. In the past, both pollen
and biomarkers exhibited anti-correlated trends with annual precipitation and temperature: over the
last 4,000 kcal yr BP, the warm periods (MWP, RWP) were dry and the cold periods (LIA, DACP, 3.5
kyrs) were humid. Thus, the East Asian Summer Monsoon (i.e., warm and wet conditions dominant
during summer) seems not to have influenced central Mongolian climate during the Late Holocene,
which could have remained dominated by the Westerlies / Siberian High cells conflict. A comparison
between the Ayrag record and other paleoclimate records from the Baikal area (Dulikha), Mongolian
Plateau (D3L6, D1L1, NRX, ATM), and continental China (Kesang, Baluk and Tonnel caves, XRD
section) to the Loess Plateau (Huangye and Xianglong caves) suggests that the monsoon front has
oscillated since the Early Holocene. A climate synthesis following strictly the same approach (lo-
cally calibrated brGDGTs vs. pollen-inferred climate) for all the ACA records available for the Late
Holocene helps us to resolve the climate systems paced by centennial to millennial-scale oscillations
and their consequences for human societies.

Abbreviations: Arid Central Asia (ACA); Arboreal Pollen (AP); Advanced Space-borne Thermal Emission and Reflection Ra-
diometer (ASTER); Branched vs. Isoprenoid Tetraether (BIT); Before Present (BP); Boosted Regression Trees (BRT); Cyclisation of
Branched Tetraether (CBT); Dark Ages Cold Period (DACP); East Asian Summer Monsoon (EASM); glycerol dialkyl glycerol tetraethers
(GDGTs); Inter-Tropical Convergence Zone (ITCZ); Little Ice Age (LIA); Mean Annual Air Temperature (MAAT); Mean Annual Pre-
cipitation (MAP); Methylation of Branched Tetraether (MBT); Mongolian Plateau (MP); Magnetic Susceptibility (MS); Medieval Warm
Period (MWP); Non Arboreal Pollen (NAP); New Mongolian-Siberian Surface Data Base (NMSDB); Non-Pollen Palynomorphs (NPPs);
Organic matter (OM); Roman Warm Period (RWP); Sedimentary Accumulation Rate (SAR); Siberian High (SH); Total Inorganic Car-
bon (TIC); Total Organic Carbon (TOC). Weighted Averaging Partial Least Squares (WAPLS); Westerlies-Dominated Climatic Regime
(WDCR); micro X-Ray Fluorescence (micro-XRF).
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1. Introduction

Since conservation ecology (the study of biodiversity
management and protection) represents a major solution for
reducing human impacts on climate change and ecosystem
degradation (Dinerstein et al., 2017), a historical approach
towards the dynamic comprehension of human, ecologic
and climatic systems is necessary and helpful (Barnosky
et al., 2017; Carter et al., 2018). Moreover, ecosystem
services are directly linked to climatic conditions (Hao and
Yu, 2018). Paleoclimatic and paleoecological contexts will
help us to better understand the ecosystem-climate relation-
ship in human constrained systems (Barnosky et al., 2017).
Notably, the Late Holocene period marks the rise of both
human impacts on ecosystems (Miehe et al., 2007, 2014)
and climate changes on human societies (e.g., Roberts
et al., 2011; Berger et al., 2016; deMenocal and Stringer,
2016; Magny, 2019). One of the main consequences of
climate change is global aridification, especially within
large continental land masses (Sherwood and Fu, 2014;
Huang et al., 2016; Park et al., 2018). More particularly,
studying arid environment dynamics in an over-grazing
context is essential since the climate forecast for European
grasslands (Vozhehova et al., 2020) to Arid Central Asian
(ACA) steppes suggests a strong and fast desertification
associated with a loss in biodiversity and regional economic
instability (Li et al., 2019; Nunez et al., 2020).

The reconstruction of paleoclimatic parameters in
arid environments is a challenging issue since the best
sedimentary archives often appear in wetlands such as
lakes and peats, rarely in arid environments. However, arid
environments can be investigated notably through the use of
loess and paleosoil sequences (An, 2000; Kehl, 2009; Sun
et al., 2019; Hou et al., 2020), or peat-lands and lakes from
surrounding mountainous areas (Rudaya et al., 2008; Sun
et al., 2011; Felauer et al., 2012; Murad, 2012; Rudaya and
Li, 2013; Huang et al., 2018b; Unkelbach et al., 2019, 2020).
Within a large range of proxies deposited and conserved
in these sedimentary archives, it is common to use pollen
assemblages as a vegetation change indicator, following the
recent studies from the Tian Shan (Li et al., 2020c¢), Tibetan
Plateau (Miehe et al.,, 2014; Li et al., 2020b), Alashan
Plateau (Herzschuh et al., 2004), Qilian Shan (Huang et al.,
2018a), Altai mountains (Huang et al., 2018b; Unkelbach
et al., 2020) and Mongolian Plateau (Ma et al., 2008; Feng
et al., 2013). Pollen transfer functions (Wen et al., 2013;
Peyron et al., 2017; Chevalier et al., 2020) are one of the
most reliable methods for paleoclimate reconstruction of
continental Mean Annual Air Temperature (MAAT) and
Mean Annual Precipitation (MAP) while other methods
are preferred for the reconstruction of vegetation as past
biomes (i.e. biomization, Prentice, 1985; Prentice et al.,
1996). Pollen assemblage analysis also gives an overview of
human impacts on the environment (Miehe et al., 2014; Tian
et al., 2014; Djamali et al., 2016; Ghosh et al., 2017) and is
commonly coupled with Non-Pollen Palynomorph (NPP)
studies, especially with algal and fungal remains (Van Geel

and Aptroot, 2006; Cugny et al., 2010; Baker et al., 2013;
Gauthier and Jouffroy-Bapicot, 2021). The NPPs—human
impact approach is especially interesting for investigating
the history of nomadic societies where archaeological
remains are rare, such as in Mongolia (Murad, 2012; Tian
et al., 2014; Unkelbach et al., 2019, 2020). Since the
1980’s, the use of a new generation of organic geochemical
proxies has been developed for continental paleo-studies.
Among them, glycerol dialkyl glycerol tetraethers (GDGTs)
are relevant for temperature reconstruction (Sun et al.,
2011; Naafs et al., 2017a, 2018) and organic matter tracing
(Hopmans et al., 2004), although this approach is hampered
by effects from vegetation change and human impacts
(Davtian et al., 2016; Martin et al., 2019). Finally, a better
comprehension of lake systems at the local scale is provided
by micro-fossil algae counting (Van Geel, 1978; Jankovska
and Komarek, 2000; Last et al., 2001; Stivrins et al., 2018)
and elemental analyses (XRF, TOC, etc., Lowemark
et al., 2011; Rudaya and Li, 2013; Croudace and Rothwell,
2015). Because these proxies are still biased (e.g., algae
taxa are often identified at the family level, which remains
ubiquist, and the core-scanning micro-XRF is considered as
semi-quantitative, Jankovska and Komarek, 2000; Croudace
et al., 2006; Liu et al., 2013), all the interpretations and
reconstructions resulting from them need to be considered
with regard to other surrounding archives and archeological
sites in order to place the local historical interpretation
within a global context (Gupta, 2004; d’Alpoim Guedes and
Bocinsky, 2018; Li et al., 2020c).

Within this framework emerges the importance of di-
versifying studied sedimentary archive sites in arid regions,
and especially in poorly documented areas. For example,
Arid Central Asia (ACA) and especially its northern part,
from the Mongolian Plateau (MP) to southern Siberia,
require more detailed studies. The works of An et al.
(2008) and Klinge and Sauer (2019) review all the previous
paleoclimate investigations in Mongolia; the majority of
them are based on pollen, diatoms, and sedimentological
studies from the western (Altai Mountains) and northern
parts (Sayan Mountains) of the country. The central drier
and warmer part of the country has attracted researchers’
attentions over the last two decades both for paleo-pollen
studies (Gaillard et al., 1992; Herzschuh, 2006; Wang
et al., 2011; Felauer et al., 2012; Murad, 2012; Wang and
Feng, 2013; Lehmkuhl et al., 2011, 2018) and to calibrate
proxy-climate relationships (Weng et al., 2006; Ma et al.,
2008; Cao et al., 2014; Dugerdil et al., 2021). An increasing
number of biomarker studies, in particular using brGDGTs,
have focused on calibrations (Xie et al., 2012; Yang et al.,
2014; Ding et al., 2015; Zang et al., 2018; Dugerdil et al.,
2021) and Holocene climate reconstructions in arid and
semi-arid areas (Cao et al., 2017; Zheng et al., 2018; Sun
et al., 2019; He et al., 2020; Wu et al., 2020). All of these
efforts to better constrain northern ACA Holocene climatic
change are necessary to understand the past influence
and extent of Westerlies-Dominated Climatic Regime
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(WDCR, Chen et al., 2019), East Asian Summer Monsoon
(EASM, Chen et al., 2009) and East Asian Winter Monsoon
(EAWM, Wang and Feng, 2013) variations throughout the
Holocene (Zheng et al., 2004; Klinge and Sauer, 2019),
and in particular during Late Holocene climatic events such
as the 3.5 kyr event, Roman Warm Period, Dark Ages
Cold Period, Medieval Warm Period and Little Ice Age
(respectively 3.5 kyr, RWP, DACP, MWP and LIA; Zhang
et al., 2008; Chen et al., 2015b; Aichner et al., 2019).

These calibrations and reconstructions reach beyond
an understanding the global climate system solely. With
regard to its particular geographical features, the Mongolian
plateau is delimited by several high-elevation mountain
ranges (Altai, Sayan, Khangai and Khentii, Fig. 1.A and
B, Klinge et al., 2018) and defines a biogeographical
transition between the Siberian taiga on the north and the
Gobi desert on its southern edge (Gunin et al., 1999; Ma
et al., 2008). This plateau, culminating at around 1,500 m
a.s.l., hosts diverse open land vegetation such as, following
a gradient of aridity, steppe-deserts, steppes, mountain
grasslands, and forest-steppes (Wesche et al., 2016; Pfeiffer
et al., 2018). In this context, Mongolia represents a case
study for the whole paleartic grassland and our under-
standing of treeline settlement and dynamics (Klinge et al.,
2018), climate change impact on high-altitude permafrost
(Sharkhuu, 2003; Sharkhuu et al., 2007), the grassland
vulnerability assessment (Tian et al., 2014), and the link
between grasslands and pastoralism of nomadic societies
(Fernandez-Giménez, 1999, 2006). Of note, the question
of our archaeological knowledge of steppe populations
since the Bronze Age is determinant (Honeychurch and
Amartuvshin, 2007; Honeychurch, 2010; Esin et al., 2017).

Despite the statistical efficiency of using global cal-
ibration studies (Cao et al., 2014; Naafs et al., 2017a;
Dearing Crampton-Flood et al., 2020; Davis et al., 2020),
it is often necessary to conduct an accurate local survey to
best address the regional specificity of vegetation, soil and
bacterial communities (Herzschuh et al., 2010; Lu et al.,
2011; Yang et al., 2014; Rudaya et al., 2020; Wang et al.,
2020) and thus improve climate reconstruction fidelity (Sun
et al., 2020). In this context, our study is a continuation
of the calibration work conducted along a cold-arid biocli-
matic gradient from southern Siberia (Lake Baikal) to the
Mongolian Gobi desert Dugerdil et al. (2021). This regional
approach involves (1) collecting surface data (pollen, NPPs
and GDGTs); (2) examining the correlations between this
data set and associated climatic parameters; and finally,
(3) testing and validating these calibrations in light of
interdisciplinary knowledge on ecology and ecophysiology
in order to detect potential biases.

The present study focuses on a sedimentary sequence
from Lake Ayrag, a shallow lake in Arkhangai, center-
Mongolia. This area (within the transition zone between the
Westerlies and the EASM influence, Chen et al., 2019) is

especially poorly studied. Lake Ayrag represents the first
coupled pollen-brGDGT study in ACA, and is accompanied
here by NPP and sediment geochemical characterizations.
The principal goals of this investigaiton are the following:

1. Reconstruct Lake Ayrag ecosystems and dynamics
(for example, algal growth, watershed fluxes, and in-
situ organic mater production).

2. Discuss influences on the sedimentary record from the
development and spreading of steppe nomadic soci-
eties.

3. Infer temperature and precipitation variations from
specific proxies and test the potential of local, re-
gional, and global calibrations (Herzschuh et al.,
2010; Lu et al., 2011; Cao et al., 2014; De Jonge et al.,
2014b,a; Yang et al., 2014; Zheng et al., 2014; Ding
et al., 2015; Naafs et al., 2017a; Davis et al., 2020;
Dearing Crampton-Flood et al., 2020; Dugerdil et al.,
2021; Rudaya et al., 2020; Wang et al., 2020) to pro-
vide the most reliable climate reconstruction.

4. Map the variations in front of the EASM line dur-
ing Late-Holocene oscillations by recalibrating exist-
ing pollen paleorecords such as Dulikha (Bezrukova
et al., 2005; Binney, 2017), D1L1 and D3L6 (Unkel-
bach et al., 2019, 2020), as well as brGDGT paleo-
records such as NRX (Rao et al., 2020), ATM (Wu
et al., 2020), and XRD (Sun et al., 2019).

2. Mongolian study area and historical
context

2.1. The Mongolian Plateau, on the ACA margin

In the northern part of Arid Central Asia, the Khangai
mountain range is located in the center-north part of the
Mongolian Plateau (MP, Fig. 1.A; Windley and Allen,
1993) and overlaps two Mongolian districts: Arkhangai in
the north and Ovorkhangai in the south. Among the Mon-
golian mountain ranges, the Khangai is surrounded by Altai
on the west (Fig. 1.B), Sayan on the north, Gobi-Altai on
the south, and Khentii on the east. The Khangai mountains
(Fig. 1.C), culminating at 4,000 m a.s.l, originated in the
Central Asian orogenic belt, resulting in one of the largest
granitic batholiths in the world (from the Late Paleozoic
to Early Mesozoic, Yarmolyuk et al., 2019). The regional
geology is also marked by volcanic rocks with younger
origins (Late Cenozoic, Yarmolyuk et al., 2008), especially
on the upper part of the Khanuii rivershed.

