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a b s t r a c t

The strength of the East Asian Summer Monsoon (EASM) and associated moisture availability have been
linked to the spatial distribution of occurrence of C3 and C4 vegetation on the Chinese Loess Plateau (CLP).
Variations in the stable carbon isotopic composition of organic matter in loess-paleosol sequences from
several locations on the CLP indicate that vegetation has shifted from mainly C3 plants during cool, dry
glacials to more C4 plants during warm, wet interglacials. Although increased temperatures generally
lead to an expansion of C4 vegetation, increased humidity has an opposite effect, as does increasing pCO2,
leaving the exact driver(s) of vegetation change, and thus EASM strength, elusive. Here we reconstruct
continuous, directly comparable records of air temperature, monsoon precipitation, and vegetation type
over the past 200,000 years based on branched glycerol dialkyl glycerol tetraether (brGDGT) membrane
lipids, plant leaf waxes and their isotopic stable carbon and hydrogen isotopic composition (d13Cwax and
d2Hwax, respectively) preserved at Lingtai on the central CLP. BrGDGT-based temperatures vary between
12 and 21 �C over glacial-interglacial cycles, and consistently lead changes in loess proxies (grain size,
magnetic susceptibility), as also observed elsewhere on the CLP. Variations in d13Cwax are only minor
(<2‰) and indicate that C3 plants have continuously dominated at Lingtai, in contrast to a nearby section
where C4 plants flourished during interglacials. This difference can be explained by the site elevation
(~1300 m above sea level), resulting in air temperatures too low for widespread C4 vegetation occur-
rence. Instead, variations in the average chain length of the leaf waxes coinciding with large shifts in
d2Hwax (~40‰) during glacial-interglacial transitions suggest that changes in rainfall source and sea-
sonality may have pushed C3 woody vegetation present during glacials to more non-woody C3 vegetation
during interglacials, as a result of differences in respective water-use efficiency. Our multiproxy records
thus indicate that subtle changes in the C3 species composition can be used to reveal variations in EASM
precipitation dynamics in elevated areas where temperature exerts a first order control on the vegetation
type.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The Chinese Loess Plateau (CLP) consists of thick, wind-
deposited dust layers. Its position at the margin of the current
penetration limit of the East Asian SummerMonsoon (EASM; Fig. 1)
artment of Earth Sciences,

r Ltd. This is an open access article
marks its sensitivity to (past) climate change. Indeed, the alter-
nating layers of loess and paleosols reflect the sequence of glacial-
interglacial cycles, where variations in grain size and magnetic
susceptibility throughout multiple sections of the CLP indicate that
glacial periods were cool and dry resulting from the position of the
Westerlies and the Siberian High, whereas interglacials were warm
and wet due to the input of moist air from the warm Pacific Ocean
by the summer monsoon (e.g. Porter and An, 1995; An et al., 2000).
Our understanding of past EASM dynamics is mostly based on
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Fig. 1. a) Map indicating the position of the Chinese Loess Plateau (CLP), the location of the Hulu and Sanbao caves, and the average precipitation distribution from 1980e2010
(modified from Blazina et al., 2014). The grey line indicates the northernmost extent of the East Asian Summer Monsoon. White arrows indicate dominant wind directions of the
East Asian Summer Monsoon and dark brown arrows indicate dominant wind directions of the East Asian Winter Monsoon; b) Zoomed-in map of the Chinese Loess Plateau (CLP)
showing the location of the Lingtai loess-paleosol sequence (this study) and the CLP-sections referred to in the main text. The modern vegetation coverage of the CLP is in the
background (modified from Lu et al., 2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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oxygen isotope records (d18O) from Chinese caves, which follow
Northern Hemisphere (NH) July insolation, consequently proposed
as a strong control on EASM precipitation dynamics (Wang et al.,
2008; Cheng et al., 2016). However, there is an ongoing debate on
the interpretation of the speleothem d18O record as precipitation
intensity (i.e. amount), as the oxygen isotope signal is also influ-
enced by other factors, such as moisture transport path, source,
seasonality, and temperature (e.g., Clemens et al., 2010; Pausata
et al., 2011; Liu et al., 2015). Modeling approaches suggest that
orbital scale variations in the Chinese speleothem d18O records are
best explained by meridional migration of the Asian monsoon cir-
culation, causing changes in moisture source and rainout (Hu et al.,
2019). Past EASM precipitation dynamics have also been studied
using the stable isotopic composition of total organic carbon
(d13Corg) in loess-paleosol sequences (LPS), as the occurrence of C3
and C4 vegetation on the modern CLP relates to the intensity of the
EASM (Liu et al., 2005), where intensity refers to both the amount of
precipitation as well as the duration of the wet season. Several
studies have shown that vegetation changed from mostly C3
vegetation during glacials, to more C4 vegetation during in-
terglacials (e.g. Vidic andMonta~nez, 2004; An et al., 2005; Liu et al.,
2005; Yang et al., 2015). However, d13Corg signals can be affected by
preferential degradation of discrete carbon pools or microbial
overprinting (e.g. Xie et al., 2004), which can introduce an inter-
pretational bias toward C4 vegetation in reconstructions using this
method, and could thus overestimate the penetration depth and
strength of the EASM. In addition, expansion of C4 vegetation is
generally driven by higher temperatures, whereas humidity and
pCO2 that simultaneously increase with temperature during in-
terglacials favor C3 vegetation (Huang et al., 2001; Rao et al., 2010).
This contradiction has not yet been resolved due to an absence of
independent paleorecords of air temperature, monsoon precipita-
tion intensity and vegetation type, thereby preventing a mecha-
nistic determination of the spatial evolution of EASM precipitation
and thus complicating projections of EASM intensity response to
global warming.

Herewe use different suites of lipid biomarkers preserved in the
loess-paleosol sequence at Lingtai to reconstruct EASM evolution
on the central CLP over the past 200,000 years (Fig.1). Long chain n-
2

alkanes are derived from leaf waxes predominantly produced by
higher plants to protect against moisture loss (Eglinton and
Hamilton, 1967). Leaf waxes stored in sedimentary archives
represent an integration of the vegetation signals from a larger
area, averaging out plant-to-plant differences (Sachse et al., 2012).
Additionally, targeting these compounds ensures a vegetation
signal that is unaltered by degradation or microbial overprinting
during storage in a sedimentary archive (Eglinton and Logan, 1991;
Collister et al., 1994). Although the average chain length (ACL) of n-
alkanes cannot be related to vegetation type on a global scale, the
ACL is often used as a proxy for plant type in paleoclimate re-
constructions as the ACL can be linked to environment-changed-
induced vegetation changes on a local scale (Bush and McInerney,
2013). The stable carbon isotopic composition (d13Cwax) of long
chain n-alkanes furthermore provides information on vegetation
type due to the different CO2 fixation pathways used by C3 and C4
vegetation causing distinct fractionation patterns (Farquhar et al.,
1989; Diefendorf et al., 2010). The isotopic composition of the
source water used for lipid synthesis is reflected by their hydrogen
isotopic signature (d2Hwax) and is used to reconstruct precipitation
intensity (Sessions et al., 1999; Sachse et al., 2012). Finally,
branched glycerol dialkyl glycerol tetraethers (brGDGTs) are
membrane lipids of temperature-sensitive bacteria, and are used as
a proxy for mean air temperature (MAT) based on their degree of
methylation (MBT05ME; Weijers et al., 2007; De Jonge et al., 2014;
Dearing Crampton-Flood et al., 2020). Applied together, these
proxies will create a robust framework for a comprehensive
assessment of the drivers of (past) vegetation dynamics, and
thereby EASM intensity on the central CLP.
2. Materials and methods

2.1. Study site

The Lingtai section is situated in the central part of the CLP at
~1340 m above sea level (35�040N, 107�390E, Fig. 1), in the zone
where C3 shrubs and trees that dominate the relatively arid and
cool northwestern part of the CLP gradually transition to the C4
grasses that cover the wetter and warmer southeast (An et al.,
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2005). Modern monthly air temperature ranges from �5 to 21 �C,
with an annual mean of 8.8 �C. Mean annual precipitation amounts
to 580 mm, most of which falls between July and September (Zhou
et al., 2016).