2.2. The Mongolian Plateau and ACA climate
systems

Unraveling MP climate dynamics is complicated since
the area is located at a convergence of several climate
systems, themselves teleconnected with other oscillating
systems (Fig. 1.D). The complex climate system inter-
connections include the Siberian High (SH) reaction to
Atlantic (NAO) and Pacific (WPO) variations (Aizen
et al.,, 2001; Gong and Ho, 2002; Labban et al., 2021),
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Figure 1: A: Topographic map of Arid Central Asia (from Advanced Space-borne Thermal
Emission and Reflection Radiometer (ASTER) data, JPL, 2014) with the surface samples
(Dugerdil et al., 2021), cores, and main geographical areas labeled; B: Insert panel of
the Altai Mountains showing the D1L1, D3L6 (Unkelbach et al., 2019, 2020) and ATM
cores (Wu et al., 2020); C: Insert panel of the Ayrag Nuur core (this study), which is
compared with a pollen sequence from Dulikha Bog (Bezrukova et al., 2005; Binney,
2017), a brGDGT sequence from the XRD section (Sun et al.,, 2019), NRX Bog (Rao
et al., 2020), and the cave speleothem database (SISAL.v2, Comas-Bru et al., 2020). D:
Current climate system interactions in Eurasia. The forest cover data were extracted from
the MOD44B database (Dimiceli et al., 2015) and the lakes from the Global Forest Cover
Change-Water Cover database (GFCC Townshend, 2016). Both have been vectorized in
QGIS (Free et al., 2015). The East Asian Summer Monsoon (EASM) line was recreated
from Chen et al. (2009) and Zhang (2021)

as well as the Westerlies and EASM reactions to changes
in the Inter-Tropical Convergence Zone (ITCZ) and El
Nifio Southern Oscillation (ENSO, An et al., 2008). The
Westerlies themselves are influenced by the EASM (Chen
et al., 2008; Mathis et al., 2014) and SH (Wolff et al., 2017).
Finally, the Arctic Oscillation (AO) impacts the SH and the
EAWM (Gong et al., 2001; Wu and Wang, 2002). These
complex interconnections lead to inter-annual variability
in regional climate patterns, complicating modern climate
data analysis (Aizen et al., 2001; Chen et al., 2008; Wolff
et al., 2017). The alternating domination of seasonal cells

is also a parameter to take into account (Warner, 2004).
For example, the climate in southern Siberia around the
Baikal area is kept locked by SH during winter. In the
summer when most of the rainfall occurs, the water vapor
is delivered by the northernmost part of the EASM system
(Shukurov and Mokhov, 2017).

2.3. Mongolian vegetation and bioclimate

Around Lake Ayrag, the vegetation is fully open and
marked by Poaceae, Cyperaceae and Artemisia spp. steppe,
only interrupted by some sub-shrub patches of Stellera
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chamaejasme. At a larger scale within the Khanuii River
basin, the mountain grassland is mixed with wetlands (Po-
tentilla ansulina, Iris lactea, Bistorta spp., etc.) close to the
meander banks. These periodically immersed wetlands are
locally called Namak. There are rupicolous short vegetation
communities on the most sloping flank of the watershed. On
the flattest flank, especially on the northwestern slope, the
taiga-steppe vegetation consists of a mix between mountain
grassland and light forest largely dominated by Larix
sibirica. Among the other major tree types, some Betula
spp., Pinus sibirica, Pinus sylvestris and Picea sylvestris
are also found. These communities occur on the ecotone
between steppes and the forest-steppe vegetation ensemble
(Ma et al., 2008; Klinge and Sauer, 2019).

This ecotone is mainly maintained by climatic con-
ditions (Schliitz et al., 2008; Cheng et al., 2020) and sun
exposition (Klinge and Sauer, 2019), more so than anthropic
pressure, even if human impacts are currently threatening
the Eurasian forest-steppe (Erdos et al., 2018). In terms of
climate nodes, the extreme continental cold-dry climate of
Mongolia issues from the Westerlies to EASM transition
zone (Chang, 2004; Chen et al., 2019). The impact of the
SH is strong across the whole mid-latitudes of Asia (Gong
and Ho, 2002), up to the ACA (Aizen et al., 2001) and even
the Middle East (Labban et al., 2021). The SH affects the
MP especially during winter (high pressure cold air masses,
Ahrens and Henson, 2021) and is also connected with the
Arctic Oscillation (AO, Gong et al., 2001; Wu and Wang,
2002). This transition zone between the different climate
cells complicates interpretation of MP paleoclimates (Chen
et al.,, 2019). EASM front variations have been used to
simplify modeling of climate oscillations through time
(Herzschuh, 2006; Haoran and Weihong, 2007; Chen et al.,
2009, 2010; Wang et al., 2010; Li et al., 2018; Chen et al.,
2019; Sun et al., 2019; Wang et al., 2019). Among the ways
to define the EASM influence zone, Zhang (2021) introduce
the MAP = 400 mm.yr~! isoline as the EASM threshold.
Changing EASM influence over time is linked to Holocene
climate events.

2.4. ACA paleoclimate system variations

An increasing number of studies highlight the complex
teleconnections between climatic cells as documented
by paleoclimate reconstructions. Some hypotheses have
been advanced regarding Mongolian summer precipitation
occurrence. First, winter precipitation may not have been
recorded by the weather stations (Rudaya et al., 2020).
Second, despite their low moisture content, the summer
westerlies may be responsible for the Mongolian P,
(Wang et al., 2009; Tian et al., 2013). Finally, Piao et al.
(2018) suggest an influence of locally evaporated water
recycling on the Mongolian MAP amount. However, this
argument is denied by Zhang (2021) for ACA based on
the 6'80 of water vapor. In their study, they suggest an
incursion of EASM rainfall into ACA and the southern MP

depending on monsoon strength; the weaker the monsoon,
the further it goes into the WDCR/EASM transitional zone
(Chen et al., 2019; Zhang, 2021), following the current
Baikal climate system dominated by the EASM.

According to Chen et al. (2019), the climatic variations
affecting the whole of central Asia (from Turkmenistan
to the MP) are numerous throughout the Late-Holocene
period. This period is marked by two initial centennial-scale
oscillations: the 3.5 kyr event (Yao et al., 2017; Aichner
et al., 2019; Lu et al., 2019). Some studies also link warm
and dry conditions from 2.5 to 1.9 kyr BP with the Euro-
pean Roman Warm Period (RWP), and colder conditions
to the Dark Ages Cold Period (DACP, Zhang et al., 2008).
Nevertheless, the timing of the DACP in central Asia is less
constrained, lasting from 1.8-1.6 kyr BP in the Karakul
Lake region (Aichner et al., 2019), and from 2.1-1.8 kyr BP
at Qinghai Lake (Ji et al., 2005; Liu et al., 2006). Finally,
the Medieval Warm Period (MWP, 950-650 cal yr BP),
Little Ice Age (LIA, 550-50 cal yr BP, Chen et al., 2015b)
and Current Warm Period (CWP, Zhang et al., 2008) are all
well observed in ACA.

2.5. Human occupation of the Mongolian Plateau
from the Bronze Age to the present day

Mongolian cultural history is very rich for the Late-
Holocene (Xiongnu, Ruanruan, Kortiirk, Uighur, Kirghiz
and Mongol occupations, Honeychurch and Amartuvshin,
2007; Savelyev and Jeong, 2020) and has intermixed
relationships with vegetation and land use. Despite the un-
welcoming and severe continental and mountainous climate
of the Mongolian Plateau, the first significant human land
use in Mongolia dates from the Bronze Age (3.5-4.0 kyr
BP) when nomadic societies settled large ritual monuments
(Allard et al., 2006). However, these archaeological findings
are not sufficient for fully understanding the demography
and land-use activities of this period. Late-Holocene
Mongolian history is marked by a succession of nomadic
cultures, including the famous scythes folks, before settle-
ment of the Xiongnu empire. All of these different ethnic
groups were pastoral and warlord societies. The impacts
of multiple wars and livestock grazing on the landscapes
are visible and noteworthy in different archives from the
Mongolian Plateau (MP, Fernidndez-Giménez, 1999, 2006).
According to Honeychurch and Amartuvshin (2007), the
grazing steppe economy began around 4,000 cal yr BP in
Mongolia and gradually rose from then on. Even if this
period is marked by many important archaeological features
in the current landscape, such as ritual and funeral remains,
and especially the monumental Mongolian deer-stone and
burials (Esin et al., 2017), habitats and workshops are much
less represented. Since the Mongolian nomadic societies
did not leave enough significant land-use archaeological
remains, lake paleoenvironmental records represent the best
alternative for understanding the past.
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Table 1
Lake Ayrag dated samples.

Lab. ID C" age

(yr cal BP/10)

Depth  Thickness Dry mass
(cm)  (cm) (g)

Type of material

Poz-110030 5 1 0.0882
Poz-110032 28 1 0.0060
Poz-110033 62 1 0.0051
Poz-110034 76 1 0.0039
Poz-38108 86.5 15 0.0031

100.5 +0.31
980 + 30
1960 + 30
2325+35
3660 + 180

Amaranthaceae seeds, charcoal
Vegetation remains
Vegetation remains
Vegetation remains, charcoal
Vegetation remains, charcoal

3. Material and methods

3.1. Coring and setting

Ayrag Nuur (Nuur means lake in Mongolian), in the
Khangai mountains of central Mongolia (48°41/40.99”N;
101°25’44.89"E; 1,436 m a.s.l., Fig. 1.C), was cored during
the Monaco-Mongolian joint archaeological expedition in
the summer of 2009. During this period, the lake water
depth was 80 cm. The lake is not affected by a structured
hydrological network, even though it is located within the
large Khanuii river basin. The Khanuii river is currently
a meander river flowing on an alluvial terrace. The lake
surface is approximately 1.7 km? (calculated from the
GFCC Water Cover database, Townshend, 2016), although
this fluctuates due to trampling from the numerous livestock
using the lake for water. The current grazing maintains a
lake edge covered by meadow vegetation and not sedge
marsh. An 88 cm-long sediment core was retrieved from
approximately the center of the lake using a boat and an
interface corer (UWITEC). The core was subsequently
sub-sampled every centimeter.

3.2. '“C dating

The age scale is based on '“C radio-dating methods.
To avoid the influence of reservoir effects (Lowe, 1985)
in this carbonate-rich environment, five vegetation macro-
rests were selected and radiocarbon dated at the Poznari Ra-
diocarbon Laboratory for dating (table 1). The R module
Bacon v2.5.1 generated the age-model (Blaauw and Christen,
2011) displayed in Fig. 2 using an auto-regressive gamma
process. Post-bomb dates were calibrated using the North
Hemisphere zone 1 calibration curve (NH1, Reimer et al.,
2004). The dates are displayed in calendar years BP.

3.3. Element and isotopic geochemistry

Magnetic susceptibility (MS) analyses and photography
(Fig. 2) were performed on the Lake Ayrag sediment core in
the Chrono-Environnement laboratory in Besancon, France;
X-ray fluorescence analysis (XRF, Fig. 3) at EDYTEM in
Chambéry using an XRF Core Scanner 3 (Jansen et al.,
1992); and carbon and nitrogen elemental (EA) and bulk
isotopic (EA-IRMS) analyses at LGL-TPE in Lyon using an
Elementar Vario Micro Cube elemental analyser coupled
with an Elementar Vision isotope ratio mass spectrometer
(EA-IRMS, Fig. 4). Before analysis of total organic carbon
(TOC), sediments were treated with HCI (IN) to remove
carbonates that were potentially present. Total inorganic
carbon (TIC) was deduced from mass loss due to carbonate

removal. The resulting sediments were then freeze-dried
and weighed into tin capsules (Elemental Microanalyses,
11.5 x 7mm) with a CPA26P Sartorius microbalance
(2 x 10~%g) before analysis.

TOC and §'3Cppc were measured on 4 to 8 ug of
carbonate-free sediment. ~We separately analyzed non-
acidified sediment by EA and EA-IRMS to measure the
weight % of nitrogen, as detected by the EA Thermal Con-
ductivity Detector (TCD), and 8'°N. The capsules were in-
dividually introduced into a combustion furnace (950°C) un-
der an excess of oxygen. Copper oxide was used as an oxi-
dation catalyst and He as the carrier gas. Reduction of N, O,
to N, and removal of excess O, was achieved with reduced
copper at 550°C. Water was removed using a phosphorous
pentoxide chemical trap. N, and CO, were separated on
a purge and trap desorption column. Finally, the ratio be-
tween TOC and wt%N,,,; Was calculated and presented as
C/N. A working standard, IVA sediment, was measured ev-
ery ten samples to normalize the mass spectrometer signals.
Each sample was analyzed three times, and mean values and
a standard deviations were calculated.