Lipid biomarkers were analyzed in 10 cm thick layers collected
at 0.5 m intervals from the upper 18.5 m of the LPS. The section
covers the past 200,000 years based on the correlation of the quartz
grain size record from Lingtai (Sun et al., 2006) with the global
benthic d18O stack (Lisiecki and Raymo, 2005), resulting in an
average resolution of our records of ~5 ka between datapoints.

2.2. Lipid biomarker analysis

Biomarkers were extracted (3x) from freeze-dried loess (~20 g)
with dichloromethane (DCM): MeOH (9:1, v:v) using an Acceler-
ated Solvent Extractor (ASE, DIONEX 200). A known amount of C46
GDGT standard was added to the total lipid extracts (TLEs), after
which they were dried under N2. Subsequently, TLEs were split into
an apolar and polar fraction over a 5% water deactivated Si column
eluting with hexane:DCM (9:1, v:v) and DCM:MeOH (1:1, v:v),
respectively.

The apolar fractions, containing the n-alkanes, were analyzed on
an Agilent 7890A gas chromatograph equipped with a VF1 column
(30 m, 0.25 mm, 0.25 mm) coupled to a flame ionization detector
(FID). The carbon and hydrogen isotopic compositions of individual
compounds were measured using GC-isotopic ratio mass spec-
trometry (GC-IRMS; Thermo Trace GC Ultra connected to a Delta V
Plus mass IRMS, via an Isolink combustion furnace and ConFlo IV
interface). The GC was equipped with a Gerstel CIS-6 PTV GC-inlet
set in solvent vent mode, connected to an Agilent VF-1ms column
(60 m length x 0.25 mm I.D. x 0.25 mm film thickness). Helium was
used as a carrier gas (1 mL/min at constant flow). The GC oven
temperature programwas as follows: 45 �C (for 1 min) to 130 �C (at
40 �C/min), to 320 �C (at 40 �C/min), at which it was held
isothermal for 22.09 min. Reported values are based on at least
duplicate analysis of each sample. d13C values are expressed in per
mille relative to Vienna Pee Dee Belemnite (VPDB) standard and
comparison to the A4-mix (A. Schimmelmann, University of Indi-
ana). Standard deviation of the A4-mix over the time of measure-
ment was always <0.4‰. d2H values are normalized to Vienna
Standard Mean Ocean Water (VSMOW) and comparison with the
A5-mix. The H3

þ-factor was determined daily and was 4.2 on
average over the measurement period. The average standard de-
viation of the A5-mix over the time of measurement was 6.5‰ for 6
replicates with varying concentrations.

The polar fraction, containing the GDGTs, was dissolved in
hexane:2-propanol (99:1, v/v) and filtered over a 0.45 mm PTFE
filter prior to analysis using high performance liquid
chromatography-mass spectrometry (HPLC-MS; Agilent 1260 In-
finity), with settings according to Hopmans et al. (2016). In short,
the GDGTswere separated over two silicaWaters Acquity UPLC BEH
Hilic columns (1.7 mm, 2.1 mm � 150 mm) at 30 �C preceded by a
guard column with the same packing. GDGTs were eluted iso-
cratically at a flow rate of 0.2 mL/min using 82% A and 18% B for
25min, followed by a linear gradient to 70% A and 30% B for 25min,
where A ¼ hexane and B ¼ hexane: isopropanol (9 : 1, v/v). Injec-
tion volume was 10 mL. Ionization of the GDGTs was accomplished
using atmospheric pressure chemical ionization with the following
source conditions: gas temperature 200 �C, vaporizer temperature
400 �C, drying gas (N2) flow 6 L/min, capillary voltage 3500 V,
nebulizer pressure 25 psi, corona current 5.0 mA. GDGTs were
detected and identified by single ion monitoring of the [MþH]þ-
ions, and quantified by comparing the area of each GDGT peak in
the chromatogram to that of the internal standard (cf. Huguet et al.,
2006) using Chemstation software B.04.03.
3

2.3. Proxy calculations

The Average Chain Length (ACL) was calculated for n-alkanes C27
to C33 as follows, where nCxx represents the peak area in the
chromatogram:

ACL27�33 ¼ð27� nC27 þ 29�nC29 þ31�nC31 þ33�nC33Þ
= ðnC27 þnC29 þnC31 þnC33Þ

Air temperatures were calculated using the MBT05ME index (De
Jonge et al., 2014):

MBT05ME ¼ Iaþ Ibþ Ic=Iaþ Ibþ Icþ IIaþ IIbþ IIcþ IIIa

and the BayMBT0 model (Dearing Crampton-Flood et al., 2020),
using a prior mean of 13.4 �C based on the average modern air
temperature for all months >0 �C at Lingtai, and 15.0 �C as a prior
standard deviation, generating MAT for months above freezing. The
residual mean standard error on the temperature estimates
generated with this proxy is 3.8 �C (Dearing Crampton-Flood et al.,
2020).