3.4. GDGT extraction and analysis

The Lake Ayrag biomarker analyses were conducted on
43 samples. Glycerol dialkyl glycerol tetraethers (GDGTs)
were extracted from these sediment samples using the labo-
ratory protocol detailed in Dugerdil et al. (2021). In brief,
0.5 gram, freeze dried sediment samples were twice mi-
crowave extracted in a DCM:MeOH (3:1) solvent solution
and filtered using SPE cartridges. Then a C,q GDGT was
added as an internal standard (Huguet et al., 2006) and the
polar molecular fraction was separated by SPE with elution
in a DCM/MeOH (1:1) solution. Specific compounds were
finally detected using high performance liquid chromatog-
raphy coupled with mass spectrometry (HPLC-APCI-MS,
Agilent 1200) at LGL-TPE and ENS de Lyon following the
methods described in Hopmans et al. (2016) and Davtian
et al. (2018). Treatment of the GDGT results was carried out
following the two methods presented in Deng et al. (2016),
Wang et al. (2016) and Yang et al. (2019): compounds were
grouped by chemical structures as cycles or methyl groups
into indexes (De Jonge et al., 2014a) or are expressed in frac-
tional abundance [x;] (results presented in Supplementary
Fig. B2, following the formula of Sinninghe Damsté, 2016).
All the index formulas used for Lake Ayrag GDGTs are pre-
sented in the supplementary information table in Dugerdil
et al. (2021).

3.5. Pollen preparation and transfer functions

The Lake Ayrag pollen analyses were also conducted on
43 samples. The sediment samples were prepared according
to standard protocol described by Faegri and Iversen (1989)
at the Chrono-Environnement laboratory. All the residuals
were concentrated in glycerol and mounted between slide
and lamella. The pollen counts were conducted using a
Leica DM 1000 LED microscope with a 40X magnification
lens. A calibrated concentration of Lycopodium spp. spores

Dugerdil et al.: Preprint submitted to Elsevier

Page 6 of 32

410

415

420

425

455

460



505

510

515

Quaternary Science Reviews

were added to the Ayrag core sediments as an internal
standard for calculation of pollen and NPP concentrations
and influxes (Stockmarr, 1971). The total pollen count
size was determined by the asymptotic behaviour of the
rarefaction curve, plotted during counting using PolSais
2.0, a software developed in Python 3.0 in Dugerdil et al.
(2021). The count was stopped whenever the logarithmic
regression fitting of the rarefaction curve reached a flat
threshold (Birks et al., 1992). The average total count
was generally in n € [400;500] terrestrial grains for each
slide. The pollen diagram was plotted in R with the
Rioja package (Juggins and Juggins, 2019), with pollen as a
fractional abundance ratio of Terrestrial Pollen count (%TP).

In arid environments, the paleo pollen signal is usually
analyzed besides ratios between the major taxa (Herzschuh,
2007; Zhao et al., 2012). The ratios are semi-quantitative
models for precipitation and temperature variation. The
more common taxa used in these ratios are Artemisia spp.
(Ar), Amaranthaceae (Am), Poaceae (Po), Cyperaceae (Cy)
and Thalictrum spp. (Th). For this study we applied the
Ar/Am, (El-Moslimany, 1990), Ar/Cy (Herzschuh et al.,
2006), Ar/(Ar+Am), (Ar+Am)/Po, (Ar+Am)/(Po+Th) and
(Ar+Am)/(Po+Th+Cy) ratios (Murad, 2012). We, thus,
applied these ratios on the NMSDB in order to validate the
reliability of the climate semi-quantitative reconstructions.

Then, as quantitative climate reconstructions, some
transfer function methods were applied to the sequences us-
ing two different surface datasets (New Mongolian-Siberian
Surface Data Base; NMSDB and the Cold Steppe Data
Base; COSTDB, sample locations in Dugerdil et al. (2021,
Supplementary information). Among the major transfer
functions, and following the results presented in Dugerdil
et al. (2021), we applied the Modern Analogue Technique
(MAT, Overpeck et al., 1985; Guiot, 1990; Jackson and
Williams, 2004), the Weighted Averaging Partial Least
Squares regression (WAPLS; Ter Braak and Juggins, 1993;
Ter Braak et al., 1993), and Boosted Regression Trees
(BRT, Salonen et al., 2014; Li et al., 2015). More details
about transfer functions, calibrations, and pollen-inferred
climate reconstructions are given in (Dugerdil et al., 2021).

3.6. Calibration surface data set

A set of surface samples used as a local calibration for
both pollen and GDGT climate models has been sampled
from the Lake Baikal area in the southern part of the
Mongolian Gobi desert, and is named the New Mongolian
Siberian Surface Data Base (NMSDB, Fig. 1.A). The
accurate location of each sample can be found in the sup-
plementary information table from Dugerdil et al. (2021).
A global Eurasian pollen database presented in Peyron
et al. (2013, 2017) was sub-sampled with the biomization
method (Prentice et al., 1996; Peyron et al., 1998) based
on pollen—Plant Functional Type (Prentice et al., 1996;
Harrison et al.,, 2010): only the Cold Steppe (COST)

pollen samples have been kept as sub-dataset. The global
calibration database for brGDGTs can be found in Dearing
Crampton-Flood et al. (2020). These two global databases
are compared with the local NMSDB.

3.7. Non-pollen palynomorph analysis

In parallel with pollen counts, two kinds of Non-
Pollen Palynomorph (NPP) were analyzed: fungal spores
and aquatic micro-fossils, such as micro-algae and spores,
aquatic pollen or fossils of hydrophylous plants. These NPP
underwent the same protocol as pollen (chemical, counting
and plotting processes described in 3.5). The fungal spores
are considered as a proxy for grazing and pasture activities
(Cugny etal., 2010; Baker et al., 2013), wood decomposition
(Cugny et al., 2010; Cugny, 2011) or wood burning markers
(Van Geel, 1978; Bakker and Van Smeerdijk, 1982), vege-
tation change (Ghosh et al., 2017), and erosion (Anderson
et al., 1984; Kolaczek et al., 2013). The algae faxa compo-
sition provides information about water level and the lake
trophic system (Jankovska and Komarek, 2000). Identifi-
cation of the Mongolian principal NPPs was driven by the
keys supplied by Van Geel and Aptroot (2006), Cugny et al.
(2010) and Murad (2012). The algae spectrum is expressed
in the pollen diagram in fractional abundance (% TP + NPP)
following eq. (1) :

nNpP
S X D Mppiien X 100 (1)

(NPP); =
/ 2 Npp

NPPs and algae in absolute values are expressed as influx
(Fx) for each taxon i, calculated with concentration ([NPP];
in eq. 2) and ranked with the Sedimentary Accumulation
Rate (SAR) and gamma-density of the core sediment (yD,
eq. 3) as follows :

Rnpp

[NPP]I = " X nlyCOPOdiummtal (2)

nlyCOPOdi“mcounted

Fx(NPP)=[NPP];x SARXyD 3)

For dung fungal spores, the number of spores counted
for each sample was very low as compared to algae and
pollen counts (10 to 25 times lower). Using the amount of
spores divided by the NPP sum would have overwhelmed
the spore signal, which is why the spores have only been
presented in absolute concentration (number of counted
grains reported to Lycopodium spp. amount). Moreover, the
fungal spore signal marks an evolution in grazing impact,
especially by its rising concentration and taxa diversity
(Cugny, 2011; Baker et al., 2013). The within-community
variations are less well understood. Finally, the algal NPPs
are usually more concentrated than the pollen grains. The
count limit for algae was 150 Lycopodium spp. spores
counted, and 300 for the fungal NPPs (Etienne and Jouffroy-
Bapicot, 2014). All counts were homogenized at the end
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Table 2
Correspondence between major fungal spores and amoebae
with their ecological indication.

Indicator NPP type NPP group Reference(s)
Arcella spp. Testate Miehe et al. (2009)
Erosion amoebae
markers Glomus spp. Arbuscular Anderson et al. (1984),
mycorrhizal Shumilovskikh et al. (2016),
fungi Shumilovskikh and van Geel (2020)
Arnium spp. Spore fungi Cugny (2011),
Shumilovskikh and van Geel (2020)
Chaetomium spp. Spore fungi Shumilovskikh and van Geel (2020)
Delitschia spp. Spore fungi Cugny (2011)
Dung fungal  Podospora spp. Spore fungi Cugny (2011), Van Geel (2002),
spores Shumilovskikh and van Geel (2020)
Sordaria spp. Spore fungi Cugny (2011), Van Geel (2002),
Shumilovskikh and van Geel (2020)
Sporormiella spp. Spore fungi Djamali et al. (2016), Cugny (2011),
Shumilovskikh and van Geel (2020)
Byssothecium Spore fungi  Van Geel (1978),
circinans Van Geel and Andersen (1988),
Endophramia spp. Spore fungi Cugny (2011)
Kretzschmaria deusta  Spore fungi  Van Geel and Andersen (1988)
Parasitic Microthyrium spp. Fruit body Blackford and Innes (2006),
spores Pleospora-type Spore fungi Cugny (2011)
Thecaphora spp. Spore ball of  Miehe et al. (2009), Murad (2012),
smut fungi Shumilovskikh and van Geel (2020)
Tilletia spp. Spore ball of  Cugny (2011), Murad (2012),
smut fungi Shumilovskikh and van Geel (2020)
Arthrinium spp. Spore fungi Ellis and Ellis (1985), Cugny (2011)
Van Geel and Aptroot (2006)
Cercophora spp. Spore fungi Van Geel (2002),
Montoya et al. (2010), Cugny (2011),
Shumilovskikh and van Geel (2020)
Saprophytic  Coniochaetaceae Spore fungi  Cugny (2011)
spores - Xylariaceae type Murad (2012)
Gelasinospora spp. Spore fungi Cugny (2011)
fungi Cugny (2011), Baker et al. (2013)
Neurospora spp. Spore fungi Bakker and Van Smeerdijk (1982),
Van Geel (1978)
Trichocladium spp. Spore fungi Cugny et al. (2010), Cugny (2011)
Amphitrema Testate Van Geel (1978),
Wetland flavum amoebae Shumilovskikh and van Geel (2020)
markers Caryospora spp. Spore fungi Murad (2012)
Valsaria spp. Spore fungi Montoya et al. (2010), Cugny (2011)

with the total sum of exotic marker grains.

Even if the NPP study especially insists on a link between
spores and grazing, some fungal spores represent other en-
vironmental proxies such as for erosion, aquatic contribu-
tions, or forest burning activity (Cugny, 2011). In this for-
mer study, the author used surface samples and multivari-
ate analyses to cluster three fungal spore assemblages: for-
est burning (Saprophytic spores), grazing, and overgrazing
indicators (coprophilous spores). Here, we used this clas-
sification coupled with observations realized in other stud-
ies (Van Geel, 1978, 2002; Pals et al., 1980; Bakker and
Van Smeerdijk, 1982; Anderson et al., 1984; Ellis and El-
lis, 1985; Van Geel and Aptroot, 2006; Miehe et al., 2009;
Montoya et al., 2010; Baker et al., 2013; Shumilovskikh and
van Geel, 2020), some of which include Mongolian lakes
(Murad, 2012). Then we gathered all of the identified fun-
gal taxa into five different assemblages following the meth-
ods of Cugny et al. (2010) and Doyen and Etienne (2017).
The correspondence between spore type and ecological type
is presented in table (2).

3.8. Statistical methods

Statistical analyses were performed in R (version 4.0.3;
R Core Team, 2013). A Principal Component Analysis
(PCA) was performed on the XRF data using the FactoMineR

100.5+0.31 pMC
79 + 144 cal BP

. 980+ 30BP
874 + 98 cal BP

40

Core Depth (cm)

1960+ 30BP +
1920 + 113 cal BP

2325+ 35BP
2444 + 229 cal BP

3660 + 180 BP .
3613+ 687 cal BP —

T
0 1000 2000 3000
Time (year cal BP)

Figure 2: A: Age - depth model for the Lake Ayrag core per-
formed by the BACON package (Blaauw and Christen, 2011) using
the Markov chain model. The lithology boundary used in the
model is displayed by a solid line (on the L,_, boundary); B:
magnetic susceptibility (1073 SI); C: high-resolution picture of
the core showing the different bulk lithologies. The date sam-
pling quarters are shown by yellow stars. D: lithologic units in
the core. The solid lines represent the most important bound-
aries visible on the picture C, the dashed lines represent the
boundary visible only by magnetic susceptibility (A).

package (L& et al., 2008). The PCA permits determina-
tion of the axis explaining the most variance within sam-
ples. All plots were generated with the ggplot2 package
(Wickham, 2016), or the Rioja package (Juggins and Jug-
gins, 2019) for the stratigraphic plot and the pollen and
the MS clustering using the CONISS analysis method ap-
plied to the %TP (Grimm, 1987). Where possible, un-
certainties were estimated using diverse methods. For the
Lake Ayrag GDGT signal, six replicated isotopic anal-
ysis were carried out for 5 samples equally distributed
in the core sequence. On these replicated samples, the
mean and the standard deviation were calculated, and
the 95% uncertainty interval was calculated according to

Ox

Pos; € |X — 1.86 X —2:X + 1.86 x
6 6
val has been plotted for each GDGT index, and GDGT-

climate inferred models extrapolated the standard deviation
value for all the core samples to the closest replicate in the
core sequence. Concerning the pollen-inferred climate val-
ues, the intervals have been determined with plus or mi-
nus the bootstrap value after cross-validation (Birks et al.,

. The Py5q, inter-
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2012). To facilitate interpretation of the climate reconstruc-
tions, smoothing lines and 95 % intervals have been added
to the plots (Mann, 2004) using a loess regression method
with span value varying with the number of sampling points
along the cores.
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Figure 3: PCA analysis of selected XRF signals from Lake
Ayrag. The 11 principal components are clustered by proxy:
authigenic or lithogenic origin, sediment porosity, and organic
matter. The samples are grouped by lithological units (Fig.
2.D). The centroid of each lithological unit is represented by
large circles.

4. Results

4.1. Age-depth model and lithology

The understanding of the age-depth model for the Lake
Ayrag core (Fig. 2.A) is supported by the MS signal (Fig.
2.B), particularly for locating with accuracy transition bor-
ders associated with shifts in sedimentation (clustered by
CONISS analysis on the MS signal). These transitions are
also visible in the sediment core itself (Fig. 2.C). These ob-
servations allow us to split the core into four major litholo-
gies (Fig. 2.D): the bottom part (L;, 80 to 88 cm) ex-
hibits desiccation polygons and friable fragments; the lower-
middle part (L,_5, 35 cm to 80 cm) presents the same fea-
tures but with fewer cracks and wetter sediment; the upper-
middle (L,_s, 5 to 35 cm) core consists of a clay and organic
matter (OM) mixture; and the top of the core (Lg, 0 to 5
cm) is essentially the same but softer with not well indurated
OM. The transition between these phases are smooth and

continuous, and there is no evidence of any hiatus. The age-
model is linear over the upper 80 centimeters with a mean
sediment accumulation rate (SAR) of around 0.3mm.yr ™!,
which is lower at the core bottom (SAR = O.O7mm.yr_1).
The oldest “C date (depth = 94.5 cm) has a greater un-
certainty than the others, which could be an effect of the
rock settlement dominating the lake sediments. However,
algae counts show that there is already Botryococcus spp.
and Pediastrum boryanum at the bottom of the core. Fi-
nally, to help the Markov-chain model of the Bacon module
(Blaauw and Christen, 2011), a boundary at around 80 cen-
timeters was set, representing the lithology shift (at the L;_,
boundary). The SAR variation (Fig. 2.A), which could be
due to sediment compaction at the bottom of the core, has
been taken into account. Following this age-depth model,
the Lake Ayrag core covers from 3,900 cal yr BP to -20 cal
yr BP.

4.2. XRF and bulk geochemistry

XRF signals display the 20 major chemical elements
present in the core (Supplementary Fig. B1). All element
variations follow the MS variations recorded along the core.
To simplify interpretation of the chemical composition of
the core, a PCA was performed on the 11 most abundant
elements and is displayed in Fig. 3. The first component
of the PCA, called here PClygyy, explains 57.74% of the
elemental variation, while PC2yxgrp represents 14.91% of
the variance, and PC3ygp around 10.59%. The first axis
explains the opposition in argon composition on one hand,
and the other mineral and organic elements on the other
hand. Argon (Ar) is detained in the air gap inside the core,
therefore the Ar signal is interpreted as a proxy for sediment
porosity. The higher the Argon abundance, the less the
core is compacted (Croudace and Rothwell, 2015). The top
of the core (Lg) and the bottom (L; and L,) have higher
porosities. PC2ygpp describes a dichotomy between two
poles: one marked by the elements Zr, Fe, Ti, Ni, S and K,
and another by Sr, Si, Ca and Al.

With regard to these observations (geochemistry of bulk
elements, Fig. 4.C), the four main lithological divisions
of the core derived from the high-quality image (Fig. 2.B)
can be described by six more detailed units (Fig. 2.D).
From 3,900 to 2,600 cal yr BP (L,), the MS signal is low
and steady. PClygrp is dominant and decreasing, and all
the other XRF elements are low. The organic proxies such
as C/N and TOC are high. The system is marked by the
transition from pieces of bedrock re-mobilized by the dead
meander of the Khanuii river (resulting in high porosity)
to recent lake sedimentation. Detrital erosion was almost
absent and the lake was marked by an important OM influx
as well as soil brGDGTs from the river catchment. The
second stage, from 2,600 to 1,900 cal yr BP (L,), suggests
a well-established lake with the beginning of authigenic
OM production (low C/N and high 6'N). A first large
increase in erosion (MS and PC2ygy rising) characterizes
a transition to a weathering system from 1,900 to 1,100
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Figure 4: Geochemistry proxies applied to the Lake Ayrag sequence. A: selected XRF
signals (PC, and PC, from Fig. 3, ratio of Potassium / Calcium, Rubidium / Strontium,
Titanium / Aluminum, Iron / Aluminum); B: magnetic susceptibility; C: selected isotopes
and element mass abundances (Total Organic Carbon (TOC), weight percentage of bulk
Nitrogen (W%N,,). Total Inorganic Carbon (TIC), the ratio between TOC and w%N,,,
(C/N), bulk 6C, bulk §'5N); D: GDGT index for source origin (branched vs. isoprenoid
tetraether (BIT) index and ratio III, /II,). Colors highlight the signals following the same
trend: green curves show sediment compaction, and the clay and dust inputs provide
nutrients for increasing lake productivity; purple curves decrease with lithogenic and ex-
situ OM input, soil brGDGT, and algal production; purple curves show OM amount in the
sediment; orange curves decrease with authigenic production.

cal yr BP (L;), with a steady and elevated PC2xyp, Fe/Al
and Ti/Al. The fourth period, from 1,100 to 700 cal yr BP
(Ly), is a parenthesis in the trend imprinted on the entire
record. Rebounds in TOC, TIC, wt%N,,,, and C/N suggest
the influence of authigenic lake productivity, whereas the
erosion signal (MS, Ti/Al) is tempered but not decreasing,
with a PC2xgp still rising and a steady K/Ca and Fe/Al
signal. The fifth period (Ls, 700 to 150 cal yr BP) is
characterized by a return to the main trend (low TOC, C/N
and high 6'N). Then the sixth unit (Lg) exhibits a peak in
authigenic production (rapid rise in TOC and w%N,,,) of
organic matter, certainly linked to lake eutrophication and
watershed erosion marked by peaks in MS, K/Ca and Rb/Sr.

The GDGT sediment concentrations for Lake
Ayrag ([brGDGT],,; = 34.74 + 13.07 ng.g:ez1 and
[is0GDGT];, = 10.97 + 5.23 ng.gs‘eh) are  consistent

with typical values in the literature (Yang et al., 2014).
However, Ayrag GDGT concentrations are close to the
minimal values when compared to some Chinese lakes
(Wang et al., 2016; Cao et al.,, 2017). The cold-arid
oligotrophic context of Lake Ayrag can explain these
low GDGT concentrations. The fractional abundances
also exhibit typical distributions (Supplementary Fig. B2):
isoGDGTs are dominated by GDGT and crenarcheol (these
two compounds represent more than 80%); and brGDGTs
by III/, I/ and I, (for a total of around 50%). The brGDGT
fractional abundances from Lake Ayrag are dominated

by pentamethylated (around 40-50%) and hexamethylated
compounds (close to 30-40%, Supplementary Fig. B3). The
signal is quite homogeneous throughout the last 4,000 years,
and close to the lake top core and soil surface samples from
global and Mongolian databases (Dearing Crampton-Flood
et al., 2020; Martinez-Sosa et al., 2020; Dugerdil et al.,
2021).

The Ayrag brGDGT record shows (Fig. 5) two ranges
of amplitude over time: a major trend throughout the 3,900
cal yr BP sequence, and shorter amplitude variations during
several centennial periods. Initially, MBT and MBT;Me
(Fig. 5.A) suggest a temperature variation with a first
limit after lake development (3,600-3,300 cal yr BP, L),
followed by a second shorter step of increase from 2,800
to 2,300 cal yr BP (L,), then a slow continuous decrease
finishing with a third rebound (700 to 250 cal yr BP, Ls).
This trend is quite similar for the Cyclisation of Branched
Tetraether index (CBT and CBTsy,,), which trace pH
variation, with a decrease over 3,900 cal yr BP (Fig. 5.B).
The mathrmCBTs,;, and MBT;Me indexes, which are
more reliable for arid environments (De Jonge et al., 2014b;
Dang et al., 2016), react more during the centennial-scale
oscillations than the CBT and MBT indexes. Indeed, we
can observe clear peaks during the MWP and RWP, and
drops during the LIAand the DACP events.
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Figure 5: GDGT records for Lake Ayrag. From the top to
the bottom; (A) MBT’ SMe and MBT indexes; (B) CBT and
CBTsyye indexes; (C) brGDGT-MAAT models calibrated
from Sun et al. (2011), De Jonge et al. (2014b), Ding et al.
(2015), Naafs et al. (2017a) and Dugerdil et al. (2021); (D)
semi-quantitative precipitation indexes Ry, and Index, and
MAP calibrations from Dugerdil et al. (2021). The sym-
bol * indicates global calibrations and °the local ones. The
dashed lines represent the actual MAAT and MAP for Lake
Ayrag (WorldClim2, Fick and Hijmans, 2017). Following
the ACA main paleoclimate studies, the warm (red frame)
and cold (blue frame) periods highlighted are the 3.5 kyr
event, RWP, DACP, MWP and LIA (Zhang et al., 2008;
Chen et al., 2015b). The lithological units follow the MS
record (Fig. 2.B).

These observations are confirmed by the brGDGT-
inferred MAAT reconstructions (Fig. 5.C), which exhibit
variations during the Late Holocene with centennial-scale
oscillations. Using the Lake Ayrag top-core replicates com-
pared with actual MAAT values (Dugerdil et al., 2021), we
selected the best calibrations for brGDGT-inferred MAAT:
soil (De Jonge et al., 2014b; Ding et al., 2015; Naafs et al.,
2017a), peat (Naafs et al., 2017b), mixed (Dugerdil et al.,
2021) and lake calibrations (Sun et al., 2011). Two major
calibration groups appear: the local calibrations, with
reduced climate amplitude during the last 3,900 years,
and the global calibrations, with exaggerated amplitudes
around more than 9 °C in temperature. Moreover, the local
calibrations (from Sun et al.,, 2011; Ding et al., 2015;
Dugerdil et al., 2021) better fit the best the actual surface
values than the global ones (from De Jonge et al., 2014b;
Naafs et al., 2017a). Even if the centennial-scale climate
oscillations are well defined for each set of calibrations,
the global MAAT trend shifts after 2,000 cal yr BP. The
global calibration displays warmer conditions than the local
calibration for the first part of the core (units L;_,).

Concerning precipitation (Fig. 5.D), the R, index (a
precipitation proxy according to Xie et al.,, 2012; Yang
et al., 2014; Dang et al., 2016) follows a trend similar to
that of MAAT] ;xc_sun» that is to say slightly rising from
3,950 to 2,500 cal yr BP (L;, RWP beginning) and then
slightly decreasing until 100 cal yr BP before a final abrupt
change. This signal is even more marked in amplitude for
CBTsy. (soil pH, i.e soil moisture) and the Index,. This
index has in addition a last continuous rebounding from
1,100 cal yr BP until today. The late shift inferred by Index,
could be interpreted as an anthropogenic impact (Wang
et al., 2016), rising from 900 to 250 cal yr BP before an
accelerated shift until today. However, it can also be linked
to a MAP increase since the last driest period (L,, MWP).
Indeed, this trend is also the same as for the Mongolian
locally calibrated brGDGT-inferred MAP from (Dugerdil
et al., 2021). The seeming correlation between Index, and
the MAP\spp signal can indicate that the Index, is more
linked to moisture than temperature in the Ayrag core.

Dugerdil et al.:
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4.3. Pollen signal

The complete (Supplementary fig. B4) and simplified
pollen diagrams (Fig. 6.A), spanning a range of 3,900
cal yr BP, are continually dominated by Non-Arboreal
Pollen (NAP). The NAP value runs from 80 to 90%. The
major herbaceous taxa are Artemisia spp., Amaranthaceae,
Poaceae and Cyperaceae. The 10 to 20% of Arboreal Pollen
(AP) is composed in order of importance by Pinus spp.,
Betula spp., Picea obovata and Larix sibirica. The Pinus
sylvestris and P. sibirica pollen grains were counted as
separate types, but due to the large identification uncertainty
(Robert Bagnell, 1975), we grouped them as P. sylvestris for
the botanical survey and palynological analysis (Dugerdil
et al., 2021).

The CONISS analysis helped us to define six majors
zones in the pollen diagram. A first zone (U,) is present at
the very bottom of the core (3,900-3,700 cal yr BP), with
Poaceae and Artemisia spp.. A second one (U,) spans 3,700
to 2,500 cal yr BP and is widely dominated by Artemisia
spp., while a third one (Ujz) follows until 1,200 cal yr
BP with an increasing share of Poaceae and a decreasing
portion of Artemisia spp.. Then from 1,200 to 700 cal yr
BP (U,), Poaceae becomes broadly dominant, substituting
for the Artemisia spp. part of the signal. Cyperaceae also
increase continuously, with a peak at around 700 cal yr BP
(Us). The latest CONISS limit is set at around 150 cal yr BP
(Ug), with an increase of Artemisia spp., a strong decline
of Poaceae, and finally a mixed period with an increased
diversity and higher abundance of AP. The pollen phases
almost follow the lithological divisions, especially for U, to
Ug which match with L, to Ug. U; corresponds to L, plus
L3, and U, (except the first 200 years) matches with L;.

The AP-NAP (Arboreal Pollen — Non Arboreal Pollen
proportions do not shift significantly, but the small-scale
variations are well anti-correlated with the Poaceae signal.
The AP percentage decreases from 15 to 5 in the U, — U,
units, with its lowest point on the Uy — Us limit. Then it
increases once again from 5% to almost 20%. Moreover,
within the AP fraction, we see little composition shift; if
the larches are steady, the units U,, early U3 and U, present
a higher percentage of birch. Among the other trees, pines
and spruces dominate the Uj to Us units.
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Figure 6: (A) Pollen, (B) algae and (C) fungal spore di-
agrams simplified. The pollen taxa are expressed in %TP,
the NPP fractional abundances in %TP + NPP, and the in-
flux in #grain.cm™2.yr~!. The Pollen Units U, to Uy were
determined with a CONISS analysis applied to the pollen
fraction (%TP) only. The bars display influx, while curves
represent fractional abundances. The diversity curves rep-
resent the number of different taxa counted for each slide
whenever the rarefaction curve reached its asymptote. The
spore diversity is clipped in type richness (Cugny et al.,
2010) with the Saprophytic spores (green line), the Wetland
markers (blue line), the Erosion markers (yellow line), the
Parasitic spores (grey line) and the Dung fungal spores (or-
ange line). The pollen ratios (D) were calculated following
El-Moslimany (1990); Herzschuh et al. (2006) and Murad
(2012). The major Mongolia invasion and cultural periods
are noted by E|, Ruanruan; E,, Kortiirks; E;, Uyghurs; E,4,
Kirghiz; E5, Gengis Khan and Eg, the Mongolia indepen-
dence from USSR. The major climate events are chronolog-
ically the 3.5 kyr events, the Roman Warm Period, the Dark
Ages Cold Period, the Medieval Warm Period and the Lit-
tle Ice Age. The period boundaries are derived from ACA
paleoclimate studies.