The plant wax stable carbon and hydrogen isotopic composi-
tions are reported as weighted mean of the C29eC33 alkanes.
3. Results and discussion

3.1. Glacial-interglacial air temperature variability

BrGDGTs are present throughout the studied interval, and
reflect the expected glacial-interglacial temperature variability,
with higher MAT during interglacials than during glacials. The
temperature estimate of 12.7 �C for the youngest sample (dating ~2
ka BP) matches well with themodernmeasuredMAT for all months
>0 �C of ~13 �C at this site. Furthermore, absolute temperature
estimates are in the same range as those reconstructed for Xifeng,
which has similar climatic conditions and is located about 100 km
north of Lingtai (Lu et al., 2019, Fig. 1), and they are on average 7 �C
lower than at Weinan and Lantian, situated only ~200 km east of
Lingtai but at 700 m lower elevation (Figs. 1 and 3; Thomas et al.,
2016; Tang et al., 2017; Lu et al., 2019), explaining the tempera-
ture difference and confirming the robustness of our record. At
Lingtai, MAT leads magnetic susceptibility (Fig. 2d and e), which
represents soil formation and is generally used as a proxy for
summer monsoon intensity. This trend is consistent with the
decoupling between these parameters also observed elsewhere on
the CLP (e.g., Peterse et al., 2011; Gao et al., 2012; Lu et al., 2019).
The offset between atmospheric warming and precipitation in-
tensity has been attributed to the direct response of air tempera-
ture to solar radiation compared to the intensification of monsoon
precipitation, which may have been delayed by the presence of NH
ice sheets blocking important atmospheric teleconnections
(Peterse et al., 2011, 2014; Thomas et al., 2016). Lu et al. (2019)
proposed that the early warming reflected by brGDGTs could
alternatively be explained by EASM related changes in the vege-
tation cover, which would introduce certain climate feedbacks. For
example, loess layers deposited during cold and dry conditions
with limited vegetation cover would have a more efficient heat
adsorption. This would warm the soil and thereby trigger the
brGDGTs to record higher-than-expected glacial temperatures (Lu
et al., 2019). Regardless of the mechanism, some of the existing
brGDGT-based MAT records seem to suggest that warming leads
insolation (Fig. 3), which is hard to explain from a physical
perspective, and may in part be a consequence of age model un-
certainties. Although the chronology of loess sections on the CLP is
generally based on the remarkable similarities between loess proxy