The Ar/(Ar+Am) ratio suggests (Fig. 6.D) enhanced
aridity when decreasing (El-Moslimany, 1990). However,
this ratio applied on the NMSDB surface samples shows
slightly better anti-correlation with T, than with precip-
itation (R> = 0.63, on Supplementary Fig. B5.A). Since
MAP and T, appear to be anti-correlated in the NMSDB,
this result is consistent. Thus, it points to two dry-warm
periods at the beginning of U; (around 2,500 cal yr BP)
and during Uy, while U,, the end of U; and Ug appear to
have been wetter and cooler periods. Similar trends are
observed for (Ar+Am)/(Po+Th+Cy), which shows a steady
decrease from U, to Us, then a slight increase top-ward
(Murad, 2012). Here, this ratio points to slight and constant
aridification B5.B). Finally, while the Ar/Cy ratio is usually
considered as a T, indicator (Herzschuh et al., 2003), our
results mainly suggest an aridification from U, to U, and
finally a slight wetting trend during the last 200 cal yr BP.
These semi-quantitative ratios can help us to determine the
reliability of the transfer functions applied to pollen since
they include only the major taxa.

4.4. NPP: algae and dung fungal communities
Throughout the Lake Ayrag core, algae influx is broadly
higher than pollen and fungal spores influxes (Fig. 6.B).
The dominant algae taxa counted are Botryococcus spp.,
Pediastrum boryanum, Volvocaceae, and Tetraedron min-
imum. Among the rare taxa are some Zygnemataceae as
Mougeotia spp., Zygnema spp. and Spirogyra spp.. Few
spores or pollen of wetland taxa as Typha—Sparganium-type
and Alisma spp. were found. For the dung fungal spores
(Supplementary fig. B6), the diversity is dominated by
Sporormiella spp., Glomus spp., Coniochaetaceae, Sordaria
spp., Valsaria spp., Neurospora spp., Arnium spp., Kret-

zschmaria deusta and Distachia spp.. A lot of unclassified
spores were added to the Undetermined Spores category. A
minority of identified spores were aggregated to the Other
Fungal Spores category (Fig. 6.C). The spore diversity
curve records only the determinant spores and not the true
fungal diversity.

The algae community represents an important biomarker
for lacustrine system variations and paleoenvironmental
interpretations (Jankovska and Komarek, 2000; Aichner
et al.,, 2012), even if it is a difficult proxy to interpret;
Stivrins et al. (2018) demonstrates that algal remains on
pollen slides are not a direct reflection of the actual algal
biomass. Along the Lake Ayrag sequence, there is a distinct
community succession within the lake ecological niche.
First, during U; at the core bottom, the algae influx was
very low. Then, as a first settler in U,, the Pediastrum
boryanum-Tetraedron minimum community appears. The
Botryococcus spp. community takes over from them and
dominates from the end of U, to the first part of U;. The
U;_, transition, which is associated with the maximum
algae influx, lacustrine authigenic OM productivity (Fig.
4.A and C), and DACP (Chen et al., 2015b), exhibits a
co-dominance between Botryococcus spp. and a rebounded
community of P. boryanum, reaching its peak during
the upper part of the U; phase. The third community to
colonize the lake was Volvocaceae—Zygnemataceae, with
a high plateau in the U, and Us units, despite a short drop
during the MWP. Finally, the Tetraedron minimum species
took over the lake system for the two last Us and Ug units,
in association with few Scenedesmus spp. and aquatic
pollen taxa such as Potamogeton spp.. These lacustrine
communities are affected by climate and water body depth,
as well as basin water influx (inorganic weathering and
terrestrial OM influx, Aichner et al., 2012). Geochemical
proxies (Fig. 4) associated with dung fungal spore inputs
(Fig. 6.C) provide additional information for understanding
the lacustrine system.

The dung fungal spore signal is marked by a general
trend of increase in NPP production and spore diversity
from 3,500 cal yr BP to the present (Fig. 6.C). They
accurately follow the cluster zones provided by the pollen
signal CONISS analysis. These two signals (NPP influx and
spore diversity) shift together, with the first appearances
around the U,_5; boundary, the first important steps after the
U;_, transition, and then the U,_5 boundary marks a second
high step for NPPs. Finally, the last 100 cal yr BP exhibit
an exponential increase of NPP influx and diversity, driven
in part by a rise in Sporormiella spp. and Sordaria spp.
spores. The Type Richness (TR) is used to determine which
type of NPP contributes to the rising diversity patterns;
Coprophilous spores (dung fungal spores, orange curve and
histograms, Fig. 6.C) are already present throughout the
core (especially at the lake development U,_,), but they
grow significantly around the U;_, boundary and strongly
increase after the Us_¢ transition, explaining the trend in
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the total diversity.

Saprophytic spores (green diversity curve and his-
tograms, Fig. 6.C, Supplementary fig. B6) are mostly na-
tive to tree roots (Ellis and Ellis, 1985; Van Geel and An-
dersen, 1988). Some of them also require a wood burn-
ing phase to facilitate nutrition (Cugny et al., 2010). The
Saprophytic signal in the core begins around the middle of
U, (3,000 cal yr BP) and lasts until today with some dis-
crete variations. This signal seems to suggest a rising pattern
during the cold periods (DACP and LIA) and a decreasing
one in the warm periods (RWP and MWP). Furthermore,
the signal is anti-correlated with that of Coprophilous, ex-
cept during the last WCP in which all the NPP influxes dra-
matically increase. Then the erosion markers are consti-
tuted of mycorrhiza fungi working in symbiosis with plant
roots. Their presence in lake sediments indicates a weath-
ering episode which tears them from the soil matrix (Ko-
laczek et al., 2013). In the Ayrag core, the erosion markers
increase from the middle part of Us, culminating during the
U, phase and then declining in accord with the MS trends
(Fig. 4.B). This increase in bare soil land-cover proportion
could indicate semi-arid conditions in the watershed as well
as a rising impact from grazing (assumption supported by
the Dung fungal spore increasing signal). Finally, the two
last spore assemblages are made of spores associated with
plant-parasitism and wetland fungi generally living in peat
or on the water table surface (Van Geel, 1972, 1978). In the
Lake Ayrag sequence, they appear in the U,_s units and do
not decrease afterwards. This pattern is the same as for the
algae Tetraedron minimum—Volvocaceae community, indi-
cating an higher water table linked to wetter conditions.

4.5. Pollen-inferred climate reconstruction: MAT
, BRT and WAPLS results

Temperature (MAAT, Fig. 7.A) and precipitation
(MAP, Fig. 7.B) reconstructed values and associated
statistical parameters (R%, p-value and RMSE, Dugerdil
et al.,, 2021) permit us to validate the reliability of the
models. Especially, the transfer function reconstructions
for Lake Ayrag follow similar trend than the Ar/(Ar+Am)
ratio which as been shown to be the most representative
semi-quantitative ratios (proxy of colder and wetter spring
conditions, Supplementary Fig. BS5.A). To select the
most accurate model, it is appropriate to check the actual
value fitting, the global amplitude for the time span, the
comparison between reconstructions made using different
proxies, and the correlation with already documented
centennial-scale climate oscillations (Dugerdil et al., 2021).
Following this method, only the MAPwp1.s_costpg 1S not
considered accurate (wide amplitude, shift from the current
value, and anti-correlated signals with other models). Based
on the other reconstructions (this one excepted), the Lake
Ayrag climate changes reconstructed for the Late Holocene
period can be discussed.

On Fig. 7, similar climate trends appear for the different

tests (regardless of the calibration data set or the model); the
range of amplitude is small (AM AAT € [-0.5;+0.5]°C,
Fig.7.A and AM AP € [-50; +50]mm.yr‘1, Fig.7.B). For
the Late Holocene period, this range of amplitude is on the
same order as for all the other Eurasian records controlled by
the EASM influence (Liu et al., 2011; Lan et al., 2018). The
regional trend is led by a slight cooling from the Holocene
Optimum (around 5 kyr in northern China) to the LIA (Li
et al.,, 2018). For Lake Ayrag, this is especially visible
for the global calibrations, while the local calibrations are
slightly flatter during the last 3,000 cal yr BP (i.e., the
general trend is constant during the Late Holocene despite
important periodic oscillations). For precipitation, the trend
follows a slow aridification until the MWP with a steeper
rebound towards today. It is in the same range of proportion
(AMAP € [-100;+100]mm.yr~') as other Mongolian
lakes (Huang et al., 2018b), driving towards a globally drier
Mid to Late Holocene (Klinge and Sauer, 2019) period.
Following the MAAT global vs. local calibrations, the
MAP locally calibrated models show flatter precipitation
variation than the global ones do. The transfer function
method choice slightly modifies the reconstruction results:
the BRT presents higher amplitude variation through time
than the MAT and the WAPLS ones. The BRT anomaly
between current climate and reconstructed climate param-
eters is also slightly wider than the MAT and the WAPLS
ones. However, for both MAAT and MAP, and for all the
MAT, BRT and WAPLS models, all the climatic Eurasian
periods are very well defined: a generally temperate-dry 3.5
kyr event, the RWP was warm-dry, the DACP followed a
slightly cooler and wetter phase, the MWP was warm-dry
again, and the LIA was colder and wetter.

5. Discussion

5.1. Proxy interpretation and model calibration
assessment
All of the Lake Ayrag proxies contain biases and diverse
ecological interpretations, as is the case for the majority
of multi-proxy studies (Aichner et al., 2012; Murad, 2012;
Unkelbach et al., 2019, 2020).

5.1.1. Isotopic and organic biomarker responses to
environmental changes

The §'3Croc and C/N variations through time (Fig.
8.A) suggest a shift from a system dominated by C;
plants toward a system mixed between C; plants and algae
(Leary O., 1988). Furthermore, and even if 9N, is more
complex to interpret from a paleoenvironmental point of
view (Last and Smol, 2001), Fig. 8.B highlights the same
trend for 69N, and 6'3Crpc. In units U, and Us, the
source was likely a C4/C5 blend, but very soon afterwards
the system was overprinted by a C signature. The influence
of C, plants, characterized by a §'3Crpc between -15 and
-10 %o and a 6'°N,,, between 2 and 5 %o, remains almost
null through the Late Holocene. The Lake Ayrag 6'3Croc
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Figure 7: Lake Ayrag air annual temperature (MAAT, A) and annual precipitation (MAP,
B) inferred from brGDGT data (upper panels), pollen data (MAT approach, BRT and
WAPLS transfer functions). For the brGDGT models, the empty circles represent global
calibration from (Naafs et al., 2017a,b), while solid dots display Mongolian local calibrations
(in blue and orange) from (Dugerdil et al., 2021). The shaded area is calculated from the
variance between replicated samples. For pollen, the local calibrated models (NMSDB)
and the Eurasian steppes models (COSTDB) are also presented in (Dugerdil et al., 2021).
The large line is a loess smoothed curve and the shaded area is the 95% confidence interval
for this model. The symbol * indicate global calibrations and °the local ones. The blue
rectangles represent cold events (from left to right the Little Ice age, Dark Age Cold
Period, and 3.5 kyr event) and the red ones correspond to warm periods (the Medieval
Warm Period and the Roman Warm Period) following the Chen et al. (2015b) and Zhang
et al. (2008) Central Asian reviews.
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values oscillate around -25%o with a few spikes to -20%o
which seems to suggest that the vegetation was dominated
by C; plants without high variation throughout the core. It
is generally known that C, plants are characteristic of steppe
environments and C; plants are more representative of a
forest environment (Still et al., 2003). Interpreted in this
way, the Ayrag 8'3Croc signal seems contradictory with
the pollen AP/NAP signal. However, according to Pyankov
et al. (2000) the families dominating the open landscape
in Mongolia like Poaceae, Asteraceae and Amaranthaceae
include very few C, plants. In this study, only 25 C, species
are accounted for in the Poaceae family, representing 10%
of Poaceae species. Moreover, the Artemisia spp. from
Mongolia, which dominate the pollen diagram along the
core (Fig. 6.A), are also C; plants (Pyankov et al., 2000).
If the 513CTOC signal is representative of only 10% of the
main steppe family, this bias has to be taken into account
for paleoenvironmental interpretations. Conversely, 45%
of the Amaranthaceae species of Mongolia are C, plants
(Pyankov et al., 2000), therefore a distinct increase in 6!3C
could be interpreted as a rise in desert vegetation associated
with a drier climate. The bulk geochemistry helps us to
conclude that the steppe percentage of the total vegetation
cover was stable throughout the Late Holocene, but the
vegetation assemblage within the grassland formation shifts
consistently with the pollen signal (especially along a
Poaceae vs. Artemisia spp. gradient shown on Fig. 6.A).

Concerning GDGT origins, the trend suggests increas-
ing authigenic production (biogenic inorganic matter and
algal OM) through time. The BIT index stays flat (value
above 0.94) over time, indicating that GDGT production was
predominantly brGDGTs coming from the watershed and
not from the lake itself (Hopmans et al., 2016). Moreover,
the IIL, /11, ratio shifts (0.4 to 0.8 from L, to L¢, Fig. 4).
This ratio, which is more distinctive for GDGT input than
the BIT index (Xiao et al.,, 2016), increases moderately,
suggesting a slight rise in lake archaeal production through-
out the Late Holocene, and especially during the last 200
cal yr BP when Lake Ayrag eutrophication occurs.

5.1.2. Lithogenic fluxes and authigenic production in
Lake Ayrag

The Fe, Ti, Rb, S, K and Zr elements belong to the
lithogenic and allogenic classes of the mineral elements
(Schwanghart et al., 2008; Murad, 2012), whereas Ca, Si
and Sr represent authigenic lake production (Schwanghart
et al., 2008). Iron in particular is a marker of dust influx
(Kylander et al., 2011) or clay rich layers (Cuven et al.,
2011). S could be linked to Redox conditions (Sluijs et al.,
2008) or even evaporite concentration (Burn and Palmer,
2014), as well as Mn (Supplementary Fig. B1).

Silica production is often dominated by biogenic pro-
duction (Olsen et al., 2010; Liu et al., 2013) as realized by
diatoms, radiolarians and siliceous sponges within lakes.
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Figure 8: Trend of the Lake Ayrag shift during the Late
Holocene from a lacustrine end member to basin influence,
as interpreted from the C/N versus 63Cyc ratio (A), and
the C/N versus 6'°N ratio (B). The boxes represent the major
end members for organic matter input based on C/N, (Zhao
et al., 2015), 6*Cqoc (Last and Smol, 2001) and 65N (Arani-
bar et al., 2008) values.

But in some contexts Si can be detrital, as for biogenic

silica contained in phytoliths or as abiotic silica produced 1090

by the weathering of silicate minerals such as quartz (Olsen
et al., 2010). In the Khangai range, which is largely made
of volcanic rocks, the rivers are enriched in diluted silicates
coming from the plutonic granite plumes of the batholith

(Yarmolyuk et al., 2008, 2019). These silicates are eroded 10905

by the underground waters warmed by a strong geothermal
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influx (Oyuntsetseg, 2014) in the range. Hence, PC2xyrr
shows the variation between the lake production system
(PC2xrr > 0) and a foreign erosion input. Following
Schwanghart et al. (2008) the lake production is also
associated with the TIC signal. The TIC influx can come
from both detrital sources (Cohen, 2003) and plankton
shells such as ostracods (Lara et al., 2012) or gastropods,
bivalves and mollusks (Cohen, 2003). It is notable on Fig.
4 that the TIC signal (a carbonate proxy) is correlated with
PC2ygr and anti-correlated with K/Ca and Rb/Sr (erosion
proxies, Fig. 4). It suggests that, for the Ayrag core, the
TIC is lake-produced (as are all the purple signals shown on
Fig. 4). For the OM concentration proxies, the cross-plot
displayed in Supplementary Fig. B7.A confirms that the Br
signal roughly follows that of TOC and C/N (R? = 0.38 and
p — value <= 0.005).

Finally, the element Aluminum has the strongest resis-
tance to weathering (Goldschmidt, 1937), which is why it is
used as a standard for XRF normalization of the weathering
elements such as Fe and Ti (Fig. 4.A, Lowemark et al.,
2011). These signals (green curves in Fig. 4) are also cor-
related with 69N, which is representative of the lake OM
productivity (Teranes and Bernasconi, 2000) (R? = 0.54
and p — value <= 0.005 on Supplementary Fig. B7). We
can see an effect of nutrient influx enhanced by dust inputs
on increasing lake algae production. These records are
anti-correlated with C/N, wt%N,,, (decreases when algae
production increases), and the BIT index (decreases when
lacustrine archaeal brGDGT production increases).

From a general point of view, the whole core is marked
by an increasing tendency towards basin weathering, which
delivers more and more mineral elements to the sediments
(MS, PC2xgy, Ti/Al, Fe/Al from Fig. 4.A and B). Con-
versely, increasing lacustrine organic matter production is
characterized by decreasing TIC, C/N, §'3C,,, and 65N,
shifting towards algal productivity (Fig. 4.C, Aranibar
et al.,, 2008). In terms of OM abundance, we observe
three phases: high OM content certainly coming from
the watershed (L;), low OM in a context of authigenic
production (L,_3), and a rebound of the OM from well
developed lake productivity (L4_g).

5.1.3. Climate reconstruction: global vs. local
calibrations

Limits also exist for the different climate reconstruction
methods and calibration data sets (Birks et al., 2010;
Salonen et al., 2019; Kaufman et al., 2020; Chevalier et al.,
2020). Each method is based on different ecological and
statistical concepts; the role of the modern pollen data set
used to calibrate the models is also important, but this point
is unfortunately rarely tested. Especially, during the Late
Holocene, the human impact on pollen signal can biased
climate reconstructions (Herzschuh et al., 2010). This
motivates an independent multi-proxy method to validate

the climate reconstruction reliability: the brGDGT-inferred
models can validate the accuracy of the human-impacted
pollen-inferred climate reconstruction. On the other hand,
the pollen is less sensitive to soil pH and composition than
the brGDGT fractional abundances. Moreover, the climate
reconstruction also depends on the method selected and on
the size of the training calibration-set.

First, concerning the brGDGT-inferred (Fig. 5.C and D)
and the pollen—inferred (Fig. 7) climate reconstructions, it
appears that all the models follow same trends but they still
present variability. For the brGDGTs, MAAT\MSDB—mr3
and MAPvspe—mre appear to be the best models because
they closely match the current MAAT, the uncertainties are
very low in terms of the mean variations through time (small
error bars on Fig. 7.A), the amplitude is coherent with
known Late Holocene trends (Zheng et al., 2018; Gao et al.,
2019; Zhang et al., 2021), the principal oscillations follow
the 3.5 kyr event, RWP, DACP, MWP and LIA (Zhang
et al., 2008; Yao et al., 2017; Lu et al., 2019; Aichner et al.,
2019), and the signal correlates with the pollen—inferred
MAAT and MAP values (Fig. 7.A). MAAT\MspB—mr5 and
MAPNMspB—mr7 are slightly less accurate.

Second, for pollen—inferred climate reconstructions, the
local calibration (NMSDB) is almost always better than
the global one (COSTDB): surface climate reconstruc-
tion closer to the current climate parameter and smaller
amplitude variation through time (Fig. 7.A). The best
fitting methods are from the MAT and BRT approaches
since the tendencies are very similar to brGDGT-inferred
climate (centennial-scale oscillations and Late Holocene
stead cooling). Because the MAT and BRT are based on
different statistical analyses and yield similar results, we
can conclude on the reliability of the pollen-inferred climate
reconstruction at Ayrag. By the way, if the selection of a
best reconstruction in the particular case of Lake Ayrag
is needed, the MAT-NMSDB model for both MAAT and
MAP is selected because of its medium amplitude range,
slight cooling, well-marked centennial oscillations and
accurate anomaly against current climate parameters.

Finally, after the method and the calibration set selec-
tion, we aim to validate the reliability of the multi-climate
parameter reconstruction. The question is: can we recon-
struct independently several climate parameters from the
same brGDGT or pollen spectra ? In Salonen et al. (2019),
it has been shown that it is possible to reconstruct two or
more climate parameters from the same pollen spectra if
some conditions are respected. First the climate param-
eters have to be as less as possible correlated with each
other and secondly they have to be relevant to explain the
vegetation distribution. In the particular case of Mon-
golia and following Wesche et al. (2016), it appears that
temperature seasonality and winter precipitations are the
two most important factors controlling the steppe environ-
ment distribution in Eurasia. In the Mongolian Plateau
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(MP), the current main precipitation period appears in sum-
mer (Dulamsuren et al., 2005; Angerer et al., 2008).  Ac-
cording to Salonen et al. (2019) reconstructing P, and
temperature seasonality could be relevant as well, but in
Dugerdil et al. (2021) we choose to focus on mean annual
precipitation and temperature because of better statistical
results and because MAAT and MAP are more commonly
used in paleoclimate studies. Finally, since most of pre-
cipitation occurs in summer (MAP ~ P ), MAP and sum-
mer precipitation yield similar reconstructions. Moreover
these parameters are also relevant in vegetation distribu-
tion. About the second mandatory condition presented in
Salonen et al. (2019), the independence between the current
MAAT and MAP has to be checked. In Mongolia, even if
a light correlation between MAAT and MAP is observed,
it does not stand while adding independent samples from
Siberia (R? = 0.35, Supplementary information, Fig. S5;
Dugerdil et al., 2021).

5.2. Forcing mixed influences on Lake Ayrag
proxy records

5.2.1. Trophic variation in Lake Ayrag

In Lake Ayrag, the abrupt and well-marked shifts in
algal community succession are the most reliable indicators
of lake dynamics (Last et al., 2001; Last and Smol, 2001).
The co-variation between algae and lake productivity mark-
ers suggest a great influence of algal authigenic productivity
on organic biomarker signals (Coffinet, 2015; Buckles et al.,
2016). Lithological processes (marked by MS, XRF and
bulk geochemistry) are also important in shallow Lake
Ayrag. In addition, the watershed dynamics characterized
by soil structure, erosion systems and rock composition
are also determinant (De Jonge et al., 2014b,a; Yang et al.,
2014; Xiao et al., 2016).

From 3,900 to 3,400 cal yr BP (3.5 kyr event, U, to the
beginning of U,), Lake Ayrag remained in a development
process (algae influx of Tetraedron spp. increasing in Fig.
6.B and lacustrine-brGDGT rising production in Fig. 4.D).
Then, the period from 3,400 to 2,500 cal yr BP (second
part of U,) was marked by a Botryococcus spp. optimum,
suggesting that the lake system was fully installed. More-
over, this algae community dominated by Botryococcus
spp. characterizes an early eutrophic phase linked to the
pioneer ecology of the lake (Djamali et al., 2016). After
2,500 cal yr BP (RWP, U;), the lake sediment exhibits
a lower porosity (PCAlxrr Fig. 4.A), higher SAR and
smaller desiccation cracks in the lithology (Fig. 2.C). The
erosion system in the basin also generated an elevated dust
influx and thus a rise of redox conditions, as shown by the
higher K, MS and PCA2yyg values, as well as a rise in S,
Mn and Fe. All of these variations appear to be associated
with a warm-dry RWP. The Br, TOC and wt%N,,, values
drop, suggesting a much lower OM proportion in the lake,
while C/N implies a higher in-situ lake productivity. The
OM was diluted by higher erosion inputs. Algal produc-
tivity reached its maximum, associated with a shift in the

dominant communities: Botryococcus spp. and Tetraedron
minimum decreased, and were progressively replaced by
Volvocaceae and Pediastrum boryanum, indicating nutrient
and erosion influxes from the watershed (Patterson et al.,
2002). This explains the increasing authigenic productivity
(C/N minimum and §'3N,,, maximum, Fig. 4.C).

Around 1,200 cal yr BP (Us_,), the transition to the
MWP was very steep and marked by abrupt and high
amplitude proxy oscillations: especially for MS, PCA2y rr
and the TIC/TOC ratio. For the MWP (1,200-700 cal yr
BP, U,), the CBT index is related to the pH of the soil
catchment but also of the lake (De Jonge et al., 2014a). The
acidification of Lake Ayrag seems to have been constant
from 3,500 cal yr BP to 2,700, then from 2,400 to the
present (especially in Us). Such acidification is very often
correlated with a drought event (Leyden et al., 2016). This
trend is consistent with the MAP,._xmspg Mmodel and
the MAT, BRT and WAPLS pollen reconstructions (Fig.
7.B). With regard to the lake system, we observe meso to
eutrophic nutrient conditions; a Volvocaceae maximum
(Chen et al., 2003; Kramer et al., 2010), Tetraedron spp.
reduction, and Br, TOC, TIC, C/N and 615Nwt suggest
a peak in OM concentration originating from lacustrine
productivity. The second part of the U, unit is clearly
imprinted by the MWP optimum, which lasted from 950 to
650 cal yr BP according to Chen et al. (2015b). These time
boundaries fit with the Ayrag erosion markers; wt%Nr,,
increases first, followed by rises in TOC and C/N in the
upper part of U,. Even XRFpc,, suggests stronger erosion
inputs, which may due to bare soil wind erosion during an
arid period (Felauer et al., 2012) associated with enhanced
pastoralism pressure (Miehe et al., 2009). The flat Ti/Al and
Fe/Al records are interpreted as a dilution effect; erosion
was enhanced, but so was lacustrine productivity (warmer
and more eutrophic lake conditions), which is why the
signal stays steady.

Between 700 and 150 cal yr BP (LIA, Us), the TOC and
C/N signals remained low because of the cold temperatures
(due to lower in-situ lake production) and the dilution effect
of terrigenous influx (MS, PCA2ygg and R; 1,), themselves
driven by a new rise in MAP (Fig. 7.B). Thus, the algal
community was largely dominated by Tetraedron minimum
in association at the lake’s edge with a few Potamogeton
spp. and Scenedesmus spp. (these taxa are expressed
in the Other algae curve, Fig. 6.B). This community is
characteristic of eutrophic lake conditions (Jankovska and
Komarek, 2000). Many examples in the literature attribute
the link between Tetraedron minimum and Pediastrum
boryanum communities to elevated human pollution in
cool/cold Alpine lakes such as Bichelsee, Burgischisee,
Unterer and Chatzensee (Lotter et al., 1997; Jankovska and
Komarek, 2000). After 150 cal yr BP (Ug), the organic
geochemistry proxies exhibit the same pattern; TOC and
wt%N,, rose, indicating an increase in OM productivity still
predominantly of lacustrine origin (C/N still decreasing).