Fig. 2. Comparison of proxy records for the Lingtai LPS. a) Average chain length (ACL) of n-alkanes C27-33 representing plant functional type, b) d2Hwax. Error bar indicates mean
standard deviation based on at least duplicate analysis, 1.6‰. VSMOW e Vienna standard mean ocean water. Thick line represents d2Hwax, thin lines represent d2HC29, d2HC31 and
d2HC33 (light to dark), c) d13Cwax. Error bar indicates standard deviation based on at least duplicate analysis, 0.1‰. VPDB e Vienna Peedee belemnite. Thick line represents d13Cwax,
thin lines represent d13CC29, d13CC31 and d13CC33 (light to dark), d) BayMBT0-derived mean air temperature for months > 0�C (MAT). Shaded area indicates the 1s error on the
BayMBT0 record, e) Magnetic susceptibility (Zhou et al., 2016), f) Global benthic d18O stack (Lisiecki and Raymo, 2005; orange line) and atmospheric CO2 concentrations (Bereiter
et al., 2012; grey line), g) Composite speleothem d18O record from the Hulu (Wang et al., 2001) and Sanbao (Wang et al., 2008) caves (red), and annual maximum insolation at 35�N
(grey; Huybers, 2006). Numbers indicate the Marine Isotope Stages (MIS). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 3. Comparison of proxy records for the Lingtai LPS and Weinan LPS. a) BayMBT0-derived mean air temperature for months > 0�C (MAT) for Lingtai (this study) and Weinan
(recalculated from Tang et al., 2017). Shaded area indicates the 1s error on the BayMBT0 record, b) d13Cwax. Error bars indicates standard deviation based on at least duplicate
analysis, 0.1‰ for Lingtai, 0.1‰ for Weinan (Thomas et al., 2016). VPDB e Vienna Peedee belemnite, c) d2Hwax. Error bar indicates mean standard deviation based on at least
duplicate analysis, 1.6‰ for Lingtai, 1.8‰ for Weinan (Thomas et al., 2016). VSMOW e Vienna standard mean ocean water, d) Magnetic susceptibility for Lingtai (Zhou et al., 2016)
and Weinan (Tang et al., 2017), e) Composite speleothem d18O record from the Hulu (Wang et al., 2001) and Sanbao (Wang et al., 2008) caves (red), and annual maximum insolation
at 35�N (grey; Huybers, 2006). Numbers indicate the Marine Isotope Stages (MIS). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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records (magnetic susceptibility and grain size) and the global
benthic stack or speleothem d18O, this requires the assumption that
any changes in the evolution of the EASMwere synchronous in time
and space (e.g., Porter and An, 1995; Ding et al., 2002; Sun et al.,
2021). However, a recent study by Wang et al. (2021) shows that
age model tiepoints can shift by±20,000 years when tuning d2Hwax
rather than loess proxy records to speleothem d18O. As long as this
uncertainty in the chronology of loess records is not resolved, the
exact timing of deglacial warming in relation to orbital forcing re-
mains uncertain, and leads and lags can only be determined based
5

on (multi-) proxy records obtained from the same section.
3.2. Vegetation changes on the central CLP

Leaf wax n-alkanes in the Lingtai LPS show a strong odd-over-
even pattern, dominated by C29, C31, and C33 n-alkanes, with a
Carbon Preference Index (CPI) mean of 6.6. Associated d13Cwax

values vary between �30.2‰ and �32.5‰, with the most 13C-
enriched homologues in the paleosol layers (Fig. 2c). However, in
contrast to magnetic susceptibility, the d13Cwax record does not
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tightly parallel glacial-interglacial trends. Furthermore, the range of
isotopic variation is relatively small (~2‰), especially when
considering that the average d13Cwax values of C3 and C4 plants in
modern China are �32‰ and �22‰, respectively (weighed mean
for C27, C29 and C31 n-alkanes; Rao et al., 2008). This suggests that C3
plants have systematically been the dominant vegetation type at
Lingtai, unrelated to orbital changes in temperature and pCO2 over
the last 200,000 year (Fig. 2f and g). This is different from the few
other d13Cwax records that exist for the CLP, which show more
drastic changes on glacial-interglacial timescales and indicate a
substantial increase in C4 vegetation during interglacials (Zhang
et al., 2003, 2006; Liu et al., 2005; Thomas et al., 2016). For
example, the d13Cwax at Weinan is up to 8‰ higher during glacials
than during interglacials, indicating a substantial increase in C4
vegetation under warmer and wetter climte conditions (Fig. 3;
Thomas et al., 2016). Since Weinan receives the same amount of
annual precipitation as Lingtai, the difference in C3/C4 vegetation
between these sites is most likely caused by the lower temperature
at Ligtai resulting from its elevation, as also suggested earlier by
Zhou et al. (2014, using d13Cpyc). Indeed, our brGDGT-based MAT
record now confirms that air temperatures at Lingtai were mostly
below the suggested threshold of ~15 �C below which C3 plants
have been shown to outcompete C4 plants at low (<270 ppmv)
atmospheric CO2 levels under modern climate conditions (Huang
et al., 2001; Rao et al., 2010). Given that our MAT record repre-
sents the average temperature for all months >0 �C, winters were
still likely too long and/or harsh for much C4 vegetation to thrive
even during periods when warm season-temperatures exceeded
this threshold. This implies that temperature, rather than EASM
intensity, should be considered as a first-order control on vegeta-
tion type at Lingtai. Regardless, the residual variance in d13Cwax
points at the influence of (an) additional factor(s) on this record.