Dugerdil et al.: Preprint submitted to Elsevier

Page 18 of 32

1270

1275

1280

1285

1290

1295

1300

1305

1310

1315

1320



1325

1330

1335

1340

1345

1350

1355

1360

1365

1370

1375

Quaternary Science Reviews

Conversely, 5'°N only exhibits a late decrease. This isotopic
ratio is supposed to be related to lake productivity (Teranes
and Bernasconi, 2000), however a 6N decrease could
also indicate the appearance of nitrogen fixers (Brenner
et al., 1999; Talbot and Lé&rdal, 2000). Here, this decrease
could be linked to the synchronized development of the
Tetraedron minimum—Volvocaceae lacustrine ecosystem.

5.2.2. Human impacts and Mongolian civilization
history

Human impacts are also a major factor that could affect
almost all of the proxies (pollen, NPP, vegetation and
geochemical makers; Miehe et al., 2007, 2014; Doyen and
Etienne, 2017), including a potential bias in pollen-based
transfer functions (Herzschuh et al., 2010), especially
during the Late Holocene (Klinge and Sauer, 2019). Since
the pollen signal from Lake Ayrag does not seem to be
strongly human-impacted (very low and steady abundances
of pastoral and settlement indicator-species following
Gaillard (2007) and Miehe et al. (2014) such as Stellera
chamaejasme, Plantago lanceolata, Rumex acetosella and
Urtica urens/dioica-type, on Fig. B4), the Mongolian
human impact history will be mainly discussed based upon
the NPPs results. The fungal spores are essentially the
more reliable indicator for over grazing and human land
use (Baker et al., 2013; Etienne and Jouffroy-Bapicot,
2014; Doyen and Etienne, 2017). The harsh and isolated
Arkhangai environment represents a case study for the
understanding of human pastoralism history and its in-
fluence on environmental proxies such as NPP. Broadly,
pastoralism around Ayrag exhibited three distinct shifts:
a first development during the Deer stone - Khirigsuur,
Slab grave and Xiongnu periods (3,000 to 2,000 cal yr
BP) (Honeychurch and Amartuvshin, 2007; Savelyev and
Jeong, 2020), followed by a collapse associated with Mon-
golian society instability (Zhang et al., 2021). The second
pastoralism phase started at the appearance of the Mongol
Empire (around 900 cal yr BP, Fernandez-Giménez, 2006)
and exponentially increased since then (Wesche et al., 2016).

More precisely, it appears that NPP influx and diversity
were already high since the beginning of the record (U,),
especially undetermined and parasitic spores but also dung
fungal spores. This signal could be interpreted as grazing
of large wild animals (Baker et al., 2013) or the footprint
of a pre-pastoral Deer Stone tribes society (Allard et al.,
2006). From 3,700 to 2,500 cal yr BP (U,), the diversity
richness in fungal spores remained high and the dung fungal
spore influx rose (Fig. 6.C). This dung input can explain
the beginning of lake eutrophication as led by grazing
(Fig.4.C). During this period the Xiongnu human nomadic
societies were still not well developed and pastoralism
stayed extensive (Allard et al., 2006), even if the stretches
of fresh water were attractive (Fernandez-Giménez, 2006).
The coprophilous spores could have been produced by
wild animals (Johnson, 2009; Feranec et al., 2011) still

numerous on the MP. The Xiongnu development (3,000 cal
yr BP, second part of U,) saw a great and rising impact of
pastoralism.

Then, between 2,500 and 1,900 cal yr BP (RWP, Uy),
the NPP signal shows a drop in spore diversity and influx.
This pastoralism decrease could be linked to the Mongolian
society instability during this period (wars and empire
shift effects, Zhang et al., 2021). This climate transition
would have maintained the RWP perturbation in pastoral-
ism systems of the declining Xiongnu society and the
replacing Uyghurs society (Honeychurch and Amartuvshin,
2007), in association with the low coprophilous and high
Saprophytic spore influxes (1,900-1,400 cal yr BP). Worse
pasture management may have driven the decrease of
coprophilous spores and left space for shrub land or forest
development favoring the Saprophytic Spores, the NAP.
Moreover, the political instability and wars associated with
repeated Mongolian conquests could have driven a higher
fire frequency, which could explain the rise in Saprophytic
fungi (Cugny, 2011; Van Geel and Andersen, 1988).
Analysis of complementary fire proxies such as charcoal
(Umbanhowar Jr et al.,, 2009; Rudaya et al., 2020), tree
rings (Hessl et al., 2012) or levoglucosan (Bhattarai et al.,
2019) could be used to clarify this assumption. Finally,
this situation changed abruptly around 1,150 cal yr BP. The
MWP period (950-650 cal yr BP, U,) was also marked
by the strongest political instability ever in Mongolian
history. The effects of anthropic actions on climate and the
inverse are inter-correlated (Zhang et al., 2021), which is
why we cannot exclude the anthropic assumption to explain
the major shifts occurring during the MWP. The wars led
to steppe fires, livestock abandonment and other effects
(Zhang et al., 2021).

Pastoral pressure begin a renewed impact from 700 to
150 cal yr BP (LIA, Us), with landscapes affected by human
societies; coprophilous diversity and influx were steady,
pollen diversity rose, and Poaceae meadows were replaced
by Artemisia spp. steppe, which could have been a conse-
quence of overgrazing. This pasture over-pressure led to
the development of a hyper-eutrophic lake system optimum
for the Volvocaceae—Tedredron minimum algal community,
aggregated to the aquatic fungi community. During the end
of the LIA and the WCP (Uy), the lake system followed
the same trend as for the previous period (Us unit). The
eutrophisation of Lake Ayrag was also correlated with high
fungal spore influx and diversity, suggesting a large amount
of livestock dung in the watershed. The NPP rise was
enhanced by Sporormiella spp., attesting to an over-grazed
open-land system in the area (Djamali et al., 2016), linked
to other Sordariaceae spores (Van Geel, 2002). The others
taxa column in the simplified pollen diagram (Fig. 6.A)
includes some pastoral indicator-species (shown in Fig.
B4). They slightly follow the same trend, similarly to the
pollen diversity curve . This also induces an anthropic
impact on vegetation cover.
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5.2.3. Arkhangai vegetation changes

The Mongolian landscapes are partly overprinted by
the grazing pressure from Mongolian semi-nomadic society
(Saizen et al., 2010). Vegetation changes are strongly
correlated with climate and anthropic impacts (Kramer
et al., 2010; Tian et al., 2014; Dendievel et al., 2019a,b).
Moreover, there are also some feedbacks (Birks et al.,
1998; Telford and Birks, 2005; Ma et al., 2008; Herzschuh
et al., 2010) and taphonomic biases (Lebreton et al., 2010)
that can influence the archives. Pollen composition and
diversity represent the most reliable proxies in this case,
even if the sediment organic geochemistry can also aid in
interpretation. However, in the Arkhangai forest-steppe
ecotone (Erdos et al., 2018), a modern vegetation-pollen
rain calibration is necessary to more accurately understand
the former vegetation cover representation (Ma et al., 2008;
Cheng et al., 2020). Throughout the Late Holocene, the
steppe-forest ecotone surrounding Lake Ayrag seems to
have suffered from the slight aridification of the climate.
The steppe and meadow herbaceous communities were
more sensitive and resilient to centennial-scale climate
oscillations.

More precisely, from 3,900 to 2,500 cal yr BP (3.5
kyr event, U,_,), the vegetation surrounding Lake Ayrag
was dominated by steppe plants such as Artemisia spp.,
Poaceae, Cyperaceae and other herbs, and a few forest taxa
such as Larix sibirica, Pinus spp. and Betula spp., certainly
transported from the whole hydrological basin. The biome
was characterized by a very characteristic forest-steppe
ecotone controlled by high steppe Artemisia spp.. However,
at the basin scale, some forest patches were present (AP
peak on Fig 6.A and Saprophytic spores peaks on Fig. 6.C).
Then, during the RWP and even more so during the DACP
(2,500-1,200 cal yr BP, U;), we observe a first strong drop
in the watershed in the Artemisia spp. community, which
was replaced mainly by Poaceae but also by some Ama-
ranthaceae and Cyperaceae. In the forest-steppe ecotone,
the birches were replaced by a Pinus spp./Picea obovata
community more tolerant to climate instability. Even if the
MAP changes are not clearly interpretable, it appears with
a high likelihood that MAAT was rising.

The vegetation from the U;_, transition around 1,200
cal yr BP was particularly unstable; Poaceae steppes
alternated with a Artemisia spp.—Cyperaceae forest-steppe
ecotone. Until this time, the percentage of Cyperaceae was
low in the vegetation cover, but from 1,200 cal yr BP (U,) to
the current time (WCP, Ug), the Cyperaceae signal became
more pronounced. The major question about Cyperaceae
pollen type is whether this signal represents a local lake
shore Cyperaceae wetland community or a regional alpine
meadow Koeleria spp.—Carex spp. community. Several
results invite us to validate the second assumption. First,
the present lake shore is not at all covered by semi-aquatic

tussocks; there are a few short Carex spp., but not more than
the meadow species common in Central Asian high-altitude
meadows (Herzschuh et al., 2006; Ma et al., 2008). This
type of semi aquatic vegetation exists in Mongolia, but
it is above all associated with not well developed peat or
pond systems. However, Lake Ayrag seems to have been
stable since 2,600 cal yr BP. Furthermore, the lake edge
Carex spp. are very often associated with a mycorrhizal
fungi called Gaeumannomyces (Van Geel et al., 1983) or
other aquatic pollen such as Typha spp. or Alisma spp.,
which leave some remains observable as pollen and NPP
paleo signals (Pals et al., 1980). In this study, throughout
the Holocene the records of Cyperaceae pollen type and
Gaeumannomyces NPP imply that the Cyperaceae pollen
signal is local to the lake basin. According to Bennett and
Willis (2002), this approach is accurate for determining
the origin of Cyperaceae inputs. In Lake Ayrag, MWP
vegetation (950-650 cal yr BP, U,) was thus dominated
by Cyperaceae and Poaceae meadows. This high-altitude
ecosystem could have resulted from both a slight drought
event (erosion spores and amoebae, Fig. 6.C) and a rise in
pasture pressure (coprophilous spore values remain high
in Fig. 6.C). The U, unit exhibits two separate phases in
the proxy trends. For the oldest part of U, (1,200-1,100
cal yr BP), the vegetation changes with a predominance of
Poaceae, the algal community shows a slight rebound of
Botryococcus spp. / Pediastrum boryanum, and a rise in
spore influx and richness and an anticipated drop in MS and
813Cy,, are observable. These trends could be due to a local
microclimatic process showing an early effect of the MWP
in the Arkhangai area.

From 700 cal yr BP (Us) to the top of the core, the veg-
etation was clearly impacted by human societies. The co-
prophilous diversity and influx were steady, pollen diver-
sity rose, and Poaceae steppe was replaced by Artemisia spp.
steppe mixed with Cyperaceae alpine meadow, which could
have been consequences of overgrazing and/or a rise in pre-
cipitation. This assumption is also supported by the slight
increases in AP, Saprophytic spore influx and Larix sibirica
(an under-represented pollen type, Ma et al., 2008; Dugerdil
et al., 2021). The CWP (from 150 cal yr BP, Ug) drove the
Lake Ayrag surrounding vegetation to the current steppe-
forest mixed with alpine meadow ecosystem.

5.2.4. Mongolian Plateau Late Holocene climate shifts

Our results on the Lake Ayrag sequence confirm that the
long scale cooling and drying trend observed was controlled
by an EASM response to orbital forcing, while the rapid
events (3.5 kyr events, RWP, DACP, MWP and LIA) were
controlled by Monsoon Oscillations. For the latest CWP,
the anthropogenic influence on climate is also marked in the
Lake Ayrag proxies. Our coupled GDGT—pollen approach
acts to buffer climate reconstruction uncertainties. These
models allow discussion of the ACA Late Holocene climate
system shifts.
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Figure 9: Synthesis of Lake Ayrag climate reconstructed changes during the Late Holocene,
among other available climate reconstructions (A) based on pollen, brGDGTs and §'¥0
speleothems. The MAAT (B), MAP (C) and a diagram of the climate systems influencing
each ACA record (D) are displayed. The past records are, from top to bottom (north—
south transect): (a) Dulikha peat (pollen WAPLS, Bezrukova et al., 2005; Binney, 2017),
(b) Lake Ayrag (pollen MAT and brGDGT from this study), (c) Lake D3L6 and (d) Lake
D1L1 (pollen WAPLS, Unkelbach et al., 2019, 2020), (e) NRX peat (brGDGT, Rao et al.,
2020), (f) ATM peat (brGDGT, Wau et al., 2020), (g) Kesang, (h) Baluk, (i) Tonnel'Naya
caves (680 SISAL.v2, Comas-Bru et al., 2020), (j) XRD section (brGDGT, Sun et al.,
2019), (k) Huangye and (1) Xianglong caves (5'%0, SISAL.v2).

peak and high pollen ratios). The precipitation recon-

suggests a wetter climate

were composed of a birch vegetation cover higher than
today, indicating a slightly higher humidity (also marked
by wetland spores) and cool climate (Zetraedron spp.