3.3. Influence of hydroclimate on vegetation type

Past monsoon precipitation in the EAM region is generally
inferred from records of speleothem d18O and magnetic suscepti-
bility of loess-paleosol sequences (e.g. Porter and An, 1995; Wang
et al., 2001), although both these parameters are also influenced
by temperature (Wang et al., 2001, 2008). Here we use the stable
hydrogen isotopic composition of plant waxes to further unravel
past monsoon precipitation dynamics. Records of d2Hwax are often
found to reflect differences in precipitation amount (e.g., Sauer
et al., 2001), and could thus also record the alternating wet
(depleted d2Hwax) and dry (enriched d2Hwax) conditions at the CLP
over the glacial-interglacial cycles. Although plant d2Hwax shows a
consistent relation with mean annual precipitation on the modern
CLP, differences in hydrogen isotopic fractionation between
different vegetation types and its sensitivity to evaporation com-
plicates the translation of d2Hwax records into quantitative precip-
itation reconstructions (Liu et al., 2019). At Lingtai, d2Hwax ranges
between �151‰ and �204‰ over the past 200,000 years (Fig. 2b),
which is comparable to the range of d2Hwax in the 130,000 and
350,000 year-long records for the nearby Xifeng and Weinan sec-
tions, respectively (Liu and Huang, 2005; Thomas et al., 2016,
Fig. 3). Interestingly, like at Weinan, the Lingtai d2Hwax record
shows some of the most depleted values during glacial periods,
whereas more enriched values are expected based on the dry
conditions prevailing during these intervals, and vice versa.
Furthermore, the timing of changes in d2Hwax does not consistently
track the glacial-interglacial transitions indicated by magnetic
susceptibility and brGDGT-based MAT (Fig. 2). For the Weinan re-
cord, this offset in timing has been attributed to the presence of
heterodynes, resulting from the influence of multiple factors
operating at different orbital periods on the water isotopes
6

(Thomas et al., 2016). Our Lingtai record has too low resolution to
exactly determine the heterodynes, but given the absence of a clear
glacial-interglacial trend, we assume that our record thus reflects a
mixture of different orbital forcings (i.e., precession, obliquity, and
eccentricity). Moreover, the different trends in magnetic suscepti-
bility and d2Hwax suggests that the amount of monsoon precipita-
tion is decoupled from the isotopic composition of the precipitation
on orbital timescales.

To further investigate the trends in d2Hwax we made a compi-
lation of modern precipitation data (Fig. 4). The data show that
meteoric water on the southern CLP is relatively enriched in 2H
during the onset of EASM precipitation in MayeJune, and becomes
more depleted during peak rainfall, reflecting a combined source
and amount effect (Fig. 4). The opposite trend is true for the
northern CLP, where meteoric water related to the EASM is
enriched in 2H compared to that delivered by theWesterlies during
winter. This moisture-source related pattern in water isotopes can
result in opposite trends recorded in speleothem and plant wax
records (Fig. 2), where EASM precipitation results in an enrichment
(depletion) in 2H on the CLP whilst speleothems are depleted
(enriched) in 18O during periods with dominating summer (winter)
monsoon (Wang et al., 2001). In addition, (local) recycling of
terrestrial precipitation and increased air temperatures may also
play a role and will both result in more enriched d2Hwax values
during the warm season (Gat, 1996). Periods with depleted d2Hwax

values (e.g., during MIS3) at Lingtai could thus reflect a moisture
source change-induced shift in seasonality, such that vegetation
might incorporate a larger contribution of depleted moisture
brought in by the Westerlies. At the same time, a transition in
precipitation seasonality could cause moisture stress for the pre-
vailing vegetation, prompting a vegetation change in response to
moisture limiting conditions (Diefendorf et al., 2010; Ma et al.,
2012). A moisture availability-driven vegetation change is sup-
ported by our ACL record, which shows a negative correlation with
d2Hwax (r2¼ 0.28). The ACL varies between 28.8 and 30.4 (Fig. 2a), in
which a low (higher) ACL would then correspond with more (less)
woody vegetation (Liu and Huang, 2005).

To further assess the controls on vegetation type at Lingtai, we
first evaluate the sources of the individual alkanes by correlating
their d13C values. We find that the d13C values of C29 and C31 alkanes
strongly correlate (r2¼ 0.73), but that their relationwith the d13C of
C33 alkanes is weak (r2 ¼ 0.39 for C29 and r2 ¼ 0.20 for C31), sug-
gesting that C33 alkanes are produced by a different vegetation
type. Interestingly, the correlations of the d2H values of the
different alkanes are relatively strong (r2 > 0.66), suggesting that all
plant types use a similar moisture source to synthesize their waxes.
Nevertheless, the relation between the d2H of C29 and C31 alkanes is
stronger (r2 ¼ 0.84) than that between these two alkanes and C33
(r2 ¼ 0.75 for C31 and r2 ¼ 0.65 for C29), where C33 is heavier than
would be expected if they would all be produced by the same plant
species (Fig. 2). This could mean that C33 alkanes are produced by
vegetation species that are better adjusted to grow under moisture
limited conditions, or that have a different growing season. This
scenario would fit with the generally higher ACL during the pre-
sumably dry glacial periods in our record (Fig. 2). Although d13Cwax
is only poorly correlated with brGDGT-based MAT (r2 ¼ 0.20), the
intrinsic ecological influence of temperature is expressed by the
near absence of C4 vegetation at Lingtai.

Taken together, vegetation type at Lingtai appears to be pri-
marily driven by a temperature threshold (Huang et al., 2001;
Zhang et al., 2003; Rao et al., 2010), while the remaining variation
can be attributed to changes in plant functional type related to
seasonal rainfall distribution. Hence, our multi-proxy records
indicate that vegetation at Lingtai shifted betweenwoody and non-
woody C3 vegetation species. In fact, leaf waxes of shrubs on the



Fig. 4. Monthly precipitation data from meteorological observatories in China (data from IAEA, http://www.univie.ac.at/cartography/project/wiser/), grouped by latitude (Southern
China (20� to 30�), Central/Eastern China (30� to 35�), Northern China (35� to 40�)), with n ¼ number of observatories for a) d2H, and b) precipitation amount. Thick lines represent
the mean value of all stations. The shading represents indicates the maximum range. Lingtai is located at 35�040N, 107�390E, at the transition of a predominant amount effect on
EASM precipitation d2H at latitudes < 35�N and a predominant source effect due to alternating influence of the EASM during summer and the Westerlies during winter at latitudes >
35�N.

L. Fuchs, B. Zhou, C. Magill et al. Quaternary Science Reviews 288 (2022) 107579
modern CLP are enriched in 2H whereas those of grasses are more
depleted in 2H (Liu and Huang, 2005), which might have enhanced
the variation in the d2Hwax record. Furthermore, the simultaneous
shifts in d13Cwax and d2Hwax imply that the timing of changes in
vegetation type are linked to transitions from a primarily summer
to a more winter monsoon-dominated hydroclimate, or vice versa
(Fig. 2b and c).

4. Conclusions

The application of molecular proxies at the Lingtai LPS gener-
ated paired records of temperature, precipitation and vegetation
type on the central CLP over the past 200,000 years. Although MAT
follows the glacial-interglacial variability reflected by magnetic
susceptibility, absolute air temperatures were mostly below the
threshold for C4 vegetation to thrive, resulting in a consistent
dominance of C3 vegetation at the site. Instead, vegetation alter-
nated between more/less woody (e.g., trees, shrubs) and non-
woody C3 species (e.g., flowering plants and grasses), likely as a
response to moisture stress induced by shifts in the timing of
monsoon precipitation during transitions from a more winter to a
more summer monsoon dominated hydroclimate. The different
variations in d2Hwax and magnetic susceptibility records indicate
that EASM precipitation intensity, reflected by magnetic suscepti-
bility and responding to glacial-interglacial conditions on the CLP, is
decoupled from the isotopic composition of moisture used for leaf
wax synthesis, recorded by d2Hwax, which does not follow these
cycles. Our multiproxy records indicate that subtle changes in the
C3 species composition can be used to reveal variations in EASM
precipitation dynamics in areas where temperature rather than
7

hydroclimate exerts a first order control on the vegetation type.
Finally, this study highlights the need for the generation of d2Hwax

records to assess the source(s) and seasonality of EASM precipita-
tion in the geological past.
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