structed by MAP,,._nongolia
than today, explaining the low influx of mineral dust
from the southern drier area of the Mongolian Plateau isss
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(weak terrigenous influx, Fig. 4.A and B). The MAT and
BRT pollen-inferred MAP values also indicate a slightly
wetter climate than today in accordance with the Central
Asian mid Holocene wet conditions at this period (Fig.
9.A, Chen et al., 2008, 2010, 2015b; Lu et al., 2019).
Between 3,700 and 2,500 cal yr BP (3.5 kyr event, U,), the
elevated lake productivity could have been enhanced by the
favorable warm air temperature (Fig. 7). The locally cali-
brated MAAT models (brGDGT — MAAT\wmsp—mr3 and
Pollen — MAAT\\spg) display a secular warming trend
until 2,500 cal yr BP (U,_; boundary), while the globally
calibrated models such as the MAAT-GDGT inferred by
MBT /CBT (Sun et al., 2011; De Jonge et al., 2014a; Naafs
et al., 2017a) or the transfer function MAATwapr s_cosT
model highlight merely a Late Holocene light cooling
affecting all of central Asia (Fig. 9.B, Klinge and Sauer,
2019). In the first part of Uz (2,500-1,900 cal yr BP),
the lake seems to have beome warmer (drop in Tetraedron
minimum, rise of Amaranthaceae) and mesotrophic. This
period matches with the East Asian Monsoon Oscillation
associated with the Roman Warm Period (RWP, 2500-1900
cal yr BP ; Zhang et al., 2008; Chen et al., 2009). The
Volvocaceae community (which is only present in ACA
lakes) emerged during this enhanced mesotrophic warm pe-
riod (Chen et al., 2003; Kramer et al., 2010; Murad, 2012),
and it slowly reduced during the following Dark Ages Cold
Period (DACP, 1,800-1,600 cal yr BP, Aichner et al.,
2019). Before the DACP, all the models (Fig. 5) and pollen
ratios (Fig. 6.D) were affected by the RWP from about
2,500-2,000 cal yr BP. This trend was interrupted at first
by an abrupt climate inversion at 1,900 to 1,800 cal yr BP;
weathering rose dramatically (R; /,, MS, Fe/Al) and MAAT
dropped 0.5°C, while the MAP seems to have rebounded
(all models in Fig. 7 and the Ar/(Ar+Am) ratio in Fig. 6
suggest wetter and cooler conditions). All these variations
could reflect a DACP characterized in the Arkhangai by a
relatively humid period such as for other central Asian sites
(Fig. 9.C, Chen et al., 2010, 2015b). The upper part of Uj
(1,700-1,200 cal yr BP) seems to have been cooler and drier
than today (erosion increases in Fig. 4 and climate recon-
struction in Fig. 7). This could have been a prolongation of
the DACP or simply a long transition before the warming of
the MWP observed in U, (1,200-700 cal yr BP). Both the
pollen and brGDGT MAAT reconstructions marked a 1 °C
warmer period associated with drier conditions in U,. The
relationship between MAAT and MAP during the MWP is a
major issue for the understanding of Monsoon Oscillations
(Chen et al., 2015b). ACA was characterized by warm
and dry conditions during the MWP (under Westerlies
control), while Eastern China underwent warm and wet
conditions. Mongolia, although located to the north of
the modern summer monsoon limit (Haoran and Weihong,
2007), is on the outskirts of this system, and thus the ques-
tion is still debated (An et al., 2008; Klinge and Sauer, 2019).

The MWP was followed by the LIA cold period. As
for the MWP, the MAAT / MAP relationship during the

LIA is determinant for Monsoon Oscillation understanding.
According to Chen et al. (2010, 2015b), who review lake
changes from the northern part of the modern Asian summer
monsoon limit, there is an anti-correlation between MAAT
and MAP during the LIA at these sites. Their synthesis con-
firms our results for Lake Ayrag during this period: a steady
and long cooling trend associated with wet conditions during
almost all of the 700-150 cal yr BP (Us) period. Then, after
150 cal yr BP, the Ug unit begins at the end of the LIA. The
CONISS analysis sets the boundary at this smooth inflection
point corresponding to the gradual transition between a cold,
wet LIA and the beginning of the Warm Current Period. The
lake system follows the same trend as the Us unit. The low
sampling resolution in the upper core (due to the age-depth
model) does not permit observation of the exponential hu-
man impact on climate change during the CWP, such as for
other Mongolian studies (Tian et al., 2013, 2014; Lan et al.,
2018; Unkelbach et al., 2019, 2020).

5.3. Late Holocene climate synthesis for northern
ACA

5.3.1. Current climate system interactions

The Lake Ayrag multi-proxy climate reconstructions
provide an accurate and reliable archive for understanding
the central Asian climate cell variations through time.
However, to interpret past climate changes with reliability,
it is necessary to well understand the current climate system
dominating the MP. The question is to determine which
system is currently dominating the central part of the
MP (Arkhangai). This is still an open question involving
many possibilities: the MP under a Westerlies influence
(Herzschuh, 2006), under an EAWM influence (Wang
and Feng, 2013), the MP locked only by SH with water
vapor evaporative recycling (Piao et al., 2018), under an
EASM/Westerlies mix (Gunin et al., 1999; Tian et al., 2013;
Chen et al., 2019), or even under the EASM associated with
weak EASM events (Zhang, 2021). The geographical and
mountainous setting associated with the main atmospheric
air mass movement in ACA suggest that the Westerlies are
presently dominating MP circulation (Ning et al., 2019).
However, the major share of MP precipitation occurs in
summer time (Dulamsuren et al., 2005; Angerer et al., 2008;
Wesche et al., 2016; Unkelbach et al., 2019, 2020).

The present climate dynamics for Lake Ayrag inferred
from Worlclim2 (Fick and Hijmans, 2017) suggest that the
main share of annual precipitation occurs during summer
time, consonantly with the CRUTS.v4 surrounding weather
station data (Harris et al., 2020). This is generally the same
for the whole MP (Dulamsuren et al., 2005; Klinge and
Sauer, 2019). This suggests that Lake Ayrag, within the MP,
is controlled by a mix between the SH and westerlies influ-
ences. Moreover, the climate variations of the most recent
climate period (CWP) for the MP cores (Ayrag, D3L6 and
DILI in Fig. 9) seem to follow a warmer-drier trend. This
trend is more readily observable in the CRUTS.v4 climate
time series for the MP (Harris et al., 2020). Here, the MP be-
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came warmer-drier since the beginning of the 20th Century.
This is the same for the CRUTS.v4 MAAT and MAP from
the Baikal area (close to the Dulikha sequence, Fig. 9) and
the zone under EASM influence. Conversely, the WDCR
(Fig. 1.A, Chenetal., 2019) is getting warmer-wetter. These
observations validate the weak EASM period described by
Zhang (2021) and the assumption of a current SH / EASM
mixed influence for Lake Ayrag. However, this assumption
could have changed throughout time.

5.3.2. Late Holocene ACA and MP climate system
variations

Once the current climate system interactions are de-
fined, we investigate how to determine which climate
system controlled the Lake Ayrag recorded climate proxies
through time. There are different approaches for that: (1)
reconstruction of the paleo Py, or P;, through time (Li
et al., 2020a), although it is not always easy to obtain robust
seasonal climate parameters without quantitative climate
reconstructions since they are biased by weather station data
availability in ACA; (2) checking the amount of precipita-
tion with rising MAP under monsoon control (Chen et al.,
2015a, 2016); (3) focus on the MAAT / MAP phased or
"out-of-phase" response: westerlies un-phased (warm/dry
and cold/wet periods), monsoon phased (warm/wet and
cold/dry periods, Chen et al., 2015b, 2019). However, this
method has to be mitigated by the reliability of two climate
reconstructions made on the same pollen or brGDGT
spectra (Salonen et al., 2019).

To apply these approaches on the MP and ACA, some
climate reconstructions inferred from available brGDGT
and pollen records have been performed here and the results
are compared with the Ayrag signal (Fig. 9): Dulikha peat
(Bezrukova et al., 2005; Binney, 2017), Lake D3L6 and
Lake D1L1 (Unkelbach et al., 2019, 2020), NRX peat (Rao
et al., 2020), ATM peat (Wu et al., 2020) and XRD section
(Sun et al., 2019). The §'80 speleothem studies from
SISAL.v2 (Comas-Bru et al., 2020) available in ACA have
also been used as an independent climate proxy (Kesang,
Baluk, Tonnel’Naya caves, Huangye and Xianglong caves,
Fig. 1.A). The Lake Ayrag MAP and MAAT vary with a
high amplitude during the Late Holocene (more than for
other sites, Fig. 9 a, f, g, h, i, k and 1). This is also the case
for other Westerlies/EASM transitional zone records, which
seem to be particularly sensitive to large-scale climate
change (9 ¢, d and e; Tian et al., 2013). In Lake Ayrag
pollen and brGDGT climate reconstructions, regardless
of the calibration method used, the wettest time period
appears to be during the LIA (Fig. 9.B in accordance with
other Mongolia sequences, Tian et al., 2013). The MWP
and RWP (two warm periods) were drier than the LIA,
DACP and the 3.5 kyr cooling event. For the first 3,000
cal yr BP, the MAAT / MAP models are "out-of-phase";
the wet periods were the coolest and the dry periods were
the warmest (black arrows in Fig. 9). This response is
particularly similar to some other Transitional Zone sites

(DIL1 (c), D3L6 (d) NRX (e) and ATM (f) in Fig. 9).
This assumption allows inclusion of Lake Ayrag into the
Westerlies-dominated system since 3,000 cal yr BP. The
Dulikha peat also exhibits an "out-of-phase” MAAT/MAP
relationship (a in Fig. 9), but the global Late Holocene trend
is towards a constant cooling with increasing moisture.
However, between 3,900 and 3,000 cal yr BP, the Lake
Ayrag MAAT/MAP signal is not as clearly "out-of-phase”
as it was during the last 3,000 cal yr BP (red arrows in Fig.
9). This shift could be due to a former EASM stronger
influence on the southern part of the MP. This climate
system co-domination through time is schematized in Fig.
9.D.

On a larger geographical scale, the mid-latitude Asian
sites allow visualization of the Late Holocene Monsoon
Oscillation. In Fig. 9.B, the global temperature trend shows
a northern cooling (Zhang et al., 2021) and a southern
warming from the Altai (Rao et al.,, 2020), Tian-Shan
(Huang et al., 2015), Qaidam basin (Sun et al., 2019), and
the Loess Plateau (Gao et al., 2019) to the south-eastern
Tibetan Plateau (Ning et al., 2019). For moisture as well,
a gradient appears in between northern increasingly wet
climate and the central/southern Chinese Late Holocene
aridification (Ji et al., 2005; Klinge and Sauer, 2019; Zhang,
2021). Lake Ayrag occupies a northern position in this
asynchronous Holocene Optimum north-south gradient.
At the centennial oscillation scale as well, the ACA sites
(red arrows in Fig. 9 for Ayrag, D3L6 and XRD sections)
show a common trend of quasi-flattened MAAT/MAP
between 4,000-3,500 cal yr BP, interpreted as a stronger
EASM influence in the Mid Holocene (Zhang, 2021).
This deeper EASM incursion toward continental Asia
suggests a weaker EASM at the Mid Holocene than at
present (An, 2000; Gao et al., 2019). The weak EASM was
possibly driven by warmer Pacific sea surface temperatures
and/or stronger Tibetan and Mongolian Plateau snow cover
(Liu and Yanai, 2002; Ding and Chan, 2005) at the Mid
Holocene. Following the current climate mode studies and
especially the connection between ITCZ variations and
EASM weakness (Wen et al., 2005; Li and Zhou, 2012),
this present ACA paleo record study validates the Mid
Holocene ITCZ northward migration proposed by Wanner
and Bronnimann (2012).

6. Conclusions

The Lake Ayrag multi-proxy records and other MP and
ACA sequences allow a better understanding of environmen-
tal, climatic and anthropic histories from Mongolia during
the Late Holocene. More particularly, it appears that:

1. The elemental and isotopic signals in Lake Ayrag sed-
iments appear necessary to accurately determine the
local history of the lacustrine system. Mainly, in
Lake Ayrag it appears that the arid periods enhance
lithogenous watershed erosion inputs into the lake,
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which leads to algal blooms by nutrient delivery. Af-
ter that, the authigenic organic matter productivity in-
creases.

2. Furthermore, this coupled multi-proxy study (NPPs,
OM history and pollen) allows reconstruction of pas-
toralism’s impact on the fragile steppe-forest ecotone
through time. It appears that this ecotone is partic-
ularly sensitive to grazing, since it is possible to de-
tect livestock impact from 3,000 cal yr BP with the
Xiongnu settlement (Allard et al., 2006), and over-
grazing consequences on vegetation and lake eutroph-
ication since 500 cal yr BP associated with the Soviet
administration in Mongolia.

3. Lake Ayrag represents the first coupled brGDGT-
pollen analysis performed on the same core in ACA.

4. Concerning climate, the local calibrations for pollen
and brGDGTs presented and discussed in detail in
Dugerdil et al. (2021) provide a more accurate and
reliable climate reconstruction for Lake Ayrag than
do the global calibrations. Even if the current com-
plex climate system control for the Mongolian Plateau
is still under debate (Westerlies, SH and EASM co-
domination), it appears that Lake Ayrag remained un-
der Westerlies domination since 3,000 cal yr BP fol-
lowing a Westerlies/EASM teleconnection between
4,000 and 3,000 cal yr BP (Chen et al., 2015b, 2019).

5. The paleo records from the Westerlies/EASM transi-
tional zone and especially the Lake Ayrag sequence
are very sensitive to Late Holocene centennial-scale
oscillations (fast response and high climate ampli-
tude), which invites us to carefully look into this area’s
response to current climate warming.

6. Finally, Lake Ayrag, among other sites in ACA, shows
that the Late Holocene temperature and precipitation
optimum asynchronous pattern describes a Mongo-
lian Plateau—south-eastern Chinese coastal area gra-
dient (following An, 2000; Gao et al., 2019): cooler
and wetter in the SH-dominated area, a slight warming
and aridification in ACA, and an abrupt warming and
aridification in the monsoonal system. As proposed
by Chen et al. (2015b), this gradient is due to a link
between monsoon variations and the El Nifio South-
ern Oscillation (ENSO). The ACA aridification during
the Late Holocene was associated with a southward
ITCZ migration (Wanner and Brénnimann, 2012). An
approach of climate reconstruction interpolated maps
throughout the Late Holocene in ACA could help the
prediction of future regional climate change patterns
in vulnerable continental Asian drylands.
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